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Staphylococcus aureus is known to be capable of utilizing transferrin-bound iron, via both siderophore-
and transferrin-binding protein (named IsdA)-mediated iron-acquisition systems. This study was
designed in order to determine which iron-acquisition system plays the essential or dominant role with
respect to the acquisition of iron from human transferrin, in the growth of S. aureus. Holotransferrin
(HT) and partially iron-saturated transferrin (PT), but not apotransferrin (AT), were found to stim-
ulate the growth of S. aureus. S. aureus consumed most of the transferrin-bound iron during the expo-
nential growth phase. Extracellular proteases were not, however, involved in the liberation of iron from
transferrin. Transferrin-binding to the washed whole cells via IsdA was not observed during the cul-
ture. The expression of IsdA was observed only in the deferrated media with AT, but not in the media
supplemented with PT or HT. In contrast, siderophores were definitely produced in the deferrated
media with PT and HT, as well as in the media supplemented with AT. The siderophores proved to have
the ability to remove iron directly from transferrin, but the washed whole cells expressing IsdA did not.
In the bioassay, the growth of S. aureus on transferrin-bound iron was stimulated by the siderophores
alone. These results demonstrate that the siderophore-mediated iron-acquisition system plays a dom-
inant and essential role in the uptake of iron from transferrin, whereas the Isd A-mediated iron-acqui-

sition system may play only an ancillary role in the uptake of iron from transferrin.
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Staphylococci are ubiquitous bacteria, and have been
implicated in a wide spectrum of diseases. Of the many
varieties of staphylococci, S. aureus is the leading cause
of nosocomial diseases, and is the most predominant
pathogen in human infections (Emori and Gaynes, 1993;
Sieradski ef al., 1999). The recent identification of van-
comycin-resistant strains of S. aureus (Sieradski er al.,
1999; Rybak and Alkins, 2001) underlines the importance
of identifying novel therapeutic agents which can directly
and specifically target this important pathogen. One area
that has received recent attention in this regard is the bac-
terial iron-acquisition system (Lim et al., 1998; Modun et
al., 1998; Braun and Barun, 2002; Skaar and Schneewind,
2004). This is primarily due to the fact that all bacterial
pathogens require iron to infect a host, and iron is the only
nutrient that limits bacterial growth inside the human host.
The limited iron-availability in the host provides one form
of non-specific defense which bacterial pathogens must
overcome in order to grow and infect the host (Crosa,
1997; Ratledge and Dover, 2000; Bullen et al., 2002;
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Andrews et al., 2003).

Most pathogenic bacteria utilize high-affinity iron-
acquisition systems to counter the limited iron-availability
in their hosts. The iron-acquisition systems of Gram-neg-
ative bacteria have been extensively studied. These
include the direct binding of transferrin, lactoferrin, or
hemeproteins to specific receptors, and the secretion of
siderophores, which exhibit the ability to bind to specific
receptors when complexed with iron (Crosa, 1997;
Ratledge and Dover, 2000; Bullen ef al., 2002; Andrews
et al., 2003). Recently, studies have been undertaken
which elucidated the iron-acquisition systems of Gram-
positive bacteria (Brown and Holden, 2002).

Siderophore-, transferrin-binding protein (designated
IsdA)-, and hemoprotein receptor-mediated iron-acquisi-
tion systems have been reported in S. aureus (Sebulsky et
al., 2000; Taylor and Heinrichs, 2002; Mazmanian ef al.,
2003). It is of note that S. aureus possesses all three of the
iron-acquisition systems, because there have, until now,
been no reports regarding bacteria possessing all three iron-
acquisition systems. Most pathogenic bacteria possess sid-
erophore- and/or hemoprotein receptor-mediated iron-
acquisition systems, but only the Haemophilus and Neis-
seria species, which do not produce siderophores, have
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been reported to exploit the transferrin-binding protein-
mediated iron-acquisition system (Crosa, 1997; Ratledge
and Dover, 2000; Brown and Holden, 2002; Andrews et al.,
2003). S. aureus produces several types of siderophores, as
well as retaining the ability to use heterologous hydroxam-
ate-siderophores, and is also capable of utilizing hemopro-
teins as a sole iron source, via specific receptors on the cell
wall (Konetschny-Rapp et al., 1990; Drechsel et al., 1993;
Courcol et al., 1997; Morrissey et al., 2000; Cabrera et al.,
2001; Sebulsky and Heinrichs 2001; Dryla ef al., 2003).
However, the transferrin-binding protein-mediated iron-
acquisition system in S. aureus remains poorly understood
(Brock et al., 1991; Modun ef al., 1994, 1998; Lindsay et
al., 1995; Modun and Williams, 1999; Martinaho et al.,
2001; Taylor and Heinrichs, 2002).

The staphylococcal transferrin-binding protein (named
Tpn) was first reported to be the multifunctional cell
wall glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Modun et al., 1994, 1998; Modun and Williams, 1999).
However, Taylor and Heinrichs (2002) disputed the role
of GAPDH in transferrin-binding, reporting that the muta-
tion of the gap gene encoding for GAPDH had no effect
on transferrin-binding. Instead, they proposed that another
cell wall-anchored protein (named StbA) may function as
a transferrin-binding protein in S. aureus. More recently,
via DNA sequence homology, StbA has been determined
to be one of the iron-regulated surface determinants
(IsdA), which functions in the binding and uptake of
heme-iron (Brown and Holden, 2002; Mazmanian et al.,
2003; Clarke et al., 2004). 1t is well-known that S. epi-
dermidis can also express the same transferrin-binding
protein as in S. aureus, but is unable to utilize low iron-
saturated transferrin (Modun et al., 1994, 1998; Marti-
naho et al., 2001). Considering these facts, it remains
incumbent upon the research community to determine
whether or not IsdA is a transferrin-specific receptor for
the acquisition of iron in S. aureus.

Accordingly, the present study was designed to ascer-
tain which of the IsdA- and the siderophore-mediated
iron-acquisition systems plays the essential or dominant
role in the acquisition of iron from human transferrin, and
whether extracellular proteases affect the liberation of iron
from transferrin, via the destruction of transferrin
(Potempa et al., 1988; Okuzo ef al., 1996). As a result, we
determined that the siderophore-mediated iron-acquisition
system plays the dominant and essential role in the utili-
zation of transferrin-bound iron, without assistance from
extracellular proteases, and that the siderophores were
able to independently stimulate the growth of S. aureus on
transferrin-bound iron.

Materials and Methods

Bacterial strain, media and growth conditions
The S. aureus ATCC 6538 strain was used in our exper-
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iments. Brain Heart Infusion (BHI, France) was used as
the complex medium, and MM9 medium with low phos-
phate and citrate (Schwyn and Neilands, 1987; Lindsay
and Riley, 1994), was used as the chemically-defined
minimal medium. BHI broth was deferrated using 8-
hydroxyquinoline (Leong and Neilands, 1982). The resid-
ual iron concentration of the deferrated (DF) BHI was
below 1 uM (Diagnostic Iron and Total Iron-Binding kit,
Sigma, USA). MM9 was used without deferration, as its
iron concentration was also below 1 uM. When necessary,
0.5 mg/ml of human-apotransferrin (AT; <30 pg of iron
per 1 g of protein), -partially iron-saturated transferrin
(PT; 300 ~600 pg of iron per 1 g of protein) and -
holotransferrin (HT; 1,200 ~ 1,600 pg of iron per 1 g of
protein), all of which were purchased from Sigma-Aldrich,
were supplemented into the DF-BHI and MM9. Deferox-
amine, a well-known heterologous hydroxamate-type sid-
erophore, was purchased from Ciba-Geigy (Switzerland).

The bacterium was subcultured in the BHI with 200 pM
dipyridyl (Sigma, USA) overnight, in order to adapt the bac-
terium to iron-restricted conditions, and to lower intracellu-
lar iron storage. About 1 x 10° cfu/ml of this preconditioned
bacterium was inoculated into the test media, and cultured
with vigorous shaking (220 rpm) at 37°C for 24 h. At appro-
priate intervals, culture fluids were withdrawn and used to
monitor bacterial growth, via the measurement of optical
densities at a wavelength of 600 nm (ODy), and the culture
supernatants, which were obtained by centrifugation (10,000
rpm, 5 min) at the same intervals, were used in several
assays performed in this study.

Protease assay

The protease activities of the culture supernatants were
measured on Skim milk agar (Difco, USA). Skim milk
agar was punched out to create small wells with diameters
of 3 mm, and 20 pl of the culture supernatants were
loaded into these wells. By performing the same proce-
dure five times, a total of 100 ul of the culture superna-
tants were loaded, and then the agar plates were incubated
at 37°C for 24 h. Protease activity was expressed as the
followings: - (no activity), = (not obvious), + (weak activ-
ity; less than 7 mm) and ++ (strong activity; more than 7
mm), on the basis of the size of the clear zones formed
around the wells.

Siderophore assay

The total siderophore activities of the culture supernatants
were measured on the chrome azurol S (CAS) agar dif-
fusion assay, which was described in our previous study
(Shin et al., 2001). In brief, CAS agar was punched out to
create small wells with diameters of 3 mm, and 20 pl of
the culture supernatants were loaded into these wells. By
performing the same procedure five times, a total of 100
pl of culture supernatants were loaded, after which the
agar plates were incubated at 37°C for 24 h. The size of
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yellow-orange haloes around the wells indicated total sid-
erophore activity.

SDS-PAGE

In order to visualize the destruction of transferrin by sta-
phylococcal proteases and the binding of transferrin to the
whole cells, SDS-PAGE was performed, as previously
described (Lim et al., 1998). In brief, 20 ul of the culture
supernatants were electrophoresed on SDS-polyacryla-
mide gel (10%), and then the proteins were visualized
with Coomassie blue-staining.

Receptor-ligand binding assay

In order to observe the expression of IsdA on the cell
wall, a receptor-ligand binding assay was preformed, as
described previously (Lim ef al., 1998). In brief, 100 ug
of the cell wall proteins were electrophoresed on SDS-
polyacrylamide gel (10%), and transferred to nitrocellu-
lose membranes. The membranes were allowed to react
with human transferrin conjugated with horseradish-per-
oxidase (Sigma, USA), and visualized with diaminoben-
zidine and hydrogen peroxide (Sigma, USA).

6 M urea-gel electrophoresis

In order to observe the removal of iron from transferrin,
we performed 6 M urea-gel electrophoresis, as described
previously (Makey and Seal, 1988; Modun et al., 1994).
In brief, equal volumes of the culture supernatants were
mixed with sample buffer containing 8 M urea, but not
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containing SDS or mercaptoethanol, then allowed to react
at 37°C for 30 min, and electrophoresed on 5% stacking
gel and 6% running gel containing 6 M urea.

Removal of iron from transferrin by washed whole cells
and siderophores

In order to obtain the whole cells expressing IsdA and the
culture supernatant containing siderophores, the precon-
ditioned bacterium was cultured in DF-BHI for 12 h. The
bacterial pellet and culture supernatant were obtained by
centrifuging at 10,000 rpm for 10 min. A part of the bac-
terial pellet was separated in order to isolate cell wall pro-
teins, and the expression of IsdA was confirmed by
receptor-ligand binding assay (Fig. SA). The remainder of
the bacterial pellet was then washed three times with Tris
(pH 7.0)-glucose (1%) medium. About 1 x 10" cfu/ml of
the whole cells were resuspended with Tris-glucose
medium containing 0.5 mg/ml of HT, then incubated at
37°C for 0, 10, 30, and 60 min. After the reactions were
finished, the supernatants were obtained by centrifugation
(10,000 rpm, 10 min). The supernatants (20 pl) were elec-
trophoresed on 6 M urea-gel. The siderophore activity of
the culture supernatant was verified by CAS agar diffu-
sion assay (Fig. 5B). The culture supernatant was then
ultrafiltrated (Vivaspin, MWCO 10,000, Sartorius, Ger-
many) in order to obtain the crude fraction of the low-
molecular-weight siderophores. HT (0.5 mg/ml) was
added to the culture ultrafiltrate, and incubated at 37°C for
0, 10, 30, and 60 min. After completion of the reaction, 20
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Fig. 1. Utilization of transferrin-bound iron. Staphylococcus aureus was cultured in deferrated BHI (A) and MM9 (B) containing phosphate-buffered

saline (PBS), human apotransferrin (AT), partially iron-saturated transferrin
monitoring of growth by the measurement of optical density at a wavelength
results, a representative is shown.

(PT) and holotransferrin (HT). The culture fluids were withdrawn for
of 600 nm at the indicated times. Of triplicate experiments with similar
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pl of the reaction mixture was electrophoresed on 6 M
urea-gel.

Bioassay

About 1 x 10* cfu/m] of the preconditioned bacterium was
spread onto the surface of MM9 agar containing 0.5 mg/
ml of PT, and then the discs containing 30 ul of the cul-
ture ultrafiltrate, and the ultrafiltrate of the uninoculated
DF-BHI with PBS and deferoxamine (100 uM), desig-
nated as our negative and positive controls, were placed
onto the agar surface. The agar plates were incubated at
37°C. for 24 h.

Results and Discussion

Utilization of transferrin-bound iron for S. aureus growth
When cultured in DF-BHI and MM9 broths containing
AT, PT, and HT, S. aureus was observed to grow more
actively in media containing PT and HT than in media
containing AT (Fig. 1). AT, however, did not stimulate the
growth of S. aureus when supplied to DF-BHI and MMO.
No significant differences were noted between PT and HT
in the DF-BHI, and this held true for the MM9 as well.
Therefore, further experiments in this study were carried
out in DF-BHI, as the growth of S. aureus in the MM9
containing AT was so severely retarded that the produc-
tion of siderophores and the expression of transferrin-
binding protein were below our experimental threshold of
detection. In order to observe the utilization of transferrin-
bound iron, equal volumes (20 ul) of the culture super-
natants were electrophoresed on 6 M urea gel (Fig. 2).
The removal of iron from AT was negligible, whereas the
removal of iron from PT and HT increased consistently
with bacterial growth. Most transferrin-bound iron was
consumed during the exponential growth phase. S. aureus
was able to utilize iron from HT more easily than from
PT. Similar results were shown with the MMO9 (data not
shown). Despite the fact that the removal of iron from AT
was min, S. aureus still was able to grow to some extent
in the DF-BHI with AT. This was thought to be attribut-
able to the residual iron in the DF-BHI (less than 1 pM).
It has been well established that S. aureus is able to uti-
lize transferrin-bound iron (Brock et al., 1991; Modun er
al., 1994; Lindsay et al., 1995; Lim et al., 1998), and our
present study corroborated this. It has also been reported
that the affinity of transferrin for iron can be altered by
changes in pH, which is a consequence of metabolic
activity (Conrad, 2001). Measurement of pH in the culture
supernatants showed that the pH dropped from 7.0 to 6.5
in the early exponential growth phase and dropped further
to 6.0 in the late growth phase (Fig. 2). In a separate
experiment designed to determine the effect of pH on the
liberation of iron from HT, release of iron from HT was
observed only at pH 6.0 when HT was added into the DF-
BHI, the pH having been adjusted to 7.0, 6.5, and 6.0
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Fig. 2. Iron acquisition from human transferrin. Bacterial growth in
the deferrated BHI with AT, PT and HT is shown in Fig. 1. During the
cultures, the culture supernatants were obtained at the indicated times
(top side). The 20 ul of the culture supernatants obtained were elec-
trophoresed on 6 M urea-gel and visualized by Coomassie-blue stain-
ing. Four forms of transferrin were indicated, according to the level of
iron-saturation: apo- (AP), C-terminal monoferric- (MC), N-terminal
monoferric- (MN) and diferric (DF) forms. The pHs of the culture
supernatants were shown. Of triplicate experiments with similar
results, a representative is shown.

(data not shown). Therefore, it was concluded that the
consumption of most of the transferrin-bound iron in the
early exponential growth phase could not have been the
result of the slight change in pH from 7.0 to 6.5. The
lower pH (around 6.0) in the late growth phase, however,
may have affected iron removal rates.

S. aureus extracellular proteases are not involved in the
iron-uptake from transferrin

The known major extracellular proteases produced by S.
aureus include serine protease, cysteine proteases, and
aureolysin. In vifro studies have shown that the proteases
of S. aureus induce the cleavage and degradation of sev-
eral host proteins, implicating bacterial proteases as fac-
tors for the bacterial circumvention of the host’s defenses
(Potempa, 1988). Moreover, it has been suggested that
other bacterial extracellular proteases are involved in iron-
uptake from transferrin, via the siderophore-mediated iron
acquisition system (Okuzo er al,, 1996). If transferrin is
degraded by these extracellular proteases, the specific
interaction between transferrin and IsdA might be inhib-
ited, and transferrin-bound iron could be utilized via sid-
erophores, rather than by IsdA. In the present study,
however, the destruction of transferrin was not observed
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regardless of the production of extracellular proteases
(Fig. 3), implying that the extracellular proteases of S.
aureus appear not to be involved in the liberation of iron
from transferrin. The absence of transferrin degradation
does not prove the involvement of IsdA in the uptake of
iron from transferrin, as siderophores can capture iron
from intact transferrin (Modun et al., 1998). Rather, this
indicates that S. aureus can uptake iron from transferrin
without the assistance of proteases. Results similar to or
consistent with these have also been reported by other
researchers (Lindsay et al, 1995).

Removal of iron from transferrin was correlated with the
production of siderophores, but not with the expression of
IsdA

If transferrin is able to bind to the cell surface of S. aureus
via IsdA, the level of transferrin in the culture supema-
tants should gradually decrease, being consumed more
quickly with increased bacterial growth. In the present
study, however, when equal volumes of the culture super-
natants were electrophoresed, no tapering of transferrin
bands was observed, regardless of the degree to which the
transferrin was iron-saturated (Fig. 3). It is notable that no
tapering of the transferrin bands was observed even
though IsdA was expressed on the cell wall in the DF-
BHI containing AT (Fig. 4A).

Some controversy surrounds the issue of the iron-
uptake of S. aureus via the binding of transferrin to the
cell surface. Lindsay et al. (Lindsay et al., 1995) reported
that S. aureus was able to remove iron from *Fe-labelled

+AT

+PT

+HT

PA - - + + + + ++ 4+ ++

Fig. 3. No binding of transferrin to whole cells and no destruction of
transferrin by extracellular proteases. Bacterial growth in the defer-
rated BHI with AT, PT and HT is shown in Fig. 1. During culturing,
the culture supernatants were obtained at the indicated times (top
side). The 20 pui of the culture supernatants were electrophoresed on
10% polyacrylamide gel and visualized by Coomassie-blue staining.
Protease activities (PA) in the culture supernatants were measured on
skim milk agar, as described in Materials and Methods. Of triplicate
experiments with similar results, a representative is shown.

S. aureus utilize transferrin-bound iron via siderophores 187

transferrin via a process which did not require the binding
of transferrin to the cell surface of S. aureus, indicating
the siderophore-mediated acquisition of iron from trans-
ferrin. However, other researchers (Brock er al., 1991)
have reported that S. aureus was able to utilize transferrin-
bound iron when the bacterial cells were separated from
transferrin by a dialysis membrane, but only insufficiently.
Similar results were also observed in our previous study
(Lim et al., 1998). Moreover, Modun et al. (1994 and
1998) observed the removal of iron from transferrin by the
whole cells of S. aureus and S. epidermidis. However, it
has also been well established that S. epidermidis, which
has been observed to express a greater quantity of trans-
ferrin-binding protein than S. aureus (Modun et al., 1994,
1998), is unable to utilize low iron-saturated transferrin
(Lindsay ef al., 1995; Martinaho ef al., 2001). In our other
study, S. epidermidis was found to be able to utilize low
iron-saturated iron, but only when exogenous siderophores
were supplemented (data not shown). Therefore, it was
thought that the inability of S. epidermidis to utilize low
iron-saturated transferrin was due to the insufficiency of
the siderophore-mediated iron-uptake system, regardless
of the expression of transferrin-binding protein. Taken
together, these results suggest that the IsdA-mediated iron-
acquisition system is not essential for staphylococcal
growth on transferrin-bound iron.

Moreover, in the present study, IsdA was expressed
only in the DF-BHI containing AT, and not in the DF-BHI

A +AT +PT +HT

v

40 kDa

+AT

+PT

+HT

Fig. 4. Expression of cell wall Isd4 (A) and production of sidero-
phores (B). Bacterial growth in the deferrated BHI with AT, PT and
HT is shown in Fig. 1. A: Cell wall proteins were isolated from the
bacterial pellets obtained at 12 h during the culture, and 100 pg of cell
wall proteins were electrophoresed and transferred to nitrocellulose
membrane. Receptor-ligand binding assay was performed using
human transferrin conjugated with horseradish-peroxidase. B: Total
siderophore activities in the culture supernatants obtained at the indi-
cated times (top side) were measured by CAS agar diffusion assay. Of
triplicate experiments with similar results, a representative is shown.
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containing either PT or HT (Fig. 4A). By way of contrast,
siderophores were produced in the DF-BHI containing
HT and PT as well as in the DF-BHI containing AT (Fig.
4B). Due to the iron-chelating activity of DF-BHI itself
and the sensitivity of the CAS agar diffusion assay, sid-
erophore production was masked in the early growth
phase, but became detectable only in the late growth
phase (Courcol et al., 1997). The development of more
sensitive and stable methods capable of measuring a very
small amount of siderophores in complex media is nec-
essary. More siderophores were produced in the DF-BHI
containing AT than in the DF-BHI containing PT or HT.
Due to the high affinity of transferrin for iron (Conrad,
2001), the DF-BHI containing PT or HT can also be con-
sidered to be relatively iron-restricted. Therefore, it was
thought that considerable amounts of siderophores were
also produced in the DF-BHI containing PT or HT. In pre-
vious studies (Lim et al., 1998; Taylor and Heinrichs,
2002; Lim et al., 2004), it was demonstrated that both the
expression of IsdA and the production of siderophores
were iron-repressible, indicating Fur regulation (Xiong et
al., 2000). Therefore, our results indicated that concen-
trations of intracellular iron increased as a result of the
siderophore-mediated iron acquisition system, which
played an essential and dominant role in iron-uptake from
transferrin, and the increased intracellular iron concentra-
tions repressed the expression of IsdA via Fur regulation
in the DF-BHI containing PT and HT.

Removal of iron from transferrin via siderophores but not
with whole cells expressing IsdA

In order to observe directly whether the removal of iron
from transferrin could occur via IsdA, the washed whole
cells of S. aureus expressing IsdA on the celi surface (Fig.
5A), were allowed to react with HT. In this case, the
removal of iron from HT was not observed (Fig. 5C). This
result was not in accord with the results reported by
Modun ef al. (1994). According to their results, when S.
aureus was incubated in PBS supplemented with glucose,
it converted diferric transferrin into its apotransferrin form
within 30 min. In this study, however, PBS was replaced
with Tris buffer, as we believed that the phosphates in the
PBS might affect the removal of iron from transferrin
(Leong and Neilands, 1982). This discrepancy might,
then, be due to the differing phosphate concentrations in
the buffers. In contrast, when the culture ultrafiltrate con-
taining siderophores (Fig. 5B) was allowed to react with
HT, most of the iron was removed from the HT within 10
min (Fig. 5D). Similar results were observed by Modun et

al. (1994). They reported that the removal of iron from

transferrin occurred more rapidly when completed by sta-
phyloferrin A, a siderophore produced by staphylococci,
than by the washed whole cells. Overall, these results dem-
onstrated that the siderophore-mediated iron-acquisition
system plays a dominant or essential role in the uptake of
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0 12 (h)

Fig. 5. Removal of iron from human holotransferrin by siderophores
but not by washed whole cells expressing IsdA. C: the washed whole
cells (1 x 10" cfu/ml) expressing IsdA (A) were allowed to react with
0.5 mg/ml of holotransferrin at 37°C for 0, 10, 30 and 60 min. D: The
culture uitrafiltrate with siderophore activity (B) was allowed to react
with holotransferrin under the similar conditions. After the completion
of the reaction, 6 M urea-gel electrophoresis was performed. Of trip-
licate experiments with similar results, a representative is shown.

iron from transferrin, whereas the IsdA-mediated iron-
acquisition system, if it is involved at all, plays only an
ancillary role in the uptake of iron from transferrin.

Growth stimulation of S. aureus on transferrin-bound iron
by siderophores only

In order to observe whether the growth of S. gureus could
be stimulated using only siderophores, bioassays using the
ultrafiltrates of the cultures exhibiting siderophore activity
were performed. According to our observations, the
growth of S. aureus was stimulated only in the area sur-
rounding the discs containing deferoxamine, as well as the
culture ultrafiltrate with siderophore activity, in the MM9
containing PT (Fig. 6). Similar results were observed,
even in the MM9 containing AT as well as HT (data not
shown). These results indicated that S. aureus possesses
the ability to utilize transferrin-bound iron for growth via
only the siderophore-mediated iron-acquisition system,
and completely independently of the IsdA-mediated iron-
acquisition system.

S. aureus has the rare characteristic of a well-developed
siderophore-mediated iron-acquisition system. S. aureus
is able to produce and utilize a variety of siderophore
types. Due to the efficient and effective siderophore-medi-
ated iron-acquisition system, S. aureus is able to grow,
even under severely iron-restricted conditions (Trivier and
Courcol, 1996). More recently, it was reported that an
isogenic shnFE-negative mutant strain exhibiting defective
siderophore production, also evidenced a marked growth
deficiency in iron-restricted media, and in a murine kid-
ney abscess model (Dale ef al., 2004). In addition, in our
other study, a streptonigrin-resistant strain of S. aureus
exhibited delayed siderophore production, the inability to
capture iron from PT, and a growth deficiency in the DF-
BHI containing PT, as well as in human peritoneal dialy-
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Fig. 6. Stimulation of growth by siderophores. About 1 x 10* cfu/ml
of the preconditioned S. aureus was spread onto MM9 agar containing
0.5 mg/ml of partially iron-saturated transferrin, and then a disc con-
taining 30 pl of the culture ultrafiltrate with siderophore activity (S;
refer to Fig. 5B), and the ultrafiltrate of the uninoculated BHI with/
without 100 pM of deferoxamine (D and C), used as the positive/neg-
ative controls, were placed on the surface of the agar, and the agar
plate was incubated at 37°C for 24 h. Of triplicate experiments with
similar results, a representative is shown.

sate solution, an ex vivo experimental model of S. aureus
infections (Park er al., 2005). These results clearly illus-
trate that the siderophore-mediated iron-uptake system
plays an important role with regard to both the uptake of
iron from transferrin, and also the growth of S. aureus in
vivo and in vitro.

Other controversies surrounding the role of IsdA

Other controversies have surrounded IsdA’s role as a
transferrin-receptor for iron acquisition. The normal iron-
saturation level of transferrin is about 30% in the human
body, and the binding of transferrin to IsdA is not affected
by the iron-saturation level of transferrin (Modun e al.,
1994). This fact indicates that the iron-uptake from trans-
ferrin via IsdA can be rendered inefficient, as a result of
the competition for IsdA between iron-unbound and iron-
bound transferrins. In addition, IsdA is expressed ir vivo,
and sera from patients suffering from staphylococcal
infections contain antibodies against IsdA, which have
proven able to block the binding of transferrin to IsdA
(Lim et al., 1998; Modun et al., 1998). This fact also indi-
cates that the uptake of iron from transferrin via IsdA can
be inefficient during human infection. Moreover, IsdA
shares no significant sequence homology with any other
bacterial transferrin-receptors (Taylor and Heinrichs,
2002), and, recently, IsdA has also become known as one
of the iron-regulated surface determinants which func-
tions in the uptake of heme iron from the hemoproteins
(Mazmanian er al., 2003). More recently, Clarke et al.
(2004) demonstrated that IsdA was able to bind many dif-
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ferent human ligands, including transferrin and fibronec-
tin, providing some evidence that the IsdA binding of
transferrin was not specific for the mediation of iron
removal from transferrin. All these facts demonstrate that
IsdA does not play an important role in the uptake of iron
from transferrin inside the human body.

In conclusion, the siderophore-mediated iron-acquisi-
tion system of S. gureus plays a dominant or essential role
in the uptake of iron from transferrin, whereas the IsdA-
mediated iron-acquisition system, if it is involved at all,
plays only an ancillary role in the uptake of iron from
transferrin. Therefore, our results suggest that the sidero-
phore-mediated iron-acquisition system can be a new tar-
get for the development of therapeutic agents or
preventive vaccines against S. qureus.
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