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Abstract 

Staphylococcus aureus is able to grow in the presence of extremely low iron concentrations (0.04 uM). In iron-limiting 

conditions, this species develops alternative metabolic strategies such as highly efficient iron-uptake mechanisms which are only 
partially shared with S. epidermidis. Here we summarize the mechanisms induced by iron starvation in S. aureus in order to 
elucidate the virulence characteristics of this bacterium. 
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1. Introduction 

Iron is now recognized as a crucial factor in host 

infection, particularly for aerobic bacteria. It is es- 
sential for bacterial growth, but its availability in the 

human body is very limited because iron is almost 
entirely complexed with metalloproteins or glycopro- 

teins [l]. During infection, the restriction is stronger 

and the host response to the invading bacteria con- 
sists of hypoferraemia [2,3]. Pathogenic bacteria 

overcome these host conditions by producing sider- 
ophores or other iron-uptake mechanisms which al- 
low them to develop different virulence factors such 
as toxins, enzymes, or adhesins. 

Until now, few studies have reported on Gram- 
positive bacteria grown under iron-restrictive condi- 
tions and in particular Staphylococcus aureus has not 
been well documented. The purpose of this MiniRe- 

* Corresponding author. Tel.: +33 20 44 54 80; 
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view is to summarize the main responses of S. aureus 

to iron depletion and to discuss those mechanisms 
which are possibly involved in virulence. Further- 

more, this information might be useful for future 

advances in antibacterial therapy. 

2. Iron-uptake systems of Staphylococcus aureus 

2.1. Iron-uptake systems and virulence 

The alterations observed during growth in iron- 
limiting conditions usually lead to the development 

of an iron-uptake system. The best understood sys- 
tem comprises siderophores, compounds of low mo- 
lecular mass (400-500 Da) which bind Fe3+ with 
high affinity, and are involved in iron sequestration 
and iron transport [4]. Siderophores are produced in 
vivo during infection and in vitro in defined medium 
from which iron has been removed by resins or sup- 
plemented with iron-chelating agents such as WY- 
dipyridyl - ethylenediamine - di(o - hydroxyphenylacetic 
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acid) (EDDA), or deferroxamine (Desferal, Ciba- 

Geigy). For activity, siderophores require the expres- 
sion of proteins as their cell surface receptors. These 

protein receptors have immunogenic properties in 

humans and other animals. ‘Siderophore systems’ 

were first described in enteric organisms able to re- 
lease a phenolate (or catechol) iron chelator called 

enterobactin (or enterochelin), but some bacteria 

also synthesize an accessory siderophore which is 
often a hydroxamate compound identified as aero- 
bactin (for detailed reviews see [5,6]). Catechol or 

hydroxamate iron chelators were originally detected 

using highly sensitive, but structure specific micro- 
biological techniques [4,7,8]. Now, universal and 

more convenient chemical methods such as the 

‘CAS’ assay are available [9]. The CAS assay is 
based on removal of ferric iron from the deep blue 

chrome azurol sulfonate ferric complex to yield a 
bright orange, free ligand. Among the iron-uptake 

mechanisms, siderophores are widely represented 
and some bacteria, unable to synthesize their own 
siderophores are able to use those produced by other 

species (exogenous siderophores). However, these 
bacteria must have the appropriate receptor [6]. 

In addition to Gram-negative bacteria, some 
Gram-positive organisms including Bacillus megate- 

rium [lo], Corynebacterium diphtheriae [ 1 I], Myco- 

bacterium tuberculosis complex [12] and S. hyicus 

[13,14] produce siderophores of which some have 
been characterized. 

2.2. Siderophores in staphylococci 

Siderophore activity has been reported in staphy- 
lococci [15-l 71. The accepted interchangeability of 
siderophores among enterobacteria [18], has also 
been investigated in staphylococci. In 1980, Maskell 
[17] grew staphylococci on indicator plates contain- 
ing agar with a minimal inhibitory concentration of 

EDDA and siderophores were released by test colo- 
nies spot-inoculated onto the plate. In this highly 
sensitive system, the EDDA-inhibited growth of S. 
aureus was reversible where Klebsiella culture ex- 
tracts, enterochelin, or tests colonies of Klebsiella, 
E. coli, Aeromonas, or Salmonella, were spot-inocu- 
lated on the medium. The siderophore released by S. 
epidermidis was more effective on S. aureus than vice 
versa, and enterobacterial iron chelators appeared to 

be far more effective on cocci than vice versa. Both 

staphylococci and enterobacteria were able to utilize 

enterochelin. These results differed from those of 
Marcelis et al. [15] who had ruled out the cross-re- 

activity of iron chelators between enterobacteriaceae 

and Gram-positive bacteria. These authors only rec- 
ognized a limited interchangeability of siderophores 

between S. aureus and S. epidermidis. 

To study the adaptation of S. aureus to iron-lim- 
itation, Trivier et al. [19] grew two clinical isolates in 

a chemically defined medium iron-restricted and 
iron-supplemented during 72 h. While one strain 

grew similarly in both media, the other was delayed 
with iron starvation, especially in the early stage of 

growth. The growth curves and siderophore secre- 

tion kinetics evolved similarly: the rapidly growing 
strain secreted siderophore earlier than the delayed 

growing strain. This suggested a correlation between 

siderophore secretion and growth kinetics. However, 
to precede or accompany exponential growth, an ac- 
tive iron-uptake system was presumably required 
within the lag phase and the first hours of the expo- 

nential phase during which siderophore secretion was 

undetectable. This implied that the method used for 
detection (CAS assay) was not sufficiently sensitive 

to detect the early secretion, or that bacteria in the 

lag phase used a siderophore-independent pathway 
for iron-uptake. During the stationary phase (after 
36 h of growth), the amount of siderophore detected 

still increased for each strain. Either the bacteria 
were still able to synthesize siderophore or the lysed 

bacteria released their cytoplasmic contents. The rap- 
idly growing strain produced less siderophore than 

the other one. This could be explained if the former 
could have better utilized the siderophore available 
in the medium via turn-over for example. This report 
was the first to describe such a kinetic study on sider- 

ophore production with a Gram-positive organism. 
The level of siderophore can spontaneously vary 

(l- to lOO-fold) among different strains of S. aureus 
[20]. In laboratory strains, in which siderophore pro- 
duction can be very low, it has been suggested that a 
chromosomal gene may control the constitutive low 
production while a plasmid gene could be responsi- 
ble for the high secretion in virulent clinical strains 
[20]. Courcol et al. [20] also investigated the effect of 
bacterial stress induced by subinhibitory concentra- 
tions of oxacillin and amikacin on siderophore pro- 
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duction. In oxacillin-susceptible S. aureus and oxa- 
cillin-resistant S. aureus the combination of the two 

antibiotics always decreased siderophore synthesis. 
In one sensitive strain, oxacillin decreased sidero- 

phore production only after growth for 24 h, which 

is consistent with the time-dependent effect of the p- 
lactam. Furthermore, when amikacin was used in 

combination with oxacillin, the inhibitory effect 
was no stronger. However, when amikacin was 

added alone to the growth medium, resistant strains 
increased their chelator secretion. Therefore, antibio- 

tics are able to differentially modulate siderophore 
production according to the oxacillin susceptibility 

of the strains. Moreover, in oxacillin-resistant strains 
which are regarded as more virulent than sensitive 

ones, amikacin can increase siderophore production, 

when used alone, but not in combination with oxa- 
cillin. This increase might be induced by the meta- 

bolic stress supported by the antibiotic, but further 
investigation is required. 

Meiwes et al. first characterized staphylococcal 
siderophores [21]. Most of 37 strains of various spe- 
cies exhibited siderophore activity when grown with- 

out extreme iron limitation. Among coagulase nega- 
tive staphylococci (CNS), one strain of S. hyicus, 

isolated from horse, was the best producer. Thus, 
siderophores are perhaps not always associated 

with virulence. Two compounds were isolated and 
characterized from this bacterium: staphyloferrin A 

and staphyloferrin B, unrelated to hydroxamate and 
catechol. Staphyloferrin A is a member of the class 

of complexone-type siderophores, consisting of citric 
acid and D-ornithine [21]. Its structure was comple- 
tely elucidated by electrospray ionization and the 

molecular masses of the ferric complex and of the 
free ligand were determined as 533.76 and 480.81 

Da, respectively. Of nine strains of S. aureus, three 

were found to be staphyloferrin A producers in the 
absence of o-ornithine, but eight strains were able to 
release this component with the addition of o-or- 

nithine. Possibly the production of siderophore is a 
potential virulence factor which can be induced par- 
ticularly well in S. aureus strains. 

Staphyloferrin B was also produced by S. aureus 
(8 strains out of 9) as well as in numerous species of 
CNS. No o-ornithine was found in staphyloferrin B. 
This compound, with a molecular mass of 448 Da, is 
complexed in equimolar ratios with L-2,3-diamino- 

propionic acid, ethylenediamine, citric acid and 2- 

ketoglutaric acid [ 141. 
However, Lisiecki et al. [22] studied 180 strains of 

staphylococci (among them 79 coagulase positive 

strains) and expressed a controversial opinion about 

the nature of the siderophore. After two precultures, 
they detected in all culture supernatants a hydrox- 

amate identified as aerobactin [9]. Subsequently, in 
7.8% of the strains, isolated from the environment, 
they detected small amounts of siderophore belong- 

ing to the catechol class [8]. These siderophores were 

different from the two staphyloferrins described by 

Meiwes et al. [21], and this could be explained by the 
different experimental conditions (growth medium, 

strains). Great variations in the level of siderophore 
production were found among S. aureus and CNS, 

mostly according to the origin of the strain rather 
than according to the species. Strains of S. aureus 

isolated from healthy carriers produced the lowest 

amount (2 @ml), whereas the average siderophore 
production for pathogenic coagulase positive and 
negative staphylococci was 18.6 and 35 ng/ml, re- 

spectively. Since these differences were related to 
the origin of the isolate rather than to the species, 

the authors assumed that the siderophores they de- 

tected were not related to virulence in staphylococci. 
Recently, in a physiological approach, Lindsay 

and Riley [23] compared the iron requirements, the 
siderophore production, and the iron-regulated pro- 

tein expression, of S. aureus and CNS. Under their 
experimental conditions, S. aureus grew similarly re- 

gardless of the medium: iron-restricted, iron-rich or 
supplemented with D- or L-ornithine, L-2,3-, or DL- 

2,3-diaminopropionic acid, which are staphyloferrin 

precursors [14,21]. In S. aureus, siderophore secre- 
tion was detected in the late exponential phase with 

a maximum in the stationary phase irrespective of 
the medium. Since CNS were more sensitive to 
iron, and grew poorly in iron-restrictive conditions, 
these strains were grown in medium supplemented 

with 0.5 uM Fe. The addition of precursors induced 
no variation of bacterial growth, but enhanced the 
production of chelators, and citrate was detected in 
the culture supernatant of five isolates. In 16 of the 
19 CNS, D- or L-ornithine promoted a high produc- 
tion of siderophore which could be staphyloferrin A, 
but some differences appeared in the level of produc- 
tion according to the previous paper [14,21]. These 
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differences might be related to the minimal growth 
media. Similarly, CNS were responsive to 2,3-diami- 

nopropionic acid, indicating that they probably pro- 
duce staphyloferrin B. CNS produce a diversity of 

chelators including citrate, staphyloferrins and other 
unknown chelators. These chelators are not iron- 

regulated, they are secreted in small amounts, and 

they are poorly able to transport iron inside the cells. 

Together, these facts suggest that they are constitu- 
tively produced. Furthermore, the authors showed in 

another paper [24], that staphyloferrin A was pro- 
duced by CNS isolated from peritoneal dialysis fluid 

associated with clinical signs of infection, whereas 
isolates from the skin of healthy carriers produced 

staphyloferrin B. No clear relationship between 

staphyloferrin production and virulence was found 
in pathogenic isolates of CNS. 

Since lower iron requirements and higher sidero- 
phore production occurred in S. aureus than in CNS 

[23], it seems likely that only S. aureus is able to 
develop a highly efficient iron uptake. However in 

a laboratory strain of S. aureus (NCTC 8532) Lind- 
say and Riley [23] did not observe the increase in 

staphyloferrin A and B induced by chelator precur- 
sors as reported by Meiwes et al. [21]. They deduced 

S. aureus either produced other chelators able to 
mask the very low levels of staphyloferrins or did 

not synthesize them. The authors suggest this differ- 
ence could be related to the minimal growth medium 
which was iron-restricted and low in phosphates and 

citrate, whereas Meiwes et al. used another synthetic 
medium. We agree with the hypothesis that S. aureus 

is likely to produce other siderophores when bacteria 
are grown in iron-restricted medium. Another bio- 

logically active compound is under investigation in 
our laboratory for which the molecular mass was 

determined to be 577 Da (unpublished data). Re- 
cently, several a-ketoacids have been reported to 
contribute to siderophore activity in staphylococci 
because they are involved in iron supply in CNS 
and they might lead to other original chelators [25]. 
Their precise contribution in S. aureus requires 
further investigation. 

In conclusion, S. aureus grown under iron restric- 
tion is able to produce siderophores also synthesized 
by CNS. However these siderophores seem to be not 
efficient enough to contribute to virulence because 
they are produced in greater amounts by non-patho- 

genic strains [22]. In this case, they seem to be con- 

stitutively produced and are identified as aerobactin. 
Bacteria of most species are probably able to synthe- 

size staphyloferrins when they are grown with staph- 
yloferrin precursors [14,21]. These siderophores 

might be those reported by Marcelis et al. [15] to 
be interchangeable between the two species. How- 

ever, in addition to these molecules, S. aureus pro- 

duces characteristic and efficient chelators not found 
in CNS which are unable to grow at very low levels 

of iron availability. Some of these are detected when 

strains are grown in an iron-restricted minimal me- 
dium, such as that used by Lindsay et al. [24] who 

found efficient siderophores, not related to hydrox- 
amate, phenolate or citrate. We used an iron-re- 

stricted, chemically defined medium and suggest the 
siderophore we detected in S. aureus culture super- 

natants might also be species specific and therefore 
contribute to virulence. Those other, possibly spe- 
cies-specific siderophores, need to be characterized 

and compared with those previously reported to de- 
termine if they could enable the stronger virulence of 

S. aureus. 

2.3. Iron-regulated proteins in staphylococci 

At least three proteins (81,23, and 17 kDa) appear 
during iron-restricted growth of S. aureus [19]. The 
latter two were produced during the late exponential 

phase and maximally during the stationary phase. 
Their production started and increased simulta- 

neously with that of the siderophore. However, in 
iron supplementation, their production was incom- 

pletely repressed and two proteins of 76 and 35 
kDa appeared, in a time-dependent iron-inducible 
fashion. By contrast, Lindsay and Riley [23] did 
not report the appearance of such proteins related 
to iron supplementation. For iron starvation, they 
described two main proteins of 36 and 39 kDa pro- 

duced by S. aureus but not by CNS and assumed 
these proteins could be involved in siderophore func- 
tion. 

Most papers refer to the species-specific, iron-re- 
pressible cell wall proteins obtained from S. epider- 
midis grown in iron-restricted nutrient broth [26] or 

in human peritoneal dialysate (HPD) which repre- 
sents a naturally iron-limited medium [27]. However, 
one protein of 32 kDa is also produced by S. aureus 
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[27]. However, there are insufficient data to allow 

investigators to define clearly the role of these iron- 
regulated proteins in iron metabolism, particularly as 

siderophore receptors. 

2.4. Transferrin receptors in Staphylococcus aureus 

Bacteria may also acquire iron from the host using 

transferrin receptors. Four mechanisms by which 
bacteria acquire iron from transferrin have been pro- 

posed [28]. These receptors might involve the proteo- 

lytic cleavage of transferrin resulting in the disrup- 
tion of the iron-binding sites, or they might induce 

the reduction of bound Fe”+ to Fe’+ which would 

then be released. The receptors could also operate 
with a siderophore able to sequester the iron bound 
to the transferrin and transport it back to bacterial 

cell. However, they could also have a direct surface 
interaction with the transferrin molecule. These re- 

ceptors can contribute to virulence in two ways: they 
share the first with siderophores in that they provide 

iron to the bacterial processes involved in growth 
and active multiplication, and secondly, they use 

transferrin as a bridging ligand to the eukaryotic 
transferrin receptor and thus favour attachment. 

Some data suggest that the binding involves different 

parts of the iron-binding protein [29]. Mammalian 
cells do not produce siderophores, yet they acquire 

iron from transferrin via a receptor; but this mech- 
anism leads to endocytosis which does not occur in 

bacteria. In mammalian cells, these receptors share 
homology between all species, in contrast to those of 
bacteria which are characteristically specific to the 

host species. These data suggest different pathways 
of iron transport which have not yet been investi- 

gated in bacteria. Gram-negative organisms are the 

best documented. Haemophilus injluenzae, Neisseria 

meningitidis and N. gonorrhoeae directly bind human 
transferrin via specific and saturable surface recep- 
tors TBP 1 and TBP 2 without requiring sider- 

ophores. In these three species, the transferrin recep- 
tors bind their ligand even after deglycosylation of 
the C-part [30], or after removal of the N-part of the 
human transferrin [3 11. Similar recognition between 
the C-part of the protein from H. influenzae, N. me- 
ningitidis and N. gonorrhoeae suggests that the bac- 
terial receptors may share some structural homol- 
ogies throughout the various species. 

Since S. aureus is able to overcome iron restriction 

if transferrin is provided, transferrin receptors have 

been suggested previously [13]. However, human 
transferrin receptors have been identified in staphy- 

lococci only recently [32]. Cell wall preparations of 
S. aureus and other staphylococci grown in nutrient 
broth or in HPD were investigated in transferrin- 

binding assays. S. aureus, S. epidermidis, S. capitis, 

S. haemolyticus, S. hominis, but not S. warneri or S. 

saprophyticus, were shown to bind human 

transferrin. S. epidermidis appeared to bind 50% 

more ligand when grown under iron restriction. In 
contrast, binding of S. aureus was not sensitive to the 

iron availability of the medium. This suggests con- 

stitutive expression of the transferrin receptors in S. 

aureus, whereas those of S. epidermidis, S. capitis, S. 

haemolyticus, and S. hominis were iron-regulated. 

The binding of S. aureus and of S. epidermidis to 
lz51-transferrin was time-dependent, saturable after 

30 min of incubation and not influenced by iron 
saturation of transferrin. This is in contrast to eu- 

karyotic receptors. The affinities after growth in 

iron-restricted nutrient broth were much lower 
(Kd = 0.27 uM for S. epidermidis and Kd = 0.28 uM 

for S. aureus), than those of mammalian cells (e.g., 

Kd = 0.0011 uM for the rabbit reticulocyte transferrin 
receptor). This could facilitate the rapid turnover of 

the bacterial receptors which are not endocytosed 

and might more easily release iron from the cell sur- 
face. In S. aureus and S. epidermidis, the number of 

transferrin receptors produced is approximately 4200 
per cell, and the molecular mass determined after 
SDS-PAGE analysis with or without 2-mercapto- 

ethanol was 42 kDa [32]. This protein was found 

to be absent from S. saprophyticus and S. warneri 

which never acquired iron via such a receptor. The 

transferrin species specificity was broader in these 
two species than in Gram-negative organisms since 
rat and rabbit transferrins were almost as effective as 
human transferrin. This is consistent with the broad- 
er host specificity of staphylococcal species. Staphy- 
lococci expressed only one transferrin-binding pro- 

tein instead of two as for Neisseria and H. 

injluenzae. Lindsay et al. [33] showed that S. aureus 
NCTC 8532 and S. epidermidis ATCC 14990, grown 
in iron-restricted medium, exhibited stronger iron 
uptake from 55Fe-transferrin at a pH lower than 6. 
Possibly the binding resulted from a passive mechan- 
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ism related to the release from transferrin at low pH 

because of the lower affinity for iron at this pH. 
Furthermore, this uptake did not necessarily require 

direct contact between transferrin and cells. They 
excluded enzymic release of iron from transferrin, 

and suggested that it was related to the production 

of a siderophore which they had previously found to 
be different from staphyloferrin A or B [23]. How- 

ever, the iron uptake was not typical of an active 

process, and was relatively inefficient. 

With few exceptions (Bordetella bronchiseptica and 
B. pertussis), most Gram-negative organisms re- 

ported thus far produce either siderophore(s) or 
transferrin-binding protein(s) [29]. Staphylococci ex- 

hibit both abilities and S. aureus constitutively ex- 

pressing the receptor can more rapidly overcome 
the iron depletion. Furthermore, only S. aureus can 

efficiently acquire iron from human transferrin, and 
this contributes to greater virulence of S. aureus. 

2.5. Bacterial lactoferrin receptors 

On mucosae, lactoferrin, which is 59% homolo- 

gous to transferrin, is the major iron-binding protein 

available and plays an important protective role 
against infection because it prevents iron from being 
scavenged by bacteria. Although these iron-binding 

proteins are highly related, the bacterial receptors are 
likely different. The transferrin receptor in Neisseria- 

ceae consists of at least two proteins (TBP 1 and 
TBP 2), whereas the lactoferrin receptor of meningo- 

cocci seems to be a single protein [29] and no lacto- 
ferrin receptors have been reported in H. intuenzae. 

Little information is available for Gram-positive or- 
ganisms, however, the existence of human lactoferrin 
receptors has been demonstrated in a large study of 
489 clinical isolates of S. aureus [34]. Five groups of 
strains were considered according to the infection: 
endocarditis, furonculosis, toxic shock syndrome, 

septicaemia, and other miscellaneous infections (ocu- 
lar, vaginal, or nasal). Using ‘251-labelled human lac- 
toferrin, the isolates were arranged from the lowest 
binding activity (endocarditis) to the highest (furon- 
culosis and the miscellaneous group described 
above). Binding was better when S. aureus was 
grown on agar rather than in broth. The influence 
of solid culture medium inducing the expression of 
larger proteins than liquid medium had previously 

been reported [35]. Strain MAS-89 recognized both 
human and bovine lactoferrin and even in the human 
lactoferrin inhibition assay, bovine lactoferrin was 3- 
times more effective than human lactoferrin. Simi- 

larly to the transferrin-Staphylococcus interaction, 
staphylococci exhibited greater host specificity than 

Neisseriaceae. The interaction with strain MAS-89, 

was reversible, saturable and time-dependent [36]. 

Moreover, the non-linearity of the Scatchard plots 
indicated that there were low- and high-affinity 

binding mechanisms, with the average number of hu- 
man lactoferrin receptors estimated to be 5700/tell. 

A protein of 450 kDa was characterized in non-re- 
ducing SDS-PAGE which was resolved into two 
components of 62 and 67 kDa under reducing con- 

ditions. Thus, transferrin and lactoferrin receptors 
are most likely distinct, but several points remain 

unclear. No clear evidence of the cell surface location 
of the putative receptor(s) was given and the precise 

structure was not established for the human lactofer- 
rin receptor(s) of low and high affinity which might 

be a tightly aggregated or complexed molecule. Fi- 

nally, regulation by iron of the expression of the 
putative receptor has not been investigated. 

The moiety of the lactoferrin involved in the bind- 
ing to Neisseriaceae has been studied: the removal of 

the N-linked glycan of the iron-binding protein in its 
apo form did not alter the binding [37]. To our 

knowledge, no precise investigations have been per- 
formed with staphylococci to elucidate the precise 

binding site on human lactoferrin. It remains unclear 
whether human lactoferrin receptors are involved in 

efficient iron uptake, are iron-regulated, or play a 
role in the virulence of S. aureus. The existence of 
lactoferrin receptors in CNS has not yet been inves- 

tigated. 

2.6. Other iron-uptake mechanisms 

Among Gram-positive hemolytic bacteria, both S. 
aureus and Streptococcus pyogenes are able to take 
up 5gFe from hemoglobin and from haptoglobin-he- 
moglobin complexes [38]. The mechanism is similar 
to that of H. infuenzae which is able to grow using 
heme bound to hemoglobin or haptoglobin as a sole 
source of iron. In contrast, Neisseria spp. and E. coli 

can grow where heme only is provided, but they 
cannot use heme bound to these two proteins. The 
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mechanism by which iron is acquired from these 

complexes is not understood, but hemolysins are 
likely to play a crucial role in this event, indepen- 

dently of siderophores. The synthesis of hemolysins 
and siderophores might depend on different environ- 

ment stimuli. S. aureus produces three hemolysins a, 
p and 6, which are expressed mainly in the postex- 

ponential phase [39]. This suggests they cannot play 
a role in the early adaptation to iron levels required 

for the acute infectious process. The role of iron in 

the regulation of synthesis of these hemolysins has 

not been investigated in S. aureus. Furthermore, he- 

molysins are produced by some CNS where they are 
unlikely to be major virulence factors. 

3. Other iron-regulated structures of StuphyZococcu~ 
aureus 

Some structures, other than the iron-regulated 

proteins and siderophores described above, have 
been investigated in S. aureus for their virulence un- 

der iron-limiting conditions. Iron-compromised mice 
were challenged with S. aureus strains which were 

lacking the capsule and were deficient for pigmenta- 
tion and/or coagulase [40]. The mice were injected 

intraperitoneally with iron solution or with saline 
buffer as a control. In the absence of either pigmen- 

tation or coagulase, bacteria did not grow even with 
iron supplementation, but both virulence factors 

were present, iron stimulated growth by one log. 
Moreover, the highest level of phagocytosis was in- 

dependent of iron when both coagulase and pigmen- 
tation were absent. The lowest percentage of phago- 

cytosis was obtained for bacteria having both 

virulence factors. Interestingly, where one of the 

virulence factors was present, iron decreased the level 
of phagocytosis. The author concluded that iron en- 
hanced S. aureus virulence only when one of the two 
virulence factors was present and suggested that iron 
acts only as an accessory factor. 

Among bacterial structures involved in virulence, 

staphylococci have developed the production of 
slime, a high molecular mass polymer of carbohy- 
drate which encourages biofilm formation. In S. epi- 

dermidis, iron restriction promotes slime production 
[41]. S. aureus has also been studied for its ability to 
produce slime in an in vivo model of mastitis where 

94 
67 

43 

14 

Fig. 1. Western-blot analysis of protein A expression in S. au- 

reus. Strain DAU was grown in a chemically defined medium, 

either iron-restricted or iron-supplemented, and lysed with lyso- 

staphin. Bacterial lysates (10 ug of proteins) were fractionated on 

a 12% SDS-PAGE gel, then transferred onto a nitrocellulose 

membrane. and probed with a monoclonal antibody directed 

against protein A. Lane I, strain DAU grown in iron-restricted 

medium; lane 2. strain DAU grown in iron-supplemented me- 

dium; lane 3, protein A (1 kg) Sigma, given with a molecular 

mass of 43 kDa; lane 4, lysostaphin (1 kg); lane 5, position and 

size in kDa of protein standards are indicated on the right. The 

variants of protein A are indicated by arrows. Other weaker 

bands might be impaired components. 

the virulence of slime-producer (SP) strains has been 
compared to that of non-slime-producer (NSP) 

strains [42]. In vitro, NSP strains could become SP 

strains and vice versa, but in vivo this phenomenon 

was excluded. The phenotype SP was more fre- 
quently observed, as had been already reported for 
bovine mastitis. The authors assumed that SP strains 
preferably accumulate on surfaces and are responsi- 
ble for chronic colonization whereas NSP strains 
would be responsible for acute infection. 

Another well-known virulence factor is protein A 

which actively participates in the host-bacterium in- 
teraction via its ability to bind IgG. Domingue et al. 
[43] reported a lack of protein A in culture super- 
natants of S. aureus grown under iron restriction. 
The authors related surface-associated alterations 
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of the bacterium to impaired phagocytosis despite 
opsonization. We observed a different effect of iron 

availability on protein A synthesis (Fig. 1). Under 
iron-restrictive conditions, bacteria produced both 

an increased number and diversity of protein A var- 

iants. Conversely, under conditions of iron supple- 

mentation, production of protein A decreased, sug- 

gesting that iron starvation could enhance the 

adhesive abilities of S. aureus to the host via IgG 
binding. Therefore, iron limitation might contribute 

to virulence through an increase of bacterial adher- 

ence to the host, and secondly by decreasing phago- 
cytosis. 

4. Iron-related genes in Staphylococcus aureus 

Bacteria constantly sense their environment in- 
cluding temperature, osmolarity, and nutrient levels 

and develop appropriate virulence mechanisms [44]. 

The cellular transduction of the signal requires a 
two-component regulatory system [39]. The amino- 

terminal part of an extracellular transmembrane pro- 

tein (sensor element) recognizes a signal and re- 
sponds by altering its conformation, such that the 

signal is transmitted via its carboxy-terminal domain 
to a latent phosphokinase activity that then auto- 

phosphorylates a specific histidine. This phosphate is 
subsequently transferred to an aspartyl residue in the 

amino-terminal portion of a second component (reg- 
ulator protein). This protein converts its C-terminal 

domain into an activator (or occasionally repressor) 

of target gene transcription [39,45]. Among environ- 
mental signals, iron is an important limiting factor. 

The molecular basis of coordinate regulation by iron 
has been thoroughly studied in Gram-negative bac- 
teria. In E. coli, the protein product of a single gene, 

fur, binds to a consensus binding site and acts as a 
repressor when a certain intracellular concentration 
of ferrous iron is reached. As a result, the fur gene 
product prevents transcription from the iron-regu- 
lated gene. The ‘fur system’ or related genes are in- 
volved in the virulence of several Gram-negative or- 
ganisms and are responsible for the regulation of 
toxin gene expression (Shiga toxin from S. dysente- 

riae, Shiga-like toxin I from E. coli, exotoxin A from 
P. aeruginosu), as well as for outer membrane pro- 
tein gene expression (IrgA from V cholerae) [44]. 

Less is known for Gram-positive organisms; yet, in 
C diphtheriae the diphtheria toxin and siderophore 
expression have been shown to be iron-regulated via 

the gene dtxR, which is homologous to fur [46]. 

In staphylococci, no homologous gene has been 
reported. Particularly, there has been no investiga- 

tion as yet of the possible response to iron of genes 

encoding virulence factors such as protein A. In S. 

aureus, three virulence-related loci, ugr, xpr, sar, are 
responsible for the regulation of extracellular and 
cell wall proteins. The agr locus, the best described 

one, transcriptionally regulates a-toxin, toxic shock 
syndrome toxin- 1 and other extracellular proteins. 

Its organization is similar to that of a two-compo- 
nent system: agrA codes for the transcription activa- 

tor component, and agrC, [45] for the signalling 

component [39,45]. No iron-responsive sequence in 
this operon has been described, but the two-compo- 

nent organization of agr suggests that it might be 
responsive to environmental stimuli. Furthermore, 

in Agr- mutant strains, exoproteins are either not 

synthesized or synthesized at a reduced rate, whereas 
the synthesis of surface proteins is increased. Agr+ 
strains produce more hemolysins and toxins and less 

protein A. Perhaps under iron restriction S. aureus 

develops the iron-uptake system in a time-dependent 

manner. In the exponential phase, the bacterium 

would express cell wall structures (siderophore recep- 
tors) and highly efficient uptake systems (mainly 

siderophores). Then, after a transition period, it 
would use other accessory systems appropriate to 

the corresponding source of the nutrient, including 

receptors for iron-binding proteins, or hemolysins. 

During the postexponential phase of growth, extra- 
cellular proteins are rapidly secreted under ugr con- 
trol, whereas production is reduced for structural 

proteins essential for growth. Although they have 
not yet been identified, siderophore receptors are 
probably produced in the early stage of growth si- 
multaneously with siderophores [19]. As the agr lo- 
cus represses synthesis of cell wall proteins, this locus 
might not be active at that time and similarly would 
be iron-repressed. This would indicate that ugr is not 
the earlier locus involved after transduction of iron 
stress, and that a more complex regulation is in- 

volved. 
Genes encoding the hemolysins also depend on a 

complex regulation. In an Agr- mutant, no detect- 
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able expression of a-hemolysin has been found, but 
sur controls the expression of exoproteins such as 

a- and B-hemolysins [47]. The level of transcription 
of these two hemolysins increases from the mid-ex- 

ponential phase and continues into the postexponen- 

tial phase. sar and agr appear to co-regulate this 
protein expression at the transcriptional level [48]. 

agr also represses spa (Staphylococcus protein A) 

gene expression at the transcriptional level [49]. 
This result is consistent with agr being mainly ex- 

pressed in the postexponential phase. Although no 
precise iron regulation has been reported for spa, it 

would be interesting to investigate whether iron 
plays a role as a modulating factor in the agr system. 

5. Conclusion 

In bacteria, iron depletion induces specific adapted 

responses. One major alteration leads to the devel- 

opment of iron-uptake systems. During exponential 
growth of S. aureus, the most efficient mechanism 
seems to rely on siderophores though they have not 

yet been fully characterized. Probably S. aureus 

synthesizes its chelator according to the nutrients 
available in the medium. The expression of the re- 

ceptors most likely requires a set of genes. Some of 
these genes are iron responsive and are rapidly in- 

volved in the transduction of the iron stress to global 
accessory genes which activate genes for structural 

proteins whereas exoprotein genes are repressed. In 
the postexponential phase, other mechanisms are de- 

veloped which are complexly coordinated. Further 
investigations of gene regulation are required to elu- 

cidate the response to iron depletion. The stronger 
virulence of S. aureus requires a broad diversity of 

iron-uptake mechanisms appropriate for the host en- 
vironment which are only partially shared with CNS 
and this could be involved in the species pathogeni- 

city. 
Clinical implications might arise from this funda- 

mental research area. For instance, the bacterial 
strategy for acquiring iron could contribute to the 

development of new antimicrobial drugs, either as 
vaccine therapy or as antibiotics. The vaccine ap- 
proach is already being investigated in vivo. The 
model of meningitis caused by N. meningitidis has 
been tested in mice [50]. Furthermore, the protein 

TBP 2 elicits protective and bactericidal antibodies 

in mice and this surface protein represents a good 

vaccine candidate. In vitro, in a solid phase assay the 
antisera to the TBP l-TBP 2 complex and to a lesser 
degree both anti-TBP 1 and anti-TBP 2 are able to 

inhibit transferrin-binding to the bacterial receptor. 

The second approach is already under evaluation: 

new antibacterial drugs rely on production of sider- 
ophore-antibiotic conjugates that use specific iron- 

uptake pathways for entry into bacteria [51]. With 

catechol siderophore-carbacephalosporin, Brochu et 

al. [51] developed the concept of siderophore- 
mediated drug delivery in E. coli where they demon- 

strated illicit transport of [j-lactam via the FhuA 
protein. This supports the idea that the iron complex 
receptor is essential for growth in vivo and thus 

could be the key element for future attempts at in- 

ducing illicit transport. This could be particularly 

useful for Gram-negative bacteria exhibiting muta- 

tions of the outer membrane protein preventing the 
antibiotics from being transported into the cells. 

With the knowledge acquired for iron uptake in 

staphylococci, and with the recent results obtained in 

Gram-negative bacteria, siderophores potentially re- 
present an interesting approach for drug design and 

require further investigation. 
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