BioMetals (2006) 19:193-203
DOI 10.1007/s10534-005-4863-7

© Springer 2006

Iron acquisition and transport in Staphylococcus aureus

A.W. Maresso & Olaf Schneewind*
Department of Microbiology, University of Chicago, CLSC Room 601, 920 E 58th Street, Chicago, IL 60637,
USA; *Author for correspondence (Tel.: + 1-773-834-9060, E-mail: oschnee@bsd.uchicago.edu)

Received 12 October 2005; accepted 7 November 2005

Key words: Bacillus anthracis, heme, iron, isd, isdC, sortase, Staphylococcus aureus

Abstract

Pathogenic Gram-positive bacteria encounter many obstacles in route to successful invasion and subversion
of a mammalian host. As such, bacterial species have evolved clever ways to prevent the host from clearing
an infection, including the production of specialized virulence systems aimed at counteracting host defenses
or providing protection from host immune mechanisms. Positioned at the interface of bacteria/host
interactions is the bacterial cell wall, a dynamic surface organelle that serves a multitude of functions,
ranging from physiologic processes such as structural scaffold and barrier to osmotic lysis to pathogenic
properties, for example the deposition of surface molecules and the secretion of cytotoxins. In order to
succeed in a battle with host defenses, invading bacteria need to acquire the nutrient iron, which is
sequestered within host tissues. A cell-wall based iron acquisition and import pathway was uncovered in
Staphylococcus aureus. This pathway, termed the isd or iron-responsive surface determinant locus, consists
of a membrane transporter, cell wall anchored heme-binding proteins, heme/haptoglobin receptors, two
heme oxygenases, and sortase B, a transpeptidase that anchors substrate proteins to the cell wall. Identi-
fication of the isd pathway provides an additional function to the already bountiful roles the cell wall plays
in bacterial pathogenesis and provides new avenues for therapeutics to combat the rise of antimicrobial
resistance in S. aureus. This review focuses on the molecular attributes of this locus, with emphasis placed
on the mechanism of iron transport and the role of such a system during infection.

Introduction

Bacteria colonize nearly every environmental niche
and the vastness of their inhabitation is testament of
microbial adaptation and genomic plasticity.
Whereas most bacteria inhabit environments that
are foreign to humans, the habitat of several species
does overlay with our own. Most of these interac-
tions can be classified as symbiotic, where both
participants receive a benefit from the relationship.
In several instances, however, bacteria and their
mammalian hosts engage in molecular warfare
(Finlay & Cossart 1997). When this occurs, patho-
genic bacteria yield weaponry to invade, suppress,
and intoxicate their mammalian hosts (Casadevall
& Pirofski 2004). These systems are diverse in

structure and function, ranging from the upregula-
tion of specific adhesion molecules to the assembly
of specialized translocation systems which inject
toxins or effectors into host cells (Finlay & Falkow
1997). Although many of these components are
critical for bacterial survival, one of the most
dynamic is the cell wall of Gram-positive bacteria
(Ghuysen & Hakenbeck 1994). In many contexts,
the cell wall lies at the interface of the interaction
between a eukaryotic cell and the bacterial patho-
gen. Gram-positive pathogens have evolved complex
protein transport systems that serve to subvert host
physiology (Navarre & Schneewind 1999), including
the binding and transport of the essential nutrient
iron (Braun 2001; Wandersman & Delepelaire 2004).
Recently, a novel cell wall based iron acquisition
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system, the isd locus, was described in S. aureus
(Skaar & Schneewind 2004). The characterization
of this system has provided new insights into cell
wall function and pathogen/host interactions.

S. aureus cell wall structure and function

The staphylococcal cell wall is composed of vary-
ing length glycan strands of repeating disaccharide
N-acetylmuramic acid-(f1-4)- N-acetylglucosamine
(MurNAc-GlcNAc) (Ghuysen & Strominger 1963;
Ghuysen et al. 1965; Dmitriev et al. 2004). Mur-
NAc is amide linked to alanine of the cell wall
tetrapeptide [L-Ala-D-isoGln-L-Lys(NH,-Glys)-D-
Ala], which is tethered to neighboring peptido-
glycan strands via an amide bond between the
amine of the pentaglycine crossbridge (NH,-Glys)
and the carboxyl of p-alanine at position four of
the cell wall peptide (Ghuysen et al. 1965; Tipper
et al. 1965; Tipper & Strominger 1965; Tipper
1968) (Figure 1). In fully assembled, mature cell
wall, a network of peptidoglycan strands and
crosslinks gives rise to a single large macromole-
cule, whose three-dimensional lattice spans the
circumference of bacterial cells (Ghuysen 1968;
Labischinski & Maidhof 1994). Cell wall pepti-
doglycan is decorated with several diverse modifi-
cations, including polysaccharide, lipoteichoic
acid, teichoic and teichuronic acids. The molecular
structure, biosynthesis and functional properties of
these modifications have been reviewed elsewhere
(Robbins & Schneerson 1990; Fischer 1994; Neu-
haus & Baddiley 2003).

Perhaps the most dynamic components of the
cell wall are proteins that associate with the pep-
tidoglycan (Navarre & Schneewind 1999). For
example, the cell wall of S. aureus and other
Gram-positive  pathogens contain proteins
involved in metabolism such as fructosidase
(Burne & Penders 1994). Cell wall anchored pro-
teins in other species are involved in conjugal
transfer of DNA between two mating bacteria
(Galli et al. 1990, 1992; Clewell 1993). Surface
proteins of Listeria monocytogenes bind to host
cell receptors and promote bacterial entry into
host epithelial cells during infection (Gaillard et al.
1991; Dramsi et al. 1995). Thus, these factors lie
directly at the interface of the host/pathogen
interaction and have evolved for the subversion,
modulation, and in many cases elimination of host
adaptive and acquired immune responses. As
examples for the latter strategies, staphylococcal
protein A and streptococcal M proteins, respec-
tively, bind the Fc portion of immunoglobulin as a
means of evading opsono-phagocytosis (Moks
et al. 1986; Herwald et al. 2004). Further, many
Gram-positive pathogens adhere to host extracel-
lular matrix using fibronectin binding proteins as
an early step in the infectious process (Flock et al.
1987; Patti et al. 1994). Other cell wall proteins,
such as C5a peptidase, cleave components of the
complement system, thereby subverting the innate
immune response such as complement mediated
phagocytic killing (Chen & Cleary 1990). Collec-
tively, these cell wall anchored proteins contribute
to the disease-causing arsenal of Gram-positive
pathogens (Foster & H66k 1998).
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Figure 1. Structure of the peptidoglycan of S. aureus. The staphylococcal cell wall is composed of varying length glycan strands of
repeating disaccharide N-acetylmuramic acid-(f1-4)-N-acetylglucosamine (GlcNAc-MurNAc). MurNAc is amide linked to alanine of
the pentapeptide [L-Ala-D-iGIn-L-Lys(Gly(s))-p-Ala], which is crosslinked to the peptidoglycan through a pentaglycine crossbridge
attached to lysine of the next pentapeptide. The free amine of the pentaglycine is the site of sortase-mediated anchoring of surface

proteins.



Sortase A, a transpeptidase that anchors surface
proteins to the cell wall

Many proteins destined to be displayed on the
surface of Gram-positive pathogens are anchored
to the cell wall by a class of enzymes termed sor-
tases (Srt), transpeptidases which recognize a
conserved LPXTG motif at the C-terminus of
surface protein substrates (Schneewind et al. 1992;
Mazmanian et al. 1999) (Figure 2). Approxi-
mately 176 homologs of SrtA, the sortase that was
first described in S. aureus (Mazmanian et al.
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Figure 2. Crystal structures and functional domains of
S. aureus SrtA and SrtB. S. aureus sortase A (a) and B (b)
demonstrating active site amino acids C184 and H120 (a) and
H130 and C223 (b) extending from a hydrophobic cleft that
binds LPXTG (SrtA) or NPQTN (SrtB) recognition motifs.
SrtA PDB ID = IT2P, SrtB PDB ID = 1QWZ.
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1999), have been identified and can be grouped
into five different classes (Pallen et al. 2001;
Comfort & Clubb 2004; Ton-That et al. 2004;
Boekhorst et al. 2005; Dramsi et al. 2005). More
than 900 potential surface protein substrates in
over 50 different species of Gram-positive bacteria
have been revealed with  bioinformatics
approaches (Fischetti et al. 1990; Navarre & Sch-
neewind 1999; Pallen et al. 2001; Comfort &
Clubb 2004; Boekhorst et al. 2005). The impor-
tance of sortase in pathogenesis has been eluci-
dated by the finding that SrtA of S. aureus displays
a three-log reduction in virulence in tissue abscess
mouse models of infection (Mazmanian et al.
2000; Jonsson et al. 2002). Sortase’s ubiquitous
distribution in many Gram-positive bacteria and
its requirement for virulence, coupled to the fact
that sortase is located in the envelope and acces-
sible to inhibitors highlights these transpeptidases
as potential targets for the development of anti-
microbial therapeutics (Weiss et al. 2004).

The C-terminal signature motif for sortase
recognition is composed of a canonical sequence
motif (LPXTG for sortase A), followed by a hydro-
phobic stretch of amino acids and positively charged
residues (Schneewind et al. 1993). Although almost
all Gram-positive microbes contain sortase A and
LPXTG motif surface proteins, the motif can vary
in amino acid composition. For example, leucine
(L) in the first position is replaced with asparagine
(N) and glycine at the fifth position is replaced
with asparagine (N) in sortase B substrates (SrtB
subfamily) or alanine (A) in substrates of subfamily
four sortases (Comfort & Clubb 2004; Boekhorst
et al. 2005). The current model for sortase-medi-
ated anchoring suggests surface-displayed proteins
are synthesized in the bacterial cytoplasm as a
“P1” precursor which undergoes N-terminal signal
peptide cleavage during translocation across the
cytoplasmic membrane, thereby generating the
“P2” precursor (Schneewind et al. 1993; Ton-That
et al. 1998) (Figure 3). The sorting signal of sur-
face-anchored proteins retains the polypeptide in
the secretory pathway, in close proximity to
sortase. Sortase then cleaves between the threonine
(T) and the glycine (G) of the LPXTG motif to
generate a thioacyl-enzyme intermediate between
the active site cysteine residue of sortase (C184 in
S. aureus SrtA) and the C-terminal threonine of
the cleaved substrate (Navarre & Schneewind
1994; Ton-That et al. 1999; Ton-That et al. 2000;
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Figure 3. Model of sortase-mediated anchoring. (i, ii) Proteins to be surface anchored to the cell wall are initiated onto the Sec
pathway by an N-terminal signal peptide (SP). (iii) Following cleavage of the LPXTG-recognition motif, a thioacyl-enzyme inter-
mediate is formed between sortase and threonine of surface protein. (iv, v) Resolution of the thioacyl-enzyme occurs through
nucleophilic attack of the amine group of the pentaglycine of lipid II to generate lipid II-linked surface protein, which is incorporated
into the cell wall. The black bar and ““+" represent the hydrophobic patch and poly-basic cluster, respectively, of amino acids which

comprise the sorting signal.

Ton-That et al. 2002). The thioacyl-enzyme inter-
mediate is resolved by the nucleophilic attack of
the amine within pentaglycine crossbridges thereby
forming an amide bond between surface protein
and lipid II cell wall biosynthesis precursor (‘“P3”
intermediate) (Perry et al. 2002). Transpeptidation
and transglycosylation of cell wall biosynthesis
incorporate lipid-linked P3 intermediates into the
peptidoglycan to generate mature, cell wall-an-
chored surface protein (Schneewind et al. 1995;
Ton-That e al. 1997 Navarre et al. 1998; Ton-
That & Schneewind 1999).

Iron transport and the iron-responsive surface
determinant (isd) system of S. aureus

Iron is essential for basic bacterial physiologic
processes such as electron transport or nucleotide
synthesis. However, free iron is virtually not
available in host environments (Wandersman &
Delepelaire 2004). Instead iron is complexed with
other molecules, such as protoporphyrins (heme)
or proteins (ferritin, transferrin, lactoferrin,
hemoglobin, etc). Upon entry into a mammalian
host, a bacterial pathogen must acquire iron from
tissues to survive (Wandersman & Delepelaire
2004). S. aureus has evolved several different
sophisticated iron uptake systems. Here we review
these iron uptake systems by analyzing the regu-
lation of gene expression, sequestration of target
iron, bacterial iron transport, and release of iron
from heme tretrapyrrol.

Regulation

Regulation refers to the concept that bacteria must
be able to sense and appropriately respond to the
need to acquire iron from the environment
(Holmes 2000). This response operates at the level
of gene expression for the factors that are
responsible for this uptake, and includes tran-
scriptional, translational, and post-translational
regulatory mechanisms (Holmes 2000). In many
bacterial pathogens, this feat is accomplished by
the global determinant ferric uptake repressor
(Fur) protein (Hantke 1981; Hantke 2001).
S. aureus Fur was identified by PCR amplification
of a region of the staphylococcal genome which
has homology to Fur sequences from other Gram-
positive bacteria (Xiong et al. 2000; Horsburgh
et al. 2001). Purified Fur bound to the promoter
regions of the ferrichrome-uptake system (fAu), an
operon believed to code for two ferrichrome
permeases and an ATP-binding protein (Xiong
et al. 2000). Further, inactivation of fur and perR,
a homologue of fur, led to a reduction in virulence
in a mouse model of S. aureus infection (Hors-
burgh et al. 2001).

Sequestration

More than 95% of the iron in the human body is
located within host cells, which poses a problem for
extra-cellular pathogens like S. aureus. To cir-
cumvent this barrier to growth, S. aureus has
evolved mechanisms to scavenge extracellular iron.



Sequestration refers to the binding of molecular
iron or iron-complexed molecules by factors pro-
duced and secreted into the surrounding milieu by
the bacterium. These factors include siderophores,
low-molecular weight compounds that chelate iron
with high affinity. In S. aureus, several sidero-
phores have been identified, termed staphyloferrin
A and B and aureochelin (Konetschny-Rapp et al.
1990; Drechsel ef al. 1993; Courcol et al. 1997).
Recently, an iron-regulated operon containing
nine genes that function in the production of a
novel siderophore has been described, termed sbn
for siderophore biosynthesis. Mutation of one
gene in this operon, sbnE, climinated siderophore
production and virulence in a mouse model of
infection, indicating that this system is important
in S. aureus infections (Dale er al. 2004a). In
addition to siderophores, proteins anchored to the
staphylococcal surface also act to sequester iron.
The observation that transferrin, an iron-binding
protein in extra-cellular host fluids, binds to
staphylococcal transferrin-binding protein A
(StbA, also known as the heme-binding protein
IsdA (Mazmanian et al. 2003)), suggests that
Gram-positive pathogens may elaborate iron
sequestration mechanisms that differ from sidero-
phore-mediated acquisition (Taylor & Heinrichs
2002).

Transport

Transport of iron from the surrounding milieu
into the bacterium involves translocation of mol-
ecules across the 50-100 nm diameter of the cell
wall envelope and cytoplasmic membrane of S.
aureus. At least four S. aureus ABC transporter
systems have been described: sirdBC, fhuABC,
sitABC, and sstABC operons (Morrissey et al.
2000; Cabrera et al. 2001; Dale et al. 2004b, c).
ABC transporters are hypothesized to utilize
ferric-siderophore binding receptors to translocate
secreted siderophores complexed with iron into the
bacterial cytoplasm. These receptors are tethered
to the cytoplasmic membrane through a diacyl-
glycerol moiety linked to their N-terminal amino
acid (Hantke & Braun, 1973). In addition to
lipoproteins functioning directly in siderophore
transport, membrane ATPases are believed to
provide the energy for the translocation of iron
across the plasma membrane.
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Release

As most iron in host tissues is stored by heme-
binding proteins located within cells, staphylococci
are faced with the problem of releasing iron sources
via the secretion of hemolysins, membrane active
toxins that penetrate and damage host cell mem-
branes (Bernheimer ef al. 1968; Jonsson et al.
1985; Dinges et al. 2000). Assuming that heme-
iron is then captured and transported into staph-
ylococci, how can the iron atom be released from
heme tetrapyrrol for use in biosynthetic processes?
Heme monoxygenases catalyze oxidative degra-
dation of heme to biliverdin, CO,, and iron
(Maines 1997). This reaction is conserved between
mammals and some bacterial species and serves
different functions depending on the organism in
question. The best characterized bacterial heme
oxygenases are those of Pseudomonas aeruginosa
and Neisseria miningitidis (Schmitt 1997; Zhu et al.
2000; Ratliff et al. 2001; Stojiljkovic & Perkins-
Balding 2002). To date, two types of heme
oxygenase systems have been described in Gram-
positive pathogens, HmuO from Corynebacterium
diphtheriae, the causative agent of diphtheria, and
IsdG and IsdI from S. aureus (discussed below)
(Wilks & Schmitt 1998; Wilks 2002; Skaar et al.
2004a; Wu et al. 2005).

Iron regulated surface determinants (Isd) of
S. aureus

The recently identified iron-response surface deter-
minant (isd) locus in S. aureus, comprises genes
that are involved in each of the four aspects of iron
acquisition briefly summarized above, and can
therefore be used for the establishment of a para-
digm for similar systems in other Gram-positive
bacteria (Mazmanian et al. 2003).

The isd locus was discovered during a search of
the S. aureus genome for SrtA homologs, which
uncovered another sortase, SrtB (Mazmanian
et al. 2002). The structural srtB gene is located
within a cluster of eight genes and three tran-
scriptional units, isdA4, isdB, and isdCDEF srtB
isdG). One of these genes, isdC, encodes a secreted
polypeptide substrate of sortase B with a
C-terminal sorting signal, including an NPQTN
motif, hydrophobic domain and charged tail
(Mazmanian et al. 2002). Fur binding sites are
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Figure 4. Genomic organization of the isd operon in S. aureus, L. monocytogenes and B. anthracis. The S. aureus isd operon is
described in the text. The Listeria monocytogenes isd locus contains isdC and isdA homologs (2186 and svpA, respectively), a ferri-
chrome transporter with homology to isd DEF (2182-4), a sortase (srtB), and an LPXTG-containing protein of unknown function
(2180). The ORFs are described according to the L. monocytogenes nomenclature. The Bacillus anthracis isd locus contains eight open
reading frames, including a sortase (sr¢B), isdC and isd4 homologs, a ferrichrome transporter (isd DEF), and a monoxygenase (isdG).

Fur boxes and sortase-recognition motifs are indicated.

located upstream of the three transcriptional isd
units, and the expression of all of the genes in this
locus is regulated by the availability of iron
(Mazmanian et al. 2003). Further, several isd
genes contain homology to proteins known to play
a role in iron acquisition. Specifically, the isd locus
encodes for a putative membrane transport system
(IsdDEF), cell wall-anchored heme (IsdA and
IsdC), hemoglobin (IsdB) and hemoglobin-hapto-
globin (IsdH/HarA) binding proteins, and two
monooxygenases (IsdG and Isdl) (Mazmanian
et al. 2003) (Figure 4). Homologs of the isd locus
are found in Bacillus anthracis and Listeria mon-
ocytogenes, suggesting that isd, or components of
it, functions also in other Gram-positive patho-
gens (Bierne ef al. 2004; Newton ef al. 2005)
(Figure 4). To investigate the role of SrtB in the
function of this locus, a FLAG epitope-tagged
version of IsdC was constructed and expressed in a
S. aureus srtB mutant strain (Mazmanian et al.
2002). Unlike wild-type S. aureus, IsdC-FLAG
was not anchored to the cell wall in srzB~ variants,
suggesting that IsdC serves as a substrate of SrtB
in vivo. A peptide bearing the sequence NPQTN
(IsdC sorting signal) was cleaved by recombinant
SrtB in vitro and in vivo between the threonine (T)
and the asparagine (N) residues and the C-termi-
nal threonine of IsdC is linked to pentaglycine cell
wall crossbridges of staphylococcal peptidoglycan
(Marraffini & Schneewind 2005). Unlike sortase A
anchored surface proteins (IsdA, IsdB and IsdH),
sortase B anchored IsdC is buried within the

staphylococcal murein envelope and this unique
position is presumably important for the passage
of heme-iron across the cell wall (Marraffini &
Schneewind 2005). Taken together, these data re-
veal that SrtB, just like SrtA, functions as a
transpeptidase and catalyzes cleavage and cell wall
anchoring of its IsdC protein substrate (Mazma-
nian et al. 2002). srtB expression in S. aureus was
observed when fur was disrupted, demonstrating
that srtB is regulated in an iron-dependent manner
similar to other genes in the isd locus (Mazmanian
et al. 2002).

Determination of the role of SrtB and SrtB-
mediated anchoring in pathogenesis was investi-
gated using a mouse model of renal abscess
formation (Albus et al. 1991). In this experiment,
mice were injected with 1x107 colony forming
units of isogenic S. aureus variants harboring
deletions of the target gene(s), followed by a five to
nine day incubation to allow for the infection to
progress (Mazmanian et al. 2002). Homogenized
kidneys were then assayed for abscess formation
by incubation of homogenate on agar plates to
observe colony formation, an indicator of relative
bacterial load in each respective mouse tissue.
Using this model, it was determined that loss of
the srtB gene resulted in 10-fold reduction in the
number of colony forming units isolated after a
nine day infection as opposed to no effect seen at
five days (Mazmanian et al. 2002). This reduction
in the pathogenesis of S. aureus srtB mutants has
been observed in other experimental systems,



indicating that SrtB and IsdC are involved in the
persistence, rather than the establishment, of S.
aureus infections (Jonsson et al. 2003; Weiss et al.
2004).

If the isd operon encodes for proteins involved
in the uptake of heme-iron, one would expect
components of isd to bind heme-iron. To test this
hypothesis, IsdA, IsdB, IsdC, IsdD, IsdE and IsdG
were purified as either Hisg, or glutathione-S-
transferase (GST) fusions, electrotransferred to
membrane and incubated with hemin, followed by
quantification of the amount of hemin bound per
pmol purified protein. All isd proteins assayed
bound hemin at levels ~5--15-fold higher than the
control protein GST. Subsequent investigation
revealed the IsdC--heme interaction was non-
covalent and competitively inhibited by heme
addition, suggesting that IsdC may function in the
binding and passage of heme-iron across the cell
wall envelope (Mazmanian et al. 2003).

In addition to heme acquisition, the isd locus
encodes for proteins that bind other iron-con-
taining molecules, such as the proteins hemoglobin
and haptoglobin. Hemoglobin is the most abun-
dant iron-binding protein in the blood and, when
complexed with haptoglobin, constitutes the major
iron-binding entity in the body. IsdH, also called
HarA, binds hemoglobin and hemoglobin—hapto-
globin complexes within the N-terminal part of the
protein (Dryla et al. 2003).

A more detailed appreciation of the isd locus as
an iron uptake system occurred with the investi-
gation of IsdG and Isdl. Initial bioinformatics
analysis suggested that IsdG and Isdl represented
members of the ABM family of monooxygenases,
first discovered in Streptomyces spp., and led to
the hypothesis that IsdG and IsdI may be involved
in the oxidative degradation of heme (Skaar et al.
20044a). Purified IsdG and IsdI bound heme and, in
the presence of a suitable electron donor such as
ascorbate or NADPH-cytochrome P450 reductase,
these polypeptides catalyzed oxidative degradation
of heme to biliverdin, a degradation product of
mammalian heme oxygenases. Further, Isdl com-
plemented the heme utilization defect of a C. ulc-
erans heme oxygenase mutant, suggesting Isdl
performs heme degradation in vivo (Skaar et al.
2004a).

If S. aureus scavenges iron from multiple dif-
ferent biological sources, does this pathogen have
a preference for one form of iron over another
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during infection? The growth phase-dependent
preference for different iron sources of S. aureus
was investigated with isotopically labeled hemin
with **Fe and transferrin with >’Fe by measuring
the ratios “’Fe/°°Fe (transferrin) to >*Fe/*°Fe
(heme) with inductively coupled plasma mass
spectrometry (ICP-MS) (Skaar et al. 2004b). The
data demonstrated that S. aureus preferentially
utilizes heme-iron during growth in culture, and
that significant amounts of heme-iron are incor-
porated into membrane factors, presumably elec-
tron transport factors (von Wachenfeldt &
Hederstedt 1990). Inactivation of the isd locus and
three other iron transport systems in S. aureus
(SstABCD, SirABC, and FhuCBG), followed by
>Fe/*Fe to **Fe/*°Fe analysis, indicated these
systems were not responsible for the observed
heme-iron preference in S. aureus (Skaar et al.
2004b) This data suggested an unidentified heme-
iron transport system was responsible for the
observed preference. A combination of bioinfor-
matics and iron transport analysis of the S. aureus
genome revealed an uncharacterized iron transport
system in S. aureus which was termed htsABC
(heme transport system). Two of these genes, /itsB
and C, are hypothesized to be ABC transporter
permeases and display sequence similarity to
transport systems in Yersinia enterocolitica and
Corynebactrium diphtheriae. Further, a Fur bind-
ing sequence is located just upstream of htsA,
suggesting the Ats system is regulated in an iron-
dependent manner. Inactivation of htsB or htsC
resulted in an increased ratio of transferrin to
heme-iron, suggesting these genes function in the
selective uptake of heme-iron. Investigation of the
role of htsB and htsC in pathogenesis using the
mouse model of abscess formation indicated both
genes were important in disease progression in the
liver and kidney. These experiments established
the hts locus as a novel heme-iron acquisition
system with pathogenic implications and provide
an additional avenue towards the development of
potential therapeutics to combat S. aureus infec-
tions (Skaar et al. 2004b).

Model for iron acquisition systems in the cell wall
envelope of S. aureus

A functional model for the isd system in S. aureus
is displayed in Figure 5. During the infectious
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Figure 5. Model for cell wall-based iron acquisition in S. zlz:L?reus. Upon entry into a mammalian host, S. aureus senses iron-deplete
conditions and the global iron regulator Fur is removed from binding sites upstream of isd genes, leading to their expression. Isd
proteins are segmented to their appropriate cellular locations. IsdB/H binds hemoglobin/haptoglobin (Hb/Hpt) and transfers heme
(Hpe) containing iron to IsdA, IsdC and finally the permease transport complex (IsdDEF) located in the plasma membrane. Once heme
enters the bacterial cytoplasm, two monoxygenases (IsdG/I), catalyze the oxidative degradation of the heme to release iron, which is
utilized for basic bacterial growth and physiology. EC =extracellular, CW =cell wall, PM = plasma membrane, CY =cytoplasm.

process, S. aureus senses iron-deplete conditions
and the Fur repressor is removed from its binding
site just upstream of the locus. The genes of the isd
locus are expressed and their protein products
direct to their appropriate location in the bacterial
cells: IsdD, IsdE, IsdF and SrtB (membrane),
IsdA, IsdB, IsdC, IsdH (cell wall), IsdG and Isdl
(cytoplasm). Obviously, SrtA and SrtB are
instrumental in the deposition of heme-iron
transport factors in the cell wall envelope. In a still
poorly understood process, heme is presumably
liberated from heme-binding proteins such as
hemoglobin (most likely bound to IsdB or IsdH)
and transferred to IsdC. IsdC, being buried in the
cell wall, is thought to assist in passage of heme
iron across the cell wall envelope to the membrane
transport system IsdDEF or HtsABC, which
deliver heme into the cytoplasm of S. aureus.
Oxidative degradation of heme by the monoxy-
genases IsdG and Isdl completes the acquisition
process, allowing free iron to be utilized as a co-
factor for enzymatic reactions.

Future directions

The model presented above generates more ques-
tions than answers. There are three stages in this
model for which future experimentation would
lead to a greater understanding of the mechanism
of heme uptake through the isd system. The first
stage deals with the removal of heme from heme-
binding proteins such as hemoglobin. Do IsdB and
IsdH function as hemophores that remove the
compound from mammalian heme-binding pro-
teins or are there other factors required for the
removal of heme from its binding site? At what
stage of infection and in what tissue does this
process normally occur? The second major point
refers to the transfer of heme across the cell wall
and cytoplasmic membrane into the cytoplasm of
Gram-positive pathogens. What are the structural
determinants of IsdA, IsdB, IsdH, and IsdC that
allow for the binding of heme? Do IsdB and IsdH
form a conduit that allows heme to pass through
cell wall envelope and, if so, how does IsdC



participate in this heme transfer conduit by occu-
pying a unique position in the cell wall envelope?
The last phase involves the exact role of the isd
uptake system in S. aureus pathogenesis and
whether this system, as opposed to other iron
uptake systems, should be a target for the devel-
opment of therapeutics against S. aureus infec-
tions. It would be interesting to know what relative
contribution to pathogenesis each iron uptake
system in S. aureus displays in a mouse model of
infection. Further, is the isd system upregulated at
all stages during the infectious process or are there
additional levels of control? Although the answers
to these questions may not be readily forthcoming,
insights drawn from experimentation into these
unknown areas will provide a greater under-
standing of not only S. aureus pathogenesis but
also for infections caused by other Gram-positive
organisms.
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