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Staphylococcus lugdunensis is often found as part of the normal flora of human skin but has the potential
to cause serious infections even in healthy individuals. It remains unclear what factors enable S. lug-
dunensis to transition from a skin commensal to an invasive pathogen. Analysis of the complete genome
reveals a putative iron-regulated surface determinant (Isd) system encoded within S. lugdunensis. In other
bacteria, the Isd system permits the utilization of host heme as a source of nutrient iron to facilitate
bacterial growth during infection. In this study, we establish that S. lugdunensis expresses an iron-
regulated IsdG-family heme oxygenase that binds and degrades heme. Heme degradation by IsdG results
in the release of free iron and the production of the chromophore staphylobilin. IsdG-mediated heme
catabolism enables the use of heme as a sole source of iron, establishing IsdG as a pathophysiologically
relevant heme oxygenase in S. lugdunensis. Together these findings offer insight into how S. lugdunensis
fulfills its nutritional requirements while invading host tissues and establish the S. lugdunensis Isd system

as being involved in heme-iron utilization.

Iron acquisition is a critical process for pathogenic bacteria
during infection. This is due to the numerous fundamental
cellular processes that require iron, such as DNA replication,
electron transport, and protection from reactive oxygen dam-
age (5). Vertebrates exploit the iron requirement of bacterial
pathogens by creating an extracellular environment virtually
devoid of free iron (5). The most abundant source of iron
within the human body is found in the form of heme, a tet-
rapyrrole ring with a coordinated iron center. Heme is further
bound by hemoproteins, the most abundant of which is hemo-
globin (7). To circumvent this sequestration, pathogens have
evolved complex iron acquisition systems that are expressed
upon entry into host tissues. In Gram-positive bacteria, one
such system is the iron-regulated surface determinant (Isd)
system, which binds hemoglobin, removes the heme, and trans-
ports it into the bacterial cytoplasm. Upon entry into the cell,
heme can then be degraded by heme oxygenases, resulting in
the release of nutrient iron (28, 32). Interestingly, heme is the
preferred source of iron for Staphylococcus aureus during in-
fection, and heme acquisition by the Isd system is critical for
full virulence (27, 31).

Staphylococcus lugdunensis is a coagulase-negative staphylo-
coccus (CNS) that is often found as part of the normal skin
flora and has the potential to cause aggressive infections sim-
ilar to those caused by S. aureus. Emerging as an important
human pathogen, S. lugdunensis has an elevated level of viru-
lence that makes it stand out among the CNS (15, 33). Unlike
other CNS, S. lugdunensis can cause a wide array of serious
infections, such as acute endocarditis, brain abscesses, menin-
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gitis, prosthetic joint infections, pneumonia, and toxic shock
(15). The mortality rate associated with S. lugdunensis endo-
carditis can reach 50%, which presents a serious public health
problem considering the propensity of S. lugdunensis to infect
the heart (2). This is in striking contrast to the 14.5% mortality
rate associated with S. aureus endocarditis and the 20% mor-
tality rate associated with Staphylococcus epidermidis endocar-
ditis (3). Additionally, the majority of infections caused by S.
lugdunensis occur in healthy adults, primarily in the outpatient
setting (20). In fact, nearly half of patients infected with S.
lugdunensis do not exhibit identifiable comorbidities (20). This
indicates that S. lugdunensis, unlike other CNS, is not confined
to being an opportunistic pathogen (20). Although S. lugdunen-
sis remains highly susceptible to the majority of antimicrobial
therapies, antibiotic resistance is evolving (20). The proportion
of S. lugdunensis isolates that are susceptible to all antibiotics
has decreased from 68% in 1993 to 45% in 2010 (20, 38).
Additionally, the prevalence of ampicillin-resistant strains is
increasing, and mecA, the genetic locus conferring resis-
tance to B-lactam antibiotics, has been identified in S. lug-
dunensis isolates (4, 35). This increase in antibacterial re-
sistance, coupled with the substantial virulence of this
organism, presents a clinical challenge that necessitates a
thorough understanding of the molecular determinants of
virulence within S. lugdunensis.

The availability of the S. lugdunensis genome sequence per-
mits in-depth analysis of the genes underlying the virulence of
this dynamic pathogen (36). In this regard, we have determined
that S. lugdunensis encodes a complete Isd system, including an
IsdG heme oxygenase. This observation suggests that S. lug-
dunensis is capable of using heme as a source of iron during
infection. Here we use biochemical and genomic techniques to
characterize this new member of the IsdG family of heme-
degrading oxygenases and provide insight into the nutrient
acquisition pathways that contribute to the pathogenesis of S.
lugdunensis.
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MATERIALS AND METHODS

Bacterial strains and construction of expression vectors. All S. lugdunensis
experiments were carried out using S. lugdunensis strain N920143. All S. aureus
experiments were carried out using the clinical isolate Newman. S. aureus iso-
genic variants lacking isdG and isdl have been described previously (27). Bacteria
were grown overnight in tryptic soy broth (TSB) at 37°C with shaking at 180 rpm
unless otherwise stated.

Protein purification. Recombinant S. lugdunensis 1sdG was purified from
Escherichia coli BL21(DE3) as described previously (31). Expression vectors
were created through PCR amplification of genomic S. lugdunensis isdG and
subsequent cloning into pCR2.1 (Invitrogen). Successful transformants were
sequenced for accuracy. Correct inserts were then subcloned into pET15b (No-
vagen), creating an inducible expression vector expressing N-terminally histidine
tagged IsdG. Protein concentrations were determined using a bicinchoninic acid
(BCA) assay, and purity was evaluated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie blue staining.

Heme degradation and product purification. Heme degradation reactions
were performed in Tris-buffered saline (50 mM Tris [pH 7.5], 150 mM NaCl) at
room temperature. Wild-type IsdG or mutant IsdG at a concentration of 40 pM
was incubated with 40 M heme (Sigma) for 30 min at 4°C to allow heme-protein
complexes to form. Catalase (from bovine liver; Sigma) was added to the sample
at a 0.5:1 molar ratio of catalase to hemoprotein; ascorbic acid was added to a
final concentration of 1 mM; and spectral changes between 300 and 800 nm were
measured at 15, 30, 60, 90, and 120 min after the addition of ascorbate. Heme
degradation products were purified as described previously (28).

High-performance liquid chromatography (HPLC) analysis was performed on
a Varian ProStar system using a Microsorb-MV C,g column. Analysis was per-
formed with a flow rate of 1 ml min~" using 95% water-5% acetonitrile with
0.1% trifluoroacetic acid (TFA) as the mobile phase. The mobile phase increased
linearly from 5% to 80% over a 45-min period. Staphylobilin derived from both
S. aureus IsdG and S. lugdunensis IsdG eluted at approximately 32 min, or a
mobile phase of 60%.

Difference absorption spectroscopy. All absorption spectra were obtained us-
ing a Varian Cary 50 Bio spectrophotometer. Heme binding analyses were
performed using difference absorption spectroscopy at 413 nm. Aliquots of heme
(2 pM to 28 uM) were added both to a sample aliquot (10 pM IsdG) and to a
reference aliquot of Tris-buffered saline (50 mM Tris [pH 7.5], 150 mM NacCl).
Samples were incubated at 4°C on a rotisserie for 30 min to allow ample time for
protein-heme complexes to form.

Heme binding assay. The Soret band of a 10 wM sample of purified IsdG was
measured as heme was added incrementally. The heme concentrations measured
ranged from 2 to 40 wM. After each addition of heme, the sample was incubated
at 4°C on a rotisserie to allow time for heme-protein complexes to form.

Heme utilization assay. To evaluate the ability of S. lugdunensis to utilize heme
as a nutrient iron source, a liquid growth assay was used. S. lugdunensis was
grown overnight in RPMI medium with 1% Casamino Acids. Cultures were
normalized to an optical density at 600 nm (ODygy) of 1.8 and were subcultured
1:50 into the various media. RPMI medium with 1% Casamino Acids was used
for the high-iron condition, RPMI medium with 5 pM ethylenediamine-N,N'-
bis(2-hydroxyphenylacetic acid) (EDDHA) for the iron-depleted condition, and
RPMI medium with 5 M EDDHA and 5 pM heme for the heme utilization
condition. The ODg, was measured over 24 h, and the assay was repeated with
three biological replicates in triplicate.

To assess the ability of S. lugdunensis 1sdG to degrade heme and allow for its
use as an iron source, a liquid growth assay was utilized. The S. aureus clinical
isolate strain Newman was used in all experiments (11). All strains were trans-
formed with the pOSIplgt vector (6, 29). For phenotypic complementation ex-
periments, strains were created by transforming S. aureus AisdGI with the pOSI-
derived vector containing a full-length copy of S. lugdunensis isdG under the
control of the constitutive promoter of the S. aureus lipoprotein diacylglycerol
transferase gene (Igr). Inserts from successful PCR2.1 transformants (see “Pro-
tein purification” above) were subcloned into pOSIplgt, making pisdG. Strains
were grown overnight in RPMI medium with 1% Casamino Acids, the appro-
priate antibiotic, and 0.5 mM EDDHA. Cultures were normalized to an ODygy
of 0.6 and were subcultured 1:100 into Chelex-treated RPMI medium with 0.5
mM EDDHA, 100 uM CaCl,, 25 uM ZnCl,, 1 mM MgCl,, 25 uM MnCl,, 1 pM
heme, and the appropriate antibiotic. The ODg(, was measured over 55 h. The
assay was repeated to test three biological replicates in triplicate.

Quantitative immunoblotting. Cultures were grown overnight in TSB alone or
TSB with 100 to 350 uM 2,2’-dipyridyl (Dip). Bacteria were sedimented through
centrifugation at 6,000 X g for 10 min. Cells were then resuspended in TSM (100
mM Tris [pH 7.0], 500 mM sucrose, 10 mM MgCl,) and were incubated in the
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presence of lysostaphin (10 pg) at 37°C for 30 min. Protoplasts were then
collected by centrifugation at 16,000 X g for 10 min and were lysed by sonication.
Total-protein concentrations were normalized using a BCA assay. Samples were
run on a 15% SDS-PAGE gel and were then transferred to a nitrocellulose
membrane. Membranes were probed with an anti-IsdG (a-IsdG) polyclonal
antibody raised against S. aureus IsdG and were then blotted with a conjugated
goat anti-rabbit antibody (Invitrogen). Membranes were imaged using an Odys-
sey infrared imager. To analyze the effect of heme on cytoplasmic IsdG levels,
cultures were grown overnight in TSB with 350 uM Dip and increasing concen-
trations of heme. Samples were prepared and probed as described. IsdG levels
were quantified using an Odyssey infrared imager. The fold change in IsdG levels
as a result of increasing Dip concentrations is representative of six biological
replicates, while the fold change in response to exogenous heme is representative
of eight biological replicates.

IsdG-family phylogenetic tree. We reconstructed the evolutionary relation-
ships of IsdG and IsdI (IsdG/I) using amino acid sequences obtained from
bacterial species with annotated IsdG-family heme oxygenases. We looked for
IsdG proteins in NCBI's GenBank by using a tBLASTx search of the nonredun-
dant (nr) nucleotide database restricted to bacteria. Staphylococcus aureus, Ba-
cillus anthracis, Mycobacterium tuberculosis, and Bradyrhizobium japonicum isdG
and isdl nucleotide sequences were used for this tBLASTx search, and amino
acid sequences associated with tBLASTX hits that had an E value of =le ™% were
retrieved. Retrieved amino acid sequences were further screened by removing all
sequences lacking the IsdG catalytic triad or a functional annotation. We also
searched UniProt for all reviewed Isd proteins with known heme oxygenase
function. A single representative operational taxonomic unit from each retrieved
species was used to reconstruct the tree.

Prior to tree building, amino acid sequences were aligned with MUSCLE (13).
The final aligned data set had 22 IsdG-family amino acid sequences with a length
of 133 amino acids. The Isd phylogeny was reconstructed using maximum like-
lihood (ML) (21). The best-fit model of amino acid substitution used in the ML
reconstruction was determined with ProtTest, version 2.4 (1). According to the
Akaike information criterion (AIC), the best-fit substitution model was
WAG+I+G+F (38). The ML tree was reconstructed with PhyML, version 3.0
(16, 17), by maximizing the topology likelihood of 10 random starting trees from
the best of nearest-neighbor interchange (NNI) and subtree pruning and regraft-
ing (SPR) branch rearrangements. The gamma shape parameter (four rate
categories) and the proportion of invariable sites were optimized via ML. Amino
acid equilibrium frequencies were set at empirical levels. Node statistical support
was determined using a nonparametric bootstrap with 500 replicates.

RESULTS

S. lugdunensis encodes an Isd system. S. lugdunensis requires
iron for growth and can use heme to satisfy its iron require-
ment (Fig. 1A). This suggests that systems dedicated to the
acquisition of heme are encoded within the S. lugdunensis
genome. Using the nucleotide sequences of the S. aureus isd
operon as queries, a putative Isd system was identified in S.
lugdunensis (Fig. 1B). The S. aureus Isd system comprises 10
genes encoding proteins that function in concert to bind he-
moglobin, remove the heme cofactor, and transport heme into
the cell, where it is degraded to release nutrient iron. Several
proteins of the S. aureus Isd system are conserved within S.
lugdunensis, but important differences exist. For example, the
Isd system of S. lugdunensis does not encode an isdA4 gene but
rather an isdA-like gene, isdJ, which has two heme-binding
near transporter (NEAT) domains as opposed to the single
NEAT domain of S. aureus isdA. Additionally, the S. lugdunen-
sis Isd system includes a gene encoding a putative ABC trans-
porter, SLUG_00980, as well as an insertion between isdJ and
isdB of three genes that are not present in the S. aureus Isd
system. Moreover, the S. aureus Isd system utilizes two heme
oxygenases, IsdG and Isdl, while the S. lugdunensis Isd system
appears to employ a single heme oxygenase. We refer to the S.
lugdunensis heme oxygenase as IsdG, because it is 68%
identical to the amino acid sequence of S. aureus IsdG and
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S. aureus MKFMAENRLTLTKGTAKDI IERFYTRHGIETLEGFD
S. lugdunensis MNFMAENKLKLDKGTAEGIIDRFYTRHGIETLEGFK

S. aureus GMFVTQTLEQEDFDEVKILTVY;VKSKQAFTDWLKSDV
S. lugdunensis GMFVTKTHELEDYDEVKI LTLWDTEEDFKDWLQSDV

*
S. aureus FKAAHKHVRSKNEDESSPIINNKVITYDIGYSYMK
S. lugdunensis FRKAHQHVRHQSQDSSSPILENTVIKYDIGYQYLK

D

consensus GATAATGATTATCATTAT
S. aureus isdG GATAATCATTATTATTTA

S. lugdunensis isdG GATAATCATTTTCAATTA

FIG. 1. S. lugdunensis can utilize heme for growth and encodes a putative Isd system. (A) Growth comparison of S. lugdunensis grown in a
medium alone, an iron-depleted medium, or an iron-depleted medium supplemented with 5 uM heme. (B) Genomic organization of the isd locus
within S. lugdunensis, with four predicted transcriptional start sites designated by bent arrows. Putative Fur binding sites are marked by stippled
boxes. All assignments are based on the annotated S. lugdunensis N920143 genome (18a) (accession number FR870271). (C) Amino acid alignment
of S. aureus IsdG and S. lugdunensis 1sdG, with nonconserved amino acids shown in boldface. Amino acids within the conserved catalytic triad are
indicated by asterisks. (D) Nucleotide sequence alignment of the S. aureus Fur box consensus sequence, the S. aureus isdG Fur box sequence, and
the S. lugdunensis isdG Fur box sequence. Nucleotides that differ from the consensus sequence are shown in boldface.

only 62% identical to the amino acid sequence of S. aureus
IsdI. Importantly, the active site of S. aureus IsdG, compris-
ing residues N7, W67, and H77 (NWH), is conserved within
S. lugdunensis IsdG (Fig. 1C) (40). Analysis of the region
upstream of the S. lugdunensis isd CKEF-SLUG _00980-srtB-
isdG-SLUG_01010 transcriptional start site revealed se-
quences with a high degree of similarity to the consensus
Fur box sequence from S. aureus (Fig. 1D). Fur boxes are
nucleotide sequences to which the iron-dependent repressor
Fur binds. Therefore, the presence of putative Fur boxes
indicates that these genes are likely to be iron regulated,
becoming maximally expressed under iron-depleted condi-
tions (14). These observations suggest that S. lugdunensis
encodes an iron-regulated Isd system containing an IsdG-
family heme oxygenase.

S. lugdunensis IsdG binds and degrades heme. Hemin bind-
ing proteins have a distinct absorption spectrum defined by
peak absorbance in the range of 390 to 430 nm, referred to as
a Soret band. Hemin, the oxidized form of heme, was used in
all experiments; however, for simplicity, we refer to both of
these molecules as heme. S. lugdunensis 1sdG purified from
Escherichia coli grown in the absence of heme does not exhibit
absorption patterns indicative of a heme binding protein. How-
ever, reconstitution of IsdG with heme produces an optical
absorption spectrum with a peak absorbance at 413 nm, which
increases incrementally upon addition of heme (Fig. 2A). The
Soret peak of heme-protein complexes is distinct from that of
free heme at a neutral pH. This difference allows for the
spectrophotometric titration of IsdG with heme, from which
the stoichiometry of IsdG and heme can be determined. As
heme is added incrementally to purified IsdG (10 pM), the

change in absorbance measured at 413 nm has a discrete in-
flection point at approximately 10 uM heme, indicating a 1:1
stoichiometry of protein and heme (Fig. 2A, inset). Together,
these data establish S. lugdunensis 1sdG as a heme binding
protein.

The ability of S. lugdunensis 1sdG to degrade heme was
evaluated using optical absorption spectroscopy. Purified re-
combinant IsdG was incubated with heme, and protein-heme
complexes were allowed to form. Next, ascorbate was added as
areductant, and heme degradation was monitored spectropho-
tometrically. Spectral analysis of the reaction was performed
prior to the addition of ascorbate as well as at 15, 30, 60, 90,
and 120 min following the addition of ascorbate. This reaction
resulted in almost complete elimination of the peak at 413 nm,
indicating opening of the macrocyclic conjunction of heme
(Fig. 2B). All reactions were performed in the presence of
catalase to distinguish between coupled oxidation of heme and
enzymatic heme degradation. These results demonstrate that
S. lugdunensis 1sdG catalyzes the oxidative degradation of
heme in the presence of an electron donor, consistent with the
assignment of S. lugdunensis 1sdG as a heme oxygenase. No-
tably, the rate of degradation is similar to that observed with
the S. aureus IsdG and Isdl enzymes (31).

A defining characteristic of IsdG-family heme oxygenases is
the presence of an NWH catalytic triad required for heme
catabolism (40). We evaluated the functional requirement for
these three residues in S. lugdunensis 1sdG by using mutational
analysis. Each residue within the predicted catalytic triad was
mutated to alanine, and the heme binding properties of puri-
fied mutant proteins were assessed. All three mutant proteins
(N7A, W67A, and H77A) retained the ability to bind heme,
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FIG. 2. S. lugdunensis 1sdG binds and degrades heme. (A) Increas-
ing amounts of heme (2 to 40 uM) were added to a sample of purified
IsdG (10 uM) and to a reference sample. (Inset) The difference be-
tween the absorbances (Aabs.) of the protein-heme complex and free
heme at 413 nm is plotted against the total heme concentration. A 10
M protein sample was used. (B) Spectra of 40 pM IsdG-heme com-
plex were taken at the time of addition of 1 mM ascorbate (0 m; curve
shown in blue) and 15, 30, 60, 90, and 120 min (curve shown in red)
thereafter. Reactions were performed in the presence of catalase at a
0.5:1 (catalase to hemoprotein) molar ratio.

indicating that these mutations do not disrupt the overall fold
or heme binding properties of IsdG (Fig. 3). However, inacti-
vation of any residue within the catalytic triad ablated enzy-
matic function, as demonstrated by the retention of the peak at
413 nm 90 min after the addition of an electron donor (Fig. 3).
These results indicate that the catalytic NWH triad is required
for S. lugdunensis IsdG enzymatic activity.

S. lugdunensis 1sdG degrades heme to staphylobilin. Two
structurally distinct families of heme oxygenases have been
identified; they are referred to as the HO-1 family and the
IsdG family (30, 31). While the HO-1 family of heme oxyge-
nases is ubiquitous across kingdoms, the IsdG family has been
identified only in bacteria (8, 25, 31, 32). The mechanism of
heme catabolism in the HO-1 family is highly conserved and
typically results in the conversion of heme to the blue-green
molecule a-biliverdin (37). Within eukaryotes, biliverdin is fur-
ther reduced to the yellow molecule a-bilirubin by biliverdin
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FIG. 3. The catalytic triad is functionally conserved in S. lugdunen-
sis IsdG. Point mutations were made within the NWH catalytic triad of
S. lugdunensis 1sdG by converting each of the three amino acids to
alanine. Proteins were expressed and purified similarly to those of the
wild type and were assessed for enzymatic activity. Spectra of 40 uM
IsdG-heme complex were taken at the time of addition of 1 mM
ascorbate (0 m; curve shown in blue) and 15, 30, 60, and 90 min (curve
shown in red) thereafter.

reductase (23). In contrast, S. aureus IsdG family members
degrade heme directly to a yellow oxo-bilirubin molecule that
has been named staphylobilin (28). Based on this, we sought to
determine if the yellow product of S. lugdunensis 1sdG-medi-
ated heme degradation is also staphylobilin. Initially, we ana-
lyzed the product of IsdG-mediated heme degradation using
high-performance liquid chromatography (HPLC) and com-
pared its retention time to that of staphylobilin and biliverdin
(Fig. 4). When analyzed by HPLC, the heme degradation prod-
uct generated by S. lugdunensis IsdG eluted in a series of two
peaks with retention times identical to those of staphylobilin
(Fig. 4A and B). The two HPLC peaks represent distinct iso-
mers of staphylobilin generated by IsdG-family heme oxyge-
nases (28). Importantly, the heme degradation product of S.
lugdunensis IsdG eluted earlier than either biliverdin or
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FIG. 4. HPLC analysis of the S. lugdunensis 1sdG heme degradation product. HPLC comparison of established heme degradation products
indicates that S. lugdunensis IsdG degrades heme to staphylobilin. (A) S. aureus staphylobilin purification monitored at 465 nm. (B) S. lugdunensis
IsdG-mediated heme degradation product monitored at 465 nm. (C) Biliverdin purification monitored at 405 nm.

bilirubin, indicating a higher degree of polarity (Fig. 4B and
C). After HPLC purification, the products of S. lugdunensis
and §. aureus IsdG-mediated heme degradation were subjected
to high-resolution electrospray ionization-mass spectrometry
(HR-ESI-MS). This analysis allowed for the molecular com-
position of each HPLC peak to be determined and subse-
quently compared. Both HPLC peaks from S. aureus staphy-
lobilin and the S. lugdunensis 1sdG heme degradation product
were determined to have a mass of 598.25 Da (m/z 599.2605
[M+H], A = 0.5 to 4.2 ppm), corresponding to a molecular
formula of C;3H;,N,O (Fig. 5). Importantly, the molecular
masses of biliverdin and bilirubin are 582.6 and 584.7 Da,
respectively, and thus are clearly distinct from that of staphy-
lobilin. Together these data demonstrate that S. lugdunensis
IsdG degrades heme to the yellow molecule staphylobilin.

S. lugdunensis IsdG is iron regulated. To ensure proper
metal homeostasis, bacteria strictly regulate the uptake and
metabolism of metals from the environment (10, 18, 23, 24,
26). A putative Fur-binding sequence upstream of the pre-
dicted isdG operon suggests that isdG expression increases
upon iron starvation (Fig. 1D). To test this hypothesis, we used
immunoblotting to assess the abundance of IsdG within cells
grown in increasing concentrations of the iron chelator 2,2’'-
dipyridyl (Dip). These experiments revealed that IsdG expres-
sion increases under iron-depleted conditions, establishing S.
lugdunensis I1sdG as an iron-regulated enzyme (Fig. 6A and B).

S. aureus encodes two IsdG-family enzymes, IsdG and IsdI,
which are differentially regulated in response to iron and heme
(27). While both IsdG and IsdI are highly expressed under
iron-depleted conditions, IsdG is targeted for proteolytic deg-
radation in the absence of heme. Consequently, maximal IsdI

levels occur under low-iron conditions, while IsdG is most
abundant under iron-depleted conditions in the presence of
heme. We therefore sought to determine the effect of heme
exposure on IsdG levels in S. lugdunensis by using immuno-
blotting. S. lugdunensis was grown under iron-depleted condi-
tions, and the medium was supplemented with increasing
amounts of heme; then the level of intracellular IsdG was
analyzed using S. aureus 1sdG antisera as a probe. This exper-
iment revealed that the presence of heme has no effect on the
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FIG. 5. Tandem LC-HR-ESI-MS analysis of the S. lugdunensis
IsdG heme degradation product and S. aureus staphylobilin. (A) ESI-
MS-MS of fragment ion selection for m/z 599.3 for the S. lugdunensis
IsdG-mediated heme degradation product. (B) ESI-MS-MS of frag-
ment ion selection for m/z 599.3 for S. aureus staphylobilin.
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FIG. 6. S. lugdunensis isdG is iron regulated. S. lugdunensis was
grown overnight with the indicated supplements, and protoplasts were
lysed and normalized by total-protein concentration. (A) Immunoblot
analysis of the effect of iron chelation by 2,2'-dipyridyl (Dip) on the
IsdG expression level. (B) Difference (expressed as the fold change)
between cytoplasmic IsdG levels in increasing concentrations of Dip
and those in medium alone. (C) Immunoblot analysis of the effect of
exogenous heme on the expression of IsdG when S. lugdunensis is
grown in an iron-depleted medium. (D) Difference (expressed as the
fold change) between the IsdG levels of cells grown in an iron-depleted
medium with increasing concentrations of exogenous heme and those
in cells grown in an iron-depleted medium alone.

intracellular abundance of IsdG in S. lugdunensis (Fig. 6C and
D). Together these experiments show that S. lugdunensis 1sdG
is upregulated under iron-depleted conditions and is not af-
fected by the addition of heme. This is consistent with a model
whereby S. lugdunensis upregulates its heme utilization ma-
chinery during times of nutrient iron starvation.

S. lugdunensis 1sdG facilitates the use of heme as an iron
source. Heme degradation results in the release of free iron for
use as a nutrient source. To determine the biological function
of 8. lugdunensis IsdG, we measured the ability of S. lugdunen-
sis IsdG to complement the heme utilization defect of the S.
aureus heme oxygenase mutant (S. aureus AisdGI) (31). Heme
utilization was measured by comparing the growth of plasmid-
containing strains of S. aureus in an iron-depleted medium
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FIG. 7. S. lugdunensis IsdG complements the heme utilization de-
fect of an S. aureus heme oxygenase mutant. Shown is a comparison of
the growth of S. aureus, S. aureus AisdGI, and S. aureus AisdGI ex-
pressing S. lugdunensis isdG in trans from the pOSIplgt plasmid. All
strains contain a pOS1plgt plasmid and were grown in minimal medium
with supplemental heme as the only iron source.

supplemented with heme. To eliminate complications associ-
ated with iron-dependent effects on transcription, isdG was
cloned into the p-OSIplgt vector, resulting in the constitutive
expression of isdG under the control of the /gt promoter (6,
29). The expression of S. lugdunensis IsdG completely restored
the ability of S. aureus AisdGI to utilize heme as an iron source
for growth (Fig. 7). In fact, the complemented strain grew
better than the wild type at early time points, demonstrating
that overexpression of IsdG provides an enhanced ability to
grow on heme as a sole source of iron. These results demon-
strate that S. lugdunensis 1sdG degrades heme to release free
iron and enhance bacterial growth.

DISCUSSION

While the types of infections caused by S. lugdunensis are
well described, the molecular mechanisms employed during
pathogenesis have not been identified. As with most bacterial
pathogens, S. lugdunensis cannot survive and replicate in the
absence of iron. Moreover, free iron within host tissues is
found at concentrations significantly lower than that required
to sustain bacterial growth (5). To combat this barrier to
growth, S. lugdunensis presumably encodes systems dedicated
to the acquisition of nutrient iron during infection. Consistent
with this, we report here that S. lugdunensis encodes an Isd
system that includes an IsdG-family heme oxygenase that de-
grades heme to staphylobilin and free iron. IsdG is upregulated
under conditions of iron starvation, ensuring that the heme-
catabolizing machinery is abundant during times of nutrient
stress. Moreover, S. lugdunensis 1sdG promotes the growth of
an S. aureus heme oxygenase mutant on heme, supporting the
placement of this enzyme within the heme-iron acquisition
pathway. Based on these findings, it is likely that the S. lug-
dunensis Isd system is utilized under low-iron conditions to



Vor. 193, 2011

IsdG FAMILY HEME OXYGENASE IN S. LUGDUNENSIS 4755

98 | Bacillus anthracis IsdG

87

35

Bacillus thuringiensis 1sdG
Bacillus cereus I1sdG

Bacillus weihenstephanensis 1sdG
Bacillus halodurans IsdG
Paenibacillus polymyxa IsdG

Bacillus clausiilsdG

84 Staphylococcus haemolyticus IsdG
ﬁr(; Staphylococcus epidermidis 1sdG
92 Staphylococcus saprophyticus subsp. saprophyticus IsdG

48

100

92 | Listeria innocua IsdG
100 Listeria monocytogenes IsdG

Lysinibacillus sphaericus IsdG

Staphylococcus aureus IsdG

Staphylococcus lugdunensis 1sdG

63 49 Staphylococcus aureus Isdl
\ﬂ';‘: Staphylococcus pseudintermedius Isdl

Staphylococcus carnosus subsp. carnosus Isdl

|Listeria welshimeri IsdG

100 | Bradyrhizobium japonicum hmuQ
| Bradyrhizobium japonicum hmuD

0.2

Mycobacterium tuberculosis IsdG

FIG. 8. Two distinct staphylococcal clades within a phylogenetic tree of annotated IsdG-family heme oxygenases. Shown is a midpoint-rooted
phylogenetic tree of IsdG/I amino acid sequences from bacterial taxa with characterized heme oxygenases. The phylogeny was reconstructed using
ML, and the tree with the highest log likelihood (InL = —3,131.92126) is shown. A nonparametric bootstrap (500 replicates) was used to determine
node support. Bootstrap values are shown at each node. Branch lengths are drawn to scale and are measured in amino acid substitutions per site.

bind host hemoproteins, remove heme, and transport it into
the cytoplasm, where it can be degraded to release free iron.

Functional IsdG-family heme oxygenases have been identi-
fied in S. aureus, Bacillus anthracis, Bradyrhizobium japonicum,
and Mycobacterium tuberculosis (8, 25, 31, 32). To gain insight
into the evolutionary relationships between these IsdG family
members, we interrogated bacterial genomes to identify puta-
tive IsdG orthologs and to create a phylogenetic tree using
annotated IsdG family members (Fig. 8) (22, 39). Interestingly,
staphylococcal IsdG members segregated into two distinct
clades, with S. aureus and S. lugdunensis in one clade and S.
epidermidis and Staphylococcus haemolyticus in a separate
clade (Fig. 8). Moreover, S. aureus 1sdG appears to be more
closely related to S. lugdunensis 1sdG than to any other IsdG
family member, including its intrachromosomal paralog, Isdl.
The analysis of all sequenced bacterial genomes revealed pre-
dicted IsdG orthologs across diverse classes of bacteria, such as
Alphaproteobacteria, Actinobacteria, Betaproteobacteria, Chlo-
roflexi, Corynebacterineae, and Deinococcus-Thermus. The
broad conservation of IsdG across diverse classes of bacteria
implicates heme degradation as a conserved mechanism by
which bacteria meet their iron requirements. The number of
species with a putative IsdG heme oxygenase suggests that the
use of IsdG to catabolize heme may be pervasive among bac-
teria. This observation, combined with the bacterium-specific
production of staphylobilin, raises many questions regarding

the full function of this enzyme. For example, many species
with a predicted IsdG heme oxygenase have no known associ-
ation with any plant or animal from which they could acquire
heme. Organisms such as Salinispora tropica, Oligotropha car-
boxidovorans, and Thermus thermophilus occupy unique niches,
thriving in inhospitable environments such as thermal hot
springs, ocean sediments, and pyrite deposits. Further investi-
gation of the genomes of these bacteria living in extreme en-
vironments revealed that they all possess the genes required to
synthesize heme endogenously. It is possible that these bacte-
ria encode an IsdG-family heme oxygenase to convert endog-
enously synthesized heme to staphylobilin, adding support to
the hypothesis that staphylobilin fulfills an important biological
function. Alternatively, IsdG enzymes may exist to degrade
excess heme that has been synthesized endogenously as a
means to prevent heme-associated toxicity.

The S. aureus Isd system includes three cell wall-anchored
proteins, IsdA, IsdB, and IsdC, that bind heme. Genes encod-
ing putative orthologs of IsdB and IsdC have been identified
within the S. lugdunensis Isd system (Fig. 1). Further, the S.
aureus Isd system encodes IsdF (a polytopic transmembrane
protein), IsdE (a lipoprotein ATPase), and a sortase, SrtB,
responsible for anchoring IsdC to the cell wall (21). Each of
these proteins is conserved within the S. lugdunensis Isd sys-
tem. However, important differences between the two systems
exist. First, while S. lugdunensis does not encode an IsdA pro-



4756 HALEY ET AL.

tein, it does encode an IsdA-like protein, IsdJ, which has an
additional heme-binding NEAT domain not present in S. au-
reus IsdA. Second, there is a putative ABC transporter within
the S. lugdunensis Isd system, situated between isdF and srtB.
Third, the Isd operon within S. lugdunensis includes the isdK
gene, located between isdC and isdE, which is predicted to
encode a hypothetical protein that has no homology to any Isd
protein but contains a NEAT domain. The ABC transporter
and IsdK may be involved in iron homeostasis, since their
location within the predicted Isd operon suggests that they are
also iron regulated. Alternatively, they may facilitate heme
uptake by acting as accessory proteins to the IsdEF heme
transporter. Fourth, S. lugdunensis has an insertion of three
genes that appear to encode a membrane transporter between
isdJ and isdB. While it is not known if these genes are involved
in heme-iron acquisition, the identification of a Fur box up-
stream of the transcriptional start site of these genes suggests
that they are upregulated in low-iron environments. Finally,
there is no identifiable IsdI ortholog within S. lugdunensis.

IsdG and IsdI are differentially regulated within S. aureus
(27). Both heme oxygenases are transcriptionally regulated by
Fur in response to iron levels; however, in the absence of
heme, IsdG is targeted for proteolytic degradation (27). The
biological significance of this differential regulation is not fully
understood. One possibility is that by differentially regulating
IsdG and Isdl, S. aureus can more precisely control heme
degradation. S. aureus gains access to host heme through the
expression of hemolysins, which lyse erythrocytes. Hemolysin
expression is regulated in response to bacterial density by the
global virulence regulator agr (12). The two heme oxygenases
in S. aureus may function such that Isdl is required early in
infection to degrade the small amount of available heme pres-
ent prior to the secretion of hemolysins. After the colonization
of host organs, hemolysin-mediated erythrocyte lysis leads to
an influx of heme, necessitating the activity of a second heme
oxygenase, IsdG. An iron-regulated heme oxygenase may be
sufficient within S. lugdunensis, because the amount of heme
available for degradation may be more consistent throughout
infection. This model is supported by the finding that hemo-
lytic activity due to alpha-, beta-, or gamma-hemolysins, pres-
ent in S. aureus, has not been detected in S. lugdunensis (15).
Additionally, most isolates of S. lugdunensis have been found
to produce a delta-like hemolysin, encoded not in the agr locus
but in the slush locus (38). The location of these genes outside
the agr locus suggests that they are regulated by an as yet
undetermined mechanism. Together these observations indi-
cate that the hemolytic capacity of S. lugdunensis is lower than
that of S. aureus and that the expression of the only hemolysin
of S. lugdunensis may be constant throughout the course of
infection. Consequently, cytoplasmic heme levels in S. lug-
dunensis may not differ considerably throughout the course of
infection. Regulation of IsdG through Fur alone may allow for
sufficient control of the heme-catabolizing machinery within
the cell. Alternatively, the S. lugdunensis Isd system may be less
efficient than that of S. aureus, resulting in comparatively lower
cytoplasmic heme levels, which eliminate the need for a second
heme oxygenase.

S. lugdunensis IsdG degrades heme to staphylobilin (Fig. 4
and 5). This is the first evidence that the production of staphy-
lobilin is conserved among bacterial species encoding an IsdG-
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family heme oxygenase. Bilirubin, biliverdin, carbon monoxide,
and iron are the products of vertebrate heme catabolism, and
all of these molecules have important functions within mam-
malian cells (19). For example, biliverdin and carbon monox-
ide have beneficial anti-inflammatory functions, and all three
molecules act as antioxidants in serum (19, 34). The biological
roles of heme degradation products in bacteria remain un-
known. Bacterial HO-1-family heme oxygenases degrade heme
to biliverdin; however, no biliverdin reductase ortholog has
been identified in bacteria. Furthermore, it remains unclear if
bacterially derived biliverdin has a physiological function. Car-
bon monoxide is produced during heme catabolism by heme
oxygenases (19, 28). It is plausible that CO production affects
bacteria; however, the impact of endogenously produced CO
has yet to be determined. The establishment of staphylobilin as
a conserved heme degradation product in bacteria supports the
idea that this molecule may serve a valuable biological func-
tion.

This work establishes the role of S. lugdunensis IsdG in
heme-iron utilization, a process that is required for the full
virulence of S. aureus (27). S. aureus strains lacking isdG or isdl
show severely attenuated growth within murine hearts follow-
ing systemic challenge (27). This supports the idea that bacte-
rial heme degradation is vital to cardiac colonization. Future
experiments will aim to develop a murine model of S. lug-
dunensis infection in order to elucidate the contribution of
IsdG to the pathogenesis of S. lugdunensis endocarditis. The
significant structural differences between IsdG family members
and human HO-1 heme oxygenases highlight the potential of
IsdG as a therapeutic target. In keeping with this, further
investigations into the contribution of the Isd system to S.
lugdunensis pathogenesis may facilitate the development of
antimicrobials that inhibit the Isd system and treat S. lugdunen-
sis infections.
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