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Heme-iron acquisition in fungi
Udita Roy and Daniel Kornitzer

Heme is a bioavailable source of iron, for which different fungi
have evolved several distinct acquisition mechanisms. In the
iron-scarce animal host, in particular, microbial pathogens are
able to utilize the large heme pool of hemoglobin. The
opportunistic pathogenic fungus Candida albicans relies on a
cascade of related extracellular soluble and cell wall-anchored
hemophores to extract the heme from hemoglobin and to steer
it across the cell wall to the plasma membrane, where it is
endocytosed into the cell. Recent crystal structure
determination of the soluble C. albicans hemophore Csa2
revealed a new protein fold with a unique heme-iron
coordination, which suggests distinctive functional
requirements for heme binding and transfer.
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Introduction

Iron is an indispensable element for almost all living
organisms: thanks to its ability to assume several oxida-
tion states, iron plays a catalytic role as cofactor in many
essential enzymes involved in electron transfer and redox
reactions, among other functions. However, in spite of the
abundance of iron in the earth’s crust, the low solubility of
the oxidized, ferric iron ion (Fe**) results in poor bio-
availability of iron in the presence of oxygen. Therefore,
organisms use iron reduction systems and iron chelators to
solubilize iron in oxidizing environments [1].

For pathogenic microorganisms, iron acquisition in the
animal host is, despite its apparent abundance in this
environment, even more challenging. This is because in
the host organism, iron is sequestered in order to contain
its catalytic activity which, when unrestrained, can use
the reactive oxygen intermediates of the cellular
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metabolism to generate toxic hydroxyl radicals [2]. Cel-
lular host iron is therefore bound to iron-binding proteins
or stored in ferritin, while iron circulating in the blood is
tightly bound to transferrin [3]. This sequestration of iron,
together with the binding of iron in mucosal secretions by
lactoferrin and lipocalin-2 [3,4] has the additional conse-
quence of inhibiting proliferation of invading microorgan-
isms, a phenomenon that has been called ‘nutritional
immunity’ [5]. Upon inflammation, induction of the
iron-regulatory protein hepcidin restricts serum iron
levels even more, while hepcidin deficiency sensitizes
the host to bacterial infection [6-8], further underscoring
the importance of iron in host-pathogen interactions.

In order to overcome the free iron scarcity in the host
environment, successful microbial pathogens have there-
fore evolved mechanisms for extracting iron from host
proteins. Host iron can be extracted either in the form of
elemental iron or, as is often the case, in the form of heme.
Here, we describe recent developments in our under-
standing of the fungal heme-iron acquisition mechanisms.

Heme

A large proportion of biological iron is found in heme, a
cofactor for numerous cellular proteins [9]. Heme consists
of an iron atom coordinating a protoporphyrin IX ring.
Like free iron, the different oxidation states of heme
enable it to participate in redox reactions and electron
transport. Heme also participates in other functions, such
as oxygen transport; the majority of iron in the human
body is found in hemoglobin heme [8]. In order to acquire
iron in the host, many pathogenic bacteria and fungi have
evolved mechanisms to utilize hemoglobin heme as iron
source [10,11]. In addition, minor cuts and abrasions in
mouth mucosal membranes, and normal blood loss
through the gut mucosa [12,13], could provide sufficient
hemoglobin at these and other mucosal surfaces to be
utilized as iron source by commensal organisms as well.
Furthermore, heme comprises an estimated one third of
the iron in the Western diet, and consequently, free heme
is also present in the gut environment [14]. Finally, since
it is ubiquitous in all domains of life, free heme (typically
in its oxidized ferric chloride form, or hemin) is found in
decaying organic matter, to a sufficient extent that some
soil organisms are heme auxotrophs [15]. Thus, heme
uptake pathways can be expected to have evolved in
commensal and saprophytic microorganisms as well as in
pathogenic microorganisms.

In bacteria, several distinct transport systems were iden-
tified, some of which involve hemophores that can extract
heme from hemoglobin. The captured heme is then
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transferred through multiple surface proteins to a mem-
brane transporter for internalization in Gram-positive
bacteria, or transferred to outer membrane transporters
in Gram-negative bacteria [16]. Although the elucidation
of fungal heme-acquisition systems has lagged behind
that of bacteria, it is now clear that heme acquisition in
many fungi is likewise mediated by cell surface-bound
and soluble hemophores, some of which can extract heme
from hemoglobin, and which ultimately lead to heme
internalization into the cytoplasm [17,18%,19°,20°°].

Heme-iron acquisition in Candida albicans
The C. albicans heme-iron acquisition pathway

C. albicans is a human commensal ascomycete fungus,
normally found on the mucosal surfaces of the digestive
tract [21,22]. It is also the most common fungal opportu-
nistic pathogen, responsible for an increasing number of
systemic infections that are associated with high mortality
rates [23]. Alongside a high-affinity elemental iron acqui-
sition system [24,25], C. albicans has evolved a distinct
pathway to scavenge iron from hemin and hemoglobin
[26,27]. This pathway relies on endocytosis of external
heme into the vacuole [28], followed by degradation of
the heme to release the iron, via the heme oxygenase
Hmx1 in the case of free hemin utilization [29,30], and via
a mechanism that is still unclear in the case of hemoglobin
heme. Before endocytosis, the heme is channeled
through a cascade of extracellular GPI-anchored and
secreted proteins that belong to a subclass of the Common
in Fungal Extracellular Membrane (CFEM) protein fam-
ily [17,20°°,31°]. The related fungal pathogen Candida
parapsilosis was shown to require CFEM proteins for
efficient hemin acquisition as well [32].

The CFEM heme transfer cascade

The CFEM domain is a uniquely fungal protein domain
defined by a distinctive pattern of eight cysteine residues
with conserved interspacing [33]. Of the six CFEM
proteins detectable in the C. albicans genome, five of
them — Rbt5, Rbt51/Pgal0, Pga7, Csa2, and Csal/
Wapl, the latter containing four CFEM domains — form
a subset of related proteins. Three of these CFEM
proteins (Rbt5, Pga7, and Csa2) were shown to bind
heme, to extract it from the host hemoglobin, and to
mediate its delivery to the fungal cell [17,20°°,31°]. Dele-
tion of RBT5, PGA7 and CSAZ caused reduced hemoglo-
bin-iron utilization to various extents, from severe
(pga7”’7) to mild (sa2’") [17,20°°,31°]. Regarding
RBT51/PGA10, while its deletion did not result in a
detectable heme-iron utilization defect under standard
laboratory conditions, its expression in Saccharomyces cer-
evisiae was able to confer some hemoglobin utilization to
this organism, suggesting a potential role in C. albicans
hemoglobin utilization as well [17].

The three CFEM proteins Rbt5, Pga7, and Csa2 are
differentially localized on the C. albicans cell envelope.

Rbt5 is an O-mannosylated, glycosylphosphatidylinositol
(GPI)-anchored outer cell wall protein [17,31°]. It is
highly induced in an animal infection model, and
Rbt5-specific antibodies are found in patients recovering
from candidemia, consistent with Rbt5 being exposed on
the cell wall to the host’s immune system [34,35]. Pga7 is
also a GPI-anchored protein, but it is located more
internally in the cell wall, as well as on the cell membrane
[31°]. Csa2 is secreted to the medium [20°°]. Heme can
be efficiently transferred between the different CFEM
proteins iz vitro, and Pga7 and Rbt5 were shown by
surface plasmon resonance to interact in the presence
of heme [20°°,31°]. Together with the different localiza-
tion of the CFEM proteins on the cell surface, this
suggests that the CFEM proteins form a transfer cascade
for heme, extending from Csa2 in the medium, to Rbt5 on
the cell wall, and on to Pga7 on the plasma membrane.
"This cascade might represent the first instance of a fungal
trans-cell-wall transport system (Figure 1a).

Endocytic uptake of heme

Beyond the extracellular CFEM protein cascade,
C. albicans heme utilization depends on several specific
ESCRT (endosomal sorting complex required for trans-
port) proteins, as well as on Myo5, a type I myosin
involved in endocytosis, and on an active vacuolar
A'TPase [28]. The scenario emerging from the genetic
and biochemical data, together with the structural data
described below, is that the heme is extracted extracel-
lularly from hemoglobin, transferred across the cell wall
by the CFEM protein cascade, delivered to the endo-
cytic system at the plasma membrane, and transported to
the endosome/vacuole compartment, where it is presum-
ably degraded to release the iron (Figure 1a). A heme
oxygenase homolog, Hmx1, was shown to be induced by
high concentrations of free heme or hemoglobin, and to
contribute to the utilization of free heme-iron and the
catabolism of hemoglobin heme [29,30]. However, the
Hmx1 homolog in §. cerevisiae is an endoplasmic reticu-
lum membrane enzyme rather than a vacuolar enzyme,
probably facing the cytosol rather than the lumen of the
secretory pathway [36]. Furthermore, deletion of €. albicans
HMXT1 does not appear to be required for hemoglobin-iron
utilization at physiological concentrations (our unpublished
results), suggesting that C. a/bicans may possess alternative
heme-degrading enzymes in the vacuole.

The CFEM proteins

CFEM domain structure

Alignment of CFEM domain proteins reveals, in addition
to the eight defining cysteine residues, an additional
highly conserved proline before the first Cys, and a
semi-conserved aspartic acid between the third and
fourth Cys [33,37,38]. Structural analysis of the soluble
hemophore Csa2 revealed that the CFEM domain adopts
a novel ‘Helical Basket’ fold that has six a helices, of
which the third helix is perpendicular to five antiparallel
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Figure 1
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Schematic depiction of the external heme uptake pathways in (a) Candida albicans, (b) Cryptococcus neoformans, and (c) Schizosaccharomyces

pombe. See text for details.

helices (Figure 2a) [20°°]. The helical basket fold is
stabilized by four disulfide bonds formed by the eight
cysteine residues (Figure 2a,b). The heme is bound to a
flat platform on top of the CFEM domain, which includes
a conserved aspartic acid residue (Asp80) that mediates
heme-iron coordination. This portion of the CFEM
domain is the most conserved among CFEM proteins
that are related to Csa2 (Figure 2¢). An N-terminal loop
that folds on top of the heme (Figure 2a) is predicted to be
flexible in the absence of heme [20°°].

The aspartic acid-heme iron coordination in the holo-Csa2
structure is unique among the 650 different heme-proteins
of known structure ([39] and www.rcsb.org). Substitution of
this Asp with a canonical histidine as heme-iron ligand
maintained heme binding and extraction from hemoglobin
in Csa2, Rbt5, and Pga7, but these mutants were totally
inactive iz vivo [20°°]. The distinctive Asp coordination
confers redox sensitivity to heme binding by CFEM pro-
teins: unlike the His-substituted mutants, which bind both
ferrous (Fe**) and ferric (Fe®) heme, the wild-type pro-
teins can only bind ferric heme [20°°]. T'hese observations
raise the possibility that redox sensitivity is important for
the heme transfer function of the CFEM proteins.

Transcriptional regulation of the CFEM genes in C.
albicans

By microarray analysis, all five related CFEM protein
genes (but not the sixth C. albicans CFEM gene, SSR1)
are among the strongest-induced genes under iron

limitation conditions, consistent with a role in iron acqui-
sition [40,41]. CFEM protein genes, along with other iron
acquisition genes, display another, less expected expres-
sion pattern, related to (. albicans morphogenesis.
C. albicans 1s a dimorphic fungus, able to switch from a
yeast to a hyphal morphology under specific environmen-
tal conditions, such as exposure to serum [42]. Interest-
ingly, the five CFEM protein genes are also among the
most consistently induced genes under various hyphal
induction conditions [43,44] ('T'able 1). Since the CFEM
proteins are not known to play a role in hyphal morpho-
genesis, one possibility is that this phenomenon repre-
sents an example of ‘adaptive prediction’ [45]. According
to this theory, the usual temporal coincidence between
two sets of signals, such as, for example, proximity to
epithelial surfaces on the one hand, and free iron scarcity
combined with heme-iron availability on the other hand,
gets hard-wired into the microorganism’s transcription
program so that exposure to the first set of signals auto-
matically elicits a transcriptional response typical to the
second set of signals, even in their absence. This would
enable anticipation of, and thus more rapid adaptation to,
the changing iron source availability.

An alternative explanation for the induction of CFEM
genes under hyphal induction conditions is that it could
reflect an additional proposed role of the CFEM proteins,
namely in biofilm formation [46,47], keeping in mind that
hyphal morphogenesis and biofilm formation are inti-
mately linked [48].
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Structure and conservation of the CFEM domain. (a) Crystal structure of the Csa2 protein (PDB: 4Y7S). The a-carbon backbone chain of the
protein is represented as a string, and the surface is shown as a mesh, whereas the heme is represented as a pink stick model. The portion of the
structure below the heme consists of the CFEM domain, the portion above the heme is the N-terminal extension. The heme iron-coordinating Asp
residue is shown in red. The CFEM cysteine sulfurs are shown as spheres, numbered sequentially as shown in (b). (b) Representation of the
primary structure of Csa2 with the location of the six a-helices indicated above the sequence. The relative conservation of each residue among

52 related proteins in 18 Saccharomycetales species is indicated below the sequence (alignment and representation using MAFFT [58]). The red
asterisk indicates the heme iron-coordinating Asp residue. The numbers at the bottom indicate the eight CFEM cysteines, and the topology of
their disulfide bond interactions is indicated by the green linkers. (c) The relative conservation of each residue among the 52 related
Saccharomycetales CFEM proteins was mapped onto the Csa2 structure using CONSURF [59]. Red = most conserved, blue = least conserved,
yellow = undetermined. The heme is shown as a ball-and-stick model. (d) The relative conservation of each residue among 786 representative
fungal CFEM proteins was mapped onto the Csa2 structure as in (c). Note that the N-terminal extension and the 6th helix are depicted as
backbone only, because they are missing in most CFEM proteins.

Table 1

Expression of CFEM protein genes under hyphal induction con-
ditions and under iron starvation conditions

Hyphal induction

Iron starvation

Gene log2 (fold change) Rank log2 (fold change)  Rank
RBT5 7.9 2 B15) 6
PGA7 6.6 6 3.6 31
CSA2 4.7 15 5.3 7
CSA1 3.0 67 6.0 4
RBT51 1.9 219 4.8 14
SSR1 <1 - <1 -

The expression data for the hyphal induction conditions were
extracted from Ref. [43]. They represent the average of eight induction
conditions tested. The expression data for iron starvation were
obtained from Ref. [41]. In both cases the rank order is from highest
to lowest expression, out of a list of about 6000 C. albicans genes.

Are all CFEM proteins involved in heme acquisition?

While over 6000 CFEM protein sequences are listed in
the Interpro database (www.ebi.ac.uk/interpro/), only a
small minority were shown to be involved in heme-iron
acquisition. Sequence conservation in a subset of
52 related CFEM proteins from Saccharomycetales,
including the C. albicans and C. parapsilosis proteins
shown or suspected to be involved in heme acquisition,
were mapped onto the Csa2 structure (Figure 2¢). This
mapping shows that the heme-binding platform of the
CFEM domain is clearly the most conserved part of the
protein in this subset. In contrast, when conservation of
over 700 representative CFEM protein sequences from
throughout the fungal kingdom (RP15 subset from the
Pfam CFEM proteome) is mapped onto the Csa2 struc-
ture, no distinct conserved domain is detectable beyond
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the cysteines that define the CFEM consensus
(Figure 2d), consistent with the assumption that the
CFEM domain represents a common structural scaffold
that can carry multiple alternative functions. In fact, some
of the first characterized CFEM proteins have functions
unrelated to heme acquisition [49]. Furthermore, analysis
of the CFEM proteins in Aspergillus fumigatus [50] and in
Cryptococcus neoformans [51°] did not detect any role in
heme-iron utilization, and some CFEM proteins, such as
Ccwl4 from §. cerevisiae, are found in organisms that are
not known to utilize heme as iron source. Ccwl14 from
Candida glabrata does however appear to have a role in
cell wall structure [52], as do the A. fumigatus CFEM
proteins [50].

Intriguingly, the C. albicans CFEM proteins involved in
heme acquisition were also implicated in the mainte-
nance of the cell wall structure and in the formation of
biofilms [46,47]. The question whether the biofilm func-
tion of these CFEM proteins derives from their heme
acquisition function, or whether it is distinct, has not been
conclusively addressed yet. However, the fact that some
of these CFEM proteins, such as Rbt5, can be very
abundant [17,31°], combined with their mode of regula-
tion (as described above) makes an independent cell wall
structural role conceivable.

Heme iron acquisition in other fungi
Cryptococcus neoformans

C. neoformans is an environmental basidiomycete yeast
that can infect immunocompromised and, more rarely,
immunocompetent individuals. It is able to utilize hemin
and hemoglobin as iron sources [51°,53]. Cigl, a secreted
mannoprotein with possible heme-binding activity but
lacking any discernible homology to the CFEM hemo-
phores, contributes to optimal growth on hemin as iron
source at physiological pH [18°]. Furthermore, similar to
C. albicans, the ESCRT pathway is necessary for
optimal hemin utilization [54]. This role is independent
of the role of Cigl in the pathway, because the double
ESCRTT - ¢zg/ mutants exhibit an additive heme utiliza-
tion defect [54]. Lastly, hemin and hemoglobin utilization
were recently shown to depend on the clathrin-mediated
endocytosis pathway, as it is very defective in mutants of
CHCI (clathrin heavy chain) and of LAS/77 (a homolog of
the Wiscott—Aldrich Syndrome protein involved in cla-
thrin-coated vesicle internalization), as well as of the
N-BAR domain proteins involved in endocytosis,
Rvs161 and Rvs167 [51°] (Figure 1b).

Schizosaccharomyces pombe

The fission yeast §. pombe is an environmental ascomy-
cete that is able to efficiently import external hemin and
utilize it as heme source, thanks to an iron starvation-
induced plasma membrane heme receptor, Shul, that
mediates hemin internalization into the cell [19°]. Shul
is a GPI-anchored protein, with limited sequence
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similarity to the CFEM proteins. Remarkably, upon
exposure to hemin, Shul, which lacks any detectable
transmembrane domain, is internalized via an unknown
mechanism into the vacuole, where it delivers its heme
cargo [55°]. The imported heme is then transferred from
the vacuole to the cytoplasm by a vacuolar transporter,
Abc3, which mobilizes the heme via an inverted cysteine-
proline motif [55°]. Interestingly, S. pombe contains an
additional low-affinity plasma membrane heme trans-
porter, Str3, which can mediate direct heme internaliza-
tion into the cytosol in the absence of Shul-Abc3 activity
[56] (Figure 1c).

Paracoccidioides spp.

The dimorphic ascomycetes Paracoccidioides brasiliensis
and P. /urzii are the etiological agents of paracoccidioi-
domycosis, a systemic fungal infection endemic to South
America. These organisms, which can utilize hemoglobin,
contain a GPI-anchored cell surface CFEM protein,
PbRbt5, distantly related to the Candida spp. CFEM
proteins [57]. PbRbt5 shows some evidence of hemin
and hemoglobin binding; however, a knockdown of
PbRATS5 did not affect hemoglobin utilization [57]. Align-
ment of the PbRbt5 sequence with the C. albicans CFEM
protein sequences reveals the presence of the heme iron-
coordinating Asp residue in the CFEM domain, but
otherwise very little homology. Especially notable is
the absence in PbRbt5 of the heme-interacting extension
N-terminal to the CFEM domain. These observations
raise the possibility that different CFEM proteins have
evolved distinct modes of heme binding.

Conclusions

Fungi appear to have evolved at least three distinct
pathways, identified in C. albicans, C. neoformans, and §.
pombe respectively, for extracting and utilizing the ubig-
uitous heme molecule from the environment, underscor-
ing the nutritional significance of this iron source. While
significant progress has been made in our understanding
of all three systems, the mechanisms are far from being
completely elucidated. Some of the questions still out-
standing are, for C. neoformans: how does Cigl mediate
delivery of heme to the cell? For §. pombe: how is Shul
translocated from the plasma membrane to the vacuole in
the presence of heme? For C. albicans: how is the heme
transferred between CFEM proteins? What are the
molecular mechanisms for delivery of the heme from
the CFEM cascade to the plasma membrane, for inter-
nalization of the heme to the vacuole, and for extraction of
the iron atom from hemoglobin heme?

The intricacies of the heme-iron acquisition pathways
highlight the amount of resources that microorganisms
must invest to acquire micronutrients. Given the impor-
tance of iron acquisition in the animal host, elucidation of
these pathways might in addition enable, in the case of
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pathogenic fungi, the development of novel classes of
antifungal drugs.
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