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Pathogenic microorganisms must cope with extremely low free-iron concentrations in the host’s tissues. Some fungal
pathogens rely on secreted haemophores that belong to the Common in Fungal Extracellular Membrane (CFEM) protein
family, to extract haem from haemoglobin and to transfer it to the cell’s interior, where it can serve as a source of iron.
Here we report the first three-dimensional structure of a CFEM protein, the haemophore Csa2 secreted by Candida albicans.
The CFEM domain adopts a novel helical-basket fold that consists of six α-helices, and is uniquely stabilized by four
disulfide bonds formed by its eight signature cysteines. The planar haem molecule is bound between a flat hydrophobic
platform located on top of the helical basket and a peripheral N-terminal ‘handle’ extension. Exceptionally, an aspartic
residue serves as the CFEM axial ligand, and so confers coordination of Fe3+ haem, but not of Fe2+ haem. Histidine
substitution mutants of this conserved Asp acquired Fe2+ haem binding and retained the capacity to extract haem from
haemoglobin. However, His-substituted CFEM proteins were not functional in vivo and showed disturbed haem exchange
in vitro, which suggests a role for the oxidation-state-specific Asp coordination in haem acquisition by CFEM proteins.

The fourth most-abundant transition metal on the earth’s crust,
iron, is also an essential nutrient for nearly all organisms. Its
ability to accept and donate electrons readily makes it highly

reactive, and toxic if unconstrained. Yet its reduction potential,
mainly between the Fe2+/Fe3+ oxidation states, is valuable for many
key biological processes which include, for example, oxygen transport,
enzyme catalysis and cellular respiration. However, iron scarcity is the
prevalent condition for most organisms that live in aerobic environ-
ments because of the extremely low solubility of its oxidized form at
a physiological pH. Animals possess high-affinity iron-chelation
mechanisms that additionally limit its bioavailability for invading
microorganisms, and are thus considered an important element of
the host nutritional immunity1. In humans, ∼70% of the iron is
bound by the oxygen carrier haemoglobin as part of its haem prosthe-
tic group2. Many pathogenic microorganisms, bacterial as well as
fungal, have consequently evolved mechanisms to exploit haem and
haemoglobin as sources of iron3–5. Some of these microorganisms
utilize secreted haemophores as part of their haem-iron utilization
systems, such as HasA of Serratia marcescens6, IsdX of Bacillus anthracis7

and Cig1 of Cryptococcus neoformans8.
Common in Fungal Extracellular Membrane (CFEM) proteins,

characterized by a distinctive pattern of eight cysteine residues of
conserved interspacing9, are widespread among fungi, with close
to 4,000 sequences represented in the Interpro database10. CFEM
proteins have been implicated in fungal haem-iron acquisition
and pathogenicity11–14. In the pathogenic fungus Candida albicans,
in particular, CFEM proteins have been shown to bind haem and
to play crucial roles in extracting it from the host haemoglobin, as
well as in mediating its delivery to the fungal cell12,13. The CFEM
gene RBT5 is among the most highly induced genes in experimental
animal-infection models15, and Rbt5-specific antibodies are promi-
nently found in the serum of patients recovering from candidaemia16.

Rbt5 and another CFEM protein, Pga7, were shown to be
anchored peripherally and internally, respectively, on the fungal
cell envelope and to exchange haem between them, which supports
a model in which the haem is shuttled across the cell wall via a

CFEM protein relay pathway12. Haem exchange probably involves
transient interaction between the CFEM proteins12; however, the
molecular mechanism of haem binding and transfer remained
obscure, as the CFEM domain sequence bears no discernible
homology to known bacterial haem-uptake systems, or to any other
haem-binding protein. Here we report the first crystal structure of
a member of the CFEM family, the secreted C. albicans haemophore
Csa2, and use it to characterize functionally the haem-iron acqui-
sition cascade in pathogenic fungi. The structure of the CFEM
domain reveals a novel protein fold, as well as a unique mode of
haem-iron coordination that is essential for efficient haem transfer
and for growth on haemoglobin as an iron source.

Results
Csa2, secreted haemophore that participates in haem-iron
acquisition. Two CFEM proteins previously identified as
participating in C. albicans haem-iron acquisition, Rbt5 and Pga7,
are linked to the cell wall and membrane, probably via
glycosylphosphatidylinisotol (GPI) anchors12,13. Another closely
related CFEM protein, Csa2, was detected previously by mass
spectrometry in the culture supernatant of hyphal cells17. Using
antibodies raised against recombinant Csa2, we were, indeed, able
to detect it in the supernatant of a culture grown under iron
restriction, but not in iron-replete cultures (Fig. 1a). Recombinant
Csa2 expressed in the fungal expression system Pichia pastoris
bound haem, as measured by isothermal calorimetry (Fig. 1b),
with a dissociation constant of 0.27 ± 0.12 µM; that is, intermediate
between the affinity measured for Rbt5 (5 µM) and that for Pga7
(0.05 µM)12. Similarly to Rbt5 and Pga7 (ref. 12), Csa2 was able to
extract haem efficiently from a haemoglobin column (Fig. 1c).

We next tested whether this secreted CFEM protein also partici-
pates in haemoglobin-iron utilization, like the cell-envelope-anchored
CFEM proteins Pga7 and Rbt5. Compared with the wild type (WT),
the csa2−/− mutant required a twofold higher concentration of haemo-
globin as the sole iron source (Fig. 1d), and this growth defect was com-
plemented by reintroduction of thewt CSA2 allele in the csa2−/− strain
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(Supplementary Fig. 1). As previously observed12,13, the rbt5−/−mutant
required even higher haemoglobin concentrations, and the pga7−/−

strain barely grew, even in the presence of 5 µM haemoglobin.
Moreover, both of these mutations were epistatic to csa2−/− (Fig. 1d).

Haem is transferred rapidly between Rbt5 and Pga7 in vitro,
which suggests a cross-cell-wall haem-transfer cascade12. To test
whether Csa2 can also exchange haem with Rbt5 and Pga7, we

used their differential migration in size-exclusion chromatography
(SEC) to trace the transfer of haem from one protein to the other.
When holo-Csa2 was mixed with either Rbt5 or Pga7, the haem
redistributed between the two proteins, regardless of which
protein was pre-loaded with haemin (Fig. 2a,b), which indicates
that the postulated Rbt5–Pga7 haem-transfer cascade12 can be
extended to the secreted haemophore Csa2.
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Figure 1 | C. albicans Csa2 is a secreted haemophore. a, Csa2 was detected by western blotting with an anti-Csa2 antibody in the supernatants (20 µl
per lane, 20× concentrate) of cells grown for five hours in YPD medium with 1 mM Fz, an iron chelator (top panel). Known amounts of P. pastoris-produced
recombinant Csa2 were used as a comparison (bottom panel, taken from the same gel and exposure). The secreted Csa2 reached a concentration of
100 ng ml–1 in the medium. Note the aberrant migration of Csa2, a 16.2 kDa protein, caused by multiple O-mannosylation. b, P. pastoris-produced
recombinant Csa2 binding of haemin measured by isothermal calorimetry. A representative heat signal (upper panel) shows the exothermic peaks that
correspond to 19 injections (4 µl) of 140 µM apo-Csa2 solution into 20 µM haemin performed at 150 second intervals. To derive the dissociation constant,
the binding isotherm (lower panel) of the normalized heats as a function of the molar ratio was fit to a single-binding-site model using the Origin software
package. The indicated affinity is the average of three such independent experiments. c, Haem extraction from haemoglobin covalently bound to Sepharose.
The indicated proteins were incubated for 30 minutes at room temperature with the Sepharose beads. The absorbance spectrum of the supernatant is
shown, in which the 406 nm peak indicates the extraction of haem from the haemoglobin Sepharose and binding to the soluble haemophores. Albumin, a
haem-binding protein, was used as a negative control for the extraction. d, Strains deleted of CSA2, RBT5 and PGA7 and double-deletion strains were grown
for two days in iron-limited medium (YPD + 1 mM Fz) with increasing concentrations of haemoglobin. Each curve represents the average of three cultures.
Vertical bars indicate standard deviations. The strains are KC36, KC131, KC484, KC778, KC779 and KC781. The pga7−/− curve is invisible because it runs
exactly behind the pga7−/− csa2−/− curve.
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Bacterial expression and crystallization of functional Csa2. The
structure of the CFEM domain is unknown, and its amino acid
sequence is unrelated to any protein of known structure. To
establish the structural basis of haem binding by CFEM proteins
and to gain insight into the mechanism of haem transfer, we
expressed in bacteria a recombinant form of Csa2 that extended
from position 33 to the C-terminal residue 147 (hereafter rCsa2),
which includes all the sequences conserved in related CFEM
proteins (Supplementary Fig. 2). rCsa2 bound haem with a
dissociation constant of 0.5 ± 0.3 µM, comparable to the affinity
measured for Csa2 expressed in P. pastoris (Supplementary Fig. 3
and Fig. 1b). Moreover, rCsa2 was able to exchange haem with
Rbt5 (Fig. 2c), and to extract haem from a haemoglobin column
(Fig. 1c). Finally, the quantity and homogeneity of rCsa2
permitted its crystallization in the presence of haemin.

The structure of the rCsa2–haem complex was determined at a
resolution of 2.0 Å, using experimental phases derived from the
anomalous signals of both the haem-bound iron and the native
sulfur atoms of the protein (Methods and Supplementary
Table 1). rCsa2 crystallized as an asymmetric homomeric trimer
that possessed no rotational symmetry but displayed extensive
interaction between its monomers (Fig. 3a and Supplementary
Fig. 4a). However, protein crosslinking analysis was consistent
with a dimeric assembly, regardless of the presence or absence of
haem (Supplementary Fig. 4b). Moreover, multiangle light scatter-
ing in line with SEC (SEC-MALS) analyses of rCsa2 (13.2 kDa)
also indicated a dimer assembly for both the apo and holo protein
in solution (22.7 ± 0.8 and 22.9 ± 0.4 kDa, respectively) (Supplementary
Fig. 4c). The SEC-MALS analysis with fungal-expressed Csa2
(18.5–19.2 kDa) (Supplementary Fig. 4d) was consistent with an
apo dimer (30 ± 4 kDa), but less conclusive for the holo assembly
(39 ± 3 kDa). Thus, the prevalences of the crystallized trimer in sol-
ution and/or the geometrical assembly of the dimer measured in
solution remain to be established by future structures of different
lattice packing.

The CFEM domain adopts a novel ‘helical-basket’ fold. The
crystal structure of C. albicans rCsa2 represents the first
experimental three-dimensional (3D) description of the CFEM
family of proteins (Fig. 3b). No similar tertiary structures could
be identified in the Protein Structure Database (PDB) using the
Dali server18. Global envelope similarity was detected with some
of the high-scoring protein domains; however, the topology, that
is, the number of helices, their connectivity and the relative
orientation between them, was very distinct (Supplementary
Fig. 5), which suggests that the CFEM structure displays a novel
protein fold.

The structure comprises six α-helices, the third of which is
perpendicular to a central bundle of five antiparallel helices
(Fig. 3b,c). This bundle assembly of helices is different from the
orthogonal helical fold of globins. Overall, the shape of the helical
portion resembles a basket that is ‘capped’ from the top by Helix 3,
whereas the long N-terminal loop (positions 34–49) appears as its
‘handle’; we therefore named it the helical-basket fold. The basket
structure is kept compact by means of hydrophobic interactions
that involve all the helices, with only a single water molecule in
the basket core (which satisfies the indole nitrogen of Trp128
(Supplementary Fig. 6)).

The uniqueness of the helical-basket fold appears to stem
primarily from the formation of four distinctive disulfide bonds
that probably contribute to its rigidity and compactness, as well as
to the distinctive orientation between its helices (Fig. 3c). These
S–S bridges are formed between the eight canonical cysteine residues
of the CFEM domain9 (Supplementary Fig. 2). Topologically, helices
2 and 4 are held together via two disulfide bridges, one formed by the
first and the seventh cysteine residues (C1–C7) and the second by

the second and sixth (C2–C6). Helices 3 and 5 are linked via a
single disulfide bond (C5–C8), and Helix 3 is linked to an important
haem-interacting loop via the C3–C4 disulfide bridge.

The CFEM domain has a peripheral binding site for haem.
Crystals of rCsa2 in the apo form did not diffract, and only the
holo-rCsa2, that is, rCsa2 complexed with haem B, diffracted well.
Unlike haemoproteins that bind haem as a prosthetic group
buried at the core of a protein domain, in the case of CFEM, the
haem is bound outside the helical core, between the helical basket
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Figure 2 | Csa2 and rCsa2 exchange haem with Rbt5 and Pga7. a, Pga7 or
Csa2 (approximately 50 µM each) were pre-loaded separately with 10 µM
haemin, that is, ferric haem coordinated to chloride (which becomes
displaced by the specific haem-iron coordinating residues of the protein) and
run on a SEC column. Where indicated, the protein–haem complex was
mixed with the second protein in apo-form, and incubated for five minutes
at room temperature before loading on the SEC column. The protein-bound
haem was detected by monitoring absorbance at 406 nm, the Soret peak of
haem bound to the CFEM protein. b, Same as for a, but with Rbt5 instead of
Csa2, and Csa2 was pre-loaded with 20 µM haemin. c, Same as for a, but
with rCsa2 and Rbt5. The ‘rCsa2-haem+ Rbt5’ and ‘Rbt5-haem+ rCsa2’
curves overlap.
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and the N-terminal handle (Fig. 4a), and consequently has a large
solvent-accessible area (∼33% (Supplementary Table 2)). This is
consistent with a reversible ligand mode of binding suitable for
the relatively rapid association and dissociation of the haem, as is
common to haemophores.

Limited proteolysis of rCsa2 revealed that the haem-bound
protein is significantly more resistant to cleavage by trypsin than
the apo form as it requires at least an 80-fold higher trypsin concen-
tration to attain full cleavage (Fig. 4b). Mass spectrometric analysis
of the tryptic digestion products (Supplementary Fig. 7) located the
cleavage site protected by haem binding to the N-terminal handle,
between residues K44 and T45 (Fig. 4a). This observation suggests
that the N-terminal handle—extending from the N-terminal
residue 33 to position 49—is flexible in the apo form. Haem
binding appears to stabilize the N-terminal handle to its well-resolved
conformation seen in the crystal structure.

CFEM proteins have unique haem-iron coordination chemistry.
The wealth of available haemoprotein structures indicates that the
predominant protein axial ligand for the coordination of haem-
bound iron is a His residue (∼80%), but other side chains, such
as Met (∼7%), Cys (∼6%), Tyr (∼4%) and Lys (∼2%), have also
been observed19. Surprisingly, the CFEM domain has an aspartic
acid side chain (D80 in Csa2) as its axial ligand (Fig. 4c). To our
knowledge, this is the first documentation of a negatively charged
residue as an axial protein ligand for haem-iron coordination. The
proximal residues that surround the axial Asp form a flat
hydrophobic platform (Fig. 4d) onto which haem intimately
docks at van der Waals distances. Consistent with its role in haem
binding, this almost sequential region of Csa2 is the most
conserved by comparison with other Candidaceae CFEM
sequences (Supplementary Figs 2 and 8b). At the opposite side of
the haem plane, the sixth iron-coordination position typical of the
octahedral coordination geometry is vacant. However, a Tyr
residue (Y36 of Csa2) located on the N-terminal handle occupies
this position and, apparently, interacts with the haem through an
uncharacterized haem–π-stacking interaction (Fig. 4e).

Role of the aspartic acid residue as an axial iron-coordination
ligand. In addition to the eight defining CFEM cysteines, the
aspartic residue that coordinates the haem iron is one of the
most-conserved amino acids in the CFEM proteins. As such,
previously it had been mutated to alanine in Rbt5 and Pga7, and
found to be essential for haem binding12. We therefore studied the
effect of replacing this Asp with His, the prevalent haem-iron
coordinating residue, on haem binding in vitro and on the
function of the CFEM proteins in vivo. Such His-for-Asp
substitutions in the C. albicans CFEM proteins Csa2, Rbt5 and
Pga7 (referred to as DH mutants) yielded proteins that bound
haem efficiently in vitro based on Soret bandshifts (Fig. 5a).
Furthermore, these DH mutant proteins were capable of extracting
haem from haemoglobin as effectively as the WT proteins (Fig. 5b).

The exceptional observation of a hard-base axial ligand—the
carboxyl moiety of Asp—rather than the soft Lewis bases commonly
found as haem-iron ligands prompted us to test the preference of Csa2
for interaction with Fe3+ (a strong Lewis acid) over interaction with
Fe2+ (a soft Lewis acid known to favour soft base ligands20). As the
haemin used in our binding assays contains ferrihaem (Fe3+),
we assumed that the CFEM-bound haem is oxidized (Fe3+) as well.
We thus tested for the ability of haem-bound Csa2 to retain haem
binding on its reduction to ferrohaem (Fe2+) by migration through
a dithionite layer in a gel-filtration column21. Whereas the WT Csa2
lost its bound haem on reduction, the histidine-substituted
mutant (D80H) retained its haem (Fig. 5c). Together, these results
strongly suggest that the loss of haem binding under reduced con-
ditions is attributable to the inability of the Asp80 to coordinate
Fe2+-haem, rather than to an alteration of protein conformation
by dithionite reduction.

Surprisingly, despite the ability of the histidine-substituted
mutant proteins to bind haem in vitro, the DH mutants of RBT5,
PGA7 and CSA2 were totally inactive in vivo (Fig. 5d). Therefore,
we tested further the ability of the DH mutant proteins to exchange
haem between themselves and with WT proteins in vitro. Mixing
WT and DH mutant proteins resulted in limited or no haem
exchange, or a transfer in one direction only (Supplementary
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Figure 3 | The crystal structure of the Csa2 CFEM protein reveals a novel helical-basket fold. a, The holo-Csa2 crystal structure has a trimer in
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Fig. 9). When Csa2DH was mixed with either Rbt5DH or Pga7DH,
some transfer did occur. However, unlike the exchange betweenWT
proteins, which showed the same final distribution regardless of the
initial location of the haem (Fig. 2a,b), with the mutant proteins, the
distribution depended on the initial location of the haem, which
indicates that the redistribution had not reached equilibrium
(Fig. 5e). Mixing of holo-Csa2DH with apo-Rbt5DH or apo-Pga7DH
yielded intermediate migration peaks in addition to the holo-Csa2DH
peak, consistent with the formation of stable heterologous complexes,
which were not detectable with the WT proteins. We conclude that
haem transfer is much less efficient between histidine-substituted
CFEM mutants.

Discussion
We report here the first crystal structure of a CFEM protein, the
secreted C. albicans haemophore Csa2. Like the two previously
characterized CFEM proteins Rbt5 and Pga7, Csa2 is able to
extract haem from haemoglobin and to exchange it with its
paralogues. As the three CFEM proteins are differentially located,
that is, Csa2 is secreted, Rbt5 is peripherally located on the cell wall
and Pga7 is localized more internally in the cell envelope (Fig. 1
and Kuznets et al. model in which haem is extracted from haemo-
globin in the extracellular medium or at the periphery of the cell
wall, and is then transferred from the medium and across the
cell wall towards the cell membrane by sequential binding to
soluble and anchored CFEM proteins (Fig. 6). Csa2, Rbt5 and
Pga7 are closely related proteins (Supplementary Figs 2 and 8).
A phylogenetic analysis indicates that many Candidaceae have at
least one homologue of each of the three CFEM proteins
(Supplementary Fig. 8), which suggests that the Csa2–Rbt5–Pga7

haem-transfer cascade is conserved inmany fungal species, including
saprophytic species. This probably reflects the fact that haem rep-
resents an available iron source in many environments, not only in
the parasitic context.

The effect of the deletion of CSA2 on haemoglobin-iron utilization
was relatively small compared with that of RBT5 and PGA7. However,
the observation that a secreted haemophore is required at all for haem-
iron utilization in a pure culture was in itself surprising, given that
haemoglobin can diffuse freely to the cell surface, where it could be
utilized directly by Rbt5 and Pga7. It is possible that Csa2 plays a
role in haem transfer between cells in a biofilm, such as may be
formed in our microtitre-well-based growth assays, or, alternatively,
that it contributes to the transfer of haem between the CFEM proteins
embedded in the cell-wall matrix. Furthermore, in natural environ-
ments with mixed microbial populations, Csa2 could help
C. albicans compete with other haem-scavenging organisms.

To gain insight into the CFEMhaem extraction and transfermech-
anisms, we determined the crystal structure of Csa2 expressed in bac-
teria, rCsa2. The structure of Csa2 is unrelated to that of any known
protein, and in particular to any known bacterial haemophores
(reviewed in Contreras et al.22). Gram-negative bacteria secrete a
well-characterized haemophore, HasA, that coordinates haem iron
via a histidine and a tyrosine residue23. In Gram-positive bacteria, a
haem-utilization system, first identified in Staphylococcus aureus24,
consists of a cascade of cell-envelope-attached proteins, all of which
contain one or more near-iron transporter (NEAT) domains
(reviewed in Grigg et al.25), whereas B. anthracis also secretes a
soluble NEAT-domain-containing haemophore, IsdX (ref. 7). The
crystal structure of the NEAT domains reveals iron coordination via
tyrosine as an axial ligand7,25,26. Although Csa2 also utilizes a tyrosine
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residue (Tyr36) for haem binding, it does not serve as a coordination
ligand for the iron but rather stacks parallel to the haem (Fig. 4e). The
utilization of aromatic residues for such haem-stacking appears to be
common to CFEM proteins, which possess a Tyr, Trp or Phe residue
at this position (Supplementary Fig. 2). Therefore, the mechanism of
haem-iron coordination by CFEM proteins is distinct from that of the
bacterial haemophores and, as discussed further below, it is also unique
among haemoproteins in general.

Three features stand out in the rCsa2 structure. First, the CFEM
domain adopts a novel fold, the helical-basket fold, which consists
of six α-helices (Fig. 3). The eight characteristic cysteines of the
CFEM domain form four disulfide bonds that appear to play a
primarily structural role. The top of the helical-basket structure
consists of a flat hydrophobic platform made by residues of Helix 3
and of the loop connecting it to Helix 2, which presents a comp-
lementary structural determinant for the docking of the planar
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Figure 5 | Histidine-substituted CFEM mutants bind haem and extract haem from haemoglobin, but are inactive and defective in haem exchange.
a, UV–vis spectrum of the indicated histidine-substituted mutant proteins (DH) loaded with 3 µM haemin versus haemin alone. The mutant proteins have
absorbance maxima of 414 nm (Csa2D80H, Rbt5D72H) and 412 nm (Pga7D63H) versus 406 nm for the WT proteins. b, Extraction of haem from a
haemoglobin column by WT versus histidine-substituted mutants. c, Dithionite treatment of Csa2 or Csa2DH. Holo proteins (1 mg ml–1, 50 µl) were migrated
through a SEC column with (dashed lines) or without (continuous lines) prior injection of 100 µl of 10% dithionite. Protein was detected by absorbance at
280 nm (blue curves), and haem was detected at 406 nm (WT protein) or 415 nm (mutant protein) (red curves). The Csa2DH model was obtained by
manual mutation of Asp80, and by selecting a probable His rotamer that best supports Fe coordination geometry. d, To test the effect of the histidine
substitution on the function of the CFEM proteins in vivo, C. albicans deletion mutant strains of each of the three CFEM genes, RBT5, PGA7 and CSA2, were
complemented with the corresponding WT or histidine-substituted mutant alleles. The rbt5−/−, pga7 −/− and csa2−/− strains were transformed with their WT
genes or with the RBT5 D72H, PGA7 D63H or CSA2 D80H alleles, and grown as described for Fig. 1d. Each curve represents the average of three cultures.
Vertical bars indicate standard deviations. The strains used are KC787, KC812 and KC940 (two independent clones) (top), KC922, KC955 and KC956 (middle),
and KC536, KC904 and KC921 (bottom). e, Haemin-exchange experiment with the mutant proteins Csa2D80H and Pga7D63H (top) or Csa2D80H and
Rbt5D72H (bottom) loaded with 10 µM haemin. The experiment was performed as described for Fig. 2.
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haem molecule (Fig. 4d). The platform residues, with the aspartic
axial ligand at its centre, are the most conserved among the
Candidaceae CFEM proteins that are likely to be involved in
haem-iron acquisition (Supplementary Fig. 8b). Although the
cysteines are not involved directly with haem binding, two of the
four disulfide bridges (C4–C3 and C5–C8 (Fig. 3c)) hold Helix 3
in place, and thus contribute to its orientation for the proper
haem-binding conformation of the platform. Nonetheless, the
CFEM domain is widespread in the fungal kingdom, and also
occurs in fungi that are unable to utilize haem or haemoglobin as
iron sources, such as S. cerevisiae. Furthermore, many CFEM pro-
teins lack the key aspartic acid or an alternative residue to support
the axial coordination of haem iron (Asp80 in Csa2). Such CFEM
proteins would not be expected to participate in haem acquisition,
which suggests that the helical basket represents a common structural
scaffold that can support other functional surfaces.

The second structural element key to supporting the docked
haem is the N-terminal handle that interacts with the distal side
of the haem, primarily through the aforementioned haem–π-stack-
ing interaction with Tyr36 (Fig. 4). The handle may consist of a flex-
ible ‘hinge’ that, in the presence of haem, becomes stabilized and
therefore significantly more resistant to proteolytic cleavage.
Moreover, in the absence of haem, apo-rCsa2 crystals that grew in
conditions identical to those of the holo-Csa2 crystals consistently
failed to diffract X-rays. Taken together, these data suggest that
the N-terminal handle may be inherently flexible in the apo state.
Whether this flexibility plays a role in the mechanism of haem

extraction from haemoglobin, or in haem transfer between different
CFEM proteins, remains to be investigated further.

The third striking structural feature is the unusual coordination
of the haem iron by an Asp residue. To the best of our knowledge,
this mode of axial iron coordination is unique among the known
haem-binding proteins. Substitution with the canonical histidine
as an axial ligand did, in fact, support haem binding and haem
extraction from haemoglobin in all three CFEM proteins tested,
but resulted in reduced transfer of haem between the CFEM
proteins. This may explain, at least in part, why the histidine-
substituted CFEM mutant proteins were inactive in vivo.
Remarkably, we found that haem binding by Csa2 is dependent
on the oxidative state of the iron, showing a pronounced preference
for Fe3+ over Fe2+. This unusual binding specificity results from the
Asp-axial coordination, because only the WT proteins, but not the
histidine-substituted CFEM proteins, lost their haem-binding
capacity on reduction. It is possible that the oxidative-specific
binding properties of CFEM proteins play a role in the haem
transfer between CFEM proteins, or in the delivery of haem to
downstream factors of the haem-uptake pathway.

In conclusion, this work reveals the structural basis of the haem-
iron acquisition pathway by the fungal CFEM proteins. The novel
CFEM helical-basket fold carries unique haem-binding and iron-
coordination features adapted for the rapid binding and release of
haem, possibly in a redox-sensitive manner, that enable it to func-
tion in a haem-transfer cascade. Insights gained into the distinctive
mechanism of this pathway, which the fungal pathogens use to
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Figure 6 | Schematic pathway of haem-iron acquisition in Candidaceae. This model is based on data obtained with C. albicans; however, the high degree of
conservation of CFEM proteins in Candidaceae suggests that it represents a pathway found in many fungal pathogens. We demonstrate here that, because
of the unique coordination chemistry of haem within CFEM proteins (crystal structure of the Csa2–haem complex is shown at the top right), only ferrihaem
(Fe3+) can be bound by the CFEM proteins, which implies that haemoglobin (Hb) must be oxidized to methaemoglobin before haem extraction. This
oxidation, which is accelerated by the dissociation of haemoglobin tetramers to dimers that occurs on haemolysis, facilitates haem release from
haemoglobin42. We further showed that the secreted haemophore Csa2 (green) is able to exchange haem rapidly with the cell-envelope-anchored CFEM
proteins Rbt5 and Pga7 (ref. 12), consistent with a cascade of haem transfers across the cell envelope. Csa2 is represented here as a dimer because dynamic
light scattering and protein crosslinking of both rCsa2 and fungal-expressed Csa2 were more consistent with a dimer conformation in solution
(Supplementary Fig. 4). However, as holo-rCsa2 crystallized as an asymmetric trimer with extensive interaction interfaces (Supplementary Fig. 4), we allow
for the possibility of a transient trimer assembly of the holo protein.
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overcome host nutritional immunity, may be used to block it for
therapeutic benefits.

Methods
Media and growth conditions. C. albicans strains were grown in rich medium (YPD
(1% yeast extract, 2% Bacto peptone, 2% glucose, 25 µg ml–1 uridine)).
Transformants were selected on SC-URA plates (0.17% yeast nitrogen base, 0.5%
ammonium sulfate, 2% glucose, 2% agar). For iron starvation, cells were grown in
iron-poor medium (IPM) prepared by supplementing YPD with 1 mM ferrozine
(Fz (Sigma))27,28.

P. pastoris was grown in YPD. Transformants were selected on YPD
supplemented with 100 or 1,000 µg ml–1 Zeocin (Invitrogen). For protein
expression, buffered glycerol-complex medium (BMGY (1% yeast extract,
2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% YNB, 4 × 10−5% biotin,
1% glycerol)) and buffered methanol-complex medium (BMMY (1% yeast extract,
2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% YNB, 4 × 10−5% biotin,
0.5% methanol)) were used.

Haemin and haemoglobin preparation. All stocks were freshly prepared before
each assay. For growth assays, stock solutions of 0.1 mM human haemoglobin
(Sigma) in PBS, 0.5 mM bovine haemoglobin (Sigma) in PBS or 2 mM haemin
(haem B containing a ferric iron coordinated to Cl (Frontier Scientific)) in 0.2 N
NaOH were chelated with 5% w/v Chelex100 (Sigma) for two hours before use. For
all the other assays, haemin was prepared in 1 × PBS in the presence of 10 mM
NaOH. As haemoglobin (ferrohaem, Fe2+) is rapidly oxidized in solution to
methaemoglobin (haem, Fe3+), in all our assays the predominant haemoglobin
species was methaemoglobin.

Plasmids and strains. Strain genotypes are summarized in Supplementary Table 3.
The CSA2 knockout plasmids KB2221/2 were constructed by cloning the CSA2
upstream (−626 to −1, HindIII–PstI) and downstream (+447 to +900; SpeI–SacI)
regions into plasmids KB985/6 (ref. 29). For CSA2 reintegration, the CSA2 region
was cloned as a HindIII–KpnI fragment (−929 to +771) into pBES116 (ref. 30) to
generate KB2353. PCR mutagenesis was used to introduce the D80H allele (G238C)
into KB2353, which generated KB2454. For RBT5 reintegration, the RBT5 region
was cloned as a NotI–KpnI fragment (−1,170 to +1,673) into pBES116 (ref. 30) to
generate KB1664. PCR mutagenesis was used to introduce the D72H allele (G214C)
into KB1664, to generate KB2436. Plasmid KB2435 was generated by PCR
mutagenesis of PGA7 of KB2111 (ref. 12) to PGA7D63H (G187C). The CSA2 coding
sequence (residues 33–147) was cloned between NdeI–XhoI into pET22b+
(Novagen) to generate the E. coli expression plasmid KB2386. The CSA2 and
CSA2D80H coding sequences (residues 19–147) were cloned into pICZalpha
(Invitrogen) to generate the Pichia expression plasmids KB2366 and KB2412.
The PGA7 and RBT5 expression plasmids KB2259 and KB2258 (ref. 12) were
mutagenized by PCR to the PGA7D63H and RBT5D72H alleles to generate KB2437
and KB2449.

Growth assays.Overnight cultures grown in YPD were diluted in the morning into a
series of twofold dilutions of haemoglobin in IPM. The various strains were
inoculated, in triplicate, at a density corresponding to 0.005 mAU (600 nm) in IPM
in flat-bottomed 96-well plates. Plates were incubated at 30 °C with 60 revolutions
per minute (r.p.m.) shaking. Growth was measured as OD600 with an enzyme-linked
immunosorbent-assay reader after three days.

Recombinant protein expression and purification from P. pastoris supernatant.
Csa2, Rbt5 and Pga7 were expressed as C-terminal Myc–6xHis tagged proteins in
the P. pastoris expression system as described in the Pichia expression manual
(Invitrogen). Briefly, cells from an overnight culture in BMGY were washed in two
volumes of water and diluted in BMMY to OD600 0.5–1. Cultures were then
incubated at 28 °C with vigorous shaking for 96 hours, with the addition of 0.5%
methanol every 24 hours. The cultures were centrifuged for 30 minutes at 1,500 r.p.m.,
10 mM imidazole was added to the supernatant and the pH was adjusted to 8.0.
The medium was centrifuged at 13,000 r.p.m. for 20 minutes and the supernatant
was mixed with 6 ml of 50% Ni-NTA (nitrilotriacetic acid) resin (Qiagen), incubated
for one hour at room temperature, washed with wash/elution buffer (50 mM Tris,
50 mM NaH2PO4, 300 mM NaCl, pH 8.0) that contained 10 mM imidazole (1×),
20 mM imidazole (2×) and 50 mM imidazole (2×). Finally, Ni-NTA-bound
proteins were eluted by incubating the beads three times with two bed volumes of
250 mM imidazole. The eluate was concentrated with a Centricon 3k cutoff filter,
and then dialysed twice against two litres of PBS. To remove bound haem and
obtain pure apo-protein, the proteins were treated with 3 M imidazole by tilting
for two hours at 4 °C, centrifuged for 30 minutes at 4 °C and then the supernatant
was re-dialysed.

Production in E. coli and crystallization of rCsa2. Rbt5, Pga7 and Csa2 expressed
in fungi appear to be heavily glycosylated, based on their aberrant migration in SDS–
PAGE12,13 (Fig. 1a) and on mass spectrometry analysis, which indicated up to 18
hexose adducts per Csa2 molecule. To obtain non-glycosylated proteins that are

more amenable to crystallization, we expressed Rbt5, Pga7 and Csa2 in bacteria.
Although all three proteins could be expressed in E. coli, they were largely inactive
based on spectroscopic measurements of haem binding. Only Csa2, when expressed
in the trxB-gor strain that permits disulfide-bond formation within the bacterial
cytoplasm18, yielded an active protein species. This bacterial recombinant form,
positions 33–147 (rCsa2), lacks the first 14 residues (following the predicted signal
peptide cleavage site19 at position 19) that are present in Csa2 orthologues but absent
in Rbt5 and Pga7 orthologues (Supplementary Fig. 2). rCsa2 was expressed in E. coli
Origami B(DE3) transformed with the plasmid KB2386, a T7-expression vector that
contains a sequence that extends from codon 33 of the CSA2 coding sequence to the
last CSA2 codon (codon 147), followed by a hexahistidine tag. Briefly, bacterial
culture was grown at OD600 = 0.6 in 1.5 litres of 2 × YT (yeast extract and triptone)
medium that contained 0.05 mg ml–1 of ampicillin and 0.025 mg ml–1 of
chloramphenicol, followed by four hours of induction with 1 mM isopropyl
β-D-1-thiogalactopyranoside at 37 °C. Cells were then centrifuged (5,000 r.p.m.
for ten minutes), resuspended in PBS and centrifuged again, and the bacterial
pellets were frozen at −20 °C overnight. The pellets were then thawed,
resuspended in 8 ml lysis buffer (50 mM Tris, 50 mM NaH2PO4, 300 mM NaCl,
8 M urea, 10 mM imidazole, pH 8.0) and incubated for one hour at room
temperature. The lysate was then centrifuged in a microcentrifuge for 30 minutes
at 4 °C. The supernatant was mixed with 6 ml of 50% Ni-NTA resin (Qiagen),
incubated for one hour at room temperature, washed with wash/elution buffer
(50 mM Tris, 50 mM NaH2PO4, 300 mM NaCl, pH 8.0) that contained 10 mM
imidazole (1×), 20 mM imidazole (2×) and 50 mM imidazole (2×). Finally,
rCsa2 was eluted by incubating the beads sequentially three times with two
volumes of 250 mM imidazole. The eluate was dialysed twice against two litres of
10 mM NaCl, 20 mM Tris pH 8.5 and then loaded on a Hitrap Q HP column
(GE Healthcare) at pH 8.5 and eluted with an NaCl gradient. The gradient
fractions that contained rCsa2 (20–60 mM NaCl) were concentrated and repurified
on a Sephacryl S-200 HR 16/60 SEC column (GE Healthcare) to yield 5–10 mg of
99% pure protein as determined by ultraviolet (280 nm) absorption and an
extinction coefficient of 23,500 M−1 cm−1. To obtain holo protein, before
crystallization rCsa2 was mixed with an equimolar amount of haemin using a 5 mM
haemin stock (Sigma-Aldrich) solubilized in 50 mM NaOH. The NaOH was
neutralized with HCl, followed by ten minutes of centrifugation at 20,000g to
remove aggregates.

Crystals grew by the hanging-drop vapour-diffusion method at 20 °C by mixing
the protein sample (10 mg ml–1 supplemented with 5% n-octyl-β-D-glucoside) at a
2:1 ratio with the reservoir solution (0.1 M HEPES pH 7.5, 8% ethylene glycol,
13.75% poly(ethylene glycol) 10,000). Prior to the diffraction experiments crystals
were manually fished out of their mother liquor using nylon CryoLoop (Hampton
Research) and flash-frozen in liquid nitrogen.

Crystal-structure determination. X-ray data were collected at 100 K in-house on a
Rigaku FR-X rotating anode generator coupled to an R-AXIS HTC image-plate
detector. X-ray data that extend to a resolution of 2 Å were indexed, integrated,
merged and scaled using HKL300031 in space group P212121 (Supplementary
Table 1). The highly redundant data set collected for phasing based on small
anomalous scatterers resulted in an Rmerge of 0.625 at the highest resolution shell,
but the data were highly significant and extended safely to 2 Å resolution, as
indicated by the high CC1/2 (Supplementary Table 1). The structure was
solved experimentally by the single anomalous dispersion method. Briefly, a
substructure comprising five anomalously scattering sites that corresponded to
three Fe atoms and two of the total of 12 disulfide S–S bonds of the asymmetric
unit (ASU) was located using SHELXD32. Refinement of those sites and
phasing was carried out using MLPHARE33 followed by density modification
using DM34. Automated model building using Buccaneer35 docked 85% of the
protein sequence in the experimental electron-density maps, and the rest of the
atomic model, including three haem B ligands, was fitted manually using Coot36.
The structure, containing three holo-Csa2–haem B complexes in the ASU, was
refined using the PHENIX interface37. This included several cycles of restrained
refinement with simulated annealing, torsion-angle non-crystallographic
symmetry restraints between the three Csa2 molecules and individual atomic
displacement parameters (ADPs) refinement, each followed by a manual
model fitting and the addition of structured water molecules. As the structure
converged, a combined TLS (translation/libration/screw) and individual ADPs
refinement protocol was used until the R-values converged to R = 15.26% and a
free-R = 19.16% (Supplementary Table 1). The coordinates and structure factors
have been deposited in the PDB (4Y7S). Structural illustrations were made
using PyMOL38.

Haemin extraction from haemoglobin. Bovine haemoglobin was covalently bound
to CnBr-activated Sepharose-4B beads (Sigma). The haemoglobin beads were
washed extensively before incubation with the proteins to remove any spontaneously
released haem. The protein (6 µl) was mixed with 2 µl of haemoglobin beads, then
the samples were tilted for 30 minutes at room temperature and an ultraviolet–
visible (UV–vis) spectrum of the supernatant was taken using a Thermo Scientific
NanoDrop2000C (BD bioscience). The average spectrum of a triplicate reading was
plotted for each sample.
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Isothermal titration calorimetry (ITC). Titrations were performed at 25 °C using a
MicroCal iTC200 system (GE Healthcare). The protein stocks and a freshly
prepared haemin stock solution were diluted in PBS. All the injections were
carried out at 150 second intervals. To prevent/minimize haem adsorption, the
calorimeter cell and the microsyringe used for the injections were washed extensively
with 10 N NaOH after each experiment. Protein concentration was determined using a
NanoDrop spectrophotometer, and haemin stock concentration was determined by
absorbance at 398 nm in an organic solution39. For the titration experiments, the
concentrations of protein were 140 µM in the syringe and 20 µM haemin in the cell.
The resulting titration data were analysed and fitted using the Origin for ITC software
package supplied by MicroCal to obtain the stoichiometry (n), the dissociation
constants (KD) and the enthalpy (ΔH) and entropy (ΔS) changes of binding. For the fit,
any constraints on the stoichiometry and ΔH were not fixed.

Absorption spectroscopy. UV–vis absorption spectra were collected using a
Cary 60 scanning spectrophotometer (GE Healthcare) and a 1 cm pathlength
1 ml quartz cuvette. The haemin stock concentration was measured as described above.
The protein concentrations were determined by the absorbance at 280 nm using
predicted absorption coefficients based on sequence (ε = 23,470 mM−1 for rCsa2).

Analytical SEC and SEC-MALS. Samples (50 µl) were injected on a Superdex 75
10/300 GL column (GE Healthcare) equilibrated with PBS, and monitored on the
ÄKTApurifier system. Absorbance was recorded at 280 nm, 406 nm and/or 415 nm
for the DH mutants. For the haem-exchange experiments, 25 µl of each protein, at
1 mg ml–1 for Rbt5 and Pga7, or 0.7 mg ml–1 for Csa2 (∼50 µM), were mixed
with each other or with PBS and incubated for five minutes at room temperature
before loading on the column. For mass calculation, a miniDawn TREOS MALS
detector together with an Optilab T-rEX dRI detector (Wyatt technology) were used
in line with an ÄKTA Explorer Superdex 75 10/300 column (Wolfson Center for
Structural Biology, Hebrew University of Jerusalem).

Trypsin digestion. Trypsin (TPCK-treated (Sigma)) was dissolved in PBS to
1 mg ml–1 and diluted sequentially 1:2 in PBS. An aliquot of 20 µl of 0.2 mg ml–1

protein stock in PBS (rCsa2 or Csa2, with or without equimolar haemin) was mixed
with 5 µl of each trypsin concentration, incubated for 30 minutes at 22 °C and then
the reaction was stopped by boiling in protein SDS loading buffer that contained 2
mM phenylmethanesulfonyl fluoride. The extracts were separated by SDS–PAGE,
the gels were stained by Coomassie and the unprocessed and fully processed rCsa2
bands were cut out and submitted to mass spectroscopy analysis (Smoler
Proteomics Center).

Csa2 antibodies. Rabbit polyclonal antibodies (Adar Biotech) were raised against
E. coli-produced rCsa2, and used at 1:1,000 titre on western blot membranes.

Data availability. The crystal structure of the CFEM protein Csa2 been deposited in
the PDB under accession number 4Y7S.
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