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The anaerobic intestinal pathogen Giardia intestinalis does not possess enzymes for heme synthesis, and it also lacks the typi-
cal set of hemoproteins that are involved in mitochondrial respiration and cellular oxygen stress management. Nevertheless, G.
intestinalis may require heme for the function of particular hemoproteins, such as cytochrome b, (cytbs). We have analyzed the

sequences of eukaryotic cytb; proteins and identified three distinct cytb, groups: group I, which consists of C-tail membrane-
anchored cytb, proteins; group II, which includes soluble cytb, proteins; and group III, which comprises the fungal cytb, pro-
teins. The majority of eukaryotes possess both group I and II cytb, proteins, whereas three Giardia paralogs belong to group II.
We have identified a fourth Giardia cytb; paralog (gCYTb5-IV) that is rather divergent and possesses an unusual 134-residue
N-terminal extension. Recombinant Giardia cytb proteins, including gCYTb5-IV, were expressed in Escherichia coli and exhib-
ited characteristic UV-visible spectra that corresponded to heme-loaded cytb; proteins. The expression of the recombinant
gCYTb5-1V in G. intestinalis resulted in the increased import of extracellular heme and its incorporation into the protein,
whereas this effect was not observed when gCYTb5-IV containing a mutated heme-binding site was expressed. The electrons for
Giardia cytb proteins may be provided by the NADPH-dependent Tah18-like oxidoreductase GiOR-1. Therefore, GiOR-1 and
cytb; may constitute a novel redox system in G. intestinalis. To our knowledge, G. intestinalis is the first anaerobic eukaryote in

which the presence of heme has been directly demonstrated.

H eme, an iron-coordinating porphyrin, serves as a prosthetic
group for hemoproteins that are involved in a number of vital
functions, such as carrying diatomic gases, participating in elec-
tron transport in the mitochondrial respiratory chain, and pro-
viding defense against oxidative and nitrosative stress (1, 2). To
fulfill their heme requirements, a vast majority of organisms pos-
sess a heme biosynthetic pathway that converts 8-aminolevulinic
acid to heme in seven consecutive steps, which are conserved in all
domains of life. Eukaryotes partially inherited this pathway from
the bacterial predecessor of mitochondria and partially retained
the original preeukaryotic system (3). The loss of the pathway in
some organisms is typically associated with the evolution of a
mechanism to acquire heme from exogenous sources, such as
feeding on bacteria by Caenorhabditis elegans or free-living
bodonids (4, 5) or parasitic lifestyles for blood-sucking ticks and
trypanosomes (4, 6). An additional group of organisms devoid of
heme synthesis is parasitic protists that are adapted for life in
anaerobic or oxygen-poor environments. These organisms in-
clude intestinal parasites, such as Giardia, Entamoeba, Cryptospo-
ridium, and Blastocystis, and urogenital tract parasites, such as
Trichomonas. They all possess highly reduced forms of mitochon-
dria, such as mitosomes or hydrogenosomes, that have lost the
majority of their mitochondrial functions, including heme-de-
pendent respiratory complexes (7, 8). In addition, common he-
moproteins (oxidases, catalases, and hydrolases) that are involved
in oxidative-stress management in aerobes are replaced by differ-
ent protective enzymes that were likely acquired by the anaerobic
protists through lateral gene transfer from anaerobic bacteria.
These enzymes include flavodiiron protein, hydroperoxide reduc-
tase, rubrerythrin, and NADH oxidase (9—11). The anaerobic pro-
tists were previously hypothesized to live entirely without heme
(12), which may be true for Entamoeba histolytica, because no
gene encoding any hemoprotein has been identified in the Enta-
moeba genome. However, genome analyses of all other anaerobic
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parasites have revealed that they retain several genes encoding
hemoproteins, which are most frequently members of the cyto-
chrome b5 (cytbs) family (13).

The archetypal cytbs is a small acidic membrane protein con-
sisting of two domains, an amino-terminal hydrophilic heme-
binding domain and a carboxy-terminal domain consisting of
hydrophobic residues (transmembrane segment) that is followed
by positively charged residues at the carboxy terminus. The car-
boxy-terminal domain, which is a C-tail anchor, facilitates post-
translational targeting and integration of cytbs; into the mem-
branes of various organelles, such as the endoplasmic reticulum
and the outer membrane of mitochondria. The charged C termi-
nus is typically present in the organellar matrix or intermembrane
space of mitochondria, whereas the heme-binding domain faces
the cytosol. The heme is inserted into the hydrophobic pocket of
the N-terminal cytbs domain, which contains two invariable his-
tidines, H44 and H68 (numbered according to the human cytbs
[accession number P00167]), that coordinate the heme iron (14).
H44 lies within the highly conserved HPGG motif, which is sur-
rounded by several acidic residues. These residues have been im-
plicated in the redox potential of cytbs (15). cytbs is a multifunc-
tional protein that acts as an electron carrier in several oxidative
reactions between reductases, such as NADH-cytochrome bj re-
ductase and NADPH-cytochrome P450 reductase, and various
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oxidases and fatty acid desaturases that are involved in lipid and
cholesterol biosynthesis (16, 17). Additionally, cytbs is a compo-
nent of various fusion enzymes (18, 19). However, the function of
cytbs in anaerobic protists and its possible partners for electron
transfer are unknown.

Giardia intestinalis, one of the most important intestinal
pathogens, possesses two types of heme-binding proteins, a flavo-
hemoglobin (gFLHD) (20) and cytbs (15). Recombinant gFLHb
binds heme and flavin and exhibits NADH and NADPH oxidase
activity. This activity is stimulated in vitro by the addition of the
nitric oxide donor diethylammonium (Z)-1-(N,N-diethylamino)
diazen-1-ium-1,2-diolate (diethylamine NONOate), which sug-
gests that gFLHDb may play a role in protecting Giardia against
oxygen and nitric oxide (20). cytb; is encoded in Giardia by three
paralogous genes, gCYTb5-1, gCYTb5-11, and gCYTb5-11I. Recom-
binant gCYTb5-I that was expressed in Escherichia coli exhibited
spectroscopic and electrochemical properties of heme-loaded
cytbs. Interestingly, the conserved heme-binding domains of all
three gCYTb5 proteins are flanked by unconventional, highly
charged N- and C-terminal sequences. Although these sequences
are decisive for protein targeting to subcellular compartments, the
localization of gCYTb5 in Giardia remains unclear. The ability of
recombinant gCYTb5-I and gFLHb to bind heme in E. coli
strongly suggests that functional heme-binding proteins may also
exist in Giardia. However, direct evidence for the incorporation of
heme into target proteins in an anaerobic protist has not yet been
demonstrated.

Here, we investigated the cytbs proteins in G. intestinalis to deter-
mine (i) whether the unusual structure of gCYTDb5 proteins is unique
to Giardia or whether these proteins represent a distinct branch of
the cytbs family of proteins, (ii) the cellular localization of these
cytbs proteins, (iii) whether the parasite can incorporate exoge-
nous heme into hemoproteins in situ, and (iv) whether Giardia
possesses suitable redox partners that can reduce the cytbs pro-
teins. We found that, in addition to the known gCYTb5 proteins,
Giardia possesses an additional cytbs-like protein that contains a
long C-terminal extension (gCYTb5-IV) and a heme-binding do-
main. We demonstrate that this protein efficiently binds heme
when Giardia cells are cultured in the presence of hemin and that
functional gCYTDb5-IV can be reduced by electrons that are pro-
vided by the recently identified diflavin oxidoreductase GiOR-1
(7). All Giardia cytbs paralogs appear to belong to a novel group of
soluble cytosolic cytbs proteins that are ubiquitous in eukaryotes.

MATERIALS AND METHODS

Cell cultivation:. G. intestinalis cells (strain WB; ATCC 30975) were
grown in TYI-S-33 medium supplemented with 10% heat-inactivated
bovine serum (PAA Laboratories GmbH, Austria) and 0.1% bovine bile
(Sigma) (21). For the determination of the heme content of G. intestinalis,
the cells were cultured in TYI-S-33 medium supplemented with 4 uM
hemin (Fluka).

Selectable transformation of G. intestinalis. The genes encoding the
Giardia cytbs proteins (GiardiaDB accession numbers GL50803_9089,
GL50803_27747, GL50803_33870, and GL50803_2972) were amplified
using PCR and inserted into the plasmid pTG3039 (a kind gift from Fran-
ces D. Gillin, San Diego, CA) (22), which was modified for the expression
of proteins that contain N-terminal hemagglutinin (HA) tags. The cells
were transformed and selected as previously described (23).

Immunofluorescence microscopy. G. intestinalis cells were fixed with
1% formaldehyde as previously described (24) and stained for immuno-
fluorescence microscopy using a rat monoclonal anti-HA antibody
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(Roche), a rabbit polyclonal TOM40 antibody (25), and an anti-PDI-2
(protein disulfide isomerase 2) antibody (a kind gift from Adrian B. Hehl)
(26). Alexa Fluor 488 (green) donkey anti-mouse and anti-rabbit anti-
bodies and Alexa Fluor 594 (red) donkey anti-rat antibody (all from In-
vitrogen) were used as the secondary antibodies. The slides were exam-
ined using an Olympus IX81 microscope equipped with an MT20
illumination system. The images were processed using Image] 1.41e soft-
ware (NIH).

Preparation of subcellular fractions and immunoblot analysis.
Giardia trophozoites were harvested, washed twice in phosphate-buffered
saline (PBS), pH 7.4, and resuspended in SM buffer (250 mM sucrose and
20 mM MOPS [morpholinepropanesulfonic acid], pH 7.2) containing
protease inhibitors (Complete EDTA-free Protease Inhibitor Cocktail;
Roche). The cells were disrupted by sonication using approximately 15 1-s
pulses at an amplitude of 40 (Bioblock Scientific Vibra-Cell 72405) and
centrifuged twice at 1,000 X g for 10 min each time to remove any undis-
rupted cells. The supernatant was centrifuged at 50,000 X g for 30 min to
obtain the organellar fraction (sediment). The high-speed supernatant
that was obtained after an additional centrifugation at 200,000 X g for 30
min was used as the cytosolic fraction.

The cell fractionation samples were separated by SDS-13.5% PAGE
and transferred to a nitrocellulose membrane. The HA-tagged proteins
were detected using a rat monoclonal anti-HA antibody (Roche). Enolase,
which is a cytosolic marker protein, was detected using a rabbit polyclonal
antibody against Trypanosoma brucei enolase (a kind gift from Julius
Lukes, Ceske Budejovice, Czech Republic) (27).

Protein expression and purification. The genes encoding gCYTb5-I
to -IV and the mutant gCYTb5-IVH, 4L, in which histidine 178 was re-
placed with leucine, were inserted into the pET42b (Qiagen) vector for the
expression of the recombinant proteins containing a C-terminal hexahis-
tidine tag in E. coli. Protein purification was performed under native con-
ditions using Ni-nitrilotriacetic acid affinity chromatography according
to the manufacturer’s instructions (Qiagen GmbH, Hilden, Germany).
The PCR fragment corresponding to gCYTb5-IVH, ;L was amplified us-
ing two-step PCR and primers described in Table S1 in the supplemental
material.

Determination of the heme content of G. intestinalis. The heme con-
tent of G. intestinalis was determined in wild-type (wt) cells and cells
expressing gCYTb5-IV and gCYTb5-IVH, ,4L. The cells were cultured for
72 h in medium in the presence or absence of 4 uM hemin. Subsequently,
approximately 4 X 10® cells were harvested and washed twice with sterile
cold PBS. The high-speed cellular fraction (cytosol) was obtained as pre-
viously described and concentrated using Amicon Ultra Centrifugal Fil-
ters with Ultracel 30-kDa membrane filters (Millipore) to a final protein
concentration of approximately 25 pg/pl. Heme extraction was per-
formed as described previously (28). Briefly, 200 pl of 1% HCl in acetone
was added to 50 pl of each sample, rigorously mixed, and centrifuged at
4,000 X gfor 10 min at room temperature. The supernatant was collected,
and the sediment was reextracted in 30 pl of HCl-acetone. The concen-
trations of heme were immediately determined by high-performance lig-
uid chromatography (HPLC) (UltiMate 3000 RSLC; Dionex; DAD diode
array detector) using a C, (Acclaim 120 C,g; 3 wm; 120 A; 4.6 by 150 mm;
Dionex) reverse-phase column and absorbance detection at 400 nm, as
previously described (28, 29). The linear gradient from 60% to 40% (vol/
vol) solvent A-solvent B to 100% solvent B was run for 11 min using
solvents A (56 mM ammonium phosphate in 40% methanol) and B
(methanol) at a flow rate of 1.2 ml/min. Then, 100% solvent B was main-
tained for another 6.5 min. The column was restored to the original con-
ditions over 2 min and maintained under these conditions for another 6
min.

UV-visible spectroscopy. The UV-visible spectra of the freshly puri-
fied gCYTD5 proteins in 50 mM NaH,PO, and 300 mM NaCl, pH 8.0,
were recorded at room temperature between 260 and 700 nm using a
Shimadzu UV-1601 spectrophotometer. The low-temperature visible
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FIG 1 The three groups of cytbs proteins. (A) Schematic representation of the structural differences between the canonical group I cytbs, group II soluble cytbs,
and fungal group III cytb, proteins. The chart indicates the distribution of cytochromes in representative eukaryotes. VD, variable domain; TM, transmembrane
domain. O. dioica, Oikopleura dioica; S. cerevisiae, Saccharomyces cerevisiae; N. crassa, Neurospora crassa; E. cuniculi, Encephalitozoon cuniculi; D. discoideum,
Dictyostelium discoideum; A. thaliana, Arabidopsis thaliana; Ch. reinhardtii, Chlamydomonas reinhardltii; P. falciparum, Plasmodium falciparum. (B) Alignment of
partial heme-binding domains. The two histidine residues that are critical for heme iron coordination are highlighted in the schematic above the alignment.
Highly conserved regions are shaded in dark gray, and similar amino acids in conserved regions are shaded in light gray. Red, green, and yellow highlight typical

motifs for each type of cytbs.

spectrum of whole cells was measured as previously described (30) using a
Varian Cary 4000 spectrophotometer.

GiOR-1-dependent reduction of the gCYTb5 proteins. Recombinant
GiOR-1 was prepared as previously described (7). The cytochrome reduc-
tase activity of GiIOR-1 was spectrophotometrically assayed at 550 nm.
The reaction mixture consisted of the gCYTb5 protein, GiIOR-1, and NA-
DPH (0.25 mM) in phosphate buffer (100 mM KH,PO,-KOH and 150
mM NaCl, pH 7.4). The reaction proceeded in anaerobic cuvettes under a
nitrogen atmosphere at 25°C. The spectra were recorded using a Shi-
madzu UV-1601 spectrophotometer. The protein concentration was de-
termined according to the Bradford method.

Bioinformatics analysis. The cytb; protein sequences were retrieved
using protein BLAST searches (31) against a nonredundant GenBank pro-
tein database. The sequences were aligned using the ClustalX program
(32). Columns with more than 25% gaps were stripped out. The final
alignment retained 102 taxa and 68 sites. Phylogenetic analysis was per-
formed using the WAG model with PhyML 3.0 (33). Support values are
shown next to the branches as the maximum-likelihood bootstrap sup-
port (WAG model; PhyML).

RESULTS

Cytochrome b,-like proteins in Giardia. Giardia cytb; gCYTDb5-I
(GL50803_9089) was used for BLAST searches in the GiardiaDB
database to identify paralogous genes. The searches identified two
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other cytbs-encoding genes that were previously reported as
gCYTb5-II (GL50803_27747) and gCYTbS5-III (GL50803_
33870). In addition, we identified two cytbs-like proteins named
gCYTb5-1IV (GL50803_2972) and GiTax (GL50803_17116).

An alignment of the Giardia proteins with eukaryotic or-
thologs revealed that cytbs forms three groups based on the pri-
mary structure of the heme-binding domain (Fig. 1; see Fig. S1 in
the supplemental material). This domain includes the N-terminal
(H44) and C-terminal (H68) histidines, which are two heme iron
ligands. In all of the cytbs proteins, H44 is highly conserved within
the HPGG motif. Group I represents canonical cytb, proteins that
possess a HPGG motif that is surrounded by acidic residues (E and
D), and H68 is flanked by the small amino acids glycine and serine
(GHS). The group I cytb; proteins typically contain a C-terminal
hydrophobic tail sequence (30 to 40 residues) that allows cytb; to
attach to the cytosolic face of the endoplasmic reticulum or mito-
chondria (34). The C-tail anchor is connected to the heme-bind-
ing domain by a short variable domain of approximately 15 to 20
residues. In the group II cytbs proteins, the HPGG motif is not
surrounded by acidic residues, and H68 lies within the distinct
HXWV(N/S) motif. These proteins lack a C-tail anchor; however,
they possess an N-terminal variable extension of approximately 10
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FIG 2 Localization of gCYTb5 proteins in Giardia. (A) The cytosolic localization of gCYTb5-I to -1V visualized using immunofluorescence microscopy. The
gCYTb5 proteins were visualized using rat anti-HA tag and anti-rat Alexa Fluor 594 (red) antibodies. PDI-2 was detected using mouse anti-PDI-2 and anti-mouse
Alexa Fluor 488 (green) antibodies. The nuclei were stained with DAPI (4’,6-diamidino-2-phenylindole) (blue). DIC, differential interference contrast. (B)
Localization of gCYTD5 in subcellular fractions of Giardia using immunoblot analysis. LYS, cell lysate; CYT, cytoplasm; ORG, organellar fraction; Enolase, a

cytosolic marker protein; PDI-2, an endoplasmic reticulum marker protein.

to 50 residues (Fig. 1). The group III cytb; proteins are short and
lack both C- and N-terminal extensions. These proteins possess a
unique conserved motif flanking H68 (WXYHG), and the HPGG
motif is surrounded by acidic and basic residues at the N- and
C-terminal sites, respectively (Fig. 1). The vast majority of eu-
karyotes appear to possess members of both group I and group II
cytbs proteins, whereas group III cytb; proteins are present only in
certain fungi (Fig. 1). Interestingly, G. intestinalis and Trichomo-
nas vaginalis lack the canonical C-tail-anchored cytbs, and cytb;
proteins were not found in the parasitic protists E. histolytica and
Blastocystis hominis.

The three Giardia cytochromes gCYTb5-1, -1I, and -III exhibit
characteristics of group II cytb; proteins, although gCYTb5-I and
-III contain an alanine instead of a glycine at position 67. How-
ever, gCYTDb5-IV appears to differ from the other Giardia cytb;
proteins in several respects. Although gCYTDb5-1V lacks acidic res-
idues surrounding the HPGG motif, which is characteristic of
group II cytbs proteins, two histidines are present at positions 67
and 68, and the protein lacks the conserved WV(N/S) residues.
This double-histidine motif has been observed only in the cytb; of
T. vaginalis. Additionally, gCYTDb5-IV possesses along N-terminal
extension of 134 residues. However, an analysis of this extension
using motif/domain search tools in the Pfam 27.0 and PROSITE
20.91 databases did not identify any known structure. Based on a
phylogenetic reconstruction and according to the similarity of the
key residues in proximity to both histidine binding motifs,
gCYTb5-IV may represent a highly divergent member of group II
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cytbs proteins (Fig. 1; see Fig. S1 in the supplemental material). The
cytbs-like protein GiTax appears to be an ortholog of the T. brucei
axonemal protein TAX-2, which is important for flagellar func-
tion (35). This protein represents a highly divergent cytb; protein
that has lost both its conserved heme iron-coordinating histidine
ligands. Therefore, we excluded the protein from further analysis.

Giardia gCYTDb5 proteins are soluble cytosolic proteins. To
determine the cellular localization of the Giardia cytb proteins, all
of the gCYTb5 genes were subcloned into expression vectors that
were used for G. intestinalis transformation. To avoid any possible
interference from the membrane-targeting signal that is located in
the C-terminal portion of the membrane-associated cytbs (35,
36), we overexpressed these proteins in Giardia using a hemagglu-
tinin tag located at the N terminus. Immunofluorescence micros-
copy of the HA-tagged gCYTb5-I to -1V revealed that all of the
proteins are present in the cytosol, in addition to minor localiza-
tion in the nuclei (Fig. 2A). All of the cells were additionally
stained with the anti-PDI-2 antibody to confirm that the fluores-
cence of cytbs is distinct from that of the endoplasmic reticulum.
The cytosolic localization of gCYTb5-I to -IV was confirmed by
immunoblot analysis of the subcellular fractions (Fig. 2B) using
enolase as a cytosolic marker protein. Because the PSORT II
program (http://psort.hgc.jp/form2.html) identified a putative N-
terminal cleavable mitochondrial targeting sequence in the
gCYTb5-1I and -III proteins, we additionally expressed these pro-
teins with a C-terminal hemagglutinin tag in G. intestinalis. How-
ever, the two C-terminally tagged proteins demonstrated cytosolic
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FIG 3 gCYTb5-1V coordinates heme. (A) UV-visible spectrum of recombinant gCYTb5-IV compared with that of the gCYTb5-IVH, ,sL mutant. The arrows indicate
characteristic absorption maxima of oxidized gCYTb5-IV. The inset shows the colors of the purified proteins gCYTb5-IV (a) and gCYTb5-IVH, ;5L (b). The 280-nm
peaks show that comparable amounts of proteins were used. (B) Determination of the heme contents in gCYTb5-IV and gCYTb5-IVH, ;4L using HPLC. (C) Purity of
recombinant gCYTb5-IV (a) and gCYTb5-IVH L (b) tested by SDS-PAGE analysis using 13.5% gel. The proteins were stained with Coomassie brilliant blue.

localizations identical to those of the N-terminally tagged proteins
(see Fig. S2 in the supplemental material). The cytosolic localiza-
tion of the group II gCYTb5-Ito -IV proteins is consistent with the
absence of a C-tail hydrophobic anchor in these proteins.

Recombinant gCYTb5 proteins bind heme. The unorthodox
structure of gCYTb5-1V, including the unusual motif surround-
ing H68, prompted us to determine whether gCYTb5-IV coordi-
nates heme. As a positive control, we included gCYTb5-I, which
was previously shown to bind heme, and we additionally charac-
terized the paralogs gCYTb5-1I and gCYTb5-III. All of the pro-
teins were expressed with a C-terminal polyhistidine tag in E. coli,
using the pET42b vector, and were isolated under native condi-
tions. The presence of a heme cofactor was determined using UV-
visible spectroscopy and HPLC analysis. All of the isolated pro-
teins displayed the characteristic strong absorption at 413 nm and
two absorption peaks at 529 and 563 nm. A typical spectrum for
gCYTb5-1V is shown in Fig. 3A. Additionally, we expressed a mu-
tant of gCYTb5-1V in which the histidine residue in the HPGG
motif was replaced by leucine (gCYTb5-IVH, L) (Fig. 3A). As
expected, we observed a dramatic decrease (8-fold) in the heme-
binding ability of the mutant (Fig. 3B; see Fig. S3 in the supple-
mental material).

gCYTDb5 is reduced by the NADPH-dependent oxidoreduc-
tase GiOR-1. G. intestinalis does not contain genes encoding the
typical cytbs partners, such as cytb; reductase or cytochrome P450
reductase, which deliver electrons for cytb; reduction (13). How-
ever, G. intestinalis does possess the oxidoreductase GiOR-1,
which contains a flavodoxin-like flavin mononucleotide (FMN)-
binding domain that is connected to a cytochrome P450 reduc-
tase-like domain, including a flavin adenine dinucleotide (FAD)-
binding pocket and an NADP(H)-binding site (7). Therefore, we
determined whether GiOR-1 is able to reduce the gCYTb5 pro-
teins. Indeed, GiOR-1 reduced the Giardia cytochrome b; I, 111,
and IV proteins (gCYTb5-1I was not evaluated) in the presence of
NADPH, which was observed as a shift of the electronic absorp-
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tion band from 413 to 426 nm and the appearance of sharp a and
B bands at 559 and 529 nm. A representative spectrum of GiOR-1
reduction of gCYTb5 is shown for gCYTb5-1V in Fig. 4.

Heme is present in G. intestinalis. To provide direct evidence
that G. intestinalis contains the heme cofactor, we initially at-
tempted to detect the presence of heme in the cytosolic fraction
that was isolated from wild-type cells grown in standard culture
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FIG 4 Reduction of gCYTb5-IV by GiOR-1. UV-visible spectra of reduced
gCYTb5-IV (dashed lines) were recorded after incubation of oxidized
gCYTb5-1V (solid lines) in the presence of NADPH and GiOR-1 for 10 min at
25°C in an anaerobic cuvette. The region between 500 and 600 nm is enlarged
in the inset. The wavelengths 413, 426, 529, 559, and 563 nm are indicated by
dotted lines.
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FIG 5 Detection of heme in G. intestinalis. (A) The concentration of heme was
determined in Giardia cytosol using HPLC. The highest heme concentration
was found in cells that expressed recombinant gCYTb5-IV (b5-1V) when the
cells were cultured in TYI-S-33 medium supplemented with 4 uM hemin (+
hemin). The heme content was significantly lower in the strain harboring the
gCYTb5-IVH, ,sL mutant. (B) Western blot analysis indicated comparable
levels of recombinant gCYTb5-1V in the lysates of cells cultured in the presence
and absence of hemin. An anti-tubulin antibody (TAT-1; Sigma-Aldrich) was
used as a loading control. The error bars indicate standard deviations.

medium. Under these conditions, the amount of detected heme
was at the detection limit of our HPLC system (approximately 1
pmol of heme per mg of protein), and we were unable to deter-
mine whether the low heme signal was intrinsic to the Giardia cells
or was due to contamination from the complex culture medium,
in which we detected heme at a concentration of 8 nM. Therefore,
we compared the amount of endogenous heme in wild-type cells
to that found in cells expressing recombinant gCYTb5-IV. The
results indicated that the cells expressing gCYTb5-1V contained an
approximately 2-fold-larger amount of heme than wild-type cells
(Fig. 5A; see Fig. S4 in the supplemental material). Subsequently,
we cultured Giardia in a medium that was supplemented with 4
M hemin to increase the availability of heme in the cellular en-
vironment. The addition of hemin had no effect on cell growth
(see Fig. S6 in the supplemental material), but the amount of heme
in the wild-type cells increased to 32 pmol heme/mg protein, and
a 6-fold-larger amount of heme was observed in the gCYTb5-IV-
expressing cells. To determine whether the observed increase was
specifically associated with heme incorporation into gCYTb5-1V,
we also prepared a cell line that expressed a gCYTb5-IVH, ;4L
mutant. As the expression of a gene with a negative mutation may
be deleterious, we compared the growth of the wild-type strain
and the strains expressing gCYTb5-IV and its mutated version.
Only a subtle decrease in cell growth was observed in the gCYTb-
IVH,,sL mutant (see Fig. S7 in the supplemental material). The
amount of heme in this cell line was only slightly greater than that
of the wild-type cells. We also determined whether the addition
of exogenous heme affected the expression of recombinant
gCYTb5-IV (Fig. 5B). Immunoblot analysis revealed comparable
levels of gCYTb5-IV in the cytosol of cells that were grown in stan-
dard medium and in that of cells grown in medium containing
hemin. Therefore, the observed changes in heme content within Gi-
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FIG 6 Detection of heme in G. intestinalis. A low-temperature visible spec-
trum of whole-cell lysates was obtained for wild-type cells (wt) and cells ex-
pressing the recombinant gCYTb5-IV (b5-1IV). The region containing the
characteristic absorption maxima for heme-loaded cytbs (420, 525, and 557
nm) is enlarged in the inset.

ardia cells are related to the levels of heme incorporated into
gCYTDb5-1V, while the expression of the protein remained unaf-
fected.

We further analyzed the presence of heme in Giardia cells using
low-temperature spectroscopy. This complementary approach al-
lows us to determine whether heme is incorporated by specific
ligands. The analysis of homogenates of wild-type cells and
gCYTDb5-1V transformants that were cultured for 72 h in medium
that contained hemin revealed a significantly higher Soret band at
420 nm in the transformed cells (Fig. 6). To determine whether the
heme was bound to cytb;, we determined the visible spectrum in
the region between 500 and 600 nm, which is characteristic of
distinct types of cytochromes (37, 38). The observed spectrum
displayed maxima at 525 and 557 nm, which are typical for cytb
(Fig. 6) (39, 40). As a control, we determined the visible spectrum
of E. coli cells expressing gCYTb5-1V, which exhibited character-
istic absorption maxima identical to those observed for the Giar-
dia cells (see Fig. S5 in the supplemental material). Altogether,
these results demonstrate that Giardia cells are able to utilize an
exogenous heme source and can incorporate heme into cyto-
chrome b5 proteins.

DISCUSSION

In this study, we demonstrated that the anaerobic protist G.
intestinalis, despite lacking a heme synthesis pathway and the
typical set of hemoproteins, is able to utilize extracellular heme
and incorporate it into cytosolic group II cytbs proteins. To our
knowledge, this is the first report that provides direct evidence
for the presence of heme in an anaerobic eukaryote.

cytbs proteins form a large protein family with many biological
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roles that appeared very early in evolution (16). They are known as
typical C-tail-anchored proteins and are incorporated into organ-
ellar membranes. However, our analysis of Giardia CYTb5-I to
-1V revealed the absence of the C-terminal transmembrane do-
main in these proteins. Surprisingly, searches for orthologs of
Giardia cytbs proteins revealed that the vast majority of eu-
karyotes possess a soluble cytbs that does not contain the C-tail
anchor (group II), in addition to the archetypal membrane-bound
cytbs (group I). Moreover, fungi have evolved another cytbs,
which is most likely a soluble group III cytbs. These three cytbs
groups can be distinguished based on the characteristic vicinity of
the highly conserved iron-coordinating histidines of the heme-
binding pocket, and members of the groups form distinct
branches in phylogenetic reconstructions. Interestingly, anaero-
bic protists, including G. intestinalis, exclusively possess members
of the group II cytb; proteins. The lack of group I cytb; proteins in
Giardia and other anaerobes suggests that these proteins prefer-
entially provide electrons to oxygen-dependent acceptors, such as
monooxygenases, that are not present in anaerobes. Importantly,
the group II cytb; proteins are distinct from the well-known sol-
uble cytb; proteins in erythrocytes that function in the reduction
of methemoglobin (41). The erythrocyte cytbs, which lacks a C-
tail anchor, is a splice variant of a gene that additionally encodes a
group I cytb; that is anchored in the membrane of the endoplas-
mic reticulum (42). An identical type of soluble cytbs is also in-
volved in the activation of mammalian methionine synthase (43).
However, despite the ubiquitous distribution of the group II cytb;
proteins, the pathway in which these soluble cytbs proteins serve
as electron transport proteins remains unknown.

In G. intestinalis and other anaerobic protists, electron trans-
port is primarily dependent on ferredoxins that mediate single
electron transfers. These FeS proteins are involved in energy me-
tabolism that occurs in the Giardia cytosol and in the formation of
FeS clusters in mitosomes. Recently, a novel Giardia oxidoreduc-
tase, GIOR-1, has been described (7). This enzyme efficiently
transfers electrons from NADPH to artificial electron acceptors,
such as dichlorophenolindophenol. However, it is unable to re-
duce [2Fe-2S] ferredoxin (7). The architecture of GiOR-1 corre-
sponds to that of the multifunctional protein Tah18. Tah18 has
been shown to form a complex with the FeS protein Dre2 and
participates in the cytosolic assembly of FeS clusters (44). Under
oxidative stress, Tah18 translocates to the mitochondria, where it
interacts with cytochrome ¢ and acts as a proapoptotic protein
(45). In addition, yeast Tah18 is involved in NO synthesis (46).
Human Tah18 (NR1) has been shown to act as a methionine syn-
thase reductase that uses cytbs as a proximal electron donor for
methionine synthase (43). Therefore, we determined whether
GiOR-1 is able to reduce Giardia CYTb5 proteins. We found that
CYTb5-1, -III, and -1V are efficiently reduced by GiOR-1 in the
presence of NADPH as a source of reducing equivalents. How-
ever, the proximal partner of reduced CYTb5 remains unknown.
Genes encoding Dre2 or methionine synthase have not been iden-
tified in the G. infestinalis genome thus far (47). Moreover, differ-
ences in the Giardia CYTD5 paralogs, particularly the presence of
the unusual N-terminal extension of CYTb5-1V, suggest that they
likely interact with different proximal partners. We further hy-
pothesize that the function of the CYTb5 proteins may be related
to the function of mitosomes, because GiOR-1 has been shown to
be associated with these organelles (7). Moreover, G. intestinalis
contains a paralogous gene encoding GiOR-2 that is associated
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with distinct vesicles, the characteristics of which remain to be
clarified (7). Altogether, our results indicate that, in addition to
ferredoxin-dependent electron transport, G. intestinalis contains a
functional redox system that consists of an NADPH-dependent
Tah18-like oxidoreductase and soluble group II CYTD5 proteins.

In anaerobic protists, there are several reasons for the absence
of the heme synthesis pathway, which was likely lost during ances-
tral adaptations to anaerobic niches: (i) the organisms lost mito-
chondrial heme-dependent respiration and its high demand for
heme, which was replaced by FeS protein-dependent energy me-
tabolism; (ii) they replaced common hemoproteins that are in-
volved in the defense against oxidative stress with heme-indepen-
dent bacterial protective enzymes (9, 10); and (iii) two steps of the
heme synthetic pathway that are catalyzed by the mitochondrial
enzymes coproporphyrinogen III oxidase and protoporphyrino-
gen IX oxidase depend on molecular oxygen, which is not avail-
able in anaerobic niches (48, 49). Consequently, anaerobic pro-
tists retained a very limited set of hemoproteins, such as G.
intestinalis cytbs and flavohemoglobin (15, 20). Not surprisingly,
our results indicated a rather low level of heme in the cytosol of G.
intestinalis when the parasite was grown in standard culture me-
dium (<2.5 pmol per mg of protein) compared with 25 pmol
heme/mg protein in macrophages (50). However, the amount of
cytosolic heme increased upon the addition of hemin to the me-
dium as an exogenous heme source. In particular, an increased
level of heme was found in the strain expressing recombinant
CYTb5-1V. This effect primarily reflects the incorporation of ac-
quired heme into CYTb5-IV, because such an increase was not
observed in the strain that expressed the mutant containing an
impaired heme-binding site. The presence of heme-loaded
CYTb5-1V in transformed Giardia was confirmed using low-tem-
perature visible spectroscopy. These results indicated that G. in-
testinalis is able to compensate for the apparent lack of a heme
synthesis pathway by utilizing an exogenous source of heme for its
heme requirements. We cannot completely rule out the possibility
that Giardia synthesizes heme via an undiscovered novel pathway,
given that the functions of a large number of genes in the Giardia
genome are unknown (46). Nevertheless, the heme-synthetic
pathway is highly conserved in eukaryotes (13), and no alternative
mechanisms for heme synthesis have been found in any organ-
isms.

It is noteworthy that overexpression of CYTb5-1V caused the
increase in cellular heme content. This observation suggests that
import of heme in Giardia is a regulated process. We can speculate
that overexpression of CYTb5-IV results in increased demand for
cellular heme, which may provide a signal to increase the import
of heme from the environment. Heme regulatory motifs were
identified in a transcription factor in yeast (51), 8-aminolevuli-
nate synthase (52), and several other diverse proteins (53). More-
over, iron regulates components of heme import machinery in
enterocytes (54). Further studies are required to clarify whether
heme transport is indeed a regulated process in G. infestinalis and
to identify the molecular mechanism.

Parasites that lack genes for heme synthesis pathways but may
require exogenous heme sources are not uncommon (13, 55). For
example, bloodstream forms of trypanosomes satisfy their heme re-
quirements via the uptake of hemoglobin (56). Intestinal parasites
such as G. intestinalis may utilize dietary heme that is present in the
small intestine (54). It is tempting to speculate that G. intestinalis may
compete for heme with enterocytes that are able to take up intact
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heme as a source of iron (54). However, the utilization of exogenous
heme by parasitic protists has been experimentally assessed only in
certain trypanosomatids (56-59). Moreover, the mechanisms for
heme acquisition and its transport in trypanosomatids are poorly
understood and are virtually unknown in other parasitic protists. In
Trypanosoma cruzi, the uptake of heme analogs was shown to be
reduced in the presence of ABC transporter inhibitors, which sug-
gests a role for heme scavenging (57). ABC transporters were also
suggested to be involved in the heme scavenging of Leishmania
(60), a range of bacteria, and mammals (61, 62). More recently,
the Leishmania heme response 1 (LHR1) protein was proposed to
be the major heme importer in the parasite and other kinetoplas-
tids (58). In the G. intestinalis genome, we did not find an LHR1
ortholog; however, the genome contains at least 27 ABC domain-
containing proteins that are heme transporter candidates, al-
though there is currently no information regarding the functions
of these proteins.

It is unknown whether heme is essential for G. intestinalis, and the
lack of a defined medium for the parasite did not allow us to address
this question (13). However, the heme concentration in standard
medium is rather low (8 nM), and the addition of 4 uM hemin
showed no effect on cell growth. Therefore, either the heme require-
ments of Giardia fall below a concentration of 8 nM or heme may
not be essential for parasite growth in vitro. Thus far, the kineto-
plastid Phytomonas serpens is the only eukaryote that has been
found to be able to survive entirely without heme (59). Similar to
Giardia and other anaerobes, P. serpens lacks most of the known
hemoproteins, although it is a protist with aerobic metabolism.
However, P. serpens possesses unique metabolic adaptations that
allow it to bypass the functions of proteins that are dependent on
heme (59). Interestingly, group II cytbs appears to be the only
heme-binding protein that is encoded in the P. serpens genome.
This finding, together with the conservation of cytb, proteins in
the majority of anaerobes, suggests that although cytb; proteins
are potentially not essential for cell growth in vitro, they may play
a role important for cells in their native environments.

In conclusion, we defined three groups of cytbs proteins in
eukaryotes and determined that G. intestinalis exclusively pos-
sesses group II soluble cytb, proteins. We demonstrated that
Giardia can utilize hemin as an exogenous heme source and
incorporates it into the heme-binding site of gCYTb5-IV. The
NADPH-dependent oxidoreductase GiIOR-1 reduces CYTb5 pro-
teins in vitro, which constitutes a novel redox system in Giardia.
However, there is much to learn about the mechanisms by which
G. intestinalis, which lacks a heme synthesis pathway, acquires and
transports exogenous heme, in addition to the functions of group
II cytbs proteins in Giardia and other eukaryotes.
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