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Summary

Iron-sulfur (Fe-S) clusters are essential cofactors that

enable proteins to transport electrons, sense signals,

or catalyze chemical reactions. The maturation of

dozens of Fe-S proteins in various compartments of

every eukaryotic cell is driven by several assembly

pathways. The ubiquitous cytosolic Fe-S cluster

assembly (CIA) pathway, typically composed of eight

highly conserved proteins, depends on mitochon-

drial Fe-S cluster assembly (ISC) machinery. Giardia

intestinalis contains one of the smallest eukaryotic

genomes and the mitosome, an extremely reduced

mitochondrion. Because the only pathway known to

be retained within this organelle is the synthesis of

Fe-S clusters mediated by ISC machinery, a likely

function of the mitosome is to cooperate with the CIA

pathway. We investigated the cellular localization of

CIA components in G. intestinalis and the origin and

distribution of CIA-related components and Tah18-

like proteins in other Metamonada. We show that

orthologs of Tah18 and Dre2 are missing in these

eukaryotes. In Giardia, all CIA components are exclu-

sively cytosolic, with the important exception of Cia2

and two Nbp35 paralogs, which are present in the

mitosomes. We propose that the dual localization of

Cia2 and Nbp35 proteins in Giardia might represent a

novel connection between the ISC and the CIA

pathways.

Introduction

Iron-sulfur (Fe-S) clusters are important cofactors found

in a variety of proteins in each and every extant cell.

The ability of these ancient cofactors to transfer elec-

trons is essential for near-ubiquitous processes such as

respiration, photosynthesis, isoprenoid biosynthesis,

DNA metabolism and translation (Netz et al., 2014;

Tanaka et al., 2015). The Fe-S cluster assembly is per-

formed by dedicated machineries in several cellular

compartments. The iron sulfur cluster (ISC) pathway is

present in mitochondria, the sulfur mobilization pathway

is confined to plastids, and the cytosolic iron-sulfur clus-

ter assembly (CIA) is found in the cytosol. The CIA

pathway is required for the maturation of all cytosolic

and nuclear Fe-S cluster-containing proteins (Stehling

et al., 2012; Stehling et al., 2013; Netz et al., 2014). All

eight components of this pathway identified thus far

(Tah18, Dre2, Nbp35, Cfd1, Nar1, Cia1, Cia2 and

MMS19) appear to be present in most eukaryotes. Ini-

tially, a transient [4Fe-4S] cluster is assembled on a

cytosolic hetero-tetrameric scaffold complex composed

of Cfd1 and Nbp35 (Hausmann et al., 2005; Netz et al.,

2007, 2012), where it is coordinated by the bridging of

two cysteine residues of Nbp35 to another two cysteines

on Cfd1. In addition, Nbp35 binds another stable [4Fe-

4S] cluster at its N terminus (Netz et al., 2012). The

transient cluster is then transferred to apoproteins with
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the assistance of the hydrogenase-like protein Nar1

(Balk et al., 2004) and the CIA targeting complex formed

by Cia1, Cia2 and MMS19 (Balk et al., 2005; Gari et al.,

2012; Luo et al., 2012; Stehling et al., 2012). Coprecipi-

tations and functional studies have revealed that the

Cia1, Cia2 and MMS19 components are dedicated to

the maturation of cytosolic and nuclear FeS proteins

involved mainly in DNA metabolism (Stehling et al.,

2012). Although a role of Cia2, a small protein contain-

ing the DUF59 domain with a highly conserved reactive

cysteine residue (Weerapana et al., 2010), in cluster

loading on a subset of cytosolic and nuclear Fe-S pro-

teins has been described (Stehling et al., 2012), its pre-

cise function remains unknown.

Furthermore, an electron transfer chain composed of

the NADPH-dependent diflavin oxidoreductase Tah18

and the Fe-S carrying Dre2 is required for the assembly

of the [4Fe-4S] cluster on Nbp35 (Zhang et al., 2008;

Netz et al., 2010). It was demonstrated that Tah18 ena-

bles electron transfer from NADPH to Dre2, from which

electrons are then transferred to Nbp35 (Netz et al.,

2010). Interestingly, several other alternative functions

unrelated to Fe-S cluster synthesis, such as the control

of mitochondrial integrity and cellular death (Vernis

et al., 2009), and nitric oxide synthesis (Nishimura et al.,

2013), as well as involvement in the synthesis of the

diferric-tyrosyl radical cofactor of ribonucleotide reduc-

tase (Zhang et al., 2014), were suggested for the Tah18

and Dre2 proteins in yeast. It is noteworthy that Tah18

is highly similar to cytochrome p450 reductase and

methionine synthase reductase, the shared features

being similar length, an NADP1 binding site and FMN

and FAD redox centers, with the latter containing the

CPR domain derived from the cytochrome p450

reductase-like domain (Netz et al., 2010; Jedelsky et al.,

2011). Moreover, this domain is also part of several

fusion proteins, such as nitric oxide synthase in metazo-

ans and pyruvate:NADP1 oxidoreductase (PNO) in vari-

ous protists (Rotte et al., 2001; Iyanagi et al., 2012).

In yeasts, human and plants, it has been shown that

Fe-S cluster formation via the CIA pathway is dependent

on the export of a still unknown sulfur-containing com-

pound likely generated in mitochondria by the ISC

machinery (Leighton and Schatz, 1995; Kispal et al.,

1999; Lange et al., 2001; M€uhlenhoff et al., 2004; Netz

et al., 2014). The Atm1 and Erv1 proteins located in the

inner mitochondrial membrane and the intermembrane

space, respectively, were implicated in the export of this

compound from the organelle (Kispal et al., 1999; Lange

et al., 2001). Additionally, thiol-containing glutathione, an

indispensable connection between the ISC and CIA

pathways (Sipos et al., 2002; Srinivasan et al., 2014), is

bound to Atm1 in the form of a cofactor and stimulates

its ATPase activity (Kuhnke et al., 2006; Srinivasan

et al., 2014). However, the exact mechanism of the

export across the two mitochondrial membranes of this

elusive sulfur-containing precursor required by the CIA

pathway remains unknown (Lill et al., 2015).

Although our understanding of the CIA machinery in

yeast, human and plant cells is increasing (Netz et al.,

2014), only very limited information is available about

how Fe-S clusters are assembled in the cytosol of

anaerobic protists. Several components of the CIA

machinery, such as Nbp35, Nar1, Cia1 and Cia2, are

highly conserved across eukaryotes (Basu et al., 2013;

Tsaousis et al., 2014), whereas Dre2 and Erv1 have

been proposed to be absent in anaerobes (Basu et al.,

2013). Moreover, although various anaerobic protists

possess proteins with a CPR domain, similar to Tah18,

their classification and functional characterization are

challenging, because knock-down techniques have not

typically been established for these organisms. Further-

more, human Tah18 protein was shown to interact with

cytochromes in vitro similarly to cytochrome p450 reduc-

tase (Olteanu and Banerjee, 2003), casting doubt over

the suitability of knock-in techniques to distinguish

between these two proteins. To identify the Tah18 homo-

logs, phylogenetic analysis was used to classify the

CPR domain-containing proteins, although in anaerobes

such as Blastocystis and Giardia resolution was limited

due to their extensive divergence (Tsaousis et al.,

2014).

As an adaptation to anaerobic environments and a

parasitic lifestyle, Giardia intestinalis, a member of the

phylum Metamonada, has reduced its mitochondria into

mitosomes (Tovar et al., 2003; Dole�zal et al., 2005). The

only pathway identified within this organelle to date is

ISC-mediated Fe-S cluster synthesis (Jedelsky et al.,

2011; Martincov�a et al., 2015). Furthermore, G. intesti-

nalis possesses a minimalistic nuclear genome with only

a few introns (Morrison et al., 2007), as well as simpli-

fied machineries for DNA replication, transcription, RNA

processing, and most metabolic pathways (Morrison

et al., 2007). The Atm1, Erv1 and Dre2 proteins are

prominently absent from the G. intestinalis genome,

whereas Nbp35, Nar1, Cia1 and Cia2 have been identi-

fied (Tsaousis et al., 2014). The CPR domain-containing

GiOR-1 and GiOR-2 proteins are putative orthologs of

Tah18 (Jedelsky et al., 2011; Basu et al., 2013; Tsaou-

sis et al., 2014). Interestingly, GiOR-1, a possible reduc-

tase of cytosolic b5 cytochromes (Pyrih et al., 2014),

was previously identified in the mitosome, whereas

GiOR-2 is associated with heretofore unidentified

vesicles (Jedelsky et al., 2011).

It is noteworthy that in G. intestinalis many proteins

are highly divergent (Morrison et al., 2007; Dagley et al.,

2009), which limits or even hinders homology searches

(Dagley et al., 2009; Martincov�a et al., 2015). However,
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related free-living metamonads, such as Trimastix or

Carpediemonas, tend to constitute shorter branches in

molecular phylogenies and consequently appear to be

less diverged and more suitable for this approach (Kol�ı-

sko et al., 2010; Takishita et al., 2012).

Here, we show that Tah18, Dre2, Erv1, Atm1 and

MMS19 are likely absent from metamonads, whereas

Cfd1 could not be identified by homology searches in G.

intestinalis and Spironucleus but is present in Carpedie-

monas and Trichomonas vaginalis. Moreover, we pro-

vide evidence that GiOR-1 and GiOR-2 likely perform

cellular roles unrelated to those of Tah18. The cytosolic

localization of Cia1, Nar1 and one paralog of Nbp35

was anticipated; however, the dual mitosomal and cyto-

solic localization of the other paralogs of Nbp35 and

Cia2 was surprising.

Results

CIA components in metamonads

We performed homology searches for the CIA compo-

nents in the genomes of metamonads G. intestinalis, T.

vaginalis and Spironucleus salmonicida and in the EST

data of other metamonads for which genomes are not

available. The Nbp35, Nar1, Cia1 and Cia2 genes were

present in all these protists (Fig. 1). The absence of

some of core components in Trimastix marina (isolate

PCT), Spironucleus vortens, Ergobibamus cyprinoides

and Carpediemonas-like organism (CLO NY171) is most

likely caused by insufficient sequence data coverage.

Dre2 and MMS19 are most likely absent in metamo-

nads, with the exception of a putative divergent MMS19

homolog in T. marina (Fig. 1). The Cfd1 protein is the

only CIA component that showed a varied distribution

across metamonads, as it was identified in T. vaginalis,

C. membranifera, CLO NY171 and Chilomastix cuspi-

data, whereas it could not be identified by homology

searches in G. intestinalis and S. salmonicida (Fig. 1).

Because the latter two genera are more derived (Takish-

ita et al., 2012), we propose that Cfd1 was present in

the ancestor of all metamonads and was possibly lost

only secondarily. Next, we searched for the CPR

domain-containing proteins, possible Tah18 homologs.

In addition to the GiOR proteins in G. intestinalis, similar

Tah18-like proteins were identified in Trepomonas sp.

(isolate PC1), Dysnectes brevis, and CLO NY171 (Fig.

1). Interestingly, in T. vaginalis, C. membranifera, T.

marina, and C. cuspidata, we were able to identify only

fusion genes of the CPR domain with hydrogenase. In

D. brevis, both genes carrying the fusion hydrogenase

and only the CPR domain are present. Although the

presence of ABC transporters similar to the ISC and

CIA linking proteins Erv1 and Atm1 was previously sug-

gested in the G. intestinalis mitosome (Jedelsky et al.,

2011), we were unable to identify any putative homologs

of these two proteins.

Localization of CIA pathway components in Giardia

In the G. intestinalis genome, Nar1, Cia1 and Cia2 are

encoded by single-copy genes, whereas Nbp35 is pres-

ent in three similar copies, herein labeled Nbp35-1,

Nbp35-2 and Nbp35-3. To investigate their subcellular

localization, all these CIA components were expressed

with a C-terminal HA-tag. In parallel, specific antibodies

against the HA-tag or target proteins were used for

immunofluorescence microscopy and probing of subcel-

lular fractions.

To corroborate the previously observed mitosomal

localization of the HA-tagged GiOR-1 (Jedelsky et al.,

2011), polyclonal antibody was raised against this pro-

tein. Indeed, all specific signals were localized in the

mitosomes (Fig. 2). Both immunofluorescence micros-

copy and western blot analysis of subcellular fractiona-

tion indicated cytosolic localization of Nar1, Cia1 and

Nbp35-3 (Fig. 2). Interestingly, immunofluorescence

Fig. 1. Distribution of CIA machinery components in metamonads
The complete CIA pathway is present in selected members of the
Kinetoplastea (Trypanosoma brucei, Bodo saltans) and
Heterolobosea (Naegleria gruberi) groups. In metamonads, this
pathway is reduced to a minimal set of proteins: Nbp35, Cfd1,
Nar1, Cia1 and Cia2. The presence of an ortholog in the genome
is denoted by black shading. The absence is indicated in white.
Gray indicates that the gene is absent in the available EST
database. For Tah18-like orthologs, the presence of similarly
organized proteins or fusion with a hydrogenase-like domain is
indicated by an asterisk or hash sign, respectively. Relationships
between different eukaryotic groups is based on the current
consensus (Takishita et al., 2012).
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analysis of Cia2 revealed its partial association with the

mitosomes (Fig. 2A), an observation further confirmed

by subcellular fractionation, which clearly localized a

portion of the Cia2 signal within the organellar fraction

(Fig. 2B). Moreover, protein protection assay using tryp-

sinization of the organellar sample revealed that Cia2 is

present inside of the organelles. Similarly, Nbp35-1 and

Nbp35-2 possess dual cytosolic and mitosomal localiza-

tion, as observed by immunofluorescence. Moreover, a

faint band and a barely detectable band corresponding

to Nbp35-1 and Nbp35-2, respectively, were associated

with the organellar fraction. However, following trypsini-

zation of the samples, both Nbp35-1 and Nbp35-2

bands were lost (Fig. 2B), similarly to the integral outer

mitosomal membrane marker protein Tom40, the cyto-

solic part of which was digested upon the addition of

trypsin (Martincov�a et al., 2015; Fig. 2B). This finding

suggests that both Nbp35-1 and Nbp35-2 most likely

have dual localization, being distributed in the cytosol

and associated with the outer mitosomal membrane.

Fig. 2. Subcellular distribution of CIA pathway components in G. intestinalis
A. Localization of proteins of CIA pathway in G. intestinalis using immunofluorescence microscopy. a-HA rat antibody was used to detect HA-
tagged proteins (green signal). Specific a-GiOR-1 rabbit and anti-Nbp35-1 rat polyclonal antibodies were used to detect GiOR-1 and Nbp35-1,
respectively, in wild-type cells. Grx5, Tom40 and IscU were used as markers for the mitosomal outer membrane and matrix, respectively. The
proteins were detected by polyclonal rabbit a-Tom40 and a-IscU antibodies. Nuclei were stained with DAPI (blue). DIC, differential interference
contrast.
B. Western blot analysis of subcellular fractions. The same primary antibodies indicated above were used. Trypsin treatment of the organellar
fraction is indicated by “1” (protein protection assay). LYS, cell lysate; CYT, cytosol; ORG, mitosome-containing organellar fraction.

704 J. Pyrih et al. �

VC 2016 John Wiley & Sons Ltd, Molecular Microbiology, 102, 701–714



The dual localization of Nbp35-1 was further confirmed

using the a-Nbp35-1 antibody (Fig. 2A). To address the

possibility of its interaction with mitosome-associated

CIA components, the localization of GiOR-1 was investi-

gated in greater detail. Together with the results from

immunofluorescence, a protease protection assay per-

formed using the a-GiOR-1 antibody convincingly

showed that GiOR-1 is an inner mitosomal protein (Fig.

2A and B).

Intramitosomal distribution of Cia2 and GiOR-1

No technique for mitosome subfractionation is currently

available. To better understand the exact topology of

Cia2 and GiOR-1 within the mitosome, an in vivo bioti-

nylation assay followed by precipitation of interacting

proteins, a technique recently established for G. intesti-

nalis (Martincov�a et al., 2015), was performed. Briefly,

the protein of interest is expressed as a fusion protein

with a biotin acceptor peptide (BAP) in a cell line coex-

pressing cytosolic biotin ligase (cBirA). cBirA biotinylates

BAP-tagged proteins that are in the cytosol as well as

proteins that are post-translationally targeted to mito-

somes (Martincov�a et al., 2015). Thus, the protein of

interest is biotinylated in vivo; the sample is treated with

dithiobis succinimidyl propionate (DSP), a membrane-

permeable cross-linking reagent; and the complex com-

posed of the protein of interest and its interacting part-

ners is purified using streptavidin-coupled magnetic

beads. The samples are washed under highly stringent

condition of 2% sodium dodecyl sulfate and analyzed by

mass spectrometry. The same procedure is performed

with wild-type Giardia and cells overexpressing BirA pro-

tein only, and proteins identified in these negative con-

trols are subtracted from the dataset that was obtained

with the lineage expressing BAP-tagged proteins (Sup-

porting Infromation Table S1).

The majority of the proteins identified upon the purifi-

cation of putative interacting partners of GiOR-1 are

homologs of mitochondrial matrix proteins (Fig. 3A).

These proteins are involved in mitochondrial protein

import and maturation (Hsp70, Hsp60, Tim44 and giar-

dial processing peptidase) or the ISC machinery (IscS,

Nfu and glutaredoxin 5).

In contrast, coprecipitation of Cia2 from the

mitosome-containing fraction did not reveal any known

mitosomal matrix proteins among its putative interaction

partners (Fig. 3B). However, all identified proteins were

previously found to coprecipitate with integral outer mito-

somal membrane proteins Tom40 and GiMOMP35

(Martincov�a et al., 2015; Fig. 3B). Together with the find-

ing that Cia2 is present within the mitosome (Fig. 2B),

the identification of its interacting partners strongly

points toward localization of the mitosomal fraction of

Cia2 in the intermembrane space.

Functional characterization of GiOR-1 and GiOR-2 in

Trypanosoma brucei

To functionally address the putative relatedness

between the GiOR and Tah18 proteins (GiOR-1, and

GiOR-2 displayed 17.5%, and 19% amino acid

sequence identities when compared with T. brucei

Tah18, respectively), the ability of both GiOR proteins to

rescue the Tah18-dependent activity in the CIA pathway

of T. brucei was tested. In the procyclic stage of T. bru-

cei, RNAi-mediated depletion of either TbTah18 or

TbDre2 did not result in a growth phenotype, likely

because of the insufficient downregulation of the target

protein (Basu et al., 2014). Nevertheless, the essential-

ity of these proteins in the CIA machinery was demon-

strated by the RNAi double knock-down of TbTah18 and

TbDre2 (Basu et al., 2014). The expression of HA-

tagged GiORs in T. brucei lacking both TbTah18 and

TbDre2 resulted in a slight rescue of the growth pheno-

type (Fig. 4A.). Taken together, growth of both rescue

cell-lines is ameliorated compared with that of the

TbTah18-TbDre2 double RNAi mutant line (the cumula-

tive density of the TbTah18-TbDre2 double RNAi-non-

induced strain was below 10 log cells/ml after 10 days

of RNAi induction, but for the GiOR-1 or GiOR-2 rescue

strains the growth attained 10 log cells/ml or above,

respectively) (Fig. 4A). Next, we wondered whether the

Fe-S cluster-dependent activity of a cytosolic enzyme

has been rescued by expression of the heterologous

protein from Giardia. For this purpose, the activity of the

cytosolic enzyme aconitase that carries [4Fe-4S] clus-

ters was measured following a protocol described else-

where (Long et al., 2011). Indeed, a strong rescue of its

activity was observed in trypanosomes expressing either

GiOR-1 or GiOR-2, where >50 or 40% revival was

achieved, respectively (Fig. 4B). As an internal control,

the measurement of mitochondrial aconitase activity

showed that in this cellular compartment it remained

unaffected (Fig. 4B).

The function of Tah18 is dependent on the interaction

with Dre2 within the same cellular compartment (cyto-

sol); however, in Giardia, GiOR-1 is present in mito-

somes, whereas GiOR-2 is in multiple vesicles of

unclear character (Jedelsky et al., 2011). Therefore, we

investigated localization of HA-tagged GiOR proteins in

T. brucei. Both proteins were present exclusively in the

cytosolic cellular fraction (Fig. 4C), which is in agree-

ment with their ability to partially complement the

TbTah18-TbDre2 double RNAi knock down. However,

the difference in the cellular localization of GiOR
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proteins between G. intestinalis and T. brucei is surpris-

ing. Particularly, the mode of the protein targeting to

mitochondria and mitosomes via N-terminal targeting

presequences have been shown to be conserved

(Dole�zal et al., 2005). In GiOR-1, there is not obvious

N-terminal targeting presequence (Jedelsky et al.,

2011), although PSORT II software predicted a putative

cleavage site for the mitochondrial processing peptidase

between 29th and 30th amino acid residues. Therefore,

we tested the cellular localization of the truncated

GiOR-1 with deleted 29 amino acid residues at the N-

terminus. The truncated GiOR-1 was associated with

mitosomes and significant part of the protein was found

inside of these organelles (Supporting Information

Figure S1). These results suggest that GiOR-1 is tar-

geted to the mitosomes via internal targeting signal,

which is not recognized in T. brucei.

Phylogeny-based classification of CPR
domain-containing proteins in metamonada

To assess the evolution of Tah18-like proteins in Meta-

monada, we performed a phylogenetic analysis using

the CPR domains of various proteins encoded by the

representatives of all eukaryotic supergroups. The phy-

logenetic analysis revealed that the Tah-18-like proteins,

including GiOR-1 and GiOR-2, clustered with the CPR-

hydrogenase fusion proteins of metamonads and

Fig. 3. Identification of GiOR-1 and Cia2 interacting proteins in mitosome.
A1. List of proteins coprecipitated with GiOR-1. GPP, Giardia processing peptidase; IscS, cysteine desulfurase; Thioredoxin red, Thioredoxin
reductase; S/T kinase, Serine/Threonine kinase. A2. A representative SDS-PAGE analysis of proteins coprecipitated with GiOR-1 is displayed.
GiOR-1 was biotinylated by cytosolic BirA (GiOR-1 BirA). wt, control sample of proteins precipitated from wild-type cells. Following SDS-
PAGE, the proteins were submitted to mass spectrometry.
B1. List of proteins co-precipitated with mitosomal biotinylated Cia2 protein. B2. Representative SDS-PAGE analysis of proteins coprecipitated
with biotinylated Cia2 (Cia2 BirA), and the control sample (wt).
TM, number of transmembrane domains predicted by TMHMM transmembrane prediction software; UP, number of unique peptides identified
by mass spectrometry analysis for a given protein. The presence of protein precipitated with GiOR-1 (A) and Cia2 (B) in the interactome of
Pam18, Tim44, Hsp70, Tom40, Momp35 (Martincov�a et al., 2015) and Cia2, and GiOR-1 (this study) is denoted in black; absence is indicated
in white. Acc. number, accession number according to GiardiaDB (giardiadb.org).
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Mastigamoeba balamuthi (N�yvltov�a et al., 2015),

whereas the Tah18 homologs in all other organisms

formed a distinct branch (Fig. 5).

The hydrogenase domain of the CPR-hydrogenase

fusion protein in T. vaginalis was suggested to corre-

spond to the hydrogenase-like protein Nar1 (Basu et al.,

2013). Indeed, similarly to Nar1, the T. vaginalis protein

possesses a mutated HC1 site for H-cluster binding and

therefore likely does not function as a standard hydro-

genase (Peters et al., 1998; Basu et al., 2013); however,

no corresponding phylogenetic analysis has been per-

formed to date. Therefore, we searched for the evolu-

tionary origin of the N-terminal hydrogenase-like domain

of the CPR-hydrogenase fusion proteins in metamo-

nads. The obtained results indicate that these proteins

are derived from hydrogenases and not from Nar1

(Supporting Information Figure S2). In contrast to the T.

vaginalis homologue, the motif for H cluster binding

(TSCCP) is present in CPR-hydrogenase fusion proteins

of other metamonads (Supporting Information Figure

S2).

Discussion

Distribution of CIA pathway components in metamonada

Searches for components of the CIA pathway in the

genomes of model excavate protists, such as T. brucei,

Naegleria gruberi and Bodo saltans, revealed a com-

plete set of proteins (Basu et al., 2014; Tsaousis et al.,

2014; Jackson et al., 2016; Fig. 1). In contrast, the

same search for CIA homologs in Metamonada, which

Fig. 4. GiOR rescue experiment in Trypanosoma brucei
A. Tah18 and Dre2 knock-down phenotype can be rescued by expressing GiOR-1 and GiOR-2 proteins. A. Growth of T. brucei RNAi cell lines
is partially rescued by expression of the GiOR proteins. The cumulative density of the cells is indicated by a solid line (non-induced) or broken
line (induced). I. The TbTah18-TbDre2 double RNAi strain presents a moderate growth effect upon RNAi induction. II & III. The double-RNAi-
generated growth effect is partially rescued by the GiOR1 and GiOR2 proteins, respectively. Standard deviations calculated for each time
point were below 60.5 log cell/ml.
B. Aconitase activity is restored in the cytosol of T. brucei RNAi cell lines upon expression of GiOR proteins. Measurement was performed
after 6 days of RNAi induction. % Activity expresses relative activity determined in RNAi induced cells when the activity in noninduced cells
have been set as 100%. Error bars represent standard deviation calculated from three independent experiments. TbTD, TbTah18-TbDre2
double RNAi inducible strain; CYT, cytosolic fraction; MIT, mitochondrial fraction.
C. Cellular localization of GiOR proteins in the TbTah18-TbDre2 double RNAi strain. HA-tagged GiOR proteins were detected in cellular
fractions using western blot analysis. Enolase, and mitochondrial Hsp70 were used as cytosolic, and mitochondrial marker proteins,
respectively. LYS, cellular lysate; CYT, cytosolic fraction; MIT, mitochondrial fraction.
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is a subgroup of Excavata, resulted in the identification

of only five of them (Nbp35, Cfd1, Nar1, Cia1 and Cia2;

Fig. 1). Except for the putative MMS19 of Trimastix,

Dre2 and MMS19 are likely absent from Metamonada, a

surprising finding for such a highly conserved and

essential group of proteins. It is noteworthy that Dre2 is

Fig. 5. Phylogeny of CPR domain containing proteins.
Maximum likelihood phylogeny of CPR domain containing proteins in eukaryotes. Numbers indicate statistical support in the form of bootstrap or PP
values. The scale bar represents the estimated number of amino acid substitutions per site. Only bootstrap support and PP values greater than 50 and
0.5, respectively, are shown. p450 reductase (p450R), methionine synthase reductase (MetSR) and nitric oxide synthase (NOS) form distant branches
of proteins. PNO, pyruvate NADP oxidoreductase; SR, Sulfite reductase alpha; CPR, CPR domain containing protein. Green indicates Viridiplantae, red
Opisthokonta, yellow the SAR (Stramenopila, Apicomplexa, Rhizaria) supergroup, brown Amoebozoa, and blue Excavata. The schematic domain
architecture for each protein group is displayed. PFOR, pyruvate:ferredoxin oxidoreductase domain; FMN, flavin mononucleotide binding domain; FAD,
flavin adenine dinucleotide binding domain; HYD, hydrogenase domain.
Minimal cytosolic iron-sulfur cluster assembly (CIA) pathway of G. intestinalis comprises of Nbp35, Nar1, Cia1 and Cia2 proteins whereas essential
electron donor Tah18/Dre2 complex, as well as Cfd1 and MMS19 seems to be absent in this parasite.
In addition to the cytosolic localization, Cia2 and Nbp35 are associated with mitosomes and might represent a novel connection between the mitosomal
FeS cluster assembly (ISC) and the CIA pathway.
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usually absent from anaerobes (Basu et al., 2013;

Tsaousis et al., 2014), and MMS19 has not been found

in various members of Stramenophila, Apicomplexa, Vir-

idiplantae and Microsporidia (Tsaousis et al., 2014).

Moreover, MMS19 is the only non-essential component

of the Arabidopsis thaliana CIA machinery (Han et al.,

2015). Because Dre2 was recently implicated in the

maturation of diferric-tyrosyl radical cofactor (Zhang

et al., 2014), we speculated whether the loss of Dre2 in

anaerobes was reflected in the absence of the RNR2

proteins. However, because we did not find such corre-

lation (Supporting Information Figure S3), it is unknown

how cofactor of RNR2 is assembled in anaerobes.

The patchy distribution of Cfd1 in Metamonada

implies multiple losses in G. intestinalis and S. salmoni-

cida (Fig. 1). Because in plants, which appear to lack

Cfd1, Nbp35 acts as a homodimer (Bych et al., 2008),

its similar function in these two metamonads is an inter-

esting possibility. Furthermore, two key components of

the mitochondrial export machinery, Erv1 and Atm1, are

also likely absent in Metamonada. The recent finding

that decreased enzymatic activities of cytosolic Fe-S

proteins in the Erv1 yeast mutant strain are likely

caused by glutathione depletion (Ozer et al., 2015)

questions the generally accepted role of Erv1 as a link

between the ISC and CIA pathways (Lill, 2009).

Because of its function as a cofactor of Atm1 (Sriniva-

san et al., 2014), the tripeptide glutathione (GSH) is

another putative player in cytosolic Fe-S synthesis

(Sipos et al., 2002). Interestingly, glutathione synthase

and glutamate cysteine ligase, two proteins required for

the synthesis of GSH, are present in the G. intestinalis

genome (Morrison et al., 2007). Additionally, in this pro-

tist, GSH was shown to be important for the stability of

glutaredoxin 5 (Rada et al., 2009). However, because

GSH-synthesizing enzymes and glutaredoxins are

absent from T. vaginalis and S. salmonicida (Carlton

et al., 2007; Xu et al., 2014), it is unlikely that GSH

plays any important role in the putative ISC and CIA

connection in metamonads. The absence of Atm1 in

these flagellates further supports this notion.

The CPR domain-containing proteins in metamonads

appear to be non-orthologous to Tah18 protein (Tsaou-

sis et al., 2014). We postulate that they actually evolved

from the CPR-hydrogenase fusion protein found in the

common ancestor of metamonads (Fig. 5). Indeed, a

similar scenario was proposed for GiOR-1 and GiOR-2

(Jedelsky et al., 2011; Pyrih et al., 2014), which cluster

with PNO and the a-subunit of sulfite reductase (a-SR),

the two of which are related proteins (Rotte et al.,

2001). Although a connection between GiORs and PNO

had previously been suggested (Tsaousis et al., 2014),

it lacked statistical support. The architecture of these

CPR-hydrogenase fusion proteins is unique for

metamonads. Despite its different origin, we cannot

exclude the possibility that GiOR proteins might be func-

tional Tah18 analogs in G. intestinalis. However, this is

rather unlikely as Tah18 related activity is dependent on

Dre2 (Netz et al., 2010), which seems to be absent in

metamonads. Interestingly, in a heterologous rescue,

the GiOR proteins were able to restore the Fe-S cluster

assembly in the Tah18-depleted procyclic stage of T.

brucei. We propose that this phenomenon reflects a

functional versatility of the CPR domain that enables

several proteins to reduce various electron acceptors,

such as Dre2, cytochrome p450 or methionine synthase

(Netz et al., 2010). Similarly, the previously reported

reduction of cytosolic cytochrome b5 by GiOR-1 (Pyrih

et al., 2014) appears to be nonphysiological because

GiOR-1 is localized inside the mitosomes. Furthermore,

artificial interaction with cytochromes was previously

described for the human Tah18 homolog (Olteanu and

Banerjee, 2003). Fe-S cluster assembly in mitosomes

that is mediated by ISC machinery requires supply of

electrons. Ferredoxin has been shown to be the main

electron donor for ISC components. However, the meta-

bolic source of electrons in mitosomes is unknown. We

can speculate that GiOR-1 is somehow involved in elec-

tron transport associated with the function of ISC

machinery. Previously, we tested an ability of GiOR-1 to

transfer electrons to ferredoxin; however, we did not

observe such an activity (Jedelsky et al., 2011). Thus,

the function of GiOR-1 remains unclear.

Intracellular localization of CIA components in

G. Intestinalis

All known components of the CIA pathway in G. intesti-

nalis are localized in the cytosol; however, Nbp35-1,

Nbp35-2 and Cia2 are also associated with the mito-

somes. Indeed, immunofluorescence microscopy shows

that both Nbp35 proteins exhibit dual cytosolic and mito-

somal localization. However, only a small portion of

each of them was found to be associated with the

organellar fraction, as revealed by cell fractionation. The

faint signal detected in the organellar fraction likely

resulted from a transient interaction between Nbp35 and

the mitosomes, which were disrupted during the fractio-

nation procedure and washing steps. A similar phenom-

enon was observed in the case of Dre2, which is found

throughout the cytosol as well as on the surface of yeast

mitochondria (Peleh et al., 2014).

To investigate the localization of Cia2 within the mito-

some in greater detail, putative interacting proteins were

subjected to precipitation, and the obtained lists of pro-

teins were compared with those co-precipitated with

other mitosomal proteins (Martincov�a et al., 2015). It is

CIA machinery in Giardia intestinalis 709

VC 2016 John Wiley & Sons Ltd, Molecular Microbiology, 102, 701–714



worth noting that the majority of proteins pulled down by

Cia2 were previously identified as partners of integral

outer mitochondrial proteins Tom40 and GiMomp35,

whereas only a slight overlap with lists of proteins

obtained via mitosomal matrix components GiOR-1,

Pam18 and Tim44 was observed (Martincov�a et al.,

2015). Combined, the data obtained from subcellular

fractionation and protease protection assay are compati-

ble with Cia2 being localized both in the cytosol and in

the intermembrane space of the mitosome.

Dual mitochondrial and cytosolic localization are not

unprecedented for the CIA components; they were pre-

viously reported for Tah18 and Dre2 in yeast (Banci

et al., 2011). Tah18 is relocated from the cytosol to

mitochondria upon the induction of oxidative stress con-

ditions (Vernis et al., 2009). A fraction of Dre2 is present

in the mitochondrial intermembrane space and in the

cytosol (Zhang et al., 2008; Banci et al., 2011), although

this distribution was recently questioned by Peleh and

colleagues, who suggested that the protein is present

on the surface of the outer mitochondrial membrane

(Peleh et al., 2014). Whether mitochondrion-localized

Tah18 and Dre2 play a role in the CIA pathway remains

to be established. However, the dual localization

reported herein for Nbp35 and Cia2 is novel. The

recently described connection between Cia2 and plant

mitochondria, reflected by unexpectedly reduced activity

of mitochondrial aconitase along with an expected

decrease in the activities of several Fe-S proteins in the

cytosol (Luo et al., 2012), may be particularly relevant in

this context. In fact, any mechanism linking Cia2 and

the ISC machinery remains unknown. The two human

Cia2 proteins have different functions. Whereas CIA2B

is responsible for the maturation of a wide range of

nuclear and cytosolic Fe-S proteins, CIA2A is dedicated

to the maturation of iron regulatory protein 1 (Stehling

et al., 2013). Homologs of both Cia2 variants are also

present in the T. brucei genome, but no information is

available regarding their function. It is tempting to spec-

ulate that G. intestinalis has solved the functional diver-

sification of Cia2 by dual localization.

Possible connection between ISC and CIA pathways in

G. intestinalis

In yeasts, plants and humans, the CIA pathway depends

on the mitochondrial ISC pathway (Leighton and Schatz,

1995; Kispal et al., 1999; Lange et al., 2001; M€uhlenhoff

et al., 2004). Although no data are available about such

connection in metamonads, the best studied excavate

protist T. brucei also appear to retain this arrangement

(Hor�akov�a et al., 2015). The ISC and protein import

pathways are the only known ones identified within the

G. intestinalis mitosome (Jedelsky et al., 2011;

Martincov�a et al., 2015). Counterintuitively, there is no

known putative Fe-S protein in the mitosome apart from

components of the ISC pathway itself, although several

novel proteins have been recently identified in this highly

reduced organelle (Martincov�a et al., 2015). Therefore,

one has to contemplate the possibility that the ISC path-

way mediates the formation of Fe-S clusters for the

extramitosomal targets. Cysteine desulfurases catalyze

the removal of sulfur from L-cysteine and are essential

for all Fe-S cluster assembly pathways (Netz et al.,

2014), yet they were not found in the cytosol of any

member of the Metamonada. Still, the activities of sev-

eral Fe-S containing enzymes were measured in the

cytosol of G. intestinalis (Townson et al., 1996; Emelya-

nov and Goldberg, 2011). Therefore, it is plausible that

in this group of diverged and reduced protists, the CIA

machinery depends on the mitosomal cysteine desulfur-

ase (Tachezy et al., 2001; Tovar et al., 2003). The exis-

tence of paralogs of scaffold proteins Nbp35 on the

surface of the mitosomes supports this assumption.

Whether in G. intestinalis Cia2 partially substitutes for

the function of the missing intermembrane space protein

Erv1 and the inner membrane internal protein Atm1 will

be the subject of future investigations.

In conclusion, our data suggest that G. intestinalis

belongs to a handful of eukaryotes with CIA machinery

lacking the electron donor complex Tah18/Dre2. More-

over, it is possible that this essential machinery is

dependent on the mitosomal ISC pathway, even in the

absence of the well-characterized Atm1 and Erv1 linker

proteins. We speculate that the scaffold proteins Nbp35-

1 and Nbp35-2 located on the surface of the mitosome

and the cluster delivery protein Cia2 in its intermem-

brane space might be components of this noncanonical

connection. Additional research will be needed to sup-

port or disprove this interesting possibility.

Experimental procedures

Cultivation and transformation of G. Intestinalis

Trophozoites of G. intestinalis strain WB (ATCC 30957)

were grown in TY-S-33 medium (Keister, 1983) supple-

mented with 10% heat-inactivated bovine serum (PAA Lab-

oratories), 0.1% bovine bile and antibiotics. For episomal

expression, the CIA genes (GiardiaDB gene ID:

GL50803_15324, GL50803_10969, GL50803_14604,

GL50803_33030, GL50803_17550, GL50803_8819) were

PCR-amplified and the amplicons were inserted into the

plasmid pTG3039 (Lauwaet et al., 2007), which was modi-

fied for the expression of proteins that contain the

C-terminal hemagglutinin (HA) tag (Martincov�a et al.,

2015). The cells were transformed and selected as previ-

ously described (Singer et al., 1998). Genes for co-
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precipitation experiments (GL50803_8819 and

GL50803_91252) were subcloned into pONDRA plasmid

with a C-terminal BAP and coexpressed with the cytosolic

BirA gene on pTG plasmid as previously described

(Martincov�a et al., 2015).

Immunofluorescence microscopy

G. intestinalis cells were fixed with 1% formaldehyde as

described elsewhere (Dawson et al., 2007). Proteins of

interest were stained for immunofluorescence microscopy

using a-HA tag rat monoclonal antibody (Roche). Addition-

ally, we raised a-GiOR-1 rabbit polyclonal antibody and

a-Nbp35-1 rat polyclonal antibody for the detection of

GiOR-1 and Nbp35-1 proteins. a-TOM40 rabbit polyclonal

antibody (Dagley et al., 2009) and a-Grx5 polyclonal rat

antibody (Rada et al., 2009) were used as mitosomal

markers. Alexa Fluor 488 (green) donkey a-rat and a-rabbit

antibodies and Alexa Fluor 594 (red) donkey a-rabbit and

a-rat antibodies (Invitrogen) were used as secondary anti-

bodies. Nuclei were stained with 4’,6-diamidin-2-phenylindol

(DAPI). The slides were examined using an Olympus IX81

microscope equipped with an MT20 illumination system,

and the images were processed using ImageJ 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 morpholinepro-

panesulfonic acid, pH 7.2) supplemented with protease

inhibitors (Complete EDTA-free Protease Inhibitor Cocktail;

Roche). The cells were disrupted by sonication (�15 3 1-s

pulses) at an amplitude of 40 (Bioblock Scientific Vibra-Cell

72405) and centrifuged twice at 2,750g for 10 min to

remove undisrupted cells. The supernatant was then centri-

fuged at 180,000g for 30 min to obtain the organellar frac-

tion. Proteins were detected using the same sets of

antibodies applied for immunofluorescence, and a signal

was developed using corresponding secondary antibodies

fused to alkaline phosphatase (Invitrogen). For protease

protection assay, the organellar fraction (2 mg/ml) in SM

buffer supplemented with protease inhibitors (Roche) was

incubated with trypsin (200 lg/ml) for 10 min at 378C.

Coprecipitation of in vivo biotinylated proteins and their
interacting partners

We used a strategy recently developed for the study of

mitosomal protein import machinery (Martincov�a et al.,

2015). Briefly, the organellar fraction (�10 mg) was resus-

pended in PBS (pH 7.4) at a final protein concentration of

1.5 mg/ml. The crosslinker DSP (Thermo Scientific) was

then added (final concentration 25 lM) and incubated for

1 h on ice. Following centrifugation at 30,000 3 g for 10

min at 48C, the resulting pellet was resuspended in boiling

buffer (50 mM Tris, 1 mM EDTA, 1% SDS, pH 7.4) and

incubated for 10 min at 808C. The obtained supernatant

was diluted 1:10 in incubation buffer (50 mM Tris, 150 mM

NaCl, 5 mM EDTA, 1% Triton X 100; pH 7.4) supplemented

with protease inhibitors. Then, 100 ll of streptavidin

coupled magnetic beads (DynabeadsVR MyOneTM Streptavi-

din C1, Invitrogen) was mixed with the sample and incu-

bated overnight at 48C with gentle rotation. The beads were

then washed in the following order (each step lasting 5

min): 3 times in incubation buffer, once in boiling buffer,

once in washing buffer (60 mM Tris, 2% SDS, 10% glyc-

erol) and twice in incubation buffer supplemented with 0.1%

SDS. Finally, proteins were eluted from the beads in SDS

PAGE sample buffer supplemented with 20 mM biotin for 5

min at 958C. The eluate was resolved by SDS PAGE and

stained with Coomassie brilliant blue. Separated proteins

were destained, trypsin digested and analyzed by mass

spectrometry. The same procedure was performed with

wild-type Giardia and cells overexpressing BirA protein

only, both used as negative controls.

Mass spectrometry

The trypsine digested proteins were loaded onto UltiMate

3000 RSLCnano system (Thermo Scientific - Dionex)

coupled to a TripleTOF 5600 mass spectrometer with a

NanoSpray III source (AB Sciex) for LC-MS/MS analysis.

The instrument was operated with Analyst TF 1.6 (AB

Sciex). TOF MS mass range was set to 350–1500 m/z, in

MS/MS mode the instrument acquired fragmentation spec-

tra within 100–2000 m/z. Spectra were searched against G.

intestinalis database (GiardiaDB 28, http://giardiadb.org/

giardiadb/), and the common contaminants database cRAP

(http://www.thegpm.org/crap/) with Mascot 2.2. The results

from Mascot were postprocessed with Percolator software

(http://percolator.ms/) and resulting datasets were evaluated

with the Scaffold software version 4.4.6 (Proteome Soft-

ware, Portland) using False Discovery Rate (FDR) set to

1% for peptide and protein. All proteins identified in the

negative controls (at least 95% protein identification proba-

bility) were subtracted from the dataset of immunoprecipi-

tated proteins. Only proteins with 100% protein

identification probability that were identified based on at

least two peptides were considered as putative interactive

proteins. The mass spectrometry proteomics data have

been deposited to the ProteomeXchange Consortium via

the PRIDE (Vizca�ıno et al., 2016) partner repository with

the dataset identifier PXD004722.

Bioinformatic analyses

To classify the copurified proteins, their amino acid sequen-

ces were analyzed by BLASTP against the NCBI nr data-

base and using the HHpred algorithm available at http://

toolkit.tuebingen.mpg.de/hhpred# (Soding et al., 2005). For

phylogenetic analysis of Nar1 and CPR domain-containing

proteins in eukaryotes, amino acid sequences were

retrieved from a non-redundant GenBank protein database.

EST sequences of various metamonads are available in

SRA ncbi database under accession ID PRJNA315708.

The sequences were aligned using the Mafft program
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(Katoh et al., 2002), and non-informative sites were

removed using BMGE software (Criscuolo and Gribaldo,

2010). The best substitutional model (LG 1 G4 1 I for both

analyses) was calculated using the IQ tree program

(Nguyen et al., 2015), and phylogenetic analysis was per-

formed using PhyML 3.0 (Guindon and Gascuel, 2003) and

MrBayes (Huelsenbeck and Ronquist, 2001). Support

values are shown next to the branches as the maximum-

likelihood bootstrap support (PhyML) or posterior probabil-

ities (MrBayes).

Rescue experiment in T. brucei

Procyclic T. brucei 29-13 were cultivated in SDM-79

medium (Carruthers and Cross, 1992) containing 10% fetal

bovine serum, 15 lg/ml of geneticin and 50 lg/ml of

hygromycin. The genes for GiOR-1 and GiOR-2 were

cloned into pABPURO vector possessing an HA3 tag. The

resulting GiOR-1-pABPURO and GiOR-2-pABPURO con-

structs were linearized using NotI and electroporated indi-

vidually into the TbTah18-TbDre2 RNAi double knock-down

PS cells (Basu et al., 2014) using a BTX electroporator, as

described elsewhere (Vondru�skov�a et al., 2005). Positive

transfectants were selected by clonal dilution using puromy-

cin as a marker. In the presence of puromycin (1 lg/ml),

RNAi was induced by the addition of tetracycline (1 lg/ml).

Cell densities were measured using a Beckman Coulter Z2

counter every 24 h over a period of 10 days after induction.

The cytosolic and mitochondrial fractions were obtained by

digitonin fractionation (�Sm�ıd et al., 2006). Aconitase activity

was in both subcellular compartments measured spectro-

photometrically at 240 nm via the production of cis-

aconitate from isocitrate (Long et al., 2011).
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