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Abbreviations  

 

ABCE1  ATP Binding Cassette E1 
Atm1  ABC Transporter, Mitochondrial 
BOLA3  bolA-like protein family 
BS   Bloodstream Stage 
Cfd1   Cytosolic Fe/S cluster Deficient 
CIA   Cytosolic Iron-sulfur protein Assembly 
Cox17/19  Cytochrome c Oxidase 
Dre2   Derepressed for Ribosomal protein S14 Expression 
EPR  Electron Paramagnetic Resonance 
Erv1   Essential for Respiration and Viability 
FAD  Flavin Adenine Dinucleotide 
Fe/S   Iron-sulfur 
FMN  Flavin Mononucleotide 
GFP   Green Fluorescence Protein 
Grx  Glutaredoxin 
HA   Hemagglutinin 
HCF101  High Chlorophyll Fluorescence 
Hep1   mtHsp70 Escort Protein 
Hot13  Helper Of Tim 
Hsp   Heat Shock Protein 
IBA57  Iron-sulfur cluster assembly factor for Biotin synthase and 

Aconitase-like mitochondrial proteins 
IMS Inter-membrane Space 
IND1    Iron-sulfur protein required for NADH Dehydrogenase 
IRP1/2  Iron Regulatory Protein 
ISC    Iron-Sulfur Cluster 
ISD11  Iron-Sulfur protein biogenesis, Desulfurase-interacting protein 
kDNA   Kinetoplastid DNA 
LGT   Lateral Gene Transfer 
Mge1   Mitochondrial GrpE 
MIA   Mitochondrial Intermembrane space Assembly 
Mms19  Methyl-Methanesulfonate Sensitivity 
mt   Mitochondrial 
NADP(H)  Nicotinamide Adenine Dinucleotide Phosphate 
Nar1   Nuclear Architecture Related 
Nbp35   Nucleotide Binding Protein 
Nfs1   NifS-like protein 
NFU1   NifU-like protein 
NIF    Nitrogen Fixation 
NTP  Nucleoside Triphosphate 
PNO  Pyruvate: NADP Oxidoreductase 
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PS   Procyclic Stage 
PTP   ProtC-TEV-ProtA 
RNAi   RNA interference 
SAM  S-adenosylmethionine 
SUF    Sulfur mobilization 
Tah18   Top1T722A mutant Hypersensitive 
TAP   Tandem Affinity Purification 
Tb   Trypanosoma brucei 
TET   Tetracycline 
TIM Translocase of the Inner Membrane 
VSG   Variant Surface Glycoprotein 
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Trypanosoma brucei, a unicellular protist and the model organism of this thesis, is the 

etiological agent of the human African sleeping sickness and nagana in livestocks. 

The available nuclear and mitochondrial genomes and an easy cultivation made this 

eukaryote a subject of many research studies, making use of several available tools of 

forward and reverse genetics.  

 The first part of the thesis deals with the characterization of the TbErv1-

associated mitochondrial import-export machineries of T. brucei. We showed the 

divergence of the mitochondrial intermembrane space, which is likely a consequence 

of the absence of the key player Mia40. It was demonstrated that TbErv1 is capable of 

passing electrons to both oxygen and cytochrome c. Additionally, a comparative 

genomics analysis indicated the conservation of proteins engaged in the delivery 

and/or assembly of the cytosolic Fe/S proteins in trypanosomatids (4. Published 

results, study # 1, Basu et al. 2013, Euk. Cell.). 

 The second part highlights the cytosolic iron sulfur protein assembly (CIA) 

machinery in T. brucei. This essential biosynthetic process is remarkably conserved in 

the studied protist. An extensive reverse genetic approach has been taken to 

characterize the early and middle parts of the pathway, for which RNAi depletion of  

one or two genes have been performed. The utility of the CIA electron transfer chain 

module containing TbTah18-TbDre2 has been demonstrated using spectroscopic 

studies. Moreover, in several cases, we have been able to complement yeast mutants 

expressing T. brucei proteins (4. Published results, study # 2, Basu et al. 2014 Mol. 

Microbiol.). 

 In the following part we studied the CIA targeting complex including three 

proteins, TbCia2A, TbCia2B and TbMms19. Interestingly, both TbCia2 proteins are 

essential in the bloodstream stage but not in the procyclic stage T. brucei. Besides, 

only TbCia2B could complement yeast Cia2 depleted mutants (5. Unpublished 

results, study # 1, Basu et al., in progress). 

 In the most current work of this thesis, we scrutinized the CIA pathway of 

Giardia intestinalis where some interesting deviation from the classical pathway have 

been observed. We expressed individually G. intestinalis-specific two Tah18-like 

proteins in T. brucei TbTah18-TbDre2 double RNAi knockdown cell line, which 

partially rescued its growth and cytosolic aconitase activity (5. Unpublished results, 

study # 2, Pyrih et al., in progress). 



Summary 
 

! 5 

  

 

 Finally, we characterized the T. brucei mitochondrial Hsp70 (mtHsp70) and 

its co-chaperone Hep1 and the nucleotide exchange factor Mge1. Being bot essential 

for the parasite, TbHep1 and TbMge1 were shown to prevent aggregation of 

TbmtHsp70 (5. Unpublished results, study # 3, Týč et al., in progress). 
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2.1. Trypanosoma brucei and African trypanosomiasis 

 

 Trypanosoma brucei, a protozoan parasite, belongs to the eukaryotic 

supergroup Excavata, kingdom Euglenozoa.  Trypanosomes are placed under 

Kinetoplastea which obtained its name from kinetoplast, the mass of DNA located 

within the single mitochondrion of these parasitic protists (Lukeš et al., 2014).  

 T. brucei is the causative agent of the human African trypanosomiasis, 

colloquially known as sleeping sickness, and nagana in cattle (Barrett et al., 2003). 

There are three different T. brucei subspecies that cause disease in mammals. T. b. 

gambiense is the causative agent of West African Sleeping Sickness, a chronic disease 

prevalent in west and central Africa, whereas T. b. rhodesiense causes the East 

African Sleeping Sickness, an acute and virulent form prevalent in eastern parts of 

Africa (Gibson, 1986). The third subspecies, T. b. brucei, is prevalent throughout sub-

Saharan Africa. It is susceptible to trypanosome lytic factor, and thus does not affect 

humans (Vanhamme et al., 2003), yet it is responsible for deadly nagana in cattle and 

other larger animals (http://www.who.int). Transmission of all subspecies occurs via 

the bite of an infected tsetse fly (Glossina spp.), a blood-sucking insect vector that 

principally populates woodland and savannah zones. 

 The human African trypanosomiases are traced mostly in poor populations 

existing in remote rural areas of sub-Saharan Africa. The disease, commonly fatal if 

untreated, is infrequent in urban regions of countries endemic for the disease. Before 

2005, approximately 50,000 to 70,000 new infections occurred in Africa each year. 

However, the annual reported cases dropped below 10,000/year for the first time in 50 

years, as a result of the persistent control endeavors by the WHO. Current control 

tools and strategies adopted by WHO have demonstrated to be effective in gradually 

reducing prevalence by 75% since 2000 (WHO report, Geneva 2012). Still, many 

cases remain undiagnosed or unreported, so the actual number of new cases is 

certainly significantly higher than the record.  
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2.1.1. Life cycle of T. brucei 

 

 Trypanosoma brucei undergoes an intricate life cycle comprised of many 

developmental stages while alternating between the mammalian and the insect hosts 

(Fig. 1). Infectious non-proliferative metacyclic trypanosomes residing in the salivary 

gland of the tsetse fly are introduced into the mammalian bloodstream during a blood 

meal, where they transform into the proliferative long slender trypanosomes, which 

are commonly called as the bloodstream stage (BS). The metacyclic form is pre-

adapted for survival in the mammalian host in that it already expresses the surface 

coat with variant surface glycoprotein (VSG), which is periodically altered by means 

of a process called antigenic variation.  This phenomenon allows the flagellates to 

escape the mammalian host’s immune system (Pays et al., 2004). When the parasites 

reach their maximum density, they are believed to secrete a Stumpy Induction Factor 

which stimulates differentiation into the non-proliferative short stumpy form 

(Vassella et al., 1997). The BS subsequently differentiates into a non-dividing stumpy 

form, which can be transmitted to the tsetse fly during a successive blood meal 

(Matthews, 1999). In the tsetse fly midgut, the stumpy form differentiates into the 

procyclic stage (PS), which multiplies expressing a protective protein surface coat 

consisting of procyclin (Stebeck and Pearson, 1994). Following the differentiation 

into epimastigotes, they multiply in the salivary gland of tsetse fly. Conclusively, the 

epimastigotes differentiate into the infective metacyclic form, thus completing the life 

cycle (Matthews, 2005).  

 



 Overview
! ! !

 

! 9 

      
Figure 1: Life cycle of Trypanosoma brucei. The life cycle initiates through a blood 

meal when the tsetse fly injects the infectious metacyclic trypomastigotes into the 

mammalian host’s (here human) bloodstream. Further it is transformed into the 

proliferative bloodstream trypomastigotes (BS). Bloodstream trypomastigotes then 

multiply in the host body fluids. Afterwards, they transformed into the non-dividing 

stumpy form which is later taken up by the tsetse fly in a successive blood meal. In the 

insect host’s midgut they are transformed into the dividing procyclic trypomastigotes 

(PS). Subsequently, PS trypomastigotes alter into epimastigotes and enter the salivary 

gland of the vector. In the salivary gland epimastigotes multiply and give rise to the 

metacyclic trypomastigotes, prepared for the following blood meal to be injected into 

the host bloodstream. (Source: CDC) 

 

2.1.2. Morphology of T. brucei  

 

 T. brucei contains all main organelles like a characteristic for a typical 

eukaryotic cell, such as a nucleus, endoplasmic reticulum, golgi apparatus and a 

single mitochondrion (Matthews, 2005) (Fig. 2). The kinetoplast DNA which is a 

characteristic feature of this group of protists is situated within the mitochondrion 

near the basal body, which is part of the flagellum (Matthews, 2005). The parasite’s 

motility is achieved by a single flagellum, most of which is attached to the cell body 

by an undulating membrane, which increases its motility in the mammalian 

6 
 

 

Figure 2: Life cycle of Trypanosoma brucei (Source: CDC). The life cycle of 

T.brucei start from a blood meal containing infectious metacyclic trypomastigotes 

token by tsetse fly. The metacyclic trypomastigotes were injected to host bloodstream 

and transform to bloodstream trypomastigotes. Bloodstream trypomastigotes then 

multiply  in  various  host  body  fluids  and  enter   the  tsetse  fly’s  midgut  with  procyclic  

trypomastigotes after taking a blood meal. After procyclic trypomastigotes multiply 

in the tsetse  fly’s  midgut,  they  transform  to  epimastigotes  and  enter  salivary  gland.  In  

salivary gland epimastigotes multiply and transform into metacyclic trypomastigotes 

which is ready for the next meal to inject into host bloodstream.  
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bloodstream. The flagellum is supported by the paraflagellar rod, another 

characteristic feature of kinetoplastid flagellates (Maga and LeBowitz, 1999). The 

cytoskeleton is composed of subpellicular microtubules, which run the length of the 

organism just under the cell surface (Vedrenne et al., 2002). Furthermore, T. brucei 

contains glycosomes, peroxisome-like organelles, which function in several cellular 

processes including glycolysis and purine salvage (Parsons et al., 2001).  

 

              

 
Figure 2: Morphology of T. brucei [Source: (Matthews K.R, 2005)] 

 

 

2.1.3. T. brucei: a model organism, fascinating in its own right 

 

 Overall, protozoan model organisms are employed in various investigations, 

solving some key biological questions (Montagnes et al., 2012). The main reason to 

study trypanosomes lies in their medical and economical importance, which is also 

true for other protozoan pathogens, such as Leishmania and Plasmodium. Apart from 

that, T. brucei stands out to an unusually high number of unique features, like 

polycistronic transcription and trans-spliced maturation of mRNA, mitochondrial 

RNA-editing, antigenic variation, or the unique organelle glycosome (Johnson et al., 

1987; Sutton and Boothroyd, 1986; Benne, 1994; Barry and McCulloch, 2001; 

Michels et al., 2006). 

 Along with two other related pathogenic trypanosomatids (Leishmania major 

and Trypanosoma cruzi), the genome of T. brucei has been sequenced almost a 

285Trypanosome cell biology

surface VSG pool turns over entirely within 12 minutes despite
the flagellar pocket occupying only 5% of the cell surface area;
Engstler et al., 2004). Endocytosis of the VSG and other
molecules in the flagellar pocket is clathrin dependent: RNAi
directed against the clathrin heavy chain causes rapid death of
cells after massive enlargement of the flagellar pocket (Allen
et al., 2003). A similar phenotype is seen when actin is targeted
by RNAi in bloodstream forms, implicating this protein in
endocytosis and intracellular trafficking (Garcia-Salcedo et al.,
2004). Endocytosis in procyclic cells occurs at a lower rate, but
is also clathrin dependent (Allen et al., 2003; Hung et al.,
2004). Interestingly, however, RNAi directed against actin is
not lethal in this life cycle stage (Garcia-Salcedo et al., 2004).

The small size of the trypanosome, its high rate of trafficking
of GPI-anchored VSG to the surface and the concentration of
the endocytic apparatus into the posterior end of the cell have
made bloodstream forms an excellent system for analysis of
protein trafficking using fluorescence and electron microscopy.
Moreover, the single Golgi stack of the parasite and its
restricted positioning between the nucleus and flagellar pocket
has enabled T. brucei to become a model for the biogenesis of
this organelle in eukaryotes. Thus, He et al. have derived a new
marker for the T. brucei Golgi (TbGRASP) similar to
mammalian GRASP-55 and used a photobleaching approach
to demonstrate that, during cell division, the new Golgi forms
de novo from material sourced directly from the old Golgi,
rather than from the ER (He et al., 2004).

The motility of the trypanosome is dependent upon its single
flagellum, which has a conventional axonemal structure plus
an associated paraflagellar rod (Vaughan and Gull, 2003). This
is a semi-rigid structure found in the kinetoplastids and
euglenoids that contributes to parasite motility (Bastin et al.,
1998), perhaps assisting trypanosome flagellar beat efficiency
in the viscous mammalian bloodstream. Trypanin (Hutchings
et al., 2002), a trypanosome protein related to a subunit of the
dynein motor regulatory complex (PF2 in Chlamydomonas and
Gas11/Gas 8 in mammalian cells), also contributes to motility
(Rupp and Porter, 2003). Trypanin contains a microtubule-
binding domain and appears to stabilize the interaction
between the flagellum and the subpellicular cytoskeleton, in a
region called the flagellum-attachment zone (Kohl et al., 1999).
This binding seems to impart directional motility on the
parasite, since RNAi directed against trypanin causes
uncontrolled tumbling, which contrasts with the paralysis
induced by disruption of the paraflagellar rod. As well as
assisting an understanding of motility, the study of flagellar
proteins is also proving valuable for the dissection of the
intraflagellar transport machinery, for which the tools available
for gene function analysis make T. brucei an excellent model
(Ersfeld and Gull, 2001; Kohl et al., 2003).

During cell division, the growing daughter flagellum
precisely tracks the old flagellum, such that structural
information is transferred from the old to the new flagellum
through a novel example of cytotaxic inheritance (Moreira-
Leite et al., 2001). This information is imparted through the
flagellar connector, a mobile structure that connects the tip of
the new flagellum with three of the doublet microtubules of the
axoneme of the old flagellum (Briggs et al., 2004). Although
it is apparently fundamental to the division of the procyclic
form, there is no evidence for the existence of a flagellar
connector in the bloodstream stage of T. brucei, nor is any

related structure obvious in other kinetoplastids (Briggs et al.,
2004). This surprising finding highlights very basic differences
in cell-cycle control for different life cycle stages of
trypanosomes. Perhaps the procyclic trypanosome population
can afford fewer mistakes in cell division as it struggles to
establish a foothold in the tsetse fly.

The trypanosome flagellum originates in a basal body that
is, in turn, linked through the mitochondrial membrane to the
mitochondrial genome, which comprises a mass of catenated
DNA termed the kinetoplast. The kinetoplast and basal body
are linked by a tripartite attachment complex that must traverse
both the cell and the mitochondrial membranes (Fig. 3)
(Ogbadoyi et al., 2003). This comprises a series of filaments
providing guide ropes through which mitochondrial genome
segregation is linked to replication and segregation of the basal
body and flagellum. This, in turn, is linked to the microtubule
cytoskeleton, such that drugs that disrupt the cytoskeleton
prevent both basal body and kinetoplast segregation (reviewed
by Gull, 2003).

The mitochondrion itself is a single elongated structure that
runs from the posterior to the anterior of the cell. In
bloodstream forms, the mitochondrion is a simple tubular
structure devoid of cristae. This reflects the absence of
mitochondrial respiration during this stage, energy generation
being dependent on glycolytic reactions compartmentalized
within specialized organelles termed glycosomes (Parsons,
2004). However, the procyclic form does not have the luxury
of blood glucose as an abundant energy source and has a highly
active mitochondrion. This is atypical in that an
acetate:succinate CoA transferase and succinyl-CoA
synthetase cycle is present (Bochud-Allemann and Schneider,
2002; van Weelden et al., 2003), in addition to the components
of the Krebs cycle and the electron transport chain.
Acetate:succinate CoA transferase, which also operates in the
anaerobic mitochondria of some metazoa and anaerobic
protists but not mammals, generates ATP by the conversion of
acetyl coA to acetate. As in the case of other single-copy
organelles, the mitochondrion must segregate with fidelity
during cell division, and one contributor to this appears to be
a dynamin-like protein (TbDLP), which is involved in the

Fig. 2. Trypanosome cell architecture. A simplified representation of
the location of the major structural features of the trypanosome cell.
A cutaway section towards the anterior of the cell shows the
microtubule cytoskeleton underlying the cell membrane. For more-
detailed images of the trypanosome cell, the reader is referred to
recent articles (Grunfelder et al., 2003; Overath and Engstler, 2004;
Vaughan and Gull, 2003).
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decade ago and is now accessible as the TriTryp database (Aslett et al., 2010). The 

sequenced genome not only helps us to perform comparative studies among 

kinetoplastids but opens door to clarify broad biological queries involving proteomics 

and transcriptomics (Butter et al., 2013; Kolev et al., 2010).  

 Several molecular tools are available to experimentally define trypanosome 

biology (Table 1). Specifically, T. b. brucei strain is commonly used as a model 

organism in laboratory. Inducible RNAi ablates target mRNA (Djikeng et al., 2004), 

whereas GFP-fusion techniques are instrumental for subcellular localization of 

proteins (Kelly et al., 2007). The cell lines that are generally used for RNAi 

generation and ectopic copy expression are the strain 29-13 of PS and the strain Lister 

427 (cell line 90-13) of BS, expressing T7 polymerase for transcription and the TET 

repressor for regulation (Wirtz et al., 1999). Established affinity purification methods 

by means of TAP or PTP tag followed by mass-spec analysis have been utilised to 

identify protein-protein interactions (Panigrahi et al., 2009; Schimanski et al., 2005).  

 

 
Molecular tools References 

Epitope-tagging (e.g. TAP, PTP, FLAG, GFP 

and YFP) and gene deletion using 

homologous recombination 

(Kelly et al., 2007), (Schimanski et al., 2005), (Lee 

and Van der Ploeg, 1990), (ten Asbroek et al., 

1990), (Bastin et al., 1996) and (Arhin et al., 2004) 

Regulated gene expression using Tetracyclin 

repressor and T7 RNA polymerase 

(Wirtz et al., 1999) and (Wirtz and Clayton, 1995) 

RNAi, genome-wide RNAi screening (Ngô et al., 1998), (Englund et al., 2005) and 

(Alsford et al., 2011) 

Fluorescence in situ hybridization (Ersfeld and Gull, 1997) 

Affinity purification (Schimanski et al., 2005), (Acestor et al., 2011) 

and (Morriswood et al., 2013) 

Chromatin immunoprecipitation (ChIP) (Siegel et al., 2009) and (Tiengwe et al., 2012) 

Live-cell imaging (Price et al., 2010) and (Huang et al., 2014) 

 
Table 1: Molecular tool-kit available for T. brucei [Adapted from: (Akiyoshi and Gull, 2013)] 
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2.2. Biochemical attributes of mitochondrial intermembrane space  

 

 Almost all eukaryotic proteins are synthesized in the cytosol and 

subsequently targeted to specific organelles.   Mitochondria contain four different 

sub-compartments; outer membrane, intermembrane space, inner membrane space 

(IMS) and mitochondrial matrix.  Consequently, a dedicated import system ensuring 

the accurate mitochondrial protein translocation is required. The IMS organizes 

multiple crucial cellular functions, including the exportation of ATP (produced by 

oxidative phosphorylation), or the enigmatic compound ‘X’ to cytoplasm (see 

section 2.3.1.A); IMS also contains cytochrome c, an essential component of the 

electron transport chain. Furthermore, IMS accommodates small conserved cysteine-

rich proteins with signature twin CX3C or twin CX9C motifs (here, X represents 

non-cysteine amino acid residues) (Stojanovski et al., 2008b). Proteins of this family 

include Cox17 and Cox19 (cytochrome c oxidase accessory factors) or small TIM 

(translocase of the inner membrane) chaperone family.  

 Import of the bulk of soluble IMS proteins including the above mentioned 

twin CX3C or twin CX9C family proteins is assisted by the mitochondrial 

intermembrane space assembly (MIA) pathway (Fig. 3), a process associated with the 

oxidative folding of the proteins.  The key players involved in this process are Mia40 

and the sulfhydryl oxidase Erv1 (Allen et al., 2005).  

 

2.2.1. The mitochondrial intermembrane space assembly pathway 

 The Mia40 protein possesses a structural helix-loop-helix motif with two 

stabilizing disulfide bonds and a redox-active CPC motif (Kawano et al., 2009). First, 

the incoming IMS precursors communicate with Mia40 via a transient intermolecular 

disulfide bond (Fig. 3). MIA substrates of twin CX3C and twin CX9C family contain 

a MISS/ITS motif, which is recognized by the Mia40 followed by the formation of the 

disulfide bonded Mia40-substrate intermediate via the CPC motif (Stojanovski et al., 

2008b). The formation of the disulfide bonded intermediate prevents the backsliding 

of the immature substrate back to the cytosol ensuring the following steps (Banci et 

al., 2010). Erv1 liaises with Mia40 in the transfer of disulfide bonds to the substrates. 

Erv1 associates with Mia40 and the substrate forming a transient ternary complex, 
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establishing multiple disulfide bonds (Stojanovski et al., 2008a). Upon 

accomplishment of disulfide exchange, substrates are released in an oxidized state 

qualified of assembly into mature complexes (Müller et al., 2008). The oxidation of 

mitochondrial intermembrane space substrate proteins causes the reduction of 

cysteine residues in the CPC motif of Mia40. For the reoxidization of cysteine 

residues, Erv1 receives electrons from Mia40 by guaranteeing its activation for a 

subsequent round of the substrate-importing assembly pathway (Grumbt et al., 2007). 

Erv1 allocates electrons via cytochrome c to the respiratory chain, and hence to 

oxygen (Dabir et al., 2007). In addition to key components Mia40 and Erv1, another 

IMS protein called Hot13, a cysteine-rich protein competent of chelating zinc ions, 

has been proposed to play a role in the biogenesis of the IMS proteins (Mesecke et al., 

2008).  

 Remarkably, T. brucei lacks Mia40 in its genome (Basu et al., 2013). This 

divergence from the prototypical situation leads to a hypothesis that in 

trypanosomatids import and oxidative folding of cysteine-rich proteins in the 

mitochondrial IMS of the primordial eukaryotes occurred in the absence of a Mia40-

type protein, but was reliant on a functional Erv1 orthologue (Allen et al., 2008).  
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Figure 3: MIA pathway facilitated oxidative biogenesis of the IMS substrate proteins [Source: 

(Stojanovski et al., 2012)] 

 

 

 

 
presence of the physiological concentrations of glutathione, an abundant
peptide responsible for maintaining the redox potential in cellular
compartments [51]. Glutathione creates a reducing environment,
therefore the observation that it actually improved protein oxidative
biogenesis in mitochondria was counterintuitive at the first glance.

It appeared that, at least in vitro, Mia40 has a tendency to form
unproductive intermediates with its substrates that are difficult or
impossible to resolve. Glutathione was demonstrated to decrease the
amount of off-pathway intermediates, thus performing a proof-reading
function during disulfide transfer [51].
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1146 D. Stojanovski et al. / Biochimica et Biophysica Acta 1823 (2012) 1142–1150
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2.3. Iron-sulfur clusters 

 Iron-sulfur (Fe/S) clusters are simple and evolutionary ancient inorganic 

cofactors accomplishing versatile functions in all three realms of life, i.e. archaea, 

bacteria and eukaryotes (Lill and Mühlenhoff, 2005). The dependence of numerous 

crucial cell functions on Fe/S clusters fosters the ‘Fe/S world theory’, where Fe/S 

mineral surface was hypothesized to be the catalyzer of maiden biochemical reactions 

(Wächtershäuser, 2000).  

 The Fe/S clusters were discovered by Helmut Beinert et. al in the 1960s by 

means of spectroscopic and analytical approaches (Beinert et al., 1997). In addition to 

their fundamental role as electron transporters in respiration, they are engaged in 

several essential cellular processes that include cofactor biosynthesis, amino acid 

synthesis, tRNA modification, iron homeostasis, gene expression, ribosome 

biogenesis and nucleic acid metabolism (Fig. 4) (Lill and Mühlenhoff, 2008). 

 Basic structures of Fe/S clusters are the rhombic [2Fe-2S] cluster and the 

cubane [4Fe-4S] cluster (Beinert et al., 1997). Upon the loss of an iron ion, the less 

common [3Fe-4S] cluster is also viable. In proteins, the cluster is usually coordinated 

by cysteine thiol groups, although other amino acids like histidine, arginine and serine 

also could assist the same function. Apart from these rudimentary forms of Fe/S 

clusters, there are other more complex structures, for example P-cluster of nitrogenase 

(Rees et al., 2005). 

Figure 4: Fe/S cluster coordinating eukaryotic proteins and there roles [Source: (Lill and 

Mühlenhoff, 2008)] 

ANRV345-BI77-27 ARI 6 May 2008 15:33

Mitochondrion
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Figure 1
Functions and localization of Fe/S proteins in eukaryotes. Eukaryotic Fe/S proteins
are localized in mitochondria, cytosol, and nucleus. Representative functions of selected Fe/S proteins
(names in parenthesis) in their respective compartments are indicated. The names usually represent the
abbreviations from the yeast Saccharomyces cerevisiae. Fe/S proteins essential for yeast viability are indicated
in red. Fe/S proteins present in fungi, such as S. cerevisiae only, are presented in black. Some Fe/S
proteins (depicted in capital letters) are present in higher eukaryotes only. Abbreviations: Aco1, aconitase;
Bio2, biotin synthase; Ecm17, sulfite reductase β-subunit; Elp3, elongator protein 3; Glt1, glutamate
synthase; GPAT, glutamine phosphoribosylpyrophosphate amidotransferase; IRP1, iron regulatory
protein 1; Leu1, isopropylmalate isomerase; Lip5, lipoate synthase; Lys4, homoaconitase; mitoNEET,
putative mitochondrial outer membrane Fe/S protein; MOCS1A, molybdenum cofactor synthesis protein
1A; Nar1 and Nbp35, members of the CIA machiery; Ntg2, DNA glycosylase 2; Pri2, primase 2; Rad3,
DNA helicase; Rli1, RNase L inhibitor; SPROUTY, inhibitor of receptor tyrosine kinase signaling;
Tyw1, tRNA wybutosine thio modification protein; XOR, xanthine oxidoreductase; Yah1, ferredoxin.

SAM: S-adenosyl-
L-methionine

Yah1 in yeast), which also can be found in
bacteria. Complex I of bacteria contains nine
Fe/S clusters and that of eukaryotes eight Fe/S
clusters, which are bound to domains exposed
to the cytosol or mitochondrial matrix, re-
spectively (30, 31). Complex II possesses three
Fe/S clusters of the [2Fe-2S], [3Fe-4S], and
[4Fe-4S] type (32). Complex III harbors the
Rieske [2Fe-2S] cluster in which the Fe ions
are coordinated by two cysteine and two histi-
dine residues. Other mitochondrial Fe/S pro-
teins include the two radical S-adenosyl-L-
methionine (SAM) proteins biotin synthase
(Bio2) and lipoate synthase (Lip5) of fungi.

A recently identified matrix Fe/S protein is
MOCS1A, involved in the synthesis of pre-
cursor Z required for molybdenum cofactor
biosynthesis (33). Most of the mitochondrial
Fe/S clusters face the matrix space. A no-
table exception is the Rieske Fe/S protein
Rip1, which exposes its [2Fe-2S] cluster to-
ward the intermembrane space (Figure 1).
A recently identified Fe/S protein termed
mitoNEET is associated with the outer face
of the mitochondrial outer membrane, yet
its physiological function and the role of the
redox-active [2Fe-2S] cluster are still unclear
(34).

672 Lill · Mühlenhoff
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 Eukaryotic Fe/S cluster-coordinating proteins are localized in the 

mitochondria, plastid, cytosol and nucleus. Unequalled to their structural simplicity, 

Fe/S clusters are assembled and inserted into apo-proteins in an exceptionally 

complex biosynthetic process. There is no central Fe/S cluster biosynthetic 

machinery, although different specialized machineries have evolved depending on the 

cellular compartment. At least four different biosynthetic systems are involved in 

Fe/S cluster synthesis and assembly, namely, NIF (nitrogen fixation), SUF (sulfur 

mobilization), ISC (iron-sulfur cluster assembly) and CIA (Cytosolic iron-sulfur 

protein assembly) machinery. The biogenetic process is remarkably complex and the 

ascertained participation of some 30 proteins in eukaryotes is a result of extensive 

research (Lill and Mühlenhoff, 2008; Lill, 2009). Mitochondrial Fe/S proteins require 

the ISC assembly machinery, inherited from an α-proteobacterial endosymbiotic 

ancestor; on the other hand the SUF system is confined to plastids (Balk and Pilon, 

2011). The indispensability of the ISC machinery is demonstrated by the presence of 

this system in species with mitochondrion-derived organelles, such as 

hydrogenosomes and mitosomes of Trichomonas vaginalis and Giardia intestinalis, 

respectively (Tachezy et al., 2001; Tovar et al., 2003). However, several eukaryotes 

have been shown to feature divergent status quo. Entamoeba histolytica and 

Mastigamoeba balamuthi are entirely devoid of the ISC system, although they 

possess a NIF-related Fe/S biogenesis machinery acquired from ε-proteobacteria via 

lateral gene transfer (LGT) (van der Giezen et al., 2004; Nývltová et al., 2013). More 

recently, Pygsuia biforma, a free-living anaerobic amoeboid, was demonstrated to 

express duplicated methanomicrobiales/Blastocystis-like SUF system acquired via 

LGT (Stairs et al., 2014). 

 The maturation of cytosolic and nuclear Fe/S proteins also depends on the 

function of the ISC machinery, although it also requires the dedicated mitochondrial 

ISC export apparatus and the CIA machinery (Netz et al., 2013). The connection 

between these two systems is the mitochondrial ISC export machinery (Kispal et al., 

1999; Lill, 2009). 

 

 

 

 

 



 Overview
! ! !

 

! 17 

2.3.1. Fe/S protein biogenesis 

 This dissertation is focused primarily on the T. brucei ISC export machinery 

and CIA machinery. Keeping that in mind, a brief introduction to these two 

machineries follows. T. brucei-specific ISC, ISC-export and CIA machineries have 

been elucidated exclusively in the section 3. Review articles.  

 

2.3.1.A.  ISC export machinery  

  The nucleus and cytosol accommodate numerous Fe/S proteins (Fig. 4 and 

table 3), which are indispensable for viability and are connected to crucial metabolic 

functions. Alongside the eukaryote-only CIA machinery dedicated to the maturation 

of extra-mitochondrial Fe/S proteins, they require an unknown sulfur-moiety ‘X’ from 

mitochondria (X-S in Fig. 5). CIA functionality closely depends on Nfs1 (cysteine 

desulfurase) localized in the mitochondria (Kispal et al., 1999). The involvement on 

Nfs1 advocates that the unknown compound is sulfur containing, but it remains to be 

elucidated whether a simple persulfide, a cluster or a dedicated co-factor is exported 

for CIA functionality. The enigmatic compound ‘X’ is transported to the cytosol by 

the mitochondrial inner-membrane transporter Atm1, an ATP-binding cassette 

transporter (Kispal et al., 1999). Recently, the crystal structures of free and 

glutathione-bound yeast Atm1 have been reported (Srinivasan et al., 2014). This 

would certainly boost the investigation to identify the substrate ‘X’ and the precise 

transport mechanism. Other components involved in the export machinery are 

glutathione and the intermembrane space sulfhydryl oxidase Erv1 (Sipos et al., 2002; 

Lange et al., 2001).  
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Figure 5: CIA machinery [Source: (Netz et al., 2013)] 

The CIA machinery is essential for the biogenesis of cytosolic and nuclear Fe/S 

proteins. The figure depicts the yeast CIA machinery which consists at least 8 proteins. 

The assembly progression is divided into two separate phases. Initially, a bridging [4Fe-

4S] cluster is assembled on the Cfd1-Nbp35 scaffold complex. This step requires a 

sulfur source (X-S) produced by the mitochondrial ISC assembly machinery and 

subsequently exported by the ISC export machinery. The NADPH-dependent electron 

transfer chain involving a flavoprotein Tah18 and the Fe/S protein Dre2 is essential for 

the generation of the functionally crucial N-terminal Fe/S cluster of Nbp35. Second, the 

bridging Fe/S cluster is released from the Cfd1-Nbp35 scaffold complex. This step 

involves the Fe/S protein Nar1 and the CIA targeting complex Cia1-Cia2-Mms19. The 

CIA targeting complex interacts with target apo-proteins ensuring incorporation of 

specific Fe/S cluster. The cytosolic monothiol glutaredoxins Grx3-Grx4 bridged by a 

[2Fe-2S] cluster might serve as the iron donor. 

 

 

2.3.1.B. CIA machinery 

 The eukaryotic CIA machinery consists of at least eight proteins in yeast 

which are conserved throughout eukaryotes (Netz et al., 2013; Sharma et al., 2011) 

(Fig. 5 and table 2).  

 The assembly process can be divided into two distinct phases. Firstly, a 

bridging [4Fe-4S] cluster is transiently assembled on the heterotetrameric P-loop 

NTPases Cfd1 and Nbp35 serving as the scaffold (Netz et al., 2007; Netz et al., 

2012). This step requires the mitochondrial ISC machinery (Mühlenhoff et al., 

bind Fe/S clusters in vivo and in vitro, demonstrating that
the homodimers are able to coordinate the bridging
[4Fe–4S] cluster [41]. However, under physiological con-
ditions the bridging [4Fe–4S] cluster may be primarily
bound by the Cfd1–Nbp35 heterotetrameric complex
[42]. Several lines of in vitro evidence support the scaffold
function of the Cfd1–Nbp35 complex: The bridging [4Fe–
4S] clusters (i) are bound in a labile fashion, (ii) can be
efficiently transferred to apoproteins in a stoichiometric
fashion, and (iii) are transferred several orders of magni-
tude faster to target proteins than Fe/S clusters are as-
sembled by chemical reconstitution [29]. Recent in vivo
studies corroborate the scaffold function. Pulse-chase
experiments with 55Fe-labeled yeast cells show the differ-
ential lability of the two types of Fe/S clusters on Cfd1–
Nbp35 [42]. Moreover, the Cfd1–Nbp35-bound clusters are
much more labile than those associated with canonical
target proteins.

Although Cfd1 and Nbp35 belong to the large family of
P-loop NTPases, no significant ATPase or GTPase binding
or hydrolysis activity has been detected for the purified yeast
proteins. Nevertheless, the Walker A nucleotide-binding
motif of these proteins is essential for their in vivo function
in Fe/S protein assembly because mutations in this motif are
lethal in yeast, abolish Fe/S cluster incorporation into Cfd1
and Nbp35 and, consequently, disrupt the CIA pathway
[41]. Strikingly, when wild type copies of Cfd1 or Nbp35 were
present in addition to the mutated versions, Fe/S clusters
could be assembled on the mutant proteins at almost wild
type efficiency. These results indicate that nucleotide func-
tion is needed for Fe/S cluster loading onto Cfd1–Nbp35 but
this function can be supplied in trans.

Human and murine NBP35 form a tight complex with
CFD1, as indicated by co immunoprecipitation and yeast
two-hybrid analysis (Table 2) [43,44]. Depletion of human
NBP35 by RNA interference in HeLa cells resulted in a
severe defect in the assembly of cytosolic and nuclear Fe/S
proteins without an apparent effect on mitochondrial Fe/S
protein maturation [44]. Cytosolic aconitase is among the
affected target proteins. In the absence of its [4Fe–4S]
cluster it functions as ‘iron regulatory protein 1’ (IRP1)
and binds to stem–loop structures of specific mRNAs of
proteins involved in iron uptake and distribution [7]. Con-
sequently, Nbp35 depletion severely affects cellular iron
homeostasis by decreasing cellular H-ferritin and increas-
ing transferrin receptor levels [44]. Overall, this leads to
higher transferrin–iron uptake, indicating that the effi-
ciency of human cells to generate cytosolic and nuclear Fe/
S proteins is utilized for intracellular iron sensing. These
characteristics clearly distinguish human NBP35 (and
other CIA proteins) from its yeast counterpart which plays
no detectable role in cellular iron regulation. Interestingly,
murine NBP35 and CFD1 are associated with KIFC5A, a
microtubule-binding, minus-end-directed motor protein
involved in spindle assembly [43]. Depletion of KIFC5A,
NBP35, and CFD1 by siRNA results in a cytokinesis defect,
as seen by supernumerary centrosome formation with
persistence in interphase. Recently, NBP35 and CFD1
were suggested to be part of both centrioles and basal
bodies by interacting with members of the CCT/TRiC
molecular chaperone complex [45]. These observations
raise the question of whether NBP35 and CFD1 might
fulfill moonlighting functions in the regulation of centriole
and basal body duplication, or whether these effects are
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Figure 1. Model for the maturation of cytosolic and nuclear Fe/S proteins in yeast. The assembly process can be dissected into two different steps. First, bridging [4Fe–4S]
clusters (B) are assembled on the Cfd1–Nbp35 heterotetrameric scaffold complex. This reaction requires a sulfur source (X–S) generated by the mitochondrial ISC assembly
machinery and exported by the mitochondrial ABC transporter Atm1. Generation of the functionally essential N-terminal Fe/S cluster (N) of Nbp35 depends on the
flavoprotein Tah18 and the Fe/S protein Dre2, which serve as an NADPH-dependent electron (e!) transfer chain. Second, the bridging Fe/S clusters are released from Cfd1–
Nbp35 and transferred to apoproteins (Apo), a reaction mediated by the Fe/S protein Nar1 and the CIA targeting complex Cia1–Cia2–Mms19. The latter three proteins
interact with target (apo)proteins, and assure specific Fe/S cluster insertion. Biogenesis further requires, at an unknown step, the cytosolic multidomain monothiol
glutaredoxins Grx3–Grx4, which bind a glutathione-coordinated, bridging [2Fe–2S] cluster. The thick arrows mark the flow of the Fe/S clusters. Abbreviations: CIA, cytosolic
iron–sulfur protein assembly; ISC, iron–sulfur cluster.
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2004), as the sulfur source (compound ‘X’) is generated by the ISC cysteine 

desulfurase module Nfs1-Isd11 and exported by Atm1. However, Arabidopsis 

thaliana and the whole kingdom Plantae do not have a Cfd1 homolog in their 

genome, hence Nbp35 functions as a homodimer (Bych et al., 2008). Generation of 

the functionally essential N-terminal Fe/S cluster of Nbp35 depends on the 

flavoprotein Tah18, and the Fe/S protein Dre2 serving as a NADPH-dependent 

electron transfer chain (Netz et al., 2010) (Fig. 5).  

Secondly, the bridging [4Fe-4S] cluster coordinated by the Cfd1-Nbp35 

complex is released (Netz et al., 2012), facilitated by the Fe/S protein Nar1 (Balk et 

al., 2004) and the CIA targeting complex Cia1-Cia2-Mms19 (Gari et al., 2012; 

Stehling et al., 2012; Stehling et al., 2013a; Srinivasan et al., 2007).  The later three 

proteins facilitate both Fe/S cluster transfer and target-specific cluster insertion into 

the apo-forms of various cytosolic and nuclear Fe/S proteins. In contrast to yeast, 

humans possess two isoforms of Cia2, CIA2A and CIA2B. CIA2B is the functional 

orthologue of yeast Cia2, and is involved in the biogenesis of canonical cytosolic 

and nuclear Fe/S proteins, while CIA2A is specific for the maturation of IRP1, a 

protein guiding cellular iron homeostasis. Additionally, CIA2A firmly binds IRP2 

(Stehling et al., 2013a), which is a non-Fe/S protein that also plays a crucial role in 

cellular iron metabolism. Compared to the yeast counterpart, the human CIA 

targeting complex CIA1-CIA2B-MMS19 displays a salient specificity for target 

apo-proteins, because depletion of each one of these CIA proteins only affects a 

subset of target Fe/S proteins (Stehling et al., 2013). 

Apart from the afore-mentioned CIA components, the cytosolic monothiol 

glutaredoxins Grx3-Grx4 (termed Grx3 or PICOT in humans) are critical for 

cytosolic and nuclear Fe/S protein biogenesis (Mühlenhoff et al., 2010; Haunhorst et 

al., 2013). They act as general iron donors for the cell and hence are not regarded as 

members of the CIA machinery.  
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Table 2: Components of the CIA machinery [Source: (Netz et al., 2013)] 

 

 

2.3.1.B.i. The scaffold module: Cfd1 and Nbp35  

 

 Cfd1 and Nbp35 are P-loop NTPases that belong to the Mrp/MinD sub-branch 

of the family and function as scaffolds for the Fe/S cluster assembly in the CIA 

system. Members of the Mrp/MinD family have the ability to coordinate Fe/S cluster 

and readily transfer them to apo-proteins. They could be found in all spheres of life; 

Ind1 in the mitochondria of mammals (Sheftel et al., 2009), ApbC in bacteria (Mrp in 

E. coli) and archaea (Boyd et al., 2008; Boyd et al., 2009), HCF101 in chloroplasts 

(Schwenkert et al., 2010)  and AtNBP35 in plants (Arabidopsis thaliana) (Bych et al., 

2008), where they were shown to coordinate and transfer Fe/S clusters in vitro. 

Neither A. thaliana along with other plants, nor bacteria possess a Cfd1 homolog in 

their genome.  

 Nbp35 and Cfd1 are highly similar at the amino acid level (49% identity) but 

are not functionally redundant (Hausmann et al., 2005). Nbp35 has an extension of 52 

residues at the N-terminus, including four conserved cysteine residues that bind an 

Fe/S cluster. Nbp35 requires the electron transfer chain provided by Tah18-Dre2 for 

the maturation of this Fe/S cluster (Netz et al., 2010). In the C-terminal parts both 

Cfd1 and Nbp35 have a highly conserved motif predicted to bind Fe/S clusters, which 

bridges these two scaffold proteins (Netz et al., 2012). In yeast, Cfd1 and Nbp35 form 

a heterotetrameric complex and can bind Fe/S clusters in vivo and in vitro, with the 

absence of either of them leading to cell death (Netz et al., 2010). Both of them 

reducing equivalents to a flavoprotein (Tah18 or Arh1),
which is able to hand over the electrons to a one-electron
acceptor (the [2Fe–2S] cluster of Dre2 or Yah1). An appar-
ent difference between the two systems is that the diflavin
(FMN and FAD) protein Tah18 has a preference for
NADPH, whereas Arh1 is a monoflavin enzyme (FAD)
with NADH specificity. In addition to Fe/S protein biogen-
esis, the reducing equivalents of the NADH-Arh1-Yah1
chain are used for at least two other processes: the hydrox-
ylation of heme O to heme A [51] and the biosynthesis of
coenzyme Q6 [52]. Likewise, Dre2 function is not confined
to Fe/S cluster biogenesis. Depletion of yeast Dre2 impairs
the activity of the binuclear iron center-containing enzyme
ribonucleotide reductase (RNR), which catalyzes the for-
mation of deoxyribonucleotides for DNA synthesis [53].
The requirement of Dre2 (and possibly Tah18) links Fe/
S cluster biogenesis to DNA synthesis, two essential bio-
logical processes in eukaryotic cells.

The human Tah18 and Dre2 homologs, NDOR1 and
CIAPIN1 (Table 2), form a stable complex [31] but their
potential role in human Fe/S protein biogenesis has not been
addressed. Individual human Dre2 and Tah18 homologs
and a combination of both homologs of Arabidopsis can
rescue cell growth and Fe/S cluster assembly of yeast cells
depleted for Dre2 and Tah18 [30,31,54]. Thus, the Tah18–
Dre2 electron transfer chain appears to be evolutionarily
conserved. Some studies link CIAPIN1 function to cancer,
but whether the protein plays a direct role in cancer devel-
opment requires further examination (reviewed in [55]).

The [FeFe]-hydrogenase-like Nar1 links early and late
steps of biogenesis
Nar1 is a Fe/S protein and shows sequence homology to
bacterial [FeFe] hydrogenases [56,57]. All eukaryotic
Nar1 homologs possess an N-terminal ferredoxin-like do-
main with four cysteine residues, corresponding to the
ligands of the medial [4Fe–4S] cluster of [FeFe] hydro-
genases, and a C-terminal domain which is similar to the
active site of [FeFe] hydrogenases (Figure 3) [32]. The
absence of hydrogenase activity and biogenesis genes in
yeast suggests that, instead of a [4Fe–4S] cluster linked to
the Fe2(CO)3(CN)2 active-site cluster, Nar1 only retains
the [4Fe–4S] cluster. Cell biological and biochemical stud-
ies identified two magnetically coupled [4Fe–4S] clusters
in yeast and plant Nar1, but the recombinant proteins

contained substoichiometric amounts of Fe/S clusters, and
they may not correspond to the native versions [32,58,59].
The assembly of the C-terminal Fe/S cluster of yeast Nar1
depends on the N-terminal cluster, showing that the two
Fe/S clusters act cooperatively [58]. Homology modeling
and stability studies suggest that the C-terminal cluster is
buried in the protein and that the more labile N-terminal
cluster is surface-exposed.

Depletion of Nar1 in yeast strongly impairs the matu-
ration of all cytosolic and nuclear Fe/S proteins studied,
whereas mitochondrial Fe/S proteins are unaffected [32].
Similar results have recently been obtained for the human
Nar1 homolog IOP1 (iron-only hydrogenase-like protein;
Table 2) and Chlamydomonas Nar1 [60–62]. Nar1 physi-
cally interacts with Nbp35 in vivo [32], and shows a genetic
interaction with Cfd1 because the growth defect of Cfd1-
depleted yeast cells is exacerbated by overproduction of
Nar1 (or Nbp35) [28]. Further, yeast Nar1 interacts with
the CIA targeting complex Cia1, Cia2, and Mms19
[33,37,63]. Likewise, human IOP1 associates with CIA1,
CIA2A, CIA2B, and MMS19 (see below), but not with
target Fe/S proteins [35–37,64,65], suggesting that Nar1
and IOP1 function at the interface between early (Cfd1–
Nbp35, Tah18–Dre2) and late (Cia1, Cia2, and Mms19)
steps of CIA function (Figures 1 and 2). Functional studies
in yeast have strongly supported this view. Depletion of all
four early-acting CIA factors impairs Fe/S cluster incorpo-
ration into Nar1 in vivo [29,31,32]. Conversely, depletion of
Nar1 has no influence on the Fe/S cluster assembly on
Cfd1, Nbp35, or Dre2. By contrast, none of the late-acting
CIA factors are required for Fe/S cluster assembly on Nar1
[33,35] (Mascarenhas et al., unpublished). Nar1 therefore
acts as an adapter between early and late phases of the CIA
pathway, but its precise molecular role remains to be
elucidated.

IOP1 knockout mice show embryonic lethality before
embryonic (E) day E10.5, and have decreased IRP1 aconi-
tase activity, providing evidence that IOP1 is essential for
viability in mammals [62]. Humans possess a second Nar1-
related protein termed IOP2 (or NARF [66]). Only deple-
tion of human IOP1 (but not of IOP2) by siRNA technology
diminishes the activities of the cytosolic Fe/S proteins IRP1
and xanthine oxidase and causes alterations in cellular
iron metabolism [61]. IOP2 function remains unclear and
is possibly not related to the CIA machinery because it is

Table 2. Components of the CIA machinerya

Human CIA proteins Yeast CIA proteins Important functional groups Proposed main function

CFD1 (NUBP2) Cfd1 Bridging [4Fe–4S] cluster with Nbp35 Scaffold complex, assembly, and transient binding
of [4Fe–4S] cluster

NBP35 (NUBP1) Nbp35 Bridging [4Fe–4S] cluster with Cfd1;
N-terminal [4Fe–4S] cluster

Scaffold complex, assembly, and transient binding
of [4Fe–4S] cluster

CIAPIN1 (Anamorsin) Dre2 [2Fe–2S] and [4Fe–4S] clusters Electron acceptor from NADPH–Tah18

NDOR1 Tah18 FAD, FMN Electron transfer from NADPH to Dre2

IOP1 (NARFL) Nar1 2! [4Fe–4S] clusters CIA adaptor protein, mediates contact between
early and late parts of CIA machinery

CIA1 (CIAO1) Cia1 - Docking site of the CIA targeting complex

CIA2B (FAM96B, MIP18) Cia2 Hyper-reactive Cys Insertion of Fe/S clusters into target apoproteins

CIA2A (FAM96A) - Hyper-reactive Cys? Insertion of Fe/S clusters into IRP1

MMS19 Mms19 (Met18) - Insertion of Fe/S clusters into target apoproteins
aKnown yeast and human CIA proteins are listed. Note that in this review we mainly use the yeast nomenclature (bold face). Alternative names are provided in parentheses.
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contain a Walker A nucleotide binding motif for ATP hydrolysis, which is essential 

for the Fe/S protein assembly because the mutated version of this motif resulted in 

cell death in yeast (Netz et al., 2012).  

 

2.3.1.B.ii. The electron transfer chain module: Tah18 and Dre2  

 

 The Dre2-Tah18 complex acts in the initial steps of CIA machinery. This 

particular module reduces the transient clusters assembled on the N-terminus of 

Nbp35 (Netz et al., 2010). Tah18 and Dre2 were first identified in a genetic screen for 

synthetic lethality with mutated pol3-13 allele encoding the catalytic subunit of 

polymerase δ (Chanet and Heude, 2003). Initial analysis had suggested Tah18 to be 

controlling mitochondrial integrity and cell death under oxidative stress together in a 

complex with Dre2. Under oxidative stress, Tah18 was shown to be relocalized into 

the mitochondria (Vernis et al., 2009). Dre2, on the other hand, was also identified by 

its synthetic lethality with two mitochondrial iron importers, Mrs3 and Mrs4 (Zhang 

et al., 2008). Electron paramagnetic resonance (EPR) spectroscopy revealed that Dre2 

bears a mixture of [2Fe–2S] and [4Fe–4S] clusters in the C-terminus (Netz et al., 

2010). In addition to that Dre2 carries a N-terminal S-adenosylmethionine (SAM) 

methyltransferase-like domain (Soler et al., 2012). Interestingly, a localization study 

revealed the presence of minute amounts of Dre2 within the intermembrane space of 

mitochondria (Zhang et al., 2008). Moreover, Mia40-dependent import (see section 

2.2.1. MIA pathway) of CIAPIN1/anamorsin (human Dre2) into mitochondria was 

shown to involve a C-terminal cysteine motif (Banci et al., 2011).  

 On the other hand, Tah18 is a diflavin oxidoreductase with binding sites for 

flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD) and nicotinamide 

adenine dinucleotide phosphate (NADP), which is able to transfer electrons to Fe/S 

clusters of Dre2 (Vernis et al., 2009). EPR studies demonstrated that electrons are 

conveyed from NADPH via the FMN and FAD centers of Tah18 to the [2Fe–2S]
 

cluster of Dre2 (Netz et al., 2010).  

 The Tah18-Dre2 electron transfer chain module is evolutionary conserved. 

Individual human Dre2 (CIAPIN1) and Tah18 (NDOR1) homologs and a 

combination of both homologs of A. thaliana or T. brucei can rescue cell growth and 
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Fe/S cluster assembly of yeast cells depleted for Dre2 and Tah18 (Netz et al., 2010; 

Bernard et al., 2013; Basu et al., 2014).  

 

2.3.1.B.iii.  Nar1 

  

 Nar1 belongs to the hydrogenase-related protein family, acts late in the 

pathway facilitating the transfer of Fe/S clusters to target proteins. All eukaryotic 

Nar1 homologs retain a N-terminal ferredoxin-like domain with four cysteine residues 

and a C-terminal domain, which is similar to the active site of Fe-only hydrogenases 

(Balk et al., 2004). Yeast or plant Nar1 could bind two [4Fe-4S] clusters (Balk et al., 

2004; Cavazza et al., 2008). Yeast Nar1 interacts with Nbp35 in vivo (Balk et al., 

2004) and also with the CIA targeting complex Cia1, Cia2, and Mms19 (Balk et al., 

2005; Stehling et al., 2013a). Nar1, acting as a connector between early and late 

segments of the CIA pathway, is both a target and a CIA component which makes its 

maturation process an exciting issue to be dissected in the future. Humans possess 

two homologs of Nar1, namely IOP1 and IOP2. IOP1 has a role in the CIA machinery 

(Song and Lee, 2011), while IOP2 is localized in the nucleus and interacts with 

prelamin A, but its precise function is still unspecified (Barton, 1999). 

 

2.3.1.B.iv.  The CIA targeting complex: Cia1, Cia2 and Mms19 

 

 The recently classified CIA components Cia1, Cia2, and Mms19 form 

the so-called ‘CIA targeting complex’ which enables both Fe/S cluster transfer and 

target-specific cluster insertion into the various apoproteins (Gari et al., 2012; 

Srinivasan et al., 2007; Stehling et al., 2012; Stehling et al., 2013a; Weerapana et al., 

2010). These reactions involve the direct physical interaction of the CIA targeting 

complex components with the target Fe/S apo-proteins. The direct contact between 

late-acting CIA and Fe/S proteins became apparent from affinity pull-down 

experiments in human cells where the various CIA targeting factors interact with a 

great number of cytosolic and nuclear Fe/S proteins (Gari et al., 2012; Seki et al., 

2013; Stehling et al., 2013; Stehling et al., 2012; van Wietmarschen et al., 2012). The 

interacting Fe/S proteins includes DNA polymerases and primases, ATP-dependent 

DNA helicases, DNA glycosylases and the ABC protein ABCE1.  
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2.3.2.  Fe/S protein biogenesis and human diseases  

   

 Several disorders (currently 11 diseases) with miscellaneous clinical 

phenotypes have been reported as a consequence of mutations in mitochondrial ISC 

factors (Sheftel et al., 2010; Rouault, 2012; Stehling and Lill, 2013). The 

neurodegenerative disease Friedreich’s ataxia, where the early-acting ISC protein 

frataxin is functionally anomalous, occurs in 1 out of 50,000 Caucasians (Schmucker 

and Puccio, 2010).  A splice mutation of the mitochondrial glutaredoxin GRX5 

causes sideroblastic anemia of the erythroblasts (Camaschella et al., 2007). 

Furthermore, a muscular myopathy is caused by the mutation of the ISC scaffold 

protein ISCU (Crooks et al., 2012). Mutations of four late-reacting ISC proteins, 

IND1, NFU1, BOLA3 and IBA57, lead to diseases associated with abnormal 

respiratory complexes and defects in the lipoylation of proteins due to a maturation 

defect in the Fe/S protein lipoate synthase (Stehling and Lill, 2013). Last but not 

least, mutations in the ABC transporter ABCB7 cause X-linked sideroblastic anemia 

and cerebellar ataxia (Allikmets et al., 1999; Bekri et al., 2000).  

 Many Fe/S proteins are essential for life, in particular those in the cytosol 

and nucleus involved in genome maintenance and protein translation (Table 3). 

Their indispensable function readily explains why numerous components of the 

mitochondrial ISC and CIA machineries are encoded by essential genes, and why 

mitochondria are indispensable for the eukaryotic cell. Some cytosolic and nuclear 

Fe/S proteins are linked to human diseases such as the DNA helicases involved in 

Fanconi anemia (FANCJ), Xeroderma pigmentosum (XPD) or Trichothiodystrophy 

(XPD) (Lehmann, 2003). To date, no disease has yet been reported to be associated 

with the defects in the CIA proteins.  
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Table 3: Cytosolic and nuclear Fe/S proteins in eukaryotes [Source: (Netz et al., 2013)]

 

Atm1 [21,24,25]. In addition, the export process requires
the sulfhydryl oxidase Erv1 of the intermembrane space
and glutathione (GSH).

Currently, nine CIA factors have been identified (Fig-
ures 1 and 2; Table 2). Previous work, mainly performed in
yeast and human cells, has shown a high degree of conser-
vation for both the components and mechanisms of biogen-
esis [26]. The overall reaction can be dissected into two
major steps. First, a transiently bound [4Fe–4S] cluster is
assembled on the scaffold complex formed by the two
P-loop NTPases Cfd1 and Nbp35 [27–29]. This synthesis
reaction further requires the electron transfer chain from
NADPH to the diflavin reductase Tah18 and the Fe/S
protein Dre2 [30,31]. In the second step, the transiently
bound [4Fe–4S] cluster of Cfd1–Nbp35 is transferred to
apoproteins, which involves the function of the iron-hy-
drogenase-like protein Nar1 [32] and the ‘CIA targeting
complex’ comprised of the b-propeller protein Cia1, the
HEAT repeat protein Mms19, and the small acidic protein
Cia2 (Figure 1) [33–37]. Biogenesis also requires the func-
tion of the monothiol glutaredoxins Grx3–Grx4, which
transiently bind a bridging [2Fe–2S] cluster (Figure 1;

Table 1) [38,39]. Because Grx3 and Grx4 are assumed to
be generally involved in iron homeostasis, they are not
considered as CIA proteins.

We introduce here the individual CIA components and
the molecular mechanism by which they assemble target
Fe/S proteins, then highlight differences between the yeast
and human CIA systems, and finally discuss the impor-
tance of both the mitochondrial and cytosolic biogenesis
machineries for maintaining nuclear genome integrity.

Assembly of [4Fe–4S] clusters on the Cfd1–Nbp35
scaffold complex
Cfd1 and Nbp35 belong to the Mrp/MinD subfamily of
P-loop NTPases [40]. They form a heterotetrameric protein
complex which binds two different pairs of [4Fe–4S] clus-
ters [27–29,41]. One type is coordinated by a ferredoxin-
like CX13CX2CX5C motif at the N-terminus of Nbp35
(Figure 3). Intriguingly, maturation of this cluster depends
on the electron transfer chain NADPH–Tah18–Dre2 (see
below) [31]. Another [4Fe–4S] cluster binds to conserved
C-terminal CX2C motifs in both Cfd1 and Nbp35, bridging
these two proteins. Both Cfd1 and Nbp35 can individually

Table 1. Inventory of cytosolic and nuclear Fe/S proteins in eukaryotesa

Fe/S protein (human) Yeast homolog Fe/S cluster type Proposed main function

DNA maintenance

PRIM2 Pri2 [4Fe–4S] Primase, synthesis of RNA primers for DNA replication

POLA Pol1 [4Fe–4S] Catalytic subunit of polymerase a, DNA replication

POLE1 Pol2 [4Fe–4S] Catalytic subunit of polymerase e, DNA replication

POLD1 Pol3 [4Fe–4S] Catalytic subunit of polymerase d, DNA replication

REV3L Rev3 [4Fe–4S] Catalytic subunit of polymerase z, DNA repair

FANCJ absent [4Fe–4S] Helicase, DNA repair

NTHL1 Ntg2 [4Fe–4S] DNA glycosylase, DNA repair

XPD Rad3 [4Fe–4S] Helicase, nucleotide excision repair

MUTYH absent [4Fe–4S] DNA glycosylase, DNA repair

RTEL1 absent [4Fe–4S] Helicase, telomere stability, anti-recombinase

CHLR1 Chl1 [4Fe–4S] Helicase, chromosome segregation

DNA2 Dna2 [4Fe–4S] Helicase/nuclease, DNA repair Okazaki fragment processing,

Amino acid and nucleotide metabolism

Absent Leu1 [4Fe–4S] Isopropylmalate isomerase (leucine biosynthesis)

Absent Ecm17 [4Fe–4S] Sulfite reductase, required for biosynthesis of methionine

Absent Glt1 [4Fe–4S] Glutamate synthase

AOX1 Absent 2! [2Fe–2S] Aldehyde oxidase (catabolism of xenobiotics)

DPYD Absent 4! [4Fe–4S] Dihydropyrimidine dehydrogenase (pyrimidine catabolism)

GPAT Absent [4Fe–4S] Phosphoribosyl pyrophosphate amidotransferase (purine biosynthesis)

XDH Absent 2! [2Fe–2S] Xanthine dehydrogenase/oxidase

Ribosome function and tRNA modification

ABCE1 Rli1 2! [4Fe–4S] Ribosome biogenesis, translation initiation and termination

ELP3 Elp3 2! [4Fe–4S] Elongator protein 3 (tRNA wobble base modification), SAM

TYW1 Tyw1 2! [4Fe–4S] tRNA wybutosine biosynthesis, SAM

CDKAL1 Absent [4Fe–4S] tRNA modification

CDKRAP1 Absent [4Fe–4S] tRNA modification

Other processes

GRX3 (PICOT) Grx3–Grx4 [2Fe–2S] Intracellular iron homeostasis

IRP1 Absent [4Fe–4S] Intracellular iron regulation

RSAD1 (Viperin) Absent [4Fe–4S] Antiviral activity, SAM

mitoNEET (CISD1) Absent [2Fe–2S] Insulin sensitivity, unknown (located in mitochondrial outer
membrane facing cytosol)

MINER1 (NAF1, CISD2) Absent [2Fe–2S] Ca2+ metabolism, unknown

MINER2 Absent [2Fe–2S] Ca2+ metabolism, unknown
aKnown Fe/S proteins of the cytosol and nucleus are provided for human and yeast cells. Alternative names are provided in parentheses. Note that four additional Fe/S
proteins are members of the CIA machinery (see Table 2). SAM, S-adenosyl-methionine as an additional cofactor.

Review Trends in Cell Biology May 2014, Vol. 24, No. 5

304



 Review articles 
! ! !

 

! 25 

 
 

3. REVIEW ARTICLES 
 



 Review articles 
! ! !

 

! 26 

 
 

Review article # 1 
 
 
 

Fe/S protein biogenesis in trypanosomes – a review 
 
 

Julius Lukeš and Somsuvro Basu 
 
 

Trypanosoma brucei, the causative agent of the African sleeping sickness of 

humans and lifestock, and other kinetoplastid flagellates belong to the eukarytotic 

supergroup Excavata. This early-branching model protist is known for a broad range 

of unique features. As it is amenable to most techniques of forward and reverse 

genetics, T. brucei was subject to several studies of its iron-sulfur (Fe/S) protein 

biogenesis and thus represents the best studied excavate eukaryote. Here we review 

what is known about the Fe/S protein biogenesis of T. brucei, and focus especially on 

the comparative and evolutionary interesting aspects. We also explore the connections 

between the well-known and quite conserved ISC and CIA machineries and the tRNA 

thiolation pathway. Moreover, the Fe/S cluster protein biogenesis is dissected in the 

procyclic stage of T. brucei which has an active mitochondrion, as well as in its 

pathogenic bloodstream stage with a metabolically repressed organelle.   

 
 
 
 
 
 

Invited review article, re-submitted to BBA Molecular Cell Research, for 
the special issue on ‘Fe/S proteins’ 
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Review article # 2 
 
 
 

The malleable mitochondrion of Trypanosoma brucei 

 

Zdeněk Verner, Somsuvro Basu, Corinna Benz, Sameer Dixit, Eva 

Dobáková, Drahomíra Faktorová, Hassan Hashimi, Eva Horáková, 

Zhenqiu Huang, Zdeněk Paris, Priscila Peña-Diaz, Lucie Ridlon, Jiří 

Týč, David Wildridge, Alena Zíková  and Julius Lukeš 
 

The importance of mitochondria for a typical aerobic eukaryotic cell is 

undeniable, as the list of necessary mitochondrial processes is steadily growing. Here, 

we summarize the current knowledge of mitochondrial biology of an early-branching 

parasitic protist, Trypanosoma brucei, a causative agent of serious human and cattle 

diseases. We present a comprehensive survey of its mitochondrial pathways including 

kinetoplast DNA replication and maintenance, gene expression, protein and 

metabolite import, major metabolic pathways, Fe-S cluster synthesis, ion homeostasis 

and organellar dynamics, and other processes. As we describe in this review, the T. 

brucei single mitochondrion is everything but simple and as such rivals mitochondria 

of multicellular organisms. 

 

 

Invited review article, submitted to International Review of Cell and 

Molecular Biology  

Only the ‘Fe-S cluster and protein biogenesis’ section of the review, 

which is contributed by me, is included in the printed version of the 

thesis 

 



 Published results 
! ! !

 

! 66 

 
 
 
 
 
 
 
 

4. PUBLISHED RESULTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Published results 
! ! !

 

! 67 

 
Study # 1  

 
 
 

Divergence of Erv1-associated mitochondrial import and export 

pathways in trypanosomes and anaerobic protists 

 
 

Somsuvro Basu, Joanne C. Leonard, Nishal Desai, Despoina A. I. 

Mavridou, Kong Ho Tang, Alan D. Goddard, Michael L. Ginger, Julius 

Lukeš and James W. A. Allen 

 
In yeast (Saccharomyces cerevisiae) and animals, the sulfhydryl oxidase Erv1 
functions with Mia40 in the import and oxidative folding of numerous cysteine-rich 
proteins in the mitochondrial intermembrane space (IMS). Erv1 is also required for 
Fe-S clus- ter assembly in the cytosol, which uses at least one mitochondrially derived 
precursor. Here, we characterize an essential Erv1 orthologue from the protist 
Trypanosoma brucei (TbERV1), which naturally lacks a Mia40 homolog. We report 
kinetic parame- ters for physiologically relevant oxidants cytochrome c and O2, 
unexpectedly find O2 and cytochrome c are reduced simultane- ously, and 
demonstrate that efficient reduction of O2 by TbERV1 is not dependent upon a simple 
O2 channel defined by con- served histidine and tyrosine residues. Massive 
mitochondrial swelling following TbERV1 RNA interference (RNAi) provides 
evidence that trypanosome Erv1 functions in IMS protein import despite the natural 
absence of the key player in the yeast and animal import pathways, Mia40. This 
suggests significant evolutionary divergence from a recently established paradigm in 
mito- chondrial cell biology. Phylogenomic profiling of genes also points to a 
conserved role for TbERV1 in cytosolic Fe-S cluster as- sembly. Conversely, loss of 
genes implicated in precursor delivery for cytosolic Fe-S assembly in Entamoeba, 
Trichomonas, and Giardia suggests fundamental differences in intracellular 
trafficking pathways for activated iron or sulfur species in anaerobic versus aerobic 
eukaryotes. 

 

Eukaryotic Cell, 12:343–55 (2013) 

doi:10.1128/EC.00304-12 
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Study # 2  
 
 

Cytosolic iron-sulphur protein assembly is functionally conserved 

and essential in procyclic and bloodstream Trypanosoma brucei 

 

 

Somsuvro Basu, Daili J. Netz, Alexander C. Haindrich, Nils Herlerth, 

Thibaut J. Lagny, Antonio J. Pierik, Roland Lill and Julius Lukeš 

 
 

 

Cytosolic and nuclear iron-sulphur (Fe/S) proteins include essential components 
involved in protein translation, DNA synthesis and DNA repair. In yeast and human 
cells, assembly of their Fe/S cofactor is accomplished by the CIA (cytosolic iron-
sulphur protein assembly) machinery comprised of some 10 proteins. To investigate 
the extent of conservation of the CIA pathway, we examined its importance in the 
early-branching eukaryote Trypanosoma brucei that encodes all known CIA factors. 
Upon RNAi-mediated ablation of individual, early-acting CIA proteins, no major 
defects were observed in both procyclic and bloodstream stages. In contrast, parallel 
depletion of two CIA components was lethal, and severely dimin- ished cytosolic 
aconitase activity lending support for a direct role of the CIA proteins in cytosolic 
Fe/S protein biogenesis. In support of this conclusion, the T. brucei CIA proteins 
complemented the growth defects of their respective yeast CIA depletion mutants. 
Finally, the T. brucei CIA factor Tah18 was characterized as a flavo- protein, while its 
binding partner Dre2 functions as a Fe/S protein. Together, our results demonstrate 
the essential and conserved function of the CIA pathway in cytosolic Fe/S protein 
assembly in both develop- mental stages of this representative of supergroup 
Excavata. 

 

 
In Press, Molecular Microbiology, 2014 

doi:10.1111/mmi.12706
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5. UNPUBLISHED RESULTS  
 
 
 
 

This part is comprised of 13 pages unpublished data, which is present in 
the original thesis deposited at the Faculty of Science 
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 My thesis revolved around the parasitic protist T. brucei, which includes 

subspecies that cause fatal human disease known as African sleeping sickness. T. 

brucei undergoes a series of transformations between the mammalian host 

(bloodstream stage, BS) and the tsetse fly insect vector (the procyclic stage, PS), 

which are characterized by distinct changes in morphology, metabolism, and 

biochemistry.  

! Initially, I performed a characterization of the mitochondrial sulphydryl 

oxidase Erv1 in T. brucei using biochemical, cellular, and comparative genomic 

approaches (Basu et al., 2013). In other organisms, Erv1 functions with Mia40 in the 

import and oxidative folding of cysteine-rich proteins in the mitochondrial 

intermembrane space. This is a fundamental process in the eukaryotic cells however, 

trypanosomes and their nearest evolutionary relatives lack the Mia40 protein. Since, 

at least in the yeast, Erv1 is a multi-functional protein with an essential, yet indefinite 

role in the cytosolic Fe/S cluster assembly, the absence of Mia40 raised the question 

of what Erv1 does in trypanosomes and how protein import into the mitochondrial 

intermembrane space proceeds. We provide convincing evidence that trypanosome 

Erv1 indeed functions in mitochondrial protein import in the absence of its Mia40 

partner (Basu et al., 2013). This is a significant divergence from the so-far 

characterized and conserved MIA pathway and is therefore of interest to cell and 

evolutionary biologists, as well as molecular parasitologists. The biochemical analysis 

of recombinant and mutagenized trypanosome Erv1 also provides insight into 

preferred downstream oxidant for the reduced protein, which is compatible with the 

physiology of the parasite in its mammalian host and insect vector (Basu et al., 2013). 

 Furthermore, in using comparative genomics to ask whether trypanosome 

Erv1 also influences the cytosolic Fe/S protein assembly we found an unexpected 

divergence in anaerobic protists. Our observations reveal that the basis of the as yet 

uncharacterized precursor exported from the mitochondria to the cytosol must have 

changed during independent adaptations to the anaerobic environment (Basu et al., 

2013).  

! As an obvious subsequent step, I picked up the CIA machinery of T. brucei. 

Since nothing was known about it so far, I faced the arduous task of characterizing the 

whole machinery. Based on what was known about the yeast and human CIA 

pathways, I identified 9 components involved in this machinery. In frame of the CIA 
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project, I prepared 30 RNAi T. brucei cell lines with one or two genes ablated, and 

characterized them using a wide range of methods, including Western analysis, 

growth curves and enzymatic activity measurements. Complementation of several 

Saccharomyces cerevisiae CIA mutants with the T. brucei orthologs defined the 

extent of functional conservation of the pathway across eukaryotic super-groups. 

Characterization of candidates acting in the early and intermediate parts of the T. 

brucei CIA machinery has been published recently (Basu et al., 2014).  

 My thesis was not restricted to T. brucei only, as I am also involved in a 

project focusing on the CIA pathway of another human parasite, Giardia intestinalis. 

So far, I was able to show that two G. intestinalis Tah18-like proteins partially rescue 

the Tah18-Dre2 double knockdown in T. brucei (Pyrih et al., in progress). 

 Finally, I participated in functional analysis of the mitochondrial chaperone 

Hsp70 (mtHsp70), a member of the 70-kDa heat shock protein (Hsp70) family, its 

protective co-chaperone Hep1 and the nucleotide exchange factor Mge1. I depleted 

Mge1 which proved to be essential in both stages of T. brucei (Týč et al., in progress).   

 In a nutshell, the PhD study provided me with an opportunity to acquire 

knowledge about T. brucei and an extensive repertoire of molecular & cellular 

biology and biochemical methods. 
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