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1. INTRODUCTION 

1. 1. Trypanosoma brucei 

Trypanosoma brucei (T. brucei), a species of unicellular parasitic protozoa, belongs 

to the genus Trypanosoma, a member of the class Kinetoplastida, phylum Euglenozoa, 

kingdom Excavata. T. brucei, together with related kinetoplastid flagellates causes numerous 

diseases of man, animals and plants, and thus it is the best studied representative of Excavata, 

one of the six recognized eukaryotic domains [1]. 

A large number of species and subspecies of trypanosomes have been described, 

especially in the equatorial region of the African continent [2]. Different species infect 

different vertebrates, causing them to suffer from so called trypanosamiasis, also known as 

sleeping sickness in humans and nagana in animals. Thus these species are economically 

significant, as they are affecting cattle rearing and agricultural development as well as 

human health [3]. Shedding the light on the metabolic differences of the parasite to its host, 

number of novel potential drug targets may be identified [4]. 

Moreover T. brucei is modest to grow under optimized laboratory conditions and has 

a short generation time. The genome has been completely sequenced [5], and the parasite is 

amenable to all major methods of both forward and reverse genetics [3]. Trypanosomes 

actually belong to one of the first organisms in which RNA interference mediated regulation 

of gene expression was demonstrated [6]. RNAi allows the analysis of genes essential for 

cell survival, cell cycle regulation, and development, and it is in general easier and faster 

than gene knockout by homologous recombination [7]. Altogether such characteristics make 

T. brucei a suitable model organism, prominent not only for the investigation of specific 

pathogenic properties, but also other phenomena, which has lead to additional break-through 

discoveries of molecular processes such as RNA editing [8] or trans-splicing [9]. 

T. brucei completes its life cycle between an insect (genus Glossina) and mammalian 

hosts (including humans, cattle, horses and wild animals). Different stages of the life cycle 

show distinct morphology, cellular organisation and thus of course different gene expression 

and metabolism [10]. The bloodstream stage found in mammalian hosts, are taken up by the 

insect host during blood meal. Here the parasite enters the midgut, where it rapidly divides, 

producing the procyclic descendants, which than migrate to the salivary glands. During the 

next blood meal they become injected, along with the saliva, into the mammalian skin tissue, 

where they subsequently differentiate into the infective bloodstream form, which can enter 

the lymphatic system and naturally also the bloodstream. These multiply by binary fission 
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producing long slender forms that are able to penetrate the blood vessel endothelium and 

invade extravascular tissues, including the central nervous system [11]. 

1. 2. Iron-Sulphur Cluster proteins 

 Iron-Sulphur Clusters ([Fe-S]) are chemically versatile inorganic cofactors of 

numerous proteins, which are involved in a wide variety of cellular processes such as 

electron transport, enzyme catalysis or regulation of gene expression [12]. Despite the 

relative simplicity of an [Fe-S] in terms of structure, the assembly and incorporation into 

apoproteins is assisted by complex cellular machineries. In eukaryotes, such as yeast or 

human, about 20 components are known so far to facilitate the maturation of [Fe-S] proteins 

within the cell, and about half of them are encoded by essential genes [13]. These biogenesis 

components also perform crucial roles in other cellular pathways, e.g. regulation of iron 

homeostasis or tRNA modification [14]. Numerous neurological and hematological diseases 

have been associated with defects in [Fe-S] protein biogenesis in humans, e.g. Friedreich’s 

ataxia, myopathy or X-linked sideroblastic anemia with cerebellar ataxia [15]. 

Most [Fe-S] proteins contain rhombic [2Fe-2S] or cubic [4Fe-4S] clusters, however 

other forms are known, e.g. [3Fe-4S]. Over the years of research more complex structures 

were discovered; some clusters include other metals, e.g. molybdenum; and some proteins 

may contain multiple clusters. The clusters are usually conjugated to the proteins by cysteine 

ligands [16]. The position of iron inside the cluster where it is conjugated by multiple 

sulphur atoms allows for an easy change of its oxidation state, making the [Fe-S] proteins 

ideally suitable for electron transport [17]. Certain [Fe-S]s have the capacity to form 

spontaneously (under anaerobic conditions), nevertheless such formation of clusters using 

free Fe2+/3+ and S2- could not occur within the cell, due to insufficient concentration and the 

toxicity of these elements in their free forms and [16]. It is well established that biogenesis 

in vivo is a catalyzed process which requires a participation of multiple proteins [18]. 

 Prokaryotes possess three distinct biosynthetic pathways to generate [Fe-S] proteins; 

these are the nitrogen-fixation machinery (NIF), the iron sulphur cluster assembly machinery 

(ISC) and sulphur-utilization factors (SUF) system [19]. Many bacteria harbour ISC and 

SUF machineries in parallel, others just one of these, and in an anaerobic environment NIF 

can replace the function of both ISC and SUF, thus the systems are in principle 

interchangeable [20]. 

 During the course of evolution the ISC assembly machinery in eukaryotes has been 

inherited from the prokaryotic endosymbiont which gave raise to mitochondria, found 

within chemotrophic eukaryotes, likewise the SUF system which has been passed to plastids 
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present in phototrophic eukaryotes [21, 19]. Additionally two eukaryotic-specific 

machineries have been identified, the ISC export apparatus and the cytosolic [Fe-S] 

assembly [22]. Thus, not surprisingly, the eukaryotic mitochondrial [Fe-S] proteins show 

high sequence similarity to bacterial homologues, and naturally they are conserved among 

all eukaryotes, homologues of the yeast [Fe-S] proteins have been identified in vertebrates, 

invertebrates, plants and fungi [23]. 

 Therefore in eukaryotes, mitochondria performs a prime role in [Fe-S] 

protein biogenesis, hence the mitochondrial ISC assembly is involved in maturation of all 

cellular [Fe-S] proteins [23-26]. More accurately, an unknown sulphur-containing compound 

coming from the mitochondrial machinery, is (generally believed to be) fundamental for the 

maturation of nuclear and cytosolic [Fe-S] proteins [18]. Hence the ISC-export machinery 

together with the cytosolic [Fe-S] assembly machinery (CIA) facilitate the generation of 

extramitochondrial [Fe-S] proteins exclusively, while the mitochondrial ISC machinery is 

required for the maturation of [Fe-S] proteins in mitochondria as well as in cytosol [12]. The 

key principle of the biogenesis of [Fe-S] proteins lies in the assembly of a cluster on a 

scaffold protein followed by transfer of the cluster to the recipient apoprotein (see Fig.1) 

[27]. 

 Homologues of the components of the ISC assembly machinery were identified also 

in species lacking classical mitochondria [28]. These species contain hydrogenosomes or 

mitosomes, which are double-membrane-bounded organelles that have evolved from 

mitochondria-containing species by successive loss of mitochondrial genes and its typical 

functions [29], with the notable exception of [Fe-S] protein biogenesis [30,31]. These 

findings suggest that the role of these organelles lies in the maturation of [Fe-S] proteins, 

which are known to be involved e.g. in DNA synthesis and repair [32, 33], ribosome 

assembly [34], translation initiation [35] or telomere length regulation [36]. The essentiality 

of many [Fe-S] proteins sharply contrasts with the importance of other mitochondrial 

processes such as ATP synthesis, citric acid cycle, and fatty acid oxidation which can be, 

under certain conditions, deleted in yeast without loss of cell viability. Thus it is rather the 

involvement in [Fe-S] protein biogenesis that makes mitochondria and its evolutionary 

reduced forms indispensable for life [37]. 
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1. 2. 1. Iron sulphur cluster protein biogenesis in mitochondria: 

The ISC-assembly machinery 

 Please note that in the following text we use yeast nomenclature of protein titles, 

homologues of identical functions are however known in other organisms (for a list of names 

of the human homologues see Fig. 2).  

As noted above, the basic principle of [Fe-S] protein biogenesis is the de novo 

synthesis of an [Fe-S] on a so called scaffold protein (see Fig.1). This step as well as the 

final transfer to the target apoproteins requires the aid of additional helper proteins [13]. The 

scaffold proteins are among the most conserved proteins of all [Fe-S] assembly factors, and 

they contain three conserved cysteine residues crucial for their function [38]. Molecular 

mechanisms of the release of the cluster from the scaffold protein, its conversion to other 

types of clusters and the incorporation into the apoproteins have yet to be defined. A number 

of proteins represent candidates for assisting these steps [23]. 

 
Fig.1: Basic steps of Fe-S cluster assembly and [Fe-S] protein maturation [39]. 

The sulphur atom required for the cluster assembly is released from a cysteine 

residue of a sulphur donor protein by the cysteine desulphurase ScNfs1 (IscS/NifS/SufS 

in prokaryotes), which attacks the sulfhydryl group (-SH) leading to the formation of alanine 

and a persulfide group (-SSH) which remains bound to the conserved cysteine residue of the 

enzyme (see Fig.2) [40]. In prokaryotes the sulphur is then directly transferred to the scaffold 

protein IscU [16], for which it was shown that both [2Fe-2S] and [4Fe-4S] clusters can be 

sequentially assembled and then transferred to appropriate apoproteins [41]. In eukaryotes 

the protein ScIsd11 is additionally needed to form a complex with ScNfs1 to enable the 

transfer of sulphur atom to the scaffold protein complex ScIsu1/ScIsu2. The particular 

function of ScIsd11 is not yet clear, however it has been demonstrated to be indispensable 

for the formation of [Fe-S]s [42]. 

Iron is taken up by mitochondria in its reduced form (Fe2+), the import process 

demands an energized inner membrane [43], and possibly the mitochondrial carrier proteins 

ScMrs3 and ScMrs4 [44]. The iron atom is then delivered to the scaffold proteins by 
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ferroxidase ScYfh1 (see Fig.2). Ferroxidase is an enzyme able to bind iron ions and catalyse 

their oxidation (Fe2+→Fe3+), and it is also known to interact with the scaffold proteins [45].  

Subsequently an electron transfer chain is activated. Electrons are gained from the 

oxidation of NAD(P)H and are (assumed to be) transferred to the sulphur (S-1) formed by the 

cysteine desulphurase reaction to generate sulfide (S2-) required for the generation of an [Fe-

S] [12, 13, 18, 45]. The electron transfer calls for a number of protein interactions, many 

proteins representing candidates for assisting in this step have been identified. ScYah1 has 

recently been characterised as a central player in this process, as its depletion results in a 

drastic decrease of de novo assembly of the mitochondrial [Fe-S] proteins [46]. By analogy 

to the well studied human adrenodoxin (FDX1), ScYah1 is predicted to receive electrons 

from the NAD(P)H-dependent adrenodoxin-reductase (FDXR) homologue ScArh1 (see Fig. 

2). The target of the electron transfer however is unknown. Furthermore the proteins 

mentioned probably perform additional tasks in heme synthesis and iron storage [47] and 

may also take part in later steps of [Fe-S] protein biogenesis (e.g. in the dissociation of an 

[Fe-S] from the scaffold protein). But still the experimental evidence for this idea is lacking, 

and the chemistry behind an [Fe-S] formation on the scaffold protein is far from being 

understood [12]. 

To transfer the pre-assembled cluster from the scaffold protein to a transfer 

protein which targets it into the recipient apoprotein, chaperon proteins of the Hsp70 family 

(ScSsq1/ScJac1) are needed [48]. The latter protein (ScJac1) targets the former (ScSsq1) to 

the highly conserved binding motive (Leu-Pro-Pro-Val-Lys) present on the scaffold proteins 

[50] and, consequently, cycles of ATP binding and hydrolysis (ScSsq1 possess an ATPase 

activity, which is stimulated by ScJac1) lead to conformational change of the scaffold 

complex, thereby releasing the [Fe-S] [49]. In eukaryotes constituents of the complex 

(ScIsu1/ScIsu2, ScSsq1) may be recycled by the nucleotide exchange factor ScMge1 (see 

Fig. 2) [51]. The precise function of the chaperones in this process remains enigmatic, they 

are suggested to facilitate the transfer of an [Fe-S], stabilize conformation of the scaffold 

protein or regenerate it for the next round of the cluster assembly. The released [Fe-S] is then 

passed on to a transfer protein or directly to apoproteins. Specific interactions between 

chaperone and an apoprotein cannot be excluded but have not yet been reported [12]. 

The glutathione-dependent oxidoreductase (ScGrx5) possibly serves as an [Fe-S] 

transfer protein, as it has been shown to specifically interact with the chaperone subunit 

ScSsq1 [48]. The direct delivery of the clusters to apoproteins via ScGrx5 seems possible, 

the exact function is not known, nevertheless depletion in yeast resulted in the accumulation 
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of [Fe-S]s on the scaffold protein, and consequent defects in cytosolic [Fe-S] 

protein assembly [52]. 

The final component of the ISC-assembly machinery is a protein (ScNfu1) which 

shows targeting specificity, and was reported to bind [4Fe-4S], and so it is anticipated to 

transfer the cluster to the target apoproteins (see Fig. 2) [18]. Moreover ScNfu1 may be a 

potential interaction partner of the chaperones of Hsp70 family [23]. Apart from 

mitochondria, small amounts of ScNfu1 were also found to be localized to the nucleus and 

cytosol, thus the protein may participate in mitochondrial ISC assembly machinery as well as 

in cytosolic and nuclear [Fe-S] protein maturation, no functional data are however currently 

available to examine this hypothesis [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Overview of the [Fe-S] protein biogenesis pathways in eukaryotes [53]. 
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1. 2. 2. Iron sulphur cluster protein biogenesis in cytosol and nucleus: 

ISC-export machinery & cytosolic iron sulphur cluster-assembly (CIA) 

machinery 

Since a product of the mitochondrial ISC-assembly machinery - the unknown sulphur 

containing compound - participates in the formation of [Fe-S]s outside the organelle [54, 14], 

an ISC-export machinery is established [12, 13]. The sulphur moiety needed for the 

incorporation into [Fe-S]s in cytosol is produced by the mitochondrial cysteine desulphurase 

exclusively, and thus the cysteine desulphurase (ScNfs1), the scaffold protein (ScIsu1/ScIsu2) 

and members of the ISC-export machinery were shown to be essential for [Fe-S] 

protein maturation outside the organelle [24, 59]. 

An ABC transporter (ScAtm1) localized in the mitochondrial inner membrane was 

the first protein identified to have specific function in cytosolic [Fe-S] protein biogenesis, as 

depletion of ScAtm1 resulted in leucine auxotrophy, since leucine biosynthesis is assisted by 

3-isopropylmalate isomerase Leu1, a cytosolic [Fe-S] enzyme [24, 55]. These findings 

indicated that the ABC transporter exports the component needed for [Fe-S] 

protein assembly in the cytosol (see Fig. 2). The molecular nature of the substrate of the 

transporter is not clear, though the ATPase activity of the transporter is known to be 

stimulated by compounds containing sulfhydryl groups, and in particular by peptides with 

multiple cysteine residues [56]. The crystal structures of both ScAtm1 and related bacterial 

ABC transporter shows that the transporter possess substrate binding pocket comprised of a 

large, positively charged cavity which is able to bind glutathione (GSH), the cavity however 

provides much more space than for GSH alone, thus it is probable that GSH is a part of 

larger ScAtm1 substrate. GSH similar to ScAtm1 is also essential for extra-mitochondrial 

[Fe-S] protein maturation, and thus may also be directly involved in the export reaction [57]. 

Hence the available information suggest that the ISC-assembly machinery produces a 

component which is, after appropriate stabilization, exported via the ABC transporter to be 

used in the formation of cytosolic and nuclear [Fe-S]s. 

The sulfhydryl oxidase (ScErv1) which is located in the mitochondrial 

intermembrane space (IMS) is naturally required for the oxidation of sulfhydryl groups 

in the IMS (see Fig. 2), and so it may facilitate the export of the unknown compound, e.g. by 

the introduction of disulfide bridges, and thus stabilize the compound before further 

transport into the cytosol [14]. Additionally in conjunction with ScMia40, ScErv1 takes part 

in disulfide-formation-driven import of cysteine-rich protein precursors into the IMS by 

oxidizing thiol residues, whereby coupling the process of translocation to oxidative folding. 
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The electrons released (from both of these sulfhydryl oxidation processes) may be delivered 

by the enzyme either to molecular oxygen or to cytochrome c, the latter considered to be the 

preferred electron acceptor in vivo [58]. 

The tripeptide glutathione (GSH) is thought to be involved in the ISC-export 

machinery (see Fig.2), as its depletion results in severe defects in cytosolic and nuclear, but 

not in mitochondrial [Fe-S] protein biogenesis [59]. Precise function is not yet clear, 

however other components of the ISC-export machinery tend to act in GSH-dependent 

fashion (as noted above). GSH was reported to be able to coordinate and stabilize [2Fe-2S] 

and to form cluster-bridging dimers with glutaredoxines (ScGrx), suggesting that a tetra-

GSH-coordinated [2Fe-2S] may be an attractive substrate for ScAtm1. Further GSH is 

known to serve as redox-buffering agent and to take part in post-translational modifications, 

consequently affecting cell signaling pathways, ion channel activity and protein folding [60]. 

All compounds of the ISC-export machinery are highly conserved, and thus 

homologous in sequence and function. Therefore human homologues are able to restore 

phenotypic defects in yeast mutants [61], and ScAtm1 can even be replaced by plant 

homologues [62]. 

 Components of the cytosolic [Fe-S] assembly (CIA) machinery are involved in the 

maturation of cytosolic and nuclear [Fe-S] proteins exclusively (see Fig. 2). The P-loop 

NTPases (ScCfd1, ScNbp35) are known to form hetero-tetrameric complex, serving as a 

scaffold for the assembly of [4Fe-4S] clusters. It is currently unknown, whether the CIA 

machinery is also capable of assembling [2Fe-2S] clusters or if there might be other 

cytosolic assembly pathways established for those. The source of sulphur for the CIA 

machinery is provided by the mitochondrial ISC-assembly machinery, as noted above. The 

source of iron stays for debate, possibly monothiol glutaredoxins (ScGrx3, ScGrx4) could be 

involved in the delivery of either iron or an [Fe-S] to the scaffold complex, as depletion of 

these proteins resulted in a defective insertion of iron into the apoproteins. The electrons for 

the cluster assembly are provided via the NAD(P)H –dependent electron transport 

chain composed of ScTah18 and ScDre2. The newly synthesized cluster is transferred from 

ScCfd1-ScNbp35 by ScNar1 to the CIA targeting complex consisting of ScCia1, ScCia2 and 

ScMms19. The CIA targeting complex then transfers the assembled [Fe-S] to cytosolic [Fe-S] 

apoproteins [63]. 
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1. 3. MIA pathway 

 Biogenesis of proteins in general requires folding of the newly synthesized 

polypeptide chains which proceeds in prokaryotes in the periplasmatic space, and 

in eukaryotes in the endoplasmic reticulum and in the IMS of mitochondria. The final three 

dimensional structures of proteins are often stabilized by oxidation of two cysteine residues 

within the incoming polypeptides, thus creating a disulfide bond. Since spontaneous 

oxidation of thiol groups would be inefficient in vivo, protein machineries are established to 

catalyze this process. A broad range of enzymes and chaperones are required for folding of 

their client proteins in an energy-dependent manner [64]. Proteins providing oxidation of 

substrates become reduced and thus need to be reoxidized. 

Since the components of the mitochondrial proteome are mostly nuclear encoded 

(especially when it comes to the IMS of mitochondria [58]), and synthesized in the cytosol 

[65], various import and assembly machineries have been developed to enable specific 

targeting and integration of every single protein into one of the four mitochondrial 

subcompartments - the outer membrane, IMS, inner membrane or the matrix. The 

Translocase of the Outer Membrane (TOM complex) is frequently referred as to the 

“common entry gate”. Upon passage, protein-precursors are directed to defined biogenesis 

pathways by the interplay between specific sorting signals and the translocation machineries 

(see Fig. 3) [64]. 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 3: Overview of mitochondrial import pathways [64]. 

Protein-precursors displaying beta barrel structure are subsequently recognized by the 

Sorting and Assembly Machinery (SAM complex) to mediate insertion and assembly into 

functional complexes of the outer membrane. Precursors directed to the inner membrane are 

guided by multiple non-cleavable internal targeting signals, which usually overlap with their 

hydrophobic transmembrane segments. Such polypeptides then tend to the Carrier 

Translocase (TIM22 complex) to be integrated into the inner membrane. Protein-precursors 
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targeted to the mitochondrial matrix typically carry a positively charged N-terminal 

signalpeptide leading them to the Translocase of the Inner Mitochondrial Membrane (TIM23 

complex). Upon the translocation, the Presequence Translocase Associated Motor (PAM 

complex) is further required for the proteolytic cleavage of the pre-sequence, and 

consequently, the protein is folded into an active conformation with the aid of chaperones of 

the Hsp70 family [64]. 

Many proteins of outstanding importance are localized to the IMS e.g. components of 

the electron transport chain, enzymes, transporters, apoptotic factors. Whereas their 

physiological function was examined thoroughly, little is known about their biogenesis. The 

mitochondrial inermembrane space assembly pathway, in contrast to all the other 

mitochondrial import pathways mentioned, proceeds without the need for either inner 

membrane potential or hydrolysis of ATP in the mitochondrial matrix [64]. 

IMS-targeted protein-precursors of molar mass higher than 20kDa contain a bipartite 

signal, which consists of N-terminal matrix-targeting presequence and a hydrophobic sorting 

signal. So they first follow the presequence pathway governed by TIM23 and upon 

proteolytic removal of the presequence, mature soluble proteins are released into the IMS 

[64]. 

On the other hand, IMS-directed protein-precursors of small size (up to 20kDa), 

which contain conserved patterns of cysteine residues, are imported via the Mitochondrial 

IMS Assembly (MIA), also referred as to “mitochondrial disulfide relay”. The MIA 

machinery introduces disulfide bonds into the incoming precursors and thus couples the 

process of translocation to oxidative folding, consequently trapping the mature proteins 

in the IMS of mitochondria. Therefore the MIA pathway regulates structure, stability and 

function of a variety of proteins, whereby maintaining the integrity of the IMS. Therefore it 

is crucial for functional mitochondria and ultimately the entire cellular metabolism, in all 

eukaryotes [66]. 

In yeast there are two proteins of central importance which facilitate the process; 

ScMia40, which oxidizes the incoming substrates, and ScErv1 (“essential for respiration and 

vegetative growth”) which keeps ScMia40 in an oxidized state. ScErv1 is then reoxidized by 

cytochrome c which ultimately transports the electrons to the electron transport chain [67]. 

Both of the proteins (ScErv1, ScMia40) are essential for viability in yeast [68, 69]. 

As noted above, the substrates of the MIA pathway are proteins of small size located 

in the IMS. They contain conserved patterns of cysteine residues (see Fig. 4), which are 

involved in binding cofactors and in the formation of disulfide bonds [67], and thus the 
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cysteine residues are critical for the import and stable folding of these proteins. These 

patterns consist of one or several motifs of cysteine pairs spaced by either three (CX3C) or 

nine (CX9C) amino acid residues [70]. Upon oxidation, the proteins usually adopt a helix-

loop-helix fold stabilized by two parallel disulfide bonds (see Fig. 4) [71]. Substrates of the 

CX3C family are small Tim chaperones required for the assembly of the TIM complex [67, 

72], while the CX9C family harbours proteins of diverse functions, e.g. ScMia40, ScCox17 

(taking part in the biogenesis of cytochrome c oxidase) or ScMdm35 (playing role in lipid 

homeostasis) [64]. Additionally there are two other proteins, which do not contain a CX3C 

nor a CX9C motif and still are imported via the MIA pathway, these are ScErv1 and ScCcs1 

(copper chaperone involved in oxidative stress protection) [73, 74]. 

 
Fig. 4: Structure of the substrates of MIA pathway [64]. 

Recognition and binding of substrates is provided, beside the target cysteine residue, 

by a specific nine amino acid sequence upstream or downstream of the docking cysteine, 

altogether termed IMS-targeting signal (ITS), so the interactions with Mia40 are both 

covalent and hydrophobic [75]. 

It is not yet clear whether the MIA-driven import takes its course in a post- or co-

translational manner, since both were shown to be functional in organello [76-78]. Many 

substrate proteins however are not of sufficient length to span the ribosome and the outer 

mitochondrial membrane in such way that the ITS is available for the interaction with 

ScMia40 in the IMS and, furthermore the ITS is not always located on the N-terminus of the 

substrate protein [75]. 

ScMia40 is anchored to the mitochondrial inner membrane via the hydrophobic N-

terminus, while a large domain is exposed into the IMS, displaying six conserved cysteine 

residues arranged in a CPC and a twin CX9C motif (see Fig. 5). The CPC motif in its 

oxidized state enables ScMia40 to interact with reduced substrates via the intermolecular 

disulfide bonds [79]. Under steady-state conditions about 80% of ScMia40 is present in its 

oxidized, active form, and when levels of ScErv1 are down-regulated, ScMia40 is shifted to 

its reduced form [58]. Depletion of ScMia40 results in the inhibition of import of cysteine-
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rich IMS members, while other mitochondrial import pathways were reported to be 

unaffected [64]. 

ScMia40 i) functions as a receptor, that can recognize the ITS signal and transiently 

interact with the incoming polypeptides via disulfide bonded intermediates (negotiated by 

ScMia40’s redox-active CPC motif) [75, 80] and, ii) serves as an oxidoreductase and a 

chaperone, as upon the formation of the intermediate, disulfide bonds are transferred to the 

substrate in the process of oxidative protein folding (see Fig. 6) [81]. The substrate protein is 

thus converted from its reduced import-competent state to an oxidized, stably folded protein, 

which cannot transverse back out of mitochondria. It is not yet clear, whether the oxidizing 

equivalents are coming from a ScMia40 mono- or dimer or from ScErv1, however the 

presence of ScErv1 increases the efficiency in the transfer of multiple disulfide bonds [82]. 

 The translocation process is further influenced by physiological glutathione (GSH) 

concentrations. An accelerating effect of GSH on the electron flow through the disulfide 

relay to cyt c was observed. Moreover GSH prevents the formation of a partially oxidized 

intermediates, and protects the oxidized substrates and the electron transfer between 

ScMia40 and ScErv1 from reduction [83]. Upon the formation of intramolecular disulfide 

bonds within the substrate, the interaction between the substrate and ScMia40 is terminated, 

and ScMia40 is released with a reduced CPC motif [84]. ScErv1 participates in recycling 

ScMia40 by reoxidizing its cysteine residues, the electrons are then transferred probably via  

cyt c to the respiratory chain where they are ultimately passed on to molecular oxygen [58]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Structure of ScMia40 and ScErv1 [64]. 

ScErv1 is a FAD-linked oxidoreductase, that displays two pairs of redox-active 

cysteines (arranged in CXXC motif); the N-terminal pair forms a catalytic domain which 

mediates the electron transfer from ScMia40, the second pair (situated on the C-terminus, 

adjacent to the FAD-binding domain) is required for the generation of the first one and is 

than reoxidized by FAD. A third pair of conserved cysteine residues is arranged in a CX9C 

motif and serves a structural role, as these are responsible for the non-covalent dimerization 

of ScErv1(see Fig. 5). The homodimer is thus able to shuttle electrons from ScMia40 via the 
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N-terminus onto the FAD domain by intersubunit electron transfer, and finally the electrons 

are transferred from the FAD domain to cyt c (see Fig. 6). Therefore both domains are 

essential for the function, even thought only the N-terminal one directly interacts with 

ScMia40 [85].  

Lack of ScErv1 is reported to cause aberrant mitochondrial morphology, loss of 

mitochondrial DNA, respiration defects and defects in cytosolic [Fe-S] proteins biogenesis 

[86, 87]. Depletion of ScErv1 prevents the import of cysteine-rich IMS proteins, as the 

precursors remain associated with ScMia40, and its absence is therefore lethal for the cells 

[65]. 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 6: MIA reaction cycle [64]. 

Upon the reoxidation of ScMia40 by ScErv1, the electrons released are passed to an 

electron acceptor, so that ScErv1 is also recycled to an oxidized state. Sulfhydryl oxidases 

such as ScErv1 are generally predicted to use oxygen as an electron acceptor [88]. During 

this process hydrogen peroxide (H2O2) is generated and subsequently reduced to water by 

cytochrome c-peroxidase (ScCcp1). ScCcp1 is then in turn reduced by cyt c [89]. Such 

mechanism is utilized by the sulfhydryl oxidase of the endoplasmic reticulum (ScEro1) [90]. 

However it has been shown both in vitro [91] and in organello [89] that ScErv1 as well as 

the human homologue (ALR), can transfer electrons also directly to cyt c, thus increasing the 

efficiency by which both compounds are reoxidized and, preventing the generation of 

potentially harmful reactive oxygen species [58]. Cyt c can then be reoxidized using a 

variety of pathways, including the electron transport chain or ScCcp1 [89]. For the human 

homologue of ScErv1 (ALR), cyt c was shown in vitro to be a 100-fold more effective 

electron acceptor in comparison to oxygen [91]. Moreover ScErv1 was reported to form a 

high affinity complex with cyt c and also to be able to directly reduce the heme of cyt c [89]. 

In vitro cyt c can accept electrons from a variety of sulfhydryl oxidases, including 

those that are not present in the mitochondria. Since both ScErv1 and cyt c reside in the IMS, 

their interaction is feasible and physiologically reasonable and may additionally prevent the 
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cell from the oxidative damage [58]. Hence cyt c is considered to be the preferred electron 

acceptor for Erv1 in yeast and mammals [58, 89]. 

Interestingly, S. cerevisae possesses two genes for cyt c, which are differentially 

expressed under high and low oxygen concentrations [92], so that different forms may 

function in different environmental conditions. Also Erv1 may display a level of flexibility, 

since both ScCcp1 and cyt c are synergistic with ScErv1, both noticed pathways may occur 

simultaneously, so Erv1 may shuttle electrons both to oxygen and to cyt c [89]. 

1. 3. 1. MIA pathway in Kinetoplastida 

 As it has already been mentioned, mitochondrial genomes are usually greatly reduced, 

and are coding only for a minor portion of the total proteome that constitute the organelle, 

therefore most proteins are targeted into mitochondria post-translationally [65], and so the 

mitochondrial protein import (MPI) pathways are essential for the biogenesis of 

mitochondria in all eukaryotes [93]. As the mitochondrial endosymbiosis only occurred once 

in the evolution, many features of the mitochondrial biology tend to be conserved even 

among distant phylogenetic lineages [94, 95]. Regarding the import pathways into the 

organelle, it is observed that the channel-forming subunits of integral membrane 

protein complexes are usually well conserved, whereas other components of the import 

apparatus may vary significantly [96]. Studies indicate that the MPI pathways are 

functionally conserved among all eukaryotes despite compositional differences of the 

machineries [93]. 

 Notably regarding the MPI pathways in Trypanosomes, some anomalies were 

reported previously, e.g. the TOM complex is yet to be defined, mitochondria-targeting 

sequences are much shorter compared to other eukaryotes, moreover there is only a single 

translocase of the inner membrane which facilitates both translocation across the membrane 

and protein insertion into the membrane [97]. 

 The import into the mitochondrial IMS is achieved via the mitochondrial IMS 

assembly (MIA) machinery which, in yeast, consists of ScMia40 and ScErv1 as noted above. 

The MIA pathway as described for animals and yeast is however not conserved in several 

protist lineages, including apicomplexan and kinetoplastid parasites. These organisms seem 

to lack a Mia40 homologue although the substrates for Mia40-dependent import are present, 

and thus they most probably possess altered import machineries [93, 98]. In contrast Erv1 

seems to be conserved among virtually all eukaryotes [87], which raises the question about 

how the cysteine-rich proteins are imported into the IMS in  the organisms lacking a Mia40 
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homologue and which exact role is Erv1 playing in mitochondrial import and/or export 

machineries. 

 Kinetoplastid genome sequences were previously analysed, and an Erv1 homologue 

as well as small Tims were identified, while no trace of a Mia40 homologue was reported. 

These findings suggest that the composition of the MPI machineries varies significantly 

from those known in human and yeast, insomuch that Mia40 was initially considered to be 

indispensable for the import of small cysteine-rich proteins into the IMS [68, 93, 98]. 

 It has been shown in vivo and in organello that the import is functionally conserved, 

experiments were performed in Leshmania tarentolae, another representative of the class 

Kinetoplastida, and a model organism. It was demonstrated that L. tarentolae proteins of all 

four mitochondrial subcompartments are efficiently imported into isolated yeast 

mitochondria and similarly opisthokont marker proteins are successfully imported into 

isolated L. tarentolae mitochondria. Interestingly LtErv1 is imported into the IMS of yeast 

Mia40-depleted mitochondria, pointing to an alternative import mechanism, obviously 

independent of Mia40p. In spite of the successful import reaction the proteins however could 

not complement the function of each another (LtErv1 cannot complement knock-out of 

ScErv1), likely because of a different architecture of the proteins [93]. 

 The study further revealed that kinetoplastid Erv1 homologues display altered 

cysteine pair motifs (see Fig. 7). All eukaryotic Erv1 homologues display the proximal 

(active-site) cysteine pair, adjacent to the flavin cofactor, that is the only cysteine pair 

conserved among all of the homologues, and was shown to be essential for the oxidase 

activity of ScErv1 [99] as well as TbErv1 [100]. And next, all homologues contain the distal 

(shuttle) cysteine pair, which tends to be variable, especially concerning the number of 

spacing residues, while in most opisthokonts it is arranged in a Cys-Arg-X-Cys motif located 

to the N terminus, kinetoplastida display the distal cysteine pair arranged in Cys-X-Val-Tyr-

C motif located to the C terminus of the protein [101]. 

Additionally the special feature seen in kinetoplastid Erv1 homologues is an 

abnormally extended C terminal domain (see Fig. 7), which consists of some 200 amino acid 

residues, hence a term Kinetoplastida-specific second (KISS) domain was suggested [101]. 

Although this domain is present in Kinetoplastida ubiquitously, it is rather variable, as the 

sequences differ not only between Leishmania and Trypanosome, but also in between 

Trypanosome species [93]. 

 Interestingly studies in plants stated that Arabidopsis thaliana Erv1 homologue 

shows similarities to that of trypanosome (see Fig. 7). In particular, while in most eukaryotes 
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the distal cysteine pair is spaced by two amino acid residues and the is motif located to the N 

terminus, AtErv1 homologue, similarly to TbErv1, display a CX4C motif at the C terminus 

of the protein (see Fig. 7). Furthermore the experiments revealed that, contrary to AtErv1, 

AtMia40 is not essential, as depletion of AtMia40 showed lack of phenotype and no 

significant effect on the MPI was observed. These results indicate that the mitochondrial 

disulfide relay system functions without AtMia40. Additionally the amount of AtErv1 

in Mia40-depleted plants is significantly increased, suggesting that the different arrangement 

of cysteine pairs in AtErv1 and TbErv1 may allow Erv1 alone to function as a replacement 

of the MIA pathway [102]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Location of cysteine pairs in Erv1 homologues [102]. 

 Deep evolutionary origins of Trypanosomes and other Excavata suggest that these 

“altered” MPI pathways could actually reflect the ancestral targeting pathways in the first 

eukaryotes, where the import into the mitochondrial IMS was possibly only dependent upon 

Erv1, not Mia40 [98]. The multi-functionality and ubiquity of Erv1 provides an argument for 

earlier origin of this protein. Furthermore ScErv1 is required for ScMia40 function, as Erv1-

depleted yeast mitochondria allows the formation of Mia40-substrate disulfide intermediate 

but the release of the oxidized substrate is inhibited, consequently causing an accumulation 

of the reduced, inactive form of ScMia40 [103]. The idea is further supported by the fact that 

in organisms lacking an Erv1 homologue, substrates of the MIA pathway are not present 

[98]. Alternatively Erv1 may cooperate with an unknown component. Owning to lack of 

experimental data we can not discriminate between the different evolutionary scenarios yet. 
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1. 4. Role of Erv1 in T. brucei 

 In yeast and animals ScErv1 is known to function in conjuction with ScMia40 in the 

import of small cysteine-rich proteins into the IMS of mitochondria. Available data suggest 

that TbErv1 functions in protein import into the IMS despite the natural absence of a Mia40 

homologue, as massive mitochondrial swelling is observed following TbErv1 gene silencing 

[100]. Mitochondrial swelling is known to be a common feature to defective MPI in yeast, 

and alterations in mitochondrial morphology were also shown to be associated with the 

knock-down of ScErv1 [86]. ScErv1 was additionally shown to cause impaired respiration, 

loss of mitochondrial genome, decreased amount of small cysteine-rich proteins in the 

mitochondrial IMS and accumulation of reduced, non-functional form of ScMia40 [103]. 

 Further TbErv1 is believed to play a role in the export of an unknown compound 

produced by the ISC machinery, which is required for the maturation of cytosolic and 

nuclear [Fe-S] proteins, which are known to be involved in variety of essential cellular 

processes [100]. The idea is additionally supported by observations in other protists, e.g. 

Encephalitozoon cuniculi lacks a Mia40 homologue as well as substrates for the MIA 

pathway, still EcErv1 presumably functions in the cytosolic [Fe-S] assembly, since known 

components of the CIA machinery are conserved, further Entamoeba histolytica lacks an 

Erv1 homologue and its ISC machinery is replaced by Nif-like system. Moreover the loss of 

Erv1 in some organisms generally correlates with the absence of an Atm1 orthologue, thus 

driving the evolution of Atm1-independent mitochondrial [Fe-S] export system [98]. 

 Regarding the physiological oxidant of TbErv1 one hypothesis suggests that in the 

procyclic form of T. brucei which rely on a functional respiratory chain, cytochrome c serves 

as the terminal electron acceptor. Electrons from the reduced cytochrome c would then 

probably be transferred to oxygen, as the cytochrome c peroxidase is absent from the 

genome of T. brucei. In contrary the bloodstream form of T. brucei has no capacity for 

respiration, but TbErv1 is still essential for the mitochondrial import and/or export. The 

hypothesis suggests that in bloodstream form TbErv1 is oxidized directly by oxygen. Since 

the activity of the sulfhydryl oxidase TbErv1 is likely to be low, any reactive oxygen species 

generated as by-products could be acted by parasite’s antioxidant defence mechanisms [98]. 

 As Trypanosomatids are of deep evolutionary origins, they may reflect the ancestral 

simplicity, which may be present, yet cryptic in higher eukaryotes, as in the course of 

evolution the cellular pathways gradually became more refined. Although the mitochondrial 

biology of T. brucei appears to have many unique features, previous studies demonstrated 

that many of the “unique” phenomena first discovered in Trypanosomes were subsequently 
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found to be general features of all eukaryotes (e.g. trans-splicing of nuclear RNA, RNA 

editing). We suppose this may also be true for some apparently “unique” aspects of the 

mitochondrial biology of T. brucei, thus the study of mitochondrial protein import may have 

further implications for the elucidation of these mechanisms in eukaryotes in general. 

Furthermore since mitochondrial protein import is expected to be essential for cell survival, 

the differences between Kinetoplastid Erv1 homologue and mammalian ALR might serve as 

starting point for drug development [97]. 
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2. AIMS OF THE THESIS 

1) To verify the subcellular localization of TbErv1. 

2) To examine the role of TbErv1 in the iron-sulphur cluster protein biogenesis.  

3) To search for possible interaction partners of TbErv1. 



 - 20 -  

3. MATERIALS AND METHODS 

3. 1. Cell culture of T. brucei 

Two different parental cell lines of procyclic Trypanosoma brucei brucei were used 

to perform the experiments. The RNAi cell line 29-13 [104], which is based on wild type T. 

brucei brucei Lister strain 427, the cell line SmOxP9 [105], which is based on wild type T. 

brucei brucei TREU927 [5] and an RNAi cell line for the knock-down of Erv1, constructed 

by Somsuvro Basu [100]. 

The cells were grown in SDM-79 medium supplemented with 10% fetal bovine 

serum at 27°C [106]. The cell line 29-13 was grown under the presence of the antibiotics 

hygromycin (50 µg/mL) and neomycin (15 µg/mL) [104]. Medium for the knock-down cell 

line was additionally supplemented with phleomycin (2.5 µg/mL), and for the induction of 

the RNA interference tetracycline (1 µg/mL) was added once per 24 hours. The cell line 

SmOxP9 was grown under the presence of the antibiotic puromycin (1 µg/mL). 

 Concentrations of cells were measured using a Z2 Coulter Particle Count and Size 

Analyzer (Beckman Coulter) (dilution factor=200, TI=3,5 μm, Tu=7,7μm, count=between). 

3. 2. v5 tagging 

3. 2. 1. PCR-only tagging 

» Principle: The Polymerase Chain Reaction (PCR) only tagging (pPOT) series of 

plasmids were designed to enable tagging of gene of interest in T. brucei at its endogenous 

locus. As trypanosomes only require 50 nucleotides of identity for targeted homologous 

recombination, it is possible to incorporate such sequence into long PCR primers. The 

plasmid contains a tag and a resistance gene, which can be amplified using the long primers 

that contain a short region of identity to the plasmid and a longer region (about 80 

nucleotides) of homology to the gene locus to be tagged, which is thus incorporated into the 

plasmid. The amplicon is then used to transfect T. brucei and so it can recombine with the 

genomic DNA such that the tag is fused to the target gene [107]. 

Table 1: PCR programme. 

Temperature Time  

94°C 5 min  

94°C 15 sec  

60°C 30 sec  

72°C 2 min 2↑ 30 cycles 

72°C 2 min  

16°C pause  
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Tab. 2: Materials used for PCR only tagging and PCR reaction mixtures. 

Erv1 Forward 

primer 

ctgaaacgaa aaaggacaag agggagggaa aacaaacaac 

gagaaaagat actttatcgt aggaactttc ctgactcaac 

gtataatgcagacctgctgc 

 

Erv1 Reverse 

primer 

ataatccagc ctgccttacc cagttctcgg ggcgtcggac 

actcaccggg aatcttctgc aacggctcct gtttcgacat 

actacccgatcctgatcc 

 

pPOTv4  [107]  

PCR Mixture A 

DMSO (PCR grade) 0.5 µL 

Forward Primer, 100 µM (final conc. 2 µM) 1 µL 

Reverse Primer, 100 µM (final conc. 2 µM) 1 µL 

25 ng template (pPOTv4-v5, 25 ng/ µL stock) 1 µL 

dNTPs, 10 mM each (final conc. 0.2 mM) 1 µL 

MiliQ H2O 44 µL 

PCR Mixture B 

Expand HiFi buffer 2 (Roche, 04 743 725 001) 5 µL 

Expand HiFi polymerase (Roche, 04 743 725 001) 1 µL 

MiliQ H2O 19 µL 

» Procedure: Primers were designed according to the protocol for endogenous C-

terminal tagging using the pPOTv4 plasmid [107]. For the PCR a modified pPOTv4 plasmid 

was used in which the YFP tag was replaced by 3x V5 tag, termed pPOTv4-v5. The DNA 

was amplified by PCR using a „Hotstart“ according to the published protocol [107] and upon 

analysis by agarose gel electrophoresis, the PCR reaction was used without further 

purification for the electroporation of procyclic T. brucei. 

For the „Hotstart“ PCR, mixture A (according to Tab. 2) was placed into the thermocycler 

and the PCR program (see Tab. 1) was started. After the machine reached 94°C for 1 min, 

mixture B (according to Tab. 2) was added. When the reaction was completed, 5 µL of the 

reaction mixture were analysed by agarose gel electrophoresis to check for success of the 

reaction. One PCR reaction was performed without addition of the plasmid to serve as 

negative control (data not shown). 

3. 2. 2. Agarose Gel Electrophoresis 

 » Principle: Agarose gel electrophoresis is a method used to separate DNA fragments 

by length by applying an electric field to move the charged molecules through an agarose 

matrix. Since DNA carries a negative charge on each of the phosphate groups making up its 

backbone, the DNA fragments migrate towards the positive electrode. As DNA molecules 

migrate, they are hindered by the meshwork of fibers that make up the gel. The larger 

molecules the harder it is for them to squeeze through the pores, conversely smaller 

molecules are able to move faster, and thus the result is that DNA fragments are separated 

according to their size. For visualization, the DNA gels are routinely stained with ethidium 

bromide, which intercalates in between the base pairs of DNA. When excited by UV light, 
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ethidium bromide bound to DNA fluorescence bright orange, which allows then to visualize 

the DNA present within the gel. To determine the size of a DNA fragment, a kilobase ladder 

is used, which is a set of standard DNA fragments of known sizes which is run alongside the 

gel and acts as reference [108]. 

Tab. 3: Chemicals used for Agarose Gel Electrophoresis. 

Agarose 0,75% Agarose in 1x Agarose gel electrophoresis buffer 

Ethidium bromide solution 0,1 μg/mL Ethidium bromide in MiliQ H2O 

10x Agarose gel 

electrophoresis buffer 
670 mM Tris-Base, 222 mM boric acid, 5 mM EDTA 

6x MassRulerTM DNA 

Loading Dye 

10 mM Tris-HCl (pH 7,6), 0,03% bromphenol blue, 

60% glycerol, 60 mM EDTA 

1kb DNA Ladder  (Invitrogen) 

 » Procedure: 5 μL of the PCR reaction mixture was mixed with 1 μL of the Loading 

Dye and was run along with 7 μL of the 1kb DNA Ladder at 70V on a 0,75% agarose gel, 

until completed. For later visualization of the DNA 1 μL of the EtBr solution was added per 

50 mL of the agarose gel, prior to casting. The results were visualized by exposing the gel to 

UV light on an Alphaimager® (HP systems). 

3. 2. 3. Electroporation of procyclic T. brucei 

 » Principle: Electroporation is a technique for transfecting cells in suspension by 

applying an electrical pulse. The application of the electrical field induce the formation of 

pores within the cell membrane, thus increasing its permeability and allowing the DNA to be 

transformed to enter the cell [108]. 

 » Procedure: The cell line SmOxP9 was grown in SDM-79 medium with appropriate 

drugs in concentrations between 0.5-1x107 cells/mL. 1x107 cells were harvested by 

centrifugation at 800 g, at RT for 10 min. The cell pellet was resuspended in 400 µL 

Cytomix (25 mM HEPES, 120 mM KCl, 0.15 mM CaCl2, 10 mM K2HPO4/KH2PO4, 2 mM 

EDTA, 6 mM Glucose, 5 mM MgCl2, pH 7.6) and 45 µL of the PCR reaction mixture was 

added. The resulting cell suspension mixture was then loaded into a 0.2 cm gap 

electroporation cuvette and electroporated with one pulse (1600 V, 25 Ω and 50 μF) on a 

BTX ECM650 Electro Cell Manipulator®. One electroporation was performed without the 

addition of the PCR reaction mixture, serving as negative control. The cell suspension was 

incubated with 9.5 mL fresh SDM-79 containing puromycin (1 µg/mL) at 27°C over night. 

When the cells thus recovered from the electroporation 20 mL of fresh media containing 

puromycin were added and additionally hygromycin was added to a final concentration of 

100 µg/mL, serving as the selection marker. The cell suspension was then evenly divided 

into a 24 well plate. After 10-12 days, when there were no living cells observed in the 
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negative control, positive wells were screened for the expression of the v5-tagged protein by 

performing Western Blot Analysis, using anti-v5 antibody. One positive clone was selected 

and grown in higher volume for further experiments. 

3. 3. Erv1-RNAi cell line 

 » Principle: RNA interference (RNAi) is a technique of gene silencing deriving 

benefit from the natural cell defence mechanisms against viruses. The RNAi is triggered by 

the introduction of a double stranded (ds) RNA, which is fully homologous to the gene of 

interest. As under normal circumstances dsRNA does not occur within the cell, it is 

recognized as foreign and thus cleaved into fragments of short interfering (si) RNAs by a 

nuclease known as Dicer. Subsequently siRNAs are bound and separated into single-

stranded (ss) RNAs by the RNA-induced silencing complex (RISC), which is also displaying 

nuclease activity and thus is able to recognize and degrade any ssRNA corresponding 

in sequence to the bound siRNA. Thereby the transcripts of the gene of interest are 

eliminated [108]. 

 Several methods of RNAi have evolved over time, including short hairpin (sh) RNAs 

capable of DNA integration. The shRNAs are synthesized within the cell upon introduction 

of a vector encoding for shRNA (homologous to the gene of interest) transcribed by an 

inducible promoter. Once transcribed, the shRNAs are exported to cytosol where they are 

recognized by the Dicer and thus follows the RNAi pathway. This method allowed us for 

stabile time-dependent regulation of gene expression [109]. 

3. 3. 1. Growth curve 

 » Principle: The gene of interest is silenced via induction of the RNAi cell line by 

tetracycline, so that in case of essentiality of the gene of interest an influence on the growth 

rate can be observed. 

 » Procedure: Cells were grown in 1ml volumes of SDM-79 medium containing 

appropriate antibiotics with a starting concentration of 1x106 cells/ml. Cell densities were 

measured every 24 hours and diluted back to the concentration of 1x106 cells/ml. Gene 

silencing was induced for ten days by addition of fresh tetracycline to the culture media (1µg 

Tet/1ml media) once per 24 hours. The growth rate of induced cells was compared to that of 

the parental cell line (29-13) and non-induced RNAi cell lines, growth phenotype was 

observed. Calculation was performed using Microsoft Excel. 
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3. 3. 2. Aconitase activity measurement 

 » Principle: Aconitase is a known iron-sulphur cluster protein of two forms, the 

mitochondrial form acts as an enzyme of tricarboxylic acid cycle, which catalyses the 

conversion of citrate into isocitrate. The cytosolic form of aconitase provides isocitrate for 

other synthetic purposes and additionally, in mammals acts as iron regulatory protein [110]. 

In the genome of Trypanosomes, aconitase is encoded by a single gene while the protein is 

of dual localization. The [Fe-S] required for the activity of the enzyme is supplied by the 

respective [Fe-S] assembly machineries, so by ISC in mitochondria, and by CIA in cytosol 

[111]. When a gene of interest is silenced, the possible influence of its product on each of the 

[Fe-S] assembly machineries can be tested by the measurement of aconitase activity in 

mitochondria and cytosol independently. 

Enzyme activities are determined by the measurement of moles of product formed by 

an enzyme in a given amount of time under given conditions per milligram of total proteins. 

The concentration of the product as well as the total amount of proteins can be determined 

using spectrophotometric methods. [112]. 

Tab. 4: Chemicals used for aconitase activity measurement. 

Lysis buffer 

25 mM Tris-HCl, pH 7.6, 225 mM Sucrose, 2 mM EDTA, 2 mM 

EDTA, 2 mM EGTA, 10 mM KH2PO4, 1 mM MgSO4, 10 mM 

Na-Citrate, 2 mM Dithiotreitol (DTT), + cOmplete™, EDTA free 

protein inhibitor (1 tablet per 10 mL buffer) 

Digitonin solution 10 mg/mL digitonin in MiliQ H2O 

Triton X-100 10% TX-100 in MiliQ H2O 

1x PBS 
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM 

KH2PO4, pH 7.4 

Activity buffer 90 mM Tris, pH 7.5 

DL-isocitric acid 

solution 
0.5 M DL-isocitric acid trisodium salt in MiliQ H2O 

» Procedure: The cell lines 29-13 and Erv1-RNAi were grown in 100ml volumes of 

SDM-79 medium with appropriate drugs in concentrations between 0.5-1x107 cells/mL. The 

RNAi cell line was induced for 0, 2 and 4 days. 5 x108 cells of  29-13, non-induced and each 

day of induction for the RNAi cell line were harvested by centrifugation at 1000 g, at 4°C 

for 10 min. 

The cell pellet was washed twice with PBS and sequentially resuspended in 500 µL 

of the ice-cold lysis buffer. This cell suspension was incubated on ice until use. 400 µL of 

the cell suspension were mixed with digitonin to obtain a final concentration of 0.4 mg/mL 

digitonin. The suspension was then vortexed for a couple of seconds and incubated at RT for 

5 min. Upon centrifugation at 14 000 g, at RT for 2 min, the supernatant representing the 

cytosolic cellular fraction was collected and immediately placed on ice for later use. 
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The pellet was washed once with lysis buffer and sequentially resuspended in 400 µL 

of fresh lysis buffer, Triton X-100 was then added to a final concentration of 0.1% Triton X-

100 and the mixture was incubated for 5 min on ice. This fraction represented the 

mitochondrial fraction. 

100 µL of the remaining cell suspension were washed once with PBS and 

resuspended in 500 µL MiliQ H2O. 10 µL of this suspension was then used to determine the 

total protein concentration via the Bradford protein assay. 

For the aconitase activity measurement 10 µL of the lysate of each fraction were 

mixed together with 235 µL of the activity buffer and 5 µL 0.5 M DL-isocitric acid solution, 

representing the substrate. Samples of mitochondrial and cytosolic fractions were measured 

separately. Three replicas for each of the reactions were prepared (to avoid fluctuations by 

pipetting error) in a 96 well plate with UV transmissible bottom. The absorbance (A240) was 

measured in 30 sec intervals over a period of 10 min, using Infinite® M200 PRO (Tecan). 

The rise in the absorbance corresponds to an increasing concentration of the product of the 

reaction (as stated by the Beer-Lambert law), which was used to determine the activity of 

cytosolic and mitochondrial aconitase respectively. The rise of absorbance was normalized 

to the total protein concentration, which was determined by the Bradford assay of the whole 

cells. Activities of induced cells were compared relative to non-induced. The aconitase 

activity measurement was performed in three independent repeats, and the three obtained 

values for each activity were used to calculate the confidence interval with a confidence 

level of 95%. Calculation was performed using Microsoft Excel. 

3. 3. 3. Membrane Potential Measurement 

 » Principle: Mitochondrial membrane potential, in situ, is an important physiological 

parameter related to the capacity of the cell to generate ATP, and thus it is an indicator of 

mitochondrial function or dysfunction, which can then predicate about the cell health or 

injury. Changes in mitochondrial membrane potential (Δψm) can be monitored using various 

fluorescent dyes, one of many possibilities is the MitoTracker Red CMXRos. MitoTracker 

Red is a cationic dye for staining mitochondria in living cells, and so it accumulates into the 

mitochondrial matrix in an inverse proportion to the to the mitochondrial membrane 

potential (more polarized mitochondria, with more negative interior, will accumulate more 

dye than a depolarized mitochondria) [113]. We have adopted a flow cytometry method for 

the quantitative measurement of Δψm which utilizes the cationic fluorescent dye MitoTracker 

Red. The method provides estimates of the Δψm in situ, in a heterogenous cell population, 
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since only the fluorescence of the cell bound dye is measured and the Δψm is estimated from 

the intensity of the cell fluorescence [114]. 

» Procedure: Cells were grown in SDM-79 medium with appropriate drugs 

in concentrations between 0.5-1x107 cells/mL. The RNAi cell line was induced for 0, 2 and 4 

days, 1x107 cells of each of the cultures were incubated at 27°C with MitoTracker ® Red 

CMXRos at a final concentration of 200 nM for 30 min. Cells were harvested at 600 g, at RT 

for 10 min, the cell pellet was resuspended in 1 ml of IsoFlow™ Sheath Fluid. 100 μl of the 

cell suspension were mixed with 1 ml IsoFlow™ Sheath Fluid and thus prepared samples 

were then used for analysis by flow cytometry, which was carried out on BD FACSCantoII 

(BD Biosciences, USA). Calucation was performed using Microsoft Excel. 

3. 4. Localization 

 Two independent approaches were used to determine the subcellular localization of 

TbErv1. Once a microscopy technique was utilized to detect the protein in its native position 

in fixed cells, and next a chemical fractination method was employed to separate the cellular 

compartments and allow the detection of the protein in the generated fractions. 

3. 4. 1. Immunofluorescence assay (IFA) 

» Principle: IFA is an immunohistochemistry technique, usually used for 

visualization of structures at subcellular level. Therefore the method is limited to fixed cells, 

since cellular membranes first have to be permeabilized to allow the penetration of 

antibodies or other agents used for staining. The application of some fixatives may alter the 

tissue or even cause cross-linking of proteins, consequently leading to false results due to 

non-specific binding and generation of artefacts. On the other hand, apart from staining 

specific structures, the fixation also allows us to prepare permanent specimens, which can be 

re-analysed. 

The basis of the technique lies in the specificity of the antigen-antibody interaction. 

While the primary antibody specifically binds to the protein of interest, it is sequentially 

recognized by the secondary antibody, carrying the fluorophore. As multiple secondary 

antibodies can be bound to a single molecule of the primary antibody, the fluorescent signal 

is thus amplified by increasing the number of fluorophore molecules per molecule of the 

antigen.When examined under the fluorescent microscope, the fluorophore is, upon light 

excitation, capable of re-emitting the light. The absorption (excitation) and emission spectra 

are specific to each fluorophore, the excitation energies are in general ranging from UV to 

visible spectrum, while emission energies continue from visible light to near infra-red region. 
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Thereby the method allows us to determine the distribution of the protein of interest 

within the cell [115].  

Tab. 5: Materials and antibodies used for the immunofluorescence assay. 

 » Procedure: The immunofluorescence assay was utilized for two purposes, first to 

determine the subcellular localization of TbErv1, using the SmOxP9 cell line, and second for 

the verification of prospective alterations in the mitochondrial morphology along with the 

gradual depletion of the protein, using the RNAi cell line. For the second, cells induced for 0, 

2 and 4 days were used as the exemplary samples.  

 Cells were grown in SDM-79 medium with appropriate drugs in concentrations 

between 0.5-1x107 cells/mL. 1ml of SmOxP9 cell culture was incubated at 27°C with 

MitoTracker at a final concentration of 200 nM for 30 min. Cells were harvested at 1000 g, 

at RT for 2 min, the cell pellet was washed once with PBS and then resuspended in 200µL of 

4%  paraformaldehyde. The suspension was spread onto the slides and fixed for 20 min on 

air. The slide was then washed once with PBS and sequentially the cells were permeabilized 

with ice-cold methanol at -20°C for 20 min. For further permeabilization the cells were 

additionally incubated in 0.2% Triton X-100 for the next 20 min. The slides were washed 

once with PBS, blocked with 5% milk for 45 min at RT, and then incubated with the primary 

antibody for 2 hours at RT. 

 For the SmOxP9 cells polyclonal anti-Erv1 rabbit antibody at dilution 1:1000 in 5% 

milk was applied. For Erv1-RNAi cell line anti-Hsp70 mouse antibody in dilution 1:1000 

in 5% milk was used. 

 Slides were washed 3x 5 min with PBS and then incubated with secondary antibody 

diluted in 5% milk for 1 hour at RT. For SmOxP9 cells Goat Anti-Rabbit IgG at a dilution 

1:1000 was used. For Erv1-RNAi cells Goat Anti-Mouse IgG dissolved at a dilution of 

1:1000 was used. Both samples were also prepared without the application of the secondary 

MitoTracker® Red CMXRos  (ThermoFisher Scientific) 

4% paraformaldehyde 1x PBS, 1,25 mM NaOH 

Superfrost® plus slides  (ThermoFisher Scientific) 

1x PBS 
137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.47 mM KH2PO4, pH 7.4 

0.2% Triton X-100 TX-100, 1x PBS 

Methanol   

5% milk Dissolved in 1x PBS-Tween 

ProLong® Gold Antifade reagent with DAPI  (molecular probes, P36935) 

Antibodies: 

Anti-Erv1 [100] 

Anti-Hsp70 [116] 

Goat Anti-Mouse IgG H&L, Alexa Fluor® 488  (Invitrogen) 

Goat Anti-Rabbit IgG H&L, Alexa Fluor® 555  (Invitrogen) 
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antibody to serve as negative controls (data not shown). The slides were washed 5x 5 

min with PBS, mounted with 1 drop of mounting media with DAPI under the cover glass 

and sealed airtight with a transparent nail polish. The slides were stored in the dark at 4°C 

until use, and were observed under a fluorescent microscope. Image manipulations were 

performed using ImageJ. 

3. 4. 2. Selective permeabilization with digitonin 

 » Principle: Since digitonin is a non-ionic detergent, it is able to disrupt cell 

membranes, so that components located on the inner faces of isolated membrane vesicles, or 

in the solution within them, are made accessible and can be assayed. Thus depending upon 

the digitonin concentration, we are able to solubilize distinct subcellular compartments 

in successive steps, in such a way that the membranes lying further inside of the cell are 

accessed later (i.e. at higher digitonin concentrations) than the outer membranes. Individual 

fractions of increasing digitonin concentrations are then analysed using SDS PAGE, 

employing specific antibodies against marker proteins (antigens previously shown to be 

localized at known cellular sites), so that we can distinguish the degree of purity for each of 

the fractions and further define the intracellular location of the protein of interest [115]. 

Tab. 6: Materials used for selective permeabilization with digitonin. 

1x PBS 
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, 

pH 7.4 

STE-NaCl buffer 25 mM Tris, pH 7.4, 250 mM sucrose, 1 mM EDTA, 150 mM NaCl 

Digitonin 1% digitonin in MiliQ H2O 

5x Sample Buffer 
96 mM Tris-HCl, 40% glycerol, 8% (v/v) β-mercaptoethanol, 0.16% 

bromophenol blue, pH 6.8  

 » Procedure: Cells were grown in SDM-79 medium with appropriate drugs 

in concentrations between 0.5-1x107 cells/mL, 2.2x109 cells were harvested by 

centrifugation at 1000 g, and 4°C for 10 min and washed once with PBS. The cell pellet was 

resuspended in STE-NaCl buffer (150 µL/2x108 cells), and the cell suspension was then split 

into 150 µL aliquot parts. These aliquots were filled in to a final volume of 300 µL with 

STE-NaCl buffer and STE-NaCl-buffer enriched with digitonin (see Tab. 7), so that the final 

digitonin concentrations ranging from 0 to 1.5 mM were obtained. Samples were mixed, 

incubated for 4 min at RT and spun at 14000 g, at RT for 2 min. 200 µL of the supernatant 

were collected, mixed with 50 µL 5x Sample buffer, boiled for 5 min and then stored at -

20°C until further analysed by Western blot. 
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Table 7: Preparation of digitonin gradient for subcellular fractination. 

Sample Number 1 2 3 4 5 6 7 8 9 10 

Final digitonin concentration 

[mM] 
0 0.05 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.5 

Cell suspension [µL] 150 150 150 150 150 150 150 150 150 150 

STE-NaCl buffer [µL] 150 142.5 135 120 105 90 60 30 10 105 

STE-NaCl buffer with 

2.0 mM digitonin [µL] 
0 7.5 15 30 45 60 90 120 140 0 

STE-NaCl buffer with 

10 mM digitonin [µL] 
0 0 0 0 0 0 0 0 0 45 

3. 4. 3. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

 » Principle: Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

PAGE) is a biochemical method used to separate proteins according to the differences 

in their molecular mass. Since proteins consist of polypeptide chains of amino acid residues 

displaying heterogeneous biochemical properties and hence they tend to form higher-order 

structures, a chemical and physical denaturant is applied prior to analysis. Proteins are first 

treated with Sample Buffer containing β-mercaptoethanol, a mild reducing agent that can 

reduce disulfide bonds, while SDS, which is present both in the gel and the running buffer, 

can efficiently disrupt hydrophobic and ionic interactions. Additionally the sample is usually 

boiled which further helps to disrupt the secondary structure of proteins and allows better 

accessibility by the applied denaturants. Proteins are thus denatured to approximately linear 

forms and ‘coated’ with a monolayer of negatively charged SDS molecules, as a result the 

migration rate of proteins is inversely proportional to their molecular sizes. 

 The gel consists of two layers of different polyacrylamide concentrations and pH 

values, the (5%) stacking gel serves as a solid matrix, to focus samples into a narrow band, 

thus providing a clear-cut line of discontinuity. Samples then enter the (15%) running gel 

where the proteins get separated according to their size. A molecular-weight size marker, a 

set of standards, is run in a separate lane of the gel, so that the approximate molecular mass 

of molecules assayed can be determined [115]. 

Tab. 8: Materials used for SDS-PAGE. 

Stacking gel 
5% acrylamide, 125mM Tris-HCl, pH 6.8, and 0.1% SDS, 

0.1% ammonium persulfate, 0.005% TEMED 

Running gel 
12% acrylamide, 375 mM Tris-HCl, pH 8.8 and 0.1% SDS, 

0.1% ammonium persulfate, 0.025% TEMED 

Running buffer 5 mM Tris, 38.4 mM glycine, 0.02% SDS 

Precisions Plus ProteinTM 

Dual Color Standards  
(Bio-Rad) 

5x Sample Buffer  
96 mM Tris-HCl, 40% glycerol, 8% (v/v) β-mercaptoethanol, 

0.16% bromophenol blue, pH 6.8 
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 » Procedure: For the digitonin fractionation and for analysis of the co-

immunoprecipitation procedure, volume corresponding to 1x107 cells was loaded per well. 

To check for the expression of Erv1-v5 tagged cell line, 5x107 cells were harvested (at 

1000 g, and RT, 10 min), washed once and sequentially resuspended in PBS to the 

concentration of 1x109 cells/mL, appropriate volume of 5x Sample Buffer was added and the 

sample was boiled at 98°C for 10 min. Volumes corresponding to 1x107 cells were then 

loaded per well. Commonly 1.5 mm spacer with 15 well combs were used (25 µL wells). 

Upon preparation of the gel and loading of the samples, the gel was run at 75 V until the 

samples reached the running gel and then at 125 V till completion. 

3. 4. 4. Western Blot Analysis 

 » Principle: Western Blotting is a technique used to detect specific proteins within a 

cellular lysate. The mixture of proteins is first separated by SDS-PAGE. In order to make the 

proteins accessible to antibody detection they have to be moved from within the gel onto a 

stable (PVDF or nitrocellulose) membrane. If this transfer is performed electrophoretically, 

the method is called electroblotting. The membrane is able to non-specifically bind any 

proteins, therefore steps to prevent non-specific binding of the antibody have to be taken. 

This is achieved by blocking the membrane with (3-5%) protein solution prior to the 

application of antibodies. Upon blocking, the membrane is incubated with the primary and 

the secondary antibodies respectively. The secondary antibody usually carries a conjugated 

enzyme, and since several molecules of the secondary antibody can bind to one primary 

antibody, the signal is thus enhanced. Results are visualized by supplying the conjugated 

enzyme with its substrate so that a detectable product is formed [115]. 

Tab. 9: Materials used for Western blot analysis. 

PVDF membrane (GE Healthcare) 

Blotting buffer 25 mM Tris, 386 mM glycine, 3.7 g/L SDS, 20% ethanol) 

5% milk  5% (w/v) Milk powder dissolved in 1x PBS-Tween 

1x PBS-Tween 1x PBS, 0.05% Tween20 

Clarity™ Western ECL  (Bio-Rad) 

Antibodies: 

Anti-Enolase (Paul Michels, University of Edinburgh) 

Anti-Hsp70 [116] 

Anti-v5 (ThermoFisher Scientific, 37-7500) 

Anti-Erv1 [104] 

Rabbit Anti-Mouse IgG (Sigma-Aldrich, A9044) 

Goat Anti-Rabbit IgG (Sigma-Aldrich, A0545) 
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 » Procedure: Protein samples separated by the SDS-PAGE were transferred onto 

PVDF membrane by wet electro blotting. The PVDF membrane was activated by 

submersion in methanol for 5 min, samples were blotted for 1,5 hours at 100 V while 

submerged in the blotting buffer. After completing blotting, the membrane was blocked with 

5% milk for 1 hour at RT, or at 4°C over night. Primary antibodies (Anti-Hsp70, Anti-v5, 

Anti-Erv1) were applied in 1:1000 dilution in 5% milk, Anti-Enolase was applied in 1:2000 

dilution, for 2 hours at RT. The membrane was washed 3x 5 min with PBS-Tween and the 

secondary antibodies were applied in 1:1000 dilution in 5% milk for 1 hour at RT. After 

washing the membrane 5x 5 min with PBS-Tween the antigen-antibody complexes were 

visualized by incubating the membrane for 1 min with ECL in the dark. Pictures were taken 

by signal accumulation exposure on a ChemiDoc MP (Bio Rad) using the Image LabTM 

software. Results are shown in the chapters referring to the methods where Western Blot 

analysis was used for evaluation of the data obtained. 

3. 5. Co-Immunoprecipitation 

 » Principle: Co-immunoprecipitation is a technique for detection of 

protein interactions, whereas a protein of interest is precipitated out of solution (cell lysate) 

using specific antibody. The protein is isolated under conditions in which any other 

interacting proteins stay associated, so that all possible components of a complex are isolated 

together – co-immunoprecipitated [108]. During the process, the antibody against the target 

protein is immobilized on an insoluble matrix, in our case on the magnetic beads, cellular 

lysate is then applied to this matrix, so the protein of interest is bound together with its 

interacting partners, while all the other contents of the cellular lysate pass through. The flow 

through fractions may be collected to facilitate the process of purification. After washing, 

high pH buffer is usually applied to release and eluate the target protein complex. 

Effectiveness of the process is determined by SDS-PAGE [115]. 

3. 5. 1. Preparation of the anti-Erv1 coated beads 

Tab. 10: Materials used for preparation of Erv1 coated Dynabeads. 

Dynabeads® M-270 Epoxy  (ThermoFisher Scientific, 14302D) 

Anti-Erv1 Antibody [100] 

Sodium phosphate solution 100 mM Na-phosphate, pH 7.4 

Ammonium sulphate solution 3M (NH4)2SO4 

Glycine solution 100 mM glycine, pH 2.5 

Tris hydrochloride solution 100 mM Tris-HCl, pH 8.8 

Triethylamine solution 100 mM triethylamine 

1x PBS 
137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 

1.47 mM KH2PO4, pH 7.4 
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 » Procedure: All solutions were prepared with MiliQ H2O and were filtered through 

a 0.22 µm filter before use. 10mg Dynabeads were washed with 1 mL sodium phosphate 

solution for 15 min at RT, the supernatant was then discarded and the beads were mixed with 

200 µL of the anti-Erv1 antibody and 100 µL ammonium sulphate solution, the mixture was 

incubated for 48 hours at 30°C under continual rotation. The beads were than washed 

sequentially with 1 mL each of the following solutions: sodium phosphate (5 min), glycine 

(30 sec), Tris hydrochloride (5 min), triethylamine (30 sec), 2x PBS (5min), 1x PBS + 0.5% 

(v/v) TX-100 (5 min) and 1x PBS (5 min), in the order stated. The beads were resuspended 

in 25 µL 1x PBS and stored at 4°C until used. Additionally 10 mg Dynabeads were prepared 

without the addition of the antibody to serve as negative control (data not shown). 

3. 5. 2. The Co-Immunoprecipitation procedure 

Tab. 11: Materials used for the co-immunoprecipitation procedure. 

1x PBS 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4 

Lysis 

buffer 

20 mM HEPES, pH 7.4, 150 mM Na-Citrate, 1 mM MgCl2, 0.1 mM CaCl2, 0.1% 

TX-100, + cOmplete™, EDTA free protein inhibitor (1 tablet per 10 mL buffer) 

 » Procedure: Cells were grown in SDM-79 medium with appropriate drugs 

in concentrations between 0.5-1x107 cells/mL. 3x109 cells were harvested by centrifugation 

at 1000 g, at 4°C for 10 min. The cell pellet was washed once and then resuspended 

in 500 µL 1x PBS. The solution was transferred to a microcentrifuge tube and spun at 1800 g 

for 3 min, 400 µL of the supernatant were discarded, the pellet was resuspended in the 

remaining volume of 1x PBS and then mixed with 2 mL lysis buffer. The mixture was 

incubated for 5 min on ice and then spun at 20 000 g, and 8°C for 20 min. The supernatant 

was collected and loaded on 25 µL of the bead suspension, the mixture was incubated for 

2 hours at 4°C under continuous agitation. The beads were collected and washed 5x 5 

min with 1 mL lysis buffer (without Triton X-100), 11 µL of the beads were used for 

analysis by western blot and silver staining, the remaining amount was stored at -80°C and 

sent for analysis by Mass Spectrometry to Prague (Service Laboratories of the Biology 

Section: Laboratory of Mass Spectrometry, Charles University in Prague). The procedure 

was carried out the same way using the Dynabeads without the bound antibody to serve as 

negative control. 
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3. 5. 3. Gel Silver Staining 

» Principle: Silver staining is one of the most sensitive methods of protein detection 

following SDS-PAGE, consequently it is the method of choice when very low amounts of 

proteins have to be detected. The technique takes advantage of the ability of proteins to bind 

silver ions. Under appropriate (reducing) conditions (e. g. formalin fixation), the silver 

solution is reduced to metallic silver, so that a visible image is created. Fixation with 

aldehydes dramatically improves fixation, sensitivity and uniformity of the staining, but 

precludes any other downstream processing.  

Many variants of silver staining protocols are available and have to be chosen 

according to individual needs. Since we did not intend to use the stained gel for mass 

spectrometry analysis, there was no need to avoid the fixation step using aldehydes. 

Upon fixation, the general procedure include sensitization and washing to increase the 

sensitivity and contrast of the staining, impregnation with silver nitrate solution and 

development to build up the silver metal image. Finally the reaction has to be stopped to 

prevent excessive background [117].  

Tab. 12: Materials used for silver staining of SDS-PAGE gel. 

Fixer 40% ethanol, 10% acetic acid, 50% H2O 

Sensitizer 0.02% Na2S2O3 

Silver nitrate solution 0.1% AgNO3, 0.02% formaldehyde (added before use) 

Developer 3% Na2CO3, 0.05% formaldehyde (added before use) 

Terminator 5% acetic acid 

MiliQ H2O 

 » Procedure: Upon completion of the SDS-PAGE, the gel was incubated in fixer for 

1 hour and washed over night with MiliQ H2O (with several changes of the water), to get rid 

of all the traces of acetic acid. Sensitizer was applied for 1 min, and the gel was then washed 

3x 20 sec with MiliQ H2O. Afterwards the gel was incubated in cold silver nitrate solution 

for 20 min, then washed 2x 20 sec and additionally 1 min in a new staining tray. Developer 

was applied and staining was terminated when the protein bands were sufficiently visible. 
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3. 5. 4. Mass Spectrometry 

 » Principle: Protein mass spectrometry is an analytical technique used for 

identification and quantification of compounds of a protein complex or for determination of 

an unknown polypeptide sequence and has also application for structural determination of 

proteins. First the sample is ionized to generate charged molecules (or fragments of 

molecules), which are then targeted to the mass analyser, where an electric (or magnetic) 

field is applied. The magnitude of deflection of the incoming ions trajectory depends on its 

mass to charge ratio, the lighter ions the bigger magnitude of deflection (according to 

Newton’s law), thus the differences in the masses of the fragments allow the analyser to sort 

them by their mass to charge ratio. When sorted, the individual fractions of fragments are 

analysed by a detector, which measures the quantity of an individual fraction and thus 

provides the abundance of each ion present. Mass spectrum is an ion signal as a function of 

its mass to charge ratio and is used to elucidate the chemical structure of peptides or other 

chemical compounds present within the sample. Sequence data are determined by tandem 

mass spectrometry analysis in the process termed de novo peptide sequencing [108]. 
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4. RESULTS 

4. 1. v5 tagging 

To check for the success of the long primer PCR reaction, the product was analysed 

by agarose gel electrophoresis. When the gel was examined under UV light, a band of the 

expected size (~2000 kb) was observed (see Fig. 8 A.). The remaining volume of the PCR 

product was then used for the electroparation without any additional purification steps. Upon 

recovery of the cells from the electroporation, positive clones were sorted out using 

hygromycin as a selection marker. Afterwards we verified the expression of the tagged 

protein  by Western Blot analysis using anti-v5 antibody (see Fig. 8 B.). The size of the 

expressed protein was in accordance with the size predicted (36, 9 kDa). 

From the parental SmOx P9 cell line, a cell line expressing C-terminally 

endogenously tagged form of Erv1 was successfully generated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8.: A. Agarose gel electrophoresis of the PCR product used for the generation of Erv1-v5 tagged cell line. 

B. Western Blot showing the expression of the Erv1-v5 tagged cell line. 

4. 2. Erv1-RNAi cell line 

4. 2. 1. Growth curve 

The Erv1-RNAi cell line was previously constructed by Somsuvro Basu [100]. Upon 

the RNAi induction, cell densities were measured once per 24 hours, for the duration of ten 

days in total. The values of the growth rate were counted for wild type, non-induced and 

induced cells and were compared to each other (Fig. 9). The resulting graph depicts a 

significant effect of Erv1 silencing on the growth rate, implying that the protein is essential 

for cell survival. The cell line still showed the growth phenotype as described previously 

[100] and thus was used for further experiments. 
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Fig. 9: Growth curve of Erv1-RNAi cell line. The RNAi was induced by addition of tetracycline to the culture 

medium. Abbreviations: WT – wild type, N – non-induced, I – induced cells. 

4. 2. 2. Aconitase Activity Measurement 

 Cytosolic and mitochondrial cellular fractions were prepared to test the effect of Erv1 

knock-down on the activity of the iron-sulphur cluster enzyme, aconitase, thereby examining 

the effect of the depletion of Erv1 on both the mitochondrial (ISC) and the cytosolic (CIA) 

[Fe-S] machineries. Purity of the prepared fractions was verified by Western Blot analysis 

using antibodies against known marker proteins (data not shown). 

Aconitase activity was determined, by the concentration of product formed by the 

enzyme within 10 min, per total protein amount. Values of the aconitase activity counted for 

the induced cells were compared relative to that of non-induced cells (see Fig. 10). A 

significant decrease in the aconitase activity was observed in both mitochondrial and 

cytosolic fractions, in particular the activity in mitochondria was reduced to ~30%, while the 

activity in cytosol dropped as much as to ~10%. The results thus indicate that along with the 

gradual protein depletion, both ISC and CIA machineries are subsequently impaired. 

4. 2. 3. Mitochondrial Membrane Potential Measurement 

 In order to further examine the possible abnormalities following the knock-down of 

Erv1, we utilized the method for the quantitative measurement of the mitochondrial 

membrane potential in situ. The measurement revealed that down-regulation of Erv1 cause 

significant decrease in the mitochondrial membrane potential (see Fig. 11), whereas on the 

fourth day of induction it is reduced to ~50%. The results indicate that the role of Erv1 is 

important for the maintenance of functional mitochondria, and thus Erv1 is most probably 

involved in the mitochondrial protein import. 
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Fig. 10: Aconitase activity for Erv1 knock-down, shown as induced relative to non-induced. 

Error bars show 95% confidence interval. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Analysis of decrease in mitochondrial membrane potential during apoptosis using MitoTracker® Red 

dye. Abbreviations: N – non-induced. Error bars show 95% confidence interval. 

4. 2. 4. Aberrant Mitochondrial Morphology determined by IFA 

 Immunofluorescence assay was utilized to visualize possible changes of the 

mitochondrial morphology following the RNAi induction. For staining of the mitochondria 

we used the mitochondrial matrix marker protein mtHsp70, as MitoTracker Red could not 

properly enter the organelle due to the decreased membrane potential. For staining of the 

DNA mounting media with DAPI was used. 

 Following the induction of the RNAi cell line remarkable changes in the 

mitochondrial morphology were observed. Even though the RNAi expression system was 

previously reported to be leaky (Erv1 is down-regulated already in non-induced cells) [100], 

this “imperfection” was not evident with regard to the mitochondrial morphology, as the 
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non-induced cells show approximately the same mitochondrial pattern as the parental wild 

type cell line (see Fig. 12). Upon the induction of the RNAi, gradual collapse of the 

mitochondrial network follows; aberrant mitochondrial morphology was evident already on 

the second day of induction, when the mitochondria tend to loose branching, starting from 

the anterior and the posterior end of the cell, still leaving a branched section in the middle of 

the cell, surrounding the nucleus (Fig. 12). On the fourth day of induction the mitochondria 

was observed as a single line, upon prolonged induction, the cells show elongated 

morphology and finally their mitochondria gets fragmented, which progressively leads to 

cell death. 

 The results again show that Erv1 is important for the maintenance of functional 

mitochondria, giving the evidence for its involvement in the mitochondrial protein import. 

Fig. 12: Aberrant mitochondrial morphology observed upon the RNAi induction. DAPI/blue/DNA, 

Hsp70/green/mitochondria. Abbreviations: WT – wild type, N – non-induced, 2, 4 – days of RNAi induction. 

4. 3. Localization 

4. 3. 1. Localization by IFA 

 Immunofluorescence assay was used for the localization of TbErv1 using polyclonal 

anti-Erv1 antibody. For staining we used: mounting media with DAPI for DNA, secondary 

antibodies with conjugated fluorophore for the protein of interest, MitoTracker Red for 

mitochondria. 

 Our protein of interest was shown to co-localize well with the mitochondrial marker 

(see Fig. 13), suggesting for mitochondrial localization of TbErv1. To differentiate between 
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the mitochondrial subcompartments a detailed study using selective permeabilization with 

digitonin was performed (see Fig. 14). 

Fig. 13: IFA of representative cell for Erv1 localization. DAPI/blue/DNA, MitoTracker/red/mitochondria, anti-

Erv1 Ab/green/Erv1. 

4. 3. 2. Localization by Selective Permeabilization with Digitonin 

In order to distinguish the exact localization of Erv1 within the four mitochondrial 

subcompartments, selective permeabilization with digitonin was utilized. Cells were exposed 

to digitonin concentrations ranging from 0,05 to 1,5 mM, and the lysates obtained were then 

analysed by Western Blot using antibodies against Erv1, and against the known marker 

proteins; enolase as cytosolic marker, and mtHsp70 as mitochondrial matrix marker. The 

assay shows that the v5 tagged version of Erv1 (Erv1-v5) is released in fractions of lower 

digitonin concentration, in comparison to the natural form of Erv1 (see Fig. 14), suggesting 

the tag is interfering with the protein localization. Thereby the Erv1-v5 tagged cell line was 

decided not to be used for further experiments. 

Regarding TbErv1 localization, the protein was released in a fraction of higher 

digitonin concentration in comparison to cytosolic marker, and at the same time in a fraction 

of lower digitonin concentration than mitochondrial matrix marker. The results suggest Erv1 

is localized either to the outer mitochondrial membrane or to the intermembrane space. 

Fig.14: Selective permeabilization with digitonin for the Erv1-v5 tagged cell line using anti-v5 and anti- Erv1 

antibody. Numeral labeling represents the digitonin concentrations [mM] applied in the respective fractions. 
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4. 5. Co-Immunoprecipitation 

While majority of the sample was sent for analysis by Mass Spectrometry, a smaller 

fraction was analysed using Western Blot and Gel Silver Staining. The results show that 

protein of the size expected (30 kDa) was pulled down (see Fig. 15), while it was not present 

in the negative control. The first samples represent the release of Erv1 into the solution, 

following the addition of the lysis buffer, a degradation product or possibly an isoform of 

Erv1 was additionally detected in the lysate. The excessive bands observed in the sample of 

the beads are indeed coming from the antibody light (~20 kDa) and heavy (~50 kDa) chains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: A. Western Blot analysis, B. Silver Staining. 

Abbreviations: cells, L/lysate, LD/loading dye, B/beads, M/marker. 

4. 6. Mass Spectrometry 

 From the Mass Spectrometry we obtained results showing sequences of proteins 

found within the sample, their abundances, and fold change of the abundances over the 

control sample. The sequences were analysed over an identification pipeline against the 

Uniprot database. The identified proteins were lined up according to their relative 

abundances, the top seven most abundant proteins in comparison to the control sample are 

listed below (see Tab. 13).The results show that the target protein was detected as the most 

abundant one, additionally other mitochondrial proteins including mitochondrial membrane-

bound proteins and membrane proteins of other organelles were co-purified. 
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Tab. 13: Results obtained from the Mass Spectrometry. Abbreviation: mt - mitochondrial. 

Name 
TriTryp 

Accession 

Relative 

Abundance 

Fold 

change 

over 

control 

Localization 

Sulfhydryl oxidase, Erv1 Tb927.9.6060 1.111E+09 57.02687 
Mt outer 

membrane 

Tryparedoxin peroxidase Tb09.160.4250 1.134E+07 1.703925 Cytosol 

Mitochondrial carrier 

protein, putative 
Tb927.10.14840 7.585E+06 3.325866 

Mt inner 

memrane 

Gim5B protein Tb09.211.2740 7.429E+06 2.387482 
Peroxisomal 

mem 

Cytochrome C oxidase 

subunit IV 
Tb927.1.4100 6.513E+06 6.589870 

Mt inner 

membrane 

Glyceraldehyde-3-

phosphate dehydrogenase 
Tb927.6.4300 6.437E+06 1.378751 Glycosome 

Protein Associated with 

Differentiation (PAD1,  

PAD2) 

Tb927.7.5940, 

Tb927.7.5930 
4.258E+06 3.138619 

Plasma 

membrane 
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5. DISCUSSION 

5. 1. PCR only tagging 

A cell line expressing the tagged protein was successfully generated, follow-up 

experiments however revealed that the C terminal tag has significant influence on the 

subcellular localization of the protein and thus may also interfere with the protein function. 

Results suggest that the C terminal (KISS) domain [101] may either contain a 

targeting sequence (which cannot be predicted) or possibly the domain is important for 

proper folding of the protein. The anomalous targeting therefore may only be a consequence 

of aberrant folding resulting from an interaction between the KISS domain and the newly 

introduced C terminal tag. As the technique was previously utilized by other members of our 

laboratory and showed no effect on mitochondrial targeting (unpublished data), we suppose 

the misslocalization of Erv1 due to the tagging is protein specific. 

5. 2. RNAi cell line 

5. 2. 1. Growth curve 

The growth curve recorded showed that the previously constructed RNAi cell line 

[100] was still intact and therefore suitable for utilization in other experiments. The results 

imply that Erv1 is an essential protein, as it was already shown previously [100]. 

5. 2. 2. Aconitase Activity Measurement 

The aconitase activity measurement showed that the knock-down of Erv1 had a 

significant influence on both mitochondrial and cytosolic iron sulphur cluster assembly 

machineries. 

For the knock-down of members of the ISC-export machinery, only defects in the 

CIA machinery were reported [24, 59]. The defects in CIA are assumed to be caused by lack 

of the unknown sulphur containing compound required for the formation of [Fe-S]s 

in cytosol, since the compound cannot be exported out of mitochondria, where it is produced 

by the ISC machinery [54].  

An influence only on the CIA machinery was previously reported also for the knock-

down of ScErv1, and therefore Erv1 was proposed to take a part in the ISC-export machinery 

[87]. The idea was further supported by the observations of changes in mitochondrial 

morphology and distribution as well as loss of mitochondrial genome, following ScErv1 

knock-down [86], as such phenotype was previously also described for the knock-down of 

ScAtm1 [118]. Hence the cooperation of these two proteins in the export of the unknown 
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compound was suggested [54]. The decrease of the aconitase activity in cytosol could 

therefore be the result of an impairment of the ISC export machinery, assuming that Erv1 is 

an essential component of this pathway, which however does not provide an explanation for 

the decrease in the mitochondrial aconitase activity. Furthermore, a recent study suggests 

that cytosolic [Fe-S] maturation is independent of Erv1 [120]. 

Erv1 however also plays a role in the import of cysteine-rich proteins into the IMS of 

mitochondria, or in the MIA pathway to be exact [69]. The substrates of the MIA pathway 

include e. g. small Tim chaperones [67], which are required for the assembly of larger 

complexes, which negotiate protein transport across the mitochondrial inner membrane [72]. 

Thus upon Erv1 depletion, the mitochondrial protein import to the IMS [66, 69] and 

consequently the import to the mitochondrial matrix are gradually inhibited. Since cysteine-

rich proteins serve as the source of sulphur for the ISC machinery [40], the decreased 

mitochondrial aconitase activity may be a consequence of defective mitochondrial 

protein import and is resulting in lack of substrates for the cysteine desulphurase to generate 

the sulphur atom required for the formation of [Fe-S]s inside mitochondria. Therefore the 

previously reported decrease in the activity of cytosolic [Fe-S] protein [87], is not 

necessarily a consequence of the impairment of the ISC export machinery, and thus may be 

considered to be a secondary phenotype to the knock-down of Erv1. 

5. 2. 3. Aberrant Mitochondrial Morphology determined by IFA 

 The IFA was utilized for tracing the changes of mitochondrial morphology following 

the knock-down of Erv1, as already reported previously in yeast and T. brucei [86, 100]. The 

aberrant mitochondrial morphology was evident already on the second day of RNAi 

induction, when the cells displayed morphological changes strikingly resembling gradual 

collapse of the mitochondrial network. Upon prolonged induction the mitochondria was 

subjected to fragmentation, which consequently led to the loss of viability of the cells. The 

observed phenotype was additionally accompanied by decreased mitochondrial membrane 

potential. It was reported that depletion of Erv1 in yeast prevents the import of IMS 

precursors, and is therefore lethal for the cells [66, 70]. Since the aberrant mitochondrial 

morphology is a common feature to defective mitochondrial protein import pathways [119], 

we can affirm the participation of TbErv1 in this process. Thus we suggest TbErv1 

presumably functions in the mitochondrial protein import despite the natural absence of a 

Mia40 homologue. The exact mechanism of the import reaction however stays for debate, 

since such function of Erv1 was still not shown in any eukaryote lacking a Mia40 

homologue. 
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5. 3. Localization 

 The localization of Erv1 by IFA showed mitochondrial pattern, as it was already 

reported previously in yeast [87]. The selective permeabilization with digitonin further 

revealed that Erv1 is released in a fraction of higher digitonin concentration compared to 

cytosolic marker, and at the same time it is released in a fraction of lower 

digitonin concentration compared to mitochondrial matrix marker. The results thus indicate 

Erv1 is either located to the outer mitochondrial membrane or into the IMS. To be able to 

differentiate between the two possibilities, antibodies against known marker proteins of the 

outer mitochondrial membrane are required, yet were not available in our laboratory. 

Antibodies against ATOM and VDAC were tested, the first protein was however found to be 

too large to be detected by Western Blot and the second is linked to the inner membrane, 

which is probably the reason why it was observed to be released in the same fraction as the 

mitochondrial matrix marker. Since the permeabilization and solubilization of the outer 

mitochondrial membrane automatically leads to the release of the IMS, the utilized method is 

not suitable to resolve this issue. Samples were therefore sent for analysis by electron 

microscopy to find the final answer on the localization of Erv1 in Trypanosomes, the results 

are currently not yet available. 

5. 4. Co-Immunoprecipitation & Mass Spectrometry 

 Even though the cells were not mechanically disrupted, our results show that the 

conditions chosen are in principle suitable for the detection of IMS-localized as well as 

membrane-bound proteins, as proteins of various membranes and mitochondrial 

compartments were released and identified by means of the mass spectrometry. 

 With respect to the mass spectrometry results, the role of TbErv1 in the ISC-export 

machinery is in dispute, as TbAtm1 was not under the proteins enriched. These findings 

however do not contradict the claim that TbErv1 still can take a part in the biogenesis of [Fe-

S] proteins. The exact site of action however could not be determined. 

None of the proteins which were co-purified together with TbErv1 seems to be 

capable of performing a function similar to that of ScMia40 in yeast. First, none of the 

identified proteins is localized to the IMS of mitochondria. And second, none of the proteins 

display ScMia40 motif neither possess a CPC motif, which is fundamental for ScMia40 

function [79]. Therefore we suggest TbErv1 can function in mitochondrial protein import 

despite the natural absence of a Mia40 homologue, which is further supported by the 

observation of aberrant mitochondrial morphology following the knock-down of TbErv1 
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[119], which was additionally accompanied by the decreased mitochondrial membrane 

potential. 

In summary we propose TbErv1 alone is able to perform its role in the mitochondrial 

import and/or export. Our findings are in accordance with the previously published study 

suggesting that the different arrangement of cysteine pairs in TbErv1 may allow Erv1 alone 

to function as a replacement of the MIA pathway [102]. 

Still the interaction between TbErv1 and its potential interaction partners may be 

very transient and therefore could not be detected using this procedure. 
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6. CONCLUSIONS 

 We found TbErv1 is localized either to the outer membrane or to the intermembrane 

space of mitochondria. This issue will be resolved by the electron microscopy. 

 The exact site of action of TbErv1 in the iron-sulphur cluster protein biogenesis was 

not determined. We suppose TbErv1 is not likely to be involved in the ISC-export machinery, 

as Atm1 was not identified by mass spectrometry. The results from the aconitase activity 

measurement may suggest for the involvement of TbErv1 in the ISC machinery. We 

however hypothesize that the ISC machinery is impaired as a consequence of the defective 

mitochondrial protein import. 

 We suggest that TbErv1 may function in the import of cysteine-rich proteins into 

mitochondria despite the natural absence of a Mia40 homologue. 

 No interaction partner, which possibly could assist in one of the processes where 

Erv1 was proposed to take a part, was identified. 
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