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Abstrakt

Zelezo je nepostradatelnym prvkem téméf pro viechny organismy. Nejéastéji je v buiice
ptitomné jako soucast zelezitosirnych (FeS) klastri a hemu. Diky témto kofaktorim maji
proteiny schopnost katalyzovat enzymatickou reakci, pfendset elektrony a plyny a nebo
detekovat signdl. Mnoho FeS a hemovych proteini se ucastni dobie prostudovanych drah,
jako je fotosyntéza nebo dychaci fetézec. Nicméné o syntéze FeS klastri v rlznych
bunéénych kompartmentech nebo o roli nové objevenych FeS nebo hemo-proteinii se stale
mnoho informaci nevi. Velmi malo je zndmo pfedevs§im o tom, jak jsou u anaerobné zijicich
protisti FeS klastry formovany nebo jak je vyuzivan hem. V téchto organismech se totiz
drahy dychaciho fetézce ¢i fotosyntézy nevyskytuji. Rozhodli jsme se proto zamétit na zelezo
obsahujici kofaktory u anaerobniho parazita Giardia intestinalis. Tento organismus prosel
dramatickou reduktivni evoluci, jejimz wvysledkem je wvznik jednoho z nejmensich
eukaryotickych genomi a nejvice redukované formy mitochondrie - mitosomu.
Charakterizovali jsme n¢které komponenty mitochondridlni (ISC) a cytoplasmatické (CIA)
FeS klastrovaci drahy. Pomoci proteomické analyzy jsme nejprve detekovali komponenty
drahy ISC v mitosomu. Poté jsme analyzovali pfitomnost a buné¢nou lokalizaci CIA proteint.
V genomu G. intestinalis jsme identifikovali pouze nékteré komponenty drahy CIA (Nbp35,
Narl, Cial, Cia2 a dva geny podobné Tah18). Pro nékteré z nich jsme navic ukazali, ze maji
duélni cytoplasmaticko-mitosomalni lokalizaci. Tyto proteiny by mohly umoziovat spojeni
ISC a CIA dréhy.

Mezi zndmé hemo-proteiny u G. intestinalis patfi pouze flavohemoglobin a ¢&tyfi
cytochromy bs. Uk&zali jsme, Ze cytochromy bs v G. intestinalis (gCYThbs) patii do prozatim
necharakterizované skupiny proteintt (cytbs typ 11). Nemaji typickou transmembranovou
doménu na C-konci a obsahuji specifickou aminokyselinovou sekvenci v okoli esencialnich
histidind, které vazi hem. Navic jsme zjistili, Ze cytochromy bs typ Il jsou u eukaryot
vSudyptitomné na rozdil od typickych cytochromi bs (typ 1), které se vyskytuji pouze v
aerobnich eukaryotickych bunkach. Ukazali jsme, ze jsou vSechny paralogy gCytbs proteini
pritomné v cytoplasmé G. intestinalis a Ze rekombinantni gCytbs proteiny vazi hem in vitro.
Navic jsme jeSté prokazali, Zze je G. intestinalis schopna importovat hem z extracelularniho
prostiedi a zabudovavat ho do cytoplasmatického gCYThs—IV. Drive se predpokladalo, ze
anaerobni prvoci Ziji zcela bez hemu. NaSe experimenty poprvé prokazaly, Ze je hem
pfitomen a vyuzivan anaerobnim protistem Giardia intestinalis a pravdépodobné i dal$imi

anaeroby majicimi cytbs proteiny.



Abstract

Iron is an essential element in nearly all organisms. It is present mainly as a
component of iron sulfur (FeS) clusters or as a heme iron. These cofactors enable proteins to
transfer electrons or diatomic gasses, signal sensing and enzyme catalysis. Numerous FeS and
heme depending proteins are involved in photosynthesis and respiratory chain pathways,
which are well described processes. However, there is still much to learn about more recently
discovered pathways such as formation of FeS clusters in various cell compartments and
about roles of novel FeS or heme proteins. Particularly, only limited information is available
about how FeS clusters are assembled or how heme is used in anaerobic protists, in which
cytochrome-dependent respiration and photosynthesis does not occur. We decided to focus on
iron cofactors in anaerobic parasite Giardia intestinalis. This organism undergone dramatic
reductive evolution that resulted in formation of one of the smallest eukaryotic genome and
the most reduced form of mitochondria, the mitosome. We characterized some components of
mitochondrial (ISC) and cytoplasmic (CIA) FeS assembly machineries. We have detected ISC
components in mitosome by proteomic analysis. Furthermore we investigated the presence
and subcellular localization of CIA proteins in Giardia. In the Giardia genome, we identified
only some components of CIA machinery including Nbp35, Narl, Cial, Cia2 and two genes
with similarity to Tah18. Moreover, we found that some CIA proteins display dual
cytoplasmic/ mitosomal localization, which may facilitate the connection between ISC and
CIA machineries.

Known set of Giardia hemoproteins is limited to a single flavohemoglobin and four
cytochrome bs proteins. We showed that Giardia cytochromes bs (gCYThbs) belong to yet
uncharacterized group of proteins (cytbs type 11). They lack typical C-terminal transmembrane
domain and possess specific amino acid motif around essentials heme binding histidines.
Moreover, we found, that cytbs type Il are ubiquitously present in eukaryotes in contrary to
typical cytochromes bs (type 1), which are present only in aerobic eukaryotic cells. We
showed that gCYThbs paralogues are all present in Giardia cytosol and we proved that
recombinant gCYThbs proteins bind heme in vitro. Additionally, we demonstrated that Giardia
can import extracellular heme and incorporate it into the cytoplasmic gCYThs-1V. Previously
it was believed that anaerobic protists live entirely without heme. Therefore, our experiments
demonstrated for the first time that heme is present and utilized by anaerobic protist Giardia
intestinalis and most likely by other anaerobes possessing cytbs.
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1. Uvod

Zelezo je prechodny prvek, ktery je schopny tvofit kationty s nekompletni sadou elektrontl.
Diky tomu je v ptirodé pritomné piedeviim ve dvou hlavnich oxida¢nich stavech, Fe** a
struktur, které nazyvame kofaktory. Tyto kofaktory umoziiuji proteinim pienaset plyny a také
elektrony v ramci ruznych metabolickych drah. Navic se podili na detekci signalu a pti velké
Skale katalytickych reakci. Proto je Zelezo nepostradatelny prvek pro vétSinu Zijicich
organismul.

Zelezo ale muize byt pro buiku toxické diky své schopnosti katalyzovat tvorbu volnych
radikald. Pfijem a uskladnéni zeleza je proto regulovany proces (1). Pii vyssi koncentraci je
7elezo skladovano ve své nerozpustné formé (Fe**) v proteinech jako je feritin.

Mezi dréhy zavislé na pritomnosti Zeleza patii naptiklad dobfe prostudovana draha dychaciho
fetézce v mitochondriich. U anaerobnich organismi byla tato draha redukovana, nicméné
Zelezo potiebuji pro funkci proteinti obsahujicich FeS klastry (FeS proteiny), které se Gcastni
anaerobniho energetického metabolismu a replikace buniky. VétSina redukovanych
anaerobnich mitochondrii m& zachovanou drahu pro syntézu Zelezo-sirnych klastra (2). V
nejredukovangjSich formach mitochondrie, jako jsou mitosomy u Giardia intestinalis, je
dokonce syntéza FeS klastrt jedina doposud identifikovana draha (3). Jeji nepostradatelnost je
nejspise divodem ponechani si mitosomu v prubéhu reduktivni evoluce.

Zelezitosirné Klastry jsou kofaktory obsahujici Zelezné ionty spojené pomoci sulfidovych
iontt, které zaujimaji rizné oxidacni stavy. Jejich duleZitost byla v sou¢asné dob¢ zdiraznéna
objevem FeS proteind, které se ucastni DNA metabolismu a biogeneze ribozomu (4-6).
Dalsim vSudypiitomnym Zeleznym kofaktorem je hem, porfyrin obsahujici Zelezo. Proteiny
véazajici hem se ucastni transportu elektrond, pfenosu plyni a obrany proti oxidativnimu
stresu. Draha syntézy hemu je vysoce konzervovana a je nezbytna pro vétSinu organismi
(7,8). Muze byt nicméné nahrazena importem hemu z vnéjsiho prostiedi (9,10). U anaerobt
jsou dréhy zavislé na hemu silné¢ redukované. Naptiklad u Entamoba histolytica nebyly
identifikovany zadné vnitrobuné¢né hemoproteiny (11). U G. intestinalis byl nalezen pouze
jeden gen pro flavohemoglobin a tfi geny pro proteiny podobné cytochromu bs (12,13). Jejich
funkce je ale nejasna.



2. Cile prace

e Charakterizovat cytochromy bs a jejich schopnost vazat hem in vitro a v butice G.
intestinalis

e Testovat pritomnost hemu v buiice G. intestinalis

e Charakterizovat Tah18-like oxidoreduktazy u G. intestinalis

e Zkoumat slozeni ISC a CIA drahy a buné¢nou lokalizaci jejich komponent

3. Material a metodika

Materidly a metody jsou podrobné popsany v origindlnich publikacich. Byly pouzity zejména
tyto metody: Detekce hemu; Enzymova Kinetika; Nizkoteplotni analyza spektra; SDS page a
western blot analyza bunéénych frakci; Imunofluorescenéni lokalizace proteini v G.

intestinalis; Produkce rekombinantnich proteint v bakteriich

4. Vysledky a diskuze

e Novy typ cytochromt bs u Giardia intestinalis a dalSich eukaryot

V genomu G. intestinalis jsme identifikovali novy gCYTbs paralog s ndzvem gCYThs-1V,
ktery je odlisny od doposud zndmych gCYThbs proteini (14). Ukézali jsme, Ze jsou
rekombinantni gCY Ths-1V a také gCY Ths-11 a III proteiny v nativni formé schopné vazat hem
in vitro (14), coz bylo jiz diive demonstrovano pro gCYTbs-1 (13). Navic jsme prokazali, Ze
je gCYThs-IV schopny vazat hem i uvniti bunék G. intestinalis. Pomoci in vitro experimentt
jsme dale objevili, Ze je schopnost vazat hem u gCYTbs-1V po mutaci prvniho axialniho hem-
vazajiciho histidinu na leucin drasticky snizena. Stejného efektu bylo dosazeno i v Zijicich
burikach G. intestinalis, ve kterych byl tento mutovany protein exprimovan (14).

Na zédklad¢ imunofluorescencni mikroskopie a analyzy sub-bunéénych frakei jsme potvrdili
lokalizaci vSech gCYTDbs proteini v cytosolu, coz souhlasi s absenci transmembranové
domény.

Analyza primarni struktury a fylogenetickd studie porovnavajici 102 sekvenci pro cytbs
proteiny napfi¢ vSemi eukaryotickymi skupinami odhalila ptitomnost tfi podskupin cytbs

proteinit (pojmenovany typ I, II a III). Mezi cytbs typ I patii charakterizované cytbs z



mitochondrie a endoplasmatického retikula. Proteiny G. intestinalis patii do skupiny II. Tato
skupina je charakterizovana absenci transmembranové domény na C-konci a pozménénym
mistem pro vazbu hemu. U cytbs proteind typu II neni prvni histidinovy motiv obklopen

kyselymi zbytky a druhé misto je soucasti H-X-WV(N/S) motivu.

e Charakterizace Tah18-like oxidoreduktdz u G. intestinalis

Giardia ma dva geny pro proteiny (GIOR-1 and 2) podobné Tahl18 proteinu (15). NaSe
data nicméné¢ ukazala, Ze Tahl8 a GiOR proteiny maji odliSnou evolu¢ni historii (Pyrih,
nepublikovana data). GiOR proteiny se vétvi spoleéné s CPR doménou fiznich CPR-
hydrogenaz, které se vyskytuji u blizce pfibuznych metamonad. Tahl8 homology naproti
tomu tvofi samostatnou linii. V GiOR-1 a GiOR-2 proteinech byla hydrogenazova doména
pravdépodobné sekundarné ztracena, protoze u vice "ancestralnich" metamonad, jako je napf.
Trimastix nebo Carpediemonas, je pfitomny fuzni protein. Dre2 protein, ktery tvoii v
kvasinkdch s Tahl8 proteinem elektron donorovy komplex, neni ptitomny v celé linii
metamonad. Proto je pravdépodobné, ze maji GIOR proteiny odliSnou funkci nez Tah18.

Ani vjednom genomu osekvenovanych kment G. intestinalis nebyl nalezen gen pro
ferredoxin reduktazu, ktera je obvykle souc¢asti ISC drahy. GiOR-1 protein identifikovany v
mitosomech G. intestinalis je diflavin oxidoreduktaza se schopnosti pfenosu elektronti z
NADPH na arteficielni akceptory jako je napt. dichlorophenolindophenol, methyl viologen, a
cytbs (15). Oxidoreduktazy klastrovacich drah (Arhl v ISC dréze a SufB v SUF draze)
kupodivu také obsahuji FAD vazajici doménu a maji NADH nebo NADPH
oxidoreduktdzovou aktivitu. Vétsina proteinti co-precipitovanych s GiOR-1 proteinem navic
nalezi do ISC drahy (Pyrih, nepublikovana data). Proto je mozné, Ze GiOR-1 slouZi jako
oxidoreduktaza mitosomélniho ferredoxinu (GiFdx) in vivo. Tuto hypotézu se nam nicméné
nepodafilo potvrdit. GiOR-1 protein pfipraveny a vyizolovany z bakterii nebyl schopny

redukovat rekombinantni GiFdx (15).

e |SC drdha u G. intestinalis

Prvni proteom mitosomu G. intestinalis jsme publikovali v roce 2011. Mitosomalni frakce
byly ziskany pomoci diferencialni ultra-centrifugace v optiprepovém gradientu (15). Nedavno
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jsme navic k obohaceni mitosoméalniho proteomu pouZili odliSny nastroj zaloZzeny na in vivo
biotinylaci (16). Cilovy protein byl zaklonovan s biotin akceptorovym tagem a exprimovan
spolu s biotin ligdzou, ktera zajistila jeho biotinylaci in vivo. Déale byl zkroslinkovan s
moznymi interagujicimi proteiny a cely komplex byl nasledné¢ zachycen pomoci "Dyna-
Beads", které obsahuji streptavidin.

Dohromady tato proteomicka data poskytuji uzitecné informace pro rekonstrukci ISC
mitosomalni drahy. Nékteré ISC komponenty, které jsou konzervované a nezbytné v dalSich
eukaryotech (napft. frataxin, ferredoxin reductase and Isd11, Iba57) se nam ptrekvapivé v G.
intestinalis identifikovat nepodatilo. Krom ISC drahy a komponent mitochondrialniho
systému pro import proteinii jsme ale v mitosomu navic nalezli proteiny s neznadmou
homologii. Je mozné, Ze nékteré z téchto proteinti (napt. GL50803 3491, GL50803 9696,
GIiOR-1) jsou funk¢éni homology frataxinu, feredoxin reduktdzy a Isd11l proteinu. Blizka
homologie k rhodanese-like proteinu byla zjisténa pro protein GL50803 27910. Jelikoz jsou
rhodanese-like proteiny obvykle zapojeny v metabolismu siry (17), je Gcast tohoto proteinu v

ISC dréze pravdépodobna.

e CIlAdrdha u G. intestinalis

Identifikace homologti CIA drahy v genomu G. intestinalis odhalila pfitomnost genli pro
Nbp35, Narl, Cial a Cia2, zatimco geny pro MMS19, Cfdl, Tahl18 (viz pfedesla diskuze) a
Dre2 protein v genomu G. intestinalis nebyly nalezeny.

Pro zjisténi jejich bunétné lokalizace jsme odpovidajici geny zaklonovali pro expresi
znaCenych proteini nebo jsme proti nim piipravili specifické protilatky. Pfestoze jsou
viechny CIA komponenty zastoupeny v cytoplasmé, n¢kolik z nich zaujima duélni lokalizaci
jak v cytoplasmé tak mitosomu. Pomoci ko-precipitacnich technik se nam podatilo ukazat, ze
se dva Nbp35 paralogy nachazi na povrchu mitosomi a Cia2 protein je pravdépodobné v

jejich mezimembranovém prostotu (Pyrih, nepublikovana data).

5. Zavér

G. intestinalis ma minimalisticky genom obsahujici pouze nékolik intrond. Navic obsahuje

zjednoduSené drahy pro DNA replikaci, transkripci, RNA metabolismus a vétSinu



metabolickych drah (18). Podaftilo se ndm ukazat, Ze jsou v mitosomu G. intestinalis ptitomny
i nékteré proteiny s neznamou homologii. Na zakladé nasich dat proto usuzujeme, ze byla
ztrata nckterych mitochondridlnich genti a drah béhem mitosomalni evoluce soubézné
spojend s invenci novych proteint, specifickych pro G. intestinalis (16).

Neni znamo, zdali jsou ISC draha v mitosomu a CIA draha v cytopasmé spojené, nebot” Atml
a Ervl geny chybi (18). Proto je mozné, Ze jsou obé drahy na sobé nezavislé. Nicméné zadna
cystein desulfuraza (mozny donor siry pro CIA) nebyla v cytoplasmé G. intestinalis
identifikovana. Nbp35 proteiny (komponenty CIA drahy) byly navic nalezeny na povrchu
mitosomd. V mitosomu nebyl identifikovan Zadny kandidat pro esencialni FeS protein (kromé
proteinti UiCastnicich se syntézy FeS klastri). Proto se zda pravdépodobné, Ze je mitosomalni
ISC draha spojend s cytoplasmatickou CIA drahou pro formovani FeS klastr v cytoplasmé.
Pro porozuméni mozného spojeni ISC a CIA drahy je nicméné zapotiebi dal§iho podrobného
vyzkumu.

NaSe data také dokazuji, Ze je Giardia schopna importovat extacelularni hem a Ze je ho
schopné zabudovavat do cytbs proteinu typu Il (14). Je to prvni diikaz o pFitomnosti hemu
Vv anaerobni eukaryotni bunice. Cytbs proteiny typu Il navic reprezentuji novou skupinu cytbs
proteintl, kterd je vSudypfitomnd jak u aerobnich tak i u anaerobnich eukaryotickych bunék

(14). Funkce téchto proteinti je nicméné neznama a dosud nebyla studovana.
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1. Introduction

Iron is a transition metal, which is able to form cation with an incomplete set of
electrons in d orbital. Iron is present in nature mainly in two oxidative states, Fe?* and Fe**.
The most common way how to incorporate iron within the protein is as a part of more
complicated inorganic structures called cofactors. These cofactors enables proteins to transfer
diatomic gasses as well as electrons in various metabolic pathways. Moreover, they are
involved in signal sensing and in a wide scale of chemical catalysis. Therefore, iron is an
essential element in vast majority of living organisms.

However, intracellular iron is also toxic due to its ability to catalyze the formation of
free radicals. Therefore, the iron uptake and storage is tightly regulated process (1). In higher
concentrations iron is stored in its insoluble form (Fe**) in proteins such as ferritin.

Although organisms living in anaerobic conditions have reduced well-known iron-
dependent pathways such as mitochondrial respiratory chain, they require iron for FeS cluster
containing proteins (FeS-proteins) involved in anaerobic energy metabolism and for their
multiplication. Various reduced types of anaerobic mitochondria are unified by conservation
of Iron-sulfur (FeS) clusters (ISC) assembly pathway (2). In the most reduced forms of
mitochondria, such as mitosomes of Giardia intestinalis, FeS cluster assembly is the only
pathway identified so far (3). The essentiality of ISC machinery is most likely the reason for
keeping the organelle during the reductive evolution.

Iron sulfur clusters are cofactors containing iron ions bridged by sulfide ions in
variable oxidation states. The importance of iron sulfur proteins has been recently underlined
by discoveries of iron containing protein involved in DNA metabolism and ribosome
biogenesis (4-6).

Another ubiquitous iron cofactor is heme, an iron coordinating porphyrin. Heme
proteins are involved in electron transport, diatomic gasses carriage and oxidative stress
defense. Heme synthesis pathway is highly conserved, and it is essential in most organisms
(7,8), although it can be bypassed by heme import from external environment (9,10). Heme
dependent pathways are highly reduced in anaerobes, for example no intracellular
hemoproteins have been identified in Entamoeba histolytica (11) and the only gene for
flavohemoglobin and three genes for cytochrome bs like proteins with unknown cellular
function were identified in G. intestinalis (13).

12



2. Aims

e To characterize cytochromes bs proteins and their ability to bind heme in vitro and in
G. intestinalis

e To test the presence of heme in G. intestinalis

e To characterize Tah18-like oxidoreductases from G. intestinalis

e To investigate the composition of ISC and CIA pathways and cellular localization of

their components

3. Material and methods

The material and methods are described in detail in original publications. Briefly, mainly
these methods were used: Heme detection; Enzyme Kkinetics; Low temperature spectra
analysis; SDS page and western blot analysis of the cellular fractions; Immunofluorescence

localization of proteins in G. intestinalis; production of recombinant proteins in bacteria.

4. Results and discussion

e Novel type of cytochrome bs in Giardia and other eukaryotes

We identified new gCYTbs paralogue in Giardia genome named gCYThs-1V that is
divergent from known gCYTbs proteins (14). We demonstrated that native recombinant
gCYThs-1V as well as gCYThbs 11 and 11 proteins are able to bind heme in vitro (14) as was
previously showed for gCYTb-1 (12). Moreover, we demonstrated that gCYThs-1V is able to
bind heme within the cell of Giardia intestinalis. Furthermore, we showed in vitro that heme
binding ability is drastically lowered when first axial heme-binding histidine in gCYThs-1V is
mutated to leucine. The same effect was observed in living Giardia cells, when mutated
protein was overexpressed (14).

Based on immunofluorescence microscopy and analysis of subcellular fractions, all four
gCYThs appeared to be cytosolic proteins, which is consistent with the lack of transmembrane
domain.

Analysis of primary structure and phylogeny comparing set of 102 cytbs protein
sequences across all eukaryotic supergroups revealed the existence of three subgroups of

13



cytbs proteins (named type I, 11 111). Type | cytbs group consists of already characterized cytbs
from mitochondria or endoplasmic reticulum. Giardia gCYTbs proteins belong to type Il.
This group is characterized by lack of C-terminal transmembrane domain and possess
modified heme binding site. In type Il cytbs proteins, first axial histidine is not surrounded by
acidic residues and the second one is part of the H-X-WV(N/S) motif.

e Characterization of Tah18-like oxidoreductases from G. intestinalis

Giardia possesses two genes coding for proteins with similarity to Tah18 (GiOR-1 and
2) (15).Our data revealed, that Tahl8 and GiORs have different evolutional origin (Pyrih,
unpublished data).GiORs clustered together with CPR domain of CPR-hydrogenase fusion
proteins, which are present in closely related metamonads, whereas Tah18 homologues
formed distinct branch. In GIOR-1 and GiOR-2, hydrogenase domain was likely secondarily
lost, as the fusion protein is present in ancestral metamonads such as Trimastix or
Carpediemonas. Considering the absence of Dre2 which forms electron donor complex with
Tah18 in all metamonad lineage, it is likely that GIOR proteins possess different function than
Tah18.

No homologue of ferredoxin reductase, that is usually involved in ISC pathway, is
present in genomic data of all sequenced Giardia strains. GiIOR-1 protein identified in
Giardia mitosomes is diflavin oxidoreductase with ability to transfer electron from NADPH
to artificial acceptors such as dichlorophenolindophenol, methyl viologen, and cytbs (15).
Interestingly, oxidoreductases of cluster assembly machineries (Arhl in ISC pathway and
SufB in SUF pathway) contain FAD binding domain and NADH or NADPH oxidoreductase
activity. Moreover, most of proteins co-precipitated with GiOR-1 belong to ISC pathway
(Pyrih, unpublished data). Therefore, it is possible that GIOR-1 serves as the reductase of
mitosomal ferredoxin (GiFdx) in vivo. Nevertheless, we failed to confirm this hypothesis.
GIOR-1 protein prepared and isolated from bacteria was unable to reduce recombinant GiFdx
(15).

e ISC pathway in Giardia

In 2011, we published the first proteome of Giardia mitosome. Mitosomal fractions
were obtained via differential ultracentrifugation in optiprep gradient (15).Recently, another
approach was used to explore mitosomal proteome (16). Reporter mitosomal proteins were

subcloned with biotin acceptor peptide and expressed together with biotin ligase. Proteins of
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interest were then biotynilated in vivo. The protein was subsequently crosslinked with its
putative protein partners and whole complex was purified by streptavidin coupled to Dyna-
Beads.

Altogether, these proteomic datasets provide useful tool for reconstruction of ISC
mitosomal pathway. Interestingly, some ISC proteins that are conserved and essential in other
eukaryotes are missing in Giardia (e.g frataxin, ferredoxin reductase and Isd11, 1ba57). In
addition to ISC pathway, proteins from mitochondrial protein import machinery were
identified together with several proteins with unknown homologues. It is possible, that some
of those unknown proteins (for example GL50803 3491, GL50803 9696, GiOR-1) might be
functional homologs of frataxin, ferredoxin reductase or Isd1l proteins. For protein
(GL50803 _27910) close sequence homology to rhodanese was observed. As rhodanese-like
proteins are usually involved in sulfur metabolism (17), involvement of this protein in ISC

pathway is possible.

e Characterization of CIA machinery

Searches for homologues of CIA pathway in Giardia genome database revealed genes
for Nbp35, Narl, Cial, and Cia2. CIA machinery in G. intestinalis is apparently devoid of
MMS19, Cdfl, Tah18 (see discussion above), and Dre2 proteins.

To investigate cellular localization of CIA proteins, corresponding genes were
subcloned for epitope tagged protein expression in Giardia or specific antibodies were raised
against them. While all CIA components share expected cytoplasmic distribution, several
proteins displayed additional mitosomal distribution. In combination with co-precipitation
techniques, two Nbp35 paralogues were identified on the surface of the mitosome and Cia2

protein is likely in intermembrane space of mitosome (Pyrih, unpublished data).

5. Conclusion

Giardia possesses minimalistic genomic sequence with just few introns and is known
to possess simplified machinery for DNA replication, transcription, RNA processing, and
most metabolic pathways (18). We were able to show that some proteins with unknown
homology are present within the mitosome of Giardia. Therefore our data suggest that during
the evolution of mitosome, loss of some mitochondrial genes and pathways happened

simultaneously with invention of new Giardia specific proteins (16).
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It is unknown whether ISC pathway in mitosome and CIA pathway in cytoplasm are
connected, as Atml and Ervl genes are absent (18). Therefore, it is possible that both
pathways act independently. However, no cysteine desulfurase (possible sulfur donor for
CIA) was identified in cytoplasm of Giardia. Moreover, Nbp35 proteins, which are initial
CIA proteins were identified on the surface of the mitosome. Additionally, no essential Fe-S
protein candidate apart from ISC pathway members itself was identified within the mitosome
of Giardia. Therefore, it seems likely that mitosomal ISC pathway is connected with CIA for
FeS cluster assembly in cytoplasm. Further research needs to be done to understand the
possible interaction between ISC and CIA machineries in Giardia.

Moreover, our data demonstrated, that Giardia is able to import extracellular heme and
incorporate it in the cytbs type Il proteins (14). This is the first report that heme is present
within the eukaryotic anaerobic cell. Importantly, cytbs type Il represent a novel group of
cytbs proteins that are ubiquitous in both aerobes and anaerobes (14). However, the function

of type Il cytbs is unknown and it has not been studied so far.
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