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ABSTRAKT

Pohlceni eubakterie a jeji pfeména v mitochondrii je klicovym okamzikem v evoluci eukaryot. Jejich
proteom se postupné¢ vyvinul v jedineCnou kombinaci pavodnich bakteridlnich komponent
s eukaryotickymi evolu¢nimi novinkami. Dnes muZeme u eukaryot najit obrovskou variabilitu
mitochondrialnich forem — od Kklasickych mitochondrii s Kristy a slozitym proteinovym systémem pro
udrzbu vlastniho genomu ptes hydrogenosomy se schopnosti produkovat molekularni vodik a kone¢né
mitosomy, které zcela ztratily jak genom, tak vétSinu pivodnich mitochondrialnich funkci a proteint.

Srovnavani riznych podob dne$nich mitochondrii mizeme pouzit pro studium jejich evoluce. Jejich
jedinymi spole¢nymi znaky jsou dvojitd membrana, syntéza Zelezo-sirnych center pomoci ISC dréhy a
centralni komponenty drahy pro import proteint. Proto predpokladame, Ze pravé tyto znaky
predstavuji ptivodni a nezbytné vlastnosti mitochondrii. Mitosomy parasitickych protist byly objeveny
u zcela nepfibuznych druht, vznikly tedy nezavisle a piesto byly u vSech zachovany podobné proteiny
mitochondridlniho importu. Tyto komponenty jsou proto povazovany za esencialni a nenahraditelné.
Import proteind do mitosomti byl dlouhou dobu povaZovan za zcela minimalisticky. Nicméné
nejnovejSi studie ukazuji, ze mitosomalni proteomy obsahuji druhové-specifické proteiny, které
pravdépodobné nahradily stavajici komponenty této drahy.

Mitosomy Giardia intestinalis jsou povazovany za jedny z nejvice redukovanych forem mitochondrie
vibec. S neustalym vylepSovanim bioinformatickych metod vSak nachazime dalsi homology proteinti
Ucastnicich se importu proteind, jako Tom40, Tim44 a Timl17. Navic s identifikaci mnoha novych
giardiové-specifickych proteinti 1ze ocekavat objev novych unikatnich funkei této organely.



ABSTRACT

Mitochondrial endosymbiosis was a key event in the evolution of eukaryotes. Its proteome evolved
into a unique combination of inherited bacterial components as well as novel eukaryotic inventions.
Today, mitochondria show a huge variety across eukaryotic species — from aerobic mitochondria with
cristae and complex protein apparatus for maintaining its own genome to hydrogen-producing
hydrogenosomes and tiny anaerobic mitosomes without their own genome and with only a single
metabolic pathway.

Comparing the existing spectra of mitochondria is beneficial for studying their evolution. The only
ubiquitous and unifying features are double membrane, ISC pathway for iron-sulfur cluster synthesis
and the core of protein import pathway. Therefore, these features could be considered as truly
ancestral and essential to mitochondria. Mitosomes of various parasitic protists have evolved
independently from complex mitochondria, since they are present in completely unrelated species and
yet their evolution led in a surprisingly similar composition of protein import pathway. These retained
components are thus believed to be functionally essential and for some reason hard to be replaced by
alternate proteins. Mitosomal import pathways were considered very minimalistic for a long time.
Nevertheless, the latest research shows, that some of them possess many unique lineage or even
species-specific proteins, which likely substitute the loss of canonical components of this pathway.

Mitosomes of Giardia intestinalis are one of the most reduced mitochondrial forms discovered so far.
However, with the improvement of bioinformatic tools, many distant homologues of proteins involved
in protein import pathway such as Tom40, Tim44 and Tim17 were discovered over the last years.
Moreover, with the identification of many new Giardia-specific proteins, novel unique functions and
pathways are likely yet to be discovered.
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1. UVOD

Mitochondrie je organela endosymbiotického ptivodu, ktera vznikla transformaci pohlcené eubakterie
u spole¢ného piedka vSech eukaryot (Gray and Doolittle, 1982). Zavedeni funkéniho transportniho
systému do mitochondrii tak bylo nezbytnou podminkou pro zachovani této nové nabyté organely.
Importni systém je tedy tvoien kombinaci bakterialnich translokaz spolu s eukaryotickymi novinkami.
Srovnavani eukaryotickych genomu ukazuje, Ze podstatné komponenty systému jsou zachovany u
vSech eukaryotickych linii a byly tak pravdépodobné vyuzivany i poslednim spolecnym predkem
vSech eukaryot (LECA) (Fukasawa et al., 2017). Nicméné konkrétni podobu ptvodni drahy u LECA
je z dnes dostupnych informaci obtizné charakterizovat.

V posleni dobé dochdzi k sekvenaci mnoha organismti s bohatymi mitochondrialnimi genomy, pomoci
nichz miZzeme nahlédnout do evoluce mitochondrialniho genomu (Yang et al., 2017). Pro studium
evoluce mitochondrii jsou ¢asto vyuzivany jakobidi a malawimonady- protista s nejvétsimi znamymi
mitochondrialnimi genomy, kde miZeme najit mnoho pivodnich zachovalych bakterialnich prvka
(Lang et al., 1997).

Na opacném konci spektra stoji mitochondrie parazitickych protist, u kterych dosSlo k masivni
sekundarni redukci — hydrogenosomy a mitosomy. A¢ maji tyto organely s mitochondriemi spole¢ny
evoluéni pavod, k jejich redukci doslo v jednotlivych liniich nezavisle pod vlivem anaerobniho
zivotniho prostiedi a parazitického zpiasobu zivota (Leger et al., 2017; van der Giezen and Tovar,
2005). Obrovska rozmanitost téchto mitochondridlnich forem nam umoziiuje rozli§it minimalni set
proteint potfebnych pro import, protoze vétS§ina pomocnych komplext a receptori byla ztracena. Tyto
zjednoduSené drahy nam umoziuji porozumét principim prvni funkéni importni drahy, a to jeste
ptedtim, nez se u jednotlivych linii vyvinuly specifické pomocné komponenty. Studium anaerobnich
parazitickych prvokil je vSak znac¢né ztizeno nedostatkem zavedenych molekularné biologickych
metod. Navic jejich extrémé divergentnimi proteinové sekvence znesnadnuji nalézt homology proteind
znamych z jinych eukaryot.

Nedavné proteomické studie mitosomt nékterych anaerobnich protist ukéazaly, ze tyto organely nejsou
pravdépodobné zdaleka tak primitivni jak se predpokladalo. Ackoli se mize zdat, ze se u nich
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mnoho liniové ¢i druhové specifickych proteind. Jejich funkce je z velké vétSiny neznama. U
mitochondrie Trypanosoma brucei se ukazalo, Ze proteiny specifické pouze pro trypanosomy
spolupracuji se standartnimi komponenty importni mitochondrialni drahy (Singha et al., 2012).
Podobna situace byla navic navrzena i pro mitosomy Entamoeba histolytica (Santos et al., 2016) a
Giardia intestinalis (Martincova et al., 2015; Rout et al., 2016).

2. CILE PRACE

* Charakterizovat mitosomalni proteom Giardia intestinalis

» Otestovat zpuisob importu proteinit do mitosomt Giardia intestinalis

* Identifikovat nové mitosomalni proteiny a drahy s mitosomy spojené u Giardia intestinalis

* Najit kanal pro import proteint ve vnitini mitosomalni membrané v Giardia intestinalis



3. MATERIAL A METODIKA

Detailni informace o pouzitych metodach a materialech jsou uvedeny v piislusnych publikacich. Byly
pouzity zejména tyto metody: Klonovani, pfiprava rekombinantnich proteinti v E. coli, pfiprava
mutantnich proteint, pifiprava bunénych frakci, SDS-PAGE a Western blot, imunofluorescence,
in-vivo Dbiotinylace proteinti, imunoprecipitace, Blue-Native PAGE, kvasinkovy a bakterialni
dvojhybridni systém.

4. VYSLEDKY A DISKUZE

Cytochromy b5 v Giardia intestinalis obsahuji hem.

Hem je prostetickd skupina obsazena v hemoproteinech, které jsou dilezité pro transport elektront
v dychacim fetézci, obrané vici oxidativnimu stresu, pienosu plynu a dalsi funkce (Shimizu et al.,
2015). Anaerobni patogenni organismy jako giardia ztratily drahu pro syntézu hemu. Zarovein nemaji
ani hemoproteiny typické pro obranu proti stresu, ty jsou u nich obvykle nahrazeny jinymi
bakterialnimi proteiny, které hem neobsahuji (Coombs et al., 2004; Nixon et al., 2002). Ptesto jsou u
téchto organismu nékteré geny pro hemoproteiny zachovany, typicky z rodiny cytochromu bs (cyths)
(Koreny et al., 2013). Charakteristicka pro né je C-terminalni transmembranova doména, ktera je kotvi
v membrang retikula ¢i mitochondrie s N-terminalni doménou Vv cytosolu. Nikdy vsak nebylo piimo
prokdzano, ze tyto proteiny skuteén¢ obsahuji hemovy kofaktor. Dodnes byl popsan pouze jeden
prvok schopny Zivota zcela bez hemu — Phytomonas serpens, ktery obsahuje geny pro 19 proteini
cytbs rodiny (Koreny et al., 2012).

U giardie bylo popsano nékolik hemoproteintl, naptiklad flavohemoglobin, ktery pravdépodobné hraje
roli v obrané proti oxidativnimu stresu (Rafferty et al., 2010). Dale byly popsany tfi cytbs S neznamou
funkci (Alam et al., 2012). Bioinformatickou analyzou jsme identifikovali krom jiz znamych ti
cytochromti — gCYTh5-1, gCYTh5-2 a gCYTh5-3 (Alam et al., 2012) dva dalsi podobné proteiny -
gCYTh5-4 a GiTax. Vsechny gCYTb5 prekvapivé postradaji C-terminalni transmembranovou
doménu znamou zjinych organismi. VSechny geny byly proto fhzované s HA-tagem a jejich
lokalizace ovéfena jako cytosolicka, coz odpovida ztrat¢ transmembranové domény.

Dale jsme testovali schopnost Ctyi gCYTbS proteini vazat hem. Pouzili jsme UV-viditelnou
spektroskopii a HPLC analyzu. Potvrdili jsme, ze vSechny gCYTb5 proteiny jsou schopny in-vitro
vazat hemovy kofaktor. Dale jsme mutovali gen pro gCYTb5-4 a zaménili histidin zodpoveédny za
vazbu hemu. Tento mutovany protein poté vykazoval znacny pokles ve schopnosti vazat hem.

Giardie neobsahuje proteiny typické pro redukci cytbS, jako je napiiklad P450 reduktaza. Proto jsme
testovali, jestli je cytochromy schopen redukovat protein GiOR-1, jehoz sekvence je P450 reduktaze
podobna (Jedelsky et al., 2011; Koreny et al., 2013). Vysledky jasné ukazuji, ze GiOR-1 je schopen
in-vitro redukovat cytochromy. Nicméné GiOR-1 byl jiz diive lokalizovan v mitosomech (Jedelsky et
al., 2011), neni proto jasné, zda muze tento redoxni systém fungovat v butikach.

Dale jsme testovali, zda je v buiikich giardie hemovy kofaktor skute¢né pfitomen. Porovnavali jsme
mnozstvi hemu v normalnich butikach a s bunkami produkujicimi gCYTb5-4 a také s linii produkujici
gCYTDb5-4 s mutovanym mistem pro vazbu hemu. Ukazali jsme, Ze hem piidany do média byl
inkorporovan do gCYTb5-4. U téchto bunék bylo naméfeno dvakrat vice hemu nez u divokého kmene.



V této studii jsme prokézali, ze giardie je schopna ziskavat hem z prostfedi a vazat ho do svych
hemoproteini. Nicméné zatim nelze zjistit, zda je hem pro Zivot bun¢k nezbytny, jelikoz nemame
k dispozici definované médium.

Minimalistickd cytosolickd draha pro syntézu Zelezo-sirnych center je u Girdia intestinalis
dasteéné asociovana s mitosomy.

Jedina dosud objevena funkce mitosomu je syntéza Fe-S center pomoci ISC drahy (Iron-Sulfur cluster
assembly). Tyto kofaktory jsou pro bunku nezbytné, zajistuji napiiklad pienos elektronti nebo piijem
signalti. V eukaryotech jsou soucasti dychaciho fetézce, fotosyntézy, DNA metabolismu nebo rtstu
bun¢k. Kromé& ISC drahy zname také drahu cytosolickou— CIA (cytosolic iron-sulphur cluster
assembly). Ta je sloZena z minimalné osmi proteinti (Tah18, Dre2, Nbp35, Cfdl, Narl, Cial, Cia2 a
MMS19) a je zavisla na mitochondridlni ISC draze (Netz et al., 2014). Z mitochondrie je za timto
ucelem transportovana dosud neznama sloucenina obsahujici siru, a to pomoci proteinit Atml a Ervl
(Kispal et al., 1999; Lange et al., 2001).

Hledali jsme homology vsech komponentit CIA drahy u metamonad, ale nasli jsme pouze ¢tyfi, které
se vyskytuji u vSech (Nbp35, Narl, Cial and Cia2). Cfdl byl pravdépodobné pfitomen u piedka
metamonad a ztracen sekundarnég, protoze jsme ho identifikovali u nékterych méné odvozenych druht.
Dre2 a MMSI19 chybi u vSech metamonad. Prekvapiveé chybi i Ervl a Atml, proteiny propojujici U
jinych organismi mitochondrialni ISC dahu s cytosolickou CIA.

V genomu giardie jsme nasli jeden gen pro Narl, Cial a Cia2. Nbp35 jsme nalezli ve tiech kopiich
(Nbp35-1, Nbp35-2, Nbp35-3). Dva domélé homology Tah18 — GIiOR-1 and GiOR-2 byly jiz diive
charakterizovany (Jedelsky et al., 2011). Fuzovali jsme vSechny geny s C-terminalnim HA-tagem a
zjistovali jejich lokalizaci pomoci fluorescencni mikroskopie a bunécné frakcionace. Proteiny Narl,
Cial and Nbp35-3 jsme lokalizovali v cytosolu. Cia2 piekvapivé ukazal dvoji lokalizaci — v cytosolu i
uvnité mitosomt. Nbp35-1 a Nbp35-2 jsou také v cytosolu i mitosomech, ale jsou spiSe periferné
asociované s vné¢jsi mitosomalni membranou. GiOR-1 se nachazi v mitosomalni matrix.

Nasledna in-vivo biotinylace a koprecipitace GiOR-1 ukazala, ze interaguje ptredevsim s proteiny
mitosomalni matrix. Mezi partnery Cia2 proteinu jsme naopak zadné matrixové proteiny
neidentifikovali. Pisobenim proteaz na mitosomalni frakci jsme vSak ukazali, Ze je tento protein uvnit
mitosomt. U Cia2 proto pfedpokladame lokalizaci v mezimembranovém prostoru.

Protoze GiOR-1 a GiOR-2 jsou sekven¢éné podobné s Tahl18, testovali jsme jejich zapojeni do CIA
drahy. Zkoumali jsme jejich schopnost zastoupit Tahl8 protein u T. brucei. Pouzili jsme kmen
T. brucei s dvojitym RNAi knock-downem pro Tah18 a Dre2. Oba proteiny GiOR-1 a GiOR-2 byly
schopné Castené obnovit rist RNAi bunééné linie. Navic byla obnovena i funkce akonitazy, ktera je
zavisla na funkénim Fe-S centru, a jejiz aktivita byla u knockdown linii snizena. Nicméné ackoli jsou
tyto proteiny schopny plnit funkci Tah18 u T.brucei, jejich funkce v giardii je pravdépodobné odlisna.
Fylogeneticka analyza ukazala, ze proteiny GiOR-1 a GiOR-2 maji u metamonad jiny evolu¢ni ptivod
nez klasické Tahl8 proteiny. Navic GiOR-1 je protein mitosomalni matrix a GiOR-2 je asociovan
s dosud neznamymi perifernimi vacky (Jedelsky et al., 2011). Oba tak nejspi§ funguji v jinych
kompartmentech nez cytosolicka CIA draha.

Giardie tak predstavuje jednoho z mala eukaryot, kterému zcela chybi Tah18/Dre2 komplex. Je
mozné, ze funkce Atml a Ervl je Caste¢né nahrazena proteiny Nbp35-1 a Nbp35-2 asociovanymi
S vnéjs$i mitosomalni membranou a proteinem Cia2 v mezimembranovém prostoru. Ty pravdépodobné
zajistuji spojeni mezi cytosolickou CIA drahou a mitosomalni ISC drahou.



Charakterizace mitosomi pomoci in-vivo biotinylace

Soucasné znalosti mitosomalniho proteomu giardie jsou limitované hlavné diky obtiznosti purifikace
téchto organel a divergentnich proteinovych sekvenci, které zt€zuji identifikaci homologli znamych
mitochondridlnich proteinti. Proto jsme vyvinuli novou metodu pro studium proteinovych interakci
v giardii. Vyuzili jsme bakterialni enzym Biotin ligazu (BirA) schopny pienaset biotin na specifickou
sekvenci — biotin-akceptorovy peptid (BAP) (Howarth and Ting, 2008). Biotinylovany protein lze
pouzit pro proteinovou purifikaci pomoci streptavidinovych kulicek diky silné interakci
biotin-streptavidin. Vytvofili jsme chimericky konstrukt BirA s N-terminalni targetovaci mitosomalni
sekvenci a C-terminalnim HA-tagem. Dalsi vektor obsahoval mitosomalni protein s C-terminalnim
BAP-tagem. Giardie byly kotransformovany obéma vektory a uspésnost transformace byla sledovana
jako specificka biotinylace daného proteinu pomoci fluorescencni mikroskopie a Western blotu.

Jako cilovy protein jsme vybrali jediny do té doby zndmy protein vnitini mitosomalni membrany
Pam18 (Jedelsky et al., 2011). Bunky produkujici biotinylovany Pam18 byly pouzity pro izolaci
frakce obohacené 0 mitosomy. Ta byla chemicky cross-linkovana, solubilizovana a lyzat purifikovan
na magnetickych streptavidinovych kulickach. Eluat jsme analyzovali pomoci hmotnostni
spektrometrie. Mezi nalezenymi proteiny jsme identifikovali jeden, ktery jsme po in-silico analyze
pomoci HHpred oznacili jako homolog Tim44 — kli¢ovou soucast TIM komplexu. Jeho sekvence je
vsak velmi divergentni a chybi mu N-terminalni ¢ast, ktera jse zodpovédna na vazbu na TIM komplex
a interakci s Hsp70 (Ting et al., 2014). Lokalizaci Tim44 v mitosomech jsme ovéfili i experimentalng.

Nové objeveny Tim44 protein byl pouzit jako dalsi cilovy protein pro biotinylaci. Ziskali jsme dataset
proteind, ktery ukdzal jeho blizkost k chaperonu Hsp70 a dal$im mitosomalnim proteinim. To ukazuje
na jeho mozné zapojeni do mitosomalniho TIM komplexu, ale charakterizace jeho ptesné funkce bude
vyZadovat dals$i experimenty. Piekvapivé se nepodafilo identifikovat zadny protein z Tim17 rodiny,
ktery by mohl fungovat jako translokdza vnitini membrany. To ovSem mohlo byt zptisobeno také
limitaci techniky hmotnosti spektrometrie, kdy se peptidy pro méfeni ziskavaji pomoci trypsinového
Stépeni, které neni schopné rozstépit nékteré hydrofobni proteiny. Jako cilovy protein pro biotinylaci
jsme pouzili také kanal vné&jsi membrany Tom40 a identifikovali tak protein MOMP35. Je to protein
vnéj$i membrany, ktery je schopen zplisobit agregaci mitosomt, kdyZ je overexprimovan.

Celkem jsme identifikovali 16 novych mitosomalnich proteint a ovéfili jejich lokalizaci. Piekvapivé
z4dny z nich nesdili homologii s proteiny ostatnich eukaryotickych ¢i prokaryotickych organismu.
Tyto giardie-specifické proteiny naznac¢uji, Ze mitosomy pravdépodobné plni dosud neznamé unikatni
funkce pro giardii.

Technika in-vivo biotinylace nam navic umozila sledovat zptisob mitosomalniho transportu. Pouzili
jsme cytosolickou BirA, ktera byla schopna biotinylovat protein s BAP-tagem translatovany
Vv cytosolu pifed jeho transportem do mitosomu. Zda jsou proteiny do mitosomu transportovany ve
sbaleném stavu jsme testovali pomoci mysi dihydrofolat reduktazy (DHFR). Ta se sbali po ptidani
analogu folatu (Eilers and Schatz, 1986). Fuzni protein s N-terminalni mitosomalni signalni sekvenci a
DHFR nebyl po pfidani analogti folatu transportovan do mitosomii a hromadil se v cytosolu.

Hledani homologu Tim17 u Giardia intestinalis




Pro hledani translokézy vnitini mitosomalni membrany giardie jsme vyuzili nedavno publikovana
transkriptomicka data pfibuznych Metamonad (Leger et al., 2017). Tyto sekvence jsme pouzili
k obohaceni Hidden-Markov modeli. Po kazdé HMM analyze jsme model znova obohatili o nové
nalezené sekvence metamonad. Tento krok byl opakovan tiikrat, kdy uz nedoSlo k identifikaci
zadnych novych sekvenci. Podatilo se nam najit kandidata pro vzdaleny homolog Tim17 translokazy u
giardie. Fylogeneticka analyza ukézala, Ze je tento protein blizky Timl7 proteiniim u pfibuznych
metamonad. To ukazuje, Ze je pravdépodobné evoluéné odvozeny od proteini Tim17 rodiny.

Nicméné tento kandidat ztratil nékteré dtlezité charakteristiky klasického Tim17. Naptiklad postrada
nékolik GxxxG motivii zodpovédnych za vazbu Tim23 (Demishtein-Zohary et al., 2015) nebo
konzervované cysteinové zbytky dulezité pro otvirani kanalu membranovym napétim (Ramesh et al.,
2016). Jsou zde vSak zachovany &tyfi transmembranové domény a dva konzervované argininové
zbytky pro vazbu Tim44. Ackoli proteinu Tim44 u giardie chybi N-terminalni ¢ast, nedavno se
ukazalo, ze pravé C-terminalni ¢ast je zodpovédna za pfimou interakci s Tim17 (Banerjee et al., 2015).
Je tak mozné, Ze spolu tyto dva proteiny v giardii skute¢né interaguji.

Proto jsme nejprve testovali lokalizaci proteinu Tim17 u giardie. Ukazali jsme, Ze je to protein vnitini
mitosomalni membrany a je v bunikach ptirozené exprimovan. Tim17 jsme pouzili jako cil pro in-vivo
biotinylaci a naslednou koprecipitaci. Z vysledkii vyplyva jeho blizkost k proteiniim importniho
komplexu, jako jsou Tim44 nebo Hsp70. Mezi identifikovanymi proteiny bylo i né&kolik
giardie-specifickych proteint. Tyto proteiny by mohly nahrazovat nékteré komponenty znamé z jinych
organismti, jak bylo popsano i u T. brucei, kde je mnoho proteini nahrazeno
trypanosoma-specifickymi proteiny (Singha et al., 2012).

Ackoli se nepodatilo ziskat pfimy dikaz o funkci Tim17 jako mitosomalniho transportéru, vSechny
nase vysledky naznacuji, Ze tento protein byl skute¢né u giardie zachovan pro plnéni své ptivodni
funkce. Domnivame se, ze kanal by mohl byt tvofen dimerem Timl7, protoZe jsme pomoci
kvasinkového dvouhybridniho systému ukazali, Ze je schopen interagovat sam se sebou. Pouzitim
SDS-page se vzorkovym pufrem bez merkaptoetanolu jsme zjistili, Ze se v bufice vyskytuje
v komplexu vazaném disulfidickym mustkem o dvojnasobné velikosti Tim17. Navic po in-vitro
translaci jsme na Blue-Native PAGE pozorovali komplex odpovidajici velikosti.

7da se, ze importni systém vnitfni mitosomalni membrany giardie je mozaikou pavodnich
konzervovanych proteind v kombinaci s giardiové-specifickymi proteiny. Ty se tak pravdépodobné
vyvinuli k napInéni specifik importu do této extrémné divergentni organely.

5. ZAVER

Giardia intestinalis byla dlouhou dobu povazovana za amitochondrialniho prvoka. AZ po objeveni
extrémné redukovanych mitochondrii — mitosomt postupné ptibyvaji studie zabyvajici se jejich funkci
a proteomem. Ackoli se za jedinou mitosomalni funkci i nadale povazuje syntéza Fe-S center (Tovar
et al., 2003), nedavné studie naznacuji, Ze se pravdépodobné jedna o mnohem komplexnéjsi organelu
(Martincova et al., 2015; Rout et al., 2016).

Mitosomy, které patii mezi extrémné malé bunééné organely se dosud nepodafilo izolovat v Cisté
frakci. To ptedstavuje hlavni limitaci pti studiu jejich proteomu. Odhalovani homologi znamych
mitochondrialnich proteinti je velmi ztizené kvili velmi divergentnim sekvencim. Nicméné se
ukazuje, Ze pouzitim transkriptomli nové sekvenovanych piibuznych organismu, jako napiiklad
Chilomastix ¢i Carpediomonas, Ize snadnéji tyto homology identifikovat. Tento postup poslouzil
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napfiklad pro identifikaci homologu Tim17 (Martincova et al., 2017, manuskript). Mizeme tedy
ocekavat, ze postupné budou nalezeny homology i pro nékteré dalsi divergentni mitosomalni proteiny.

Kromé téchto ,,standardnich* proteinti obsahuje mitosom i nékolik giardiové-specifickych proteind,
jejich funkce vSak zdstava neznama. Pravdépodobné se bude jednat o unikatni drahy bez jakékoli
homologie k ostatnim organismiim, nebo 0 asociované proteiny importni drahy jako u T. brucei.

ENGLISH PART
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1. INTRODUCTION

Mitotochondrion is an organelle of endosymbiotic origin, which originated from the transformation of
the endosymbiotic eubacterion in the common eukaryotic ancestor (Gray and Doolittle, 1982). The
establishment of effective transport system into the mitochondria was thus a crucial moment for the
maintainance of the newly acquired organelle during the evolution. The system is a combination of
bacterial transporters as well as new eukaryotic inventions. Comparative genomics indicate that the
overall design of the protein import machinery is shared among all eukaryotic supergroups and thus
was also used by LECA (last eukaryotic common ancestor) (Fukasawa et al., 2017). However, the
detailed composition of the mitochondrion in LECA and its protein import apparatus is difficult to
infer from current data.

Recently, several new species with rich mitochondrial genomes were sequenced giving some more
insight into mitochondrial genome evolution (Yang et al., 2017). Typical organisms which might
reflect the early steps in mitochondrial evolution are jakobids and malawimonads, which retained
many ancestral bacterial features (Lang et al., 1997).

On the other end of the spectra, parasitic protists often contain highly reduced mitochondria, so called
mitochondria-related organelles (MROs). Mitochondria and MROs arose from the single
endosymbiotic event and they underwent the reductive evolution independently in different eukaryotic
lineages due to the anaerobic and parasitic lifestyle (Leger et al., 2017;van der Giezen and Tovar,
2005). The huge variety of mitochondrial forms enables us to distinguish the minimal set of
components of mitochondrial import, while the peripheral subunits of the complexes were lost. These
simplified pathways may help us understand the principles of the first functional import pathway in
the first mitochondria, before all the additional receptors and enhancers were established. However,
studying these organisms comprises many struggles, such as the presence of highly divergent
sequences, which limits us to identify more distant homologues of already-known proteins from other
eukaryotes.

Recent proteomic studies of mitosomes from different anaerobic protists have shown, that these
organelles are much more complex than it was considered previously. Mitosomes show
yet-undiscovered variety of lineage-specific proteins. Their exact function mostly remains elusive, but
in similar case of Trypanosoma brucei, several trypanosome-specific proteins were proven to interact
with components of canonical import system (Singha et al., 2012). Similar situation was therefore
proposed in case of mitosomes in Entamoeba histolytica (Santos et al., 2016) or Giardia intestinalis
(Martincova et al., 2015; Rout et al., 2016).

However, experimental approaches are quite limited in vast majority of parasitic protists and therefore
it is difficult to characterize the newly identified proteins. Given the number of specific proteins
identified recently, we can expect new specialized functions and pathways to be discovered in
mitosomes.

2. AIMS OF THE STUDY

* To characterize mitosomal proteome in Giardia

* To test the mode of mitosomal protein targeting in Giardia

* To identify new mitosomal proteins and pathways associated with mitosomes in Giardia

* To find the putative mitosomal inner membrane translocase in Giardia
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3. MATERIAL A METHODS

Material and methods are described in detail in given publications. We used mainly these methods:
Cloning, production of recombinant proteins in E. coli, production of mutated proteins, cell
fractionation, SDS-PAGE and western blot, immunofluorescence, in-vivo Dbiotinylation,
coprecipitation, Blue-Native PAGE, yeast and bacterial two hybrid system.

4. RESULTS AND DISCUSSION

Giardia intestinalis incorporates heme into cvtosolic cytochrome bs

Heme is a prosthetic group of hemoproteins, which are important for transporting electrons in the
respiration chain, oxidative stress defense, carrying diatomic gases and other vital functions (Shimizu
et al., 2015). Anaerobic pathogens, such as Giardia, do not possess the pathway for heme synthesis.
They are also devoid of typical hemoproteins involved in stress defense and this function is overtaken
by different heme-independent proteins of bacterial origin (Coombs et al., 2004; Nixon et al., 2002).
However, these organisms usually retained several genes for hemoproteins from cytochrome bs (cytbs)
family (Koreny et al., 2013). They typically possess C-terminal transmembrane domain which
anchores them in the membrane of ER or mitochondria with N-terminal heme-binding domain facing
cytosol. Nevertheless, whether these organisms indeed harbor heme cofactor remained unknown. The
only organism which was proven to be able to survive without heme is Phytomonas serpens, protist
encoding for 19 cytochrome b5 genes (Koreny et al., 2012).

Giardia contains only few heme-binding proteins, namely flavohemoglobin functioning as a
protection against oxygen and nitric oxide (Rafferty et al., 2010) and three cytbs with yet unknown
function (Alam et al., 2012). By bioinformatic searches we identified three known cytbs— gCYTh5-I,
gCYTb5-2 and gCYTb5-3 (Alam et al., 2012) and two cytbs-like proteins named gCYTb5-4 and
GiTax. Surprisingly, all gCYTb lack the C-terminal anchoring domain typical for previously described
cytochromes b5. All genes were subcloned with HA-tag and their localization was shown to be
cytosolic, which is in agreement with the lack of the C-terminal transmembrane domain.

Furthermore, we tested the ability of four recombinant gCYTb5 proteins to bind heme using
UV/VIS-spectroscopy and HPLC analysis. We confirmed that all gCYTb5 proteins are able to bind
heme in vitro. Moreover, we inserted a mutation into gCYTh5-4 to replace the heme-binding histidine.
Consequently, the mutated protein showed significant decrease in the heme-binding ability.

Giardia does not have typical proteins for cytbs reduction such as P450 reductase. Hence we tested the
ability of protein GiOR-1 to reduce cytochromes as it shows sequence similarity to P450 reductase
(Jedelsky et al., 2011; Koreny et al., 2013). Our results clearly indicate that GiOR-1 is capable of
cytbs reduction in vitro. However, given that GiOR-1 was shown to be associated with mitosomes
(Jedelsky et al., 2011), it is unknown whether this redox system is functionally relevant for the cells.

Furthermore, we also tested whether the heme cofactor is indeed present in Giardia cells. We
compared the amount of endogenous heme in wild type cells to the cell line overexpressing gCYTbh5-4
and also to gCYTh5-4 with mutated heme-binding site. The heme added to the culture media was
incorporated to gCYTh5 as its level was 2-fold larger in gCY Th5-4 overexpressing strain.

In this study, we provided evidence, that Giardia is able to utilize heme from the environment and
incorporate it into its hemoproteins. Nevertheless the necessity of heme for Giardia survival is yet to
be discovered due to the lack the defined growth media.
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Minimal cytosolic iron-sulfur cluster assembly machinery of Giardia intestinalis is partially
associated with mitosomes

The only mitosomal function known in Giardia is Fe-S cluster assembly via ISC (iron-sulfur cluster)
pathway. The Fe-S clusters are essential for the cells as they enable proteins to transport electrons or
sense signals. In eukaryotes, Fe-S proteins are involved in respiration, photosynthesis, DNA
metabolism or cell growth. Besides the ISC pathway, there is a cytosolic pathway called CIA
machinery (cytosolic iron-sulphur cluster assembly). The CIA machinery is typically formed of at
least 8 proteins (Tah18, Dre2, Nbp35, Cfdl, Narl, Cial, Cia2 and MMS19) and is dependent on ISC
pathway (Netz et al., 2014). The yet-unknown sulfur-containing compound is likely transported from
mitochondria to cytosol via Atm1 and Erv1 proteins (Kispal et al., 1999; Lange et al., 2001).

We searched for CIA homologues in metamonads which resulted in the identification of four
components present in all of them (Nbp35, Narl, Cial and Cia2). Cfdl was present in the ancestor of
all metamonads and was likely lost secondarily as it is present in less-derived members of the genera.
Dre2 and MMS19 are absent in all metamonada. Interestingly, Ervl and Atm1, two key components
which link CIA and ISC miachineries are missing in metamonads as well.

In Giardia, Narl, Cial and Cia2 are encoded as a single-copy genes, Nbp35 was found in three copies
(Nbp35-1, Nbp35-2, Nbp35-3). Two putative Tahl8 homologues — GiOR-1 and GiOR-2 were
previously characterized (Jedelsky et al., 2011). We fused all the genes with the C-terminal HA-tag
and addressed their localization using fluorescent microscopy as well as cell fractionation. Cytosolic
localization was observed in case of Narl, Cial and Nbp35-3. Interestingly, Cia2 was found to be
localized both in cytosol as well as inside mitosomes. Nbp35-1 and Nbp35-2 also localize both in
cytosol and mitosomes, whereas they are rather peripherally associated with the outer mitosomal
membrane. The GiOR-1 protein was shown to be inner mitosomal protein.

The subsequent in vivo biotinylation and coprecipitation of GiOR-1 protein revealed, that it mainly
interacts with matrix proteins. However, Cia2 coprecipitation revealed no matrix proteins as its
interaction partners. Given that the protease protection assay showed its clear distribution inside
mitosomes, we propose that Cia2 is likely to be localized in the intermembrane space.

As GiOR-1 and GiOR-2 proteins show sequence similarity to Tahl18, we further addressed their
possible involvement in CIA pathway. Their ability to rescue the function of Tahl8 in T. brucei was
tested. We used the strain with double RNAIi knock-down for Tah18 and Dre2. Both Giardia proteins
were able to partially rescue the growth of RNAI cell line. Moreover, both proteins were able to rescue
Fe-S cluster dependent activity of aconitase. Nevertheless, despite the fact that the proteins are able to
partially rescue the RNAI phenotype, they are likely not functioning in CIA pathway in Giardia. The
phylogenetic analysis revealed that Tah18-like proteins including GiOR-1 and GiOR-2 in metamonads
are of different evolutionary origin than canonical Tah18 proteins. Moreover, GiOR-1 is mitosomal
matrix protein and GiOR-2 was was identified to be associated with unknown peripheral vesicules in
Giardia (Jedelsky et al., 2011). Therefore they likely act in different cellular compartments then CIA
machinery.

Taken together, we propose, that GiOR proteins in Giardia are not a part of CIA machinery, although
their function remains to be characterized. It thus makes Giardia one of few eukaryotes lacking
Tah18/Dre2 complex. Furthermore, we furher hypothesize, that the function of proteins Atml and
Ervl linking the ISC and CIA pathways was probably overtaken by Nbp35-1 and Nbp35-2 associated
with outer membrane as well as Cia2 in intermembrane space.
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Probing the biology of Giardia intestinalis mitosomes using in vivo enzymatic taqging

Current knowledge of mitosomal proteome in Giardia is limited due to the difficulty of their
purification and very divergent sequences, which restrain the search for homologues of typical
mitochondrial proteins. Hence we developed a new method for studying protein-protein interactions in
Giardia. We made use of bacterial enzyme Biotin ligase (BirA). This enzyme is able to add biotin to
the short specific sequence called biotin acceptor peptide (BAP) (Howarth and Ting, 2008).
Biotinylated protein can be used for protein purification with streptavidin-coupled beads, since
streptavidin-biotin bond is very strong. Therefore, we made a chimeric construct containing E. coli
BirA fused with N-terminal mitosomal targeting signal and C-terminal HA-tag. Another vector was
carrying a bait mitosomal protein with C-terminal BAP-tag. Giardia cells were cotransfected with
both vectors and the successful transformation was observed as specific biotinylation of given protein
on Western blot and fluorescent microscopy.

As a bait we used the only known inner membrane protein Pam18 (Jedelsky et al., 2011). Cells
expressing biotinylated Pam18 were used for isolation of mitosome enriched fraction. This fraction
was then chemically crosslinked, solubilized and the Ilysate was purified on magnetic
streptavidin-coupled beads. The obtained eluate was measured using mass spectrometry. Amongst the
identified proteins we found one, which was after profile-sequence comparisons conducted with
HHpred assigned as putative homologue of Tim44, a key component of the TIM complex. This
protein was shown to localize in mitosomes when episomally expressed. However, bioinformatic
analysis showed high divergence of the sequence as well as truncation of N-terminal part of the
protein, which is responsible for TIM binding and interaction with Hsp70 (Ting et al., 2014).

Nevertheless, using Tim44 as a biotinylation bait, we obtained another dataset of proteins, which
revealed its proximity to Hsp70 and other mitosomal proteins so it might function in mitosomal TIM
complex. However, the exact role of the truncated Tim44 in mitosomes remains to be investigated.
Interestingly, no possible candidate for inner membrane import channel from Tim17 famiy was
identified. This might be due to the limitations of mass spectrometry analysis, which uses trypsin
cleavage of the proteins and which may thus be affected by inefficiency of trypsin to cleave
hydrophobic proteins. Using outer membrane channel Tom40 as a biotinylation bate, we identified
new mitosomal protein MOMP35. It is an outer membrane protein, which can trigger mitosomal
aggregation when overexpressed.

In total, we identified 16 new mitosomal proteins and verified their localization. Surprisingly, most of
them share no homology to proteins from other organisms. These Giardia-specific proteins indicate
that mitosomes bare yet unknown functions unique for Giardia.

Furthermore, in vivo biotinylation tagging allowed us to follow the mode of mitosomal targeting.
Using cytosolic BirA, we showed that a newly translated BAP-tagged protein is biotinylated in cytosol
before its transport into mitosome. We also tested weather the proteins are transported in folded or
unfolded state. We used mouse dihydrofolate reductase (DHFR), which can be folded upon addition of
folate analog (Eilers and Schatz, 1986). Construct comprising mitosomal leader fused to DHFR was
unable to be transported into mitosome after addition of folate analog and remained in cytosol.

Single Tim translocase in the mitosomes of Giardia intestinalis illustrates the convergence of the
protein import machines in anaerobic eukaryotes

Since proteomics have failed to identify possible mitosomal inner membrane translocase, we used the
newly published transcriptomic data from related Metamonads (Leger et al., 2017). These sequences
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were used to enrich Hidden-Markov models and after the HMMsearch, the model was enriched again
with newly identified metamonad sequences. This step was repeated three times until no new
sequences were identified. We found a candidate sequence which shows weak homology to Tim17 in
HHpred analysis. Phylogenetic analysis revealed its affinity to Tim17 homologues in Giardia closest
relatives — Carpediomonas-like organisms. The protein is thus likely of Tim17 family origin.

However, it lacks some of the conserved features of canonical Tim17, such as multiple GxxxG motifs
responsible for Tim23 binding (Demishtein-Zohary et al., 2015) or conserved cysteine residues
functioning in voltage-dependent gating (Ramesh et al., 2016). Nevertheless, it has four
transmembrane domains, and the two arginine residues responsible for Tim44 binding. Although
Tim44 is N-terminally truncated, it was recently shown, that the C-terminal part of Tim44 is
responsible for direct interaction of Tim44 and Tim17 (Banerjee et al., 2015). Therefore these proteins
are likely to interact together in Giardia.

Therefore, we addressed the function and localization of the hypothetical Tim17. We revealed, that it
is localized in the mitosomal inner membrane and that it is expressed under natural conditions. We
also used it as a biotinylation bait for the co-precipitation experiments. The results indicated its close
proximity to Tim44 and Hsp70, which points to its function in protein import pathway. It also interacts
with some Giardia-specific proteins, which could reflect the loss of other components typically
involved in other organisms. The similar situation was described for T. brucei, where the canonical
pathway is reduced and consists of many kinetoplastid-specific proteins (Singha et al., 2012).

Although we were not able to bring direct evidence of Tim17 functioning as a protein translocase, all
our results indicated that the protein probably retained its original function. We propose, that the
channel could be formed of Tim17 dimer as the protein is able to dimerize. Using yeast two hybrid
system we showed that the protein interacts with itself. Moreover, Timl17 is a part of a protein
complex bound by disulfide bond of approximately doubled size of single protein, which was
observed on SDS-PAGE using the sample buffer without mercaptoethanol. The ability to dimerize is
further supported by the appearance of complex of appropriate size in BN-PAGE upon in vitro
translation.

Altogether, it seems that the inner membrane transport complex in Giardia is a mosaic of ancestral
and Giardia-specific proteins which has evolved to meet the special needs of this extremely divergent
organelle.

5. CONCLUSIONS

Giardia intestinalis has long been considered as amitochondriate protist. Since the discovery of
extremely reduced mitochondria — mitosomes, many publications dedicated to mitosomal proteome
were released. Although the only described function so far is the Fe-S cluster synthesis via ISC
machinery (Tovar et al., 2003), recent studies suggest that mitosome is much more complex organelle
(Martincova et al., 2015; Rout et al., 2016).

Mitosomal proteome characterization is very difficult, since these extremely small organelles cannot
be purified in clean fraction and also due to very divergent protein sequences. Nevertheless the newly
sequenced closely related organisms can be used for identification of more divergent proteins, as was
recetly demonstrated on Tim17 homologue (Martincova et al., 2017, manuscript). We can thus expect
to find more and more extremely divergent proteins.

Mitosome contains many Giardia-specific proteins function of which remains elusive. We propose
that these are involved in unique functions without homology to any other organisms.
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