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Annotation

This thesis comprises of diverse projects all focused towards analysis of
mitochondrial translation in unicellular parasites. As only two mitochondrially
encoded genes are required during the life cycle stage when Trypanosoma brucei
resides in the bloodstream of a mammalian host, this protist provides a
simplified background in which to study mitochondrial translation termination
phase. The leading project utilizes T. brucei to examine mitochondrial translation
termination factor TbMrfl by gene knockout. Subsequently, it is suggested that
the peptidyl-tRNA hydrolase TbPth4 is able to abate the TbMrfl knockout
phenotype by its ability to rescue mitoribosomes that become stalled when
TbMrfl is absent. Additionally, modifying methyltransferase of TbMrfl, the
TbMTQ1, was characterized. And finally, this work contributed to the
development of the protein expression regulation method in Leishmania parasites,
a protocol for measurement of proton pumping activity of FoF1 ATPase complex
in native mitochondria, and optimization of purification protocol for

hydrophobic recombinant proteins.
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Introduction

1. INTRODUCTION

While the majority of infectious diseases can be either prevented or
effectively treated, there is a group of fatal illnesses still evading our efforts. The
World Health Organization (WHO) defines neglected tropical diseases (NTDs) as
a diverse group of highly transmittable pathogens prevalent in rural tropical
areas. Three NTDs are caused by protozoan parasites belonging to the class
Kinetoplastida, from the order Trypanosomatida. These are Human African
Trypanosomiasis (HAT) in equatorial Africa, Chagas disease in America, and
leishmaniasis in tropical regions around the globe. In addition to the medical
issues caused by these parasites, there is an economic burden that hinders social

development in endemic areas.

1.1 SALIVARIAN TRYPANOSOMES AS CAUSATIVE AGENTS
OF HUMAN AND ANIMAL TRYPANOSOMIASES

Trypanosoma brucei is an extracellular protozoan parasite relying on its
insect vector, the tsetse fly for transmission between hosts. Both subspecies of T.
brucei: T.b. gambiense and T.b. rhodesiense, cause HAT but they differ in
geographical distribution as well as in character of disease they cause. T.b.
gambiense is prevalent in central and western Africa and causes chronic
trypanosomiasis accounting for 97% of reported HAT cases. In contrast, T.b.
rhodesiense is more common in southern and eastern Africa and its infection is
characteristic by acute progress. Zoonotic subspecies T.b. brucei, T.b. equiperdum !
and T.b. evansi 2 cause Animal African Trypanosomiases in livestock and wild
animals with devastating effect on agriculture in the endemic areas. Interestingly,

1
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the latter two subspecies lost the ability to survive in the insect vector as a
consequence of partial or complete loss of mitochondrial genome. Both
subspecies are transmitted mechanically, either sexually or by hijacking the
proboscis of bloodsucking insects.

Trypanosoma is a digenetic parasite with a complex life cycle alternating
between an insect vector and a mammalian host (Figure 1). It infects the
mammalian host as the stage of metacyclic trypomastigote during a blood meal
of the infected tsetse fly (genus Glossina). The parasite spreads via the lymphatic
system to the bloodstream and undergoes transformation to the bloodstream
trypomastigote (referred to as the slender form, BF). This stage is characterized
by rapid multiplication and spreading to the blood, lymph, cerebrospinal fluid,
and adipose tissue . The patient's immune system is temporarily able to slow
down the infection, however, the parasite changes its surface molecules through
the process of antigenic variation (reviewed in *). The antigenic variation of
surface glycoproteins (VSGs) is a rapid replacement of original VSGs with a new
type of the molecule, which is unknown to host's immune system. As a result,
periodic waves of parasitemia occur in patient's blood and cause typical
symptoms of the HAT: a headache, fever, and weakness. After the blood-brain
barrier is compromised by the parasite, the neurological symptoms such as
disturbed sleep cycle, ataxia, and seizures set in and the host eventually dies of
the exhaustion from a constant parasitic challenge.

The parasite cell possesses a density sensing mechanism responding to the
concentration of a stumpy induction factor (SIF). At the cell density exceeding
10¢ parasites/ml, this SIF signal induces first G1 phase arrest and subsequently
change in cell morphology to the stumpy form in preparation for the
transmission to the insect vector 538. Next, the tsetse fly ingests host's blood and
the parasite enters the midgut where it undergoes a transformation into the

procyclic trypomastigote (PF). PF multiplies and migrates to the salivary glands
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where it transforms to epimastigote and the infective metacyclic trypomastigote.

The life cycle is concluded when another host becomes infected.

Tsetse fly stages

' Infective stage

Tsetse fly takes a blood meal,
injecting metacyclic frypomastigotes
into human

Epimastigotes transform into
~ _,____‘__:_____.___ metacyclic trypomastigotes

clic frypomastigotes e, < l—,
trant:%m._;r_ﬂo bloodstream ~,
twpomﬂj%otas, which are S S
carried to other sites
. Epimastigotes multiply
s in salivary glands

\*/

T Procyclic trypomastigotes
=" leave the midgut and

Trypomastigotes
mui pIH in various
mds e g

and spinal 7 —— lrapsfortli'n u;lo
/ epimastigotes
\ Bioodstream
trypomastigotes

/ transform into procyclic
trypomastlggo!es in tsetse
Diagnastic staga = =l fly's midgut, and multiply

F Tsetse fly takes a blood meal,
% ingesting bloodstream
frypomastigotes

Figure 1: Life cycle of Trypanosoma brucei as adapted from °.

The treatment of the HAT relies on highly toxic compounds °. There are
currently five approved drugs used in specific stages of disease progress.
Pentamidine and suramin are administered to treat an initial haemolymphatic
stage. Both drugs were developed in an early 20th century and may cause the
following side effects; diarrhea, vomiting, abdominal pain, various skin reactions,
and rarely liver dysfunction developing into jaundice ''. The treatment of choice
for the second HAT stage is melarsoprol for infection by T.b.rhodesiense and
Nifurtimox-Eflornithin combination therapy (NECT) in case of infection by
T.b.gambiense. Melarsoprol was manufactured in 1940's as an anti-cancer drug

and has been used for the treatment of the second stage of the HAT since 1949. It
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is a highly toxic organic compound of arsenic with severe side effects including
encephalopathy 2 in 3-10% of treated patients, with subsequent 40% lethality .
Approval of NECT in 2009 simplified previously complex Eflornithine treatment
regimen of chronic HAT . Recently, DNDi group from Switzerland reported the
success of oral drug Fexinidazole in stage 3 clinical trials in field treatment of
second stage HAT . The development of a vaccine against HAT is difficult due
to the process of antigenic variation of surface glycoproteins in infective BF, and

thus the generation of efficacious, safe and affordable drugs is desirable.

1.2 STERCORARIAN TRYPANOSOMA CRUZI AS CAUSATIVE
AGENT OF CHAGAS DISEASE

Chagas disease, endemic in south America, is caused by Trypanosoma cruzi
transmitted by 'kissing bug' from family Triatominae (Figure 2). Affected are
predominantly inhabitants of traditional mud-walled houses that serve as
habitats for the insects. Moreover, the natural reservoirs of T. cruzi parasite
include both wild and domestic animals, which are living as a part of the
household in these areas. Infection by T. cruzi usually arises from contamination
of opened wound (insect bite) by insect feces containing infective
trypomastigotes, but can additionally originate from ingestion of contaminated
food ¢, blood transfusion or organ transplant, and also congenitally. The parasite
exists in two forms; the first form is a non-dividing extracellular stage of
metacyclic trypomastigote that travels through the bloodstream and infects
multiple tissues, whereas the second form is an intracellular dividing amastigote.
Transformation of amastigote to trypomastigote occurs in cycles and allows the
parasite to infect different tissues.

The infection has usually a short asymptomatic initial phase and long

(decades) chronic phase during which the persistent interaction of host immune
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system with infected tissues gradually develops into typical symptoms. Chagas
disease symptoms include cardiomyopathy in 30% of patients, gut enlargement
and neural alterations in 10% of patients '7!8. The vector eradication combined
with an efficient screening of patients and early therapy represents a successful
approach to control the Chagas disease in endemic areas. Nevertheless, the
numbers of people infected by T. cruzi are estimated by WHO to be 6 — 7 million,
worldwide . Current therapy employs existing anti-parasitic drugs Nifurtimox
and Benznidazole with high efficiency shortly after infection. Progressed chronic
phase cannot be fully treated however, treatment can slow down the onset of

symptoms.

Triatomine bug stages

Infective stage

Triatomine bug takes a blood meal,
passing metacyclic trypomastigotes
in feces

Metacy;:lm lrypgmastlgates -
penefrate various cellsatbite o S

wound site, and transform into H - Epimastigotes transform into
gmastlgotes metacycl |ctrypomast|gotes

qumastlgotas mulhply
in midg

/

Amastigotes multiply o
-

Trypomastigotes can infect
other cells and transform into
intracellular amastigotes

in new infection S,i'i -k E!Iac:dfstraa_mt trypqmasit_igcites
== ransform into epimastigotes
S
. ==

tigotes transfarm

, then burst out Triatomine bug takes a blood meal,

ingesting bloodstream
trypomastigotes

Figure 2: Life cycle of Trypanosoma cruzi as adapted from °.
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1.3 LEISHMANIA SPECIES AND LEISHMANIASES

Leishmaniasis is a common designation for a group of diseases caused by
protozoan parasites of genus Leishmania (order Trypanosomatida). There are
currently 21 species known to infect human . WHO divides leishmaniasis based
on an afflicted tissue type to cutaneous, mucocutaneous, and visceral forms.
Cutaneous leishmaniasis (CL) agents include L. major, L. tropica, L. aethiopica, L.
mexicana, and typically cause self-healing ulcers in soft tissues exposed to bite of
the insect vector, the sand-fly (genus Phlebotomus in Asia and Africa; genus
Lutzomyia in Americas). Mucocutaneous leishmaniasis (MCL) is more severe and
is usually caused by members of subgenus Viannia (L. braziliensis and L.
guyanensis) prevalent in South America. Untreated infection results in destruction
of mucous parts of the face. It was shown than aggravated symptoms of MCL are
the consequence of viral infection of the parasite by Leishmania RNA virus 1
(LRV, Totiviridae). Research on a mouse model revealed that host immune
system responds differently to infection by virus-free leishmania compared to
parasite containing the virus. LRV is able to efficiently divert the immune
response by activating production of pro-inflammatory cytokines that leads to a
destruction of large patches of tissue 2. Interestingly, species infected with LRV
are almost exclusively members of subgenus Viannia with functional RNAi
pathway shown to be able to limit LRV infection 2.

The most severe form of leishmaniasis is the visceral leishmaniasis (VL).
Symptoms include enlargement of internal organs (spleen and liver) and bone
marrow failure caused by massive migration of the parasite into these organs.
The causative species are L. donovani or L. infantum. The disease is fatal if left
untreated consequently, VL earned itself several names like kala azar, black or
dumdum fever. In isolated cases, a seemingly healed patient can harbor parasite

in skin eventually relapsing in form of post-kala-azar dermal leishmaniasis
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(PKDL)*2. With thousands of cases per annum, Leishmania is the second largest

parasitic "killer" in the world after Plasmodium spp °.

Sandfly stages

L Infective stage
Sandfly takes a blood meal,
injecting promastigotes into human

Promasi] tes are / . ‘

- phagocytized by " ) o
macrophages = Promastigotes multlgly in
| - midgut, migrate to proboscis,
¢ (/ \ W . and transform into infective

“— metacyclic promastigotes

o/

Diagnostic stage
Promastigotes
transform into
amasugotes inside
-

macrophages \
-

‘Qj = 'J Amastigotes are released
Diagnostic staga
Amastigntgs‘ ultiply in cells -—-—-"\«!w”

iy

B e ) .
Amastigotes transform into
promastigotes in midgut

Sandfly takes a blood meal, ingesting
macrophages infected with
amastigotes

Figure 3: Life cycle of Leishmania sp. adapted from °

Leishmania lifecycle differs from that of T. brucei. As an intracellular
parasite, leishmania undergoes dramatic changes in cell morphology (Figure 3).
The initial wave of parasites is phagocytized by macrophages that have migrated
to the site of the sand-fly bite. Later, Leishmania further infects other immune cell
types by receptor-mediated endocytosis ¥?. Metabolic adaptation to low pH and
high amino-acid concentration allows the parasite to rapidly multiply in
endosomes. From the original site of a bite, the parasite spreads through blood
and lymph to internal organs. When the next sand fly takes a blood meal on an
infected individual, it ingests immune cells (predominantly macrophages) that

are full of amastigotes. Ingested amastigotes are released in the midgut of a sand



Introduction

fly and transform into promastigotes that further multiply and migrate to
proboscis where they await transfer to another host in form of metacyclic
promastigotes.

The standard course of treatment includes pentavalent antimonial
compounds (Pentostam, Glucantim). In India, the antimonials have been
completely replaced with antibiotic amphotericin B due to the emerging
resistance in parasites ¥. Alternative treatments are Paronomycin and
Miltefosine, both efficient but either costly or causing undesirable side effects
(diarrhea, vomiting, abdominal pain, skin reaction, fever, kidney and liver
problems) °.

In contrast to improbable vaccine development to protect against HAT, the
vaccine against leishmaniasis might be a viable option. A prophylactic vaccine
seems to be feasible based on current knowledge of protective immunity after
'leishmanisation’ with a live attenuated parasite and recognized specific antigens
conserved between individual Leishmania species ¥. Currently, efforts continue to
develop and prepare a universally safe vaccine against all species of Leishmania

with prophylactic as well as therapeutic effects 3%,

1.4 UNIQUE FEATURES OF TRYPANOSOMA BRUCEI CELL

Of the aforementioned TriTryp species i.e. Leishmania sp., T. cruzi and T.
brucei, the Trypanosoma brucei brucei subspecies (the causative agent of nagana in
cattle will be further addressed as the trypanosome), has become the best
established laboratory model organism for several reasons. The genomes of
widely used laboratory strains (TREU927, Lister strain 427) have been sequenced
and are freely available at the TriTrypDB database * together with the related
proteomic and transcriptomic data. Trypanosomes are also amenable to genetic

manipulations utilized in forward and reverse genetic approaches — homologous
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recombination, introduced gene expression, and RNA interference. The parasite
has short generation time and it is possible not only to keep the procyclic and
bloodstream trypomastigotes in culture but also run through the whole life cycle
in vitro *. As a counterpart to Opisthokont model organisms such as mammalian
cells or yeast, this ancient parasite proved to contain a series of interesting traits
%, In next few paragraphs, I will briefly introduce some of the peculiarities which
are observed in trypanosome transcription, surface molecule variation, and
energy metabolism.

The first unique trait is found in trypanosome nucleus where the genome
is organized in eleven pairs of large chromosomes (0.9 — 6 Mbs) which are
polycistronically transcribed and consequently post-transcriptionally processed
into individual mRNAs *. Post-transcriptional processing of the majority of the
open reading frames (only two exceptions exist, poly A polymerase and DEAD/H
RNA helicase ¥) is performed by trans-splicing and polyadenylation 3. To
create individual mature mRNA molecules through the trans-splicing, the 39 bp
spliced-leader RNA (SL-RNA) molecule is required. SL-RNA is encoded by series
of repetitive genes throughout the trypanosome genome * and transcribed from
a specific promoter by RNA polymerase II #. SL-RNA contains modified
nucleotides on its 5' end: first 7-methylguanosine is followed by four more
nucleotides with defined modifications. As a result, one of the most complicated
cap structures is formed, the cap 4: m7Gpppm6,6 AmpAmpCmpm3Ump-SL-
RNA 44, Trans-splicing is based on a nucleophile attack performed by SL-RNA
terminal nucleotide towards branching adenine situated between the two coding
genes 4. The 3' end of the now capped mRNA is polyadenylated by polyA
polymerase in a reaction immediately following trans-splicing (reviewed in *°).
Significant effort was invested to map the splicing sites in trypanosome genome
revealing over one thousand novel sites often active in dependence on the life

cycle stage #. Due to a missing regulation by transcription factors, it is presumed
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that trypanosome evolved trans-splicing as a tool to influence mRNA stability,
thus adding a missing level of gene expression regulation “.

The second mechanism found exclusively in trypanosome allows the
parasite to effectively evade detection while living in the host's bloodstream. The
expression of VSG on the cellular surface creates a dense coat eventually
recognized by immune cells ¥. Once it is recognized, the original type of VSG is
rapidly replaced by another to avoid the host's immune system. Genes encoding
VSG molecules are found on separate circular mini-chromosomes (30 — 150 kb),
which are transcriptionally silent. The switching event itself is performed by
duplicative recombination of VSG from mini-chromosome into an active VSG
expression site on a large chromosome “. VSGs are transcribed by RNA
polymerase 1 at localized clusters called transcription factories in the
extranucleolar body, which is a structure specific to BF #. Such a system allows
the parasite to retain access to a considerable repertoire of VSG gene variants.
The surface coat can be replaced in a matter of minutes through the clathrin-
mediated endocytosis that occurs exclusively in flagellar pocket 5051,

The third peculiar trait of trypanosome is a sequestration of the glycolytic
pathway into peroxisome-like organelles, glycosomes 2. In BF parasites, the first
seven of the ten glycolytic enzymes are localized to this organelle. %%. The
remaining three steps representing substrate level phosphorylation occur in the
cytosol. Formed NADH+H" is oxidized by DHAP/G3P shuttle to regenerate
cytosolic NAD* ®*. The compartmentalization of glycolysis is essential and it
seems to facilitate regulation of energy metabolism through short periods of
anaerobiosis ®. Additionally, compartmentalization allows the maintenance of a
redox balance and ATP/ADP balance in glycosome. As the BF relies on glucose
and glycolysis to generate energy, any glucose that enters the glycosome is
trapped after phosphorylation and is committed to glycolytic flux %%. Moreover,
glycosomes contain additional metabolic pathways such as pentose-phosphate
pathway, purine salvage pathway, p-oxidation of fatty acids, and pyrimidine
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biosynthesis. Importantly, glycolysis is the only source of ATP for BF cells
making some of the glycolytic enzymes very promising drug target *.
Glycosomes are not the only unconventional attribute of trypanosome
energy metabolism. In the final part of this chapter, I will introduce the
trypanosome single mitochondrion, the source of parasite’s ability to adapt to

various environments encountered during its life cycle.

1.5 ROLE OF MITOCHONDRION IN BOTH LIFE STAGES

Trypanosomes possess a single tubular
mitochondrion spanning the length of the cell
(Figure 4). The mitochondria of different life stages
are morphologically and metabolically different *°.
PF parasites proliferate in the glucose-poor but the

amino acid-rich environment of the tsetse fly

midgut. To produce a sufficient quantity of ATP,

the parasite relies on the substrate and oxidative Figure 4: Fluorescent image
of PF mitochondrion.

phosphorylation pathways occurring in the Trypanosome is immuno-
labeled with primary
antibody against mt-specific
electron transport chain (ETC), PF mitochondrion = marker Hsp70. Primary
antibody is recognized by
secondary antibody
conjugated to TexasRed.

mitochondrion ¢!, In addition to the canonical

contains an alternative pathway located in the
inner mitochondrial membrane. The canonical
ETC comprises four complexes; NADH:ubiquinone oxidoreductase (complex I),
succinate:ubiquinone oxidoreductase (complex II), ubiquinol:cytochrome c
oxidoreductase (complex III), and cytochrome c oxidase (complex 1V), is
complemented by an alternative oxidase (AOX) > and alternative dehydrogenase
Ndh2 . Electrons from reducing equivalents, the NADH and FADH?2 are

transferred from complex I and II by membrane submerged ubiquinol to complex
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III. In complex III, electrons are handed over to soluble cytochrome ¢ shuttling
them to complex IV that uses oxygen as a terminal acceptor of electrons, thus
forming a molecule of water. During the process, electrochemical gradient is
established by proton pumping activity of complexes L, III and IV. This gradient
is utilized by membrane bound complex, FoF1 ATP synthase, to synthesize ATP
from ADP and Pi .

In contrast to PF, the infective BF stage lives in glucose rich mammalian
bloodstream. The complexity of mt energy metabolism of BF is reduced, as is the
volume of imported proteins ®. Electron transport chain complexes are either
partially active (complex I), or not active at all (complex III and IV) %%. The
electron transport chain is reduced to the Gly-3-P/DHAP shuttle operated by
mitochondrial glycerol 3-dehydrogenase, which is coupled to AOX via
ubiquinone/ubiquinol pool. Importantly, this pathway does not produce ATP or
generate membrane potential %. However, mitochondrion still harbors vital
processes such as iron-sulfur clusters formation, Ca2+ homeostasis ¢, production
of acetate %, and RNA editing ¢, consequently the proton gradient across the
inner mt membrane remains essential. The gradient is maintained by the FoF1
ATPase complex that operates in reverse — hydrolyzing ATP to fuel the proton
translocation to intermembrane space *7°. As a result, the FoF1 ATP synthase
complex is crucial for the survival of all life cycle stages of trypanosome.

The investigation of individual ETC complexes and FoF1 ATP synthase is
facilitated by specific inhibitors; complex I — rotenone 7!, complex II — carboxin 7,
complex III — Antimycin A 73, complex IV — cyanide and azide 7!, Fo moiety —
oligomycin 7. The inhibitor of AAC, atractyloside, is able to completely abolish
mt metabolism by blocking ADP translocation . In trypanosome, the additional
plant-like cyanide-insensitive alternative oxidase was found to be inhibited by
salicylhydroxamic acid (SHAM) ©. In the infective BF trypanosome, ETC
undergoes massive remodeling. The cell becomes less sensitive to cyanide and
azide as it lacks all cytochromes, and barely reacts to rotenone %. However, the

12
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sensitivity to oligomycin and atractyloside is retained and the inhibitors are

widely employed in functional assays.

1.6 MITOCHONDRIAL GENE EXPRESSION

Trypanosome's single mitochondrion contains an independent genome as
well as means for replication, transcription, and translation (Figure 5). Mt
genome is organized into electron-dense structure termed kinetoplast (kDNA) —
hence the name of the order Kinetoplastida. The kDNA is formed by a tightly
organized net of circular DNA molecules of two types: maxicircles (20 — 40 kb),
and minicircles (0.5 — 1 kb). Maxicircles encode rRNA (9S and 12S), subunits of
mt respiratory complexes I (ND1, 3, 4, 5, 7, 8, 9), III (cyb), IV(cox], II, III) and FoF1
ATPase (subunit A6), ribosomal protein 512 (RPS12), and several other proteins
(cr2, cr3, murf 1, 2, 5) with so far undetermined functions 7. Minicircles encode
guide RNAs (gRNA), a short 35 bp RNA molecules serving as a guide for re-
organization of 12 out of 18 maxicircles open reading frames by RNA editing .
The extent of uridine insertion/deletion is different for each gene, but the
mechanism is similar as described below.

Editing of transcribed pre-mRNA molecule requires complex machinery of
enzymes and co-factors catalyzing the sequence of reactions, which leads to
mature edited mRNA. RNA editing substrate binding complex (RESC, also
known as MRB1 complex) binds and stabilizes gRNA while RNA editing core
complex (RECC) recruits pre-edited mRNA 7. Contact of RESC and RECC is
followed by mRNA cleavage, insertion or deletion of a precise number of
uridines depending on information contained in the gRNA, and re-ligation of
mRNA. In more detail, the initial requirement for editing of pre-edited
transcripts is the presence of gRNAs transcribed from minicircles and processed

by RET1 (RNA editing TUTase) 8. The RESC contains TbRGG1/2 dimeric
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module capable of binding the gRNA and hetero-tetrameric gRNA binding
module GRBC1/2 responsible for stabilization of gRNA. To form active RESC,
additional two modules seem to be required: the RNA editing mediator complex
(REMC) responsible for interaction with RECC, and the polyadenylation
mediator complex (PAMC) 7. RESC-bound gRNA is uridylated at 3' by RET1 and
the gRNA hybridization to pre-edited mRNA initiates the editing process.
Annealing of gRNA to pre-edited mRNA further induces the formation of short
A-tail at the 3' of pre-edited mRNA, which appears to stabilize the molecule ®. By
improving mRNA stability during the editing, the A-tail serves to sequester pre-
edited mRNA from the surplus transcripts otherwise directed for degradation,
thus possibly serving as a means to regulate expression .

Initial binding of gRNA anchor region to pre-edited mRNA and cleavage
of mRNA at the site of mismatch directly upstream of anchor region is catalyzed
by RNAse Ill-like enzyme. Downstream enzymatic activities are catalyzed by
RECC (or 20S editosome) complex with 12 common and 2-3 alternating auxiliary
factors recruited in specific steps of the process, thus forming three distinct
editosomes #. If the gRNA contains an extra site, the uridine(s) have to be
inserted to edit mRNA and thus the insertion-specific factors bind to RECC:
TUTase 2 (RET2), endonuclease KREN2, and zinc-finger protein KREPB7 88,
Analogically, the deletion event requires core RECC augmented by endonuclease
KRENT1, U-specific exoribonuclease KREX1, and zinc-finger protein KREBS8 884,
Finally, Coll is processed by cis-editing which requires specific factors bound to
RECC complex: endonuclease KREN3 and zinc-finger protein KREPB6 762,

Editing is performed sequentially from 3' to 5' end of mRNA. Once the first
gRNA binding site is processed, the novel sequence reveals binding site for the
next gRNA, and so forth, until the process runs out of gRNA binding sites. The
edited transcripts at this stage contain complete information about amino acid
sequence and are equipped with short poly-A tail on 3' end. However, it has been
shown that mt translation machinery does not recognize "short-tailed" mRNA as

14



Introduction

a substrate for translation. Instead, short-tailed fully edited molecules are further
processed by polyadenylation/uridylation catalyzed by KPAP1 and RET1 with
help of KPAF1/2 factors 7. Only 'long-tailed' mRNA, which contains 200 — 300 nt
long poly-A/U tail on its 3' end, is recognized by mitoribosome and translated
7779, Complete editing machinery is present and essential in both life cycle stages
of trypanosome %. It is presumed that in contrast to high demand for mt encoded
ETC subunits in PF, the BF can minimize editing to only two transcripts: A6 *

and RPS12 8, which are essential for this life cycle stage.
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Figure 5: Mitochondrial gene expression and translation. Transfer of
information from the kDNA (top) to the translation of mature mRNA (bottom) is
depicted. Labels on the right mark major steps. The kDNA composed of maxicircles (left)

encode TRNA and protein-coding genes, and minicircles (right), encode gRNA genes.
RET1 - terminal uridylyl transferase 1, KPAP1 — Kinetoplastid poly(A) polymerase;
GAP1/2 complex — gRNA binding and stabilizing complex; MRB1 — mt RNA binding
complex 1; CORE — RECC (RNA editing core complex) isoforms I — III with variant
modules for mRNA:gRNA duplex recognition depicted; MRP1/2 — mt RNA binding
protein 1 and 2; KREN1 - kinetoplast RNA editing endonuclease 1; REX1 — RNA editing
exonuclease 1; KREPB8 - kinetoplast RNA editing Ul-like zinc finger protein BS;
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KPAF1,2 - kinetoplast polyadenylation/uridynylation factors; TbRGG2 — RNA RGG
motif binding protein 2; 95 rRNA — small subunit ribosomal RNA; 12S rRNA large
subunit ribosomal RNA; 40S LSU - large ribosomal subunit; 30S SSU — small ribosomal

subunit; 455 SSU* - intermediate small ribosomal subunit; Adapted from #.

In contrast to its bacterial ancestor, eukaryotic mitoribosome is tailored to
produce fewer proteins in a stoichiometric ratio suitable for respiratory
complexes assembly. At the same time, they contribute to correct folding of
highly hydrophobic subunits in exit tunnel and their co-translational
incorporation to the inner mt membrane %,

The SSU of trypanosome mitoribosome contains 56 proteins associated
with the single molecule of 9S rRNA (611 bp), whereas LSU contains 77 proteins
and 125 rRNA (1150 bp) **°!. In contrast, human mt SSU contains 125 rRNA and
27 proteins, and the LSU is formed by 16S rRNA with 53 proteins bound. Overall
the trypanosome mitoribosomes contain one of the shortest known rRNA and in
turn are more protein rich, which results in more porous structure compared to
its human counterpart ®. Trend leading to rRNA shortening and increase in the
number of mitoribosome proteins is clear in higher eukaryotes. It is speculated
that extra ribosomal proteins, of which only a few were functionally assigned to
date, functionally substitute missing rRNA regions ®, particularly in functional
hotspots such as the exit tunnel (reviewed in #).

The translation mechanism in trypanosomes requires an intermediate SSU
complex with kinetoplastid-specific ribosomal pentatricopeptide-containing
proteins (KRIPPs). This complex was originally purified from Leishmania
tarentolae and termed 45S SSU* **. It was shown that in trypanosome, this sub-
complex 455 SSU* contains in addition to KRIPPs also Rhodanese-like protein
(Rhod), and large coiled-coil domain protein (200 kDa) that are not part of fully
assembled monosome . Considering the role of penta-tricopeptide motif
containing factor KPAF1 and 2, which form the core of adenylation/uridylation

complex 7, it is presumed that 455 SSU* could serve as a mRNA quality control
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hub to prevent translation of incompletely edited transcripts **. Although it was
conclusively shown that mt translation is the essential process in both life stages
of trypanosome, the volume of translation can differ %. The translation
mechanism itself generally resembles the prokaryotic type with a few
adaptations discussed further in this section.

With the exception of the SSU-associated ribosomal protein 12 (RPS12),
which is encoded in kDNA *%, all ribosomal proteins, translation factors, and a
full set of tRNAs are encoded in the nucleus, expressed in the cytoplasm and
imported into mitochondrion *%. The cytosolic tRNAs are imported by active
translocation at the expense of ATP. As the trypanosome mitochondrion requires
specific initiator tRNAi, the pool of cytosolic elongation tRNAMet imported into
the organelle has to be formylated on amino-group to form N-formylmethionine
(fMet) ', Additionally, the cytosolic set of tRNAs imported into the organelle
contains the tRNATP with anticodon CCA, which is not able to decode the
mitochondrial codon for tryptophan (UGA) 91192 and has to be altered by C to U
editing of first anticodon position 34, which is performed by editing machinery,
and thiolated at position 33 1%, Modified mt-tRN AT is charged by Trp-specific
aminoacyl-tRNA synthetase expressed in mt matrix 2. As apparent from the list
of cytosolic factors operating in trypanosome mitochondria, the originally
bacterial translation mechanism had to adapt to utilize eukaryotic tools for
translation of mt proteins. This trend is clear in case of trypanosome mt
methionyl-tRNA formyltransferase modifying also cytosolic elongator tRNAMet in
contrast to its mammalian or yeast homologs that process only mt specific

initiator tRNA 104,

1.6.1 Mitochondrial translation — initiation

Translation initiation phase % commences with the binding of initiation
complex to the translation initiation site on mRNA. In bacteria, initiation complex

is formed by SSU attached to factors IF3 and IF1, and IF2 carrying charged
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initiator tRNAMet, This complex binds to a conserved Shine-Dalgarno sequence
and the release of IF3 serves as a signal for LSU to assemble into a full
monosome. In mammalian mitochondrion, the IF1 homolog is completely
missing but it was shown that IF2mt can compensate for the absence of IF1 as it
contains a 37-residue insertion %. The current model assigns the function of IF2m:
in directing recognition of start codon by tRNAM™et and IF3mt prevents association
of SSU and LSU. As eukaryotic mt mRNA does not contain Shine-Dalgarno
sequence and has only several nucleotides preceding the start codon, it is
presumed that ribosomal binding site is not structurally demarcated but rather
that the initiation complex simply scans for first start codon from the 5' end 17710,
Correct positioning of initiation complex is ensured by IF2m, and once the
position is found, the IF3mt is released and binding of LSU initiates GTP
hydrolysis followed by the release of IF2mt. In yeast, mt mRNAs contain long 5'
UTRs targeted by translation activators showing partial transcript specificity and
serving as molecular ruler for determining the position of ribosome binding 1911°,
There is no universal mechanism for eukaryotic mt translation initiation. Instead,
the pathway seems to demonstrate species specific traits.

Trypanosome contains also two mt initiation factors, TbIF2 and TbIF3. The
initiator tRNAMet positioned in ribosome SSU P-site scans 5' end of mRNA for
start codon. In kDNA, canonical AUG start codon is supplemented by UUA,
UUG and CUG %, Once the start codon is found and base paired to tRNAM™et in
ribosomal P-site, the complex of mRNA with TbIF2-tRNAM¢t js recognized by
LSU leading to the monosome assembly and the elongation phage starts . The
detailed mechanism of translation initiation in trypanosome mitochondrion is yet

to be investigated.

1.6.2 Mitochondrial translation — elongation

Mt-specific elongation factors Tu (EF-Tu), Ts (EF-Ts), and G (EF-G) in

trypanosome are functionally orthologous to bacterial factors 2. In bacteria, the
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small EF-Tu shuttles amino acids to the ribosome by forming a complex with
GTP and amino-acylated tRNAs, EF-Ts functions as a GDP recycling factor for
EF-Tu, and EF-G1 plays a role in translocation step. Elongation is a repetitive
process alternating three steps. Initially, the ribosomal A-site display codon
which gets recognized by matching aminoacyl-tRNA:EF-Tu complex and
aminoacyl-tRNA is locked in place by interaction with acceptor stem of LSU. A
peptide bond is formed with the amino acid brought by previous/initiator
aminoacyl-tRNA. During coordinated movement catalyzed by the EF-G1 factor,
peptidyl-tRNA is shifted to P-site, still connected to a newly nascent peptide,
which is protruding through the exit channel. Finally, when the next aminoacyl-
tRNA:EF-Tu complex arrives in A-site new peptide bond is formed and the
ribosome movement translocates empty tRNA to E-site for recycling by
aminoacyl-tRNA transferases '°. In mammals, EF-Tumt and EF-Tsmt are assembled
to a heterodimer presumably for efficiency reasons * and EF-G2m: serves as a
sole recycling factor °. In contrast to a mammal, budding yeast completely lack
the regeneration factor EF-Ts. Instead, the EF-Tu is capable of GDP regeneration,
presumably due to a single point mutation in its C-terminal domain "¢. In
trypanosome, elongation mechanism seems to generally follow convention
except in contrast to bacteria, it has two EF-G factors: TbEF-G1 and G2. TbEF-G1
playing role during elongation mitoribosome movements and TbEF-G2 catalyze

ribosome recycling 2,

1.6.3 Mitochondrial translation — termination and mitoribosome
recycling

There are two class 1 release factors in bacteria, RF1 and RF2, and a class 2
release factor RF3 acting as a GDP recycling factor for both RF1 and RF2. Both
RF1 and RF2 are able to recognize UAA stop codon but differ in specificity

towards the second and third position in the codon. Consequently, RF1 is specific

for UAG, and RF2 releases UGA stop codon !718, An ortholog to bacterial RF2 is
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generally missing in eukaryotic mitochondria, except for several plants and fungi
taxons . In mammalian mitochondrion, single class 1 release factor Mrfl
recognizes both available stop codons, UAA or UAG #1120, When the stop codon is
locked to the A-site, TbMrf1 binds to the codon and catalyzes a hydrolysis of the
bond between tRNA in P-site and the final incorporated amino acid ?'. An
orthologue of bacterial RF3 playing a role in ribosome recycling was not
identified in human mitochondrion. Instead, RRF1m: together with EF-G2mt serve
as a mitoribosome recycling factors. Additionally, IF3m: was shown to be
recruited to prevent premature re-association of ribosomal subunits during the
recycling process 2.

Trypanosome orthologue of release factor 1 TbMrfl was shown to be
essential for the survival of insect stage of trypanosome. Upon downregulation of
TbMrfl expression with RNAi, the growth arrest was observed the seventh day
after induction. Additionally, cells exhibit impairment of oxidative
phosphorylation and decreased levels of mt-produced proteins 11212, It was
naturally expected, that loss of TbMrfl in infective bloodstream stage will have a
similar effect. However, no data were available for BF to support this
assumption.

As a component of adaptation to life in mammalian bloodstream, the mt
translation in BF is limited to produce only two proteins (A6 and RPS12). This
relatively reduced, yet functional, mitochondrion presents an advantageous

environment for the investigation of mechanisms underlying mt translation.
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2. AIMS AND COURSE OF RESEARCH

During my doctoral studies, I worked simultaneously on disparate
projects. The first project described in Part I is a continuation of my diploma
work focused on the functional characterization of mt methyltransferase (MTase)
in T. brucei cell. I have extended my studies to a cellular target of this enzyme, the
mt release factor 1, TbMrf 1, and to the stop codon-independent release factor-
like protein TbPth4. To functionally characterize these key players of mt
translation termination I proposed to:

- generate and examine BF TbMTQ1 double knockout (dKO) cell line

- purify PTP-tagged mitochondrial TbMRF1 and cytosolic TbeMRF1 from
wild-type and dKO cells to detect the presence and absence of methylation
at the GGQ motif

- generate and examine BF TbMrf1 double knockout cell line

- investigate a role of stop codon-independent release factor-like protein

TbPth4 in the wild-type and TbMrfl dKO cells

A major part of this work is presented as a research paper with additional
unpublished data added after manuscript. In Part II, I present a project aimed to
establish inducible protein expression system utilizing the destabilization domain
(dd) dependent on the FK506 ligand to regulate expression of a dd-fused protein
of interest in the mitochondrion of Leishmania major. As a representative target,
we chose mitochondrial protein X (MIX) a subunit of cytochrome c¢ oxidase
complex and a virulence factor. I planned two different strategies; the first one is

based on directly attaching the dd to a protein of interest. The second strategy is
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based on expression regulation of T7 RNA polymerase by dd. In order to

optimize the technique, I proposed to:

- generate L. major cell expressing cytosolic and mitochondrial green
fluorescent protein (eGFP), which is tagged with dd and its expression
regulated by FK506 ligand

- generate L. major cell line in which expression of dd-tagged T7 RNA
polymerase will be regulated by presence or absence of FK506 ligand

- employ this optimized dd technique to study L. major virulence factor

MIX

And finally, I participated in several other projects, to which I contributed

significantly to development and optimization of the methodology (part III & IV).

23



PARTI

PARTI MITOCHONDRIAL RELEASE FACTORS IN

BLOODSTREAM FORM TRYPANOSOME

1.1. INTRODUCTION

In this chapter, I will focus on termination factors that play a role in
cytosolic as well as in mitochondrial translation. There are two release factors,
eRF1 and eRF3, that serve as effectors in cytosolic translation termination in
eukaryotes 1. The eRF1 is a class 1 release factor, which recognizes all three stop
codons (UAA, UGA, and UAG) displayed in ribosomal A-site, catalyzes the
hydrolysis of the aminoacyl-tRNA bond. The structure of class 1 release factors
resembles the tRNA's "L" shape in its three-domain architecture with domain 1
corresponding to the anticodon loop, domain 2 to an aminoacyl acceptor stem,
and domain 3 to T-stem of tRNA %125, The mammalian eRF1's domain 1 contains
Asn-Ile-Lys-Ser (NIKS) motif responsible for stop codon recognition, domain 2
harbors universally conserved Gly-Gly-Gln (GGQ) motif performing aminoacyl-
tRNA hydrolysis in ribosome peptidyl-transferase center (PTC), and domain 3 is
responsible for binding to class 2 release factor eRF3 . The eRF3 is a GTP-
binding protein serving as a co-factor for recycling of eRF1 as well as for
ribosomal recycling. Depletion or mutation of any cytosolic release factor results
in higher stop codon read-through in a variety of human cell lines (reviewed in
127) 128, On the other hand, overexpression of eRF1 in human 293 cells improves
the translation efficiency independently on the expression level of the eRF3,
which argues against eRF3 essential role in translation '. In yeast, the genetic
knockout of each gene encoding the eRF1 and eRF3 ( sup45 and sup35,
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respectively) demonstrates lethal phenotype 31, A common feature of class 1
release factors ranging from bacteria to humans is a posttranslational methylation
of the glutamine residue in the conserved GGQ motif 123132-134,

Methylation is a frequent modification of DNA, RNA or proteins
performed by the superfamily of methyltransferases [SCOP 53335] (MTases) that
share the ability to utilize S-adenosylmethionine (AdoMet) as a source of a free
methyl group. All MTases possess distinct conserved features in their primary
protein sequence, the catalytic motif Asn-Pro-Pro-Tyr (NPPY) and AdoMet
binding site conserved to a various degree. Except for these motives, the primary
sequence or secondary structure is rarely conserved. The methylation of proteins
does not change the charge of amino acid residues however, the addition of the
methyl group increases the steric hindrance and removes hydrogens that might
participate in the formation of hydrogen bonds, thus modulating molecular
interactions of the target proteins, for example RNA binding 2. The N-
methylation of aliphatic side chains (Lys, Arg, Glu, Asp) or carboxymethylation
(O-methylesterification) of GIn or Asn occurs often as a posttranslational
modification in histones 3. On the other hand, methylation of Gln side chain on
N® is a rare modification observed only in a handful of proteins, e.g. E. coli
ribosomal protein L3 %1% and release factors. The methylated GIn residue
interacts with the PTC of the large ribosomal subunit, triggering hydrolysis of the
ester bond in peptidyl-tRNA. Based on molecular simulation models, the
hydrolysis is performed either by coordinating water molecule for nucleophile
attack or by creating a space for rRNA to perform the reaction '*. In bacteria, this
modification is introduced by the activity of MTase HemK/PrmC encoded by the
prfB gene, which is placed directly downstream of prfA (encoding for RF1). The
modification is essential for a proper function of the bacterial release factors
133139140 Later it was shown that also the mammalian cytosolic release factor eRF1
is methylated on the GGQ motif by N6éamtl MTase. Deletion of its gene Né6amt1
causes embryonic lethality in knockout mice '*. Similarly in yeast the essential
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methylation of eRF1 is performed by MTase Mtq2 (product of gene YDR140w) '*.
The Mtq2” cells demonstrate multiple phenotypic defects including increased
sensitivity to cold, high salt concentration, and translation fidelity antibiotics
geneticin and paromomycin 2.

In the mitochondrion, there is only a single class 1 release factor. The yeast
and mammalian mRF1 are able to recognize both stop codons (UUA, UAG)
present at the end of mt transcripts *214%. The orthologues of cytosolic eRF3 have
not been identified to date. Generally, mt RFs display low sequence similarity to
cytosolic RFs with exception of highly conserved GGQ motif. This motif is,
similarly to cytosolic factors, post-translationally modified by mt MTases: human
mRF1 is methylated by HMPrmC while the yeast Mrfl is methylated by Mtql.
Interestingly, the modification was shown to be essential for normal proliferation
of yeast cells only when grown in non-fermentable media '* or human cell in
presence of translation fidelity antibiotic streptomycin *4. The data suggest that
methylation is required mainly during translation of proteins involved in
oxidative phosphorylation 5.

An additional group of release factor-like proteins has been identified in
the yeast (Pth4) and human (ICT1, C120rf65) mitochondrion. These proteins are
homologous to the bacterial codon independent peptidyl-tRNA hydrolase (ArfB),
suggesting that they might be able to release nascent peptide from the ribosome
in codon independent manner and thus rescue the ribosomes stalled at the end of
incomplete transcripts or in response to the secondary structure of mRNA 146-149,

Trypanosome cytosolic and mt translation pathways follow the eukaryotic
convention, although individual factors were only partially annotated in
trypanosome genome at the time of this study, with information on termination
factors being completely absent. Using BLAST search, we identified candidates
for trypanosome orthologues to yeast and mammalian release factors; TbMrfl —
homolog of yeast mitochondrial Mrfl release factor; TbPth4 — homolog of yeast
Pth4p rescue factor; and TbeRF1 homolog of yeast cytosolic Sup45 release factor
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123150152 Research performed on TbMrfl and TbPth4 is thoroughly described in
the research paper included in the results section one. In the second results
section, I share the unpublished data on TbeRF1 generated in parallel with the
published research. To complement the story, I included third results section
with research on trypanosome MTase TbMTQI1 originally revealed by in silico
search for DNA MTases related to vaccinia virus VP39 cap 2-O-
methyltransferase/poly(A) polymerase %1%, As the TbMTQ1 bears a structural
similarity to VP39, it was speculated that TbMTQ1 plays a role in a mRNA cap
methylation in trypanosome '%. Only during the research on my diploma thesis,
the TbMTQ1 was assigned to N5-glutamine methyltransferases group modifying

release factors on conserved GGQ motif 1%,

1.2. METHODS

In addition to methods described in Prochazkova et al. , we used the

following methodology:

I.2.1 Preparation of constructs

To facilitate detection of TbeRF1 without specific antibody, one allele of
TbeRF1 gene was in situ tagged with C-terminal PTP tag in BF cells as described
in 1%, Briefly, the pC-PTP Puro vector used for in-frame in situ tagging of TbeRF1
contains a tandem purification tag composed of protein C and two protein A
open reading frames separated by TEV cleavage site. The C-terminal part (nt 844
— 1357 bp) of TbeRF1 ORF was amplified with specific primers (TbeRF1-PTP
fw&rv) and inserted to pC-PTP with Apal and Notl restriction sites. The
sequenced construct was linearized with Nrul restriction endonuclease with its
site naturally present in the TbeRF1 fragment, and the final construct was

transfected into BF 427 and dKO TbMTQ1 parental cell lines. After selection with
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0.1 pg/ml puromycin, resulting stable cell lines were verified for constitutive
expression of TbeRF1-PTP tagged protein (of expected size 70 kDa).

For the RNAi TbeRF1 cell line, we employed a head-to-head T7 promoter
driven plasmid p2T7-TA Blue ™. A fragment spanning 485 bp of TbeRF1 ORF
(primers TbeRF1-KD fwé&rv) was inserted with BamHI and Xhol, the final
construct was sequenced, linearized with Notl and transfected into parental BF
SM cell line. Stable transfectants were selected with 5 ug/ml hygromycin and the
decreased level of TbeRF1 transcript in induced cells was verified by qPCR
(primers TbeRF1-qPCR fwérv). The growth rate of induced and uninduced cells
was recorded for nine days.

To construct the double knockout (dKO) TbMTQ1 cell line, we replaced
the two endogenous TbMTQ1 alleles (Tb927.10.9860) with neomycin and
hygromycin resistance gene cassettes using pLEW13 and pLEW90 vectors,
respectively . Specific 464 bp long 5' and 495 long 3' untranslated region (UTR)
sequences of the TbMTQ1 gene were derived from TritrypDB *. Desired regions
were amplified from BF 427 gDNA using PCR with specific oligonucleotides
(O'UTR_fw&rv and 3'UTR_fwé&rv). The neomycin-resistance cassette containing
the gene for T7 polymerase was flanked sequentially with TbMTQ1 5' and 3'
UTRs using endonucleases Notl and Mlul, and Xbal and Stul, respectively. The
resulting construct pLEW13_TbMTQ1_3'/5'UTRs_neomycin was digested with
NotI and this single knockout (sKO) cassette was transfected to parental BF 427.
The stably transfected cell line was created by limiting dilution after 2 weeks of
selection with neomycin at 2.5 pg/ml. The genomic DNA was isolated from
selected transfectants by phenol/chloroform extraction, and the successful
replacement of TbMTQ1 allele with the sKO cassette was verified by PCR with
specific primers: 5UTR_ext_fw and sKO_rv; sKO_fw and 3'UTR_ext_rv . The
hygromycin-resistance cassette containing the TetR was excised from the
PLEW90 vector with Xhol and Stul endonucleases. This cassette was then used to
replace the neomycin-resistance cassette from

28



PARTI

pLEW13_TbMTQ1_3'/5'UTRs_neomycin vector, using Xhol and Swal restriction
enzymes. The resulting construct pLEW13_TbMTQ1_3'/5'UTRs_hygromycin was
digested with Notl and the dKO cassette was transfected to the verified TbMTQ1
sKO cell line. The selection was performed using 25 pg/ml of hygromycin. To
verify successful replacement of the second TbMTQ1 allele, the gDNA was
isolated from stably transfected cell line termed dKO TbMTQ1 and used for PCR
reaction with two pairs of specific primers (5'UTR_ext_fw and dKO_rv; dKO_fw
and 3'UTR_ext_rv). The loss of the TbMTQ1 open reading frame was confirmed
by ORF-specific primers (ITbMTQ1 fw and rv). All sequences of used

oligonucleotides are summarized in Supplementary table 1.

.2.2 Native electrophoresis

High resolution clear native electrophoresis was used to test the structural
integrity of FoF1 ATPase in mt lysates which were prepared by treatment with
digitonin at the concentration ratio of 4 mg of digitonin per 1 mg of protein. The
10 pug of mt protein was loaded on the 3 — 12% gradient Tricine PAGE gel,
separated for three hours at 100V with anode buffer (125 mM imidazole, pH 7.0)
and cathode buffer (250 mM Tricine, 37.5 mM imidazole, pH 7.0, 0.02%
dodecylmaltoside, 0.05% deoxycholine). Separated proteins were transferred on
the nitrocellulose membrane and signals corresponding to FoFi ATPase moieties
and sub-complexes were detected with polyclonal anti-subunit 3 antibody (1:
5000), polyclonal anti-ATPaseTb2 antibody (1:1000), and polyclonal antibody
anti-p18 (1:1000).

.2.3 Sucrose gradient with dot blot analysis

Changes in the quantity and stability of mt ribosomes were investigated
using sucrose gradient sedimentation of whole cell lysates followed by dot blot
analysis of 125 and 9S RNAs levels in individual gradient fractions, as described

in %. Specifically, 1x10% cells were freshly harvested and lysed with 1%
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dodecylmaltoside in the presence of RNAse inhibitor on ice. The lysate was
cleared by centrifugation and loaded on 12 ml 5 — 30% sucrose gradient prepared
with Gradient Makers Station (Biocomp). The material was sedimented for 16
hours at 36 000g in 4°C. Approximately 500 pl fractions were tapped using GMST
(Biocomp) and immediately flash frozen in liquid nitrogen. Total RNA was
isolated from individual fractions with TrizolLS (ThermoFisher Scientific)
according to manufacturer's recommendation, and loaded onto the pre-wetted
nitrocellulose membrane mounted into the Bio-Dot apparatus (Bio-Rad). Loaded
RNA was crosslinked with UV, the membrane was washed with 2xSSC and pre-
hybridized at 42°C for an hour in the hybridization solution. Gamma-ATP
labeled oligo probe against 9S and 125 rRNA (Supplementary table) was added
directly into the pre-hybridized membrane and further incubated for 16 hours.
The membrane was washed twice with 5x SSC, and the phosphor-Imager screen
was used to accumulate the radioactive signal for 24 hours. The screen was
scanned on Typhoon scanner (GE Healtcare) and the quantification was

performed with ImageQuant software.

.2.4 Isolation of total RNA and Northern blot

Total RNA from 1x10° BF cells was extracted with acid guanidinium
thiocyanate and phenol-chloroform solutions based on published protocol .
Briefly, harvested cells were resuspended in 400 ul of ice cold solution D (4 M
guanidine isothiocyanate, 25 mM sodium citrate, pH 7.0; 0.5% sodium lauroyl
sarcosine, 0.1 M mercaptoethanol) supplemented with 200 mM sodium acetate,
subjected to phenol/chloroform extraction using Phase-lock tubes (SPRIME) and
finally precipitated with isopropanol. Purified total RNA was separated by
electrophoresis on either a 1.8 % agarose gel (A6 analysis) or a 5% acrylamide gel
(RPS12 and Murf5 analysis). Resolved RNA was transferred to a BrighStar plus
hybridization membrane (Ambion) and crosslinked with UV. PCR DNA probes

complementary to the rare never-edited, pre-edited or edited transcripts (Murf5,
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RPS12 and A6) were prepared with specific primer pairs (Table S1) that annealed
to either gDNA or total cDNA templates. The reverse primers were 5' labeled
with [y-2P] ATP using T4 Polynucleotide kinase (Ambion) as outlined in the
manufacturer's protocol. The more abundant transcripts (18S, 125 and 9S rRNAs)
were probed with a transcript-specific oligo that was also 5~ end-labeled with
[y-?P] ATP. In accordance with the manufacturer's guidelines, the membranes
were first pre-hybridized for 1 hour at 42° C with either the ULTRAhyb
Ultrasensitive hybridization buffer (PCR based probes, ThermoScientific) or the
ULTRAhyb Oligo hybridization buffer (oligo-based probes, ThermoScientific)
before the specific probes were added and allowed to incubate overnight at
42° C. Next, the Northern blots were washed (2xSSPE, 0.1% SDS) three times at
42° C, exposed to a phosphor-imager screen for various periods of time
specifically determined for each transcript (i.e. 5 min for 185 rRNA, 10 min for 9S
and 125, 3 days for RPS12 and 5 days for A6) and then scanned using a Typhoon
FLA 7000 instrument (GE Healthcare). Scanning densitometry was performed
using the Image] software and the determined values were normalized to an 185

rRNA loading control signal.

1.3. RESULTS & DISCUSSIONS

1.3.1 Cultured bloodstream Trypanosoma brucei adapt to life
without TbMrf1 [Publication]
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Cultured bloodstream
Trypanosoma brucei adapt to life
“without mitochondrial translation
e release factor 1

Published online: 23 March 201 . . . . . . P .
ublished onine: 23 March 2018 Michaela Prochazkova %3, Brian Panicucci' & Alena Zikova®-?

Trypanosoma bruceiis an extracellular parasite that alternates between an insect vector (procyclic form)
and the bloodstream of a mammalian host (bloodstream form). While it was previously reported that
mitochondrial release factor 1 (TbMrfl) is essential in cultured procyclic form cells, we demonstrate
here that in vitro bloodstream form cells can tolerate the elimination of TbMrfl. Therefore, we explored
if this discrepancy is due to the unique bioenergetics of the parasite since procyclic form cells rely on
oxidative phosphorylation; whereas bloodstream form cells utilize glycolysis for ATP production and
F,F,-ATPase to maintain the essential mitochondrial membrane potential. The observed disruption

of intact bloodstream form FF,-ATPases serves as a proxy to indicate that the translation of its
mitochondrially encoded subunit A6 is impaired without TbMrfl. While these null mutants have a
decreased mitochondrial membrane potential, they have adapted by increasing their dependence

on the electrogenic contributions of the ADP/ATP carrier to maintain the mitochondrial membrane
potential above the minimum threshold required for T. brucei viability in vitro. However, this inefficient
compensatory mechanism results in avirulent mutants in mice. Finally, the depletion of the codon-
independent release factor TbPth4 in the TbMrfl knockouts further exacerbates the characterized
mitchondrial phenotypes.

Not only are Trypanosoma brucei medically and economically important parasites that cause disease in humans
and livestock, but these flagellated protists are also an excellent model to address fundamental questions within
eukaryotic cell biology'. One of the most prominent areas of research over the last three decades has focused on
the mitochondrial (mt) gene expression of this early divergent eukaryote. Its mt DNA is arranged in an immense
network of concatenated large (maxi-) and small (mini-) circular DNA molecules that are condensed into a
disc-like structure termed the kinetoplast®. Transcription of the maxicircle DNA generates polycistronic pre-
cursors that are processed into two ribosomal RNAs and 18 mRNAs that encode subunits of the mitoribosome
and the oxidative phosphorylation complexes. However, to generate functional open reading frames, 12 of these
protein-encoding transcripts require further maturation by an RNA editing process that specifically directs the
insertion or deletion of uridylate nucleotides (nt)* with the help of short guide RNAs transcribed from the min-
icircles**. While much of the editing process has been elucidated, little is known about how the T. brucei mitori-
bosome selectively translates only correctly edited transcripts®”.

Although mitoribosomes are more closely related to bacterial ribosomes than their eukaryotic cytosolic
counterparts, they nonetheless possess shorter mt ribosomal RNA (rRNA) and have acquired additional
mitochondrial-specific proteins. The T. brucei mitoribosome represents an extreme example of this evolutionary
divergence as it consists of 133 subunits, 56 of which do not have any recognizable homology to components of
known mitoribosomes outside the Kinetoplastida group®. Furthermore, the 611 nt 95 rRNA of the mitoribosomal
small subunit (SSU) and the 1149 nt 128 rRNA of the large subunit (LSU) are extremely short”!’. The cryo-EM
map of a kinetoplastid mitoribosome illustrates that proteins have replaced the loss of key functional rRNA hel-
ices''. While the overall size and morphology is comparable to the bacterial ribosome, the structure on average
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is more porous and the topology of the intersubunit space is remodeled. Furthermore, since the mRNA channel,
the tRNA corridors and the nascent polypeptide exit tunnel are all predominantly lined with unique kinetoplastid
proteins, it suggests that the specific translational mechanisms employed by the kinetoplastid mitoribosome will
vary from the ribosomes examined in other model organisms!!.

Noticeably, the T. brucei mt DNA does not encode for any tRNAs; instead, the full complement must be
imported from nuclear encoded genes'*'*. However, the mt genome does contain a cryptogene for a single ribo-
somal protein, a homolog of the highly conserved bacterial S12, designated RPS12™. The transcript is extensively
edited throughout the open reading frame before it is translated. In the bacterial ribosome, S12 is incorporated
into the shoulder of the SSU, near the subunit interface and extends into the decoding center of the SSU aminoa-
cyl tRNA site (A site), where it binds 16S rRNA and plays a critical role in the fidelity of tRNA selection’*7. In
addition, through its interaction with elongation factors, it acts as a control element in the translocation of the
mRNA-tRNA through the ribosome'®. A similar indispensable role is assumed for the T. brucei RPS12 because
the inactivation of RNA editing leads to the reduction of the 458 SSU-related complex and the 80S mRNA-bound
monosome’. Furthermore, while only a few (cytochrome b, cytochrome oxidase subunit 1, F,F;-ATP synthase
subunit A6) of the highly hydrophobic proteins translated from the maxicircle transcripts can be reliably detected
in just procyclic form parasites'®?, the disruption of RNA editing severely impairs mitochondrial translation.
Therefore, it is proposed that RPS12 acts as a functional link between RNA editing and translation in T. brucei’.

Remarkably, due to their complex mt gene expression, several hundreds of proteins are required to synthe-
size the only two mt encoded proteins (RPS12 and F,F,-ATPase subunit A6) deemed to be essential for the
extracellular pathogen to reside in the bloodstream of its mammalian host”?!. While the insect stage (procyclic
form, PF) of the parasite depends on the oxidative phosphorylation pathway to generate sufficient quantities
of cellular ATP, the bloodstream form (BF) exploits the high glucose content of its surroundings to synthesize
ATP through glycolysis®. This bioenergetics adaptation to the varied nutrients available throughout its life cycle
results in a dramatic remodeling of the singular mitochondrion. The tubular BF mitochondrion lacks a func-
tional cytochrome-mediated respiratory chain and thus respires through the trypanosome alternative oxidase>*,
Therefore, the F,F,-ATP synthase reverses direction and hydrolyzes ATP to pump protons into the mt inner
membrane space, maintaining the essential mt membrane potential (A1,,)?*. This rotary molecular machine is
comprised of a catalytic F; moiety and the membrane embedded F, domain that contains the proton pore. Proton
translocation occurs via interactions between the F, ¢c-ring and the only mt encoded component of F F,-ATPase,
subunit A6, The A6 transcript of this maxicircle gene is pan-edited in both life cycle stages, but it is only in the
reduced BF mitochondrion that a single point mutation in the ~ subunit of the F, central stalk permits the parasite
to become mt DNA independent?'. Naturally occurring dyskinetoplastic (Dk) trypanosomes that lack a complete
mt genome?, have also obtained compensatory mutations that allow the parasite to escape their dependency on
the proton pumping function of the F,F,-ATPase. While the hydrolytic function of this enzyme is still essential,
there is a greater reliance on the ADP/ATP carrier (TbAAC)*?* to not only provide ATP substrate, but to also
maintain the A, through the electrogenic exchange of cytosolic ATP*~ for mt ADP?~21%,

Mt translation is a complex process that can be divided into four steps: initiation, elongation, termination
and ribosome recycling. Here we focus on translation termination, which occurs when a mt release factor (RF),
containing two decoding motifs (cc—5 helix and PXT), determines that a mRNA stop codon occupies the ribo-
somal A site’**!. Upon recognition, the conserved GGQ loop of the RF shifts into the LSU peptidyl-transferase
center (PTC) and hydrolyzes the ester bond between the tRNA in the peptidyl tRNA site (P site) and the ter-
minal amino acid of the nascent peptide, thus releasing the protein from the translational apparatus®***. Most
mitochondrial translation systems have a reduced number of termination codons (UAA and UAG) that can be
recognized by a single mt release factor (yeast - Mrfl1)*. The depletion of Mrfl in S. cerevisiae, a petite-positive
yeast, results in respiratory dysfunction and rapid mt genomic instability, indicating that Mrfl is essential for
mitochondrial translation®. However, the depletion of this ortholog in either mammalian cells or S. pombe, a
petite-negative yeast, only leads to a partial respiratory defect because mt protein synthesis is not completely elim-
inated®. This outcome suggests that another member of the RF family can compensate for the loss of the Mrf1.
Indeed, while the depletion of the peptidyl-tRNA hydrolase, Pth4 in S. pombe, does not result in any phenotype,
its ablation significantly exacerbates the Amrfl phenotype®. Pth4 retains the highly conserved GGQ motif, but
it is smaller than standard RFs because it lacks the codon recognition domains™. Instead, it has an unstructured
basic residue-rich tail at the C-terminus that is required for ribosomal binding. Unlike other members of the RF
family that transiently interact with the ribosomal A site, Pth4 is an integral member of the LSU*%, Therefore, it
has been proposed that Pth4 acts as a codon-independent, mitoribosome-dependent RF that can rescue stalled
ribosomes.

Mt translation is required for BF T. brucei viability®, but it presumably serves only to synthesize the essential
F,F,-ATPase subunit A6. While TbMrf1 is indispensable in PF T. brucei*’, where translation of most of the mt
genome is required to generate sufficient ATP via an active oxidative phosphorylation pathway, we determined
that the BF parasites grown in culture are able to adapt to life without TbMrfl.

Results

Cultured BF T. brucei tolerate the loss of TbMrfl, displaying only a mild growth phenotype.
Due to the limitations of RNAi to wholly silence a gene product, we eliminated both alleles of TbMrf1
(Tb927.03.1070) by homologous recombination. The generation of a viable double knockout TbMrfl (dKO
TbMrfl) cell line indicates that this release factor is not essential for the reduced mitochondrion of BF T. brucei.
Lacking a TbMrf1 antibody, we verified the null cells by PCR analysis, incorporating primers designed to bridge
each of the integration sites of the selectable markers that replaced both alleles (Fig. 1a). The single knockout
(sKO) TbMrf1 cell line contained amplicons of the expected size for the TbMrf1 coding sequence (cds), as well
as the 5" and 3’ integration sites for the T7 polymerase/neomycin cassette (Fig. 1b). Noticeably, the TbMrfl cds
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Figure 1. T. brucei BF dKO TbMrf1 parasites are viable in culture. (a) Schematic representation of the

TbMrfl1 gene knockout strategy based on homology recombination. To verify the correct integration of both
allelic exchange cassettes by PCR, different primers sets were used to amplify PCR amplicons 1 to 5, with the
expected sizes indicated. (b) PCR verification for the first TbMrf1 allelic replacement (sKO TbMrf1) and for
the elimination of both TbMrf1 alleles in a dKO cell line grown in culture for one or seven weeks (dKO TbMrfl
1wk and 7wk). (¢) Growth of dKO_TbMRF1 1wk and 7wk cell lines was monitored daily for nine days and
compared to parental BF 427 cells. Cumulative cell density was plotted on a log scale.

BF 427 55+03
dKO TbMrfl 1wk 71107
dKO TbMrf 1 7wk 6.4 +0.6

Table 1. Doubling time of T. brucei BF 427, dKO TbMrfl 1wk and 7wk cell lines. The values represent the
average and SD of three independent experiments. The P value of an unpaired Student’s t-test comparing the
doubling time values for BF 427 and dKO TbMrf1 1wk, BF 427 and dKO TbMrf1 7wk and dKO TbMrf1 1wk
and 7wk are as follows: p < 0.001, p=0.001 and p=0.02, respectively.

amplicon is not detected in the dKO cell line, while the replacement of both alleles was confirmed. Even though
the dKO TbMrf1 cell line is certainly viable, it does have a reduced doubling time compared to the parental cell
line (Fig. 1¢, Table 1). Furthermore, we observed that dKO Mrfl cells maintained in culture for 7 weeks had a
modified rate of cell proliferation that reverted back towards the values of the wild-type (WT) BF 427 cells. Since
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these parasites appeared better adjusted to life without TbMrfl, we included this dKO TbMrfl 7wk cell line
throughout our phenotypic analyses so they could be compared with the dKO TbMrf1 1wk cell line, which were
the first cells to arise during the selection of transfected cells.

The absence of TbMrfl significantly alters the structural integrity of the protein complexes
containing mt encoded subunits. While de novo mt synthesis of cytochrome b, cytochrome oxidase
subunit 1 and F,F,-ATP synthase subunit A6 can be observed in PF parasites, none of the highly hydrophobic
mt encoded proteins have ever been detected in the BF mitochondrion®. Therefore, to circumvent the dearth of
direct assays to measure mt translation in the dKO TbMrf1 cell line, we opted to investigate the structural integ-
rity of the mitoribosomes and F,F,-ATPase. Both of these large molecular complexes contain just a single gene
product (RPS12 and A6, respectively) that is synthesized from the mt genome after extensive post-transcriptional
editing in BF parasites. To determine how the loss of TbMrf1 affects the mitoribosomes, equal numbers of cells
from the parental and dKO TbMrfl cultures were lysed with 1% Nonidet NP40 and fractionated on a 10-30%
glycerol gradient. Total RNA isolated from equal volumes of each fraction was resolved on a 5% polyacryla-
mide/8 M urea gel and visualized with 9S and 12S rRNA probes (Fig. 2a). To verify that each glycerol gradient
created on the Gradient Master from BioComp Instruments produced reproducible sedimentation profiles, the
total RNA samples from each fraction were also analyzed with a cytosolic LSU 18S rRNA probe. To compare the
amount of rRNA in each fraction between the various cell lines, 8 ug of BF 427 total RNA was included for each
northern blot. After normalization to this input, the relative intensity of 9S and 125 rRNA was plotted (Fig. 2b).
The drastic decrease in both rRNA molecules throughout the gradient fractions of the dKO TbMrfl 1wk cell
line indicates that the translational apparatus has been impaired, as both the LSU and SSU become unstable.
Interestingly, it appears that the sedimentation profile has generally been restored in the dKO TbMrf1 7wk cell
line, even though the recovery of the 9S rRNA trails that of the 125 rRNA.

The supramolecular organization of the F F,-ATPase can be visualized when hypotonically isolated mito-
chondria are lysed with n-dodecyl-3-D-maltoside (DDM), resolved by light blue native (BN) electrophoresis
and then transferred to a PVDF blot that is probed with serum that recognizes components of either the F, or
F) moieties. In the absence of subunit A6, the higher molecular weight structures of the intact F_F,-ATPase are
destabilized under the aforementioned conditions**2, Strikingly, the dKO TbMrf1 1wk F,F,-ATPase monomers
and oligomers are drastically reduced compared to the parental enzyme, whereas F, accumulates (Fig. 2c). In
addition, there is a recovery of the ATPase monomers in the dKO TbMrfl 7wk cell line. To demonstrate equal
loading between the different cell lines, the same DDM-lysed mitochondria were also resolved by SDS-PAGE
and transferred to membranes that were immunodecorated with a mtHSP70 monoclonal antibody (Fig. 2d).
Furthermore, the decreased steady state expression of specific F, subunits (Fig. 2d) in these denatured samples
correlates with the loss of ATPase monomers and dimers visualized by BN westerns. On the other hand, compo-
nents of the F, catalytic moiety and the TbAAC transporter responsible for supplying this enzyme with its ATP
substrate remain unchanged.

Despite reduced ATPase monomers, dKO TbMrfl cells still rely on the proton pumping activity
of the remaining intact enzymes. While the stability of the F,F,-ATPase monomers and oligomers
is greatly reduced in the dKO TbMrfl 1wk culture, these structures are still detected. To determine if these
DDM-resistant complexes contribute to cell viability, an Alamar Blue assay was performed to calculate the ECs,
of oligomycin. This potent inhibitor binds at the interface of subunit ¢ and A6, thereby blocking the proton
translocation of intact F,F,-ATPase**. Even though BF 427 parasites are highly sensitive to oligomycin because
they depend on the F,F,-ATPase activity to pump protons that maintain the A1, , the dKO TbMrf1 1wk cells are
several orders of magnitude more sensitive to this antibiotic (Fig. 3, Table 2). Once again, the dKO TbMrfl 7wk
culture demonstrates an intermediate phenotype as the oligomycin EC, increases towards the values measured
in the parental cell line.

Destabilization of intact F F,-ATPase complexes only partially diminishes the A4,,. InBF
T. brucei mitochondria, the intact F,F,-ATPase hydrolyzes ATP and pumps protons into the mt intermem-
brane space to maintain the essential Av,,. Since the absence of TbMrf1 leads to the partial destabilization of
F,F,-ATPase monomers and dimers, the relative A, was determined by staining these cell lines with TMRE
and measuring the fluorescence produced from the A1, dependent probe. Compared to BF 427 cells, the A,
was diminished ~35% in the dKO TbMrfl 1wk cells (Fig. 4a), which most likely contributed to the mild growth
phenotype seen in these cells. Furthermore, the A, of the dKO TbMrf1 7wk cells returned to within ~15% of BF
427 values, which correlates with the increased stability observed in the F,F - ATPase monomers in these parasites
(Fig. 2c).

While there were dramatically fewer intact F F - ATPases to maintain the A1, in the dKO TbMrf1 1wk cell
line (Fig. 2¢), the depolarization of the inner mt membrane was not as drastic as when a subunit of the catalytic
F, moiety is depleted®>*, Therefore, we hypothesized that the mt bioenergetics of dKO TbMrfl 1wk cells might
more closely resemble Dk trypanosomes, where the dependence on the electrogenic exchange of cytosolic ATP*
for mt ADP*~ by TbAAC becomes magnified. To assess this possibility, we employed an Alamar Blue assay to
measure the EC, of carboxyatractyloside (CATR), an inhibitor of AAC, in BF 427 cells, dyskinetoplastic T. evansi
and the dKO TbMrf1 cell lines. While there is no significant change in the steady state levels of TbAAC expression
when the parasite lacks TbMrf1 (Fig. 2d), the sensitivity to CATR is drastically increased in the dKO TbMrfl 1wk
cells to almost the same levels observed in T. evansi (Fig. 4b, Table 2). Furthermore, the intermediate CATR ECs,
values measured in the dKO TbMrf1 7wk cells correlates with the observed increased levels of intact F F,-ATPase
monomers in these parasites.
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Figure 2. Loss of TbMrfl affects the structural integrity of protein complexes that contain mt encoded
subunits. (a) The sedimentation pattern of 12S and 9S rRNAs in BF 427 and dKO TbMrf1 1wk and 7wk cell
lines. Whole cell lysates from 5 x 10® parasites were resolved on a 10-30% glycerol gradient. RNA was extracted
from each fraction and separated on 5% polyacrylamide/8 M urea gels that were blotted and probed for 128
and 95 mitochondrial rRNAs and 18S cytosolic rRNA (sedimentation control). BF 427-8 g of total RNA

from BF 427. Input - 3 pg of total RNA isolated from the remaining material that was loaded on a gradient. (b)
After normalization to BF 427 RNA, the relative intensities of 95 and 125 rRNA signals from each sample were
plotted. (c) The native F,- and F,F,-ATPase complexes were visualized using light blue native electrophoresis.
Purified mitochondria from BF 427 and dKO TbMrf1 1wk and 7wk cultures were lysed with dodecyl maltoside,
fractionated on 3-12% BisTris gel and blotted on a PVDF membrane. The F,-ATPase (F,) and the F F,-ATPase
monomer and dimer were all visualized using specific polyclonal antibodies against F,-ATPase subunit 3 and
F,-ATPase subunit OSCP. (d) SDS-PAGE Western blot analyses of the same mitochondrial lysates as in (c). The
steady state abundance of mt hsp70, TbAAC, F;-ATPase subunits 3 and p18 and F,-ATPase subunits OSCP and
ATPaseTb2 were determined using specific antibodies.

Dk trypanosomes are able to lose their mt genomes because they contain compensatory mutations within
specific F,-ATPase subunits. However, when we sequenced the ~ subunit from dKO TbMf1 7wk culture, no
mutations including the ones known for Dk cells* were observed (data not shown). Furthermore, the completed
genome of the dyskinetoplastic T. evansi strain STIB805 revealed that there are only two notable amino acid
substitutions in the o (G510C) and 3 (N3958) subunits*, but neither one was detected in our sequencing data
from the dKO TbMrfl 7wk cell line. In fact, unlike yeast Mrfl mutants that display a rapid lost of mt DNA, the
DAPI staining of fixed T. brucei lacking TbMrfl did not result in cells without kinetoplast DNA (Supplementary
Fig. S1). Furthermore, the dKO TbMTrf1 cell lines are slightly more sensitive than BF 427 cells to acriflavin, a lethal
DNA intercalator that predominantly accumulates in the mt DNA (Table 2). Finally, the calculated oligomycin
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Figure 3. dKO TbMrfl 1wk and 7wk cell lines are significantly more sensitive to oligomycin than BF 427 cells.
The oligomycin sensitivity of BF427, dKO TbMrfl 1wk and 7wk cells was determined by an Alamar Blue assay.
The oligomycin dose-response curves were calculated using GraphPad Prism. Error bars represent the standard
deviation calculated from three independent experimental replicates.

BF 427 0.403£0.03 >0.369 6.024+0.52
dKO TbMRF1 1wk 0.006 0.006 0.017+0.02 2.68+0.26
dKO TbMRF1 7wk 0.022 £0.005 0.0761+0.02 3.55+0.17
cKO TbMrf1 7wk (+tet) 0.13£0.05 0.125+0.01 n.d.
T. evansi Antat 3/3 >2.657 0.009+0.002 n.d.
dKO TbMRF1 7wk + V5 TbPth4 (- tet) 0.013+0.03 0.0274+0.05 n.d.
dKO TbMRF1 7wk + V5 TbPth4 (+tet) 0.027 £0.01 0.064+0.09 n.d.

Table 2. EC;, values for oligomycin, carboxyatractyloside and acriflavin for BF 427, dKO TbMrfl 1wk and 7wk
and dKO TbMrfl + V5 TbPth4 cells that were either noninduced (—tet) or induced with tetracycline (+tet) for
2 days. n.d. - not determined. The values represent the average and SEM of three independent experimental
replicates.

EC;, value of the dyskinetoplastic T. evansi (Table 2) indicates that unlike the dKO TbMrfl1wk cell line, these
parasites are even less sensitive to oligomycin than BF 427. Altogether, this would suggest that the dKO TbMrf1l
mutants are still dependent on their mt genome expression.

To confirm that the observed phenotypes measured were truly due to the loss of TbMrfl, we generated a
conditional knockout (cKO) TbMrfl 7wk cell line with heterologous expression of a C-terminally V5-tagged
TbMrf1 that was verified by western blot analysis with a V5 antibody (Supplementary Fig. S2a). This cell line
demonstrated that despite the epitope tag, tetracycline induced ectopic TbMrf1 expression largely restored the
oligomycin and carboxyatracrtyloside EC;, values to BF 427 levels (Supplementary Fig. S2b, Table 2).

TbMrfl deficient parasites are avirulent in the mouse model. While dKO TbMrfl cell lines are
able to cope with a significant loss of intact F F,-ATPase complexes and remain viable when grown in culture,
we questioned whether these parasites would be virulent when introduced into an animal model with an active
immune system. Therefore, we infected 3 groups of 5 BALB/c mice with 1 x 10° BF 427 or dKO TbMrfl 1wk
or 7wk parasites. The survival rate was monitored and parasitemia levels were calculated from blood samples
obtained via tail pricks. While none of the mice infected with BF 427 trypanosomes survived past day 6, nei-
ther set of mice infected with either dKO TbMrflcell line succumbed to disease after 30 days (Fig. 5a). This
discrepancy was further illustrated in the parasitemia levels, where BF 427 cells were quickly able to reach lethal
levels (>1 x 10® trypanosomes/ ml blood), while only very low levels of dKO TbMrfl parasites were sporadically
detected throughout the length of the experiment (Fig. 5b). Thus, while convenient, measuring the growth phe-
notypes of genetically modified trypanosomes in culture does not always depict the true importance of a protein
function, especially in the case of gene products that can potentially disrupt bioenergetic processes of the cell.

Overexpression of release factor TbPth4 partially alleviates the dKO TbMrfl phenotypes. The
viability of the dKO TbMrfl cell line in culture suggests the presence of another factor that is able to compensate
for the loss of TbMrfl and ensure some mt translation termination. In S. pombe, it has been demonstrated that
the peptidyl-tRNA hydrolase Pth4 plays an overlapping role with Mrf1%. A protein BLAST search on TriTrypDB
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Figure 5. dKO TbMrf1 parasites are avirulent in a mouse model. (a) Groups of five female BALB/c mice were
intraperitoneally infected with 1 x 10° BF 427 and dKO TbMrfl 1wk and 7wk trypanosomes. The survival rate
of infected mice was monitored for 30 days. (b) Mouse parasitemia levels were calculated daily post-infection.

revealed that TbPth4 (Tb927.6.2500), which contains a release factor domain, is the most obvious T. brucei ort-
holog of the yeast protein as they share 36% similarity and 21% identity (MUSCLE alignment). To ascertain
if the function of TbPth4 becomes more important when the mt translation appartus becomes impaired, we
monitored its gene expression in the dKO TbMrf1 cell lines. Since we lack an antibody that recognizes TbPth4,
we employed qPCR to analyze the levels of mRNA in the dKO TbMrf1 cell lines compared to BF 427. Using
{3-tubulin as an internal control, a very modest increase of TbPth4 mRNA was observed in the absence of TbMrf1
(Fig. 6a). However, compared to the considerable Pth4 mRNA expression observed in the tetracycline induced
dKO TbMrfl cell line overexpressing a V5-tagged ectopic TbPth4, this slight uptick may not translate into any
biological significance in the dKO TbMrf1 parasites.

Since the overexpression of the S. pombe Pth4 helps to alleviate the phenotypes induced by the loss of Mrf1%,
we explored if the same could be true in T. brucei. While the dKO TbMrfl 1wk cell line demonstrates the largest
phenotypic changes compared to BF 427, we have demonstrated that the severity of these measured outcomes
reduces over time as the cells are maintained in culture. Therefore, due to the length of time involved in selecting
transfected T. brucei and verifying positive clonal cell lines, it was not feasible to generate the ectopic V5-tagged
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Figure 6. Overexpression of mitochondrially localized TbPth4 abates the dKO TbMrf1 phenotype. (a)
RT-qPCR analysis of TbPth4 transcript levels in dKO TbMrfl 1wk, 7wk and dKO TbMrfl + V5 TbPth4

cells compared to BF 427 trypanosomes. The relative changes in transcript abundance were plotted on a log
scale. Transcript levels of 3-tubulin were used as internal controls. (b) Growth curves spanning 14 days were
generated for tetracycline induced (+tet) and noninduced (-tet) dKO TbMrf1 + V5 TbPth4 cells. The figure

is representative of three independent experimental tetracycline inductions. Inset: Whole cell lysates from
cultures either noninduced (-tet) or induced (+ tet) with tetracycline for 48 hours were probed with a specific
anti- V5 antibody. (¢) Plot of doubling times calculated from the linear growth of BF 427, dKO TbMrf1 7wk and
tetracycline induced (+tet) and noninduced (-tet) dKO TbMrfl 4+ V5 TbPth4 cells. (d) & (e) Alamar Blue assays
determined either the oligomycin (¢) or carboxyatractyloside (d) sensitivity of induced (+tet) and noninduced
(-tet) dKO TbMrfl 4 V5 TbPth4 cells compared to BF 427 cells. Error bars represent the standard deviations
calculated from three independent experimental replicates. (f) Immunofluorescence assays verify that V5-
tagged TbPth4 is targeted to the mitochondrion in BF dKO TbMrfl + V5 TbPth4 cells induced for 48 hours
(+Tet). The ectopic TbPth4 was visualized with a Texas Red-conjugated secondary antibody that recognizes

a primary monoclonal anti-V5 antibody. Noninduced (-Tet) BF BF dKO TbMrfl + V5 TbPth4 cells were
included as a control, while the single tubular mitochondrion was visualized with a fluorescein isothiocyanate
(FITC)-conjugated secondary antibody that recognizes a polyclonal primary antibody detecting F,- ATPase
subunit 3. The DNA contents were visualized using DAPI (4,6-diamidino-2-phenylindole). The overall cell
morphology is depicted in the differential interference contrast (DIC) microscopy images. (g) Subcellular
localization of TbPth4 was determined in dKO TbMrf1 cells expressing V5-tagged ThPth4. Harvested parasites
(Tot) were lysed under hypotonic conditions to obtain cytosolic (Cyt) and mitochondrial (Mt) fractions. Mt
pellets treated with Na,CO; underwent differential centrifugation to produce matrix (Mx) and mt membrane
(Mm) fractions. Purified fractions were analyzed by Western blot with the following antibodies: anti-V5 (V5-
TbPth4), anti-MRP1 (mt matrix), subunit 3 (mt matrix and membranes), anti-AAC (mt membranes), anti-
enolase (cytosol).

TbPth4 in the dKO TbMrfl 1wk cell line. However, when the V5-tagged TbPth4 is overexpressed in the dKO
TbMrfl 7wk background, the doubling time continues to return towards WT values (Fig. 6b,c). We also deter-
mined from additional Alamar Blue assays that the increased sensitivity to oligomycin and carboxyatractyloside
observed in the dKO TbMrf1 cell lines is reduced when the ectopic TbPth4 is induced (Fig. 6d,e, Table 2).

Since TbPth4 has not been characterized previously, we analyzed the subcellular localization of the release fac-
tor. An immunoflourescence assay determined that the dKO TbMrfl + V5 Pth4 is colocalized with the F,-ATPase
subunit 3 in the mitochondrion (Fig. 6f). Furthermore, the tagged TbPth4 was tracked in a Western blot analysis
of fractions generated from a carbonate extraction of enriched mitochondria isolated by hypotonic lysis of the
parasite. The specificity of the resulting subcellular fractions was verified using enolase as a cytosolic marker;
while MRP1, ATPase subunit § and TbAAC represented mt proteins with various propensities for either the mt
inner membrane or the matrix. This analysis reveals that TbPth4 is largely localized in the mt matrix (Fig. 6g).

Depletion of TbPth4 exacerbates the phenotypes identified in BFT. brucei lacking TbMrfl. To
determine if TbPth4 is involved in the rescue of an impaired mt translation system missing TbMrfl, we depleted
this release factor in both BF 427 single marker (SM) and dKO TbMrf1 7wk cells using a stem loop RNAi vec-
tor. While there was a very modest increase in the doubling time observed in the RNAi induced BF 427 SM
cells (Fig. 7a), there was a striking growth phenotype when TbPth4 is abated in the dKO TbMrfl 7wk cell line
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(Fig. 7b). A qPCR analysis verified that the TbPth4 transcript is similarly reduced in both cell lines. Typical of the
RNAi system in T. brucei, the dKO TbMrfl + RNAi TbPth4 culture escaped the RNAi regulation around day 10
of tetracycline induction.

We further characterized the dKO TbMrf1 + RNAi TbPth4 cell line by once again observing what happens
to the structural integrity of the mitoribosomes. Since the parental cell line is the dKO TbMrfl 7wk culture, the
uniduced RNAI cells display a fairly normal and broad sedimentation profile of the 95 and 125 rRNA on a glycerol
gradient (Fig. 7c,d). By day 3 of the TbPth4 RNAi induction, the levels of both rRNAs are reduced, with a greater
impact on the RPS12 associated 9S SSU peak. There are also two distinct rRNA peaks that presumably represent
the individual SSU and LSU subcomplexes (458) and the higher S-value (80S) monosome fraction associated with
mRNA. However, after depleting TbPth4 for 5 days, the 80S rRNA peak is largely reduced and all that remains is
a diminished broad peak centered around the lower 455 fractions. These results would suggest that the partially
restored WT-like mitoribosome profile observed in the dKO TbMrfl 7wk cell line has been eliminated with the
loss of TbPth4.

To understand how an impeded mt translation system could result in a cytostatic dKO TbMrfl + RNAi
TbPth4 cell line, we observed the supramolecular organization of the F F,-ATPase by probing Western blots
generated from light blue native gels with serum that recognize distinct ATPase moieties. Unlike the dKO TbMrf1
7wk cells that had recovered some of the F F,-ATPase monomers, the monomers and dimers of this proton
pumping enzyme are virtually undetectable by day 3 and 5 of TbPth4 RNAi induction (Fig. 7e). This result is
further exemplified by the steady-state Western analysis of these same DDM-lysed mitochondria resolved on
SDS-PAGE, which demonstrate that the F, subunit OSCP that couples the catalytic activity of the F, region to the
proton pumping activity is not visualized upon the induction of TbPth4 RNAi (Fig. 7f). With little to no intact
F_F,-ATPase with a functional proton pore that can directly contribute to the A1), the measured relative A, of
the induced dKO TbMrfl + RNAi TbPth4 cells drops to 50% of wildtype levels (Fig. 7g).

Discussion

Despite the severe growth phenotype previously observed in cultured PF T. brucei depleted of TbMrf1*’, we were
able to generate in vitro BF parasites without this release factor. Confronted with an intriguing BF cell line that
can tolerate the elimination of TbMrfl, but without any direct means of ascertaining how mt translation termi-
nation was affected, we chose to characterize mitochondrial phenotypes that could rationally be attributed to the
loss of a release factor. In fact, it was indirect evidence that originally assigned the expected function of TbMrfl
when it was shown that oxidative phosphorylation (OXPHOS) is disturbed upon TbMrfl RNAi induction®.
Unfortunately, even this assay is impractical when working with BF trypanosomes, so we decided to look at the
integrity of two essential complexes in the BF mitochondrion that contain a solitary mt encoded subunit. Indeed,
this is not unprecedented as the stability and composition of the mitoribosomes and F,F,- ATPase has been exten-
sively characterized when mt gene expression is impeded™*2.

With this rationale, we interpreted the significant disruption of intact mitoribosomes and F,F,-ATPases in
the dKO TbMrfl 1wk cell line to indirectly indicate that mt translation has been impaired. The instability of the
F,F,-ATPase monomer and dimers is most likely due to the abated protein expression of the F, integral mem-
brane subunit A6, which causes the complex to become more labile in the presence of detergent®**%5, However,
since the dKO TbMTrf1 parasites are hypersensitive to oligomycin and thus still depend on the proton pumping
function of the remaining intact F,F,-ATPase enzymes, we believe that mt translation is not completely blocked.
This analysis is further supported by the observations that the dKO TbMTrf1 cells retain some intact F F,-ATPases,
do not lose their mt DNA, display increased sensitivity to acriflavin and do not possess any of the required ~
mutations previously catalogued in dyskinetoplastic trypanosomes?®.

The ability of the dKO TbMrfl1 1wk cells to continue to synthesize some amount of subunit A6 in the absence
of TbMirfl presumably allows the parasite to adapt its bioenergetics by relying more heavily on TbAAC to pro-
duce an electrogenic exchange of cytosolic ATP*~ for mt ADP*~, which can compensate for the decrease in intact
F,F,-ATPase complexes containing a functioning proton pore. Indeed, it appears that there is a delicate equilib-
rium that is maintained between the amount of proton pumping F F,-ATPase enzymes and the activity levels of
TbAAC to maintain the A, as evidenced by the increased levels of intact F F,-ATPase monomers in the dKO
TbMrfl 7wk cells and the intermediate CATR EC;, values observed for these parasites.

This unique compensatory mechanism can occur in the BF trypanosoma mitochondrion because of the
unusal dependence on the F,F,-ATPase to continually hydrolyze ATP to maintain the essential A, required
for mt protein import*’. However, this comes at a large energetic cost to the parasite. Therefore, it is pertinent to
understand how much of a A1, is needed to maintain sufficient protein and metabolite (e.g. pyruvate) import
for key mt processes®®. By thoroughly characterizing these dKO TbMrflcell lines, we propose that in vitro BF
trypanosoma cell cultures can tolerate a substantial decrease in their A as long as it remains above a minimal
threshold, which we predict is between 50-65% of WT A4, values. While this allows the parasite to survive in
culture, it is no longer a viable option when the T. brucei dKO TbMrf1 is introduced into an animal model, prob-
ably because the parasite has greater energetic requirements when it needs to evade the host’s immune system™.
Under these conditions, even the dKO TbMrfl 7wk parasites, observed to possess 85% of the WT A+, when
grown in vitro, are unable to establish a lethal infection in a mouse.

Canonical translation termination occurs when Mrfl recognizes a stop codon in the A site and hydrolyzes the
ester bond between the P site tRNA and the nascent polypeptide. However, ribosomes can become stalled when
they encounter truncated mRNA or transcripts that contain nonstop mutations or rare codons®. Pth4 is a yeast
codon-independent release factor that is described as a versatile mitoribosome rescue factor that is involved in
recycling these stalled ribosomes. The observed phenotypes in both the induced dKO TbMrfl 4 V5 Pth4 and
dKO TbMrfl + RNAi TbPth4 cell lines provide tantalizing evidence that TbPth4 is able to recognize that the dKO
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Figure 7. TbPth4 RNAi silencing in the dKO TbMrfl background generates more severe phenotypes than

the loss of TbMrfl alone. (a,b) Growth curves of the noninduced (-tet) and induced (+tet) RNAi TbPth4 in
either SM BF 427 (a) or dKO TbMrf1 cells (b) were measured for 14 days. Right panels: RT-qPCR analysis of
the TbPth4 transcript levels after 3 (d3) or 5 (d5) days of tetracycline induction compared to noninduced RNAi
cells. The relative changes in transcript abundance are plotted on a linear scale. 3-tubulin transcript levels were
used as internal controls. (c) The sedimentation profile of 125 and 95 rRNAs in dKO TbMrf1 + RNAi TbPth4
cells that were either never induced (d0) or induced with tetracycline for 3 (d3) or 5 (d5) days. BF427-8 pg of
total RNA from BF 427. Input - 3 pg of total RNA isolated from the remaining material (if available) that was
loaded on a gradient. (d) After normalization to a BF 427 RNA, the relative intensities of 95 and 125 rfRNA
signals from each sample were plotted. (e) The native F,- and F,F,-ATPase complexes were visualized using
light blue native electrophoresis. dKO TbMrfl 7wk and dKO TbMrfl + RNAi ThPth4 cells were either never
induced (d0) or induced with tetracycline for 3 (d3) or 5 (d5) days. The F;-ATPase (F,) and the F F,-ATPase
monomer and dimer were all visualized using specific polyclonal antibodies against either F,-ATPase subunit

B or F,-ATPase subunit OSCP. (f) SDS-PAGE Western blot analyses of the same mitochondrial lysates as in

(e). The steady state abundance of mt hsp70, F;- ATPase subunits 3 and p18 and F,-ATPase subunits OSCP

and ATPaseTb2 were determined using specific antibodies. (g) The A1), of TMRE stained BF 427 and dKO
TbMrfl + RNAi TbPth4 cells that were either never induced (d0) or induced with tetracycline for 3 (d3) or 5
(d5) days was measured by flow cytometry. The median fluorescence for each sample is depicted on the y-axis of
the column graph. The results are means + s.d. (n=">5). *p < 0.02, Student’s t test.

TbMrfl mitoribosome has become stalled at the UAG stop codon and is able to release the completed polypeptide

to create a sufficient amount of RPS12 and subunit A6.

While Pth4 homologs are found throughout bacteria and eukaryotic mitochondria®*"5., it appears that they
probably function via different molecular mechanisms. For example, it has been demonstrated that upon RNAi
depletion of the Pth4 mammalian ortholog (ICT1), cell viability is greatly affected as well as the stability of mt
encoded subunits of OXPHOS complexes, in particular cytochrome c oxidase’”. However, the deletion of Pth4 in
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S. pombe caused no reduction in cell proliferation even when grown on media containing only non-fermentable
carbon sources. Similarly, the silencing of TbPth4 in BF 427 T. brucei did not generate a significant growth effect.

It is currently unclear how this ribosome integrated release factor is able to gain access to the distant PTC and
become catalytically active. The LSU bound ICT1 may be restricted to an architectural role, while soluble forms
of the protein are able to bind the mitoribosomal A site and perform peptidyl-tRNA hydrolysis®”. While no free
pool of the ICT1 has yet to be detected in the mammalian mt matrix, ectopic expression of TbPth4 in T. brucei
is prodominantly localized in the soluble mt fraction. This would suggest that the mechanism of TbPth4 will be
more similar to yeast, which also has a fraction of the release factor that is unassociated with the mitoribosome.
The overexpression of TbPth4 in the dKO TbMrfl background likely increased the overall amount of the protein,
most of which probably contributed to a pool of unbound release factor that was available to bind the empty A site
of stalled mitoribosomes. However, this only produced mild decreases in the observed dKO TbMrf1 phenotypes,
suggesting that this emergency release factor is not overly efficient at rescuing stalled ribosomes. This would per-
haps explain why TbPth4 was not able to replace the loss of TbMrfl in the procyclic stage of the parasite, where
the bioenergetic needs of the active mitochondrion requires robust translation of nearly all 18 mt encoded tran-
scripts. Additional studies are being pursued to determine the molecular mechanism in which TbPth4, a release
factor without a codon recognition domain, is able to terminate translation at a stop codon.

Methods

Transgenic T. brucei cell cultures.  The bloodstream form T. brucei brucei Lister 427 strain (information
about the identity and genealogy of this strain is available at http://tryps.rockefeller.edu) and the dyskinetoplas-
tic strain T. b. evansi Antat 3/3* were cultured in HMI-9 media containing 10% FBS and incubated ina 37°C
incubator with 5% CO,. The BF 427 single marker (SM) cell line, constitutively expressing the ectopic copy of
T7 RNA polymerase and tetracycline repressor, was used for the tetracycline inducible expression of dsSRNA
and V5-tagged proteins®. This expression system was induced by the addition of 1 ug/ml of tetracycline into the
media. Cell densities were monitored using the Z2 Cell Counter (Beckman Coulter Inc.) and maintained in the
mid-log phase (between 1 x 10° to 1 x 10° cells/ml). Growth curves depicting the cumulative cell number of the
cultures were calculated from the measured cell densities that were adjusted by the dilution factor needed to seed
the cultures at 1 x 10° cells/ml each day.

The generation of a TbMrfl double knockout (dKO) cell line involved replacing both alleles of the TbMrf1
gene (Tb927.3.1070) with either a neomycin or hygromycin resistance gene cassette derived from the pLEW13
and pLEW90 vectors, respectively®®. To direct the homologous recombination to the TbMrfl alleles, these
knockout (KO) cassettes were flanked by short sequences of the TbMrf1 5’ (469 nt) and 3’ (540nt) untranslated
region (UTR) that were identified with TritrypDB (version Tb927_3_V5.1). These UTR fragments were PCR
amplified from BF 427 genomic DNA (gDNA) with either the 5’UTR_fw&rv or the 3'UTR_fw&rv primer pairs
(Supplementary Table S1). The amplicons were then digested either with Notl and Mlul endonucleases (5' UTR)
or Xbal and Stul (3’ UTR) before sequentially being ligated into the neomycin-resistance cassette containing the
T7 polymerase gene. The final pLEW13_TbMrfl_3'/5'UTRs_neomycin construct was linearized with NotI and
electroporated with human T cell nucleofactor solution (AMAXA) into BF 427 to generate a single knockout
(sKO) cell line. To create near-clonal cell lines, the transfected cells were serially diluted after 16 hours of recovery
and selected with 2.5 pg/ml neomycin. The gDNA from stable transgenic cell lines that arose after ~2 weeks of
selection was isolated using the GenElute Mammalian Genomic DNA Miniprep Kits from Sigma. The correct
integration of the sKO cassette into the ThMrf1 allele was verified by PCR with the following primer pairs that
bridge either the 5" or 3’ integration sites: 5’UTR_ext_fw and sKO_rv; sKO_fw and 3’UTR_ext_rv (Fig. 1a,b,
Supplementary Table S1).

The hygromycin-resistance cassette containing the tetracycline repressor was excised from the pLEW90 vector
with XholI and Stul endonucleases. This cassette was then used to replace the neomycin-resistance cassette from
the pLEW13_TbMrfl_3/5'UTRs_neomycin vector, which was digested with XhoI and Swal restriction enzymes.
The resulting construct pLEW 13_TbMrf1_3'/5'"UTRs_hygromycin was linearized with NotI and the dKO cassette
was transfected into the verified TbMrfl_sKO cell line. Selection with 25 pg/ml of hygromycin resulted in stably
transfected cell lines termed TbMrf1_dKO. To verify that both TbMrf1 alleles had been replaced, isolated gDNA
served as a PCR template to produce amplicons with primer pairs that bridge the 5 and 3’ integration sites of
both selectable markers (5'UTR_ext_fw and dKO_rv; dKO_fw and 3’UTR_ext_rv) (Fig. 1a,b, Supplementary
Table S1). The elimination of the TbMrfl open reading frame (ORF) from the genome was confirmed by PCR
using ORF-specific primers (TbMrf1_fw and rv).

A conditional knockout (cKO) cell line with heterologous expression of a C-terminal 3xV5-tagged TbMrfl
in the dKO TbMrfl 7wk background was also generated. The TbMrfl ORF was amplified from gDNA with the
primers TbMrfl cKO_fw and TbMrfl ¢cKO_rv (Supplementary Table S1). The resulting amplicon was digested
with BamHI and HindIII before being ligated into a similarly digested pT7-3V5-PAC vector containing the puro-
mycin resistance gene (PAC)™. The sequenced-verified construct was transfected into the dKO TbMrfl 7wk
cell line and the transgenic trypanosomes were selected with 0.1 pg/ml of puromycin. These selected transgenic
parasites were termed cKO TbMrf1 once it was verified by Western blot that tetracycline induced cells displayed
the ectopic V5 TbMTrf1 protein. This regulatable expression system is possible due to the previous TbMrf1 allelic
replacements with the T7 polymerase and the tetracycline repressor.

In a similar manner, a dKO TbMrfl + V5 TbPth4 (Tb927.6.2500) transgenic cell line was generated using the
following forward (fw) and reverse (rv) primers: TbPth4V5_fw and TbPth4V5_rv (Supplementary Table S1).

To silence the expression of the TbPth4 gene by double stranded RNA interference (RNAi), we employed a
construct that inducibly expresses a stem loop RNA with T7 RNA polymerase. The original pRPhyg-iSL vector
(courtesy of Sam Alsford) was adapted to our needs by replacing the hygromycin resistance gene with the ble
gene that provides resistance to phleomycin. A 501 nt fragment of ThPth4 that includes a portion of the 5UTR
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and CDS (—55 nt to 446 nt) was amplified with a primer pair containing the restrictions sites Smal and Xhol on
the forward oligonucleotide, while the reverse contained BamHI and HindIII sites (TbPth4iSL_fw and rv). By
digesting the same amplicon with either Smal and BamHI or Xhol and HindIII, it could be sequentially ligated
into the vector so that it was inserted twice in a head-to-head orientation, which would create a hairpin structure
upon tetracycline-induced transcription. The transfection of the™ Notl-linearized pRPphleo_ThPth4-iSL con-
struct into SM BF cells and the dKO TbMrfl 7wk cell line resulted in the RNAi TbPth4 and dKO TbMrf1 + RNAi
TbPth4 cell lines, respectively. Both of these transgenic cell lines were actively selected using 2.5 pg/ml of
phleomycin.

Subcellular fractionation followed by carbonate extraction. Na,CO;, extraction of mt membranes
was adapted from a previously published protocols®*.

Briefly, mt vesicles from 5 x 10° cells were isolated by hypotonic lysis. The mt pellet was further treated with
digitonin (80 pg/ml) for 15min on ice to disrupt the mt outer membrane. The material was then cleared by cen-
trifugation (12,000 g, 20 min, 4°C) and the pelleted mitoplasts were resuspended in 0.1 M Na,CO; buffer (pH
11.5) and incubated for 30 min on ice. A final ultracentrifugation step (100,000g, 4°C for 1 hr, SW50Ti rotor)
resulted in a supernatant comprised of proteins from the mt matrix, including stripped peripheral membrane
proteins, and a pellet containing integral proteins isolated from the mt membrane fraction.

Glycerol gradient fractionation. Whole cell lysates were prepared by resuspending 5 x 10° BF cells in
300 ul of lysis buffer (30 mM HEPES pH 7.3, 12 mM MgCl,,120 mM KCI, 1% Nonidet NP40, 1 mM DTT) sup-
plemented with 2 x EDTA-free protease inhibitors (Roche) and RNAseOUT RNAse inhibitor. Lysed cells were
treated with TURBO DNAse for 15 minutes on ice and pelleted (21,000 g for 15min at 4 °C). In the meantime,
linear 10-30% glycerol gradients were prepared in thin-wall tubes (Beckman) using a Gradient Station (Biocomp)
according to the manufacturer s protocol. The cleared supernatant (200 pl) was loaded onto the glycerol gradi-
ent and centrifuged (38,000 g for 4hours at 4°C) in a SW 41 Ti rotor (Beckman Coulter). The Gradient Station
was then used to collect 500 ul fractions that were used to isolate total RNA using a standard phenol-chloroform
extraction protocol.

Isolation of total RNA, reverse transcription, and gPCR. Quantitative reverse transcription PCR
(RT-qPCR) was performed using a Light Cycler® 480 system (Roche) according to the manufacturer’s recom-
mendations. Briefly, total RNA from 1 x 107 BF cells was extracted as described earlier and 10 pg were treated with
TURBO DNAse (Ambion). The excess DNase was then removed using an RNAeasy kit (Qiagene). Following the
manufacturer’s instructions, two micrograms of total RNA was reverse transcribed using the TagMan Reverse
Transcription kit (ABI). 100 ng of the resulting cDNA (2 pl) was mixed with SYBR Green (Applied Biosystems)
and specific primers for either the TbPth4 transcript or the internal control transcripts that included 185 rDNA
and 3-tubulin (Supplementary Table S1). The samples were analyzed on a Light Cycler 480 (Roche) and the
relative fold changes in the target amplicons were determined using the Pfaffl method, with the PCR efficiencies
calculated by linear regression™.

SDS-PAGE and Western blot analysis. Protein samples were separated by SDS-PAGE on a 12%
Tri-Glycine acrylamide gel, blotted onto a PVDF membrane (BioRad) and probed with the appropriate mono-
clonal (mAb) or polyclonal (pAb) antibody. This was followed by incubation with a secondary HRP-conjugated
anti-rabbit or anti-mouse antibody (1:2000, BioRad). Proteins were visualized using the Clarity ECL system
(Bio-Rad) on a ChemiDoc instrument (BioRad). The Page Ruler pre-stained protein ladder (Thermo Scientific)
was used to determine the size of detected bands. Primary antibodies used in this study included the mAb anti-V5
epitope tag (1:2000, Invitrogen), mAb anti-mtHsp70 (1:2000)°7, pAb anti-MRP1 (1:1000)%, pAb anti-AAC
(1:2000), and pAb anti-enolase (1:1000)%°. Additionally, the following pAbs were produced in our laboratory:
anti-APRT (1:500), anti-ATPaseTb2 (1:1000), anti-OSCP (1:500), anti-{ subunit (1:2000) and anti-p18 (1:1000)*.

Light blue native electrophoresis (BN PAGE). Hypotonically isolated crude mt vesicles from 5 x 108 BF
trypanosomes were resuspended in 1 M aminocaproic acid (ACA) and lysed with 2% dodecyl-maltoside for one
hour on ice. The samples were pelleted at 16,000 g for 30 min and the protein concentrations were determined
by a Bradford assay. Equal amounts of protein for each sample were mixed with loading dye (0.5M ACA, 5%
w/v commassie G-250) and loaded onto a 3%-12% BisTris native gradient acrylamide gel. Two different native
running buffers were used, a cathode buffer (50 mM tricine, 15 mM BisTris, 0.002% of Coommassie Blue) and an
anode buffer (50 mM BisTris), both at pH 7. After electrophoresis (3 hr, 100V, 4°C), the resolved mt proteins were
transferred onto a nitrocellulose membrane (90 min, 90V, 4°C, stirring) and probed with specific pAbs against
F,F,-ATPase subunits: 3, OSCP, ATPaseTb2, and p18.

Mt membrane potential (A,,) measurement. The A, was determined utilizing the red-fluorescent
stain tetramethylrhodamine ethyl ester (TMRE, Invitrogen). Cells in the exponential growth phase were stained
with 60 nM of the dye for 30 min at 37 °C. Each time, 1 x 10° cells were pelleted (1,300g, 10 min, room tem-
perature), resuspended in 1 ml of PBS (pH 7.4) and immediately analyzed by flow cytometry (BD FACS Canto
1I Instrument). For each sample, 10,000 fluorescent events were collected. Treatment with the protonophore
FCCP (20 M) for 10 min was used as a control for mt membrane depolarization. Data were evaluated using BD
FACSDiva (BD Company) software.

Drug sensitivity assay. Drug sensitivity assays using the resazurin sodium salt dye (Alamar Blue assay)
were performed according to a published protocol®. Tested inhibitors dissolved in HMI-9 media (i.e. oligomycin

SCIENTIFICREPORTS| (2078) 8:5135 | DOI:10.1038/541598-018-23472-6 12

43



PARTI

www.nature.com/scientificreports/

and carboxyatractyloside, SIGMA) were serially diluted 2 fold across each column of a 96-well plate. Individiual
wells were then seeded with either 5 x 10° BF 427 cells or 1 x 10* dKO TbMrfl1wk/7wk cells, resulting in a total
volume of 200 ul of HMI-9 media. The plates were incubated for 72hours at 37 °C with 5% CO,. Finally, 20 ul of
resazurin (0.125 mg/ml in 1xPBS, pH 7.4) was added to each well and the plate was further incubated for 8 hours.
Fluorescence was measured on the Infinite M100 plate reader (Tecan) at excitation and emission wavelengths
of 560 and 590 nm, respectively. Using GraphPad Prism 5.0, data were analyzed by non-linear regression with a
variable slope.

Survival analysis in an animal model. Three groups of 5 female BALB/c mice were infected via a 200 ul
intraperitoneal injection of 1 x 10° BF 427, dKO TbMrfl1wk or 7wk trypanosomes. Parasitemia levels of individ-
ual animals were monitored daily for 7 days. Blood samples from a tail prick were diluted 100 times in TrypFix
solution (1X SSC, 3.7% formaldehyde) and the number of parasites were quantified using an improved Neubauer
haemocytometer. Mice displaying impaired health and/or a parasite load >10* cells/ml of blood were euthanized.
Survival of the experimental group was visually monitored for up to 30 days. The data were analyzed with the
built-in survival analysis on GraphPad Prism 5.0.

All data generated or analyzed during this study are included in this published article (and its Supplementary
Information file).
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1.3.1.1 Additional unpublished data
Loss of TbMrfl1 decreases mt transcript levels.

To complement published results, I explored how missing TbMrf1 affects
mt transcription and RNA processing. Northern blots of total RNA were probed
with end-labeled PCR probes generated against either the pre-edited or edited
transcripts of RP512 and A6. After normalization to the 18S cytosolic rRNA, the
amounts of each transcript in the dKO TbMrf1 cell lines were compared to the
parental BF 427 cells. The abundance of the pre-edited RPS12 and A6 are
significantly reduced in the dKO TbMrfl 1wk cells compared to the BF 427
(Figure 6, A). While the Murf5 never-edited transcript is also decreased in these
cells, indicating that the loss of TbMrfl has a global effect on the steady state
levels of mt mRNA, the RPS12 transcript appears to be depleted the most (Figure
6, B). Since there is still some pre-edited transcript detected for RPS12 and A6, we
examined the 3" untranslated tail lengths of these edited transcripts to determine
if they had become translationally competent. The population of RPS12 and A6
mRNA with a short A-tail, which stabilizes the transcript once editing begins, is
drastically reduced in the dKO TbMrfl 1wk cell line. Furthermore, transcripts
with a long A/U-tail that promotes the loading of completely edited transcripts
onto mitoribosomes, are almost undetectable in the cells lacking TbMrf1 (Figure
6, C). As observed previously, the dKO TbMrfl 7wk cell line has adapted to the
loss of the release factor and a marked increase is observed in the steady state
pre-edited and short-tailed edited mRNA of RPS12 and A6. Finally, the
decreased steady state levels of total 125 and 9S rRNA in the dKO TbMrfl 1wk
cells and their recovery in the 7wk cells corroborate the alterations observed in

the sedimentation profile of the mitoribosomes (Figure 6, D).
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Figure 6: Elimination of TbMrfl causes a decrease in mt transcript levels.
Northern blot analysis of BF 427 and dKO TbMrfl 1wk and 7wk cells reveals the steady
state abundance of key mt transcripts. Total RNA was resolved on either a 1.8% agarose-
formaldehyde gel (A6 mRNA) or a 5% polyacrylamide/SM wurea gel (all other
transcripts), transferred to a membrane and probed with either an oligo probe (rRNAs)
or a PCR probe (maxicircle transcripts). 185 rRNA served as a loading control. A. Pre-
edited A6 and RPS12 B. Never-edited Murf5 C. Edited A6 and RPS12 depicting long-
tailed (LT) and short-tailed (ST) mRNA D. 9S and 125 rRNA.
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Mt transcripts accumulate when TbPth4 is down-regulated in the dAKO
TbMrf1 cell line

Without the aid of a depleted TbPth4 to rescue the protein synthetic
machinery lacking TbMrfl, we analyzed how impaired translation in these cells
affects the mt transcripts. Northern blots containing total RNA from the parental
cell line and dKO TbMrfl + RNAi TbPth4 were probed with end-labeled PCR
products that were complementary to either pre-edited or edited RPS12 and Aé.
Using the cytosolic 18S to normalize the output between samples, both pre-edited
and edited mRNAs accumulate throughout the time course of the RNAi
induction (Figure 7). This is in dramatic contrast to the dKO TbMTrf1 cell lines that
exhibit a decrease in mt mRNA. Furthermore, while the recovery observed in the
dKO TbMrfl 7wk cells was largely due to the increased stability of short A-tailed
edited transcripts, there is also a significant accumulation of the long A/U-tailed
edited transcripts in the induced dKO TbMrfl + TbPth4 RNAI cells. As has been
shown previously, these transcripts associate with the 70S monosomes 7. Perhaps
the observed mRNAs are being stabilized due to an increased proportion of
stalled mitoribosomes that are unable to terminate translation and recycle in the

absence of both TbMrf1 and TbPth4.
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Figure 7: A6 and RPS12 transcripts accumulate upon RNAi induction of TbPth4
in dKO TbMrf1 cells. Northern blot analysis determined the steady state abundance of
pre-edited and short-tailed (ST) or long-tailed (LT) edited mt transcripts A6 and RPS12
in dKO TbMrfl 7wk and dKO TbMrfl + RNAi TbPth4 cells that were either never
induced (d0) or induced with tetracycline for 3 (d3) or 5 (d5) days. Total RNA was
resolved on either a 1.8% agarose-formaldehyde gel (A6) or a 5% polyacrylamide/8M
urea gel (RPS12), transferred to a membrane and probed with a PCR probe. 185 rRNA

served as a loading control.
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1.3.2 Identification of cytosolic class 1 release factor - TheRF1

An initial bioinformatic search of the trypanosome genome using yeast
release factor Sup45p as a bait returned two significant hits: Tb927.3.1070
(peptide chain release factor 1, mitochondrial, TbMrfl) and Tb927.11.2300
(eukaryotic peptide chain release factor subunit 1, putative, TbeRF1). The mt
candidate was described in the previous chapter. To investigate cellular
localization of the second hit, putative TbeRF1, I employed in situ PTP tagging of
the corresponding gene to prepare two cell lines: TbeRF1-PTP tagged in the wild-
type BF 427 cells and TbeRF1 PTP in the TbMTQ1 dKO cells (Figure 8, A). The
TbeRF1-PTP dKO TbMTQ1 cell line was supposed to serve later as a negative
control for the experiment in which the methylation of TbeRF1 would not be
affected due to the absence of TbMTQ1 — the mt methyltransferase described in
depth in part IIl of this thesis. I expected to show that in TbMrfl1-PTP dKO
TbMTQ1 cell line the methylation of the mitochondrial TbMrf1, but not cytosolic
TbeRF1, is diminished. Unfortunately, I encountered technical difficulties such as
low endogenous expression of the TbMrf-PTP protein and thus inefficient
purification. For these reasons the planned experiment was not finalized.

In order to verify cytosolic localization of TbeRF1-PTP, the cells were
treated with digitonin to separate cytosolic and organelle fractions. The
subsequent immunoblotting analyses of extracted fractions established sufficient
separation as the cytosolic enolase and mitochondrial Hsp70 proteins were
confined within their respective subcellular fractions. The constitutively
expressed TbeRF1-PTP protein was exclusively localized in the cytosolic fraction
in both cell lines (Figure 8, B). To confirm the expected essential nature of
TbeRF1, we generated an RNAIi cell line. Silencing of TbeRF1 caused severe
growth phenotype which was apparent as early as two days after the RNAi
induction (Figure 8, C). The specific decrease of TbeRF1 transcript upon RNAi
induction was confirmed by RT-PCR (Figure 8, D).
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Based on the sequence homology and observed cellular localization, I
concluded that TbeRF1 is the cytosolic termination factor essential for viability of
the parasite. Since then, the gene was additionally annotated as such by another

research group *.
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Figure 8: A - TbeRF1-PTP construct is expressed in wild-type and dKO
TbMTQ1 background. Cell lysate corresponding to 5x10° cells was analyzed by western
blot. The PAP reagent recognizing protein A, part of PTP tag, was used. B - TbeRF1 is
localized to cytosol. The TbeRF1-PTP tagged cell lines were treated with digitonin. T —
whole cell lysate, C — cytosolic fraction, M — organellar fraction. Detection of cytosolic
enolase and mt heat-shock protein 70 (Hsp70) served as markers for subcellular
compartments. C - Growth curve. The growth of RNAi TbeRF1 cell line induced with
tetracycline was monitored for nine days. The cumulative cell density of induced cell line
was compared to uninduced cells. D - RT-PCR analysis of TbeRF1 knockdown cell
line. Total RNA from cells induced for one and two days was isolated and level of the
TbeRF1 transcript was compared to that of the uninduced cell.
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1.3.3 Characterization of mt MTase TbMTQ1

Based on the bioinformatic analysis, the TbMTQ1 (Tb927.10.9860) belongs
to the Nb5-glutamine MTases from PrmC/HemK superfamily 135140162163 ag jt
contains the conserved motif Asn-Pro-Pro-Tyr (NPPY) positioned between
residues 311 — 314, and a non-canonical AdoMet binding site represented by
conserved residues Gly220 and Gly222. Initially, we planned to detect the activity
of TbMTQ1 in vitro, however, I was not able to produce either the enzyme or the
substrate (TbMrfl) in native form in sufficient quantities for the experiment.
Consequently, I abandoned this approach and resorted to in vivo methods using
transgenic trypanosome cell lines. Two strategies were employed. First, I
endogenously tagged TbMrfl gene in BF 427 and dKO TbMTQ1 cell lines in
order to purify the TbMrfl protein and detect the methylation by mass
spectrometry. Here again, I encountered technical difficulties. The web-based
tool PeptideCutter ®* for prediction of protease cleavage sites was used to
estimate if the size of the peptide fragment containing methylated GGQ motif
would fit the preferred mass range for MS analysis. The in silico tryptic digest
produced a peptide of 26 amino acids, which is, upon a consultation with a mass
spectrometry expert, too long to be to be efficiently identified. Alternative
protease chymotrypsin was suggested, but as I did not have enough material to
test it I was not able to verify function on TbMTQ1 as exclusive mt TbMrf1l
methylase.

Consequently, I decided to functionally characterize a cell line, in which
TbMTQ1 is knocked out in order to decipher the physiological role of this
enzyme. For this purpose, a null background dKO TbMTQ1 BF cell line was
generated. I expected the cell line to be viable because we previously showed that
RNAIi silencing of TbMTQ1 did not produce a growth phenotype in BF
trypanosomes . The replacement of TbMTQ1 endogenous alleles with antibiotic

markers and the absence of TbMTQ1 open reading frame were verified by PCR
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using specific primers (Figure 9, A). Growth rate and doubling time of dKO
TbMTQ1 were recorded for twelve days (Figure 9, B & C). Observed mild growth
phenotype was apparent after the fifth day from the start of the measurements
and calculated doubling time values show approximately one hour difference
between dKO TbMTQ1 and parental BF 427 cell growth rate. Further
experiments were performed in parallel with analyses of TbMrfl and TbeRF1
using the same methods as described in research paper unless stated otherwise in
Part I - Methods section. To evaluate the impact of presumably missing
methylation at the GGQ motif of TbMrf1, I determined the level of mmp, levels of
9S and 125 rRNAs, the quantity of assembled mt FoF1 ATPase, and sensitivity of
cells to specific inhibitors. In addition, I observed virulence of dKO TbMTQ1 cell
line in an animal model.

The mmp was measured by FACS using a fluorescent dye TMRE, which
specifically stains the energized mitochondria. A 20% decrease in signal was
detected when compared to the parental BF 427 in the independent triplicate
experiment (Figure 9, D). The modest decrease in the proton gradient may
correspond to the prolonged doubling time however, 20% decrease does not limit
cell proliferation . To observe if the FoF1 ATPase complex is fully assembled I
analyzed mt lysate using native electrophoresis followed by immunoblotting.
Hypotonically purified mitochondria were lysed with digitonin and cleared
lysate was separated on 3-12% hrCNE native gel and transferred onto the
nitrocellulose membrane. The membrane was then incubated with specific
antibodies against subunit 3, ATPaseTb2, and p18. The pattern of detected FoF:
ATPase complexes and sub-complexes and their band intensities were
comparable between dKO TbMTQI1 and parental BF 427 (Figure 9, E) suggesting
that no significant changes occur during the complex assembly. Furthermore, the
dKO cells retained the same sensitivity to azide as expected because the BF does
not contain functional complex IV . However, the observed sensitivity to
oligomycin (Fo moiety binding inhibitor of proton pore) was comparable to
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parental BF SM cells, which implies that presumable lack of TbMrfl methylation
does not have a direct effect on translation of A6 (Figure 10, A & B).

To evaluate mt ribosome profile in the dKO TbMTQ1 cell, the mt rRNAs
levels were examined. Mt extracts were subjected to sedimentation on 10-30%
sucrose gradient (described in the Methods section) and RNA isolated from
individual fractions was applied to dot blot. The radioactive signal
corresponding to the levels of 9S and 125 rRNA in individual fractions was
quantified. Comparison with the likewise treated sample of parental strain
showed that even though the overall signal for mitoribosomes is lower in dKO
TbMTQ1, the global peak profile is retained (Figure 10, C & D). The profile
indicates that the ratio of individual intermediate mitoribosome sub-complexes
remains unchanged upon knockdown of methylase.

Finally, we did not observe a difference in parasitemia levels (Figure 10, E)
or survival rate (Figure 10, F) in mice infected with BF 427 and dKO TbMTQ1
cells. Unchanged parasite virulence shows that if indeed the TbMrfl GGQ motif
is not methylated, this post-translation modification has no effect on TbMrf1l
function and thus the translation efficiency of A6 and RPS12 proteins in BF.

In E. coli, the presence of methylation at GIn252 in GGQ motif of RF2
correlates with an increased translation termination efficiency '®. In addition, the
absence of methylation causes a growth arrest in bacteria kept on poor carbon
sources '®. In bacterium Thermus thermophilus, the effect of RF1 methylation on
stop codon recognition was investigated in detail. The results from bacterial
reconstituted expression system demonstrated a direct relationship between the
termination rate and levels of RF1 methylation. The study showed that
methylation of GGQ significantly increases release efficiency of peptides ending
with proline and glycine. When the RF1 methylation was missing, peptides
ending with proline or glycine displayed slow release rate perhaps due to a
natural hindrance of an amino acid with position of a coordinated water
molecule, which can be alleviated by a presence of an amino acid with larger side
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chain or a methyl group . Therefore, terminal amino acids with aliphatic side
chains do not significantly benefit from the presence of methylation on the
release factor GGQ motif.

In yeast, mass spectrometry analysis showed that only 50% of the
endogenous Mrfl pool is methylated, pointing to a fact that presence of GGQ
methylation is perhaps not required for release of every nascent peptide. The
deletion of the corresponding yeast MTase, Mtqlp, had no consequences on mt
metabolism however, the mutant cells grew slower in nonfermentable media
(ethanol, YPE) 2. In human tissue culture, the absence of MTase HMPrmC
methylating the GGQ motif in HMRF1L causes 60% decrease of mt translation
activity in cells on galactose medium with streptomycin, which affects the
translation fidelity 4.

Despite the universal presence of N5-glutamine methylation of mt release
factor 1, trypanosomes seem to be able to cope with missing mRF1 GGQ
methylation. As the BF mitochondrion likely requires expression of only two
proteins encoded in its genome, the FoF1 ATPase subunit A6 with the final amino
acid being Asn, and mitoribosome SSU subunit RPS12 ending with Phe, the
unmethylated release factor appears to be able to perform the reaction without
observable lag. Additionally, no appreciable growth defect was observed in
induced PF RNAi TbMTQ1 cells ™ that depend largely on oxidative
phosphorylation requiring translation of mt-encoded proteins. Among essential
proteins expressed in PF cell are cytochrome b (UniProt entry P00164: ends with
Asp), cytochrome oxidase subunits I (P04371: Ile) and II (P04372: Ile), and NADH
dehydrogenase subunits e.g. ND5 (P04540: ending with Val), all medium size
side chains. Alternatively, the missing growth phenotype of PF RNAi TbMTQ1
cells results from glucose-rich cultivation media insufficiently activating
oxidative phosphorylation pathway as the cells can still supply the ATP
consumption through glycolysis. It was shown that the decrease of glucose in PF
media significantly upregulated levels of Fi ATPase moiety subunits and
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increased sensitivity to oligomycin . Perhaps a growth analysis in glucose-
depleted conditions would allow us to observe the effect of the TbMrfl

methylation in PF trypanosome.
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Figure 9: A - Verification of dKO TbMTQ1 knockout of coding sequence. M —
marker, 15" flanking region of the first allele, 2 — 3" flanking region of the first allele, 3 —
5" flanking region of the second allele, 4 — 3" flanking region of the second allele. B -
Growth curve. The growth of a double knockout cell line dKO TbMTQ1 was monitored
for twelve days. The cumulative cell density of dKO cells was compared to parental cell
line BF427. C - Doubling time. The growth of double knockout cell line dKO TbMTQ1

induced with tetracycline was monitored for twelve days. The doubling time of induced
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cell line was calculated and compared to parental cell line BF427. D - Mitochondrial
membrane potential. Level of mmp was measured as a fluorescence intensity of TMRE.
Treatment with FCCP was used as a control for membrane depolarization. E - Level of
mt FoF1 ATPase moieties in dKO TbMTQ1 compared to BF 427. Mt lysate was extracted
form BF cells. The hrCNE followed by immunostaining was used to visualize F1 and FoF:
ATPase complexes. The free Fi moiety was detected with antibodies against subunit 3
and p18, assembled complex and oligomers were detected additionally with an antibody
against ATPaseTb2.
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Figure 10: A, B - Sensitivity to specific inhibitors. Oligomycin (A) and azide (B)

treated cells were subjected to Alamar blue assay. Measured fluorescence readings were

plotted against the log of the final concentration of inhibitor. C, D - Level of individual
ribosomal RNAs. Total RNA from the same amount of parental cells and dKO TbMTQ1
cells was isolated and resolved on a glycerol gradient. Resulting fractions were analyzed
with dot blot. The signal of gamma-ATP* corresponding to 9S and 12S rRNA was
recorded and quantified with Typhoon reader. E - Parasitemia in the blood of infected

animals. The blood of individual animals was fixed and parasitemia was calculated

every day. Average values of parasitemia in each day are plotted. F - Survival curve of
the mice infected with wild-type BF 427 and dKO TbMTQ1 cells. Group of five female
BALB/c mice was injected i.p. with 1x10* parasites and observed for 15 days. The

survival was recorded and plotted using GraphPad Prism built-in survival analysis.
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PART Il OPTIMIZATION OF THE SAFRANINE O
ASSAY FOR MEASUREMENT OF F,F

ATPASE ACTIVITY

1.1 INTRODUCTION

The mmp, a gradient of hydrogens across an mt inner membrane, is
generated by three out of the four ETC complexes (complex I, IIl and IV). In
mitochondrion, the electrochemical force pulling hydrogens back into the matrix
consists of two components, the electric charge (Aym) and pH gradient also
expressed as a concentration of hydrogen ions (ApHm). The mmp level was
experimentally determined to be in 180 - 220 mV range, with five times higher
contribution of the electrical component in comparison to the chemical
component %170, The mmp is a driving force for a number of essential processes
in the mitochondrion and directly influences the fitness of the cell.

In living cells, relative levels of mmp can be detected by flow cytometry-
based assays wusing fluorescent rhodamine derivatives such as
tetramethylrhodamine ethylester (TMRE) 7', In permeabilized cells or in isolated
mitochondria a quantitative approach yielding value of mmp in mV was
developed using azonium compound safranine O 2. It was shown that
energization of the mt membrane by respiration or ATP hydrolysis gives rise to a
spectral shift in safranine O fluorescence. This spectral shift results in loss of
fluorescent signal at 511 - 533 nm, which is linearly related to generated

membrane potential '7°. Safranine O quenching assay is sensitive, fast and
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reproducible and can be performed in 96-well plate format which is compatible
with most plate readers equipped with a suitable filter set (excitation from 496

nm, emission detection to 586 nm) and accessory injectors.

I.1.1 F,F, ATPase composition and function in BF trypanosomes

In mitochondrion, the FoF1 ATPase complex consists of a matrix facing Fi
subcomplex (subunits (3, a) responsible for binding of ADP + Pi for ATP
synthesis, a central stalk (subunits vy, o, €) ', and a membrane-anchored Fo
moiety composed of several copies of subunit ¢ and single subunit a. Subunit ¢
forms homo-multimeric ring submerged in the inner mt membrane, with a single
subunit a closely associated at one side. The proton is translocated from the
intermembrane space through the proton pore at the interface of the c-ring and
subunit a. The translocation process drives the rotation of the c-ring and central
stalk (rotor). Through a long-distance steric movement, the three states in Fi
moiety corresponding to binding of ADP+Pi, generation of ATP, and ATP
release, are induced . To ensure the stationary position of the alpha/beta
headpiece, the peripheral stalk (subunits OSCP, b, d, F6) is in place to tether the F1
moiety to the inner mt membrane 5.

From an NMR model of E. coli subunit ¢ and set of structures of aci;, the
mechanism of proton release is proposed to be dependent on deprotonation of
residue Asp61 in subunit ¢ in proximity to Arg210 of subunit 4. The deprotonated
Aspb6l is re-protonated by hydrogen traveling down the concentration gradient
thus driving the rotational movement of c-ring 7. In green alga Polytomella, the
proton path was deduced from the cryoEM structure of solubilized ATP synthase
at resolution 7.0 A. The structural analysis uncovered two half-channels through
the inner mt membrane with subunit 4 residue Arg239 and subunit c residue
GIn295 playing an essential role in proton translocation by driving the movement

of FoF1 ATPase rotor 177,
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The trypanosome FoFi ATPase complex contains 14 extra subunits
identified through a series of tandem affinity purifications and mass
spectrometry analyses. Interestingly, the BLAST searches of the extra subunits
show no homology outside Euglenozoa 7. In addition to extra subunit p18 in F:
moiety 17918, two unique subunits, ATPaseTbl and ATPaseTb2, were shown to be
essential for structural integrity of the Fomoiety 8182, The ATPaseTb1 subunit is
essential for BF cell, even a moderate (40%) decrease in ATPaseTbl level had a
drastic effect on cell viability, levels of mmp and assembly of the FoF1 ATPase
complex 182, The proposed function of ATPaseTb1 in stabilization and assembly
of subunit a (referred to as A6 in trypanosome field) called for further
investigation. However, in vitro analysis of subunit A6 is complicated by its
extreme hydrophobicity rendering the protein refractory to conventional
analytical methods. In mt lysates from PF trypanosome, an anomalous
electrophoretic migration assay '® was used to observe the subunit A6 but in BF
trypanosome the A6 has not been detected yet. However, the indirect method
could be employed to indirectly detect the activity of the proton pore. In the light
of the fact that in BF the mmp is generated by a reverse function of FoF1 ATPase
at the expense of cytosolic ATP, the assembly and activity of the FoFi ATPase
complex directly correlates with levels of mmp and vice versa, changes in mmp
measured in vitro can be attributed to structural integrity and activity of FoF:
ATPase ¢1%, Consequently, any changes in A6 level will be measured as a
variation of the mmp ¢. We adapted the safranine O quenching assay originally
developed to investigate a calcium transport in Leishmania to measure changes in

mmp in permeabilized BF trypanosome cells 185,
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1.2 PROTOCOL

For safranine O quenching assay, freshly harvested log phase BF cells at
the quantity of 8.2x10° per 100 ul reaction/well (in 96-well plate format) are
required. Care should be taken to use cells in good condition within 30 minutes
from harvest, as frozen material or isolated mitochondria do not yield
reproducible results. In addition to that, it is not recommended to keep the cells
on ice during the experiment. Mixture of BF cells in final concentration 8.2x107/ml
in reaction buffer (125 mM sucrose, 65 mM KCl, 10 mM HEPES-KOH pH 7.2, 1
mM MgClz, 2.5 mM KH2POs, 20 uM EGTA, 500 uM NasOsV) is suitable for one
experiment spanning approximately 30 min. Additional reagents are 12.5 uM
safranine O, 40 uM digitonin, and 10 uM FCCP. Specific inhibitors are prepared
in a respective solvent and use in final concentrations 2.5 pug/ml oligomycin, 43
uM carboxyatractyloside. Safranine and ATP are added to the cell mixture and
immediately distributed into the 96-well plate. The baseline is measured in the
plate reader (Tecan Infinite Pro), and then digitonin is added to start the
measurements. The presented representative experiment was programmed as
follows: 10 s/a cycle, 75 cycles in total. The injection of inhibitor was programmed
either at cycle 20, 25 or 30 (marked with an arrow in respective figures),

depending on the condition of cells.

1.3 RESULTS WITH DISCUSSION

An initial safranine O quenching profile of untreated BF cell was acquired
(Figure 11, A — no inhibitor). At approximately 200 seconds after the digitonin
addition, the quenching reached its limits and the curve slowly turned back

towards the initial levels. Thus, the time point for inhibitor injection was set to
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200 s. The FCCP uncoupler was injected at the cycle 60 to fully depolarize the
membranes.

The effect of common inhibitor solvents (DMSO, 70% ethanol) was tested
to exclude depolarization of the membrane due to the effect of solvents (Figure
11, A). DMSO and 70% ethanol seem to dissipate the mmp as efficiently as FCCP,
whereas a lower concentration of ethanol (20%) influences the level of mmp less
than oligomycin or atractyloside (compare Figure 11, A and B). Measured
quenching curves show that DMSO is not a suitable solvent and ethanol, if
needed, should be used at a final concentration lower than 20%. The inhibitors
used in subsequent experiments (carboxyatractyloside, oligomycin) were
dissolved in the reaction buffer or reaction buffer supplemented with 20%
ethanol (FCCP).

The sensitivity of BF 427 cell mmp to specific inhibitors of FoF1 ATPase
(oligomycin) and AAC (carboxyatractyloside) was also evaluated. Both inhibitors
fully dissipated mmp levels in BF 427 permeabilized cell, with oligomycin having
a moderately faster effect than carboxyatractyloside (Figure 11, B). We assume
that blockade of proton pore by oligomycin has an immediate effect, whereas the
pool of ATP imported by AAC has to be first depleted for the effect of
carboxyatractyloside to be observed. Nevertheless, the speed of signal formation
points to a relatively small amount of ATP stored in an mt matrix.

Finally, the RNAi ATPaseTbl cell line was investigated by safranine O
quenching measurement to test the ATPaseTb1l putative role as an A6 assembly
factor (Figure 11, C). The RNAi ATPaseTbl1 cells were induced for 6 hours (time
point before a growth phenotype), 12 hours (after the observed growth
phenotype first appeared), and 24 hours. Harvested cells were solubilized with
digitonin and at cycle 30 the oligomycin was injected. The quenching profile was
compared to the parental strain BF SM and uninduced RNAi ATPaseTb1 cells.
Calculated quenching curves show that at 6 hours after induction, the cells are
still capable of producing a wild-type level of mmp, whereas after 12 hours of
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RNAIi induction the overall mmp is significantly decreased with the negligible
sensitivity to oligomycin. As previously suggested, in the absence of ATPaseTbl
the stability of the Fo pore is compromised, or alternatively, the pore is not
completely formed as a result of misassembled subunit A6.

In summary, the safranine quenching assay proved to be a fast and
reproducible method to measure mmp levels in permeabilized BF cells. It is
recommended to use reaction buffer as a solvent for all additives. For organic

compounds, we advocate ethanol in less than 20% final concentration as a

solvent.
1001 ‘ 1004 *
> B ] L=
£ L 3 £
S b 4 S
s S s
Z 504 ° DMSO 3 50 ;
2 P ; --- 70%EtOH @ )
b N R - 20%EtOH & H
] A ., iy ] ) i
4 AN [ -=- FCCP 4 J — Oligomycin
. L[ — no inhibitor ;== Carboxyatractyloside
0 1(')0 2(')0 3(')0 4('10 5(')0 0 160 260 360 460 560
Seconds Seconds
C 5.0%10+- 4
£ a8x104 e oo
c® -
£E
=3 4.6x10¢}
g
SE i BF SM
$E s e
s < .- +6h
o
- it =~ —- +12h
--= +24h
4.0x104 T T T T T T
0 100 200 300 400 500 600

Seconds

Figure 11: A - Solvent controls. Common solvents DMSO, 70% and 20% ethanol
were added to BF 427 cells at 200 s to test the background quenching of signal.
Uncoupler FCCP served as depolarization control. B - Relative quenching of safranine
fluorescent signal by addition of specific inhibitors. Oligomycin and
carboxyatractyloside were added at 240 s to BF 427 cells. C — ATPaseTb1 RNAI cell line
analysis with safranine quenching. The level of fluorescence quenching in parental cell
line BF SM and uninduced control was compared to RNAi cells induced for 6, 12 and 24

hours.
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PART I DESTABILIZATION DOMAIN TECHNIQUE IN

MITOCHONDRION

1.1 INTRODUCTION

To identify and verify novel targets for either vaccine or drug
development, we require tools that can help us study essential genes in
Leishmania species. However, the Leishmania genetic toolkit is limited to
homologous recombination that only allows us to prepare overexpressing strains
or deletion mutants for non-essential genes. In the most extensively studied
Leishmania models, L. major, and L. donovani, we lack the most widely used tool
for essential gene silencing, the RNAi pathway '®. Database searches of the
current Leishmania genome sequence databases have not identified convincing
homologs of genes specifically implicated in the RNAi pathway in other
organisms. Recently, the RNAI activity was demonstrated in L. braziliensis 1. The
authors showed that RNAi pathway was lost after the Leishmania species
diverged to L. major and L. donovani and thus the RNAi enzymes are only
preserved in subgenus Viannia that includes L. braziliensis and L. guyanensis 1%. In
spite of L. major lacking the RNAi machinery, it is possible to directly regulate

cytosolic proteins expression with the destabilization domain technique %18,
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Figure 12: Schematic overview of destabilization domain technique. POI - protein of
interest; DD — destabilization domain. The stabilization ligand is depicted as a black dot.
Adapted from ',

A protein-based regulatable system offers a great potential to overcome the
lack of tools in Leishmania. This methodology utilizes a mutated version of human
FK506 binding protein 12 (FKBP12) as a destabilization domain (dd) fused to a
protein of interest. In the absence of small molecule ligand (rapamycin or FK506),
the improper folding of the dd domain leads to the rapid degradation of the
whole fusion protein through the proteasome pathway. Conversely, the addition
of FK506 stabilizes the dd domain and allows the protein of interest to acquire its
proper folding and function (Figure 12).

FK506 (under commercial name Tacrolimus) is used in human medicine
for immune system suppression in patients after transplantation. Binding of
FK506 to FKBP12 affects the PPlase activity of the protein which then binds
together TOR kinase and calcineurin into a tripod complex that stops
downstream signal transduction. The TOR signaling in control of cell division is
inhibited, which leads to decrease of mature T-lymphocytes numbers and
suppression of immune response . In trypanosome, TbFKBP12 homolog is a
cytoskeleton-associated factor specific for BF flagellar pocket area 2. Genetic
knockdown of TbFKBP12 show phenotype connected to the cytoskeleton in both
stages; affected motility in PF and disrupted cytokinesis and cytoskeletal
architecture in BF. Any adverse effects of supplemented FK506 ligand in
trypanosome or Leishmania were not observed.
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The dd methodology has been applied to study various genes in L. major
%, and some other protozoan parasites: Toxoplasma gondii * and Plasmodium
falciparum ¢, The tested protein targets were of different size, folding, function
(kinases, GTPases), various stability throughout the cell cycle (p21, securin) and
cell localization (trans-membrane glycoprotein). Instability was conferred in case
of N-terminal as well as C-terminal fusion, although the N-terminal fusions
appear to exhibit stronger destabilizing effect on some fusion proteins *>. To date,
there has been no report of mitochondrial, ER or any other compartmentally
localized protein used as a target for destabilization by dd domain . To further
develop this powerful technique, we decided to test its efficiency on a protein
targeted to the mitochondrion.

Potential difficulties in implementing this system to study essential
proteins of various organelles might arise from the inability of FK506 to penetrate
the organellar membranes, which frequently functions as an effective barrier to
various small molecules, although FK506 is obviously able to pass through the
plasma membrane or enter the cytoplasm via active transport mechanism. The
other potential hazard involves the mechanism of protein degradation of these
organelle localized proteins where it is generally thought that the proteasome
does not function. Beside one mammalian mt inner membrane protein rapidly
degraded by the cytosolic ubiquitin proteasome system ', The bulk of
mammalian mt protein degradation relies on three major ATP-dependent
oligomeric proteases, Lon, Clp-like and AAA proteases. Clp-like and AAA
proteases are hetero-subunit oligomeric complexes located in the matrix and
inner mt membrane ', respectively. Lon on the other hand is a homo-oligomeric
complex located within the mt matrix . The specific mechanism of protein
degradation in the Leishmania mitochondrion remains to be elucidated '°. In this
part of my research, I attempted to adapt the dd technique to study
mitochondrial proteins and aimed to open the door for investigations of essential
mt targets in organisms lacking RNAi pathway such as L. major.
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The Leishmania mitochondrion harbor important metabolic functions such
as the oxidative phosphorylation pathway for the production of cellular ATP. It is
clear that disrupting its function would have detrimental effects for both, the
promastigote and amastigote forms of Leishmania, and may serve as a therapeutic
approach. A promising candidate for novel drug or vaccine development was
identified in Leishmania major on the basis of the Hidden Markov model targeting
motifs of known mitochondrial proteins as a tool to search the L. major genome
20, The mitochondrial protein X (MIX) is a kinetoplastid-specific mitochondrial
inner membrane protein that has an influence on cell morphology, mitochondrial
segregation, cell division, and importantly, on parasite virulence. Published data
suggest that MIX has a role in regulating mitochondrial membrane dynamics 2%,
although the exact mechanism remains to be elucidated. The phenotypes of
Amix/MIX L. major cell line included compromised growth, morphologically
abnormal elongated posterior end of the cell, and occurrence of N2K1 and
N(®n+2)K1 multinucleate-single kinetoplast parasites pointing at disrupted
mitochondrial fission. Furthermore, the LmMIX structure at resolution 2.4 A
revealed 14-3-3 architecture with HEAT repeats with additional reference to
tetratricopeptide structure suggesting a function in mediating protein-protein

interactions as a scaffold protein 2.

1.2 METHODS

As a reporter system for initial testing, I used eGFP fused to the dd
domain. To incorporate alien DNA into the SSU rRNA locus in L. major genome,
the SSU rDNA fragments were amplified with specific primers
(Lm_5'SSU_fwé&rv and Lm_3'SSU_fwé&rv) and introduced as a flanking regions
of expression cassette comprising: eGFP reporter gene (primers eGFP_fwé&rv,

ML-eGFP_fw), the downstream intergenic region of DHFR containing
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polyadenylation signal (primers DST-IR fwé&rv), mitochondrial localization
signal (ML, incorporated in individual primers) derived from LmMIX protein
(LmjF08.1200, nt 1-27) 2%, and FKBP12 protein (dd_fwé&rv, dd_rv (no STOP)). The
individual sections of the cassette were assembled in four different arrangements
and then inserted into the carrier vector (pIR_phleo_dd), which is described in .
As a result, four constructs were designed; the dd fused to eGFP on its C or N-
terminus, and either cytosolic or localized to mitochondrion with use of LmMIX
mt localization signal. The sequenced constructs eGFP-dd, ML-eGFP-dd, dd-
eGFP, and ML-dd-eGFP were stably transfected into parental L. major (Friedlin
strain) to test and compare dd-domain destabilization efficiency by western blot
analysis (described earlier) with use of the anti-eGFP polyclonal antibody.

For an alternative approach, additional constructs were prepared to place
protein of interest (LmMIX) into transcriptionally silent position in Leishmania
genome, the LD1 locus 22, under control of a T7 promoter. The T7 RNAP was in
turn introduced into SSU rDNA locus and regulated by the dd domain. Initially,
T7 RNAP construct with N-terminal dd domain was prepared with phleomycin
selection marker. Stably transfected clones were tested with PCR to verify correct
incorporation of the cassette. Subsequently, the dd_T7 RNAP expression in
response to FK506 ligand presence was investigated with western blot analysis. A
selected clone was further transfected with the construct containing LD1 locus
homologous sequences flanking LmMIX-His under control of T7 promoter
(100%) and hygromycin selection marker. Obtained clones were again tested

using the same approaches as described for the paternal cell line.

.3 RESULTS WITH DISCUSSION

To show that the selected strain of L. major is responsive to dd domain

stabilization, I cultivated stably transfected reporter cell lines for 24 hours in
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presence of 50 - 2000 nM of FK506 ligand. The eGFP reporter was detected with
SDS-PAGE and immunoblotting. A representative result is presented, showing
dose-dependent stabilization of reporter eGFP after 24 hours (Figure 13, A).
Based on this titration experiment, the 1 uM FK506 concentration was selected for
further experiments as a sufficient concentration to stabilize the reporter protein.
Next, the time-dependence of reporter stabilization and destabilization upon
withdrawal of ligand was tested. Cells were treated with 1 uM FK506 and
harvested at 0, 6, 12 and 24 hours after induction. The remaining cells were
washed and transferred to fresh media without FK506. Additional samples were
harvested at 6, 12 and 24 hours after removal of FK506. Cell lysates were again
tested with SDS-PAGE and immunoblotting (Figure 13, B).

Stabilization of the eGFP was observed in all four cell lines after 6 hours of
FK506 treatment albeit the detected signals varied in their intensities. The
destabilization of the reporter protein eGFP was more efficient in the two cell
lines in which the eGFP protein is dd-tagged on its N-terminal end. This is in
agreement with the published results showing that the N-terminal dd-tag was
more efficient for some proteins *°. The C-terminal construct was stabilized
stronger when fused to ML (Figure 13, B).

All four cell lines treated for 6 hours with FK506 were further fractionated
using digitonin in order to detect the subcellular localization of the stabilized
eGFP. The position of eGFP was compared to position of marker proteins for
individual compartments (enolase - cytosol, Hsp70 - mitochondrion).
Importantly, the eGFP signal was detected in all four cases in the cytosolic
fractions suggesting that regardless of the dd position, the ML-eGFP was not

targeted to the mitochondrion. (Figure 13, C).
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Figure 13: A - Titration of stabilization ligand FK506. Expression of cytosolic
eGFP was induced for 24 hours by addition of FK506 in increasing concentrations.
Lysates were probed by anti GFP polyclonal antibody. B - Detection of stabilized eGFP
in individual reporter cells lines. Respective cell lines (eGFP-dd, ML-eGFP-dd, dd-
eGFP, ML-dd-eGFP) were monitored for eGFP expression upon addition or withdrawal
of FK506. C - Subcellular fractionation. Total, cytosolic (C) and mitochondrial (M)
fractions of cell incubated 6 hours with FK506 were analyzed for enrichment of eGFP.
L.m. SSU rDNA - ribosomal locus flanking regions for incorporation to transcriptionally
active site o L. major genome; ML - mitochondrial localization signal; DD -
destabilization domain, eGFP — enhanced green fluorescent protein reporter gene.

It was shown that to enter the mitochondrion, the imported protein has to
unfold and pass through a relatively narrow passage formed by TOM/TIM
import complexes (reviewed in ). To explain the unsuccessful targeting of ML-
eGFP-dd and ML-dd-eGFP into the mitochondrion, two possible scenarios are at
hand. First, the unfolding process releases the non-covalently bound FK506 from
dd and the imported protein is not able to re-fold to its stable conformation in the
mitochondrion. Second, the binding of FK506 is strong enough to interfere with
the protein import process. Additionally, the dd domain was shown to induce
the formation of dimer upon interaction with its ligand. This trait is employed
commercially as an artificial dimer formation tool * but it is not advantageous in

connection with mt transport as the dimeric reporter protein might not be able to

enter the organelle.
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To circumvent some of these issues, we tried to implement a regulation of
T7 RNA polymerase (T7 RNAP) expression using the dd. In this case, stabilized
dd_T7 RNAP would drive an expression of the T7-controlled copy of a protein of
interest from transcriptionally silent locus while both alleles of the endogenous
gene would be knocked out. Then upon the removal of FK506, the dd_T7 RNAP
expression would be eliminated and thus also the expression of the protein of
interest.

The dd_T7RNA construct (Figure 14, A) was transfected to L. major and
selected clones were analyzed by PCR (Figure 14, B). The N-terminally fused
dd_T7 RNAP was expressed from transcriptionally active SSU rDNA locus in
response to induction by the FK506 ligand for 24 hours. The removal of the
ligand for additional 24 hours significantly decreased the dd_T7 RNAP levels as
shown by western blot analysis (Figure 14, C). A selected clone of dd_T7 RNAP
was used as a parental cell line to experimentally test the regulation of LmMIX
expression. Integration of His-tagged version LmMIX-His (Figure 15, A) into LD1
locus (schematically in Figure 15, B and C) was verified by PCR (data not shown).
The immunoblotting analysis of five clones of dd-T7 RNAP_LmMIX-His stable
transfectants identified two clones (Figure 15, D — lower panel, clone 4 and 5)
with a FK506-dependent expression of dd-T7 similar to parental cell line.
However, only clone 5 expressed also LmMIX-His protein, unfortunately in T7
RNAP-independent manner (Figure 15, D — upper panel). It can be concluded
that LmMIX is expressed independently on the presence of FK506 ligand either
due to an unforeseen genetic recombination event, which is common in
Leishmania *®, or the leaky dd-T7 RNAP expression.

Presumably transcriptionally silent LD1 locus (27.5 kb) was previously
thoroughly described in various Leishmania species and was shown to occur in
several genomic organizations. In a majority of analyzed samples, LD1 is located
on chromosome 35, close to telomere region, and appears to be multiplied. In
some isolates, smaller chromosomes (550 bp) carrying LD1 were observed.
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Additionally, small circular DNA molecules were also detected to carry parts of
LD1 locus, predominantly in isolates with LD1 also present in the original
position on megabase chromosome. In L. major, only strain 252 (Iran), which
served as a parental strain for methotrexate-resistant experimental lineages,
contains small chromosome carrying LD1 locus 2%-2%, However, the body of this
evidence suggests that LD1 locus undergo natural rearrangements and can
regularly occur in multiple copies. This could potentially increase the level of
transcription to a point when dd domain cannot regulate expression of a protein
of interest. After a significant effort, we concluded that the dd method in its
current form is not suitable for organellar, especially mt, targets expression
regulation.

Recently, novel approach represented by CRISPR/Cas9 system was shown
to be an effective tool in many model organisms (Plasmodium sp. 2219, Toxoplasma
gondii 1, T. cruzi *2, L. donovani %3, L. mexicana %, and L. major 2). As the
originally prokaryotic CRISPR/Cas9 system operates directly on the level of
genomic DNA, regulation of targets localized in organelles will not suffer the
issues connected with transmembrane import as in dd domain technique and

consequently, it could facilitate investigation of organellar targets in Leishmania.
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Figure 14: A — Schematic of dd_T7 polymerase construct for incorporation in
the SSU rDNA. Homologous regions for incorporation into SSU locus are depicted in
green. B - Verification of correctly incorporated dd domain by PCR. Three clones for
each transfected construct, N and C-terminal dd domain, were verified for the presence
of T7 polymerase cassette at the ribosomal locus. Individual segments of cassette were
tested with a specific pair of primers. The ITS was used as a control for Leishmania
gDNA. C - Stabilization of the T7 RNA polymerase with N-terminal dd domain fusion
in response to the addition of FK506 ligand. Three clones were analyzed by western
blot for stabilization and destabilization of dd_T7 polymerase (aT7) and binding of
ligand FK506 (aFK506). The aTbEnolase was used as a loading control.
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Figure 15: A — Scheme of the cassette for genomic integration to the LD1 locus
containing MIX with C-terminal His tag for detection. B — The endogenous LD1 locus. C
— Protein MIX integration scheme. Arrows indicate the site of integration between gene
F (LmjF.35.5140) and Biopterin Transporter 1 (BT1). D — Immunoblotting analysis of
cassette expression. Expression of MIX-His and T7 polymerase in five clones induced for
24 hours in comparison with uninduced control.
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PART IV RESPIRATORY COMPLEX IV- ASSOCIATED

PROTEIN MIX IN BLOODSTREAM FORM

TRYPANOSOME

IV.1 INTRODUCTION

In the previous chapter I mentioned mitochondrial protein, LmMIX, which
plays an important role in virulence of L. major. Intriguingly, this protein was also
found to be associated with respiratory complex IV in the PF T. brucei and its
decrease affected cell growth rate and activity of the complex IV. The Complex
IV, or cytochrome c¢ oxidase, is the fourth complex of electron transport chain
(ETC) embedded in mt inner membrane. By transferring electrons from reduced
cytochrome ¢ to water, complex IV concludes the process of cellular respiration.
Transferred electrons still possess enough energy to drive translocation of
hydrogens to the intermembrane space. Consequently, Complex IV also
participates on the generation of mmp for the synthesis of ATP, essential
processes for the survival of PF cells. Unexpectedly, TbMIX was identified by two
independent studies 2?7 using mass spectrometry also in BF parasites, where
complex IV is not active and it is thought to be completely absent as the mmp is
maintained by FoF1 ATPase. The presence of TbMIX in BF opened a possibility

that additional functions are performed by TbMIX in T. brucei.
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IV.2 METHODS

Two different strategies for TbMIX downregulation in BF were considered:
knockdown of TbMIX with RNAi, and a complete gene knockout with homology
recombination.

For the RNAi knockdown of TbMIX, a fragment spanning 476 bp from 148
bp upstream of TbMIX start codon to nucleotide 328 of ORF was introduced into
head-to-head T7 RNAi vector p2T7-177 targeting the construct into
transcriptionally silent minichromosome 177 218 (primers TbMIX_KD fwé&rv). A
non-overlapping pair of primers was also designed for qPCR evaluation of
knockdown level (TbMIX_qPCR fwérv). The resulting construct was transfected
into BF SM parental cell line ', and clones emerging from phleomycin selection
were further characterized. The growth rate of RNAi TbMIX in presence of
tetracycline observed for eleven days was compared to uninduced and parental
cell line. A similar strategy was employed to re-construct published PF RNAi
TbMIX cell line serving as a control. For verification of protein knockdown,
immunoblotting with newly produced anti TbMIX_PADII (described below) was
performed.

For the complete knockout strategy, fragments of upstream 5UTR
(TbMIX_5'UTR fwé&rv) and downstream 3'UTR (TbMIX _3'UTR fwé&rv)
untranslated regions were used as in ** and previously described for TbMrfl and
TbMTQ1, in the respective Methods sections. As viable clones emerged from
combined phleomycin and hygromycin selection, the growth rate of dKO TbMIX
cell line was measured.

His-tagged TbMIX_PADII (17 kDa) was inserted into pSKB3 expression
vector (primers TbMIX PADbII fwé&rv) and expressed in BL21(DE3) E. coli. The
cells were lysed in the native lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl,

1 mg/ml lysozyme, 100U/ml DNAsel, and protease inhibitors). The pellet with
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insoluble inclusion bodies containing protein was further solubilized in
solubilization buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1.5% sarkosyl, 1
mM EDTA pH 8, 100U/ml DNAsel) at 4 °C for 30 min. The solubilized material
was cleared by centrifugation at 20 000 g for 20 min at 4 °C and directly purified
using Ni-NTA affinity chromatography. Purified His-TbMIX_PAbII antigen was
dialyzed against storage buffer suitable for antibody preparation (50 mM Tris-
HCl pH 7.5 150 mM NaCl, 0.1% sarkosyl) and submitted for commercial
antibody preparation. Resulting antisera and purified antibody were tested
against PF, BF and Leishmania cell lysates (1x107 cells per well) by western blot

analysis. The cross-reactivity with anti-LmMIX antibody used in ** was tested.

IV.3 RESULTS WITH DISCUSSION

To examine the role of MIX in BF parasites we attempted to decrease
TbMIX expression in BF cells by two methods, RNAi, and genetic knockout.
Results on previously studied RNAi TbMIX in PF trypanosome revealed a
decreased growth rate within 48 hours after induction. The published cell line
was re-created in our conditions and phenotype was verified by growth rate
analysis and immunoblotting (Figure 16, A with inlay). In contrast to PF, no
growth retardation was observed in BF upon induction of RNAi. A similar result
was obtained for genetic knockout dKO TbMIX BF cell line where the correct
incorporation of knockout cassettes replacing respective alleles was verified by
PCR (Figure 16, B — inlay). The growth rates of dKO TbMIX together with
induced and uninduced RNAi TbMIX were compared to wild-type BF 427
(Figure 16, B). The generally slower growth of RNAi TbMIX (Td = 6.3 hours)
compared to BF 427 (Td = 5.8 hours) could be attributed to the presence of
antibiotic selection rather than the effect of TbMIX downregulation. The viable

and stable dKO TbMIX cell line (Td = 6.7 hours) without significantly impaired
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growth rate shows that TbMIX is probably dispensable in this life cycle stage
similarly to complex IV, to which it is associated. To conclude, TbMIX is not
essential for BF cell survival in vitro. However, I cannot exclude the possibility
that in vivo in the animal model the TbMIX can exhibit essential function, as
observed in TbMrfl.

To facilitate further analysis of TbMIX role in the mitochondrion, I
endeavored to produce TbMIX antigen for commercial antibody production. The
in silico analysis of TbMIX protein sequence with a semi-empirical method for
prediction of antigenic determinants ?° uncovered presence of five potential
antigenic regions regularly covering the length of protein and suitable for
antibody preparation. At the same time, structural analysis of LmMIX shown
presence of structurally distinct 14-3-3 motif 2°! found in a large group of proteins.
To ensure sufficient specificity of resulting antibody, I truncated originally 198
residues long TbMIX to avoid initial mt targeting sequence (residue 1 — 24),
predicted transmembrane region (residue 26 — 48), and two predicted 14-3-3
motives (residue 44 — 53 and 168 — 180). Resulting fragment used for antigen
preparation was the N and C-terminally truncated TbMIX_PADII (A54 — R167).
Expressed in E.coli, the antigen was insoluble in all tested expression conditions.
To circumvent this issue, I employed solubilization effect of the ionic surfactant
N-Lauroylsarcosine in optimized purification protocol. Briefly, the harvested
culture was lyzed and pelleted insoluble inclusion bodies containing
TbMIX_PADbII were solubilized with solubilization buffer containing 1.5%
sarkosyl. The resulting material was cleared, purified efficiently with Ni-NTA
affinity chromatography under native conditions (Figure 16, C) and dialyzed
against buffer more suitable for animal immunization (see methods). Resulting
antigen (containing less than 0.1% sarkosyl) was submitted for commercial
preparation of rabbit polyclonal antibody (Davids Biotechnologie).

Purified antibody was tested against cell lysates from PF and BF cells. A
clear signal at the expected size (23 kDa) was detected in PF. Moreover, this band
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was not detected in induced PF TbMIX RNAI cells, confirming targets identity as
MIX. Unfortunately, no band corresponding to MIX protein was visible in BF
sample (Figure 16, D). Further attempts to detect this protein were performed,
e.g. loading more material and decreasing the antibody dilution, with no success.
Without a potent antibody, it would be extremely difficult to track TbMIX in BF
cell during subsequent functional studies and thus the project was discontinued.
However, in the frame of this project, I was able to introduce and optimize the
sarkosyl-based purification protocol, which is widely used by other team

members to purify hydrophobic proteins under native conditions.
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Figure 16: A — Growth curve of RNAi TbMIX in PF cells. Inlay shows western
blot analysis of TbMIX expression upon induction of RNAi. B — Growth curve of RNAi
and genetically silenced dKO TbMIX in BF cells. Inlay shows PCR analysis of BF dKO
TbMIX cell line. C - Purification profile of the TbMIX antigen. Recombinant truncated
TbMIXA45 was purified from E. coli with sarkosyl. The expected protein size was 17
kDa. D - Anti-TbMIX antibody verification by immunoblotting. Antibody raised
against TbMIXA45 antigen was tested with the PF427 whole cell (1x107 cell/well),
isolated mitochondria from parental cell line PF(mt) and RNAi TbMIX in PF (+3d and
+5d), BF427 whole cells (1x107 cell/well), and isolated mitochondria BF(mt). M — marker,
WCL - whole cell lysate, CL - cleared lysate, P — pellet, FT1 — flow through, W — wash,
TeV - protease cleavage fraction, E — elution fraction.
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3. SUMMARY

The presented doctoral thesis is a compilation of disparate projects, all
aiming to explore mitochondrial processes in Kinetoplastid parasites T. brucei
and L. major.

In Part I, I investigated the consequences of genetic knockout of mt release
factor TbMrf1 on viability, energy metabolism, and virulence of BF trypanosome.
Contrary to universally expected essential nature of Mrfl 2, T found that
cultured cells can not only tolerate its loss but also adapt to the situation by
employing a TbPth4 factor, a homolog of yeast codon-independent release factor-
like protein. However, these adaptations are not enough to allow the parasite to
establish a stable infection in a mouse model. The possible outcomes are
discussed in research paper included in the results section of Part I.

In the second results section, I present research on two additional factors of
translation termination phase in trypanosome, the mt N3-glutamine
methyltransferase TbMTQ1 and the cytosolic release factor 1, TbeRF1. As a
subject of my diploma project, I verified the localization of TbMTQ1 and
performed tandem affinity purification to uncover its binding partners. During
my doctoral studies, I continued in further characterization of TbMTQ1. The
original in vitro approach was abandoned for lack of recombinant protein for
downstream analyses in favor of in vivo studies using mutant T. brucei cell lines.
From my results, I concluded that TbMTQI1 is not essential for trypanosome
viability and maintenance of mt membrane potential levels, either in vitro or in
vivo in an animal model.

Furthermore, I generated RNAi of a putative cytosolic release factor

TbeRF1 and a cell line with endogenously tagged allele. I was persuaded by
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rapid and distinctive growth phenotype and by its cytosolic localization that this
protein is indeed the cytosolic class 1 release factor. Later, the genome-wide
analyses assigned TbeRF1 as a protein with a putative role in mRNA-binding and
TbeRF1 was annotated as ERF1 in TriTrypDB.

In Part II, I share my results from optimization of a rapid and reproducible
fluorescent method to measure mt membrane potential (mmp) in permeabilized
BF cells. The assay is based on the linear dependency of safranine O fluorescence
quenching on the level of mt membrane potential. I was able to measure subtle
differences in mmp occurring in BF cell and thus observe the decrease of mmp in
RNAi ATPaseTbl cell line, which was difficult to detect with other methods.
Obtained data are a part of the manuscript in preparation (Subrtova et al.).

In Part III, I attempted to develop the destabilization domain technique
(dd) for use with mt localized essential targets. The idea behind the dd-technique
project originated from the need to circumvent technical difficulties in working
with mt targets in Leishmania major, which does not contain functional RNAi
pathway. As a test subject, I used the LmMIX protein, a virulence factor targeted
to the mitochondrion. However, neither one of designed approaches yielded a
functional system for mt proteins expression regulation. The project was
abandoned when more advantageous CRISPR/Cas9 system was optimized in
eukaryotes. Nevertheless, the MIX protein remained in my focus and in part IV, I
prepared recombinant antigen used for anti-TbMIX polyclonal antibody
generation. In the process, I had to optimize solubilization protocol in order to
purify hydrophobic and insoluble proteins. In the end, the resulting antibody
detected TbMIX exclusively in PF lysates, not in BF. Although MIX is a promising
attenuation factor in Leishmania, the project was suspended for lack of available
tools. However, eventual investigation of this protein could employ mentioned

CRISPR/Cas9 methodology with published results from both model organisms

212,215
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SUPPLEMENTARY MATERIAL

Supplementary table 1: Sequences of oligonucleotides used in unpublished projects.

Table is divided in two parts.

Primer

5'-> 3' sequence

TbeRF1-PTP_fw

GGGCCCTACAAGAGAAGAAACTAC

TbeRF1-PTP_rv

ATAGCGGCCGCATAAAGTCGTCGTCG

TbeRF1-KD_fw TATCTCGAGATCGTGGGGCTCGTGCTTGC
TbeRF1-KD_rv TATGGATCCAGGCGCAACCAAACTTGCGG
TbeRF1-gPCR_fw AGCGTTCAAAGTGCCATCAC
TbeRF1-qPCR_rv TCCTTGTTTTCTGCCGTGAG

TbMTQ1-5'UTR_fw

CACGCGGCCGCAATTGACGATTTGTGTG

TbMTQ1-5'UTR_rv

CACACGCGTCTCGAGATGTCACACAGCTCCAGG

TbMTQ1-3'UTR_fw

CACTCTAGAATTTAAATTATCCACGCGCTAAAC

TbMTQ1-3'UTR _rv

CACAGGCCTGCGGCCGCCCACTTTCTTTC

TbMTQ1-5'UTR _ext_fw CGATGAAGGTTGTTCAAGCC
TbMTQ1-3'UTR_ext_rv CCTTGAAGGCTGCAATATGG
TbMTQ1-sKO_fw CTTGCCGAATATCATGGTGG
TbMTQ1-sKO_rv GTAAATCCGGATCAGATCAGC
TbMTQ1-dKO_fw TACTCGCCGATAGTGGAAACC
ToMTQ1-dKO_rv CGCGATGACTTAGTAAAGCAC
TbMTQ1_fw CACGGATCCATGCGTCGATG
TbMTQ1_rv CACAAGCTTTTAGTGGGAGG

9S rRNA GGTACATATAGAACAACTGT

12S rRNA CCGCAACGGCTGGCATCC

AB pre-edited_fw GAGAAGCAAGGAGGAGAA

A6 pre-edited_rv GCAAAGGCAATTCCCAAT

A6 edited_fw TTGCCGCCATATTACAGT

A6 edited_rv TCTATAACTCCAATAACAAACCAAAT
RPS12 pre-edited_fw CGACGGAGAGCTTCTTTTGAATA
RPS12 pre-edited_rv CCCCCCACCCAAATCTTT

RPS12 edited_fw CGTATGTGATTTTTGTATGGTTGTTG
RPS12edited_rv ACACGTCGGTTACCGGAACT

Murf 5_fw TGTTCCTTATTCATTTTGTGCATTAC

Murf 5_rv TGTGTATAATGTTAAGTCAAATTAAAATGC
Lm_5'SSU_fw TCTAGACAGATGGGAGAGATG
Lm_5'SSU_rv CTCGAGCCAAGAGGCTTCAG
Lm_3'SSU_fw GGTACCCACGCTTAGATGCAAAC
Lm_3'SSU_rv AAGCTTCTGCCTGGCGGCTCC
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Primer 5'-> 3' sequence

LmMIX_ML ATGCTCCGCCACACCGCGCGTCGCATG
LmMIX_MHT_fw ATAGGATCCATGCTCCGCCACAC

LmMIX_MHT_rv ATAAAGCTTCGTGTGGGTCG

eGFP_fw TATGGATCCATGGGTGGCGGTGGATC

eGFP_rv CCGACTAGTGGATCTAGACTTGTACAGCTCG
ML-eGFP_fw TATGGATCCATGCTCCGCCACACCGCGCGTCGCATGATGGGTGGCGGTGG
DST-IR_fw ATGGCCAAGTTGACCAGT

DST-IR_rv CCGGGGACAGGGGGAG

DD_fw GGATCCATGGGAGTGCAGG

DD_rv (no STOP) CGCACTAGTGAGCTCTTCCGGTTTTAGAAGC

ML-DD_fw TATGGATCCATGCTCCGCCACACCGCGCGTCGCATGATGGGAGTGCAGGTGG
LmMIX_fw ACTAGTATGCTCCGCCACAC

LmMIX_rv GGATCCCGTGTGGGTCGG

DD_rv GGTACCTCATTCCGGTTTTAG

TbMIX_KD_fw GCGAGATCTGCTGTTATCAACGTAGCC

TbMIX_KD_rv CTAAAGCTTGGCGTGTTTGTTCCC

TbMIX_PAbII_fw ATACATATGGCTGGGCCACTGGAGCTTC
TbMIX_PADbII_rv TATAAGCTTTCGGTTGAGTCTACCCCCATTTGG
TbMIX_gPCR_fw ACCAGTTGCGTAAGGAGGTAC

TbMIX_qPCR_rv TCACATCTCGGTTGAGTCTACC

TbMIX_3'UTR_fw GGGTCTAGAATTTAAATGCCGGACGTCTTGTGGTCGAG
TbMIX_3'UTR_rv TTTAGGCCTGCGGCCGCCCTGCCTCTTTGGTCACCGGC
TbMIX_5'UTR_fw AAAGCGGCCGCGGAAATGGTTTGACAGAAAAGG
TbMIX_5'UTR_rv ACCACGCGTCTCGAGTCAATCCACGTTTGATCAAACG
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Supplementary Figure S1. Lack of TbMrf1 did not result in cells without kinetoplast DNA.
(a) Left panels: fluorescence microscopy of DAPI-stained BF 427, dKO TbMrf1 1wk and 7wk
cells. Right panels: the DNA content and single tubular mitochondrion was visualized with
DAPI and with a fluorescein isothiocyanate (FITC)-conjugated secondary antibody that
recognizes a polyclonal primary antibody detecting Fi-ATPase subunit P, respectively. DIC -

differential interference contrast; n — nucluei; k — kinetoplast.

(b) Quantification of the microscopy images based on the number of nuclei and kinetoplasts in
more than 200 cells per cell line. Only normal cell types either in G1/S (IN1K) and G2/M

(IN2K) phases or undergoing cytokinesis (2N2K) were detected.

Supplementary Figure S2. Ectopic overexpression of TbMrf1 in the background of
ThMrfl dKO decreases the sensitivity to oligomycin and carboxyatractyloside inhibitors

(a) Whole cell lysates from BF 427 cultures and cKO TbMrf1 7wk cells either noninduced (-tet)
or induced (+tet) with tetracycline for 48 hours were probed with a specific anti-V5 antibody. An

anti-APRT antibody was used as a loading control.

(b) The oligomycin and carboxyatractyloside sensitivity of cKO TbMrf1 7wk +tet cells was
determined by an Alamar Blue assay. The dose-response curves were calculated using GraphPad
Prism. Error bars represent the standard deviation calculated from three independent

experimental replicates.
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Supplementary Figure S1:
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Supplementary Table S1: Oligonucleotides used in published research.

Primer name

Primer sequence

5'UTR_fw TATGCGGCCGCTGTTCTATAACCGAGGACG
5'UTR_rv AGGACGCGTCTCGAGATTCTTGGAATTGCTTGTACG
3'UTR_fw GGGTCTAGAATTTAAATGAGAAGACGTGGGTGCCTAG
3'UTR_rv TATAGGCCTGCGGCCGCTTGCCACTTTGGATCTGGG
5'UTR _ext_fw AGTATTGGGCTATCGTCAGG

J'UTR_ext_rv GAGGCAAATATGGTGAGAGC

sKO_fw CTTGCCGAATATCATGGTGG

sKO_rv GTAAATCCGGATCAGATCAGC

dKO_fw TACTCGCCGATAGTGGAAACC

dKO_rv CGCGATGACTTAGTAAAGCAC

TbMrfl_fw ATAGGATCCATGAGGAATGCCCCATTGCTC
TbMrfl_rv GCGAAGCTTTTACGTAACACAGTTGAAGTCG

TbMrfl cKO_fw

CACAAGCTTATGAGGAATGCCC

TbhMrfl ¢cKO_rv

CACGGATCCCGTAACACAGTTGAAG

B-tubulingPCR_fw TTCCGCACCCTGAAACTGA

B-tubulingPCR_rv TGACGCCGGACACAACAG

18S rRNA_fw CGGAATGGCACCACAAGAC

18S rRNA_rv TGGTAAAGTTCCCCGTGTTGA

12S rRNA_fw GGGCAAGTCCTACTCTCCTTTACAAAG

12S rRNA _rv TGAACAATCAATCATGGTAATAAGTAGACGATG
9S rRNA_fw ATTAGATTGTTTTGTTAATGCTATTAGATG

9S rRNA_rv ACGGCTGGCATCCATTTC

TbhPth4qPCR_rv TCTTTCAGAAACGATATGTG

ThPth4qPCR_fw CTTCAGCAGATGATTCAC

ThPth4V5_fw

GGGAAGCTTATGAGTTGGTTAACTCCTTCAGG

ThPth4V5_rv

AAAGGATCCCCACAGCCCTTTGCGAG

TbhPth4iSL_fw

ATTCTCGAGCCCGGGCAGAGACGAGGTAATTTCC

TbhPth4iSL_rv

ACCAAGCTTGGATCCTGATCAGCTGTGTCTCATCC

ThMrflqPCR_fw

ATGCAAAGCAGTTCCAACGC

ThMrflqPCR_rv

ACACGACGTACCAACAGTTG
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