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The aim of this master thesis was the investigation of the uncharacterized
protein TbPH1, by in silico studies, determining effects of its knock-down,
studying the effects of a knock-down on the cell cycle, examining its cellular

localization, and finding out about possible complexes and interaction-partners.

Annotation

Das Ziel dieser Arbeit war die Untersuchung des uncharakterisierten Proteins
TbPH1. Neben in silico Studien sollten auch generelle Knock-down Effekte und
dessen Auswirkung auf den Zellzylkus und die zelluldre Lokalisierung bestimmt
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Proteinkomplexes ist und mogliche Interaktionspartner sollten bestimmt

werden.
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1.INTRODUCTION

1.1 The model organism Trypanosoma brucei

Trypanosoma brucei is a flagellated protozoan parasite that belong to the class
Kinetoplastida. They are early-branching in the phylogenetic tree [13]
Subspecies of the parasite are the causative agents of diseases like Human
African Trypanosomiasis (HAT), or nagana in ruminant animals [1].

T. brucei are heteroxeneous parasites with mammals as its intermediate host and
the tse-tse fly (Glossinidae Glossina) as the vector. Because of its digenetic life
cycle, the parasite is exposed to very different environments to which it has to
adapt, leading to profound changes in its surface coating, morphology, and
energy metabolism [2, 3, 4].

During its complicated life cycle (Figure 1), T. brucei differentiates into its
various forms: Firstly, the tse-tse fly takes a bloodmeal from an infected

intermediate host and takes up the short

stumpy form of T. brucei [6]. The parasite

then differentiates into procyclic (PCF)

trypanosomes, which proliferates in the

I
| | Mammalian
| bloodstream

midgut of the insect. They subsequently

B [shonsumpy migrate through the peritrophic matrix, to

| -
[ Tsetse miogut | ,-/ "acivation the  proventriculus,  through  the
Prolfoming ) Prooyctn surtacs ooet mouthparts to the salivary glands, where

[D] Cell cycle arrested (] Variant surface glycoprotein (VSG)
=1 ¥ ~&/  surface coat

amommmeson  they differentiate into epimastigotes [7].

Figure 1: Life cycle of T. brucei;

Taken from [21] In the salivary glands, they then undergo

preparation to infect another mammalian
host as the non-proliferating metacyclic form of the parasite. The infection starts
by the blood meal of the insect, taking up the metacyclic T. brucei. Inside the
mammalian host, T. brucei proliferates as the long slender form in the
bloodstream (BSF T. brucei). It then differentiates into the non-proliferating
short stumpy form, which is ready for being taken-up by the next fly vector. [8]

In the laboratory, two proliferating life stages are regularly worked with: the
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long slender bloodstream form and the procyclic form. Both have fast generation
times and can be easily cultured in vitro [9].

As a model organism, T. brucei is well established, with a fully sequenced genome
available [10]. In addition, there are many tools at hand for genetic manipulation
of the parasite, such as endogenous tagging or generating knock-out genes
through homologous recombination. The possibility of using tetracycline-
inducible RNA interference (RNAi) or ectopic overexpression is another
advantage.

However, a recent study by Moullan and coauthors [11] has shown that
tetracycline itself has an impact on diverse eukaryotic model systems, raising
concerns about the use of tetracyclines confounding experimental outcomes. In
the study, it was shown that tetracyclines have an effect on mitochondrial
translation, leading to a mitonuclear protein imbalance and ultimately impacting
the physiology of several model organisms [11]. However, we were able to show
that this is not the case for T. brucei, due to its highly divergent nature of its
mitochondrial ribosome [12, see Appendix].

As trypanosomes are branching-off early in the phylogenetic tree, they are highly
evolutionarily diverged from other eukaryotes [13]. As such, also their cell
structure is different from other eukaryotes: they have simple cell architecture

with a single or only a few copies of some of their organelles (Figure 2).

1.2 Cell Structure of T. brucei

The shape of T. brucei is maintained by a dense array of subpellicular
microtubules beneath the plasma membrane. Those microtubules are highly
cross-linked by microtubule-associated proteins (MAPs) [14,15,16].

On the surface, bloodstream form T. brucei expresses one of a multitude of
possible variant surface proteins (VSGs) that can be randomly switched in order
to evade the immune response of the mammalian host [17]. The procyclic form
of the parasite does not express VSGs but a different set of invariant
glycoproteins: the procyclins [18].

At the posterior end of the parasite, a single flagellum exits the cell from the

flagellar pocket, which is the only site of endo- and exocytosis in T. brucei [16].
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The flagellum is connected to the cell body via the flagellum attachment zone
(FAZ) [19, 20]. Alongside the mature basal body, from which the flagellum
arises, an immature pro-basal body is situated. During the progression of the cell
cycle, the pro-basal body starts to mature and the daughter flagellum starts to
grow from this structure [21]. In close proximity to the basal bodies are the Golgi
bodies. A cell in G1 phase contains in average either one or two Golgi bodies,
which are situated beneath

3 5 the flagellum and are

Anterior located at the FAZ [22, 23].

Posterior

One peculiar feature about

T. brucei is their single

4 2 11 10
mitochondrion. It contains a
1. Nucleus 7 Lysosome
2. Kinetoplast 8.  Endosomes single mitochondrial DNA
3. Flagellar pocket 9. Mitochondrion
4. Basal body and probasal body ~ 10. Microtubule cytoskeleton
5. Axoneme and paraflagellar od 1. Giycosomes network termed the
6. olgi
Figure 2.: Basic cell structure of T. brucei kinetoplast, which is

Taken from [4] ] ]
associated with the basal

body. The mitochondrion changes drastically during the life cycle: in the
procyclic stage, the organelle is elaborate and contains cristae, which are lacking
in the bloodstream stage. In the bloodstream life cycle stage, T. brucei is solely
relies on glycolysis for its energy metabolism. For the process of glycolysis, T.
brucei has specialized multicopy organelles derived from peroxisomes, termed
the glycosome that contain enzymes needed for glycolysis [24]. Another multi-

copy T. brucei organelle are

acidocalcisomes, which serve to store |, ll 1 r 'I I

0 01 02 03 04 05 06 07 08 09 10unit

Nucleus Gi ‘ SN ‘ G2 M| C
Kinetoplast G1 [ SK [ G2 D A

0 1 2 3 4 5 6 7 8 85hrs

calcium [25].

1.3 Cell Cycle of T. brucei

(b) i il il v v
/2
In general, the eukaryotic cell cycle M { { % C%
e 2;

consists of two major events: the 1KINTF 1KIN2F 2K1N2F 2KIN2F 2K2N2F

replication of DNA (S-phase) and | o nuceus o Kinetoplast  /~ OldFlagelum  ,~ Old FAZ

/ Mitotic spindie o Basalbody New Flagellum New FAZ
mitosis (M-phase). The two phases are unes Opirion Moty

Figure 3.: Cell cycle of T. brucei. SN: S-phase,
nucleus; SK: S-phase, kinetoplast; D: Division; A:
Apportitioning phase (basal bodies continue to move
apart) K: Kinetoplast; N: Nucleus; Taken from [21]

separated by two gap phases, called the
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G1 and G2 phases (Figure 3) The whole process needs to be tightly regulated to
proceed in the right order and to occur only once per cell cycle.

In trypanosomes, the cell cycle is slightly more complicated: Firstly, in addition
to the nuclear S-phase, the kinetoplast goes through a discrete DNA synthesis
phase as well. Secondly, during the cell cycle of T. brucei, the many single copy
organelles have to be accurately duplicated, segregated and positioned at
specific locations. All of this has to happen in a precisely orchestrated and
ordered process [26].

The first event to happen in a new cell cycle is the elongation and maturation of
the pro-basal body [16]. This step permits the nucleation of a new flagellum.
Next, the duplication of the Golgi apparatus happens. During this time, overall
cell volume, mitochondrial volume and the number of glycosomes increases [23].
Afterward, the replication of the kinetoplast (Sk-phase) initiates, which happens
immediately before the onset of nuclear Sy-phase. The Sk-phase is shorter than
the nuclear one and the kinetoplast divides before mitosis starts [27]. The basal
bodies then separate during the G2y-phase (the nuclear G2-phase), which is
important for the segregation of the kinetoplast [28]. Afterwards, the nucleus
goes through mitosis, which is a closed one in trypanosomes, meaning that the
nuclear envelope does not break down during the process [29]. Cytokinesis
occurs then longitudinally along the cell, with the cleavage furrow starting from
the anterior, in between the two flagella, and extends towards the posterior of
the cell [16].

During the life cycle of T. brucei, proliferating forms are changing into cell cycle
arrested stages that are prepared for transmission to the next host. After this
transmission, the cell cycle arrest is released and the parasite returns to a

proliferate state [30, 31].

1.4 PH-domains

phosphotyrosine

peptide

The pleckstrin homology (PH) domain is present 4{ B,
c-’ﬂ \? TN U Q@ hex
N- A

two times in a protein named pleckstrin. The name

& SV, )
is derived from its function- Platelet and (‘ Ay ;«ﬂ
B4

\ 7
T 2 = *B
: wéf

Leukocyte C Kinase Substrate [32]. The domain is ¢ ,
Figure 4.: PH-domain with ligand
binding sites . Taken from [35]
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usually about 100 amino acids long. At the primary structural level, PH-domains
do not share much similarity. However, its three-dimenstional structure is highly
conserved (Figure 4) [33, 34]. When elucidating the first structures [35, 36], it
was found that the domain has a bent seven-stranded antiparallel (3-sheet, which
was closed on one side by a C-terminal a-helix [33]. Proteins containing a PH-
domain were found to be involved in signaling [38], cytoskeletal organization

[39], membrane trafficking [40] and phospholipid processing [41].

1.5 Kinesins

Kinesins are a superfamily of motor proteins that move along microtubule
filaments, which is powered by ATP hydrolysis [42]. The motor domain of
kinesins, termed the head, is well conserved among the superfamily [43, 44]. It is
usually attached to a coiled-coil stalk and tail, the latter of which functions in
binding cellular cargo for transportation. The position of the head is not
conserved within the protein, being located for instance N-terminally in Kinesin-
1, C-terminally in Kinesin-14 and centrally in Kinesin-13 [45]. The catalytic core
of the motor domain consists of an eight-stranded beta-sheet with three alpha-
helices on each side. There, at the central beta-sheet, it has a nucleotide-binding
cleft with a highly conserved P-loop motif (GXXXXGK[TS]). On the opposite side
of this beta-sheet is the binding site that associates with the microtubule. This
site interacts with tubulin via the structural elements L11-a4-L12-a5. As ATP is
hydrolysed, two very conserved domains, called Switchl with a SSRSH motif and
Switchll with a DLAGXE motif, go through a conformational change. In myosins,
whose motor domain is the same as kinesins, Switchl and II are responsible for
closing the nucleotide binding cleft, which enables the motor domain to
hydrolyze ATP [46, 47, 48]. As the head is highly conserved within the kinesin
superfamily, differences in function, speed and direction of movement are due to
parts outside of the catalytic core, such as the stalk or the tail [49].

However, not all kinesins are moving the same amount of steps along
microtubules. When Kinesin-1 for instance binds to a microtubule, it hydrolyses
more than hundred ATPs, each time making one step forwards, before it

detaches again [50, 51, 52]. In contrast, Kinesin-14 binds to a microtubule,
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hydrolyses only one ATP and disassociates [53, 54].

Among the cellular functions of kinesins are transportation of cargo from the cell
center to the periphery and aiding in mitosis and meiosis. The latter two roles
are mediated by either stabilizing or destabilizing microtubules and thus
controlling their length [55, 56, 57]. In addition, kinesins that interact with
themselves antiparallelly, like Kinesin-5, can bind with their respective heads to
two microtubules and slide them in opposite directions during mitosis [58].

The association of kinesins is not exclusively homogenic. Some kinesins can bind
to other proteins via their stalk. Often, di- or multimerization into homo- or
heteromers has a regulatory effect on motor activity. An example for this
regulatory effect is Kar3, which is the Kinesin-14 homolog of budding yeast. Kar3
can dimerize into a homodimer or with two other proteins, Vikl and Cik1 that
have no motor-domain themselves [59, 60]. When associating with Cik1, Kar3

changes its conformation and is changed into a faster motor [61].

1.5.1 Walker motifs

In 1982, John E. Walker investigated the alpha and beta subunits of the ATP
synthase binding complex and compared its sequence to other ATP-requiring
enzymes. What he found was a persistent sequence similarity in especially two
parts [114] - these parts were then termed the Walker A and the Walker B motif.
The motifs can be found in ATP and GTP-using proteins and are involved in
binding and hydrolyzing ATP [115]. The Walker A motif is essential for binding
the phosphate group of ATP and consists of the conserved amino acid pattern
GXXXXGK]TS], with X indicating any amino acid and lysine being the crucial
residue for binding the 3-phosphate of the nucleotide [115,114].

The amino acid pattern of the Walker B motif is [RK]XXXXGXXXXLhhhhD, with h
indicating a hydrophobic amino acid [115, 114]. The aspartic acid of the motif is
highly conserved. Hydrogen-bonds with these residues with the threonine and
serine of the Walker A motif aid in hydrolysis [116].

Most large bacteriophage terminases do contain a Walker A motif in their N-
terminus. However, there are other terminases that lack the classical, conserved

sequence but instead have a deviant form of the Walker A motif. The deviation
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consists of a missing lysine residue that is critical for phosphate-binding. Instead,
those terminases have a lysine residue at the N-terminal end of the Walker A

motif, which makes the terminase functional again. [112].

1.6 Homeodomains

The homeodomain is a DNA-binding motif, which is about 60 amino acids long. It
was first discovered at the beginning of the 1980s in Drosophila. [62, 63]. As
structural studies (X-ray crystallography and NMR spectroscopy) revealed, the
general structure of the homeodomain consists of three alpha-helices that are
connected by a short loop and folded into an overall globular shape. The first two
helices on the N-terminus are parallel to each other and the third helix on the C-
terminus is positioned perpendicular with respect to the first two helices. The C-
terminal alpha-helix is the one that interacts with DNA and is therefore also
referred to as the “recognition helix” [64-72].

Besides the classical function of DNA-binding, homeodomains are also found in

RNA binding proteins [73] and in protein-protein interactions [74].

1.7 Kinesins in T. brucei
In the year 2006, a kinesin phylogeny study by Bill Wickstead and Keith Gull
identified 41 putative kinesin sequences in T. brucei with 13 kinesin-like
proteins that are specific for kinetoplastids [75]. In this study, it was revealed
that the parasite is missing entire kinesin families. However, this fact is nothing
unusual as no organism contains every known kinesin family. The function of the
missing kinesins is likely fulfilled by other kinesins, such as the so-called
“orphan” kinesins. Orphan kinesins are highly divergent and therefore not
grouped into any of the 14 kinesin families. A surprising finding from this study
is that T. brucei has five Kinesin-13 members, which is an unusually high number
compared to for instance to humans that only have 3 [75]. Members of the
Kinesin 13 family are in general involved in microtubule depolymerization
[76,77] and vesicle transport [78]. In T. Brucei, a member of this family -
TbKIF13-2 - was studied with respect to flagellar length control. It was found

that its overexpression lead to a mild increase in flagellar length as compared to
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control cells. The deletion of TbKIF13-2 had a slight effect on initial growth of the
developing, new flagellum [79]. Another member of the kinesin 13 family -
TbKif13-1 - is involved in regulating spindle length during mitosis and is
essential in both procyclic and bloodstream form T. brucei [80].

Later, in a review about the evolution of kinesins in 2015 [81], it was stated that
T. brucei lack the Kinesin-Family numbers 5, 6, 10, and 11 and from Kinesin-
Family numbers 3, 4, and 14, one kinesin is missing in each. Members of the
Kinesin 6 family have found to function in microtubule transport [82] or in
cytokinesis [83, 84]. They are completely absent from plant species. The Kinesin
10 family was found to play a role in chromosomal movements in cell division.
The first member of Kinesin family 11 was Smy1, which was found not to bind to
microbutules most likely due to its having a divergent catalytic core [85]. The
members of this family were found to be involved in signal transduction [86] and
are probably not motile along microtubules [87]. The Kinesin-5 family is very
conserved with KIF11 as the predominant member, which forms homotetramers
[88] that facilitate the formation of mitotic spindle [89]. Its absence in mitosis is
surprising considering the high conservation of the kinesin. However, it seems
that, in contrast to previous bioinformatic studies, the genome of T. brucei still
contains a homolog of KIF11 [75].

Other studied kinesins in T. brucei include TbKIN-A and TbKIN-B, which are two
divergent orphan kinesins that assist in spindle assembly and chromosome
segregation [91]. TbKIN-C is needed for cytokinesis and maintenance of cell
morphology [92] and interacts with TbKIN-D to regulate subpellicular

microtubules [93].
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2.MATERIALS AND METHODS

2.1 Cultivation of Trypanosoma brucei

Procyclic Trypanosoma brucei were cultivated in SDM-79 medium containing
10% of fetal bovine serum and 2.5 pg/mL hemin. Cells were grown at 27 °C [94].
The parental cell line used for procyclic Trypanosoma brucei was the single
marker SmOxP9 cell line [95]. SmoxP9-cells were grown in media containing
1 pg/mL puromycin to sustain the T7 RNA polymerase and tetracycline
repressor gene introduced into the TREU927/4 cell line [96]. The in situ C-
terminally V5-tagged cell-line (TbPH1-V5) was grown in the presence of the

additional selective drug hygromycin at a concentration of 50 pg/mL.

Table 5: Cell lines of TbPH1 and corresponding selective drugs.

Cell lines of TbPH1 Procyclics: Bloodforms:

Selective Drugs [Concentration] Selective Drugs [Concentration]

C-terminal tag Puromycin [1 pg/mL] Blasticidin [5 pg/mL]
Hygromycin [50 pg/mL] Hygromycin [5 pg/mL]
N-terminal tag HA Puromycin [1 pg/mL] Blasticidin [5 pg/mL]

Blasticidin [10 pg/mL]

TbPH1-RNAi Puromycin [1 pg/mL] Blasticidin [5 pg/mL]
Hygromycin [50 pg/mL] Hygromycin [5 pg/mL]
Phleomycin [2.5 pg/mL] Phleomycin [1.25 pg/mL]

The N-terminally HA-tagged cell-line (HA-TbPH1) and TbPH1-RNAi cell-line
were grown in the presence of the blastidicidin (10 pg/mL) and phleomycin (2.5
pug/mL), respectively.

Long slender bloodform Trypanosoma brucei were cultivated in HMI-9 media,
supplemented with 10% fetal bovine serum. The parental cell line used was the
2T1:T7 [97].

For growth-curves of procyclic Trypanosoma brucei, the cell density was counted
every day with the Z2 cell counter and diluted to 2 x 10° cells/mL, with media

supplemented with the appropriate selective drugs and 1 pg/mL tetracycline to
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induce RNAi. Growth-curves of long slender bloodform Trypanosoma brucei

were done like procyclics cells but the dilution was done to 2 x 105.

2.2 Generation of TbPH1-cell lines

TbPH1 was endogenously tagged on both C- and N-terminus using the PCR Only
Tagging approach mediated by the pPOTv4 vector [98]. The technique works by
amplifying a tag and a resistance cassette encoded by the pPOT-vector with long
oligonucleotides. The primers contain 80 nucleotides of homology. For the N-
terminal tagging, the forward primer has homology at the end of the 5’ UTR, the
reverse primer at the start of the open reading frame. In case of the C-terminal
tagging, homology flanks of the primers are chosen from the end of the gene,
omitting the stop codon (forward-prime) and to the first 80 nucelotides of the 3’
UTR (reverse-primer). The used primers are summed up in table 2. The original
pPOTv4 vector was modified by replacing the original eYFP-tag between the
HindIIl and BamHI sites once with HA and V5 and the resistance marker for C-
terminal tagging. This modification resulted in a pPOTv4-V5 vector with G418
and a pPOT-HAv4 vector with hygromycin as resistance marker for C-terminal
tagging. The C- and N-terminus of TbPH1 was tagged with V5 and HA,

respectively.

Table 6: Primer sequences for N- and C-terminal tagging of TbPH1. Upper case letters correspond to sequence of
gene/untranslated region for homologous recombination in T. brucei. Lower case letters are annealing to the pPOT-
vector for amplification of tag and resistance cassette.

Primer name Primer sequence (5’- 3°)

N-term. HA-TbPH1, FW | AAAACGGGAAAAAGTTAAGAGAACAATCATAGGGCAAT
AAAATAAGGCCAGATTTTCGCACAGGTGATAAACAGGA
AACAgtataatgcagacctgctgc

N-term. HA-TbPH1, RV | TTATCTACTGACAGAGCTGGGGGAATGCTCAGCGTTGGT
AACTTGAGCGAGTGCGCACAGAACACAAGTTTCGCATCC
ATactacccgatcctgatcc

C-term. TbPH1-V5, FW | TTTCTTCCGGTCTTGACTTATTCCGCTCAGGGAAGCTTT
ATGATTTCTTATGCGAAAAGAGAGTCATACCGCTCCCGT
ACggttctggtagtggttcc

C-term. TbPH1-V5,RV | ATAATAAAGAGGAAGGGAAGGTAAAGTTCAGAAACAAA
TTCTGTTGGCTCCTGATAACACTCTCATATTTCCTTCAC
CGCccaatttgagagacctgtgc

The PCR-product was then directly used for electroporation into PF or BF T.

brucei with hygromycin or blasticidin as selective drug, respectively.
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For the TbPH1-V5-RNAi cell line, a fragment of the gene of TbPH1 was PCR-
amplified from genomic DNA of T. brucei with the forward primer
TATggatccGTTGCGTGATGAGCTTCAAA (lower case BamHI) and the reverse
primer ACGaagcttCTCCTCTAGCACCGTTTTGC (lower case HindlIIl). The gene
fragment was then cloned with the mentioned restriction sites into the p2T7-177
vector [90]. The construct was then linearized with the restriction enzyme Notl

and electroporated into PCF and BSF T. brucei as described in [99].

2.3 Indirect Fluorescence Assay (IFA

2.3.1 Protocol of Indirect Fluorescence Assay (IFA)

Approximately 2 x 10°¢ cells were taken per slide,. In the case of mitochondrial
staining, MitoTracker® Red CMXRos (Invitrogen) dissolved in DMSO was added
directly to the media to a final concentration of 50 nM (PCF) or 10 nM (BSF), and
incubated for 30 minutes at 27 °C or 37 °C, respectively.

The cells were then spun down at 1100 x g for 3 minutes, supernatant was
aspirated and the cells were washed once in 1 mL of PBS. They were then
resuspended in 200 pL PBS and fixed by addition of 300 pL of 4%
paraformaldehyde in PBS for about 30 minutes. Cells were spun down, washed
once in 1 mL of PBS, resuspended in 100 pL PBS and applied to Superfrost plus®
slides (Thermo Scientific).

The slides were then washed twice more with 0.1M glycine in PBS to inactivate
any residual formaldehyde. The slides were incubated overnight in methanol at
-20 °C to permeabilize the cells. The next day, the slides were rehydrated by
washing them two times in PBS. The cells were blocked in 1% BSA in PBS for one
hour in a humid chamber. The primary antibody was then applied and incubated
in the humid chamber for an hour. The slides were then washed three times in
PBS for 5 minutes. The secondary antibody was then applied and incubated in a
dark, humid chamber for one hour. The slides were again washed three times
with PBS for 5 minutes. Afterwards, one drop of ProLong® Gold Antifade

reagent with DAPI was applied, the coverslip was mounted and sealed with
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transparent nailpolish. The slides were stored at 4 °C in the dark until usage and

finally imaged with the Olympus FluoView FV1000 confocal microscope.

2.3.2 Extended protocol of IFA with NP40-extraction
NP40-extracted cells were prepared according to [100] by resuspending in 50 pL
of NP40-buffer (10 mM Tris-HCI pH 6.8, 1 mM MgCly, 0.25% Tergitol) after initial
washing steps. Cells were then spread on Superfrost Plus® slides (Thermo
Scientific) and incubated for 3 to 5 minutes. Afterwards, the NP40-buffer was
removed and 500 pL of 4% paraformaldehyde in PBS were added directly on to
the slide. The cells were then fixed on the slide for about 10 minutes and the
fixative was removed. Further steps of the protocol were as in point 2.3.1,

starting with the washing-steps with 0.1M glycine in PBS.

2.3.3 Extended protocol of IFA with Microtubule-sieving treated
trypanosomes

Instead of taking whole cells, the fraction P2 of the microtubule-sieving-
procedure was taken (see section 2.4.3). MicroTubule Sieving (MTS)-treated
cells were then mixed with 4% paraformaldehyde to a 2:3 ratio, resulting in a
2.4% final concentration of formaldehyde. After fixing the resulting microtubule
corset for about 30 minutes, the formaldehyde was removed. All further steps of
the protocol were according to section 2.3.1, starting with the washing-steps in

0.1M glycine in PBS.

2.4 Subcellular Fractionations

2.4.1 Selective Permeabilization with Digitonin
In order to determine whether TbPH1 localizes to membrane-bound organelles,
a selective permeabilization with digitonin was performed. [101] The technique
results in multiple fractions with an increasing amount of digitonin in which
more subcellular compartments are permeabilized with increasing detergent
concentration, thus releasing their contents as a result. A western blot of the

fractions are then probed with different organellar markers to determine the
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possible organellar localizationtion of the studied protein. For one experiment
with 10 fractions, 2 x 107 cells were grown and an additional 2 x 108 cells were
used for a whole cell fraction. The cells were collected by spinning for 10
minutes at 1000 x g. and washed once in PBS. For the whole cell fraction, 1/11 of
the cell cultures were transferred to a new Eppendorf tube and set aside. The
rest of the cells were centrifuged (10 minutes, 1000 x g) and the pellet was
resuspended in 1500 pL STE-NaCl buffer (25 mM Tris, pH 7.4, 150 mM NacCl, 250
mM sucrose, 1 mM EDTA). The cell suspension was divided into 10 aliquots, with
150 pL each. Each fraction was then brought to a final volume of 300 pL with

STE-NaCl and an increasing amount of digitonin (see table 3).

Table 7: Cell lines of TbPH1 and corresponding selective drugs.

Sample- |1 2 3 4 5 6 7 8 9 10
number

Digitonin |0 | 0.05 |01 [02 |03 |04 [06 |08 [1.0 |15
[mM]

The samples were incubated at room temperature for 4 minutes, centrifuged at
14000 x g for 2 minutes and immediately put on ice. Samples were mixed with
5x SDS-PAGE sample buffer, boiled for 5 minutes and stored at -20 °C until their

resolution on an SDS-PAGE gel and subsequent western blotting.

2.4.2 NP40-Fractionation
For isolation of the cytoskeleton, cells were extracted with IGEPAL (also known
as Nonidet P-40). For each experiment, 10 mL of 1-2 x 107 cells were taken,
collected by spinning down at 1100 x g for 10 minutes, transferred to a 1.5 mL
Eppendorf tube and washed once in PBS. After another centrifugation (1100 x g,
10 min.), the cells were resuspended in 1 mL PEME+Complete protease inhibitor
cocktail (100 mM PIPES-NaOH, 2mM EGTA, 0.1 mM EDTA, 1 mM MgS0s4, pH 6.9;
buffer supplemented with 1x EDTA-free protease inhibitor cocktail [Roche]). A
sample was taken for western blot analysis (Input). The cells were again
centrifuged (1100 x g for 10 min.), the supernatant was aspired and the pellet

was resuspended in 200 pL of PEME extraction buffer (PEME+Complete
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supplemented with 0.5% IGEPAL). The mixture was incubated for 15 minutes at
room temperature with gentle mixing. The lysate was then centrifuged at
3400 x g for 2 minutes at 4 °C. The supernatant (SN) was transferred to a fresh
Eppendorf tube. The pellet (P), containing the IGEPAL-insoluble cytoskeleton,
was spun again and the residual supernatant was discarded. Protocol adapted

and modified from [100].

2.4.3 Microtubule-sieving (MTS)
This protocol was adapted from [102].

2.4.3.1 MTS - the method
Microtubule-sieving is a technique that uses the cage-like microtubule-corset of
the parasite as a molecular sieve.

Firstly, the plasma membrane is dissolved by
subpellicuciar
microtubules

kinetoplast

TritonX-100 in a low-salt buffer, which leads
flagelum cytoplasmic proteins to diffuse from the
microtubule cage but trapping others that are in

Total 1) granules or other enclosed compartments. After

Supematant CELL Lysis several washing steps, the microtubules are then

(buffer A +
1% Triton X100)

(SN1)
disintegrated by addition of a high concentration

Pellet (P1)

of NaCl, which releases the trapped contents of

WASHING
Supematant2°) ¢/ (ouffer A + the cell.
(SN2) N 1% Triton X100)
Pellet (P2) e;{\ ’: ’
DISRUPTION OF THE . B
SUpeg\Na;ama (_/ CYTOSKELETON 2.4‘.3.2 MTS - CeII LySIS and Washlng
°( )° ® (buffer A + 1% Triton X100
~N- + 300 mM NaCl)
) * (] Pellet (P3) S tep S

‘ \/\ For small-scale experiments,

1-2x 108 cells were taken. For larger-scale

Figure 5: Process of Microtubule-Sieving,

i - 8
picture adapted and modified from [102]  €Xperiments, 5-10 x 108 cells were used. The cells

were harvested by centrifuging them for 10
minutes at 1500 x g, the supernatant was aspired and cells were resuspended in
1 mL of PBS. The cells were then transferred to an Eppendorf tube, washed once

with PBS and pelleted by centrifuging them for 30 seconds at 10000 x g.
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All further steps were carried out on ice and centrifuges cooled to 4 °C. The cells
were resuspended in 450 pL of Buffer A (20 mM Tris-HCI, pH 7.6, 2 mM MgCly,
10% glycerol, 250 mM sucrose, 1 mM DTT, MiliQ-water), lysed by adding 50 pL
of 10% TritonX-100 and incubated for 10 minutes. A sample was taken for
western blot analysis (Whole-cell lysate, WCL). The lysate was centrifuged 20
minutes at 20000 x g and the supernatant (SN1) was transferred to a new
Eppendorf tube. For washing away the cytoplasmic proteins from the sample,
the pellet was resuspended in 450 pL Buffer A and 50 pL of 10% TritonX-100 by
passing through a 26G syringe and vortexing. A sample was taken for western
blot analysis (P1) and the mixture was centrifuged for 20 minutes at 20000 x g.
The supernatant was transferred to a new Eppendorf (SN2). The pellet was then
resuspended in 450 pL of BufferA and 50 pL of 10% TritonX-100 by passing
through a 26G syringe and vortexing. A sample was taken for western blot
analysis (P2). This fraction (P2) was also the one taken for immunofluorescence

assays of MTS-treated cells (see section 2.3.3).

2.4.3.3 MTS - Disruption of microtubules

To disrupt the microtubules, either 15 pL or 30 pL of a 5M NaCl-solution were
added to get to an approximate final concentration of 150 or 300 mM NacCl,
respectively. The higher salt concentration was used for preliminary
experiments, the lower concentration was taken for most co-
immunoprecipitation experiments. The mixture was incubated on ice for 30
minutes, with 26G-syringe passings and vortexing every 5 minutes. Afterwards,
it was centrifuged for 20 minutes at 20000 x g and the supernatant was
transferred to a new Eppendorf tube (SN3). This SN3-fraction was used further
for immunoprecipitation-experiments. The pellet was resuspended in 450 uL

BufferA and 50 pL of TritonX-100 for western blot analysis (P3).
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2.5 Cell Cycle Investigation

2.5.1 DAPI (4',6-DiAmidino-2-Phenylindole) Staining

Both procyclic and bloodstream form TbPH1-RNAi cells were taken and
incubated with and without 1 pg/mL of tetracycline for 6 and 12 hours. About
107 of procyclic cells or 10 of bloodstream form cells were taken per slide,
washed once in PBS and fixed for about 30 minutes in 4% paraformaldehyde in
PBS. The cells were then washed again one time in PBS, resuspended in about
100 pL of PBS and were applied onto Superfrost Plus® slides. They were then
incubated in a humid chamber for about 30 minutes. Excess fluid was poured off.
In order to stain nucleus and kinetoplast of the cell, a drop of ProLong Antifade
reagent with DAPI - (Life Technologies) was applied. The coverslip was mounted
and sealed with transparent nail polish.

The stained cells were then observed with the Zeiss Axioplan 2 fluorescent
microscope. The number of nuclei and kinetoplasts in each trypanosome was

counted for at least 200 cells.

2.5.2 Propidium lodide Staining and Flow Cytometry
Bloodstream form TbPH1-RNAi cells were taken and incubated for 6, 12, 24
hours and 3 days with and without 1 pug/mL tetracycline. About 106 of cells were
taken and fixed overnight or longer in 70% methanol (v/v) in PBS. On the day of
measurement, cells were washed twice in PBS, and then resuspended in PBS
containing 5 pg/uL propidium iodide and 10 pg/mL RNAse A. After incubating
the cells at 37 °C for 30 minutes in the dark, they were put to 4 °C until the time
of measurement. FACS was performed with a Becton Dickinson FACSCantoTM II.

Data was analyzed with the FACSDiVa software.

2.6 Immunoprecipitation of TbPH1

2.6.1 Crosslinking of V5-Antibody to Dynabeads
For crosslinking Protein G coated Dynabeads® (Thermo Scientific) to a-V5
Epitope Tag antibody (ThermoFisher scientific, 2F11F7), 1.5 mg of beads were
washed two times with 200 pL of PBS-T20 (0.02% Tween20 in PBS). The beads
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were then incubated with 5 pg of the V5 antibody and incubated overnight at 4
°C in constant rotation. Afterward, the beads were washed two times with 200
uL of PBS-TEA (0.1M TEA in PBS) and then incubated two times for 30 minutes
with 200 pL of PBS-TEA-DMP (6 mg/mL DMP in PBS-TEA) at room temperature,
rotating. The beads were washed two times for 5 minutes with PBS-TAE and 200
uL of quenching buffer (25 mM ethanolamine in PBS) were added, rotated for 5
minutes at room temperature and then washed once with PBS. Afterward, 200
uL of 1M glycine, pH 3 was added and incubated for 10 minutes rotating at room
temperature. This step was repeated once more. The beads were then washed
three times with the buffer used for immunoprecipitation (see 2.6.2) and stored
at 4 °C until usage. In case of storage longer than a few days, 0.09% azide was

added to the immunoprecipitation-buffer, in which the beads were stored.

2.6.2 Protocol of Inmunoprecipitation

For small-scale experiments, approximately 1-2 x 108 of procyclic V5-tagged cells
and 75 pg anti-V5 antibody-conjugated Dynabeads® were taken. For larger-scale
experiments, about 1 x 107 cells and 375 pg Dynabeads® were used. In all cases,
cells of the parental cell line SmOxP9 were taken as a negative control.

In order to reduce background of unspecifically binding proteins to Protein G
Dynabeads®, cells were pre-fractionated by MTS-treatment of the cells and
taking the SN3-fraction of the protocol (see section 2.4.3) in either high-salt (300
mM NaC(l) or low-salt (~150 mM NaCl) conditions. The beads were washed three
times in 1 mL of TX-IP-buffer (20 mM Tris-HCI, pH 7.7, 100 mM KCI, 3 mM MgCl.,
0.5% TritonX-100 and cOmplete™, EDTA free protease inhibitor), before the
lysate (SN3) was incubated with the washed, crosslinked anti-V5 antibody-
Dynabeads (see section 2.6.1) for 24 hours at 4 °C, rotating. The next day, the
supernatant was aspirated and kept for western blot analysis (Flow-through-
fraction, FT). The beads were then washed three times with TX-IP buffer (double
volume of original SN3-volume), and supernatants were also kept for western
blot analysis (washings 1-3, W1-3). For elution, half of the original SN3-volume
of elution buffer (50 mM glycine, pH 2.8) was added to the beads, incubated

under constant agitation at 70 °C for 10 minutes and then neutralized with 10%
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of the elution volume of neutralization buffer (1M Tris, pH 8.0). The elution-step

was repeated one to two times.

2.7 Electrophoresis and Western Blotting

2.7.1 SDS-PAGE gel
For checking the expression of tagged proteins (C-terminal V5 and N-terminal
HA-tag), SDS-PAGE was done according to the Laemmli protocol [103]. For the
separation gel, either 10 or 12% acrylamide gels were used, further components
were 375 mM Tris-HCl, pH 8.8, and 0.1% (w/v) SDS. For the stacking gel, a 5%
acrylamide gel was used, containing 125 mM Tris-HCI, pH 6.8 and 0.1% (w/v)
SDS. Gels were polymerized by adding 0.001% (v/v) TEMED and 0.1% (w/v)
ammonium persulfate. SDS-PAGE buffer for electrophoresis was made of 25 mM
Tris, 192 mM glycine and 0.1% (w/v) SDS. The gel was run at 60 V until the
sample entered into the separation gel and then, voltage was increased to 120 V
until the SDS-PAGE loading dye front of the gel reached the bottom. The
Precisions Plus Protein™ Dual Color Standards (Bio-Rad) was used as a protein
ladder.
For preparing T. brucei whole cell samples for electrophoresis, cells were
counted, spun down (10 minutes, 1100 x g, room temperature), washed once
and then resuspended in PBS to reach a concentration of 1 x 10° cells/pL. The
appropriate amount of 5x SDS-PAGE sample buffer (10% (w/v) SDS, 100 mM
Tris, pH 6.8, 30% (v/v) glycerol, 5% B-mercaptoethanol, 0.25% bromophenol
blue) was then added to the cell suspension. The sample was then boiled for 10
minutes at 97 °C.
For western blot analysis, a volume corresponding to 1 x 107 cells was loaded.
For gels intended for SYPRO® Ruby staining, an equivalent of 5 x 105 cells were
loaded for controls and 2 x 107 cells for IP-elution samples.
For the final gel of the immunoprecipitation samples destined for SYPRO® Ruby-
staining and subsequent excision of bands for Mass Spectrometry, a 12 well
BOLT™ 4-12% Bis-Tris Plus gel (ThermoFisher scientific) was used. The
Running Buffer used was the NuPAGE® MES SDS Running buffer (ThermoFisher
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scientific). The gel was run at 200 V until the bromophenol blue dye front

reached the bottom.

2.7.2. SYPRO® Ruby staining
After electrophoresis, the gel was placed in a clean container. About 100 mL of
Fixing Solution (7% glacial acetic acid, 50% MeOH, MiliQ water) was added and
incubated for 30 minutes at room temperature on an orbital shaker. This step
was repeated once more with 100 mL of fresh Fixing Solution. Then, the gel was
incubated with about 50 mL of SYPRO® Ruby solution and agitated on an orbital
shaker overnight. The next day, the gel was placed in a new container and
washed with 100 mL of Washing Solution (7% glacial acetic acid, 10% MeOH,
MiliQ water) for 30 minutes on an orbital shaker. The gel was then rinsed three
times for 5 minutes with MiliQ water before visualizing it with a ChemicDoc

Imager.

2.7.3. Coomassie staining
After electrophoresis, the SDS-PAGE gel was placed in a container with about
100 mL of Coomassie staining solution (0.2% coomassie, 45% MeOH, 10% glacial
acetic acid, MiliQ water) and microwaved for about one minute until the
coomassie-solution boiled slightly. It was then incubated on an orbital shaker at
room temperature for about 10 minutes. The coomassie stain was poured off and
the gel was rinsed two times with distilled water. It was then put into Destain
Solution (5% MeOH, 7% glacial acetic acid, MiliQ water), microwaved for 1
minute and incubated together with tissue paper on an orbital shaker until the
background staining was sufficiently low. A picture was then taken with a

ChemiDoc Imager.

2.7.4. Western blot analysis
After electrophoresis, the SDS-PAGE gel was placed in a Mini Trans-Blot Cell (Bio
Rad) western transfer chamber for transfer onto a methanol-activated PVDF-

membrane. The chamber was filled with transfer buffer (25 mM Tris, 192 mM
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glycine, 0.1% (w/v) SDS, 20% (v/v) methanol) and transfer was done at 250 mA
for 2 hours. The membrane was then blocked in 5% non-fat milk in PBS-T
(0.05% (v/v) Tween20 in PBS) for either 1 hour at room temperature or
overnight at 4 °C. The membrane was subsequently incubated for one hour in the
primary antibody and washed three times for 5 minutes with PBS-T. Next, the
membrane was incubated for one hour with the appropriate secondary antibody,
washed again three times with PBS-T and then developed with the Clarity™
Western ECL Substrate kit. The membrane was then visualized with a ChemiDoc

MP (Bio-Rad) using the accompanying Image Lab™ software.
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3. RESULTS AND DISCUSSION

The following experimental data is a result of an ongoing project. Many
experiments will still need further investigation by different approaches as well
as replication and verification of some parts. These cases will be indicated in the

respective subchapters.

3.1 Insilico studies of TbPH1

3.1.1 Structural features of TbPH1
Four general motifs can be distinguished on TbPH1 based on in silico analyses
(Figure 6) [104, 105]: an N-terminal kinesin domain from amino acid (AA) 49 to
343, a coiled-coil region (AA 356-703), a pleckstrin homology domain (AA 689-
846) and a homeodomain-like sequence (AA 868-959). Post-translational
modifications include a methylation at a conserved arginine-residue among
trypanosomatids (R540) and a phosphorylated serine at the beginning of the
Homeodomain-like Domain (S868) [106, 107]. The kinesin domain suggests a
function of TbPH1 binding to microtubules and perhaps also to moving along
them as a motor (further discussed in section 3.1.2). The coiled-coil region that
follows after the kinesin domain may mediate homooligmerization of the protein
to either itself or to a different protein [59, 60]. The methyl-arginine site at R540
is situated within the coiled-coil region and could potentially influence this
binding. The pleckstrin homology domain may allow TbPH1 to be involved in
signalling [38], cytoskeletal organization [39], membrane trafficking [40] or
phospholipid processing. It is surprising to find the homeodomain-like motif in
TbPH1, as it usually has a function in binding DNA [62, 63] and the protein does
neither have a signalling sequence for a nuclear nor mitochondrial import. A
possible role for this domain could be in RNA-binding [108]. In this scenario, the
phosphorylation-site at the beginning of the domain could be an on/off switch

for the function of the homeodomain-like motif.
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Figure 6: Structural features of TbPH1; R: Methyl-arginine; P: phosphorylation-site;

In addition, TbPH1 was found to be part of the palmitoyl-proteome of procyclic
trypanosomes [109]. Palmitoylation is modification typically found in membrane
proteins and can be reversible or permanent. This modification influences the
interaction of the protein with lipids and proteins on a membrane [reviewed in
110]. The palmytoylation thus points at the possibility of an interaction of TbPH1
with lipids, possibly even at a function of anchoring membrane-bound organelles

to microtubules.

3.1.2 Multiple alignment of TbPH1 WalkerA-domain with human
KIF1

NVCIFAYGQTGAGKSYTMMG
1. KIF1IA HUMAN
2. KIF1B beta HUMAN NN CIFAY|GQTGAGKSY TMMG
3. TbPH1 NEVVESYGVR ¢ RKRPDILMFG

Figure 7: Multiple alignment of WalkerA-domain of TbPH1 with human KIF1 (red box).

The WalkerA-motif in the Kinesin Motor Domain generally consists of the
following sequence: [AG]XXXXGK][ST]. This nomenclature means that at the first
position, there is either an alanine or glycine, followed by any four amino acids,
the fifth and sixth positions are glycine and lysine and the last amino acid is
either serine or threonine. The multiple alignment of the WalkerA-domain of the
human KIF1 with the kinesin domain of TbPH1 shows that there are mutations
in the motif in the latter: the fifth position is mutated from a glycine to a proline
and the last position is an arginine instead of serine or threonine (Figure 7, red
box). This result means that most likely, the WalkerA-domain of TbPH1 is not
functional and therefore, the catalytic activity of the Kinesin Motor Domain of

TbPH1 is most likely abolished. However, as shown with the bacteriophage

Page 22 of 63



terminases in the introduction (section 1.5), a deviation from the classical

pattern of a Walker A motif can be still functional.

3.1.3 Multiple alignment of TbPH1 with other trypanosomatids

. Crithidia fasciculata

. Leptomonas pyrrhocoris
. Endotrypanum monterogeii
. Leishmania aethiopica

. Leishmania mexicana

. Leishmania braziliens

. Phytomonas

. Trypanosoma congolense
. Trypanosoma vivax

10. Trypanosoma cruzi

11. Trypanosoma grayi

12. Trypanosoma brucei

W00~ D IR e

Figure 8: Multiple alignment of TbPH1 with other trypanosomatids

The multiple alignment of TbPH1 with homologs in other trypanosomatids
reveals that these deleterious mutations in the WalkerA-domain are conserved
(Figure 8, red box). This data could mean that even though WalkerA-domain is
altered, this sequence is still essential for the function of the TbPHI.
Furthermore, the position of the methyl-arginine (Figure 8, blue box) is
conserved throughout trypanosomatids as well, suggesting that this post-
translational modification may be fundamentally important to the protein’s
function. The phosphorylated serine (Figure 8, yellow box) is not conserved as
the amino acids in its place in other trypanosomatid orthologs, except for
Trypanosoma grayi, cannot be phosphorylated. Thus, the reported serine
phosphorylation in the T. brucei otholog may be important only in this species or

that this phosphorylation site is misannotated.

3.2 Cellline generation

3.2.1 Endogenous, C- and N-terminal tagging of TbPH1
After successful PCR-amplification of pPOT-V5-Hyg with primers for
endogenous, C-terminal and N-terminal tagging of TbPH1, respectively, the
former PCR-product was directly electroporated into the parental cell line
SmOxP9. Positive clones were selected with hygromycin and expression of

TbPH1-V5 was verified by western blot, with a monoclonal antibody against V5
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(Figure 9, left). Afterwards, a pPOT -HA PCR-product was electroporated into
the newly generated and verified TbPH1-V5 cell line for co-localization of the N-
terminally HA tagged version of the protein. Positive clones were selected with
blasticidin and expression of HA-TbPH1 was verified by western blot, with a

monoclonal antibody against HA (Figure 9, right).
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Figure 9: Western blot of verifying the expression tagged TbPH1; Left: C-terminally tagged TbPH1-V5 with SmOxP9 as
negative control; Right: N-terminally HA-tagged TbPH1 with TbPH1-V5 as parental cell line and negative control.

3.3 Growth curves of PF and BS TbPH1-RNAi

For both procyclic and bloodstream form TbPH1-RNAI cell lines, the RNAi was
induced via induction of tetracycline, thereby RNAi-silencing the expression of
the protein TbPH1. In parallel, cells without the tetracycline-treatment were
grown.

Each sample was done in three independent, biological replicates. Cell density
was measured every day right before dilution. The knockdown of TbPH1 in
procyclic T. brucei resulted in a slight growth-phenotype after the third day of
induction (Figure 10). The depletion of the protein seems to be impairing in
procyclic T. brucei fitness.

To confirm this finding, the growth curve in procyclics is going to be repeated for
a longer duration to take samples for investigating knock-down efficiency by

western blot analysis.
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Procyclic TbPH1-RNAi

1.2E+07
——uninduced ——induced
1.0E+07

8.0E+06

6.0E+06 3

cells/mL

4.0E+06

2.0E+06 < +
0 2 4 6 8
Days of induction

Figure 10: Growth-curve of procyclic ToPH1-RNAi. X-axis: Days of induction with tetracycline; Y-axis: Measured cell
density in cells/mL.

Induction of TbPH1-RNAi by tetracycline in bloodstream form T. brucei resulted
in a slight growth phenotype during the first 24 hours, turning into a severe
growth-phenotype after the first day of the growth curve (Figure 11).
Morphologically, a distinct “octopus”-phenotype was observed around day six of
induction, which I interpret as the accumulation of multiflagellated cells (data
not shown) This observation may indicate the involvement of TbPH1 in cell
division as in its absence, cells seem to have difficulties to fully divide. On day
eight of induction, the BSF trypanosomes seem to recover, most likely by
acquired resistance to TbPH1 RNAi. However, this loss still needs confirmation
by a repetition of the growth-curve and taking samples for checking protein-
abundance by western blot. In general, the protein TbPH1 seems to be essential
in the bloodstream stage. Interestingly, in a genome-wide RNAi-screen, TbPH1 is
essential in procyclic but not in bloodstream form T. brucei [122], which does not

agree with my findings.
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Bloodstream TbPH1-RNAi
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Figure 11: Growth-curve of bloodstream-form TbPH1-RNAi. X-axis: Days of induction with tetracycline; Y-axis:
Measured cell density in cells/mL.

In order to see at which exact time point after RNAi-induction the bloodstream
form start to exhibit differences in growth compared to non-induced cells,
another short-term growth curve was conducted. For 24 hours, cell densities

were measured every six hours (Figure 12).
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Figure 12: 24-hour growth curve of bloodstream-form TbPH1-RNAi. X-axis: Days of induction with tetracycline; Y-axis:
Measured cell density in cells/mL.

After six hours of induction, the first differences in growth were already
observed. As the trypanosomes were affected so early, it pointed to a possible

contribution of TbPH1 to cell division. This finding was then further investigated
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by examining potential alterations to the cell cycle upon depletion of TbPH1 (see

next section).

3.4 Cell Cycle Investigation

3.4.1 DAPI-counts of RNAi-induced cells
For further clarifying the involvement of TbPH1 in the cell cycle of T. brucei,
TbPH1-RNAi cells were induced and samples were taken at appropriate time
points as revealed by the TbPH1-RNAi growth curves (See section 3.3). After
DAPI-staining of methanol-fixed cells, cell cycle progression was analyzed by
counting the amount of nuclei and kinetoplasts per cell. For bloodstream form
T. brucei, a preliminary experiment of counting about 250 cells per time point at
6, 12, 24, and 48-hours induced and non-induced TbPH1-RNAi revealed an
accumulation of 1N2K-cells and a simultaneous reduction of 1N1K-cells (Figure
13, left). In order to get statistical significance, the experiment was repeated with
three biological replicates for selected time points. Again, an accumulation of
1N2K cells was observed with statistical significance (p-value less than 0.0001 in
an unpaired t-test). This result indicates that indeed the depletion of TbPH1
affects cell cycle progression in bloodstream form T. brucei at an early point,

which could mean that this is a direct and not a downstream effect.

DAPI-counts of bloodstream TbPH1-RNAi DAPI-counts bloodstream ThPH1-RNAi
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Figure 13: DAPI-counts of bloodstream form ThPH1-RNAi induced cells compared to non-induced cells after indicated
induction-times. Left: preliminary DAPI-counts of one sample per time point. Right: DAPI-counts in triplicates for selected
time points. * Unpaired t-test revealed a p-value of less than 0.0001 in between the induced and non-induced population.
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DAPI-counts were then also performed on procyclic TbPH1-RNAi cells, which

were induced for 4 days and compared to non-induced cells. (Figure 14).
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Figure 14: DAPI-counts of procyclic TbPH1-RNAi induced compared to non-induced cells after 4 days of induction.
* Unpaired t-test revealed a p-value less than 0.0001 in between the induced and non-induced populations of 1N1K,
1N2K, 2N2K and other cells.

As seen in bloodstream form TbPH1-RNAi, more 1N2K and fewer 1N1K cells
were observed in induced as compared to non-induced cells. This result could
mean that the protein has a similar cell cycle progression role in both T. brucei
life cycles stages.

The data suggests that cells get stuck at some point during nuclear S or G2-phase
(using the terminlology introduced in section 1.3) by a potential delay in the
progression of mitosis. It would make sense to argue that a process occurring
around this point of time could be inhibited by silencing TbPH1. As described in
the introduction, after the nuclear G2-phase occurs, the basal bodies begin to
separate [117]. This process therefore could be possibly influenced by the
silencing TbPH1. However, previous studies have shown that an inhibition of
basal-body segregation rather leads to an accumulation of 2N1K and
multinucleated cells than inhibiting the nuclear M-phase [111,112]. The exact

reason for the accumulation of 1N2K cells still has to be further investigated.
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3.4.1 FACS-measurement of bloodstream RNAi-induced cells
To confirm DAPI-stained cell counts, flow cytometry of propidium iodide stained
cells was performed. Cells were taken in three biological replicates at the same
time points used in the previous analyses. For the evaluation of the data, two
gates were manually adjusted for each obtained sample, corresponding to cells
in GO/G1 phase and G2 phase, respectively (Figure 15; see also Materials and
Methods, section 2.5.2). The resulting tables show the calculated ratios of cells in

G2 phase with duplicated nuclear DNA to cells in GO and G1 phase.

Specimen_001-3d-2-NC Specimen_001-3d-92

I ui

H
wil

Count%

bl dd 88

Count%

10” 10* 10° 10 10’ 10 10
PE-Texas Red-A PE-Texas Red-A

Figure 15: Sample of FACs analysis of propidium iodide staining of bloodform cells showing utilized gates and G2

accumulation.. P3: Gate for cells in GO and G1 phase. P4: Gate for cells in G2 phase. Left: Uninduced control; Right:
Tetracycline-induced sample.

By this flow cytometry assay one cannot easily distinguish between 1N1K and
1IN2K cells due to the small size of the kinetoplast in comparison to the nucleus.
The obtained data clearly shows a difference between induced and non-induced
bloodform cells starting at the time point of 24 hours (Figure 16). When looking
at the summary of the flow cytometry data, there is a trend to a higher DNA-
content in induced samples at six and twelve hours observed. At 24 and 72 hours
of induction, cells in G2 phase are generally higher in number in induced cells.
These findings of the FACS-measurement confirm a role of TbPH1 in cell cycle
progression of T. brucei. There seems to be an accumulation of G2 cells starting
from 24 hours of induction. The data suggests that a silencing of TbPH1causes an
error in the time frame after kDNA replication but before mitosis that leads to a
delay of nuclear mitosis but does not inhibit it. (More about this topic will be

discussed in chapter 5 - Outlook).
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Figure 16: Summary of flow cytometry data of propidium iodide stained bloodform cells. Control: Negative control,
uninduced cells. +TET: tetracycline-induced RNAi at indicated time. Left: preliminary, first FACS-measurement in
triplicates. Right: FACS-measurement in triplicates of all obtained samples. Y-axis shows the ratio of cells in (G2
phase/cells in GO and G1-phase).

3.5 Subcellular Localization of TbPH1

3.5.1 Localization of C- and N-terminally tagged TbPH1 in whole cells
In procyclic T. brucei, the localization of endogenous, C-terminally V5-tagged

TbPH1 is concentrated in spots and throughout the cytosol (Figure 17).

Figure 17: C-terminally tagged TbPH1 with V5 in procyclic T. brucei. Green signal: TbPH1-V5; Blue signal: DAPI-stain.

The N-terminal HA-tagged version seems to be more homogeneously spread
throughout the cytosol, although there are spots, where the signal is more
concentrated. (Figure 18, A). The more homogeneous spread of the signal could
be due to some artefact of the primary antibody against HA, recognizing an

additional epitope in procyclic T. brucei. This gets apparent when looking at the
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verification of TbPH1-HA clones after electroporation, where an additional, faint
band slightly below TbPH1-HA can be seen (Figure 9). When looking at the
negative control of the IFA with the parental cell-line SmOxP9 (Figure 18, B),
there is indeed some background seen that could account for the pattern.
However, the N-terminal tagging has to be repeated with a different tag or anti-

HA antibody to get a clearer picture without this background.

A B e

Figure 18: A: N-terminally tagged TbPH1 with HA in procyclic cells; B: Negative control of IFA with same treatment as
in A with the parental SmOxP9 cell line.

The localization of MTS-treated cells reveals an accumulation of TbPH1 between
the kinetoplast and the nucleus and a dot-like pattern along the flagellum
(Figure 19). This could point to localization at the Flagellum Attachment Zone
(FAZ). To confirm this hypothesis, a co-localization with a marker for the FAZ is

going to be done in a future experiment.

Figure 19: IFA of MTS-treated, procyclic T. brucei, C-terminal V5-tagged TbPH1;
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In long slender bloodform T.brucei, the C-terminal, V5-tagged version also
exhibits a spot-like pattern throughout the cytosol (Figure 20). Here, a 3D model
constructed from the obtained confocal z-stack was performed using the Imaris
software (Bitplane) in order to see the three-dimensional distribution of the

protein (Figure 20, A).

A

Figure 20: Localization of TbPH1-V5 in bloodstream form T. brucei; Left: 3D model of confocal z-stack; Right: A middle
focal plane from the z-stack used for the 3D-model on the left.

B

The signal of the N-terminal HA-tag is somewhat similar to that in procyclics,
also being more homogeneously spread throughout the cell as compared to the
C-terminally, V5-tagged version (Figure 21). However, the pattern does still
seem punctate. The DAPI signal is out of focus in this picture, which potentially
can influence the observed pattern. As with the procyclics, the discrepancy
between the N- and C-terminal tags should be addressed by using a different

epitope for anti-HA antibody species.

Figure 21: Localization of HA-TbPH1 in bloodstream form T. brucei.
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3.5.2 Co-localization of TbPH1 with diverse markers in the whole cell

The punctate pattern of TbPH1-V5 may be due to its localization within an
organelle or attachment to microtubules. To test this hypothesis, the protein was
co-localized with various proteins or fluorescent dyes serving as organelle
markers in procyclic cells. Tested were the mitochondrion (Mitotracker),
endoplasmic reticulum (BiP), acidocalcisome (TbVP1), stress-granules (SCD6)

and microtubules (a-tubulin; see Figure 22).

Mitotracker o-tubulin TbVP1 SCD6

Figure 22: Co-localization of TbPH1-V5 in procyclic T. brucei (green) with various intracellular markers (red);
Mitotracker: mitochondrion; BiP: endoplasmic reticulum; a-tubulin: cytoskeleton; TbVP1: acidocalcisome; SCD6: stress
granules; Merged pictures also contain DAPI-stained nucleus and kinetoplast;

No complete co-localization with any of the tested compartments was observed.
A partial co-localization was seen in case of the acidocalcisome, in traces also for
the mitochondrion and the endoplasmic reticulum. When looking at the co-
localization of TbPH1 with the mitochondrion and the endoplasmic reticulum,
the protein seems to be enriched in the space that is not occupied by either of

these organelles.

3.5.3 Co-localization of TbPH1 in microtubule-sieved cells
After an IFA of microtubule-sieved cells had revealed that TbPH1-V5

accumulates in between kinetoplast and nucleus (Figure 19) and possibly along
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the FAZ, additional co-localizations were done on the P2-fraction (See section
2.4.3 for method) of MTS-treated, procyclic cells (Figure 23). Markers for stress-
granules were used to confirm the functioning of the method. The co-localization
of TbPH1 with microtubules (a-tubulin) revealed that the protein seems to be
either overlapping or directly adjacent to microtubules. However, the signal for
a-tubulin was relatively intense, which might conceal a subtle difference
between the genuine co-localization and TbPH1 being directly adjacent to the
microtubules. A co-localization with the paraflagellar rod showed no overlap.
Unfortunately, an attempt to co-localize TbPH1 with FAZ did not work. However,

this experiment is planned to be repeated in the future.

SCD6  a-tubulin

*

Coloc.

Vb5

PFR

5pum

Figure 23: Co-localization of TbPH1-V5 (green) in procyclic T. brucei with various markers on P2-fraction of
microtubule-sieving treated cells. SCD6: stress granules; a-tubulin: cytoskeleton; PFR: paraflagellar rod;

3.6 Biochemical Fractionations

In order to gain further insight into the localization of TbPH1, several
biochemical subcellular fractionations were done with the procyclic, C-

terminally V5-tagged TbPH1 cell line.
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3.6.1 NP40-fractionation
A treatment of cells with the NP40 detergent extracts the cell membrane and
thus, releases the cytosolic proteins from the cell. What is left in the pellet is the
cytoskeletal fraction. Thus, with this technique, one can distinguish between
cytosolic proteins in the supernatant (SN) and cytoskeletal proteins in the pellet.
As can be seen in Figure 24, TbPH1-V5 is predominantly present in the
supernatant, suggesting TbPH1 is a cytosolic protein. The faint band in the pellet
can be explained by a small amount of residual supernatant in the pellet-fraction.
The marker for the cytoskeleton, a-tubulin, is enriched in the pellet fraction,
although there is a small amount in the supernatant, too. This result is maybe
due to soluble a-tubulin-monomers that show up in the cytosolic fraction [113].
To test the previously observed partial co-localization of TbPH1 with
acidocalcisomes in IFAs, the western membrane was then also probed with the
a-TbVP1 antibody, a marker of the organelle. It was found that the marker for

acidocalcisomes goes to the cytosolic fractions as well.

Input SN Pellet 1° AB:
V5
Gl T (TbPH1)
a -tubulin
“ BRp— (cytoskeleton)

- — TbVP1

. . (acidocalcisome)
caadACR.. S D o ik e

Figure 24: Western blot of NP40-fractionation with procyclic, C-terminally tagged TbPH1-V5.

Afterwards, cells were treated with NP40 and prepared for IFAs, with primary
antibodies against V5 (green, TbPH1) and TbVP1 (red, acidocalcisome). The
observed populations ranged from cells containing a bit of signal for TbPH1-V5
to being completely depleted of the signal (Figure 25). The differences could be

due to completely and only partially NP40-extracted cells.

Page 35 of 63



DIC DAPI TbhVP1 TbPH1 Merge

Figure 25: IFA of NP40-extracted procyclic T. brucei, with TbPH1-V5. TbVP1: marker for acidocalcisome (red) TbPH1-
V5 (green).

3.6.2 Digitonin-fractionation
As being both in the supernatant-fraction of the NP40-fractionation does not
clarify if TbPH1 is indeed co-localizing with acidocalcisomes, a selective
permeabilization with digitonin was performed. Procyclic TbPH1-V5 cells were
incubated with increasing concentrations of digitonin. These fractions were
subsequently probed for the presence of enolase (as marker for the cytosol),

mtHSP70 (mitochondrial matrix) and TbVP1 (acidocalcisomes) (Figure 26).
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Figure 26: Western blot of Digitonin-fractionation. Procyclic TbPH1-V5. Used markers for co-localization indicated.
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TbPH1 gets released from the cell at a concentration in between 0.1 and 0.2 mM
digitonin. Enolase on the other hand, is in the supernatant from the very beginning,
as expected for a cytosolic protein. This result means that TbPH1 is most likely not
cytosolic and seems to be either in or perhaps even associated with some
intracellular compartment. TbPH1 is definitely not in the mitochondrial matrix as
proteins situated there are released by a higher concentration of digitonin. The
acidocalcisome protein TbVP1 appears to have quite similar pattern to the TbPH1 at
first. However, there are slight differences, such as the presence of a faint band in
the 0.1 mM fraction in the case of TbVP1 that is not observed for TbPH1. That means
that the protein TbPH1 is most likely not situated in acidocalcisomes either. With
this experiment, some localizations of TbPH1 were excluded. However, the exact

position of the protein could not be pinpointed.

3.6.3 Microtubule-sieving
The technique of microtubule-sieving was initially performed in order to further
investigate the localization of TbPH1. This technique had been formerly used by
the Susanne Kramer laboratory to purify stress granules [102]. These granules
were retained inside the cage if the microtubule corset and released when
microtubules were disintegrated at a high-salt concentration. Interestingly,
TbPH1-V5 was among the proteins retained after MTS-treatment, albeit not
enriched in stress granules [102]. MTS was performed using the TbPH1-V5 cell
line to verify this result. The protein was retained inside the cell in case of an
intact microtubule-corset (Figure 27, P1 and P2-fraction) and released when
microtubules were depolymerized with a high-salt concentration (Figure 27,
SN3-fraction). This result could either mean that TbPH1-V5 is either situated in
some kind of granule or organelle, which is in agreement with the digitonin-
fractionation results, or that it is very tightly associated with microtubules and
only disassociates when the microtubule themselves are disassembled. The
microtubule-sieving data is surprising when comparing it to the result of the
NP40-fractionation as the latter lead to the conclusion that TbPH1 is not

associated with microtubules.
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Figure 27: Western blot of preliminary MTS-fractionation. V5: TbPH1-V5; SCD6: Marker for stress granules.

For verifying that the method itself had worked, the western membrane was also
probed with a marker for stress granules (a-SCD6). This experiment was
performed on unstarved T. brucei, thus lacks SCD6-containing stress granules.
However, the pattern localization pattern of SDCD6 in this experiment (Figure 27
lower panel) matched that of the unstarved samples done by Fritz et al. study

[102; c.f Figure 3, A].
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As the MTS-method resulted in almost all TbPH1-V5 being retained SN3-fraction,
which had been subjected to several washing steps, the purity of the MTS-
fractions was tested to determine if this method would be suitable for co-
immunoprecipitation experiments to identify protein binding partners. To this
end, all fractions from the MTS-procedure were run on a 10% SDS-PAGE gel and
subsequently stained with coomassie stain to be able to estimate the grade of
purification achieved. As can be seen in Figure 28, a substantial amount of

protein is washed away in the SN1 and SN2-fractions and the left-over pellet
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Figure 28: Coomassie-stained 10% SDS-PAGE of MTS-fractions. WCL: Whole cell Lysate; NC: Negative Control: parental cell Line
SmoxP; SN: Supernatant, P: Pellet; W: Washing-step;

after disassembly of microtubules (fraction P3) contains a lot of protein, too.
When comparing the amount of protein in the TbPH1-V5 containing, final
fraction (SN3) with the whole cell lysate (WCL) it gets clear that indeed, this

method is suitable to pre-purify TbPH1-V5 for subsequent immunoprecipitation.

3.7 Co-Immunoprecipitation of a Kinesin with TbPH1
To identify interaction partners of TbPH1, it was immunoprecipitated via the V5-
tag in the procyclic TbPH1-V5 cell line. A pre-purification was achieved by the
MTS-method (see section 2.4.3).
The SN3-fraction of this procedure was then incubated with Dynabeads with

conjugated antibody against V5.
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3.7.1 Time-course for Optimization of Dynabead-incubation
In preliminary  co-immunoprecipitations with 0.2 mM  digitonin
permeabilization, it was observed that short incubation-times of cell lysate with
Dynabeads, most of TbPH1-V5 was found in the flow-through. However, too long
incubation times may be a source of background due to unspecific binding of
proteins to the Dynabeads. To keep the balance in between efficient protein pull-
down and minimizing the background of unspecific binding, a time-course for

Dynabead-incubation with cell lysate was performed (Figure 29).

Flow-through Elution Beads
=)
-
- =1 N —
Q a |l & < < S |l£ £ < Ll <
= £ m © o N |m © o Nlm © o

Figure 29: Immunoprecipitation time-course for optimization of duration of Dynabead-V5 antibody incubation with
MTS SN3 fraction. Indicated times correspond to incubation times, used antibody for western was anti-V5.

The time course revealed that the amount of TbPH1-V5 being pulled-down was
indeed dependent on the incubation time of cell lysate with V5 antibody
conjugated Dynabeads. Furthermore, it was observed that it was necessary to
incubate the cell lysate at least for 12 hours to pull-down a minimal amount of
TbPH1-V5. The incubation time was then decided to be prolonged to 24 hours as
this improved TbPH1-V5 pull-down efficiency, albeit still not binding all antigen
(Data not shown but an example of this prolonged incubation time of 24 hours

can be seen in Figure 30).

3.7.2 Pre-Purification and Co-IP to obtain MS-samples
After optimizing the pull-down conditions, the experiment was scaled-up and
performed once more in order to get samples for mass spectrometry-analysis of
interaction partners. The final pre-purification method was decided to be MTS-
sieving and not a digitonin-fractionation, as MTS-sieving gave a purer fraction of

TbPH1. In addition, the incubation-time of the SN3-fraction with V5-coated
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dynabeads was chosen to be 24 hours like in the preliminary time-course
experiment to maximise the amount of pulled-down protein. In figure 30, the
western blot for checking the result of the pre-purification can be seen. The
amount of TbPH1-V5 lost in purification steps (SN1, SN2, W1 and P3) was even

less than in the preliminary experiments.

Figure 30: Western blot of pre-purification for immunoprecipitation. SN: Supernatant; P: Pellet; W: Washing-step;

The SN3-fraction of the MTS-treated cells were then incubated for 24 hours with
V5 antibody conjugated Dynabeads. A western blot of the immunoprecipitation-
samples was then performed in order to make sure that the right protein had
been pulled-down (Figure 31). Out of curiosity, the western membrane was also
probed with an antibody against a-tubulin to see if TbPH1 is associating with
microtubules. Interestingly, not even a faint band of a-tubulin was observed in
the eluate of the co-immunoprecipitation. However, this does not mean that
TbPH1 is not associating with microtubules at all. There is still the possibility

that it is binding to either 3-tubulin or other isoforms of tubulin.

Input (SN3)
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Figure 31: Western blot of TbPH1-V5 immunoprecipitation fractions. WCL: Whole cell lysis; Elution with 50 mM
Glycine, pH 2,8; SN: Supernatant; NC: Negative Control (SmoxP parental cell line without V5-tagged TbPH1);x
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3.7.3 SYPRO® -Ruby gel of Co-Immunoprecipitation

The eluates of the IP where run on a gel and SYPRO®-Ruby-stained. In high-salt
conditions (300 mM NaCl), there were 2 major apparent bands observed that
were not present in the negative control, which was the parental cell line SmoxP
without V5-tagged TbPH1 (Figure 32). Surprisingly, the bands look bigger than
the ones in the final co-immunoprecipitation, which could be due to a effect of
the high salt-concentration (Figure 33). No band for endogenous TbPH1 was
seen, which means that either the bands were not resolved in the gel or that
TbPH1 is not interacting with itself. Both bands in the gel appear to be of equal
intensity, which might point to a stoichiometric relationship between the two
proteins.

To investigate whether more bona fide interaction partners are missed in high-
salt conditions, a low-salt condition (150 mM NaCl) co-immunoprecipitation was
performed and ultimately taken for the final co-immunoprecipitation destined

for mass spectrometry.
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Figure 32: SYPRO®-Ruby stained 10% SDS-PAGE gels of co-immunoprecipitation eluate. Preliminary high-salt eluate
experiment; additional bands as compared to negative control indicated with an asterisk (*) M: marker; E1: elution 1; NC:
negative control; Bold written kDa-sizes correspond to dark bands in the marker.

Running the eluates of the final co-immunoprecipitation on a gel, SYPRO®-Ruby
staining showed two bands that were not present in the negative control (Figure

33). The two bands in question - one above 100 kDa and one in between 98 and
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62 kDa - were then excised from the gel and sent for mass spectrometry
analysis. In order to confirm the outcome of the co-immunoprecipitation and
clarify the possibility of more interaction-partners, another co-

immunoprecipitation is planned to be done in the future.
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Figure 33: Right: Final low-salt eluate, run on precast-gradient gel and stained with SYPRO®-Ruby, used for excision of
bands for sending for mass spectrometry. M: Marker; E1: elution 1; NC: Negative control (parental cell line SmoxP
without V5-tagged TbPH1)

3.8 Mass Spectrometry Data

Mass spectrometry analysis revealed the identity of the two excised bands of the
eluate from the co-immunoprecipitation. The upper 110 kDa band was the bait
TbPH1, which was expected. The lower 75 kDa band was Tb927.9.15470, which
is annotated as a putative kinesin 11 (KIF11) in the TriTrypDB online database
of the T. brucei genome [104]. No other proteins were identified in this sample.
The band from around 110 kDa contained mainly TbPH1 (37 peptides) and to a
minor extent TbKIF11 (9 peptides, see Figure 34) and the excised band from the
size around 75 kDa contained mainly KIF11 (41 peptides) and to a smaller extent
TbPH1 (5 peptides)

To confirm this result, another Co-IP of TbPH1-V5 is planned as well as an IP of

tagged TbKIF11.
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Sequence of TbKIF11 with peptide sequences found via MS in 110 kDa band

MADMKKVTVAVRVRPILRDGISQAHVQEKFELEAIRRTGDTTLKVELERPGEPTRGSA
FTFDHIFDQESTQLDVYDEAVADLVDMSLTGANSTILAYGQTGSGKTFTVLGDVKPNP
LEDDLLTKDSGMFLRVLSDLMEYKRRQLARGFHVVVGLSCVEIYNENIRDLFGGTPNS
PPPSIKAVMIGEEVLLPSLIIKEMTSLQAVFSEIQLAISRRKSRSTEANAVSSRSHCLFLID
ILQQSTTAPAPSLTAILQTKKGTKDVEAKRISTLSGISNKNGAPIELKPGELPFDGMVYR
LQGQKEPIYGSKILLADLAGSEKISRSGVTGEGLAEATAINSSLTALGNVVHSLHEGGYV
SYRTSNLTRLLKPTFSHPNSRVLLLSQVSPTQMTFDETISTLHFANKVKAMKVTTSTG
MEADKIQFEYVEAGRTYDGLLADLRLFAVEQQTKVGVIRRRCRQNDGLFYAPLPSGRA
GTRERRQAFIESIGANKAATEEREAGKVAREREAAAWEEELRRKRKDGAESAAATHA
QLLREAKEGLAAEEKAVKHQAMQEVQHAQAAGAAKLQAEEEASRALLLGRFAQVMS
DFCRARLQEAARVEEEISRELNSTRMASSSGGNGSGAASEVPVEDLEYAVSCWGHSIA

KKFYTNCAELRELQLQMCMIGRSCLTMERWKAEHVGTA
Figure 34: Peptides found in the ~110 kDa-band of Co-IP TbPH1-sample of MS-data highlighted in yellow.

3.9 TbKIF11

3.9.1 Localization of TbKIF11

In 2016, Dean et al. started a project to localise every trypanosome protein in the
genome [118]. The approach works by tagging the proteins C- and N-terminally
with the fluorescent tag mNeonGreen and a subsequent visualization by
microscopy. The pictures and determined localizations are then uploaded to the
online-database www.tryptag.org, where the obtained pictures can be
downloaded [118].

Localization of N-terminal mNeonGreen-tagged TbKIF11 (Tb927.9.15470) on

tryptag.org [118], the protein seems to be spread unevenly throughout the
cytosol (Figure 35, left). When comparing the localization of TbPH1 and
TbKIF11, the patterns of the two proteins does not appear to be the same at first
(Figure 35, cf. left and right). To investigate this further, tagging of TbKIF11 is

planned in order to do co-localization studies with TbPH1.
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Figure 35: Left: Localization of N-terminally mNeonGreen-tagged TbKIF11, adapted from tryptag.org [118]; Right:
Localization of TbPH1;

3.9.2 Motifs contained in putative TbKIF11
In order to find out about contained motifs in the putative TbKIF11, the
sequence of putative TbKIF11 was submitted to the SMART (Simple Modular
Architecture Research Tool) database [120, 121]. The database found one
domain, called KISc (AA 4 - AA 415), which is a kinesin motor, catalytic domain
and ATPase. It is predicted with high confidence to be a microtubule-dependent
molecular motor, perhaps playing a role in intracellular transport of organelles
and in cell division. A potential role of TbPH1 in regulating the function of
TbKIF11 could imply a role in mitosis and explain the impact of TbPH1-silencing

on the cell cycle.
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4..CONCLUSIONS

The structural features of TbPH1 suggest that the protein can bind to
microtubules. The coiled-coil region points at an interaction with itself or a
different protein [59, 60]. The pleckstrin homology domain may allow TbPH1 to
be involved in signalling [38], cytoskeletal organization [39], membrane
trafficking [40] or phospholipid processing. The palmitylation hints at an
interaction of the protein with lipids, possibly even at anchoring membrane-
bound organelles to microtubules. The multiple alignment of the Walker A-
domain then revealed that the kinesin domain is most likely not working as a
motor, although this finding still has to be tested in vivo as even deviant Walker
A-domains can potentially fulfill catalytical function [117]. Asrevealed by the
growth curves of the knock-down of TbPH1, the protein is essential in long
slender bloodstream form and procyclic T. brucei, albeit to a lesser degree, which
might be due to a difference in RNAI efficiency. In both, bloodstream and
procyclic stage, there appears to be an involvement of TbPH1 in the cell cycle,
leading to an accumulation of 1N2K cells in the first twelve hours of RNAI-
induction in the case of bloodstream form T. brucei. FACS-measurements confirm
arole of TbPH1 in cell cycle progression and hint at an error in the time window
after kDNA replication but before mitosis. Nuclear mitosis seems to be delayed
but not inhibited. This finding would further need to be supported by DAPI-
countings. TbPH1 is localized throughout the cytosol, accumulating in a spot-like
pattern in both procyclic and long slender bloodstream form T. brucei. When
extracting the cytoskeleton, it was revealed that the protein is especially present
in between the nucleus and the kinetoplast (see Figure 19) as well as along what
may be FAZ. Co-localizations of TbPH1-V5 with diverse organellar markers did
not show any complete overlap of signals, although some partial co-localization
was seen with acidocalcisomes, and to a lesser degree with mitochondria,
endoplasmic reticulum and FAZ. Further investigation of localization by means
of biochemical fractionations showed that the protein is not freely dispersed
throughout the cytosol but is in either some compartment or could be tightly

associated with another structure such as microtubules. The NP40-fractionation
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result supports the findings of the digitonin-fractionation as it also points at a
localization of TbPH1 in either some kind of granule or organelle or that it is very
tightly associated with microtubules. The immunoprecipitation and mass
spectrometry data then revealed that TbPH1 interacts with at least one other

protein - TbKIF11.
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5.0UTLOOK

There is a lot still to be investigated about the protein TbPH1. Besides the
already mentioned verifications and experiments to be repeated, there is a great
variety of experiments that are interesting to conduct:

Differential staining of nucleus and kinetoplast [119] with a combination of
either FACS-measurements or taking fluorescence-microscopy pictures for
automated image analysis of the micrographs is a possibility to get a more
precise measurement of the impact of the TbPH1-RNAi on the cell cycle. The
FACS-measurement would provide a better distinction in between 1N1K and
IN2K cells and the automated image analysis of micrographs would provide a
better statistical strength as more cells could be counted in comparison with
simple DAPI-counts, which have to be done manually.

To see whether silencing TbPH1 affects organelle inheritance,
immunofluorescence assays with organellar markers could be conducted on
RNAi-induced cells. Immunogold-labeling and transmission electron microscopy
would give further hints of where the protein is located exactly in the cell.
Mutational studies of the in trypanosomatids conserved methyl-arginine and the
phospho-serine site for instance would give an idea about the necessity of those
post-translational modifications.

To see if the homeodomain-like motif of TbPH1 is binding nucleic acids, cross-
linking with UV-light and subsequent immunoprecipitation with radiolabeling of
co-immunprecipitated RNA or DNA can be done.

In addition to all the experiments for TbPH1, the role of its interaction partner,
TbKIF11 will be further investigated as well: tagging of TbKIF11 in the TbPH1-
V5 cell line and immunofluorescence assays will show if the two proteins are
truly co-localizing. Immunoprecipitation of TbKIF11 can confirm the observed
interaction of the two proteins. Knocking down TbKIF11 and subsequently doing
the same cell cycle studies as with TbPH1 will reveal if it exhibits the same
defects in the cell cycle. If this is the case, then TbPH1 is more likely to be a
regulating factor of TbKIF11.
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7. APPENDIX

Overview:

A study from Moullan et al. [11] demonstrated that tetracycline has an
unintended effect on mitochondrial translation in animals and plants. As
tetracyclines are widely used in agriculture and biomedical research, the study
was raising concerns about the usability of the antibiotic in the research of those
eukaryotic model systems. In this PLOS Pathogen Pearl, we were able to show
that T. brucei is not affected in this way by tetracyclines due to its highly

divergent mitochondrial ribosome.
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Overview

A recent study vividly demonstrates the unintended impact of the antibiotic tetracycline (Tet)
on animal and plant mitochondrial translation, which corresponds to the o-proteobacterial
origin of the organelle. This effect was ultimately manifested by an impact on the cellular, and
even organismal, levels in the studied eukaryotes. Thus, widespread use of Tet in agriculture
and biomedical research is now under scrutiny. Interestingly, Tet does not affect this process in
trypanosomatids. The highly divergent nature of trypanosomatid mitochondrial ribosomes
may explain why these flagellates are insensitive to Tet.

How Does Tetracycline Affect Mitochondria?

A study recently published by Moullan and coauthors [1] pronounced that even low doses in
the pg/ml range of tetracycline (Tet) have an adverse effect on mitochondrial function in sev-
eral model eukaryotes, ranging from metazoa to plants to in vitro human cultures. This paper
brought into the limelight the danger of profuse usage of this class of antibiotics not only pro-
phylactically, e.g., to maintain and promote growth in livestock, but also in biomedical
research. The emergence of elegant platforms for Tet-controlled transcription by Tet-On and
Tet-Off systems for inducing and suppressing gene expression, respectively, in a variety of
eukaryotic models underlies the widespread use of this antibiotic in experimental biology.
Importantly, as illustrated by these authors, even low, single-digit ug/ml concentrations of

Tet also induced what has been termed “mitonuclear protein imbalance,” in which the propor-
tion of nucleus-encoded proteins imported into the organelle versus those arising from mito-
chondrial genes increases [1]. This subtle but perceptible phenotype, long overlooked,
consequently impairs mitochondrial functions, such as respiration, and also induces significant
detrimental changes at the organismal level, such as diminished growth and delayed develop-
ment. Interestingly, a beneficial impact was observed in Caenorhabditis elegans, in which treat-
ment with the Tet-class antibiotic doxycycline (Dox) mitigated the age-related decline in
motility. Thus, the authors concluded that the vast amount of data produced using Tet-con-
trolled gene expression may be confounded by the unintended disruption of the given model’s
mitochondria. They also cautioned against the future use of Tet-On and Tet-Off systems [1].

How Does Tetracycline Inhibit Mitochondrial Translation?

The mitonuclear protein imbalance caused by the antibiotic in question arises from its long-ago
established inhibition of mitochondrial translation [2], which coheres to the o-proteobacterial
origin of the organelle. More specifically, Tet prevents the accommodation of aminoacylated
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(aa-) tRNA into its entry point to the mitochondrial ribosome, the A-site [3,4]. Two solved
structures of the bacterium Thermus thermophilis 30S ribosomal small subunit (SSU) bound by
Tet share two sites where the antibiotic attaches to facilitate its inhibitory action [5,6]. In the
first location adjacent to the A-site, the compound intercalates into a pocket formed by the dou-
ble-stranded (ds) helices H31 and H34 of 168S ribosomal (r) RNA, the polyribonucleotide com-
ponent of the SSU, and binds to the sugar-phosphate backbone of H34. Within this position,
Tet sterically hinders aa-tRNA attachment into the A-site of the ribosome, thus inhibiting trans-
lation [3,5,6]. A second Tet-binding position identified in both structures involves another ds
16S rRNA helix designated H27, a switch region that plays a role in selection of the proper aa-
tRNA at the A-site [7]. Although this would not directly hinder aa-tRNA accommodation into
the ribosome, it may still contribute to the disruption of this translational step [3]. These sec-
ondary structural motifs of the bacterial SSU 16S rRNA that interact with Tet are conserved in
the homologous SSU rRNA of plant and animal mitochondrial ribosomes (Fig 1) [8,9]. Thus,
the inhibitory effect of Tet on mitochondrial translation leading to the consequences described
by Moullan and coauthors [1] could rely on a very similar mechanism as described for bacterial
ribosomes [3,5,6].

How Does Tetracycline Affect Trypanosomes?

What does all this mean for the large community of molecular parasitologists studying Trypa-
nosoma brucei? The development of Tet-controlled transcription for functional analysis of
nuclear genes, mostly via straightforward application of RNA interference and the expression
of exogenous genes, represented a major breakthrough for the field [10]. This platform has
been so successful in T. brucei that it has also been implemented to study various Leishmania
species [11]. However, are all these data, acquired over two decades, confounded by the
recently reported Tet-triggered mitonuclear protein imbalance plaguing typical model systems
of biomedical research [1]? Should the future application of this useful platform be reconsid-
ered? Reassuringly, the answer to both questions is no. As seen in Fig 2, Dox exhibits a very
high ECs, value of about 620 pg/ml in cultured procyclic T. brucei, the life cycle stage residing
in the tsetse fly midgut that bears an actively respiring mitochondrion [12]. Indeed, up to

50 pug/ml of Dox does not negatively impact parasite fitness. This observation recapitulates
tacit knowledge in the field that Tet treatment at the standard induction dose of 1 ug/ml, con-
siderably lower than the aforementioned concentration, does not hamper T. brucei cell divi-
sion. In contrast, when mitochondrial gene expression is down-regulated, ultimately
decreasing the levels of the organellar gene products that are generated by mitochondrial ribo-
somes, an obvious growth-inhibition phenotype is observed (e.g., [13] and [14]).

Is Trypanosome Mitochondrial Translation Affected by
Tetracycline?

The seeming insensitivity of trypanosomatids to Tet treatment occurs because mitochondrial
translation is not susceptible to the antibiotic. Studies done on procyclic T. brucei and the
related species Leishmania tarentolae have demonstrated that their mitochondrial translation
is not affected even when they are grown in the presence of 100 pug/ml Tet [13,15], a concentra-
tion greatly exceeding those used by Moullan and coauthors [1], but half that of the maximal
concentration not affecting procyclic T. brucei fitness (Fig 2).

Could one of the mechanisms of bacterial Tet resistance, Tet efflux, Tet degradation, rRNA
mutations, or the participation of ribosomal protection proteins (RPPs) [3,4] underlie the Tet
resistance of trypanosomatid mitochondrial translation? Most RPPs are homologous to pro-
karyotic elongation factors EF-Tu and EF-G, a structural feature that allows these proteins to
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Fig 1. The ribosomal small subunit rRNA loops containing H31 and H34, as well as H27, double-
stranded helices from bacteria (black) plus the mitochondria of mammals (green), plants (blue) and
trypanosomes (red). Grey shading highlights the location of H31 and H34 in the SSU rRNAs bearing these
motifs, as well as their absence in the same region of the trypanosomatid SSU rRNA. Helix H30, which is
conserved throughout all the depicted rRNAs, is also indicated as a reference point. Adapted from [8] and [9].

doi:10.1371/journal.ppat.1005492.9001

access and dislodge Tet from the ribosome A-site [3,4]. However, only genes encoding mito-
chondrial EF-Tu, EF-G1, and EF-G2 have been identified in trypanosomatid genomes [14],
implying the lack of RPPs to perform the same function on trypanosomatid mitochondrial
ribosomes. With the current state of knowledge, it is still not possible to rule out Tet efflux of
the mitochondrion or Tet degradation within the organelle with confidence. However, avail-
able data allow exploring the last possibility that key differences in the SSU rRNA sequence
may underlie the Tet insensitivity of trypanosomatid mitochondrial translation.
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Fig 2. Effect of 24 hour doxycycline exposure on the viability of procyclic stage T. brucei. Data points
represent the mean cell viability + standard error of the mean (SEM) (n = 4), as measured by the Alamar Blue
fluorescent dye assay. X-axis, pg/ml doxycycline (log scale); y-axis Alamar Blue fluorescence intensity in
arbitrary units; doxycycline ECsq value calculated from curve given on lower left. Red arrows indicate points
corresponding to 1 and 100 pg/ml concentrations on the x-axis. The assay was performed as previously
described [19].

doi:10.1371/journal.ppat.1005492.9002
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Are Unique Features of Trypanosome Mitochondrial Ribosomes
Responsible for the Insensitivity of Mitochondrial Translation to
Tetracycline?

The mitochondrial ribosomes of both T. brucei and L. tarentolae are quite different from their
counterparts in animals, plants, and bacteria. The 9S SSU and 128 large subunit (LSU) rRNAs
are considerably reduced as compared to the rRNAs of aforementioned organisms, represent-
ing the smallest known orthologs of these molecules [9,16]. To compensate for this deficiency
in the rRNA component of the ribosome, trypanosomatids have experienced an expansion in
the number of mitochondrial ribosomal proteins, most of which are unique to these kinetoplas-
tid flagellates. The solved structure of the L. tarentolae mitochondrial ribosome [9] further
refines this information in terms of the lack of Tet-sensitivity of the ribosome. Here, we see
that the loop of the 9S rRNA, which encompasses the important Tet-binding H31 and H34
helices present in other SSU rRNAs, is significantly truncated (Fig 1). This loop, which also
contains rRNA elements normally needed for aa-tRNA accommodation into the A-site, is
replaced in mitochondrial ribosomes by trypanosomatid-specific proteins [9]. In this milieu,
the Tet-binding site is ablated by the lack of the H31 and H34 helices, the latter of which
ordinarily provides the sugar-phosphate backbone for attachment of the antibiotic [3,5,6]. Fur-
thermore, the H27 helix that represents another Tet-binding site is considerably reduced in try-
panosomatid 9S rRNA.

The observation that the contact points for Tet-binding are lacking in the trypanosomatid
mitochondrial SSU is not proof that these structural features are completely responsible for
organellar translation’s insensitivity to treatment with this antibiotic. However, their conspicu-
ous absence represents the most parsimonious hypothesis for this phenomenon considering
the current state of knowledge. If this hypothesis is true, trypanosomatid mitochondrial ribo-
somes may be informative in comparative studies further investigating the mechanism of Tet
inhibition of translation in other bacterial and organellar systems. Certainly, the insensitivity of
trypanosomatid mitochondrial translation to Tet represents yet another exquisite example of
the extreme evolutionary divergence of this group of protists, considering this trait is found in
the bacterial domain of life, which gave rise to mitochondria, and remains conserved in the
widely separated plant and mammalian eukaryotic clades. This phenomenon also belongs to a
long line of discoveries made in trypanosomatids that have contributed to our understanding
of biological processes vital to eukaryotes as a whole, epitomized by renowned examples,
including the linkage of glycoproteins to the plasma membrane via glycosylphosphatidylinosi-
tol anchors [17] and the shaping of transcriptomes by RNA editing [18]. It is also reassuring to
know that as we unravel more about the fascinating biology of trypanosomatids, our genetic
tools are precise.
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