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1. Zusammenfassung / Summary

1.1 Zusammenfassung

Trypanosoma brucei ist ein digenetischer, eukaryotischer Parasit, der zwischen S&ugetier und
Tsetsefliege alterniert, in welchen er unterschiedliche Gewebe besiedelt. Er ist die Ursache fiir
die Schlafkrankheit in Afrika sudlich der Sahara. Der Lebenszyklus der Trypanosomen
besteht aus mehr als neun Parasitenstadien, die eindeutig anhand ihrer Morphologie, ihres
Metabolismus und der Positionierung ihrer DNA Organellen unterschieden werden kdnnen.
Trypanosomen bleiben ausschlieflich extrazellular und kommen im Laufe ihres
Infektionszyklus mit sich verandernden Umwelteinflissen in Beruhrung, z.B.
Temperaturschwankungen, Variation in vorhandenen Energiequellen, erh6hte Viskositat usw.
In Ubereinstimmung mit der anerkannten sensorischen Funktion die Cilien in Vielzellern
ausuben, wurde fir diese Rolle das strukturverwandte Flagellum in Trypanosomen
vorgeschlagen. Die Erkennung wechselnder Umweltparameter ist der vermutliche Ausloser
fiir Differenzierungsprozesse, die ein Entwicklungsstadium hervorbringen, welches am besten
an die neue Umgebung angepasst ist. Dies wird durch eine Modifizierung der Genexpression
erreicht, die in Trypanosomen fast ausschlieRlich auf posttranskriptioneller Ebene erfolgt.

Diese Arbeit zeigt, dass die RNA bindenden Proteine ALBA3 und ALBA4 an der
Differenzierung  von  Trypanosomen in  der  Tsetsefliege  beteiligt  sind.
Immunfluoreszenzanalyse und Lebendvideomikroskopie von Zellen, die eine an YFP
gekoppelte Variante der Proteine enthalten, haben gezeigt, dass sich ALBA3/4 im Zytosol
befinden und dass sie in jedem Parasitenstadium exprimiert sind, mit Ausnahme derer, die im
Proventrikel der Tsetsefliege zu finden sind. Das Herunterregulieren der Proteine in
vorangehenden Stadien, fuhrt zu markanten Veranderungen, die mit denjenigen, die in
Parasiten im Proventrikel zu finden sind, vergleichbar sind: z. B. Verlangerung der Zelle,
Zellzyklusarrest und Lokalisierung des Zellkerns in eine posteriore Position. Im Gegenteil
dazu findet die Umpositionierung des Zellkerns nicht statt, wenn ALBA3 wahrend der
Entwicklung des Parasiten in der Tsetsefliege Uberexprimiert wird. Ein vergleichbarer Effekt
wird mit ALBA4 Uberexpression nicht erreicht, welches die Entwicklung nicht negativ zu
beeinflussen scheint. Wenn Trypanosomen Hungerstress ausgesetzt sind, reichern sich beide
ALBA Proteine zusammen mit DHH1, einem anerkannten RNA bindenden Protein, in
zytoplasmatischen Aggregaten an, die nur teilweise mit denjenigen kolokalisieren, die durch
polyA"™ RNA in diesen Bedingungen verursacht werden. Diese Arbeit zeigt, dass ALBA

Proteine eine wichtige Rolle in der Entwicklung von Trypanosomen spielen und legt nahe,



1. Zusammenfassung / Summary

dass sie an der entwicklungsbedingten Kontrolle eines Teils der mRNA Expression beteiligt
sind.

Der zweite Teil dieser Arbeit handelt von der Identifizierung neuer flagellarer Proteine, die
eine sensorische Funktion haben konnten. Hierfr wurden mehrere Proteinkandidaten aus
einer durchgefuhrten Proteomanalyse intakter Flagellen gewéhlt. Die vorliegende Arbeit
bestétigt die flagellare Lokalisierung der Proteine mit grolRem Erfolg (85% der untersuchten
Proteine) und zeigt, dass sie unterschiedliche Verteilungsmuster vorweisen. Zwei der Proteine
werden wéhrend der Infektion des Parasiten in der Tsetsefliege untersucht, was aufdeckt, dass
eines davon in den Stadien im Proventrikel herunterreguliert ist. Die Funktionsstudie eines
neu identifizierten flagellaren Membranproteins weist seine schnelle Dynamik im Flagellum
auf, fuhrt jedoch zu keinem sichtbaren Phénotyp in Laborbedingungen. Diese Beobachtung
passt zu der Annahme, dass Proteine mit sensorischer Funktion in stabilen Laborverhaltnissen
nicht essentiell sind aber eine wichtige Rolle wéhrend der Entwicklung des Parasiten in
naturlichen Bedingungen spielen.

Zusammenfassend fugt diese Arbeit Teile zum Puzzle der Identifizierung molekularer
Schalter, die in Trypanosomenstadien in der Tsetsefliege an der mRNA Kontrolle und der

Erkennung der Umwelt beteiligt sind.

1.2 Summary

Trypanosoma brucei is a digenetic eukaryotic parasite that develops in different tissues of a
mammalian host and a tsetse fly. It is responsible for sleeping sickness in sub-saharan Africa.
The parasite cycle involves more than nine developmental stages that can be clearly
distinguished by their general morphology, their metabolism and the relative positioning of
their DNA-containing organelles. During their development, trypanosomes remain
exclusively extracellular and encounter changing environments with different physico-
chemical properties (nutritional availability, viscosity, temperature, etc.). It has been proposed
that trypanosomes use their flagellum as a sensing organelle, in agreement with the
established role of structurally-related cilia in metazoa and ciliates. Recognition of
environmental triggers is presumed to be at the initiation of differentiation events, leading to
the parasite stage that is the best suited to the new environment. These changes are achieved
by the modification of gene expression programmes, mostly underlying post-transcriptional

control of mMRNA transcripts.
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We first demonstrate that the RNA-binding proteins ALBA3/4 are involved in specific
differentiation processes during the parasite development in the fly. They are cytosolic and
expressed throughout the parasite cycle with the exception of the stages found in the tsetse fly
proventriculus, as shown by both immunofluorescence and live cell analysis upon endogenous
tagging with YFP. Knock-down of both proteins in the developmental stage preceding these
forms leads to striking modifications: cell elongation, cell cycle arrest and relocalization of
the nucleus in a posterior position, all typical of processes acting in parasites found in the
proventriculus region. When ALBAS3 is over-expressed from an exogenous copy during
infection, it interferes with the relocalization of the nucleus in proventricular parasites. This is
not observed for ALBA4 over-expression that does not visibly impede differentiation. Both
ALBA3/4 proteins react to starvation conditions by accumulating in cytoplasmic stress
granules together with DHH1, a recognized RNA-binding protein. ALBA3/4 proteins also
partially colocalize with granules formed by polyA™ RNA in these conditions. We propose
that ALBA are involved in trypanosome differentiation processes where they control a subset
of developmentally regulated transcripts. These processes involving ALBA3/4 are likely to
result from the specific activation of sensing pathways.

In the second part of the thesis, we identify novel flagellar proteins that could act in sensing
mechanisms. Several protein candidates were selected from a proteomic analysis of intact
flagella performed in the host laboratory. This work validates their flagellar localization with
high success (85% of the proteins examined) and defines multiple different patterns of protein
distribution in the flagellum. Two proteins are analyzed during development, one of them
showing down-regulation in proventricular stages. The functional analysis of one novel
flagellar membrane protein reveals its rapid dynamics within the flagellum but does not yield
a visible phenotype in culture. This is coherent with sensory function that might not be needed
in stable culture conditions, but could be required in natural conditions during development.

In conclusion, this work adds new pieces to the puzzle of identifying molecular switches
involved in developmental mRNA control and environmental sensing in trypanosome stages

in the tsetse fly.
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2. Introduction

2.1 The Trypanosoma brucei parasite

The “tsetse fly disease” was first described by David Livingstone in 1857 during his
exploratory travels in South-eastern Africa (Livingstone, 1857). It was David Bruce who
made the link between the tsetse fly and the parasitic agent in the blood of animals (Bruce,
1895) later called Trypanosoma brucei (Plimmer and Bradford, 1899). In the beginning of the
20™ century, trypanosome parasites were identified in human blood and cerebrospinal fluid of
patients suffering from sleeping sickness and the pathogen could be linked to this disease. The
cyclical transmission of trypanosomes from fly to mammal and back was described later by
Friedrich Kleine (Kleine, 1909).

Today, Human African Trypanosomiasis (HAT) or sleeping sickness is considered as a
neglected tropical disease with more than 60 million people at risk in Central and Sub-
Saharan Africa. It has re-emerged in the late eighties, but due to stronger control and
surveillance efforts, the annual number of newly reported cases fell under 10,000 for the first
time in 50 years (WHO, 2010). However, this number is considered to be underestimated
(Brun et al., 2009) as infection events occur mostly in remote rural areas that do not benefit
from the WHO surveillance and where infection rates can reach up to 14% of the population
(Chappuis et al., 2010). If left untreated, the disease is fatal. Five drugs are currently used to
treat HAT in various combinations: pentamidine, suramin, melarsoprol, eflornithine and
nifurtimox, but all show a certain level of side-effects and toxicity (melarsoprol contains
derivatives of arsenic) (Schlitzer, 2009). Although these drugs were developed in the
beginning of the last century and although evidence of resistances has accumulated, new
drugs are still out of reach (Barrett, 2010).

African trypanosomes are transmitted by the bite of a tsetse fly of both genders that are
exclusively blood-feeding. Several trypanosome species and subspecies can cause fatal
disease in various animal species, for instance T. brucei brucei, T. congolense and T. vivax
that are all able to infect livestock as well as dogs, horses and camels. Therefore,
trypanosomes have a severe impact directly on public health by causing disease, but also lead
to high socio-economic losses that influence the well-being of the African populations.

When a human gets infected with trypanosomes after the bite of an infected tsetse fly, the
parasites develop in the blood, lymph and tissues and provoke non-specific symptoms such as
headache, fever, joint pain and weakness. The second phase of the disease is initiated when
the parasites cross the blood-brain barrier and develop in the brain and central nervous

system. This leads to muscular failure, uncontrolled sleep-wake phases, coma and finally
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death. Two trypanosome subspecies can survive in the human blood: T. brucei rhodesiense
and T. brucei gambiense. They cause different forms of infections, the first one leads to an
acute disease, lasting from a few weeks to several months, while the second one provokes a
chronic disease that can persist several years without major symptoms (Brun et al., 2009).
Both subspecies are resistant against the human trypanolytic factor, a combination of
apolipoproteinl and haptoglobin-related protein that is able to destroy all other trypanosome
subspecies (Pays et al., 2006; Thomson et al., 2009).

T. brucei is exclusively extracellular and hence has to cope with the immune defence system
in the mammalian host. Their survival is ensured by a sophisticated system of antigenic
variation (Cross, 1977). The parasite surface is densely covered by a coat made of 5x10°
copies of the same variant surface glycoprotein (VSG) that are linked to the cell membrane by
a GPI-anchor (Field et al., 2009). At a given time, a population exposes only one type of VSG
on the cell surface and proliferates until the host mounts a typical antibody response that
clears these parasites. However, a small proportion of cells can switch to a distinct VSG, a
phenomenon that occurs with a rate of 10 to 10~ (Lythgoe et al., 2007). These parasites are
not recognized by existing antibodies and proliferate until the host has produced a new
response. This vicious circle can continue for a long time, as the parasite genome contains
more than 1000 different genes encoding VSG (Berriman et al., 2005). Moreover, these genes
are able to recombine between each other to generate an almost unlimited repertoire.

African trypanosomes are members of the kinetoplastid family that is characterized by the
presence of concatenated DNA in the single mitochondrion, a structure called the kinetoplast
(Fig 2.1). This family also includes other protozoa such as Trypanosoma cruzi, the infective
agent responsible for American trypanosomiasis or Chagas disease (Rassi et al., 2010), and
numerous Leishmania species responsible for visceral and cutaneous leishmaniases (Murray
et al., 2005).

Trypanosomes are eukaryotic organisms and possess several typical organelles such as a
nucleus surrounded by a nuclear membrane, a Golgi apparatus, an endoplasmic reticulum
network, an exo- and endocytosis machinery consisting of endosomes and lysosomes, a single
mitochondrion and a flagellum (Fig 2.1). They swim with the flagellum leading, defining the
narrow anterior and the larger posterior ends (Fig 2.1). The shape of the cell is defined by a
cytoskeleton made of a corset of regularly spaced sub-pellicular microtubules with the plus-
ends at the posterior pole of the cell. This network is enveloped by the plasma membrane and
is only interrupted where the flagellum exits the cell body. There, a specialized part of the

plasma membrane defines the flagellar pocket, the only site where endo- and exocytosis can
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take place (Field and Carrington, 2009). The kinetoplast is physically linked to the basal body
of the flagellum that controls its segregation during the cell cycle (Robinson and Gull, 1991).
A kinetoplast that is positioned posterior to the nucleus as in Fig 2.1 defines the cell as
trypomastigote, while a kinetoplast in an anterior position is found in epimastigote stages. In
both cases, the flagellum is attached to the cell body along its whole length with the exception
of its distal tip. This adhesion is ensured by the flagellum attachment zone (FAZ) that follows
the flagellum on the cell body side and consists of a filament and a set of four specialized

microtubules (Kohl et al., 1999).

Figure 2.1: The trypanosome
flagellar pocket golgi nucleus ER corset  flagellum cell. Adapted and modified from

(Overath and Engstler, 2004).

Schematic model with the

o' N location of the major organelles
’0¢ E_ ] and the anterior and posterior
iy T
— - pole. The corset of microtubules,
| the flagellum and the surface
kinetoplast endosomes lysosome mitochondrion surface coat coat are also represente d. The
posterior 20 pm anterior  swimming direction is indicated
by an arrow.

Two trypanosome stages can be grown in culture: those originating from the mammalian
blood (bloodstream form) and those issued from the midgut of the tsetse fly (procyclic form).
They can reach high densities (5x10>-5x10") and exhibit short doubling times (6 h for
bloodstream and 8 h for procyclic forms). These two forms divide by binary fission (movie 1)
after duplication of all organelles in a highly defined timeline. The first duplicating organelle
is the basal body that leads to the formation of a new flagellum that is found in a more
posterior position compared to the old one (Sherwin and Gull, 1989a) (Fig 2.2). Then,
kinetoplast DNA replication begins shortly before nuclear S-phase (Woodward and Gull,
1990). It is completed faster and hence, kinetoplast segregation is visible well before nuclear
mitosis. This results in a cell with 2 kinetoplasts and one nucleus (2K 1N) (Fig 2.2, indicated
by G2). Elongation of the microtubule corset takes place at the posterior part of the cell
(Sherwin and Gull, 1989b) and leads to an increase in cell volume by more than 20%
(Rotureau et al., 2011a). The tip of the new flagellum remains attached to the old one by the
flagellar connector (Moreira-Leite et al., 2001). This particular configuration, coupled to the
flagellum elongation leads to the re-localization of the new kinetoplast/basal-body complex in

an increasingly posterior position as the whole cell elongates (Absalon et al., 2007). This
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elongation is accompanied by the formation of a new FAZ that ensures adhesion of the new
flagellum (Fig 2.2). Mitosis occurs without breakdown of the nuclear membrane, leading to a
cell with two kinetoplasts and two nuclei 2K2N (Fig 2.2). When the new flagellum has
reached a certain length, the anterior end of the new FAZ defines the position of the cleavage
furrow (Kohl et al., 2003). Cleavage proceeds from the anterior to the posterior, in such a way
that each daughter cell inherits one set of every individual organelle. During cytokinesis, the
tip of the new flagellum detaches from the old one (Briggs et al., 2004) and two distinct cells
become visible, only held together by thin remnants of membrane. Flagellum motility
contributes to separation (Branche et al., 2006; Ralston et al., 2006), producing two daughter

cells that can re-enter the cell division process.

=

cytokinesis {

(

-

i e . mitotic old new

O nucleus =  basal body spindle flagellum flagellum
< kinetoplast @ golgi o old e new
3 FAZ "3 FAZ

Figure 2.2: The trypanosome cell cycle. Adapted and modified from (Hammarton, 2007). The progression in
the cell cycle is shown in phases G1, S, G2, mitosis (M) and cytokinesis. The organelles present in the cell at
each phase are indicated: the kinetoplasts and nuclei (light blue), the basal bodies (pink), the Golgi (green), the
old flagellum (dark blue) and the new flagellum (violet). The FAZ follow each flagellum on the cell body side
(indicated as dashed lines in the same colour as the corresponding flagellum). The mitotic spindle in the dividing

nucleus is represented as red line.

This type of cell division actually opens up the possibility to compare “new” and “old”
organelles in the same cell, a feature that is highly interesting in fundamental research.
Research on trypanosomes revealed important information on these parasites as disease
causing agent but they also turned out to be important model organisms. Trypanosomes show
several advantages: their genome is sequenced and is almost devoid of introns, a fact that
facilitates reverse genetics such as RNAI that is a highly potent tool in these organisms
(Balana-Fouce and Reguera, 2007; Berriman et al., 2005). Major discoveries such as the GPI
anchor of surface proteins (Ferguson et al., 1985; Ferguson et al., 1988) and RNA editing in
the mitochondrial DNA (Benne et al., 1986) were first described in T. brucei. Nevertheless,

9
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trypanosomes diverged early in the eukaryotic lineage and developed unique biological
features in comparison to other eukaryotes, sometimes being described as “freaky eukaryotes”
(Talbert and Henikoff, 2009). The most divergent phenomena are found in transcription and

RNA metabolism described in chapter 2.3.

2.2 The Trypanosoma brucei parasite cycle and its control mechanisms

Trypanosomes alternate between an insect and a mammalian host to complete their parasite
cycle. This is achieved by numerous differentiation steps with drastic changes in cell
morphology, metabolism and surface coating. Environmental sensing is likely to trigger these
differentiation processes by activating distinct signalling cascades and gene expression
programs (Parsons and Ruben, 2000). We are far from having a complete picture of these
signals and control mechanisms but the genome sequencing project (Berriman et al., 2005)
and new technical advantages such as reverse genetics should accelerate their identification.
Knowledge of the differentiation processes of the parasite in the tsetse fly are limited to
morphology and to some surface proteins (Sharma et al., 2009). This is mostly due to
technical difficulties: culture and differentiation conditions have not been set up for these
developmental stages and a limited number of cells that are difficult to obtain from fly
infections, often complicated by mixed trypanosome stages and bacteria/fungi populations. So
far, the best analyzed parasite stages are those that can be grown in culture, the slender
bloodstream form and the proliferative procyclic form. As the transition between one form to
the other can be reproduced in vitro, it is the best understood differentiation step of the

trypanosome parasite cycle.

2.2.1 Differentiation from the bloodstream to the procyclic form

The population of bloodstream parasites is not uniform but consists of long slender forms and
parasites with a stumpy shape (Vickerman, 1985) (Fig 2.3). This is observed in parasite
strains that are termed “pleomorphic” but can be missing in bloodstream cell strains that have
been kept in culture for a long time. These became monomorphic with only slender forms and
loose infectivity. Stumpy formation is induced at a high parasite densities in the blood and is
comparable to a quorum sensing mechanism involving a parasite derived factor: the stumpy
inducing factor (SIF) (Hamm et al.,, 1990; Lythgoe et al., 2007; Reuner et al., 1997,
Robertson, 1912; Vassella et al., 1997). The exact biochemical identification of SIF is still

elusive, although several compounds have been proposed (Penketh et al., 1991; Scory et al.,
10
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2007; Vassella et al., 1997). SIF would act as an external trigger that is transformed into an
intracellular signalling cascade involving two described kinases: a zinc finger kinase and
TbMAPKS, a member of the MAP kinase family (Domenicali Pfister et al., 2006; Vassella et
al., 2001). SIF accumulation would lead to a specialized cell division from a proliferative long
slender form to produce a stumpy form progeny (Tyler et al., 2001) (Fig2.3). This
differentiation process is characterized by cell cycle arrest in GO/G1, changes in cell shape to
a stumpy form and the expansion of the mitochondrial network (Reuner et al., 1997; Vassella
et al., 1997). When bloodstream parasites are ingested by the insect host during its bloodmeal,
the slender forms die while the stumpy forms are able to differentiate into the procyclic forms
(Robertson, 1913). The cell cycle arrest of the stumpy forms is supposed to be important for
their synchronous differentiation to the procyclic stage that is characterized by several
changes happening in a defined timeline (Fig 2.3). First, the GPI-anchored procyclin proteins
start to coat the surface before the complete disappearance of VSG (Overath et al., 1983;
Roditi et al., 1989). Second, the kinetoplast repositions from a terminal posterior position into
a position midway between the posterior end and the nucleus by elongation of the posterior
microtubule corset (Matthews et al., 1995). Third, the metabolism is adapted from a glucose-
rich medium in the blood to an environment in which amino acids become the main
nutritional source (Overath et al., 1986; Priest and Hajduk, 1994). Finally, the cells exit the
cell cycle arrest and switch to a proliferative state (Matthews and Gull, 1994; Pays et al.,
1993).

In vitro, the stumpy to procyclic differentiation is triggered by the combination of a drop in
temperature from 37° C to 27° C and the addition of citrate and/or cis-aconitate to the medium
(Brun and Schonenberger, 1981; Czichos et al., 1986; Engstler and Boshart, 2004) (Fig 2.3).
These conditions mimic the parasite transfer from the mammalian to the insect host occurring
during a bloodmeal in vivo. This transfer to the insect host subjects trypanosomes to a cold-
shock that influences the thermo-regulated transporter protein PAD2 (proteins associated with
differentiation) (Dean et al., 2009). The temperature-drop leads to higher protein expression
and re-localization of PAD2 from the flagellar pocket membrane to the whole cell surface.
This allows a higher citrate/cis-aconitate influx (Dean et al., 2009) that is available in uM
concentrations in the fly midgut (Hunt et al., 1994). The temperature drop is also responsible
for the expression and trafficking of the procyclin protein to the surface of stumpy cells, a
phenomenon that did not occur in slender bloodstream forms, possibly explaining the survival
of only the stumpy forms in the fly midgut (Engstler and Boshart, 2004). The procyclic

surface coat was proposed to have a protective function against the immune attack of the
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invertebrate host but this is controversial as trypanosomes deficient in procyclin proteins can,
despite lower efficiency, fulfil the parasite cycle in laboratory infection experiments (Vassella
et al., 2009).

The downstream effect of the citrate/cis-aconitate influx is the inhibition of the tyrosine
phosphatase PTP1 (Szoor et al., 2010) (Fig 2.3). PTP1 normally prevents differentiation of the
stumpy parasites in the mammalian bloodstream and specific inhibitors of this enzyme induce
prompt differentiation to the procyclic form (Szoor et al., 2006). When PTP1 is active in
stumpy parasites, it dephosphorylates its target PIP39 that is another phosphatase. When
citrate/cis-aconitate molecules enter the cell in the tsetse host, the PTP1 activity is reduced
and PIP39 in its phosphorylated state possibly initiates a signalling cascade that promotes
stumpy to procyclic form differentiation (Szoor et al., 2010). In addition to PTP1 and PIP39,
kinases might also be involved in these signalling pathways (Ellis et al., 2004; Garcia-Salcedo
et al., 2002; Hammarton et al., 2003; Hua and Wang, 1994; Li and Wang, 2006; Muller et al.,
2002; Rotureau et al., 2009).

mammalian bloodstream tsetse fly midgut

(r9) )

<ol
|

_ citrate
slender stumpy cis-aconitate procyclic
MAPKS jﬁ
Q ZFK PIP39
j? PIP39-P
PTP1
PTP1
PIP39-P

Figure 2.3: Differentiation from bloodstream to procyclic form. Slender bloodstream forms proliferate in the
mammalian bloodstream and produce stumpy inducing factor (SIF); leading to stumpy cells that are arrested in
GO. This differentiation is controlled by the kinases MAPKS and ZFK. In the bloodstream, the stumpy to
procyclic differentiation is inhibited by the phosphatase PIP39 that gets dephosphorylated by the PTP1
phosphatase. Slender and stumpy forms are coated by VSG (in dark grey). When stumpy parasites are
transferred to the tsetse fly they are subjected to a temperature drop provoking the establishment of a procyclin
coat (indicated in light blue) and to the re-localization of the carboxylate-transporter PAD2 to the whole surface.
This allows the influx of citrate and cis-aconitate that leads to an inhibition of PTP1. PIP39 is thus available in a
phosphorylated state and promotes differentiation to the procyclic form. These parasites re-enter the cell cycle

and colonize the tsetse midgut. The posterior kinetoplast and the nucleus are shown in blue.
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2.2.2 Development of T. brucei in the tsetse fly

The bloodstream parasites enter the tsetse fly when the fly takes its bloodmeal on an infected
mammal. The meal is shortly stored in the crop before reaching the anterior midgut tract
(Fig 2.4). At this step, trypanosome bloodstream trypomastigotes differentiate into the
procyclic trypomastigote form. The infected bloodmeal can contain from hundreds to
thousands of parasites, a population that is reduced by at least three orders of magnitude in the
3-5 days following ingestion (Oberle et al., 2010; Van Den Abbeele et al., 1999). This
reduction in parasite number is not due to failure in trypanosome differentiation from stumpy
to procyclic, as laboratory infections directly with procyclic parasites provoke a similar drop
(Van Den Abbecele et al., 1999). Infection with trypanosomes stimulates the innate immunity
of the tsetse fly and leads to the production of anti-pathogenic compounds in the midgut such
as proteases and lectins (Aksoy et al., 2003). In principle, one trypanosome cell is sufficient to
lead to fly infection (Maudlin and Welburn, 1989) but in natural conditions, the interplay
between trypanosome populations and tsetse species is more complicated. Some tsetse fly
species are more susceptible to infection and specific factors such as gender and age also
come to play (Aksoy et al., 2003; Roditi and Lehane, 2008; Welburn and Maudlin, 1999).
Procyclic parasites proliferate exponentially (shown in movie 1) and move further in the
midgut together with the bloodmeal, in order to colonize the posterior midgut (Fig 2.4). This
can lead to a parasite load of 5x10° parasites per whole midgut (Van Den Abbeele et al.,

1999).
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After a successful infection, the procyclic parasites can cross the peritrophic membrane, a
semi-permeable chitinous membrane that separates the meal from the midgut epithelium, and
proliferate in the ectoperithrophic space, between the midgut epithelium and the peritrophic
membrane (Robertson, 1913) (Fig 2.4). This penetration was shown to be direct through the
midregion of the anterior midgut (Ellis and Evans, 1977; Evans and Ellis, 1975) and is
accompanied by a change in the surface coat of the procyclic trypomastigote cells. Procyclic
cells express procyclin surface proteins, glycoproteins that are characterized by internal glu-
pro (EP) or gly-pro-glu-glu-thr (GPEET) repeats (Roditi and Clayton, 1999; Roditi et al.,
1998). Early procyclics in the midgut predominantly express GPEET, but once found in the
peritrophic space they replace GPEET by EP (Acosta-Serrano et al., 2001; Sharma et al.,
2008; Vickerman et al., 1988). When the cells are in the peritrophic space, they gain in length
and become thinner than in the midgut lumen (Rotureau et al., 2011a; Sharma et al., 2008)
giving rise to cells of up to 60 um length according to the strains (Vickerman, 1985). This
developmental stage is named mesocyclic trypomastigote (Fig2.5) and its long and thin
aspect is presumably an adaptation to high cell densities and to facilitate swimming against
the liquid flow and the peristaltic movement towards the proventriculus, a muscular part of
the digestive tract between the foregut and the midgut. Mesocyclics are characterized by a cell
cycle arrest in G2 in which the nucleus has undergone S-phase but has not proceeded to
mitosis while the kinetoplast has not divided (Sharma et al., 2008; Van Den Abbeele et al.,
1999), in sharp contrast to procyclic or bloodstream form proliferation in which kinetoplast
segregation is always concomitant to nuclear S-phase. The mesocyclic form is a transient
developmental stage that can re-transform to a proliferating stage when transferred to in vitro
culture conditions optimal for procyclic cells (Van Den Abbeele et al., 1999). Mesocyclic
forms possess an oval nucleus found in the centre of the cell that, once the cell has reached the
proventriculus, elongates and relocates in a juxta-lateral position past the kinetoplast towards
the posterior end of the cell (Sharma et al., 2008) (Fig 2.5). The resulting developmental stage
adopts the epimastigote configuration where the nucleus is found in a more posterior position
to the kinetoplast (Fig2.5). At this stage, the two events of kinetoplast segregation and
nuclear mitosis are initiated and lead to a dividing epimastigote form (Sharma et al., 2008;
Van Den Abbeele et al., 1999). This division does not occur symmetrically, but leads to the
production of a long and a short progeny both in the epimastigote configuration (Fig 2.5 and
movie 2). In all these stages, the flagellum length follows the length of the cell body
(Rotureau et al., 2011a). Asymmetrically dividing forms have already been reported in the

early description of the parasite (Lewis and Langridge, 1947; Robertson, 1913), but the
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mechanisms governing this asymmetric division are unknown (Rotureau et al., 2011a; Sharma
et al., 2009). We have shown that this cell division is not accompanied by an increase in cell
volume but consists in a rearrangement of the existing cytoskeleton corset which is in contrast
to other dividing stages (Rotureau et al., 2011a). The long and short epimastigotes are the
result of one cell cycle that was initiated from one procyclic trypomastigote, as no

proliferating forms have been described in the proventriculus.

dividing long short

procyclic mesocyclic mesocyclic to epimastigote epimastigote epimastigote epimastigote

trypomastigote transition epimastigote

Figure 2.5: Development of trypanosomes in the tsetse fly midgut and proventriculus. The cells are shown
in the order of appearance during the infection and adopt different morphotypes as shown by DNA staining with
DAPI (in blue superposed on the phase contrast image). From procyclic to mesocyclic, the cells elongate and the
kinetoplast is posterior to the nucleus, hence the cells show trypomastigote configuration. In the mesocyclic to
epimastigote differentiation, the nucleus elongates and re-localizes past the kinetoplast in a more posterior
position giving rise to an epimastigote cell. This will proceed to kinetoplast segregation and mitosis and will
divide asymmetrically. The daughter cells are a long and a short epimastigote cell. The position of the

kinetoplasts is indicated by arrowheads. The scale bar represents 5 pm.

These cell types are also present in the foregut, suggesting that they migrate towards the
salivary glands (Lewis and Langridge, 1947; Sharma et al., 2008) (Fig2.4). Among all
trypanosomes, T.brucei is the only species that invades the salivary glands to fulfil its
development in the fly. In contrast to dividing and long epimastigotes, the short form parasites
are poor swimmers, so they are presumably brought to the salivary glands by their long
sibling (movie 2). The long epimastigote is presumably dying (Sharma et al., 2008; Van Den
Abbeele et al., 1999), while the short epimastigote is believed to be the progenitor of the
epimastigote cell that is found tightly attached to the epithelium of the salivary glands via its
flagellar membrane (Tetley and Vickerman, 1985; Vickerman, 1985) (Fig 2.6). This is a
proliferative stage and is assumed to colonize the whole gland epithelium. The invasion of the
salivary gland appears to be a narrow bottleneck in trypanosome development (Oberle et al.,
2010) and a high proportion of flies infected in the midgut do not establish mature infections
(Aksoy et al., 2003; Rotureau et al., 2011a; Van Den Abbeele et al., 1999). The production of
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meiotic cells and thus sexual exchange, have been observed exclusively at this particular stage
(Gibson et al., 2008; Peacock et al., 2011). Four developmental stages of trypanosomes in the
salivary gland were initially described by Tetley and Vickerman in 1985: the attached
epimastigote, the attached premetacyclic, the nascent metacyclic and the mature metacyclic

that is free in the fly saliva (Tetley and Vickerman, 1985) (Fig 2.6).

attached to salivary gland epithelium in gland lumen Figure 2.6: Trypanosome stages
in the salivary gland of the
tsetse  fly. Modified from
(Vickerman et al., 1988). The
epimastigotes  proliferate  to
colonize the salivary gland. In a
specialized asymmetric division,
they produce pre-metacyclic cells
that adopt the trypomatigote
configuration. Both are attached

to the microvillar salivary gland

nascent
epimastigote  premetacyclic metacyclic metacyclic

epithelium (MV) via flagellar
membrane  outgrowths  (FO)
forming hemi - desmosome - like
junctions (JC). Premetacyclics mature to the mammalian infective metacyclic stage by the acquisition of the
VSG surface coat (SC), the rounding-up of the posterior pole and the re-localization of the kinetoplast (K) to the
extreme posterior. The intermediary nascent metacyclic is only partially attached to the epithelium and the

mature metacyclic is free in the saliva.

In the last decade, the surface proteins of the insect stages were shown to evolve during the
parasite development. EP procyclin is present on the surface of dividing and long
epimastigotes but is absent from the surface of the short daughter cells and the salivary gland
epimastigotes (Sharma et al., 2008). The surface membrane spanning protein PSSA-2 is
observed in all developmental forms in the midgut, proventriculus and salivary gland
epimastigotes and is required by the parasite to establish efficient infection in the salivary
gland (Fragoso et al., 2009). BARP (Brucei alanine rich protein) is a GPI-anchored protein,
present on the surface of salivary gland epimastigotes, that will be substituted by the
metacyclic VSG in the premetacyclic cell (Hajduk, 1984; Urwyler et al., 2007) (Fig 2.6).
Recent data from the host laboratory revealed that attached epimastigotes divide
asymmetrically to produce the premature metacyclic trypomastigote cell (Rotureau et al.,
2011b) (Fig 2.6). This results in the production of two different daughter cells, one showing
the epimastigote morphology like its mother and one adopting the trypomastigote
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morphotype. This daughter is presumably the previously reported premetacyclic that develops
into the mature metacyclic by progressively rounding-up its posterior pole, repositioning the
kinetoplast to the extreme posterior, acquiring the VSG coat and detaching from the gland
epithelium (Rotureau et al., 2011b; Tetley and Vickerman, 1985) (Fig2.6). The full
trypanosome development in the tsetse fly is completed in 20 to 30 days according to the
strain and laboratory conditions (Aksoy et al., 2003; Sharma et al., 2009). Metacyclic
parasites are expelled with the saliva when the fly takes its bloodmeal and their VSG surface
coat enables them to survive the first defences of the mammalian host immune system.
Inoculated metacyclics are thought to multiply in the skin for a few days and then reach the
lymphatic system and the bloodstream of the mammal (Aksoy et al., 2003). They undergo

differentiation to the long slender trypomastigote form.

Trypanosome development is likely governed by environmental triggers that are transduced to
internal signalling cascades. These play a role in the regulation of gene expression programs

to cope with the newly encountered surroundings.

2.3 Regulation of gene expression during trypanosome development

In most eukaryotes, individual gene expression is mainly controlled at the level of
transcription initiation and can also be regulated at the level of mRNA elongation. The
expression of the mature mRNA is also subjected to post-transcriptional control by different
mechanisms.

In trypanosomatids, the “classical” mechanisms of gene expression are divergent and present
a number of specific features (Daniels et al., 2010; Fernandez-Moya and Estevez, 2010;
Martinez-Calvillo et al., 2010). The T. brucei genome has a size of 70 megabases and
consists of eleven pairs of large chromosomes (with a size of 1.1 to 5.4 Mb), five intermediate
size chromosomes (between 200-900 kb) and around 100 minichromosomes (30 to 150 kb)
(Hertz-Fowler et al., 2007). In the large chromosomes, clusters of tens to hundreds protein-
coding genes are transcribed by Pol II in a run-through fashion, generating polycistronic pre-
mRNA (Johnson et al., 1987; Mottram et al., 1989). These polycistronic gene clusters are
either divergent or convergent, and separated by strand switch regions (SSR). As Pol II
transcription initiation seems to operate without apparent promoter sequences, it has been
proposed that epigenetic signals at the SSR fulfil this function (Siegel et al., 2009; Wright et

al., 2010). Histones with different post-translational modifications mark the divergent gene
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clusters as sites of transcription initiation while convergent organization is linked to
transcription termination. The transcribed pre-mRNA is processed into individual mature
mRNAs by two coupled processes: trans-splicing and polyadenylation (Liang et al., 2003).
Trans-splicing consists in the addition of a splice leader (SL) RNA, a short sequence of 39
nucleotides, to the 5’ end of each mRNA that provides the mRNA cap. This SL is also
transcribed by PolIl and contains the only identified Pol II promoter sequence in
trypanosomes (Campbell et al., 2003). As the majority of trypanosome coding genes lack
introns (Berriman et al., 2005), cis-splicing is not required and thus polyadenylation of the
3’ end completes mRNA maturation.

When high amounts of transcripts are needed (for example for tubulin), the genes are found in
multiple copies in the genome. An exception to this rule consists in recruiting Pol I for mRNA
transcription from specialized Pol I promoter regions (Martinez-Calvillo et al., 2010). The
highly abundant surface proteins VSGs and procyclins are translated from such Pol I derived
transcripts (Rudenko et al., 1991; Zomerdijk et al., 1991). Pol I also transcribes the mRNAs of
metacyclic VSG, which is the only example of monocistronic transcription for protein-coding
genes and so far the only example of an exclusive control at the level of transcription
initiation (Ginger et al., 2002; Graham et al., 1990; Graham et al., 1999).

As a consequence of polycistronic transcription, all mRNAs of one gene cluster are
transcribed at the same rate but these genes do not code for functionally related proteins and
are neither arranged according to developmental regulation (Archer et al., 2008; Hendriks and
Matthews, 2007). Therefore, to ensure the timely correct expression of proteins during the
development of the parasite, the abundance of specific mRNAs needs to be regulated at the
post-transcriptional level by mRNA turn-over and translation efficiency. These processes are
linked to specific cellular substructures: the processing (P-) bodies and stress granules. They
are microscopically visible accumulations of mRNA and RNA-binding proteins (but not
membrane-delimited) that are thought to play an important role in post-transcriptional control
(Anderson and Kedersha, 2009). P-bodies are the site of mRNA degradation as they contain
the decapping enzymes DCP1 and DCP2, the enhancer of decapping RNA-helicase DHHI1
and the 5°-3” exoribonuclease XRN1. In trypanosomes, P-bodies are constitutively present in
the cytoplasm and contain all major proteins described in other eukaryotic organisms (Cassola
et al., 2007; Kramer et al., 2008). However, despite the presence of decapping activity in
trypanosomes, the identification of genes encoding DCP homologs remained unsuccessful
(Milone et al., 2002). Stress granule formation is induced by various changing environmental

conditions, such as heat shock and nutritional starvation (Cassola et al., 2007; Kramer et al.,
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2008). They share many proteins with P-bodies such as DHH1 and XRN1, but also contain
poly(A) binding proteins, translation-initiation factors, small ribosomal subunits as well as
several RNA-binding proteins (Anderson and Kedersha, 2009). Polysomes containing
mRNAs that are about to be translated get stalled in stress conditions, dissociate and the
mRNAs are relocated to stress granules (Kramer et al., 2008). It has been proposed that this
accumulation sequesters the mRNA from translation until growth resumes upon better
environmental conditions (Cassola et al., 2007). Since P-bodies and stress granules are
exchanging material with each other, the storage and degradation functions could be
intertwined (Kedersha et al., 2005; Wilczynska et al., 2005). Their interplay suggests that
changing environmental conditions could influence the mRNA translation efficiency, which
might be an important feature in the developmental biology of trypanosomes. This could be
influenced by the RNA-binding proteins associated to the mRNA. During bloodstream to
procyclic differentiation, microarray analysis initially revealed that 2% of the mRNA
transcripts show different abundance between bloodstream and procyclic forms (Brems et al.,
2005). More recent studies indicate that this was largely underestimated and revealed
differential expression for up to 25% of the mRNA when the setting of the threshold was less
stringent (Jensen et al., 2009; Kabani et al., 2009; Nilsson et al., 2010; Queiroz et al., 2009;
Siegel et al., 2010).

As gene expression in trypanosomes is almost exclusively controlled at the post-
transcriptional level, the abundance of mRNAs that are differentially expressed during
development should be regulated by trans-acting RNA-binding proteins. The decisive
regulatory information is often found in the 3’UTR (untranslated region) of the transcript
(Clayton and Shapira, 2007; Haile and Papadopoulou, 2007). Prominent examples are the
3> UTRs of procyclins or that of the phosphoglycerate kinase B (PGKB) that contains AU-
rich motifs, responsible for destabilization of the transcript in the bloodstream but not in the
procyclic form (Furger et al., 1997; Quijada et al., 2002). The 3’UTRs contain structural or
sequence elements that are recognized and bound by RNA-binding complexes. Trypanosomes
encode a multitude of RNA binding proteins (RBP), many of them are distinct to those
encoded in other eukaryotic species suggesting a specialized function (Berriman et al., 2005;
De Gaudenzi et al., 2005; Kramer and Carrington, 2010). Binding of these proteins can either
have a stabilizing effect on the mRNA target or inversely promote its degradation. Several
examples have been shown to stabilize specific subsets of mRNA that are functionally related:

TbDRBD3 is found associated with transcripts encoding membrane proteins (Estevez, 2008;
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Stern et al., 2009), while TOPUF9 is found with transcripts that are co-regulated in the cell
cycle (Archer et al., 2009).

Examples of such RBP have been identified to be important in bloodstream to procyclic
differentiation. TbZFP1 (zinc finger protein) is enriched during this differentiation step and is
necessary for the repositioning of the kinetoplast from a very posterior position in stumpy
parasites to a more anterior position in procyclic parasites, while the related protein TbZFP2
is necessary at the bloodstream stage for efficient differentiation (Hendriks et al., 2001).
Proteins with a zinc finger (CCCH motif) have been described to bind to 3” UTRs of
transcripts, leading to their destabilization in other eukaryotes. Homologues in T. cruzi were
shown to be involved in developmental gene expression by binding mRNA at regulatory
elements (Paterou et al., 2006).

In a recent study, DHH1 was identified to play a role in regulating mRNA abundance during
development (Kramer et al., 2010). The inducible expression of a mutant version of this
protein, lacking the ATPase function due to a point mutation, was achieved from an
exogenous locus in the procyclic form and the consequences on mRNA levels were analyzed
by microarrays (Kramer et al., 2010). Indeed, expression of the DHH1 functional mutant led
to the inversion of the abundance of mRNA levels in procyclic cells. A large set of transcripts
normally abundant at this parasite stage were down-regulated, while several others only
present in bloodstream parasites were up-regulated (Kramer et al., 2010). For example the
ISG75 transcript, encoding a plasma-membrane protein of unknown function, normally more
abundant in bloodstream forms, was shown to be stabilized and accumulated during the
induction time of the DHH1 mutant in procyclics. No effect was observed for constitutively
expressed mRNA showing the selective function of DHH1 on developmentally regulated
transcripts. However, while DHH1 revealed to be an important factor in adjusting the mRNA
amounts in development, it did not affect all developmentally regulated RNA, suggesting the
existence of a different control pathway independent of DHHI1 (Kramer et al., 2010).
Moreover, the effect of DHH1 could be influenced by the interaction with additional protein
factors.

Procyclin expression is highly post-transcriptionally controlled by its 3° UTR. The GPEET
3> UTR contains a glycerol responsive element and its expression can also be regulated by the
activity of mitochondrial enzymes (Vassella et al., 2000; Vassella et al., 2004). EP procyclins
are present in three gene copies (EP1-3) that can be distinguished by different sequences in
their 3> UTR (Konig et al., 1989). Each contains three regulatory loops: the first one acts as a

positive regulator, the second one contains a 26-mer motif that leads to destabilization of the
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transcript in bloodstream form parasites, while the 16-mer distal stem loop in the same UTR
promotes translation in procyclics (Hehl et al., 1994; Hotz et al., 1997). Interestingly, a third
zinc finger protein called TbZFP3 is able to bind to the 3> UTR of GPEET and EP1, but not
EP2 and EP3 (Walrad et al., 2009). The interaction with the EP1 3° UTR was demonstrated to
be mediated by its loops II and III. Ectopic over-expression or down-regulation of ZFP3 did
not lead to altered levels of procyclin mRNAs, but strikingly, the investigation of protein
amounts revealed an increase in EP1 levels and a decrease of GPEET abundance (Walrad et
al., 2009). ZFP3 is constitutively expressed in bloodstream and procyclic forms, but it
interacts only in procyclics directly with the translational machinery (Paterou et al., 2006).
This interaction could lead to an increased translation of EP1 mRNA while GPEET
transcripts are translationally repressed, possibly explaining the molecular switch between
GPEET to EP in procyclic parasites. It also indicates how an RNA-binding protein can control
the fate of its mRNA target in different parasite developmental stages.

The transcript of BARP is also controlled by its 3’'UTR (Urwyler et al., 2007). A reporter
protein under the control of the BARP 3’UTR is exclusively expressed at the salivary gland
epimastigote stage, a regulation that could be mediated by RNA-binding proteins.
Interestingly, BARP mRNA levels also increased in procyclic cells expressing a mutant

version of the DHH1 protein (Kramer et al., 2010).

The RNA-controlling proteins recently discovered are likely to be just a small piece in the
puzzle of the stage specific regulation of protein expression by multiple RBP of the same
transcript or group of transcripts. One can imagine competition events between different RBP
complexes for the same RNA, allowing fine tuning of a very complex regulatory system

(Fernandez-Moya and Estevez, 2010).

2.4 ALBA as RNA-binding protein candidates in parasite development

In the search for potential trypanosomal RNA-binding proteins, we focussed on the Alba
protein family as potential candidates that could contribute to developmental control or
switches.

Alba proteins were first identified in a screen for archaeal DNA-binding proteins in the
eighties (Lurz et al., 1986). Since then, Alba proteins have been studied in a multitude of
Archaeabacteria where they were found in most of the sequenced genomes (Forterre et al.,

1999). These proteins were initially named according to the species of origin and to their
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molecular mass of 10 kDa: SsolOb from Sulfolobus solfataricus, Ssh10b from Sulfolobus
shibatae, etc. (Forterre et al., 1999). It was in 2002 that the nomenclature was unified defining
the Alba proteins, for “acetylation lowers binding affinity” (Bell et al., 2002) (see below).
Alba proteins were grouped into one family by Aravind and colleagues, with members that
are largely distributed in organisms of the Archaebacteria and Eukaryota superkingdoms

(Aravind et al., 2003).

Alba structure and function in Archaea

Alba protein structure was analyzed by crystallography in a variety of archaeal species (Chou
et al., 2003; Hada et al., 2008; Wang et al., 2003; Wardleworth et al., 2002; Zhao et al., 2003).
They all revealed a high conservation of the Alba domain (Pfam PF01918), a mix of two a-
helices and four B-strands showing (Bl al B2 a2 B3 PB4) topology (Fig 2.7A). This fold is

reminiscent of the RNA-binding structure in the C-terminus of the translation initiation factor
IF3 and of the N-terminal DNA binding domain of DNase I (Biou et al., 1995; Lahm and
Suck, 1991; Wardleworth et al., 2002).

Figure 2.7: Alba structure and DNA-binding model. (A,B) adapted from (Zhao et al., 2003). Crystal structure
of (A) an Alba monomer and (B) dimer. The N- and C-terminal ends are indicated as well as the a-helices and f3-
sheets. (C) adapted from (Wang et al., 2003). Model of the binding of Alba dimers (blue, green) to a DNA-helix

(yellow) in a side view.

Alba proteins are present in high quantities in most archaeal cells and were first described as
DNA-binding proteins (Lurz et al., 1986). Two Alba monomers of 10 kDa are forming dimers
for DNA binding to the DNA helix (Fig 2.7) (Chou et al., 2003; Wardleworth et al., 2002;
Xue et al., 2000). The dimerisation occurs via the second a-helix (a2) and the two C-terminal
B-strands (B3 and p4) (Chou et al., 2003; Wardleworth et al., 2002). By different techniques, it
was possible to show that one Alba dimer spans between 5-10bp of plasmid DNA
(Wardleworth et al., 2002). Crystallography and NMR studies show that Alba proteins adopt a
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dimer-dimer stacking to form a linear rod-like structure around the DNA helix (Wang et al.,
2003; Wardleworth et al., 2002; Zhao et al., 2003) (Fig 2.7C).

Histone proteins are found in some Archaea species to form nucleosomes, but their abundance
may not be sufficient to fulfil a similar role in DNA compaction as in eukaryotes (Sandman
and Reeve, 2000). It was suggested that Alba proteins are acting as histones in Archaebacteria
as they are binding dsDNA without sequence specificity (Bell et al., 2002; Xue et al., 2000).
More recently, Alba proteins were found associated to specific DNA sequence motifs (Liu et
al., 2009). In studies using electron microscopy, the analysis of Alba proteins together with
DNA made clear that Alba forms DNA-protein complexes in a cooperative manner by
enveloping DNA without compacting it or inducing supercoiling (Lurz et al.,, 1986).
However, supercoiling of DNA by Alba was shown to be induced at higher temperatures,
corresponding to the natural environment of hyperphilic Archaea (Xue et al., 2000). In
Archaea that possess two different Alba proteins, such as Sulfolobus, heterodimerisation of
Albal and Alba2 can result in a highly compacted protein-DNA interaction (Jelinska et al.,
2005). Most studies investigating the nucleic acid binding abilities of Alba in Archaea were
conducted using recombinant protein together with DNA or RNA and showed similar binding
affinity to double-stranded DNA, single-stranded DNA or RNA (Guo et al., 2003). However,
in UV cross-linking experiments, performed on crude cell extracts to freeze protein-nucleic
acid interaction, Alba proteins revealed to be only bound to RNA, for instance mRNA and
rRNA, and thus to ribosomes, suggesting their role in stabilizing RNA in extreme
environments (Guo et al., 2003). The fact that DNA is a true in vivo binding target of Alba
was provided by Marsh and colleagues, who demonstrated that archaeal Alba proteins bind
DNA and RNA in vivo (Marsh et al., 2005).

Aravind and colleagues suggested that Alba were initially RNA-binding proteins in the
common ancestor, before Archaea and eukaryotes separated in the evolution, only being
recruited as DNA-binding protein in some Archaeal species (Aravind et al., 2003). They
hypothesize that Alba still retained RNA-binding capacities in some archaeal species where
they fulfil an additional role to DNA binding. They propose that Alba proteins are derived
within the IF3 fold (translation initiation factor) that has RNA binding capacities and is the
closest to the CRM domain found in proteins of bacteria (YhbY proteins), archaea and plants

that are involved in several processes of RNA metabolism (Fig 2.8A) (Ostheimer et al., 2002).

Acetylation and deacetylation
The name Alba stands for “acetylation lowers binding affinity” and was first proposed by Bell

and colleagues (Bell et al., 2002). This name reflects the discovery that Alba proteins have an
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important lysine residue (Lys-16 in the Sulfolobus Alba protein) that can be acetylated and
thereby influence the binding efficiency of Alba to DNA. Native Alba in its acetylated state is
not able to prevent transcription in an in Vitro transcription assay, whereas recombinant
protein, that has no posttranslational modifications, shows significant transcriptional
repression (Bell et al., 2002). In Archaebacteria, Alba interacts directly with the Sir2 (silent
information regulator, sirtuin) protein, leading to the deacetylation of the Alba residues (Bell
et al., 2002). This process is dependent on the Sir2 cofactor NAD but independent of DNA
(Bell et al., 2002). In contrast, acetylation of lysins is performed by the Pat acetyltransferase
that lowers the affinity of Alba to DNA (Marsh et al., 2005). With this acetylation control
system, it is possible for Archaebacteria to tune transcription directly through DNA coating
by Alba proteins. This situation can be compared with eukaryotic histones that are subjected
to multiple posttranscriptional modifications, such as acetylation, methylation, phosporylation
and ubiquitination to control gene regulation, DNA replication and repair (lizuka and Smith,
2003; Strahl and Allis, 2000). Acetylation renders chromatin more accessible for transcription
while hypo-acetylated histones efficiently compact DNA leading to transcriptional repression
(Wu and Grunstein, 2000).

This acetylation system might also play a role for Alba as RNA binding protein, as acetylated
Alba proteins show a 2-fold reduced affinity for RNA (Marsh et al., 2005).

Alba in Eukaryotes
Sequence profile searches, using archaeal Alba proteins as baits, revealed that they share
significant homology with some eukaryotic proteins (Aravind et al., 2003). Alba homologs
were found in numerous organisms such as kinetoplastids, apicomplexans, plants and animals.
The search for homologs detected MDP2 (macronuclear development protein) present in the
ciliate Stylonychia (Fetzer et al., 2002) and the proteins Pop7/Rpp20 and Rpp25, key subunits
of the RNase P/RNase MRP endoribonucleases that are involved in tRNA and rRNA
processing respectively (Chamberlain et al., 1998; Guerrier-Takada et al., 2002; Stolc et al.,
1998). The construction of a phylogenetic tree with all Alba proteins found in the sequence
profile searches, split the superfamily into three groups (Fig 2.8B) (Aravind et al., 2003). One
encompassed all archaeal Alba while the two others branched the eukaryotic members into
one group with the Pop7/Rpp20 like proteins and the other containing the Rpp25/MDP2
proteins. In the latter, many uncharacterized proteins are found that share C-terminal
extensions, downstream of the Alba domain, with a characteristic GYQXP signature and often
a stretch of RGG repeats that are frequently associated with RNA binding (Godin and Varani,
2007).
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MDP2

In ciliates, two distinct nuclei are present: the macronucleus (containing multiple copies of
housekeeping genes) ensuring the production of RNA needed for vegetative growth and the
micronucleus that is diploid, transcriptionally silent and serves as a germline nucleus
(Ammermann et al.,, 1974). After a meiotic cycle and sexual reproduction involving the
exchange of haploid micronuclei, the old macronucleus degenerates. The haploid micronuclei
fuse and the newly formed diploid micronucleus undergoes mitosis to produce a micronucleus
and a macronucleus. The maturation of the latter is characterized by massive DNA
rearrangements: deletion of almost 90% of sequences, amplification, fragmentation, and
splicing of DNA sequences such as transposable elements (Prescott, 1994). These processes
were shown to be partially RNA-mediated, possibly by using RNA sequences to match on the
old nucleus as proofreading system (Jonsson et al., 1999). Some proteins are exclusively
expressed at this stage of development (Fetzer et al., 2002). This is the case of a protein
termed MDP1 (macronuclear development protein) that contains a Piwi and a PAZ domain
(Fetzer et al., 2002; Meyer and Garnier, 2002), typical of Argonaute (AGO) and PIWI
proteins. These proteins are binding to small RNA and some have been shown to possess
slicer (RNA cleaving) activity. Exclusively during macronuclear development, ciliates
express an Alba protein member named MDP2, predicted to localize to the nucleus (Fetzer et

al., 2002). MDP2 and MDP1 could coordinate this developmental step of macronucleus
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development jointly by their RNA binding properties, but further characterization of ciliate
MDP2 is still pending.

Rpp20 and Rpp25

The endoribonuclease RNase P occurs in all three domains of life and contains an RNA
molecule in combination with either one (in bacteria) or multiple protein subunits (in Archaea
and Eukaryotes). The related RNase MRP (mitochondrial RNA processing) is only found in
eukaryotes (Zhu et al., 2006). RNase P and RNase MRP share most of their protein
composition, with Rpp20 and Rpp25 Alba proteins as key subunits in both complexes
(Walker and Engelke, 2006). In eukaryotes RNase P is localized in the nucleus, where it is
involved in the processing of pre-tRNA (Gopalan et al., 2002; Jarrous, 2002). RNase MRP
localizes to the nucleus and also to mitochondria and is involved in the processing of
ribosomal RNA and mitochondrial replication (Chang and Clayton, 1987; Schmitt and
Clayton, 1993). RNase MRP also participates in cell-cycle regulation by controlling the
degradation of specific cell-cycle mRNA (Gill et al., 2004). Recent data suggest that this
degradation process takes place in a single cytoplasmic focus, presumably a P-body, and leads
to a cell-cycle dependent re-localization of the RNase MRP complex from the nucleus to the
cytoplasm in early mitosis (Gill et al., 2006).

Both Rpp20 and Rpp25 proteins interact with the RNA moiety in RNase MRP (Pluk et al.,
1999; Yuan et al., 1991). This RNA is very important for protein-RNA interaction and
accumulation of the complex in the nucleolus (Jacobson et al., 1995). Rpp25 binds not only to
the RNA but also to the other protein subunits of the macromolecular complex (Welting et al.,
2004). Rpp20 and Rpp25 form highly stable heterodimers and their expression is co-
dependent as shown by RNAI studies (Welting et al., 2007). Dimerisation of Rpp20/Rpp25 is
mediated by the core Alba domain which is also the only determinant necessary for
interaction with the RNA unit of the RNase (Hands-Taylor et al., 2010). However, the
Rpp20/Rpp25 heterodimer is not as stably linked to the RNase MRP complex as the other
protein subunits and possibly dissociates from the complex before RNA processing (Welting
et al., 2007). The exact function of the Rpp20/25 dimer for RNase function remains to be
determined. In Archaea, Alba proteins are not a part of the RNase P complex that consists of

an RNA molecule and four protein subunits (Ellis et al., 2007).

Alba proteins are RNA-binding proteins in Eukaryotes and are, at least in Ciliates, exclusively
expressed in particular developmental stages, suggesting specific functions. As DNA-binding

proteins, Alba are able to suppress transcription, so their role as RNA-binding proteins could
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be the control of translation. These properties place Alba in a good position to be RNA-
binding proteins in trypanosomes where they would act in developmental control of gene

expression.

2.5 How to sense the environment: the flagellum hypothesis

Sensing the environment is a key element in the life of all organisms. In trypanosomes
changing environments are believed to initiate developmental switches that allow the parasite
to survive in different hosts and their tissues.

Sensory function is achieved by variable means according to the cell type. In the recent past,
cilia and flagella have emerged as prominent sensory organelles of many eukaryotic
organisms (Singla and Reiter, 2006). The terms cilia and flagella are interchangeably used for
a defined organelle that is build from a specialized centriole, the basal body. There, tubulin
nucleates to form the main structure called the axoneme that is composed of nine doublets of
microtubules and can contain an additional central pair. The ciliary compartment is separated
from the cell body by transition fibres that restrict transport to and from the cilia (Garcia-
Gonzalo et al., 2011). The ciliary structure is assembled at its distal tip and, as protein
synthesis does not occur in cilia, all structural components need to be actively transported
from the cell body by the intraflagellar transport machinery (IFT) to the site of assembly. IFT
consists of kinesin and dynein motors that ensure the anterograde and retrograde transport
respectively, together with IFT protein complexes that transport ciliary components to the tip
and back to the basal body for recycling or degradation. This IFT movement is likely to be
crucial in the transport of signalling molecules (Singla and Reiter, 2006).

In mammals the possibility to see and smell are coupled to sensory cilia: the photoreceptors
and the olfactory sensory neuron respectively. These possess specialized cilia that concentrate
sensory receptors whose activation triggers the production of second messengers such as
cyclic nucleotides (Boekhoff et al., 1990; Elias et al., 2004; Strissel et al., 2005). When IFT is
blocked in photoreceptors, the maintenance of the specialized cilium is affected, leading to
progressive degeneration, apoptosis and blindness (Marszalek et al., 2000). Sensing the
environment via cilia is well understood in two model organisms, Drosophila and
Caenorhabditis elegans (Vincensini et al., 2011). In Drosophila, sensory neurons function in
its antenna as audition system to react to sound vibrations (Gong et al., 2004). Ciliary sensory
neurons in C. elegans are located at the nose and allow perception of changes in osmolarity

and mechanical nose touch (Tobin et al., 2002). In vertebrates, almost every mammalian cell

27



2. Introduction

possesses an immotile primary cilium. It is assembled at the GO phase of the cell cycle and is
made of nine doublets of microtubules whose length is variable from one cell type to the
other. This cilium is able to sense a large variety of extracellular stimuli that are transduced to
intracellular signalling pathways important in cell development (Singla and Reiter, 2006). In
mammalian cells, defects in IFT components have direct implication on the hedgehog and
Wnt signalling pathways whose members are concentrated in the primary cilium (Huangfu et
al., 2003). Sensing in mammals was thought to occur in immotile cilia only, a hypothesis
recently broken by a study of motile cilia in lung tissues that are able to sense toxic
compounds via taste receptors and react by enhanced ciliary beating for mucus evacuation
(Shah et al., 2009).

In Protozoa, motile flagella unify the function of propelling the cell in a directional movement
and simultaneously sense their environment (Vincensini et al., 2011). In the ciliate
Paramecium, cilia are able to detect obstacles and modulate the beating pattern to redirect
swimming accordingly (Eckert et al., 1972). In the green algae Chlamydomonas, the
flagellum is not only equipped with proteins involved in photoreception (Huang et al., 2004)
but is also critical for gamete fusion and sexual reproduction. Indeed, gametes attach via their
flagella and the IFT machinery is necessary for cell signalling processes that initiate cell
fusion (Pan and Snell, 2003; Wang et al., 2006).

Several clues indicate that the flagellum could function as a sensory organelle in T. brucei.
During the whole parasite cycle, the trypanosome swims will the flagellum leading, so that its
tip is the first part of the cell to be in contact with a new environment. In addition,
trypanosomes attach to the salivary gland epithelium of the fly via their flagellum membrane
that grows and acquires some electron-dense structures proposed to mediate adhesion (Tetley
and Vickerman, 1985) (Fig 2.6). The axoneme is highly conserved in structure and protein
composition, as well as its [FT machinery (Fig 2.9A). But trypanosome flagella possess an
additional distinct structure called the paraflagellar rod (PFR) that is physically linked to the
flagellum attachment zone (FAZ) by cross-links through the membranes of flagellum and cell
body (Fig 2.9A). Flagellum attachment could ensure a rapid interaction with the cell body.
Although the flagellar membrane is in continuity with the plasma membrane, it contains a
unique composition of proteins. Many proteins predicted to be involved in signalling
processes are targeted to, and enriched in the flagellar membrane. Examples are the calcium-
binding proteins named calflagins (Godsel and Engman, 1999) and ESAG4, possibly involved
in sensing by cAMP regulation (Paindavoine et al., 1992). The membrane of the trypanosome

flagellum is enriched in lipid rafts that were proposed to serve as platform for signalling
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events (Tyler et al., 2009). Several enzymes (two adenylate kinases and the R-subunit of the
polo-like kinase A (PKA)) and a calcium binding protein of the calmodulin family, have been
found to localize to the PFR, suggestion that the PFR could act as a structural matrix

(Oberholzer et al., 2011; Pullen et al., 2004; Ridgley et al., 2000).
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Figure 2.9: The structure of the trypanosome flagellum and the FLA cell line. (A) Transmission

electron microscopy of a cross section through a trypanosome flagellum (kind gift of Johanna Buisson). The
flagellum consists in an axoneme with 9 doublets of microtubules and a central pair (in red). The PFR lattice is
indicated in blue. The electron dense structure between PFR and axoneme is presumably an IFT particle. The
flagellum is attached to the cell body by the FAZ structure composed of four microtubules (FAZ M) and the
FAZ filament (FAZ F) that is physically linked to the PFR. Scale bar represents 100 nm. (B) Scanning electron
microscopy of FLA1I™A' cells that detach flagella when knock-down of the protein FLA1 is induced by RNAi
(kind gift of Thierry Blisnick).

However, signalling protein candidates are scarce and the flagellar proteomes were carried out
from preparations purified with detergent and high salt treatment, eliminating all the flagellar
membrane and matrix components (Broadhead et al., 2006; Portman et al., 2009).

Recently, a protocol was set up in the host laboratory to purify intact flagella from
trypanosomes (Julkowska et al., manuscript in preparation). This was achieved from the
mutant FLAT®™ cell line that displays detached flagella when the FLA1 protein is down-
regulated by inducible RNA interference (LaCount et al., 2002) (Fig 2.9B). FLA1 (flagellum
adhesion glycoprotein 1) is anchored to the cell membrane via a C-terminal transmembrane
domain interacting with the FAZ filament, while its extracellular N-terminus binds to an
unknown partner presumably linked to the PFR to confer flagellum attachment (Rotureau
unpublished). Flagella from induced FLAL™A' procyclic cells were separated from the cell
body by mechanical forces (vortex) and purified by differential centrifugation in detergent-
free buffer (Julkowska et al., manuscript in preparation). The purity of the obtained flagellar

fraction was confirmed by scanning and transmission electron microscopy (Fig 2.10). Few
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contaminants were detected and 80% of the flagella were intact, displaying a membrane
surrounding axoneme and PFR structures. The detachment has been shown to occur at the

level of the basal body, excluding the kinetoplast (Fig 2.10C-E).

Figure 2.10: Purified flagella are intact and contain all typical structural elements. (A,B) low magnification

of flagella preparations analyzed by scanning (A) and transmission (B) electron microscopy. More than 80 % of
the flagella still possess their membrane. (C) longitudinal section through the base of a purified flagellum reveals
all the typical elements of the organelle (from left to right): the basal body, the transition zone, the axoneme as it
would be within the flagellar pocket and the axoneme associated to the PFR. (D-E) sections through the base of
the flagellum showing that the organelle is severed from the kinetoplast and that the membrane seals at this area.
(F-H) sections through different portions of the purified flagella showing the typical organisation of the

transition zone (F), the axoneme (G,H) and the PFR (H). (Julkowska et al., manuscript in preparation)

Immunofluorescence analysis (IFA) confirmed the presence of soluble proteins in the
flagellum matrix, such as IFT. Western blot analysis showed the enrichment of flagellar
proteins in the flagella versus whole cell protein samples, when comparable protein amounts
were loaded (Fig2.11). The markers for structural proteins of the PFR (PFR2) and the

axoneme (mAb25) where enriched as well as membrane and matrix proteins: the calflagins
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(three different proteins) as representatives for flagellar membrane proteins, and the IFT
proteins IFT172 and Rab-like RABLS (Adhiambo et al., 2009) for the matrix pool. The ER
marker BiP was used to show the level of contamination of the flagellar preparation with cell

body proteins (Fig 2.11).
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Figure 2.11: Molecular analysis confirms the
enrichment of various flagellar proteins. Calflagins
Western blot analysis of two separate flagella
preparations (A,B) probed with different markers.
The indicated amount of proteins (ug) from whole
cells or purified flagella were loaded on gel and
analyzed by immunoblotting with markers of the

axoneme (mAb2S5), of the PFR (PFR2), of the

IFT172

flagellum membrane (calflagins) and of the IFT

system (IFT172 and RABLS). A 10 to 20-fold RABL5

enrichment is observed, in agreement with the fact

that flagella represent about 5% of the total cell BiP

proteins. The endoplasmic reticulum protein BiP
was used as control and is not enriched in flagella. 075 15 30 015 03 06

(Julkowska et al., manuscript in preparation)

The purified flagella were analyzed by mass spectrometry in five separate experiments
(Table 1.1). Only proteins found in at least three data sets were taken into account. A total of
388 identified proteins included most of the flagellum markers, such as axoneme and PFR
components but also most of the known membrane (calflagins) and matrix proteins (different
IFT). None of the markers for membrane and matrix had been detected in the previous study
of flagella skeletons (Broadhead et al., 2006) (Table 1.1). Almost half of the newly identified
proteins have not been previously reported to be associated to the flagellum. To increase
confidence in the purity of the flagella, two mass-spectrometry experiments were carried out
in parallel with the cell body fraction. Comparative analysis revealed proteins that were
enriched in flagella versus cell bodies, present in equivalent proportion or depleted. 83 out of
the 88 identified known flagellar markers were found to be enriched in flagella, confirming

the validity of the approach. Out of the 194 novel proteins, 115 turned out to be enriched.
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These were screened more closely using criteria such as the existence of domains known to be

enriched in flagella, the conservation of the protein in other species or their restriction to

kinetoplastids.
Structure This study Broadhead Table 2.1: Summary of various
etal., 2006 markers found in proteomes of
Dynein arms 19/19 16/19 intact flagella or flagella skeletons.
Central pair 3/4 4/4 The results of the mass-spectrometry
Others 14/17 15/17 analyses of intact flagella in this
Total axoneme 36/40 35/40 Y £
Basal body 2/5 2/5 study, was compared with the skeletal
PFR 29/35 22/35 proteome of Broadhead et al., 2006.
Total flagellar skeleton 67/80 59/80 The screen includes known proteins
FT 9/26 0/26 of the axoneme, basal body and PFR
Other membrane/m atrix 5/7 0/7 that are markers for the flagellar
Total membrane/matrix 14/33 0/33 skeleton. In the intact flagella several
known flagellar membrane and matrix
Total flagel lum markers 81/113 59/113 . o
: proteins were identified but are absent
(93/113)*
in the flagellar skeleton study. In
Cytoskeletal-associated™** 0/6 5/6 total, more recognized flagellar

proteins were identified in this study
*including proteins found in 1 or 2 experiments (case of 11 IFT proteins)

**proteins associated to the flagellum but not part of it that in the analysis of the flagellar

skeleton. (Julkowska et  al.,

manuscript in preparation)

Among the hypothetical proteins identified in the study we selected ten candidates with
interesting domains to study their flagellar localization as a prerequisite for sensory function.
Those were named by their likely localization as flagellar membrane and matrix proteins
(FLAMM). In addition, we got particularly interested in two obvious sensing candidates, the
PAD?2 protein that has been identified as a citrate transporter triggering differentiation from
stumpy to procyclic forms (Dean et al., 2009), and the arginine kinase protein that was
already described to play a role in resistance against environmental stresses in the related

parasite T. cruzi (Miranda et al., 2006; Pereira et al., 2003).
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2.6 Aims of the thesis

Post-transcriptional control is the major possibility for trypanosomes to control mRNA
transcripts that need to be expressed in certain developmental stages and not in others.
Regulatory structures were identified in the 3’ UTRs of many transcripts and several RNA-
binding proteins have been shown to recognize them and to control their fate. Control could
take place at the level of stabilization, degradation or translation efficiency. Some examples of
RNA-binding proteins were described to act during differentiation from bloodstream to
procyclic form but investigations on such proteins beyond the procyclic stage in the tsetse fly
have never been conducted.

We searched to assess the role of the predicted RNA-binding proteins ALBA in trypanosome
development. Their involvement in processes that are developmentally controlled raised their
status for being good candidates of RNA-binding proteins controlling differentiation
processes. Former lab members had generated antibodies against trypanosome ALBA proteins
(Ngwabyt, Blisnick) and preliminary RNAi knock-down experiments suggested important
roles for the survival of the procyclic form in culture (Durand-Dubief). My aim was to
perform a thorough study on the function of ALBA in the developmental stages of the parasite
in the tsetse fly. First by analyzing the phenotype in the ALBARMA knockdown cell line and
then to assess ALBA expression levels in the fly stages by fluorescent tagging experiments.

In the context of trypanosome differentiation, the sensing of environmental cues is
indispensable for the parasite to “know” in which host and which organ it is living, to trigger
the necessary developmental program. The flagellum has been emphasized as an important
sensory organelle (Rotureau et al., 2009). However, molecular actors have not been identified
yet. In the host laboratory, intact flagella containing membrane and matrix proteins were
purified from procyclic trypanosomes (Julkowska et al., manuscript in preparation). Mass
spectrometry analysis revealed some known sensing proteins and identified a multitude of
proteins with hypothetical functions. The aim of the last part of my thesis consisted in the
validation of the flagellar localization of selected proteins and to proceed, at least for one of

them, to their functional analysis to assign their role as possible sensing proteins.
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3. Results

3.1 ALBA as candidate proteins to act in developmental control

3.1.1 The ALBA protein family in Trypanosoma brucei

The genomes of T. brucei, T.cruzi and T.vivax encode four proteins containing an Alba
domain, whereas only two are found in T.congolense and in all Leishmania species. In
T. brucei, two ALBA genes are found on chromosome four: ALBA3 (Tb927.4.2040) and
ALBA4 (Tb927.4.2030) and two on chromosome eleven: ALBA1 (Tb11.02.2040) and ALBA2
(Tb11.02.2030). Multiple sequence analysis of ALBA proteins found in several kinetoplastids
(T. brucei, T.cruzi and Leishmania major) and in some metazoan organisms (human and
mouse) revealed two main characteristics (Fig 3.1A). First, the kinetoplastid ALBA proteins
split in two groups, one including ALBA1 and ALBA2 and the other one containing ALBA3
and ALBAA4. Second, the ALBA1/2 group was more closely related to the metazoan Rpp20
proteins while ALBA3/4 proteins were closer to the Rpp25/Alba-like proteins. This is due to
the fact that all Rpp25 and ALBA3/4 proteins contain C-terminal extensions with a
characteristic GYQXP signature and often a stretch of RGG repeats (Aravind et al., 2003).
The T. brucei ALBA1 and ALBA2 are small proteins of 12 and 14 kDa that contain the Alba
domain only (Pfam PF01918) and that show 53% identity at the amino-acid level between
each other. ALBA3 and ALBA4 are very divergent from ALBA1 and ALBA2 with whom
they share only 16% overall identity. This is restricted to a few residues within the Alba
domain (Fig 3.1B). ALBA3 and ALBA4 show high conservation between each other, with
80% 1dentity not considering the C-terminal extension of ALBA4. The encoded proteins have
a molecular weight of 21 and 25 kDa respectively.

I will focus my investigation on ALBA3 and ALBA4 as they display, in addition to the
predicted RNA-binding Alba domain, a C-terminal stretch of multiple RGG repeats that are
thought to be important for RNA-binding (Godin and Varani, 2007). Moreover, they are more
closely related to the Rpp25/MDP2 group that contains the MDP2 protein that might be

involved in developmental processes in ciliates.
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Figure 3.1: Conservation of ALBA proteins. (A) A phylogenetic tree of ALBA and Alba-like proteins was
generated from a multiple sequence alignment. Bootstrap values (1000 replicates) for neighbourhood joining
are indicated at each node. The following protein sequences were chosen for the alignment: H. sapiens
Ribonuclease P protein subunit p20 (Rpp20) (Uniprot Reference: O75817), M. musculus Rpp20 (Q9DCH?2), H.
sapiens Ribonuclease P protein subunit p25 (Rpp25) (Q9BULY), M. musculus (Rpp25) (Q91WE3), H. sapiens
Alba-like protein C9orf23 (Q8N5LS), M. musculus Alba-like protein C9orf23 (Q99JH1). For comparison, all
Alba-domain containing protein sequences of T. brucei and the related organisms T. cruzi and L. major were
chosen: T.brucei ALBA1 (Tb11.02.2040), ALBA2 (Tb11.02.2030), ALBA3 (Tb927.4.2040), ALBA4
(Tb927.4.2030); T.cruzi ALBAIl-like (Tc00.1047053504089.60), ALBA2-like (Tc00.1047053504089.70),
ALBA3-like (Tc00.1047053510877.40) and ALBA4-like (Tc00.1047053510877.30); L. major (L.m F13.0450
and L.m F34.2580) (B) Multiple sequence alignment of T. brucei ALBA proteins: TbDALBA1, TbALBA2,
TbALBA3 and TbALBA4 using ClustalW2 (* identical residue dark red, : high conservation red, . low
conservation pale red). The predicted Alba domain fold is indicated in blue (arrows represent f-sheets and
cylinders a-helices). This is an assumption based on the crystal structure of the archaeal Albal protein from

S. solfataricus (Wardleworth et al., 2002) and its alignment with T. brucei ALBA1 (Bell et al., 2002).
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3.1.2 Tools for the detection of ALBA proteins

To investigate the localization and the function of ALBA3 and ALBAA4, both full-length
proteins had been expressed as GST fusions and injected in mice to produce antisera
(Ngwabyt & Blisnick). I carried out western blot analysis on total protein extracts and
confirmed that both proteins were expressed in procyclic (PC) and slender bloodstream form
(BS) parasites in culture (Fig 3.2). ALBA proteins migrated at positions corresponding to
their predicted size of 21 kDa and 25 kDa for ALBA3 and ALBA4 respectively. Out of the 16
antisera produced, most of them recognised both bands with various efficiencies (example in
Fig 3.2A), whereas one antibody turned out to react preferentially with ALBA3 and one with
ALBAA4 (Fig 3.2B,C).

Next, for the detection of ALBA proteins in living cells, cell lines expressing YFP fusion
proteins with either ALBA3 or ALBA4 were generated in procyclic cells of Lister 427. The
plasmid p3329 containing a fragment of the C-terminal coding sequence of ALBA3 or ALBA4
was linearized in the ALBA sequence to target integration in the endogenous locus and
achieve the subsequent expression of the fusion construct. Protein expression was first
verified by western blot using either the antibody reacting preferentially with ALBA3 or with
ALBA4. The YFP tagged versions migrated at positions in agreement with their molecular
weights of 46 kDa (ALBA3::YFP) and 50 kDa (ALBA4::YFP) respectively (Fig 3.2B,C).
These results also confirmed that these antibodies indeed recognize ALBA3 or ALBAA4.
Therefore we will refer to the tested antibodies as anti-ALBA3 (preferentially recognizing
ALBA3), anti-ALBA4 (preferentially recognizing ALBA4) and anti-ALBA3/4 (recognizing
both ALBA3 and ALBA4). Moreover, as expected from the endogenous tagging procedure,
the amount of untagged protein seemed reduced for both ALBA3 and ALBA4 (Fig 3.2B,C).
Upon paraformaldehyde (PFA) fixation, all antibodies tested by immunofluorescence analysis
(IFA) produced a clear signal in the cytoplasm of cultured procyclic and bloodstream forms.
No signal was detected in the nucleus or in the kinetoplast at any step of the cell cycle
(Fig 3.2D,E). In contrast, signal was lost upon methanol fixation suggesting that ALBA3/4
are soluble proteins or that the recognized epitopes were denatured. For most IFA studies the
anti-ALBA3 was used because it showed the best signal-to-noise ratio. Observation of the
ALBA::YFP direct fluorescence in live and fixed cells confirmed the exclusively cytoplasmic
localization initially observed by IFA and the absence of visible changes in the staining

pattern during the cell cycle (Fig 3.2F).
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Figure 3.2: Reactivity of ALBA antibodies and ALBA::YFP cell lines. (A-C) ALBA antibodies in western
blot on total protein samples from PC 427 WT, 427 expressing either ALBA3::YFP or ALBA4::YFP fusion
protein and BS 90-13 (2 ug total protein per lane). Cell lines are indicated on top of the gels and the antibodies at
the bottom of each panel. The positions of the bands of the molecular weight marker are shown on the left and
the expected positions of various proteins are shown on the right-hand side of each gel. (A) Anti-ALBA3/4
recognizes ALBA3 (21 kDa) and ALBA4 (25kDa), (B) anti-ALBA3 the endogenous ALBA3 and the
ALBA3::YFP fusion (46 kDa) and (C) anti-ALBA4 recognizes ALBA4 and ALBA4::YFP (50 kDa). (D,E) [FA
with the anti-ALBA3 on (D) PC 427 WT and (E) BS 90-13 counterstained with DAPI (in white merged with the
phase contrast image). (F) Cell lines expressing either ALBA3::YFP (left panel) or ALBA4::YFP (right panel)
fusion proteins were fixed in PFA, counterstained with DAPI (in white merged with the phase contrast image)

and direct ALBA::YFP fluorescence was observed. Scale bar represents 5 pm.

3.1.3 ALBA localization in environmental stress conditions

ALBA3 and ALBA4 are cytosolic proteins and are therefore unlikely to be involved in DNA
binding. Due to the intrinsic ability of the Alba domain and the several RGG repeats they
could interact with RNA. In trypanosomes, several RNA-interacting proteins have been
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shown to accumulate in cytoplasmic foci that harbour mRNA and are formed in starvation

conditions or upon heat shock (Cassola et al., 2007; Kramer et al., 2008).

3.1.3.1 ALBA3/4 aggregate to foci during starvation and co-localize with DHH1

The localization of ALBA3/4 was investigated in procyclic cells upon heat shock and
starvation, first by IFA with the anti-ALBA3 and an antibody against the RNA-helicase
DHHI1, a marker for cytoplasmic foci (Kramer et al., 2008). In contrast to DHH1, the ALBA
signal did not reveal small foci in non-stressed conditions (Fig 3.2D) and heat shock did not

provoke a concentration of ALBA to granules (Fig 3.3A). However, the ALBA signal was

clearly concentrated in foci after starvation stress where it co-localized with DHHI

(Fig 3.3B).

I) API

anti-ALBA3 DAPI

Figure 3.3: Localization of ALBA and DHH1 in stress conditions. (A) heat shock (42 °C for 2 h) or (B)
starvation (incubation in PBS for 2 h) followed by IFA with the anti-ALBA3 (green) and the anti-DHH1 (red)
antibody. Cells were counterstained with DAPI (in blue merged with the phase contrast, right panel), scale bars

represent 5 pm. White boxes indicate areas of magnification.

As the access of the antibody to the antigen in the foci could be limited, these results were
confirmed by analysing the cell lines expressing endogenous ALBA3::YFP and ALBA4::YFP
fusion proteins. After transfer in PBS, both ALBA::YFP fusion proteins aggregated into
cytoplasmic foci confirming the IFA results (Fig 3.4). The kinetics of granule formation was
analysed after 30 min, 1 h, 2h and 3 h incubation in PBS, not including the time of washes
that was less than 15 min (Fig 3.4). After 30 min of stress, granule formation was observed in
more than half of the cells, the number of foci as well as their size varying among different
cells. A minority of cells presented a uniform cytoplasmic localization of ALBA as in non-
stressed conditions. Starvation for 1 h led to the formation of ALBA granules that seemed in

size and number equivalent to those present after 2 h and 3 h. For the following experiments
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we decided to perform starvation experiments for 2 h in PBS, as granule formation is surely

completed and will not change upon longer incubation times.
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Figure 3.4: Kinetics of ALBA granule formation in starvation conditions. Cells expressing either (A)
ALBA3::YFP or (B) ALBA4::YFP were starved in PBS for the indicated time points: 30 min, 1 h, 2 h and 3 h.
As control, cells in non-stressed conditions are shown. Cells were counterstained with DAPI, in blue

superimposed with the phase contrast image. Scale bar represents 5 pm and is the same for all images.

In order to further define ALBA localization, a mCherry::DHHI construct (Kelly et al., 2007;
Kramer et al., 2008) was added to the ALBA3::YFP or ALBA4::YFP expressing cell lines.
The cells were fixed and YFP and mCherry signal analysed before and after starvation stress.

Both proteins co-localized in cytoplasmic granules after 2 h of nutritional stress (Fig 3.5).
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ALBA3:YFP cherry::DHH1 DAP

ALBA4::YFP cherry::DHH1 DAPI

Figure 3.5: Localization of ALBA and DHH1 fluorescent fusion proteins in starvation conditions. PC cells
of the strain Lister 427 expressing endogenous (A) ALBA3:YFP or (B) ALBA4::YFP together with
mCherry::DHH1 were starved (incubation in PBS for 2 h) and fixed in PFA. Cells were counterstained with

DAPI (in blue merged with the phase contrast image, right panel) and direct YFP and mCherry fluorescence

observed. Scale bars represent 5 um. White boxes indicate areas of magnification.

3.1.3.2 ALBA3 and ALBA4 co-localize in starvation granules

Both ALBA::YFP fusion proteins fully co-localize with the DHH1 protein (Fig 4.5). We can
therefore hypothesize that ALBA3 and ALBA4 co-localize with each other in the same foci
during nutritional stress. To test this, we created a construct allowing expression of ALBA4
coupled to a mCherry fluorescent protein. After its introduction into the cell line already
expressing ALBA3::YFP, we were able to visualize the behaviour of both proteins in
starvation conditions. Indeed ALBA3 and ALBA4 perfectly co-localize in starvation granules

at any step of the cell cycle (Fig 3.6).

Figure 3.6: ALBA3 and ALBA4
co-localize in starvation stress.
Cells expressing ALBA3:YFP
(green) and ALBA4::mCherry
(red) after 3h of starvation in
PBS. (A) 1KIN cell and (B)
2KIN cell. The step in the cell
cycle was determined using DAPI

(in blue on the DIC image). Scale

ALBA3::YFP ALBA4::cherry

bars represent 5 pm.

3.1.3.3 Partial co-localization of ALBA with polyA” RNA in starvation granules

The co-localization of ALBA with a described RNA-binding protein in cytoplasmic foci

prompted the investigation of polyA™ RNA that was shown to co-localize with the DHH1
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protein upon starvation stress (Cassola et al., 2007). Therefore, the RNA-FISH method to
detect polyA” RNA was coupled to IFA using the anti-ALBA3 antibody (Fig 3.7). The
analysis by confocal microscopy revealed three types of foci in starved parasites (Fig 3.7
magnification in the white box): (1) those containing polyA” RNA and ALBA protein
displaying equal signal intensity, (2) those containing polyA” RNA but no detectable ALBA
protein and (3) those showing a signal for ALBA protein but no detectable polyA™ RNA
signal. In conclusion, both ALBA3 and ALBA4 proteins formed foci upon starvation stress

conditions that showed partial co-localization with polyA” RNA (Fig 3.7).

polyA™ RNA anti-ALBA3 polyA* RNA anti-ALBA3 DAPI

Figure 3.7: Localization studies of ALBA and polyA* RNA in starvation conditions. PC cells of Lister 427
WT were starved for 2 h and analysed by FISH-RNA to detect polyA” RNA using a fluorescent polyT probe
(green in merged image), coupled to IFA with the anti-ALBA3 antibody (red in merged image). Cells were
counterstained with DAPI (right panel). White box shows a magnification with the three types of foci: (right,
yellow) ALBA and polyA” RNA co-localization, (middle, green) polyA” RNA signal only and (left, red) anti-
ALBAZ3 signal only. Scale bar represents 5 pm.

3.1.3.4 Puromycin and cycloheximide treatment

The concentration of RNA-binding proteins and mRNA into cytoplasmic foci is induced by
various stress situations. The drug puromycin has a destabilizing effect on polysomes and
enhances the granule formation during the stress response. In contrast, cycloheximide is able
to prevent formation of stress granules by blocking translation elongation and thus stabilizing

polysomes. Procyclic WT cells were starved for 2 h in PBS without drug treatment or in the
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presence of puromycin or cycloheximide. IFA with the anti-ALBA3 antibody revealed that
foci were present in cells starved in PBS without and with puromycin treatment (Fig 3.8A,B),
while addition of cycloheximide prevented granule formation in starvation conditions
(Fig 3.8C). ALBA3 co-localized with DHH1 in these situations and behaved as described for
other RNA-binding proteins upon starvation stress and drug treatment (Cassola et al., 2007)

(Fig 3.8).

anti-ALBA3
B PBS§puromycin

anti-DHH1 -

Figure 3.8: Effect of puromycin and cycloheximide on granule formation in starvation conditions. IFA on
PC WT parasites starved for 2 h in PBS (A) in the absence of drugs or in the presence of (B) puromycin or (C)
cycloheximide, followed by IFA with the anti-ALBA3 (green) and the anti-DHHI (red) antibody. Cells were

counterstained with DAPI (in blue merged with the phase contrast image). Scale bar represents 5 pm.

3.1.4 RNAI1 against ALBA in procyclic parasites

To investigate the function of ALBA3 and ALBA4 proteins in trypanosomes, their expression
was depleted either simultaneously or individually using RNAi in the Lister 427, 29-13
procyclic parasites in culture. The first 400 base pairs of the ALBA3 and ALBA4 coding region
show 94% identity and were targeted for knocking-down ALBA3 and ALBA4 simultaneously
by RNAi (Fig 3.9A). The ALBA4 sequence (1-400 bp) was cloned in-between two T7
promoters under the control of the Tet-repressor, ensuring tetracycline-inducible production
of ALBA4 dsRNA targeting ALBA3/4. An alignment of the ALBA4 DNA sequence with those
of ALBA1L,2 ruled out the possibility of cross-RNAI since the nucleotide identity is too low
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(maximum stretch of identity is limited to 8 consecutive nucleotides for ALBAl and 5 for

ALBA?) to generate efficient siRNA against ALBAL or ALBAZ transcripts (Fig 3.9B).
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Figure 3.9: Conservation of
ALBA DNA

T. brucei.
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cell line.

and with

in all sequences, : conservation of
ALBA4 with either ALBAl or
ALBA2). This

represents only a region of the

alignment

genes and was chosen because of
the high conservation of the

encoded residues (see Fig 3.1B).

Therefore, it was selected to
exclude cross-RNAi  against
ALBAl or ALBA2 in the

ALBA3/4™NA cell line.

The silencing efficiency of ALBA3/4 was first assessed by semi-quantitative RT-PCR using
ALBA4 or ALBAS specific primers, which confirmed that mRNA levels of both ALBA3 and

ALBA4 were significantly reduced after 2 days of induction (Fig 3.10A). As control we used

primers against ODA7 that encodes a cytoplasmic protein important for the correct assembly

of flagellar skeletal components (Duquesnoy et al.,

amounts were already reduced in the non-induced ALBA3/

2009). At the protein level, ALBA3/4
4RNAi

cell line in comparison to

Lister 427 WT as shown by western blot using either the antibody recognizing both ALBA3/4

(Fig 3.10B) or an antibody recognizing exclusively ALBA3 (Fig 3.10C). Nevertheless,

protein levels of both ALBA significantly dropped further, once tetracycline was added to the

medium, until maximal silencing was achieved after 3 to 4 days (Fig 3.10B,C).
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Figure 3.10: Silencing of ALBA3 and
ALBA4 upon induction of the ALBA3/4"NA
cell line. (A) Semi-quantitative RT-PCR of
strains Lister 427 WT versus ALBA3/4"M
induced for 2 days. Primers were specific of
either ALBA4, ALBA3 or the control ODA7.
50 ng of RNA were used for the assay. (B,C)
Western blot to assess protein levels of ALBA
in Lister 427 WT as control versus the
ALBA3/4™A' cell line not induced or induced
for 2, 3 or 4 days with tetracycline using the
(B) anti-ALBA3/4 or (C) the anti-ALBA3.
The expected position of the proteins is
indicated in the middle. 2pg of total protein

were loaded per lane.

The anti-ALBA3 antibody was used in IFA to show protein down-regulation at the single cell

level. The number of ALBA positive cells dramatically decreased during the first days of
RNAI induction. At day 3 almost 100% of the cells were ALBA negative (Fig 3.11).
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Figure 3.11: Efficiency of ALBA silencing investigated at the cellular level. (A) IFA signal with the anti-
ALBA3 antibody in ALBA3/4™A' cells not induced (top panel) and induced for 4 days (bottom panel). Scale bar

represents 40 pm. (B) Percentage of ALBA bright positive cells (++ black), weakly positive (+ dark grey) and

negative cells (- light grey) during the time course of RNAI induction in a population of cells (n>200 per time

point). Counts were determined by single cell analysis upon IFA with the anti-ALBA3 antibody.

45



3. Results

3.1.4.2 Silencing of ALBA3/4 leads to cell cycle arrest

Once proven that the ALBA proteins were efficiently knocked-down in the ALBA3/4™A ¢el]
line, growth in culture was monitored with and without tetracycline (Fig 3.12A). After a
comparable proliferation in the first 2 days, the induced cells showed a slightly slowed-down
growth after the first dilution step but almost stopped to duplicate after the second dilution
step. In contrast, the non-induced control was subsequently diluted every 2 days. To verify if
the slow growth phenotype resulted from a specific cell cycle arrest, cells were scored for
DNA containing organelles during the induction period to determine G1/S (1KIN), G2/M
(2KIN) and the post-mitotic cells (2K2N). Aberrant cell types were also recorded: cells
without nucleus called zoids (1KON) (Robinson et al., 1995), IK2N and cells with multiple
nuclei (>2N). The non-induced state was considered as the control situation in which the
population was split in 79% 1KIN, 14% 2KI1N, 4% 2K2N cells and a minority of various
aberrant cell types (<3%). No major changes in these proportions were observed up to three
days of induction, in agreement with the growth curve (Fig 3.12B). However, after the fourth
day of RNAI, the proportion of 2K1N cells decreased while the percentage of zoids (1KON)
went up to 10%. After 6 days of RNAI, up to 15% of zoids were present in the population
indicating cell cycle defects that could result from a delayed or defective mitosis (Ploubidou
et al., 1999). In contrast to many RNAi mutants in T. brucei, we did not observe the

emergence of multinucleated cells (Fig 3.12B).
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Figure 3.12: Slow growth and cell cycle arrest in the ALBA3/4™A cell line. (A) Growth curves of the
ALBA3/4™4 not induced (black line) and induced with tetracycline (red line). (B) Proportion of individuals in
the different cell cycle steps during the time course of induction of RNAi (n=200 cells per time point). 1KIN
(grey), 2K1N (blue), 2K2N (yellow), 1K2N (black), zoid 1KON (red) and multinucleated cells >2N (orange).

The hypothesis of delayed or defective mitosis in ALBA knock-down cells was investigated
using the DNA-FISH method. Fluorescent probes were prepared in order to visualize
duplication and segregation of minichromosomes and large chromosomes during mitosis

(Ersfeld and Gull, 1997). In ALBA3/4™A" non-induced cells minichromosomes localized in
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multiple small clusters at the periphery of the nucleus during interphase, as previously
described (Fig 3.13A). At mitosis they showed a defined localization, first as one cluster in
the centre of the spindle and finally as expected, at the poles of the dividing nucleus until
completion of cytokinesis. Large chromosomes were detected as dots duplicating during
mitosis that segregated in a quite central position of the spindle (Ersfeld and Gull, 1997).
However, in the induced state, several cells showed aberrations in this pattern. Multiple nuclei
were enlarged (Fig 3.13B, arrowheads) and showed an accumulation of minichromosomes
and dots corresponding to large chromosomes in a loose distribution in the nucleus. These
results are consistent with a nucleus that is very likely blocked after completion of one round
of S-phase and that does not proceed to segregation of the chromosomes in mitosis. Some
cells were clearly undergoing mitosis but with an aberrant distribution of their chromosome
content. The minichromosomes were either not concentrated in defined clusters or these

clusters were not localized at opposite poles (Fig 3.13B, stars).
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Figure 3.13: Impaired chromosome segregation in the absence of ALBA3/4. ALBA3/4™A cells (A) not
induced or (B) induced for 7 days. Large chromosomes (in yellow) were detected using a probe against the
repetitive r5S locus and minichromosomes (in red) were visualized using a probe against a 177 bp repetitive
motif. Nuclei and kinetoplasts were stained with DAPI (in blue on the phase contrast image). Scale bars
represent 5 pm, arrowheads show nuclei that are of unusually large shape and stars indicate aberrant distribution

of chromosomes during mitosis.

3.1.4.3 ALBA3/4 silencing leads to morphogenetic defects

To further investigate the consequences of the ALBA3/4 knock-down, cells induced at
various time points were fixed and stained by IFA with the anti-ALBA3 antibody. A high
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proportion of cells were very elongated, reaching up to 40 um in length (non-induced cell
length in 1KI1N state is ~25 pm). As early as 2 days after the induction of protein knock-
down, 24% of the cells showed an elongated posterior end, reaching up to 50% after 5 days
(Fig 3.14A). This phenotype has previously been reported in some mutants and termed
“nozzle” (Hammarton et al., 2004; Hendriks et al., 2001; Li et al., 2003). The question
whether the elongation in nozzle cells was due to an active polymerization of microtubules at
the posterior pole was then assessed by staining with the YL1/2 antibody that recognizes
newly assembled tyrosinated a-tubulin (Kilmartin et al., 1982; Sherwin and Gull, 1989b). The
staining was found at the basal bodies and the daughter flagellum as well as at the posterior
end in both the control and ALBA3/4™A induced cells (Fig 3.14B). ALBA3/4™A' cells with an
elongated posterior end displayed bright staining indicating active microtubule elongation

(Fig 3.14B, stars).
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Figure 3.14: Posterior elongation in
ALBA3/4"N" induced cells. (A) Percentage of
cells displaying a nozzle phenotype during the

time course of RNAIi induction. (n=200 per

tyrosinated tubulin

time point). (B) Staining of tyrosinated tubulin
in WT 427 and ALBA3/4™A' cells induced for 4 days. Stars indicate cells with nozzle phenotype. Scale bar

represents 5 pm.

Cell body size has been linked to flagellum length (Kohl et al., 2003), therefore we assessed if
this parameter increased concomitantly to cell elongation. A second question was if the
elongation of the posterior pole occurred before or after cell division, looking at the future
daughter cell that inherits the more posterior flagellum, the posterior half of the duplicated
organelles and of the cell body (Ploubidou et al., 1999). To answer these questions, we
analysed the zoids and measured their total cell length (from the posterior end to the tip of the
flagellum), the distance of the kinetoplast to their posterior pole and their flagellar length on

phase contrast images. The values of the distance from the kinetoplast to the posterior end
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versus the cell length (Fig 3.15, left panels) showed linear trend lines at each induction time

point with

R? values between 0.59 and 0.73. This indicated the high probability of a linear

relationship of the parameters that can be explained by an exhaustive microtubule elongation

at the posterior pole. No matter the cell length and the RNAi induction time point (day 4-6),

the length of the flagellum remained in the normal range of 15 to 22 um in the majority of the

cells measured (Fig 3.15, right panels). The R? values between 0.33 and 0.39 show an absence

of linear relationship between flagellum length and cell length.
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Cellular parameters of zoid cells in the ALBA3/4™ cell line. Cells (A) induced for 4 days, (B)

5 days and (C) 6 days. The plots on the left show the distance of the kinetoplast to the posterior end in relation to

the cell length (dark blue squares), the plots on the right show the flagellar length versus the cell length (light

blue squares). Linear trend lines were added in black and their corresponding R? values are indicated. (n>40

cells for each induction time point).

Taken together these data suggest that (1) elongation of the posterior end of the ALBA3/

4RNAi

induced cells already occurred before cell division, as no major difference was observed from
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one time point to the other and (2) that this elongation does not depend on flagellar length but
occurs at the posterior end.

A second phenotype was observed: the nucleus frequently appeared in a posterior position
relative to the kinetoplast (Fig 3.16A). The percentage of such cells increased constantly
during the course of RNAi induction. The aberrant nucleus positioning was scored as
juxtaposed anterior or posterior of the kinetoplast, or being clearly posterior. In contrast to the
non-induced control, after one and two days of induction a small percentage of cells with the
three forms of aberrant nucleus positioning were already detected (Fig 3.16B). This went up
steadily to reach a maximum at 6 days of induction with 28% of the cell population. Whereas
cells with a juxtaposed anterior positioning of the nucleus were detected throughout the
induction course, the percentage of cells with a juxtaposed posterior nucleus increased to 16%

at day 6. An increase in abundance was also observed for cells showing a posterior nucleus

positioning.
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B nucleus posterior
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Figure 3.16: Posterior nucleus positioning in the ALBA3/4™A' cell line. (A) Examples of cells scored with
DAPI staining (blue): a juxtaposed anterior (upper left), a juxtaposed posterior (upper right) and posterior nuclei
(bottom panels). Scale bar represents 5 pum and arrowheads indicate kinetoplasts. (B) Percentage of cells in the
population of the ALBA3/4™A cell line displaying a juxtaposed anterior (light grey), a juxtaposed posterior

(grey) and a posterior nucleus (dark grey) during the time course of RNAI induction (n>200 cells per time point).

The flagellum attachment zone (FAZ) was shown to be essential for the trypanosome cell
cycle i.e. correct morphogenesis and cytokinesis (Kohl et al., 2003; Kohl et al., 1999;
Robinson et al., 1995). Furthermore, it was speculated that the FAZ controls nuclear
positioning (Rotureau et al., 2011a; Vaughan et al., 2008). Thus, we monitored the FAZ in the
ALBA3/4™A ¢ell line by staining the FAZ1 protein with the antibody L3B2 (Kohl et al.,
1999) in a double IFA with the mAb25 antibody that stains the flagellar axoneme (Pradel et
al., 2006) (Fig 3.17). In all ALBA3/4™A cells investigated, both the flagellum and the FAZ1
staining exhibited normal aspect and length. This was also the case in cells that show a

nucleus positioned posterior to the kinetoplast (Fig 3.17, arrowheads). Nevertheless, we could
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not exclude that other FAZ components could be modified in these cells or that nuclear

repositioning in the absence of ALBA involved completely different players.

Axoneme

Figure 3.17: FAZ and flagellar analysis in induced cells of the ALBA3/4™™*' cell line. Cells induced for

4 days were fixed in methanol and analysed by IFA with the antibodies mAb25, staining the axoneme (in
green), L3B2, staining the FAZ (in red) and counterstained with DAPI (in blue merged with the phase contrast).

Scale bar represents 5 um and arrowheads show kinetoplasts that are positioned anterior to the nucleus.

3.1.4.4 Specific silencing of ALBA3 or ALBA4

The silencing of both ALBA3 and ALBA4 led to multiple phenotypes. These were caused
either by silencing of only one of the proteins or by simultaneously silencing both proteins.
Therefore we created cell lines that allowed knock-down of either ALBA3 or ALBA4
individually. Considering the similarity in the coding sequence of both genes, silencing was
achieved by producing strains expressing dsRNA against the 3’ coding sequence and 3’UTR
of either ALBA3 or ALBA4 that were divergent enough to exclude cross-RNAi (Fig 3.18A).

The ALBA silencing was first assessed by semi-quantitative RT-PCR in the cell populations
after transfection. For ALBA3, two transfection experiments were needed to obtain two
populations that showed silencing. Further sub-cloning of these transfectants failed to recover
any living cells. ALBA4 silencing was observed in several populations issued from the first
round of transfection and were sub-cloned by limited dilution. We recovered 2 clones
showing clear silencing of ALBA4 by RT-PCR analysis. We decided to continue our set of
experiments with one cell line for each ALBARMA that showed the highest silencing efficiency
on the mRNA level (Fig 3.18B). Next, the growth rate was recorded for these cell lines in the
non-induced and induced state. Over the whole period of induction, the growth of the
ALBA4RMA' cell line was comparable to the parental cell line even in the induced state
(Fig 3.18C). The ALBA3™A non-induced cell line grew slightly more slowly in comparison to

ALBA4™A and when induced manifested a slow-growth phenotype after 3 days. However, it
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recovered after 150 hours to adopt a growth rate comparable to the non-induced culture

(Fig 3.18C).

A Double and single ALBARNAi cell lines B 427TWT ALBA3®ini ALBA3®i3d i
ALBA3/4 RNAi 41 B43 RNAI :

ALBA3

ALBA4 RNAi . .
¢ Ad A3 ¢ ¢ A4 A3 ¢ ¢ A4 A3

ALBA4 ALBA4®ini ALBA4*i3di  427WT

bp } } t
0 500 1000
ALBA3M ALBA4 RMAi -« ¢ Ad A3 ¢ ¢ A4 A3 Ad A3
m— not ind ot ind D anti - ALBA3/4
induced s induced
15
= e — s ALBA4
. SR e - W ABA3
ey
=
5 . /  — s control PFR
7 ~ ~
/ y \?"&\ ﬂ? » \‘bb
IR »'5*‘
% 1 2 3 4 5 6 9" eAy & Thy &
A RY
time in days b ™

Figure 3.18: Silencing of ALBA proteins in ALBA3™A or ALBA4™A' cell lines. (A) Schematic
representation of the DNA sequences of ALBA3 and ALBA4, coding sequences are shown in dark red and UTRs
in pale red. Boxes indicate the region used to generate dSRNA against both ALBA3/4 (blue box) or single RNAi
against either ALBA3 (green box) or ALBA4 (orange box). The cartoon was drawn to scale, the number of base
pairs is represented as scale. (B) Semi-quantitative RT-PCR of strains Lister 427 WT versus ALBA3™A" and
ALBA4™A non-induced or induced for 3 days. Primers were specific for either ALBA4 (A4), ALBA3 (A3) or the
control ODA7 (c). 50 ng of RNA were used for the assay and its DNA-free state verified in a PCR assay
without reverse trancriptase (-c). (C) Growth curves of the single RNAi cell lines measured during 7 days.
ALBA3™A' curves in green and ALBA4™A in orange (dark colours correspond to the non-induced state, light
colours indicate induced cells). (D) Western blot with the anti-ALBA3/4 antibody to assess ALBA protein
levels in the single RNA cell lines, non-induced and induced with tetracycline for 3 days, versus the WT strain
Lister 427. The expected position of the proteins is indicated on the right. 2 ug of total protein were loaded per
lane and the loading control is the PFR protein detected with the L13D6 antibody.

We verified the silencing efficiency in western blot using the anti-ALBA3/4 antibody that
recognized both proteins (Fig 3.18D). In the ALBA4RNA samples, the amount of protein in the
non-induced state was comparable to a wild-type cell line and silencing of ALBA4 was
achieved after 3 days of induction without altering the amount of ALBA3. In the ALBA3RMA

samples, the levels of the ALBA3 protein were reduced to half the amount in the non-induced
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cells and tetracycline induction did not lead to a further knock-down. However, the PFR
control for these samples indicated that a lower amount of total protein was loaded.
Nevertheless, the amount of ALBA4 in the ALBA3™ samples is comparable to that of the
wild-type (Fig 3.18D).

To verify these results obtained by western blot, we performed IFA with the anti-ALBA
antibodies and used the anti-DHH]1 staining as internal control (Fig 3.19).

A ALBA3RNAI B ALBA4RNAI

anti-ALBA3 anti-DHH1 phase/DAPL anti-ALBA4 anti-DHH1 phase/DAPI
non-induced 4 non-induged

4d induced 4d induced

4d induced

Figure 3.19: Silencing of ALBA led to phenotypes in the ALBA3™A cell line. (A) ALBA3™A' and (B)
ALBA4™A cells non-induced or induced for 4 days were analysed by IFA with the anti-ALBA3 (for the
ALBA3™A and the anti-ALBA4 (for the ALBA4™A). We stained the cells with the anti-DHH1 as control and

with DAPI (in blue merged with the phase contrast image). The scale bar represents 5 um. Morphogenetic

3RNAI

phenotypes in the ALBA cell line are indicated by arrowheads (nozzle, long posterior) and arrows (wrong

positioning of the kinetoplast: anterior or juxtaposed anterior).

As seen for the ALBA3/4™A DHHI level remained constant. Experiments with the anti-
ALBA3 showed that in the ALBA3™A non-induced population, the level of ALBA protein
was already down-regulated in a high proportion of the cells and that this proportion was not
considerably higher in the induced state. This is in agreement with the western blot result.
Some of the cells devoid of ALBA3 signal showed the phenotypes already observed after
silencing ALBA3/4: posterior elongation and nucleus repositioning (Fig 3.19A). Cells of the
ALBA4™NAT cell line were stained with the anti-ALBA4 antibody in IFA. The signal generated

by this antibody was weak in the non-induced cells and disappeared almost completely in
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cells induced for 4 days. Cells devoid of ALBA4 did not show a visible cellular phenotype
(Fig 3.19). These results suggest that ALBA3 and not ALBA4 knock-down was responsible
for the phenotypes observed in the ALBA3/4™A' cell line, but due to the leakiness of RNA] in
the ALBA3™A cell line and the fast generation of revertant cells (described in (Chen et al.,

2003)), its investigation was not further pursued.

3.1.5 ALBA3/4 expression during parasite development in the fly

3.1.5.1 Analysis of ALBA protein levels in X Vivo trypanosomes by I[FA

The observations made from the ALBA3/4™A" and ALBA3™A' cell line suggest that ALBA
knock-down is mimicking some of the typical changes happening in cells that undergo a
trypomastigote to epimastigote differentiation during trypanosome development in the
anterior midgut of a tsetse fly: elongation by active polymerization of microtubules at the
posterior end, relocation of the nucleus to the posterior side of the kinetoplast and cell cycle
arrest. However, this differentiation step is not reproducible in the laboratory. In order to
assess ALBA protein levels in vivo during the parasite cycle, tsetse flies were fed with
procyclic parasites of the AnTatl.l strain. Flies were dissected at various time-points of
infection and the obtained parasites were fixed in PFA to perform IFA with the anti-ALBA3
antibody (Fig 3.20). DNA was stained by DAPI allowing assessment of kinetoplast and
nucleus position and thus unambiguous determination of the parasite cycle stage (Rotureau et
al., 2011a; Sharma et al., 2008).

The procyclic form (PC) obtained from the fly midgut showed a cytoplasmic ALBA staining
equivalent to that observed with the cultured form (Fig 3.20A). As the cell elongated to
differentiate into the non-proliferative mesocyclic trypomastigote form (MS), no visible
changes in ALBA signal intensity or profile were detected (Fig 3.20B). The following stage in
the parasite cycle, the mesocyclic to epimastigote form (MS-E) is found mainly in the
proventriculus of the fly. These forms do not proliferate and are characterized by an elongated
nucleus migrating towards the posterior end of the cell. The MS-E parasites showed highly
reduced ALBA level (Fig 3.20C-E,K,M). Cells having adopted the epimastigote configuration
duplicate their kinetoplast and proceed to mitosis, leading to the asymmetrically dividing
epimastigote form (DE) that also showed low ALBA abundance (Fig 3.20F,K). After an
asymmetric division into a long (LE) and a short epimastigote (SE), the short form reacquired

ALBA signal whereas the LE remained negative (Fig 3.20G,H,L).
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Tsetse fly alimentary tract B

anti-ALBA3

anti-ALBA3
Figure 3.20: ALBA3/4 expression level during parasite development in the tsetse fly. Evolution of ALBA3/4
expression level assessed by IFA with the anti-ALBA3 antibody (left panel) and counterstained with DAPI (in
blue on the phase contrast image). (A-H) ALBA signal in AnTatl.] parasites derived from the digestive tract and
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(I-)) salivary glands of the tsetse fly. (K-M) Fields of parasites in different developmental stages in the
proventriculus. Fluorescent signal was normalized by setting the PC maximal signal intensity as 100% in all
acquired images (in parasites on the same slide). (A-J) Cells are shown in the order of appearance during the
infection cycle in the tsetse fly: procyclic (PC), mesocyclic trypomastigote (MS), parasites in transition from
mesocyclic trypomastigote to epimastigote (MS-E), asymmetrically dividing epimastigote (DE) into a long (LE)
and a short epimastigote (SE), salivary gland epimastigote (SGE) and metacyclic (MT). Scale bars represent
5 um (scale bar in A is the same in A-H, scale bar in I is the same in J), arrows indicate the localization of

kinetoplasts.

All the forms in the salivary glands were positive for ALBA: the salivary gland epimastigotes
(SGE) (Fig 3.201) and the infective metacyclic trypomastigote parasites (MT) (Fig 3.20J).
These data indicate a precise control of at least ALBA3 during trypanosome development in
the fly.

In order to validate the drop of ALBA we searched for an internal control protein that also
shows cytosolic localization and stays stable during differentiation, but in the literature no
such proteins have been reported. We decided to use the DHH1 protein as possible candidate
for several reasons. First, we showed that DHH1 protein abundance is not influenced by
ALBA down-regulation at least in the procyclic form. Second, DHH1 is an RNA-binding
protein as we hypothesized for ALBA so it is interesting to investigate its abundance during
development in the tsetse fly. After co-staining with the anti-ALBA3 antibody we assessed
signal intensities produced by the antibodies in the different trypanosome forms in the fly
(Fig 3.21). In the Imagel] software the whole cell (on the phase contrast image) was
determined as a region of interest (ROI) and mean signal intensities of ALBA and DHHI
were then calculated by the program within this ROI on the fluorescence images. Although
only low numbers of parasites could be analysed, the results confirmed the observed drop of
ALBA signal in the MS-E, DE and LE cells and also the re-emergence of ALBA signal in the
SE. In contrast, the cells found in the salivary glands showed an ALBA signal comparable to
MS-E cells (Fig3.21 dark grey bars). To visualize the evolution of DHHI signal versus
ALBA signal in the different forms we calculated the ratio of the mean signal intensities
(Fig 3.21 light grey bars). It revealed an ALBA/DHHI1 ratio of 1.6-1.8 in midgut and
proventricular stages, with the exception of SE, where the ratio goes up to 2.4. In all stages
found in the salivary glands ALBA signal intensity was comparable to that of DHHI1. Thus,
we could not use the DHHI1 protein as negative control protein in this set of experiments, as
its abundance seemed to follow the pattern of ALBA proteins during the trypo- to

epimastigote transition.
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Figure 3.21: Signal intensities of ALBA and DHH1 in parasite stages in the tsetse fly. Data were obtained on
measurements on cells by IFA with the anti-ALBA3 and anti-DHH1 antibodies. In dark grey: ALBA mean
signal intensities, values on the left y-axis. In light grey: ratio of ALBA/DHH1 mean signal intensities, right y-
axis. The parasite stage, the number of cells analysed in the number of different experiments is shown. Parasite
stages: procyclic (PC), mesocyclic trypomastigote (MS), parasites in transition from mesocyclic to epimastigote
(MS-E), asymmetrically dividing epimastigote (DE) into a long (LE) and a short epimastigote (SE). In the
salivary glands: salivary gland epimastigote (SGE) and metacyclic (MT).

Although we obtained useful information by the IFA technique and signal measurements, we
realized that higher cell numbers were needed to better quantify ALBA signal intensities.
Only low numbers of parasites could be analysed, as ALBA3 and ALBA4 require the use of
PFA fixation and cells of some parasite stages fixed in these conditions do not adhere well on
microscope slides. In addition, most trypanosome stages found in the tsetse fly are only
present in low numbers that makes statistical analysis difficult. Finally, antibody accessibility
could be different depending on the properties of particular stages and the degree of
elimination of other contaminants (bacteria and tissue) before fixation and IFA. To overcome
the technical limitations, we decided to work with live cells expressing ALBA::YFP fusion

proteins.
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3.1.5.2 Analysis of ALBA::YFP fusion protein levels in X Vivo trypanosomes

Tsetse flies were fed with either one of the ALBA::YFP AnTatl.1 cell lines (the comparable
Lister427 cell lines are shown in Fig 3.2) and dissected at different time points of infection.
For both strains, the rates of infection in the midgut (MG) and salivary glands (SG) were
comparable with the parental WT AnTatl.l strain (control MG 40%, SG 10.7%;
ALBA3::YFP MG 54%, SG 10.3%; ALBA4::YFP MG 33%, SG 11%). The expression of the
ALBA fusion proteins in trypanosomes ex Vivo was first verified by observing the direct YFP
signal in fixed parasites. Figure 3.22 shows a typical example of ALBA3::YFP cells released
from the proventriculus of an infected fly: mesocyclic parasites showed strong ALBA signal,
in contrast to the mesocyclic to epimastigote forms. In this experiment, parasites were
released from fly tissues into PBS, demonstrating that the formation of cytoplasmic starvation
granules also occurs in parasites issued from an infection. We avoided starvation conditions in

subsequent analyses of ALBA fluorescent cell lines by releasing parasites directly into culture

medium.

Figure 3.22: Starvation granules in

parasites issued from fly infection.

\_/" Trypanosomes of the strain AnTatl.1

/ expressing  endogenous  ALBA3::YFP,

derived from the tsetse proventriculus were

\_ _ > released in PBS, fixed and stained with

ALBA3:YFP DAPI " DAPI. Scale bar represents 5 um and
arrowheads indicate the localization of the kinetoplast. Parasite stages: mesocyclic trypomastigote (MS), cells in

transition from mesocyclic to epimastigote (MS-E).

As endogenous ALBA fusion protein expression reflected the results obtained by IFA, the
aim was to monitor the ALBA expression profile by live video microscopy. However, one has
to remember that parasites can only be seen upon dissection and that after fly sacrifice
trypanosomes only survive for a limited amount of time, restricting the time window for
analysis. We selected to acquire images by analogue video recording. This is not a digital
system and therefore absolute quantification cannot be performed but three categories of cells
can be clearly visually defined: negative (-), positive (+), and bright (++). By this mean, it
was possible to analyse a sufficiently large number of cells not reachable otherwise (1216 for
ALBA3::YFP and 775 for ALBA4::YFP issued from two and one independent infection

experiments respectively). The differentiation stage was determined by imaging the phase
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contrast (for morphology) coupled with DNA staining by DAPI, a dye that penetrates easily
in live trypanosomes.

Movie 3 shows representative cells for each parasite stage of ALBA3::YFP found in the fly,
and movie 4 shows fields of cells of the same strain to illustrate how relative fluorescence
intensity was evaluated. Still images of movie 3 were extracted and are shown in Figure 3.23.
Fluorescence in ALBA4::YFP parasites was assessed in movie 5 and still images are

presented in Figure 3.24.

ALBA3:YF DAPI

ALBA3::

ALBA3:YF

ALBA3::YFP| DAPI

Figure 3.23: Level of ALBA3::YFP in different stages during development in the fly. Still images of
movie 3 were extracted for each parasite stage in the fly. Left panel: phase contrast, middle panel:

ALBA3::YFP signal and right panel: DAPI staining. Scale bars represent 5 pm.
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ALBA4:YFP

ALBA4::YFP

ALBA4::YFP
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Figure 3.24: Level of ALBA4::YFP in different stages during development in the fly. Still images of
movie 5 were extracted for each parasite stage in the fly. Left panel: phase contrast, middle panel:

ALBAA4::YFP signal and right panel: DAPI staining. Scale bars represent 5 pm.

All ALBA3::YFP cells showed a bright fluorescent signal at the procyclic stage (PC) while
the parasites at the mesocyclic stage (MS) were more heterogenous (40% bright and 60%
positive green cells) (Fig 3.25A). The ALBA3 fluorescence intensity dropped further during
the transition of the trypo- to epimastigote form, with almost 80% of the MS-E parasites being
negative. This was even more pronounced in the dividing epimastigote (DE) form (more than
90% of ALBA3::YFP negative cells) (Fig 3.25A). The ALBA signal was recovered in the
short epimastigotes (SE) whereas long epimastigotes (LE) remained negative, confirming the
IFA data. Finally, all trypanosome forms found in the salivary glands were positive for
ALBA3 (Fig 3.25A).

The expression profile of ALBA4::YFP turned out to be very similar to that of ALBA3
(Fig 3.25B), with the exception of the DE stage with 35% of positive fluorescent cells in
ALBA4 versus 10% in ALBA3. This could be explained by a re-emergence of ALBA4
protein in the future SE before cytokinesis is completed, going along with the higher
percentage of SE positive cells for ALBA4 versus ALBA3 (Fig 3.25B).
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Figure 3.25: Expression profile of ALBA3::YFP and ALBA4::YFP in parasites issued from fly infection.
Percentage of strong (black), positive (dark grey) and negative cells (light grey) in the different stages of the
parasite cycle of AnTatl.1 parasites expressing endogenously tagged (A) ALBA3::YFP and (B) ALBA4::YFP
obtained upon tsetse fly dissection. For ALBA3::YFP, data are the sum of two separate infection experiments
(total of 168 flies, 68 were dissected) whereas a total of 93 flies (36 dissected) were used for ALBA4::YFP in
one infection experiment. Analysis was performed on live cells and the number of counted cells is indicated on
top of the bars. Cells are shown in the order of appearance during the infection cycle in the tsetse fly: procyclic
(PC), mesocyclic trypomastigote (MS), parasites in transition from mesocyclic trypomastigote to epimastigote
(MS-E), asymmetrically dividing epimastigote (DE) into a long (LE) and a short epimastigote (SE). In the
salivary glands: salivary gland epimastigote (SGE) and metacyclic (MT).

Taken together, the combination of IFA and live video microscopy analysis showed a defined
expression profile of ALBA3 and ALBA4 proteins during the trypanosome parasite cycle,
marked by a significant drop when parasites change from trypo- to epimastigote conformation

in the proventriculus region.

3.1.6 Consequences of ALBA3/4 over-expression on trypanosome development

3.1.6.1 Procedure for over-expression of ALBA3 or ALBA4

To understand the significance of the down-regulation of ALBA3/4 in the proventricular
stages, we selected to over-express these proteins. However, regulatory elements required for
specific expression at these particular stages are unknown. Hence, we selected to
constitutively over-express individual ALBA3 or ALBA4 proteins using the pHD67E vector
which had been reported to confer GFP reporter expression throughout the parasite cycle
(Bingle et al., 2001). This construct was targeted to the rDNA locus and the reporter GFP
protein was expressed under the control of the EP procyclin promoter. Either ALBA3 or

ALBA4 coding region was fused upstream of the GFP gene into this vector. The expression as
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GFP fusion was necessary to control the level of over-expression in individual cells during
parasite development in the fly as western blot was not achievable at the stage-specific level.
Procyclic trypanosomes of the AnTatl.1 strain were transfected with the plasmid pHD67E as
control or with pHD67EALBA3 and pHD67EALBAA4.
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Figure 3.26: ALBA3 and ALBA4 over-expression in AnTatl.1 procyclic form in culture. (A) Western blots
with 2 pg of total protein samples of WT AnTatl.1 cells, carrying a GFP gene (control GFP) or an extra copy of
either ALBA3::GFP or ALBA4::GFP. Blots were incubated with a specific anti-ALBA3 antibody to detect the
endogenous ALBA3 (expected molecular weight 21 kDa) and the ALBA3::GFP (46 kDa) protein (left), with a
specific anti-ALBA4 antibody to detect the endogenous ALBA4 (25 kDa) and the ALBA4::GFP (50 kDa)
protein (middle) or an anti-GFP antibody to reveal the control GFP protein (right panel) and the ALBA::GFP
fusion proteins. A weak cross-reactivity of the anti-ALBA antibodies is visible. The anti-PFR antibody L13D6
was used as a loading control. (B) Procyclic cells of the strain AnTatl.l in culture expressing either GFP or
exogenous ALBA4::GFP were fixed in PFA and counterstained with DAPI (direct fluorescence on the left,
phase contrast image and DNA in blue on the right, scale bar represents 5 pm). (C) Cell growth of the AnTatl.1
WT (parental strain, black curve), GFP control (green curve), ALBA3::GFP (light blue curve) or ALBA4::GFP

(dark blue curve) cell lines.

Protein expression levels were first analysed by western blot in cultured procyclic cells using
the specific anti-ALBA3 or anti-ALBA4 antibodies (Fig 3.26A). Fusion proteins exhibited the
expected electrophoretic mobility and their abundance appeared to be equivalent to the

endogenous ALBA3 or ALBA4, meaning that these cells were over-expressing at least two-

62



3. Results

fold the amount of ALBA3 or ALBA4 compared to non-transfected cells. This exogenous
expression of ALBA::GFP did not lead to a down-regulation of the endogenous ALBA
protein, but additional protein bands of intermediate size were detected with both the anti-
ALBA3 and anti-ALBA4 antibodies (Fig 3.26A), possibly corresponding to degradation
products of the fusion protein, a feature not seen with the endogenous tagging experiments
(Fig 3.2B,C). To compare the expression levels between cell lines, protein samples were
probed with an anti-GFP antibody (Fig 3.26A). ALBA4::GFP was expressed to a level
comparable to the control GFP whereas ALBA3::GFP turned out to be less abundant, despite
the use of the same expression system (Fig3.26A). In the GFP control cells, direct
observation of fluorescence in live or fixed cells revealed that GFP was expressed and that the
signal was detected in the cytoplasm as well as in the flagellum and in the nucleus
(Fig 3.26B). In contrast, ALBA3::GFP and ALBA4::GFP fusion proteins were found
exclusively in the cytoplasm (shown for ALBA4::GFP in Fig 3.26B). The growth in culture of
the control GFP cell line was comparable to the parental AnTatl.1 cell line while the ALBA3
and ALBA4::GFP expressing cell lines showed slightly slower growth (Fig 3.26C).

3.1.6.2 ALBA3/4 over-expression during trypanosome development in the fly

Several groups of flies were infected with each of the strains and dissection was undertaken at
late time points (days 25-30), when control infections should have reached maturity in the
salivary glands. Infection rates were obtained by grouping data of nine independent
experiments. For the GFP control strain, 52% of the flies showed midgut infections and
salivary gland infections were detected in 12% of the flies, which corresponds to the levels
observed in our laboratory for the AnTatl.l wild type strain (Rotureau et al., 2011a)
(Fig 3.27). One third of the established infections in the midgut led to a mature salivary gland
infection. The ALBA3::GFP strain turned out to be as efficient as the control in developing
midgut infections (53%) (Fig 3.27). The level of salivary gland infections was lower (6%,
meaning that only 10% of the established infections in the midgut led to a mature infection in
the fly saliva). Although this lower infection rate was not statistically significant, each of
these flies showed an unusually high number of midgut parasites in comparison to other
midgut infections observed for the same cell line (Fig 3.27). For the ALBA4::GFP strain,
50% of the flies were infected in the midgut and 17% showed parasites in the salivary glands,
being very close to the control situation with one third of midgut infections leading to a

mature development (Fig 3.27).
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Figure 3.27: Fly infection rates of the
ALBA::GFP over-expressing strains.
Percentage of flies infected in the midgut (light
grey bars) or the salivary glands (black bars)
when challenged with AnTatl.1 cells expressing
GFP control (sum of 7 infection experiments,
214 flies), ALBA3::GFP (sum of 6 infection
experiments, 155 flies) or ALBA4::GFP (sum of
3 infection experiments, 143 flies)(n = number
of dissected flies). Infections with the

ALBA3::GFP cell line in the salivary glands

were only observed in flies with a highly infected midgut (indicated by a star). The dark grey bars indicate the

ratio of salivary gland infection per parasitized midgut.

Live trypanosomes from all three strains were investigated by video microscopy and scored as

described for the endogenously expressing ALBA::YFP cell lines. Movie 6 shows fields of

mesocyclic parasites from each strain to illustrate relative fluorescence intensities. Still

images are shown in Figure 3.28.

B ALBA3::GFP

ALBA4::GFP

Figure 3.28: Mesocyclic parasites of GFP control and ALBA::GFP over-expressing cell lines. Representative
fields of mesocyclic parasites of the (A) GFP control, (B) ALBA3::GFP and (C) ALBA4::GFP strains. Left

panels: the phase contrast of each field, middle panels: the recorded green fluorescent signal and right panels:

DAPI shows DNA content and localization. Scale bars represent 5 pm.
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Starting with a high proportion of green fluorescent procyclic parasites (78 to 98%) in all
three cases, the green signal evolved differently during progression in the parasite cycle
(Fig 3.29). In the GFP control cell line, 80% of the cells were strongly positive at the midgut
PC or MS stages and negative parasites were rare (Fig 3.29A). The general trend in all
proventricular stages was a drop in the proportion of strongly positive parasites, but the
abundance of GFP negative parasites remained constantly low around 20%. Cells in the
salivary gland were positive in most cases (SGE and MT). In summary, the reporter GFP
protein was present in 80 to close to 100% of the cells in all stages of the parasite cycle,
although its abundance was variable (Fig 3.29A).

In contrast to the endogenous tagging experiments, different results were obtained for cells
over-expressing ALBA3::GFP or ALBA4::GFP (Fig 3.29B,C). Parasites resulting from an
infection with the ALBA4::GFP strain were expressing the GFP fusion protein to a high level
in the majority of the cells, whereas negative parasites were a minority in all stages
investigated, with the exception of long epimastigotes, a profile quite similar to the expression
of the control GFP alone (Fig 3.29C). In contrast, proventricular parasites resulting from
ALBA3::GFP infections showed a higher proportion of negative cells: 35% for the MS-E and
up to 47% for the DE whereas the percentage of positive SE was comparable to the results
obtained for ALBA4::GFP (Fig 3.29B). Only a few cells could be analysed in the salivary
glands due to reduced infection levels, but all turned out to be negative or weakly positive
(Fig 3.29B). These results show that over-expression of the ALBA4 protein as GFP fusion is
maintained in each stage during progression of the parasite cycle without impairing the rate of
fly infectivity. In contrast, although using the same expression system, the ALBA3::GFP
protein appears to be down-regulated at the transition from trypo- to epimastigote stage in a
pattern similar to the endogenous ALBA3 protein. Moreover, parasites expressing large
amounts of ALBA3::GFP proteins were not observed in the salivary glands (Fig 3.29B),

suggesting that strong over-expressers cannot complete the final part of the parasite cycle.
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Figure 3.29: Evolution of GFP control and ALBA::GFP signal during parasite development. Percentage of
bright (black), positive (dark grey) and negative cells (light grey) in the populations of each stage of AnTatl.1
parasites expressing GFP alone (A), ALBA3::GFP (B) or ALBA4::GFP (C) during the course of infection.
Analysis was performed on live movies of trypanosomes filmed directly upon fly dissection and the number of
counted parasites is indicated on top of the bars. Data are the sum of all independent infection experiments (GFP
control: 67 flies from 7 experiments, ALBA3::GFP: 49 flies from 6 experiments and ALBA4::GFP: 42 flies

from 3 experiments).

3.1.6.3 ALBA3 over-expression perturbs the progression in differentiation

During the live video analysis of the ALBA3::GFP cells (but not of the GFP control nor in the
ALBA4::GFP strain) in the proventriculus, our attention was attracted by a significant
proportion of parasites that showed atypical cell diameter and DNA organelle positioning
(Movie 7 and Fig 3.30).

In order to characterize this atypical population, we measured several morphometric
parameters: the length of the parasite (from the posterior end of the cell to the tip of the
flagellum), the cell diameter, the distance between kinetoplast and nucleus centres as well as
the length of the nucleus. To avoid artefacts potentially caused by fixation methods, this
analysis was performed on cells from the live movies of the GFP control and the

ALBA3::GFP parasites (Fig 3.30).
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Figure 3.30: Characterization of the transition from mesocyclic to epimastigote in the GFP control and the
ALBAZ3::GFP expressing strain. Still images extracted from movies of cells of the AnTatl.1 strains expressing
(A) GFP control or (B) ALBA3::GFP after fly dissection. Phase images were superimposed with the fluorescent
DAPI signal in blue. Black bars indicate the distance between the nucleus and the kinetoplast. Scale bar
represents 5 pm. (C) Cellular and (D) nuclear parameters in MS, MS-E and ATYP (atypical forms found in
ALBA3::GFP infected flies only). Numbers of analysed parasites are indicated in the bars. (C) On the left axis,
the total cell length is plotted as dark grey bars (um + SD) and on the right axis the cell diameter is shown as red
curve (um + SD). (D) On the left axis, the nucleus length is plotted as light grey bars (um + SD) and on the right
axis the distance between the nucleus and the kinetoplast centres is shown as blue curve (um + SD). ANOVA
tests were performed and significant comparisons by Tukey ad hoc post-tests are indicated on the histogram with

* P <0.0001.

Two populations were identified in the GFP control: MS cells with a fairly large diameter
(1.2 um) and with a round-shaped nucleus positioned close to the centre of the cell (102 out of
155 analysed cells) and MS-E cells with a thinner diameter (0.9 um) and an elongated oval
nucleus undergoing migration towards the posterior end of the cell (Fig 3.30A,C,D). These
two phenomena were always found to occur in parallel and were never observed uncoupled.
Although typical MS (126 out of 185 analysed cells) and MS-E (18 out of 185) were present,
an atypical cell type (ATYP) was also observed in the ALBA3::GFP cell line (41 out of 185)
(Fig 3.30B,C,D). These cells presented a pronounced thin cell diameter (0.83 +0.06 pm)
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typical for MS-E but strikingly, despite this characteristic trait, they exhibited a non-elongated
nucleus (3.18 +0.4 um versus 4.58 +0.58 pm in MS-E) whose position was more anterior
compared to that observed in MS-E (Fig 3.30C,D). The distance to the kinetoplast was 6.84
+1.40 um instead of 5.0 +1.14 um (Fig 3.30D).

In conclusion, this atypical form encountered in the ALBA3::GFP over-expressing strain
displayed the morphology of an MS-E regarding the cell diameter but the nucleus length and
its distance to the kinetoplast was found to be comparable to the mesocyclic form. This
suggests that the presence of the ALBA3::GFP protein delayed or inhibited migration of the
nucleus towards the posterior end of the cell during the trypo- to epimastigote transition,

further strengthening the hypothesis of ALBA3 implication in this differentiation process.

68



3. Results

3.2 Novel flagellar proteins as environmental sensory candidates

Trypanosomes encounter drastic environmental changes during their journey in the tsetse fly
and the perception of these modifications is likely to trigger differentiation processes. The
flagellum is proposed to represent the main sensory organelle in trypanosomes. Thus, we
searched for sensory protein candidates among the proteins identified by mass-spectrometry
of intact flagella. Several have not been reported so far and have no attributed functions. Most
of these had not been found in the flagellar skeleton and are thus good candidates to be
localized in the membrane and matrix where they could act upstream of the ALBA proteins.
Some of these proteins were subjected to further analyses.

Among the hypothetical proteins identified we selected ten candidates with interesting
predicted domains to study their flagellar localization. Those were named by their likely
localization as flagellar membrane and matrix proteins (FLAMM). We also got particularly
interested in two proteins that have already been described in the literature. First, the sensory
protein PAD2 (proteins associated with differentiation) (Th927.7.5940) that re-localizes to the
cell surface upon temperature drop and acts as a citrate transporter during differentiation from
stumpy to procyclic forms (Dean et al., 2009). Second, the arginine kinase (AK) protein that
was already described to play a role in resistance against environmental stresses in the related
parasite T. cruzi (Miranda et al., 2006; Pereira et al., 2003).

3.2.1 FLAMM proteins as novel flagellar proteins

3.2.1.1 Selection of the FLAMM proteins

Out of 194 proteins identified in more than three mass-spectrometry experiments, and that
were absent from published flagellar proteomes, we selected ten candidates for analysis.
Criteria used included the presence of interesting domains and their conservation in other
species. FLAMM1-10 contain interesting domains, such as the WD40 or TPR protein-protein
interaction domains, known to be over-represented in flagellar proteins (Li et al., 2004), or
domains with putative sensory function such as a cNMP binding or a nucleoside diphosphate
kinase domain (Table 3.1).
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Table 3.1: Selection of FLAMM proteins 1-10. Indicated are the gene accession numbers in TriTrypDB
(www.tritrypdb.org), the predicted protein size in kDa and the predicted domains. Homology to proteins of other
species was assessed by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) or by following the link to the
OrthoMCL database (http://orthomcl.org) directly in the description of each protein in the TriTrypDB.

Gene Size | Domains Conservation
ELAMML | Th927.10.7230 | 284 6 nucleoside diphosphate kinase domains, 1 EF- | orthologs in
hand flagellates

FLAMM2 | Th927.10.7290 | 130 | nothing recognizable kinetoplastids
FLAMM3 | Tb927.8.4780 | 468 ;rzsu'fs'(;'r‘e domain, 1 antimicrobial beta defensin | ;1. jastids
FLAMM4 | Thoo787050 | 101 | | LRR (leucinrich repeat) in the RNI fike trypanosomatids
FLAMMS | Tb09.211.4280 | 177 | 1 RNI like domain, multiple WD40 repeats kinetoplastids
FLAMMG6 | Th927.3.5020 155 | 3 cAMP binding like domains kinetoplastids

1 TPR like, multiple 1Q (calmodulin binding) and
P loop domains

FLAMMS | Tb927.2.5760 330 | 1 virus attachment protein globular domain

FLAMMY7 | Tb11.01.8650 228 kinetoplastids

kinetoplastids and
green algae Volvox

FLAMMY | Th927.8.940 237 | 2 transmembrane domains kinetoplastids
FLAMMI0 | Th927.7.5340 | 56.8 | 1 TPR like domain trypanosomatids

3.2.1.2 Localization studies of the FLAMM proteins

The localization studies of the FLAMM were performed together with Ms Nele Reeg, a
biochemistry master student at the University of Berlin (FU), who accomplished a two-
months internship under my supervision. Cell lines encoding a yellow fluorescent protein
(YFP) tagged version of the selected FLAMM proteins were created and first analysed by live
video microscopy. In the green channel of the microscope, a clear signal was observed in the
flagellum compartment for the proteins FLAMM1-8 using the parental Lister 427 WT strain
as negative control. Subtle differences in localization patterns were noted and are described
below. In the case of FLAMMY9 and FLAMML0, no clear signal could be detected, consistent
with the absence of expression. Next, in order to determine the precise localization of each
FLAMM protein, cells were fixed with PFA or methanol and direct fluorescence was
assessed. In PFA fixation, the fluorescence signal was weakly detectable and localization
turned out to be in the flagellar compartment for FLAMM1-8. Upon methanol fixation the
fluorescent signal was almost non-detectable, presumably because a lot of the proteins were
lost or because the YFP molecules were denatured upon treatment.

Therefore, we used an anti-GFP antibody in order to unambiguously detect the YFP tagged
FLAMM proteins in IFA. We selected methanol fixation for the analysis, as PFA fixation

preserves the volume of the cells and complicates investigation of the whole length of the
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flagellum that is rarely completely in focus. In parallel, FLAMM localization was assessed
after membrane extraction to determine if the proteins are tightly attached to cytoskeletal
structures. To analyse the relative localization of the FLAMMSs to either the axoneme or the
paraflagellar rod (PFR), we co-stained the cells with the monoclonal antibody mAb25, a
marker of the flagellar axoneme. The axoneme structure starts immediately after the transition
zone of the basal body in close proximity to the kinetoplast, while the PFR structure is build
adjacent to the axoneme once the flagellum exits the flagellar pocket and runs until its distal
tip. Thus, these two structures do not co-localize in IFA but appear as two parallel lines with
shifted starting points. The results obtained for the localization of the FLAMM proteins are
summarized in Table 3.2 and illustrated in Figure 3.31.

The proteins FLAMM1, FLAMMZ2 and FLAMMY presented a linear aspect in the flagellar
compartment but did not co-localize with the mAb25 axonemal staining, indicating a PFR-
like localization. The FLAMML protein had the particularity of showing a weaker signal at
the tip of the flagellum that extends the cell body.

The YFP fusion proteins of FLAMM3, FLAMM4 and FLAMMD5 showed localization in the
PFR structure after methanol fixation and membrane extraction of either dotty (FLAMM3/4)
or discontinuous appearance (FLAMMDS). FLAMMS3 was found in the PFR compartment but
did not extend to the flagellar tip upon methanol fixation. The staining stopped where the
flagellum attachment zone (FAZ) would stop in the cell body. Interestingly, when the cellular
membrane was extracted, FLAMMS3::YFP was detected as two dotty lines, presumably in the
FAZ of the cell body and in the flagellum on its whole length. The FLAMMA4 signal was
accumulated in the new flagellum of dividing cells upon methanol fixation.

FLAMMG::YFP was mostly co-localizing with the mADb25 antibody staining but showed
special features, to our knowledge, never reported so far for any protein of the trypanosome
flagellum. The bright staining of the FLAMMG6 protein started with the axoneme at the basal
body. It was observed up to the middle of the flagellum where the signal gradually
disappeared and the distal half of the flagellum was negative. In dividing cells, the new
flagellum stained equally for FLAMMBG6 in comparison to the old one, no matter its length.
FLAMMS::YFP also showed a very unusual pattern: its staining was restricted to the extreme
distal tip of the flagellum. The signal was not lost upon membrane extraction and remarkably,
in dividing cells, the new flagellum did not show FLAMMS signal until it reached a certain

length.
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Figure 3.31: Localization of FLAMM proteins. Figure continues on page 73. Cell lines expressing

FLAMM::YFP fusion proteins were analysed in IFA with an anti-GFP (in green) antibody upon (A) methanol
fixation or (B) membrane extraction. To determine the localization of the FLAMM proteins in the flagellum, the
cells were co-stained with the axonemal marker mAb25 (in red) and counterstained with DAPI (in cyan on the
phase contrast image or the colour-merge). The scale is the same for all pictures and the scale bar represents

5 pm.
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Figure 3.32: Localization of FLAMM proteins. Continuation of page 72.
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Table 3.2: Localization of FLAMM proteins 1-8. Cell lines expressing FLAMM::YFP fusion proteins were
analysed by IFA with an anti-GFP antibody after methanol fixation or membrane extraction. To determine the
relative localization of the FLAMM proteins, the cells were co-stained with the axonemal marker mAb25.
Localization was considered to be axonemal when the FLAMM signal co-localized with the staining produced

by mADb25, or considered to be in the PFR when it was adjacent to it with a shifted proximal starting point.

methanol membrane extraction | peculiarities
FLAMML1 | PFR PFR (linear) staining weaker at the flagellar tip
FLAMM?2 | PFR PFR (linear)
FLAMMS [PER | pER e pAz ory) | i doesnat exendo e fegelr tp n etenc
FLAMM4 | PFR PFR (dotty) in methanol: some cells with brighter new flagellum
FLAMMS | PFR PFR (discontinued line)
FLAMMG | Axoneme Axoneme gradient in the flagellum, decreasing towards the tip
FLAMMY | PFR PFR (linear)
FLAMMS | flagellar tip | flagellar tip signal intensity proportional to length of new flagellum

In conclusion, we showed that all these different hypothetical proteins are localized in the
flagellum compartment, some of them displaying unique localization. Moreover, most of the
FLAMMs being specific to the kinetoplastid order, their flagellar localization suggests a

specific role of the flagellum in this lineage.

3.2.2 Investigation of PAD2 localization

The PAD2 protein was identified in the flagellar proteome of procyclic cells, so we
investigated its localization in the flagellum. Published images showed stumpy parasites
analysed with the anti-PAD2 antibody to visualize weak localization of the protein in the
flagellum, before and after a temperature shift (Dean et al., 2009) (Fig 3.32A,B). To
determine PAD2 localization in fly stages, we used parasites derived from tsetse infection
with the AnTatl.1 strain and stained them with the anti-PAD2 antibody (Fig 3.32C). In
procyclic and mesocyclic cells, PAD2 localization was clearly distributed all over the surface.
It was difficult to see a distinct signal in the flagellum, presumably because it was masked by
the intense signal of the cell body. Therefore, we examined cells with partially detached
flagella from the cell body, which often occurs during the IFA procedure (Fig 3.32C,
magnified images indicated by white boxes). The flagellar signal in these cells seemed very
weak or absent.
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PAD2 DAPI
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DA

Figure 3.33: Localization of PAD2 in trypanosomes. (A,B) Adapted from Dean et al, 2009, supplementary
figure 5. (A) Stumpy parasites were analysed after 1 h of cold shock (from 37° C to 20° C) with the anti-PAD2
antibody in IFA. PAD2 signal re-localizes from the flagellar pocket area (left cell) to the whole cell membrane
(right cell) during cold shock. The flagellar staining is indicated by arrowheads. (B) Confocal 3D-imaging of a
stumpy cell co-stained with the anti-PAD2 antibody (in green) and anti-tubulin (in red) to stain the peripheral
microtubule corset. PAD2 signal is clearly visible on the flagellum. (C) AnTatl.l cells at different
developmental stages in the tsetse alimentary tract were fixed in methanol and analysed by IFA with the anti-
PAD2 antibody. Cells were counterstained with DAPI (in blue on phase contrast image) and scale bars
represent 5pum. Procyclics (PC), mesocyclic trypomastigotes (MS), parasites in transition from mesocyclic to
epimastigote (MS-E), asymmetrically dividing epimastigotes (DE) into a long (LE) and a short epimastigotes
(SE). White boxes on the phase contrast images indicate the areas of magnification shown in the images with

the fluorescence signal.
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Interestingly, parasites that were analysed in an advanced stage of infection, in the
proventriculus of the fly, displayed a significant drop in the global PAD2 signal. In mesocylic
cells in transition to the epimastigote form that undergo a nucleus migration (MS-E), the
PAD?2 signal was virtually absent and remained undetectable in asymmetrically dividing
epimastigotes (DE) as well as in their progeny, the long (LE) and short epimastigotes (SE)
(Fig 3.32C). This absence in PAD2 signal indicates that the protein is down-regulated in
development. These preliminary results show that PAD?2 is an interesting sensory protein that
is worth being investigated in parasite stages beyond the bloodstream to procyclic
differentiation.

3.2.3 Localization of arginine kinase as candidate flagellar protein

The arginine kinase (AK) was identified in T. cruzi (Tc00.1047053507241.30) as a
cytoplasmic protein that shows differential activity according to the life cycle stage and that is
implicated in resistance against nutritional, oxidative and pH stress (Miranda et al., 2006;
Pereira et al., 2003; Pereira et al., 2002). In T. brucei, three separate genes encode proteins of
slightly different sequences. They all contain the active core of AK (Miranda et al., 2009) that
catalyzes the reversible translocation of a phosphate group from phosphoarginine to ADP by
generating ATP (Fig 3.33). AK1 (Th09.160.4590) is the smallest protein and contains the core
only, while AK2 (Tbh09.160.4570) shows a C-terminal extension with a
glycosomal/peroxisomal PTS1 targeting sequence, and the larger AK3 (Tb09.160.4560) is
characterized by N- and C-terminal extensions (Miranda et al., 2009) (Fig 3.33).
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Figure 3.34: Arginine kinase proteins in T brucei. (A) Adapted form (Miranda et al, 2009) Left: the three
isoforms of T. brucei AK all share the catalytic core of the enzyme (black box), AK2 has a C-terminal elongation
with a predicted glycosomal (peroxisomal) targeting sequence and AK3 has N- and C-terminal extensions.
Right: representation of the genetic locus of AK in T.brucei and T.cruzi as predicted by GeneDB
(http:/lwww.genedb.org/). (B) Protein sequence alignment of all T. brucei AK isoforms (ThAK1-3) with the
T. cruzi AK (TcAK). High conservation is presented as dark red shading on the sequence (red on the graph
conservation), conservation in more than 2 sequences in pale red (grey on the graph) and conservation in less
than 2 sequences is indicated in black on the graph conservation. N- and C-terminal extensions are shown in blue

for TbOAK2 and TbAK3. The number of amino acids is indicated on top and right of the alignment.

To determine the localization of AK in T. brucei by IFA, we used the anti-arginine kinase
polyclonal antibody raised in mouse against the recombinant unique AK protein of T. cruzi
(Pereira et al., 2000) (sequence in Fig 3.33B). This antibody cross-reacted with T. brucei AK
proteins in western blot (Canepa et al., 2011; Pereira et al., 2000).
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3.2.3.1 Localization of AK in the procyclic form

IFA with the anti-AK antibody was first carried out on Lister 427 wild type procyclic cells in
culture and confirmed that the antibody cross-reacted with T. brucei (Fig 3.34). To determine
the best conditions to visualize AK proteins, we applied three different procedures: (1)
fixation in PFA (optimal for soluble proteins), (2) fixation in ice-cold methanol (optimal for
skeletal proteins) and (3) membrane extraction with NP40 followed by fixation in PFA to
expose skeletal associated epitopes (Fig 3.34).

Using these fixation methods, three different localization patterns of AK proteins were
distinguished. After PFA fixation, the antibody produced a signal in the cytoplasm of the cells
and a double line delimiting the flagellum, indicating localization in the flagellar membrane
(Fig 3.34A magnification box). After methanol fixation, the protein was found in the
flagellum and in a lesser extent in the cytoplasm (Fig 3.34B). After detergent extraction, the
signal became very weak in the flagellum and could be detected at the basal bodies
(Fig 3.34C). Regardless the fixation method, the new flagellum in duplicating cells showed a
staining comparable to the old flagellum, no matter its length (Fig 3.34 arrowheads).

Figure 3.35: Localization
of AK in different
fixation conditions. PC
cells (427 WT) were fixed
in (A) PFA, (B) methanol
or (C) fixed in PFA after
membrane detergent-
extraction before IFA with
the anti-AK  antibody.
Cells were stained with
DAPI (in blue on the phase

pepwmmssempy  CONtrast image). The scale

extraction + PFA

bar represents 5 um. White
boxes indicate the area of
magnification, arrowheads

point at the new flagellum

DAPI in dividing cells.

We investigated the localization of AK as a potential membrane associated flagellar protein
upon PFA fixation in co-localization studies with the mAb25 antibody and L8C4 (Fig 3.35A),

to mark the flagellar axoneme or the PFR respectively. The AK signal was forming a tube-
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like structure that encompassed the axoneme and the PFR staining (Fig 3.35A, magnified
panels on the right). The starting point of the AK signal corresponded to that of the axoneme
staining and not to that of PFR that was only present after the exit of the flagellum from the
flagellar pocket. In methanol fixation, we performed co-labelling with the mADb25 antibody
and the anti-IFT172 (intraflagellar transport protein 172) (Fig 3.35B). In methanol fixation the
AK signal draw a thick line in the flagellum suggesting that it was associated to membrane
that collapsed during the dehydrating fixation procedure and co-localized with IFT172 and the
axoneme (Fig 3.35B, magnified panels on the right).

These results obtained by IFA confirmed the hypothesis that at least one isoform of AK is

localized in the flagellar membrane of T. brucei.

Figure 3.36: Co-locali-
zation of AK with PFR,
axoneme and IFT172.
PC cells were fixed in
(A) PFA or (B) methanol
before IFA with the anti-
AK antibody, mAb25
(axoneme) and either (A)
L8C4 (PFR) or (B) anti-
IFT172.  Cells  were
stained with DAPI (in

cyan on the phase

T contrast image). Scale

bars represent 3 pm.

White boxes indicate the

area of magnification

: shown on the right-hand
" side of each panel.

3.2.3.2 Localization of AK in parasite stages from the tsetse fly

The localization and expression level of AK in the developmental stages of trypanosomes
found in the tsetse fly was assessed using the AnTatl.1 strain. In order to obtain a sufficient
high number of parasites, we used methanol fixation before performing IFA with the anti-AK
antibody. In all trypanosome cells issued from the alimentary tract (PC, MS, MS-E, DE,
LE+SE) and the salivary gland of the tsetse fly (SGE, pre-MT and MT), the AK signal was
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weakly detected in the cytoplasm but strongly present in the flagellum (Fig 3.36). In contrast
to ALBA, the signal was not reduced in proventricular stages. The AK signal in flagella of
short epimastigotes appeared stronger than in long epimastigotes, analysed in the same field,

before and after cell division (Fig 3.36).

Figure 3.37: Localiza-
tion of AK during
parasite development in
the fly. AnTatl.1 cells at
different  developmental
stages in the tsetse
alimentary tract (PC, MS,
MS-E, DE, LE+SE) and
salivary glands (SGE, pre-
MT and MT), were fixed
in methanol and analysed
by IFA with the anti-AK

antibody.  Cells  were

anti-AK

counterstained with DAPI
(in blue on phase contrast
image) and scale bar
represents 5um. Cells are
shown in the order of
appearance during the
parasite cycle: procyclic
(PC), mesocyclic trypo-
mastigote (MS), parasites

in transition from meso-

anti-AK anti-AK anti-AK

cyclic trypomastigote to
epimastigote (MS-E), asymmetrically dividing epimastigote (DE) into a long (LE) and a short epimastigote (SE).

In the salivary glands: salivary gland epimastigote (SGE), pre-metacyclic (pre-MT) and mature metacyclic (MT).

3.2.3.3 Localization of AK in the mutant Fla1™A

The mutant cell line Fla1™A

was used for the purification of intact flagella that turned out to
contain a high abundance of AK. We confirmed this result by IFA with the anti-AK upon
PFA fixation. Non-induced Flal™* cells showed a flagellar signal comparable to that
observed in WT cells (Fig 3.37). After a two day induction period, detached flagella were

visible in a high proportion of cells. These flagella displayed similar signal intensities in
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comparison to flagella of non-induced cells. However, we also noticed a small proportion of
detached flagella with weaker AK signal (Fig 3.37).

anti-AK

Figure 3.38: AK in flagella of the Fla1™* cell line. Fla1™" cells non-induced and induced for 2 d with
tetracycline were fixed in PFA and treated with the anti-AK antibody in IFA. Cells were counterstained with

DAPI (in blue merged with the phase contrast image), scale bar represents 5 pm.

3.2.4 Functional analysis of arginine kinase

3.2.4.1 Knockdown of AK

In order to determine the function of AK in trypanosomes two strategies were designed
(Fig 3.38). First, all three mMRNA were targeted by RNAI selecting a 406 bp common region
for dsRNA expression (AK1-3""A (Fig 3.38A, blue box). Second, we created a cell line
silencing AK3 alone (AK3™A) by targeting its unique 3’coding sequence and 3'UTR
sequence (Fig 3.38A, orange box). The silencing of AK3 should allow determination of its
localization, as it is the only isoform for which no prediction was made (Fig 3.33A) (Miranda
et al., 2009). The investigation of this cell line is still pending.

RNAI against AK1-3 was induced for 4 days with tetracycline and the efficiency of protein
knock-down was assessed by IFA using the anti-AK antibody. In PFA fixation, the non-
induced cells showed the previously described pattern: a weak signal in the cytoplasm and a
strong signal in the flagellum (Fig 3.38B,C left panels). In contrast, the induced cells were
completely negative in the flagellum and retained only a weak cytoplasmic signal
(Fig 3.38B,C right panels). This analysis was performed for two clones of the same
transfection experiment and both showed the same result (Fig 3.38B,C). We therefore
concluded that RNAI silencing was efficient at least for the AK localized in the flagellar

compartment and the results confirmed the specificity of the antibody at least for the flagellar
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isoform. The induced cells analysed by IFA were also screened for morphological
abnormalities or aberrations in their DNA content. The induced cells were indistinguishable
from the non-induced ones so that no visible phenotype could be determined. However,
although the growth rate after induction of RNAI appeared normal during the four days of
analysis, it needs to be determined if AK knock-down impairs growth after longer periods.

A AK]-3 RNAI Figure 3.39 : Knockdown of

AK1 : AK by RNAI. (A) Schematic
representation of the DNA
sequences of AK1l, AK2 and

AK3. Coding sequences are

AK2

AK3 -

' : shown in dark red and UTRs in
1500 2000

bp

pale red. Boxes indicate the
B X region used to generate dsRNA
against AK1-3 (blue box) or

D5

against AK3 (orange box).

Drawn to scale (the number of

AKI-3RNAi

base pairs is represented
below). (B,C) Analysis
performed upon PFA fixation
followed by IFA with the anti-
AK antibody on two clones of
the AK1-3™A cell line: (B) D5
and (C) A3 either non-induced

(left panel) or induced for

A3

AK1-3RNAi

4 days (right panel). Cells were
stained with DAPI (in blue),

the scales represent 5 pum.

3.2.4.2 Kinetics of the knockdown of AK proteins

Very little is known about flagellar membrane proteins in general and their transport to and
the turnover within the flagellum. Efficient silencing of the AK localized in the flagellum was
observed upon IFA after 4 days of induction of RNAI. Thus, it was of special interest to
analyse the knock-down kinetics of the flagellar AK as a membrane-associated protein. Cells
of the AK1-3™A' cell line were processed by IFA with the anti-AK antibody upon PFA
fixation and analysed at different time points of induction (8 h, 16 h and 24 h) (Fig 3.39). The
amount of the proteins in both old and new flagella was highly reduced after 8 h especially in
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the D5 clone (Fig 3.39A). The signal further decreased until the protein was maximally
silenced in the flagellum and cytoplasm of clone D5 24 h after induction of RNAI
(Fig 3.39A). The silencing kinetics was slower in clone A3 and less efficient after 24 h of
RNA.I. In cells with two flagella, the new flagellum stained equally in comparison with the old
flagellum, meaning that the AK pool in the two flagella was equally affected (Fig 3.39,

arrowheads and arrows).

A AK1-3RNAi ps B AK1-3RNAi A3

Figure 3.310: Kinetics of AK
silencing by RNAI. Analysis
performed upon PFA fixation
followed by IFA with the anti-
AK antibody in two clones of
the AK1-3™A' cell line: (A) D5
and (B) A3 either non-induced
or induced for 8h, 16 h and
24 h as indicated. Cells were
counterstained with DAPI (in
blue merged on the phase
contrast image). All cells have
two flagella: a new elongating
one, indicated by arrowheads
and an old one, indicated by

arrows. The scale bar represents

5 pm.
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4. Discussion

4.1 ALBA proteins and trypanosome development

4.1.1 ALBA proteins show a distinct expression pattern during development

We used endogenous tagging and monitoring of fluorescent fusion proteins by live
microscopy to assess expression of ALBA3 and ALBA4 in all stages of the T. brucei parasite.
This method has the advantage to enable investigation at the individual cell level. Combined
with immunofluorescence detection, it revealed a drastic drop in the amount of both
ALBA3/4 during trypanosome differentiation in the fly proventriculus region. In bloodstream
and procyclic trypomastigotes in culture, the ALBA3/4 proteins are expressed in comparable
amounts to procyclic trypanosomes in the fly midgut. However, the ALBA3/4 signal slightly
diminishes during the transition to the mesocyclic stage. This reduction could be due to ~14%
increase in cell volume (Rotureau et al., 2011a) and possible protein dilution. ALBA3/4
become barely detectable during trypo- to epimastigote differentiation when the nucleus is
very elongated and starts to migrate to the posterior end of the cell. A dilution effect is
excluded as the cell volume remains constant during this transition (Rotureau et al., 2011a).
ALBAZ3/4 protein abundance remains low in the dividing epimastigote and in the long
epimastigote. In contrast, in the short epimastigote, the abundance of ALBA3/4 proteins rises
rapidly and apparently prior to completion of cytokinesis. High amounts of ALBA3/4 proteins
are detected in all subsequent stages in the salivary glands.

ALBA proteins could undergo different post-translational modifications during development
that could influence protein function. For example, ALBAS3 is found in a phosphorylated state
in the procyclic form (Nett et al., 2009). Acetylation of a distinct lysine residue has been
shown to influence Alba protein activity in the archaeal counterparts (Bell et al., 2002). While
this specific residue is not conserved in most eukaryotic Alba proteins (Aravind et al., 2003)
including ALBA3/4, other residues could undergo acetylation. In Archaea, the acetylation
state of Alba is controlled by Sir2 which is unlikely to occur in trypanosomes as the three Sir2
homologues are localized either in the nucleus or in the mitochondrion (Alsford et al., 2007;
Garcia-Salcedo et al., 2003).

The drop in ALBAS3/4 protein abundance during a specific time window of the parasite cycle
suggests it could be a prerequisite for differentiation. This step of the life cycle is a one-way
decision: mesocyclic trypomastigotes issued from fly dissection and transferred to culture

medium are able to transform back to the proliferating procyclic form after 5 days, in contrast
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to post-mesocyclic forms that are committed to differentiation (Van Den Abbeele et al.,
1999).

This differentiation process is likely to involve changes in protein levels other than the
ALBAS3 and ALBA4 proteins but few studies were conducted in tsetse derived parasites. We
recently reported molecular remodelling of cytoskeletal structures during the trypo- to
epimastigote transition. As soon as the nucleus starts to migrate to the posterior pole of the
cell, two proteins belonging to the FAZ filament: FAZ1 (recognized by the antibody L3B2)
and the antigen recognized by the DOT1 antibody, were no longer detected (Rotureau et al.,
2011a). This could be due to a true down-regulation or to a remodelling of the filament
leading to reduced access to the two antigens. The overall FAZ structure was not taken apart,
as shown by the unaltered presence of the FLA1 protein, another FAZ marker (Rotureau et
al., 2011a). Another study focused on proteins involved in the endocytotis pathway during
trypanosome development (Natesan et al., 2007). Here, the ER marker protein BiP was
reported to be subsequently down-regulated during the transition from trypomastigote to
epimastigote. The authors attributed this to a decrease in cell volume, a fact that was refuted
in a more recent study showing that cell volume during this transition stays mostly constant
(Rotureau et al., 2011a). However, in comparison to ALBA3/4, the BiP signal is already
decreased starting from the mesocyclic stage and does not re-emerge in the short
epimastigote. In contrast, the abundance of the p67 protein, a marker of the lysosome, was
described to stay constant during the whole parasite cycle (Natesan et al., 2007). Although
these findings of changes in protein expression during the trypo- to epimastigote
differentiation are of high interest, they deal with markers associated to specific compartments
of the trypanosome cell and the evolution of cytosolic proteins has yet to be described. In our
study, we monitored DHH1 as cytosolic protein marker, initially to search for a negative
control, and were able to show a drop in protein abundance at the transition from trypo- to
epimastigote by immunolabelling, closely following the pattern of the ALBA3/4 proteins.
This result confirms the hypothesis that multiple proteins show differential expression

patterns during this important differentiation step in trypanosome development.

4.1.2 Reduced ALBA protein levels mimic changes observed in development

As ALBA protein abundance in vivo is reduced starting from the mesocyclic stage, it was

obvious to question the effects of ALBA protein silencing on the cultured procyclic form.
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Remarkably the resulting phenotypes mimic some signatures of the early differentiation steps
towards the epimastigote stage: (1) cell cycle arrest, (2) elongation of the posterior end by de
novo microtubule polymerisation (“nozzle” phenotype) and (3) migration of the nucleus
towards the posterior end.

The slow growth phenotype in the induced ALBA3/4™* cell line and the scoring of the DNA
containing organelles during the induction time course suggests that absence of ALBA3/4
proteins leads to a cell cycle arrest in a large proportion of the cell population. Growth did not
stop completely presumably because a small number of ALBA positive cells (detected by
IFA) were still able to sustain the culture. To verify at which step of the cell cycle the induced
ALBA3/4™A" cell population is arrested, we scored DNA containing organelles. The
proportion of the different cell types initially observed in the non induced state did not change
drastically over the time of RNAI induction. Cells did not become multi-nucleated. However,
after 4 days of induction a high proportion of zoids (1KON cells) was present and reached
15% of the population after 6 days. Zoids were initially defined as cells containing a
kinetoplast but no nucleus (Robinson et al., 1995). As trypanosomes lack a mitosis to
cytokinesis checkpoint (Hammarton et al., 2003; Li et al., 2003; Robinson et al., 1995), zoids
occur as daughter cells from dividing trypanosomes that are blocked or delayed in mitosis by
the drug rhizoxin (Robinson et al., 1995). In order to assess the hypothesis of a mitotic cell
cycle arrest in the induced ALBA3/4™A' cell line, we performed DNA-FISH. The experiments
showed that nuclei in several cells are very enlarged, with an aberrant number of large and
minichromosomes, suggesting an arrest of these cells just before the initiation of mitosis.
Some cells were undergoing mitosis but with an unusual distribution of chromosomes. We
propose that defects in mitosis are responsible for the high number of zoids (1KON) in the
ALBA3/4™NA induced population.

Posterior elongation by active microtubule polymerisation occurs in the trypanosome
development during bloodstream to procyclic differentiation (Matthews et al., 1995) and
during the procyclic to epimastigote transition (Rotureau et al., 2011a; Sharma et al., 2008).
Nozzle cells (procyclic cells displaying an unusual long posterior end) have been reported in
mutant procyclic cells after knock-down of cyclin CYC2 that blocks progression through G1
phase (Hammarton et al., 2004) or double RNAI against cdc2 related kinases CRK1 and
CRK2 (Tu and Wang, 2004; Tu and Wang, 2005a; Tu and Wang, 2005b). Ectopic over-
expression of zinc finger proteins ThZFP2 and TbhZFP3 in procyclics also leads to nozzle
formation and G1 arrest (Hendriks et al., 2001; Paterou et al., 2006). All these results suggest
that procyclic cells elongate their posterior end as a result of cell cycle arrest. A high
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proportion of ALBA3/4"A" induced cells is actively elongating at the posterior end as shown
by YL1/2 staining (anti-tyrosinated tubulin antibody) and measurements of cell parameters,
leading to a high number of nozzle cells (almost 50% after 5 days of induction).

In trypanosome development, the mesocyclic trypomastigote cell is almost one third longer
than the midgut procyclic form (Rotureau et al., 2011a; Sharma et al., 2008). As proposed by
Vickerman et al (Vickerman, 1985) and van den Abbeele et al (Van Den Abbeele et al.,
1999), mesocyclic cells arise as a non-dividing endpoint form in the midgut. They are
undergoing nuclear S-phase but then get arrested in the G2 phase of the cell cycle and do not
enter mitosis prior to differentiation to the epimastigote form (Sharma et al., 2008; Van Den
Abbeele et al., 1999). We propose that knock-down of ALBA mimics the differentiation
towards the mesocyclic cells: posterior elongation and cell-cycle arrest after nuclear S-phase.

In vivo, a mesocyclic cell transforms to an epimastigote by nucleus migration towards the
posterior side of the kinetoplast. This does not involve kinetoplast movement as the distance
between posterior end and kinetoplast remains constant (Sharma et al., 2008). Mitosis is only
initiated when the nucleus has reached a posterior position to the kinetoplast and after
duplication of the latter. The ALBA3/4™A induced cell line is blocked in the cell cycle just
before mitosis as shown by DNA-FISH that revealed enlarged nuclei with multiple DNA
content. In addition, over 20% of the ALBA3/4™A' cells induced for 6 days show either a
juxtaposed posterior or clear posterior positioning of the nucleus. This is unique to the
ALBA3/4 protein knockdown and was, to our knowledge, never reported so far. In all other
mutants, observed to be blocked in the cell cycle and displaying a nozzle phenotype, the
nucleus remains in its position anterior to the kinetoplast (Hammarton et al., 2004; Hendriks
et al., 2001; Tu and Wang, 2004; Tu and Wang, 2005a). We propose that ALBA3/4 knock-
down does not only mimic the procyclic to mesocyclic development but also the development
from mesocyclic to epimastigote marked by nucleus migration to the posterior end of the cell.
However, knock-down of ALBA3/4 does not lead to a properly differentiated epimastigote
cell in terms of cellular and nuclear morphology. This is presumably because other elements
are involved and are not temporally coordinated such as in vivo. In addition, cells are not
synchronized when ALBA knock-down is initiated, a requirement important for example in
bloodstream to procyclic differentiation. Other factors that could influence differentiation
could be ALBA3/4 partners, for example the ALBA1 and or ALBAZ2 protein (Mani et al.,
2011). The down-regulation of DHH1 protein at exactly the same stage suggests a possible
interplay between these two proteins. Environmental factors could be involved in this
differentiation processes such as changes in viscosity, osmolarity or nutriment availability
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when the parasite number increases dramatically in the midgut. The passage of the parasite
through the peritrophic membrane or to the proventriculus in combination with high parasite
load can also influence the nutriment composition. It is conceivable that factors secreted by
the parasite itself influence differentiation by a quorum sensing mechanism, as described for
the stumpy inducing factor in bloodstream forms. To track down the triggers for
differentiation of the parasite in the proventriculus, additional knowledge on sensing proteins
expressed in these particular stages is needed. Interestingly the PAD2 protein, a citrate/cis-
aconitate transporter involved in trypanosome differentiation from bloodstream to procyclic
form (Dean et al., 2009), is completely down-regulated during trypomastigote to epimastigote
differentiation. It remains to be determined whether this is a cause or a consequence of
differentiation.

The T. brucei ALBA proteins were investigated in a parallel study by Mani and colleagues
(Mani et al., 2011). The knock-down experiments conducted on both ALBA3 and ALBA4
proteins in the procyclic form also led to a down-regulation of proteins ALBAL and ALBA2
but produced no striking phenotypes, although a cell growth phenotype was reported upon
ALBA3 knock-down. Two major technical differences need to be highlighted. First, in
contrast to our study, knock-down was not achieved by double stranded RNA generated from
opposing promoters but by a hairpin dsRNA structure. In addition, Mani and colleagues
performed ALBA RNAI studies in the AnTatl.1 strain 90-13 while we used the strain Lister
427 29-13. The AnTatl.1 strain is pleomorphic, whereas the Lister 427 strain is mostly used
for in vitro experiments but cannot establish salivary gland infections in the fly (Herder et al.,
2007).

4.1.3 ALBAZ3 over-expression impairs transition to the epimastigote stage

GFP expression under the control of the procyclin promoter and with the actin 3° UTR is
supposed to be constitutive over the development phases in the tsetse fly (Bingle et al., 2001).
We used this construct to express ALBA::GFP fusion proteins and tsetse flies were fed with
the recombinant parasites. Unexpectedly, differences in expression levels were observed
between ALBA3 and ALBA4. At the PC stage in culture, ALBA4::GFP showed the strongest
signal by western blot using an anti-GFP antibody, contrasting with a lower abundance of
ALBAS3::GFP. The endogenous protein levels of ALBA, assessed with the anti-ALBA
antibodies, were unaltered. Differences in expression level of the GFP fusion proteins were

also observed during the development in the tsetse fly. The ALBA4::GFP expression profile

89



4. Discussion

was mostly comparable to that of the GFP control. In contrast, ALBA3::GFP was down-
regulated during the trypo- to epimastigote transition and in dividing epimastigotes, a
behaviour close to that of the endogenous protein suggesting a strong control of ALBA3
protein during development. While ALBA 4 over-expressing trypanosomes were normally
completing the cycle, parasites of the ALBA3::GFP strain were not as efficient to invade the
salivary glands even if over-expression was limited. Only 11 % of the midgut infections with
the ALBA3::GFP strain led to salivary gland infection, compared to over 23% in the control
and over 30% in the ALBA4::GFP. In addition, this was only observed in flies heavily
infected in the midgut, meaning that the higher the parasite load the higher the chance to pass
the bottleneck towards the salivary glands (Oberle et al., 2010). Moreover, parasites that
reached the salivary glands displayed reduced ALBA 3::GFP amounts compared to their
ALBA 4 counterpart. This is in contrast to the endogenous tagging experiment, where all
parasites found in the salivary glands showed comparable strong signal for both ALBA3 and
ALBA4 cell lines. This suggests that differentiation might be impaired when ALBAS3 protein
is too abundant. This is in agreement with the presence of numerous individuals displaying an
intermediate situation between the transition of trypo- to epimastigote. In these stages, the cell
diameter shrank as expected but the nucleus elongation and migration to the posterior end was
either blocked or slowed down. This is exclusively observed in ALBA3::GFP expressing cells
and is the converse of what was observed during RNAIi: no cell shrinking but nucleus
repositioning at the posterior end of the cell. These data support the view of an important role
for ALBA3 and provide the first molecular and cellular data on a protein involved in the
control of differentiation during this essential and limiting step of the parasite cycle.

4.2 ALBA proteins control mRNA levels during differentiation

4.2.1 ALBA are RNA-binding proteins

In eukaryotes, Alba domain containing proteins can be divided into two major groups:
Pop7/Rpp20 and Rpp25/Mdp2. Most members are found in the nucleus consistent with
association to the nuclear RNase P complex, but yeast RNase P was found in both the nucleus
and in a defined focus in the cytoplasm (Gill et al., 2006). More recent data in parasitic
protozoa reveal localization in the cytoplasm of Plasmodium species (Mair et al., 2010) or

dual localization in the cytoplasm and the nucleus in Toxoplasma (Olguin-Lamas et al., 2011).
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The presence of protozoan ALBA proteins in the protein complex of RNase P/RNase MRP
remains elusive. In trypanosomes the nuclear RNase P has not been characterized to date but
the mitochondrial counterpart has been purified as a 70 kDa protein complex from
mitochondrial matrix (Salavati et al., 2001). However, the protein composition of this
mtRNase P has not been further specified but we can probably exclude ALBA3/4 proteins as
members because of their cytosolic localization. Moreover, the down-regulation of all ALBA
members did not affect precursors of tRNA processing, excluding a direct association with
RNaseP (Mani et al., 2011).

We propose that ALBA 3/4 are RNA-binding proteins that interact with mRNA during the
parasite cycle. First, ALBA 3 and ALBA 4 localize exclusively to the cytoplasm. Second,
ALBA proteins aggregate in cytoplasmic granules upon starvation, as reported for several
trypanosome RNA binding proteins (Cassola et al., 2007; Kramer et al., 2008) where they
partially co-localize with polyA" RNA. This could determine the fate of mRNA targets
towards storage (Cassola et al., 2007) or degradation. In other organisms, the presence of the
decapping enzyme Dcpl defines the P-body, a microdomain where degradation of the mMRNA
occurs (Anderson and Kedersha, 2009). As the search of a decapping homologue in
trypanosomes was unsuccessful to date, the discrimination between storage or degradation
granule cannot be made at this stage (Milone et al., 2002).

The parallel study of Mani and colleagues confirmed the localization of all ALBA proteins in
cytoplasmic granules upon nutritional stress, but with perfect co-localization with
polyA" RNA (Mani et al., 2011). However, this analysis was restricted to an epifluorescent
microscope whose capacity to discriminate close, but separate small structures, is limited.
When we examined our samples with such a microscope, signals of ALBA and polyA" RNA
also appeared perfectly co-localized, in contrast to confocal analysis.

In the same study, Mani and colleagues proved the RNA-binding capacity of all four
trypanosome ALBA members when they were found associated with the GRE element in
mobility shift assays. This is a 25 nucleotide region found in the regulatory loop Il of the
3" UTR of the GPEET transcript (Hehl et al., 1994), encoding one of the surface proteins of
procyclic parasites. Intriguingly, the down-regulation of all ALBA members did not show any
regulatory effect on the GPEET transcript abundance (Mani et al., 2011) nor major changes
on the overall levels of mRNA transcripts in procyclic cells in a system-wide analysis
(Nilsson et al., 2010). Hence, if ALBA proteins regulate mMRNA expression their role is more
likely to be at the translational level. This coincides well with the fact that all ALBA members
were co-precipitated with the ribosomal protein PO but only the interaction with ALBA2 and
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ALBAS3 was resistant to RNase A treatment, suggesting a possible physical interaction with
ribosomes (Mani et al., 2011). The ALBA3 protein was also shown to interact with the
elongation factor elF4E4 in an RNA-dependent manner. In addition, all ALBA proteins can
form complexes with at least one other ALBA member, with ALBAS3 acting as a core
component (Mani et al., 2011). These data are in agreement with our results that showed a
central role for ALBA3 during parasite development. We propose that ALBA proteins could

interact with developmentally regulated mRNA.

4.2.2 ALBA proteins control developmentally regulated mRNA

To adapt to different environments, T. brucei modulates gene expression. Gene expression in
trypanosomes is largely controlled at the post-transcriptional level and trans-acting RNA
binding proteins such as ALBA proteins could act on multiple levels on their mRNA targets:
leading to stabilization or degradation, to altered localization or accessibility for translation.
At least two views can be considered of how ALBA proteins regulate mRNA involved in
development. First, ALBA proteins could act as negative regulator by inhibiting their
translation through sequestering mRNA into cytoplasmic foci. Second, ALBA proteins could
stabilize mMRNA and promote their translation. Both hypothesis can be considered and may
depend on the developmental stage and/or the interaction with ribosomes and protein partners.
Their role as negative regulator could be the suppression of the expression of certain
transcripts that encode proteins involved in unique processes of a given stage or transition
between stages. Therefore, ALBA proteins would need to be down-regulated exclusively
during MS-E transition. This would imply interaction with specific mMRNAs, as demonstrated
by the IFA coupled to FISH results where ALBA3/4 localize only to certain polyA" RNA
containing granules. Restricted localization of proteins to certain granules is known for
mammalian cells where P-bodies remain distinct from stress granules although they exchange
some of the material (Kedersha et al., 2005; Wilczynska et al., 2005). In trypanosomes, the
granules formed upon starvation remain separate from those observed upon heat shock
(Kramer et al., 2008). The XRN1 protein for example shows a distinct focus at the extreme
posterior end of the cell upon heat shock in which no other known protein could be found
(Kramer et al., 2008).

ALBA 3/4 aggregate in foci upon nutritional stress which is more likely to happen in the
peritrophic space and proventriculus region of the fly. However, it needs to be stated that

cytoplasmic granules were never observed in our dissection experiments, directly after release

92



4. Discussion

of either stage of ALBA::YFP or ALBA::GFP expressing parasites from the fly tissues. In
contrast, T. cruzi epimastigote parasites analysed ex vivo from their host intestine tract show
granules in more than 70% of the cells in IFA with a recognized marker of starvation granules
(Cassola et al., 2007). These parasites were likely to have undergone extreme starvation
conditions as their insect host had not fed during 10 days after being infected with
trypanosomes (Cassola et al., 2007). Tsetse flies used in our study normally feed twice a week
which is less than in the field (Aksoy et al. 2003), suggesting possible starvation conditions.
Perhaps trypanosomes are so well adapted to their host environment that living in a tsetse
does not cause a stress situation that is as dramatic as the applied in vitro starvation conditions
using PBS and granule formation might milder and more transient.

P-bodies are constantly present in trypanosome cells, at least in culture (Kramer et al., 2008)
and their number increases in stress conditions, so they could play a major role in efficiently
adapting gene expression in situations when trypanosomes encounter changing environments
by sequestering or releasing specific mMRNA. This idea together with the identified binding
partners of ALBA (Mani et al., 2011) supports a more general concept towards the existence
of “post-transcriptional operons”, where ribonucleoprotein complexes control the destiny of a
subset of functionally related mRNA in a jointly fashion (Keene, 2007). ALBA co-localizes
with the DHH1 protein in cytoplasmic granules, although direct interactions were not detected
(Mani et al., 2011). DHHL1 controls developmentally regulated mRNA (Kramer et al., 2010)
and although the protein outnumbers the total MRNA molecules in the cell, it is still selective
for many developmentally regulated transcripts. This is not exclusive as other mRNA
transcripts differentially expressed in bloodstream and procyclic do not rely on DHH1
(Kramer et al., 2010). ALBA proteins could fulfil this function. The ALBA protein amount is
present in large excess compared to its only identified target GPEET transcript (Mani et al.,
2011), suggesting it could interact with several mRNA. A theory that is also consistent with
the fact, that ALBA proteins are found in a large number of cytoplasmic foci. Like the ZFP3,
it could play a dual role in blocking or promoting translation of different transcripts.

In a second view, ALBA could be a positive actor, stimulating the expression of multiple
MRNA that participate to the control of cell proliferation, and hence would be present in most
parasite stages. During the trypo- to epimastigote differentiation, ALBA degradation would be
associated to destabilization of RNA transcripts important for proliferation and would lead to
cell cycle arrest. As this was shown to be a prerequisite for differentiation from stumpy
bloodstream to procyclic (Matthews and Gull, 1994; Shapiro et al., 1984), it would be
interesting to investigate ALBA levels and function in the stumpy parasite.
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Cell cycle arrest in the mesocyclic form would be associated with nucleus migration and
establishment of the dividing epimastigote situation, features that are impaired upon over-
expression of ALBAS3. After division, ALBA de novo expression in the short epimastigote
would allow the restoration of cell cycle elements needed in the salivary gland proliferating
form. This re-emergence of ALBA is not observed in the long epimastigote that appears to be
sacrificed (Sharma et al., 2008).

The “stabilizing” hypothesis effect is reinforced by the finding that ALBA proteins are bound
to the GPEET 3’UTR in procyclic cells (Mani et al., 2011). At the early procyclic stage,
ALBA proteins are highly expressed suggesting that they could have a positive effect on
GPEET production. GPEET is almost completely exchanged with the EP protein when
procyclics penetrate through the peritrophic membrane into the ectoperitrophic space (Acosta-
Serrano et al., 2001; Sharma et al., 2008; Vickerman et al., 1988). Mesocyclic and mesocyclic
to epimastigote parasites show tiny remnants of GPEET on their surface, while dividing
epimastigotes and their progeny are completely negative. ALBA protein is down-regulated at
these stages of the parasite cycle. It can be speculated that the absence of ALBA protein is
correlated with the destabilization of the GPEET transcript either directly or by allowing the
access of an RNA-binding complex to the GPEET 3’UTR involved in translational silencing.
In both cases it would lead to the clearance of GPEET from the cell surface. Accordingly, in
the absence of ALBA proteins, the expression of a reporter protein carrying the GPEET
3’UTR is down-regulated (Mani et al., 2011).

The role of ALBA proteins in protists starts to be unveiled. In the apicomplexan Plasmodium
berghei, they were identified in oocyte P granules, whose protein content is conserved
throughout the eukaryotic lineage. It ensures the storage of certain mRNAs in translationally
silent mRNP granules before the fertilization of gametes (Mair et al., 2010). The crucial
transformation step in sexual development completely relies on the translation of mRNA
initially stored in the P granules. However, the pool of mRNA in these granules is still
unknown. Three Plasmodium ALBA members were found in the oocyte P granule, each of
which contains a single N-terminal Alba domain and one member with a C-terminal RGG
extension (Albal) (Mair et al., 2010). Phylogenetic studies place Albal and Alba2 in the
Rpp25/MDP2 group and Alba3 into the Pop7/Rpp20 group of the superfamily branches
defined by Aravind and colleagues (Aravind et al., 2003; Mair et al., 2010). More recently, in
the apicomplexan Toxoplasma gondii two Alba proteins were identified in a screen of nuclear

factors that are bound to a promoter sequence (Olguin-Lamas et al., 2011). However, these

94



4. Discussion

Alba proteins showed a more prominent localization in the cytoplasm than in the nucleus. It
still remains elusive which function they might play in these organisms.

In the T. brucei related Leishmania infantum species, Alba proteins were identified in a pull-
down assay using a U-rich regulatory element of the 3 UTR of the amastin transcript as a bait
(Dupé, A and Papadopoulou, B, personal communication). This transcript encodes a major
surface protein of the intracellular amastigote form of the parasite. It further supports the idea
of the role of RNA-binding ALBA proteins in the regulation of differential protein expression
during development of T. brucei.

Alba proteins are involved in developmental processes and are participating in RNA-binding,
likely controlling translational regulation. With these properties they are perfect candidates to
play a role in developmental processes in protozoan parasites that rely on post-transcriptional
control such as kinetoplastids. Alba proteins are found in numerous eukaryotic organisms, so
these proteins could be developmental regulators in a larger view, as possibly the ciliary
MDP2 during macronucleus development. In metazoan organisms, Alba-like proteins are
encoded in addition to the RNase subunits Rpp20 and Rpp25 which could be important in the

developmental fine tuning in certain cell types.
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4.3 Investigation of the candidate flagellar sensing proteins

4.3.1 Identification of novel flagellar proteins

The proteomic analysis of intact flagella of T. brucei revealed a large number of proteins not
previously reported to be associated to the flagellum. We selected 14 proteins for analysis, 12
in this study of which 10 turned out to be present in the flagellum compartment, therefore
validating the quality of the flagella preparation.

The ten undescribed FLAMM proteins with unknown function were tagged with YFP and
localization in the flagellum for eight of them was demonstrated. At this stage it is still
possible that the other two proteins could be in the flagellum. Indeed, the tagged versions
were not detectable and the experiment is still inconclusive. For example FLAMM9 shows
two transmembrane domains and the YFP tag could perturb the correct expression or targeting
of this protein to the membrane. Work on FLA1 has shown that adding a tag to flagellum-
associated transmembrane proteins can be tricky (Rotureau, unpublished).

In addition to the validation of eight FLAMM proteins, we confirmed the presence of PAD2
in the flagellum. Although the staining is weak, it was clearly visible in some flagella that
were detached from the cell body (as staining on the cell surface masks the flagellar signal
when properly attached). This result is in agreement with the fact that this protein was not
enriched in the flagellum proteome versus whole cells. Nevertheless, our analysis revealed
that PAD2 is differentially expressed during development in the tsetse fly. Although
comparably abundant on the surface of procyclic and mesocyclic cells, it is completely absent
in stages found in the proventriculus region: in those that transform into epimastigotes as well
as in short and long epimastigotes. Therefore, this recognized sensing protein could also be
involved in developmental switches other than the bloodstream to procyclic differentiation, a
hypothesis that remains to be investigated.

The arginine kinase (AK) was found to be amongst the most abundant proteins in the
T. brucei flagellar proteome. In this organism, three gene copies are present and all encode
proteins that contain the general core of the protein. Enzymatic activity in T. brucei is
comparable to that of T. cruzi but it remains to be clarified if all protein isoforms contribute to
this enzymatic activity. Two of them possess N- and/or C-terminal extensions that could
target the protein to specific compartments. AK2 has a predicted small C-terminal targeting
sequence to the peroxisome-related organelles called glycosomes (Miranda et al., 2009), that
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are specialized in kinetoplastids as they contain the whole machinery for glycolysis. AK3 is
the largest of the three proteins and shows an extension at the N- and C-terminus. Evidence
suggests that AK3 is localized in the flagellar compartment. First, on western blots comparing
whole cell proteins with the flagellar preparation, the anti-AK antibody produced two bands,
at molecular weights of 41 and 45 kDa in whole cells, but only the 45 kDa band is present in
flagella (Julkowska, unpublished data) (Fig 4.1). This band likely represents AK3, the largest

isoform.

Figure 4.1: Flagellar localization of AK3.
total flagella Western blot with the anti-AK antibody on the

45 k[)a- “ ’ AK3 total protein fraction or proteins from purified

flagella. The amount of protein in each lane is
40 kDa se— ' AK1/2 indicated at the bottom. The expected

0.6 ng 3ug  03pg 0.15pg molecular weight of the AK1/2 and AKS3
proteins is indicated on the left

Second, IFA indicates that AK is associated to the membrane of the flagellum. This is also the
case of some calcium binding proteins, such as the three calflagins in T. brucei or FCaBP in
T. cruzi (Emmer et al., 2009; Godsel and Engman, 1999). Their first residues in the N-
terminus are important for their targeting to the flagellar membrane. The glycine residue (at
position 2) is myristoylated and provokes association to the cellular membrane, while the
palmitoylation of an adjacent cysteine residue targets the protein to the flagellar membrane
(Fig 4.2). However, these acylation events are presumably not the only determinants. Several
lysine residues that are conserved in the N-termini of these proteins allow the association of
T. cruzi FCaBP to lipid rafts which are proposed to traffic membrane proteins to the flagellum
(Emmer et al., 2009; Maric et al., 2011). Sequence comparison of the N-terminal extension of
AK3 with that of calflagins and FCaBP show no apparent conservation apart from the second
glycine residue and an SK pair (residues 6 and 7 in all proteins) with unknown function
(Fig 4.2). Similarly to the calcium binding proteins, AK3 is marked by several lysine residues
in its N-terminal sequence and although they do not align with those of calflagin or CaBP,
their importance for lipid raft association and flagellar membrane targeting of AK3 remains to
be investigated. It should be noted that N-terminal extensions also act in targeting proteins to
flagellar structural compartments. This is the case for three members out of seven in the
adenylate kinase (ADK) family. Only these three present long N-terminal extensions and are
either targeted to the flagellar PFR (ADKA and ADKB) or to the flagellar axoneme in the
case of ADKE (Ginger et al., 2005).
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calflagin Tb-24 MGCSGSKNAS GKDGKTTADR
calflagin Th-17 MGCSGSKNAS GKDGKTTADR
calflagin Tb-44 MGCSASKDTT GKDGKTTADR

Te FCaBP MGACGSKDST GKNAKDRKEA

AK3 MGFGSSKPKN KPSKADSKNS PSDPTGAGNN

Figure 4.2: Alignment of the N-terminal domains of trypanosome flagellar membrane proteins. The AK3
N-terminal extension was aligned with the N-extensions of the three calflagins Th-24, Tb-17 and Th-44 and
the calcium binding protein FCaBP from T. cruzi. Dark red shading indicates conservation in all, light red
shading conservation in four sequences, white shading shows parts that are conserved in three sequences
(mostly the calflagins), while blue regions are the most divergent. The conserved SK motif in all is marked by
a green box. The conserved lysins that were shown to be important for association of Tc FCaBP with lipid
rafts are indicated by red frames. Although their position is not conserved in AK3, the AK3 sequence shows

several lysins in their proximity.

The localization of several other proteins identified by mass spectrometry was investigated in
parallel by colleagues in the laboratory. Using IFA, Diego Huet validated the flagellar
localization of a 14-3-3 like protein, involved in kinase signalling events in mammalian cells
(Pozuelo Rubio et al., 2004) and necessary in T. brucei for cell motility, cytokinesis and
correct progression in the cell cycle (Inoue et al., 2005). The flagellum proteome also revealed
the presence of aquaporin3 (AQP3) that has been described as a glycerol and water channel
involved in osmoregulation in T. brucei (Uzcategui et al., 2004). A Leishmania homolog, the
aquaporin 1 (LmAQP1) protein, shows 81% identity with TbAQP3, and localizes to the
flagellum and the flagellar pocket membrane (Figarella et al., 2007). Daria Julkowska created
a T. brucei cell line expressing an AQP3::YFP fusion protein and found the protein enriched
in the flagella pocket area.

4.3.2 Dynamics of novel flagellar proteins

The determination of the FLAMM proteins localization was assessed in cell lines expressing
YFP fusion proteins form an endogenous locus, by replacing one copy of the FLAMM gene.
Direct YFP fluorescence was visible in live cells but the signal was often very weak, possibly
because the proteins are expressed in low amounts or because the YFP tagged version is in
competition with the non-tagged protein when incorporated in the flagellum. In addition, the
presence of the YFP tag could interfere with protein stability or efficient targeting of the

protein to the flagellum compartment. This technical limitation of tools could be
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circumvented in the future by knocking out the remaining wild-type allele, by replacing it
with the YFP version or by producing antibodies for each FLAMM.

When the cell lines expressing a YFP fusion were fixed in either PFA or methanol, we used
an anti-GFP antibody to detect the YFP tagged version and perform co-staining with the
axoneme marker mAb25 antibody. This stains the axoneme from the top of the transition zone
to the distal end of the flagellum (Pradel et al., 2006). Six out of eight FLAMM proteins did
not completely co-localize with the mAb25 staining, especially at the proximal part of the
flagellum, suggesting that they are associated to the PFR structure. This result is preliminary
and needs to be confirmed by co-staining with a marker of the PFR. Why 75% of the analyzed
FLAMMs are found in the PFR might have different explanations. The PFR structure is a
characteristic of kinetoplastid species and most of the selected FLAMM have no homologues
in other organisms, being either restricted to kinetoplastids (Leishmania and trypanosomes) or
only to Trypanosoma species (but not Leishmania). The mass spectrometry analysis of intact
flagella identified a higher number of proteins that are known to localize to the PFR in
comparison to the investigation of the flagellar skeletal proteome (Broadhead et al., 2006).
This suggests that there are several proteins in the matrix of the PFR that could be washed
away when flagella are treated with detergent and high salt. However, most of the proteins
are, to a certain extent, resistant to detergent, as membrane extraction using detergent still
allows their detection with the anti-GFP antibody. Pullen and colleagues proposed the PFR
lattice as a platform for proteins in a “solid-phase” environment where they could act in
pathways involved in metabolism and signalling (Pullen et al., 2004).

The PFR structure in the flagellum is found in close proximity to the cell body and
transmission electron microscopy images show that filaments appear to contact the FAZ
region (Fig 2.9). FLAMMBS displays an interesting dual localization pattern: a line along the
cell body presumably following the FAZ and another one in the PFR that does not reach its
tip. This protein has no transmembrane domain but is large (470 kDa) and displays a high
number of repetitive sequences, a feature already reported for both FAZ and PFR proteins
(Imboden et al., 1995; Vaughan et al.,, 2008; Woodward et al., 1994). With its dual
localization it could be involved in communication processes between the flagellum and the
cell body.

The FLAMMS protein is restricted to the flagellar tip. When the parasite swims, it is the first
part of the cell to make contact with the environment. It could be involved in detecting signals
and interact with a downstream receptor. The distal tip of the flagellum could also be a

platform where sensing molecules are accumulated as observed in sensory cilia in C. elegans.
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Recently, a calcium-dependant cysteine protease of the calpain family (TbCALP1.3) has been
found in the membrane of the extreme distal tip of the flagellum (Liu et al., 2010) with a
similar pattern to FLAMMS8. FLAMMS contains a predicted virus globular attachment
domain (Uniprot 2011 07) that is found in virus proteins where it plays a role in the
attachment to surface receptors. The protein sequence shows significant similarity with the
microtubule-associated Gb4 protein identified in most kinetoplastids (Cotrim et al., 1995;
Rindisbacher et al., 1993). In T. brucei, Gb4 is localized at the posterior end of the cell of
procyclics where it is proposed to cap the plus ends of microtubules (Rindisbacher et al.,
1993). In agreement with the postulated role of Gb4 on cytoplasmic microtubules, FLAMMS
is also resistant to detergent treatment and could cap the microtubule ends in the flagellum. As
described in our study, FLAMMS is only fully incorporated at the distal tip when the
flagellum reached a certain length, but is absent in new and growing flagella. Therefore, its
presence could define the elongation status of the flagellar axoneme microtubules. Additional
functional analysis of FLAMMS could give more insight in its role at this specific part of the
flagellum, especially during the parasite cycle.

Structural flagellar elements are transported by the IFT machinery where they are
incorporated at the distal tip during flagellar elongation (Bastin et al., 1999). This was also
reported for tubulin and radial spoke proteins in Chlamydomonas (Johnson and Rosenbaum,
1992). Several of the identified new flagellar proteins might have different incorporation and
turnover dynamics. Silencing of AK leads to an equal drop of AK signal in both the new and
the old flagellum. This is the complete opposite of structural elements, where protein
knockdown leads to a negative new flagellum whereas the old flagellum still possesses wild-
type amount of material (Bastin et al., 2000). This suggests that the turnover for flagellar
membrane proteins such as AK3 might be much faster. This also indicates that the flagellum
membrane protein pool could be constantly exchanged even between two flagella of different
age and status. In addition, the AK staining was more pronounced in the flagella of the short
epimastigote assayed after fly dissection with the anti-AK antibody. While this could reflect a
direct role for the AK function in the flagellum at this developmental stage, it could also be a
way to pre-accumulate the protein in a flagellum that is expected to rapidly elongate and
expand its membrane in the next parasite stage, the attached epimastigote. A perhaps related
pattern was observed for the FLAMM4 protein that was more concentrated in the new
flagellum of procyclic cells, especially when it is very short. It could be a mechanism to store
the maximum protein amount needed in the whole flagellum, starting from the beginning of
its assembly. During elongation, the FLAMM4 content could then spread over the whole
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flagellar length. This has been shown to be the case for IFT proteins in Chlamydomonas.
These organisms have the technical advantage to be de-flagellated by pH shock and start to
subsequently regrow their flagella when put back in normal conditions (Marshall and
Rosenbaum, 2001). This allows experiments with synchronous cell populations that are all
constantly elongating their flagella over time. Flagella were purified at increasing time points
during regrowth meaning that each individual sample contains flagella of homogenous length
and that samples collected at increasing time points of the experiment each contain flagella of
increasing length. These samples were analyzed by IFA and western blot, revealing that the
amounts of IFT proteins are constant no matter the length of the flagella, suggesting that the
total pool of IFT proteins is incorporated into the flagellum already before its elongation
(Marshall et al., 2005).

FLAMMG is co-localizing with the axonemal marker starting from the basal body area. It
displayed a strong signal in the proximal part of the flagellum and its abundance decreased in
a gradient in the mid-region of the flagellum and was not detected in the distal half. This
could be due to competition with the non-tagged version, but we can probably exclude this
option, as newly built flagella show comparable signal intensities in their proximal part to old
flagella, and display the gradient as soon as the flagellum reaches half of its final length. This
protein incorporation mechanism is the opposite of the established one for structural flagellar
elements. Thus, we can speculate that FLAMMG6 is implicated in signalling processes with its
three cNMP binding domains and that its gradient distribution in the flagellum could play a

role in amplifying signals towards the base of the flagellum.

After having demonstrated their flagellar localization, the next step would be to identify the
roles of these new proteins and their implications in trypanosome biology, especially in
sensing mechanisms. Knock-down studies were performed for a large range of trypanosome
MRNA (Alsford et al., 2011) and revealed that FLAMM1, FLAMM3 and FLAMM?7 would be
essential for proliferation in procyclic trypanosomes, based on readouts of cell growth in
multi-well plates. For these proteins, it could be of interest to investigate the phenotype upon
knock-down with an inducible RNAI system. For all the other FLAMMSs, as well as for the
AK;, knock-out procyclic cell lines could be produced and analyzed during progression in the
parasite cycle. Parameters such as proliferation and infection efficiency, behavior or
morphology of the parasite stages during their development could be observed in their natural

environment and the implication of these candidate proteins in sensing pathways investigated.
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5.1 Databases and softwares

Sequences for genes and proteins were retrieved from the database Tritrypdb (tritrypdb.org/),
Blast searches were performed with (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and information
about different proteins were consulted on (http://pfam.sanger.ac.uk/) and
(http://www.uniprot.org/). For sequence alignments we used the CLC Free workbench
(version 4.0.3) or performed it directly online using the ClustalW2 program
(http://www.ebi.ac.uk/Tools/msa/clustalw?2/).

Statistical analyses were performed with the programme Kaleidagraph (version4). For image

and video analysis the software used is indicated in the respective chapters.

5.2 Trypanosome strains and culture

The Trypanosoma brucei brucei procyclic cell line Lister 427 strain was used in this study for
in vitro experiments or its derivative Lister 427 29-13 was chosen for the RNAI experiments.
The latter disposes of a tetracycline inducible system for dsSRNA expression by T7 RNA
polymerase (Wirtz et al., 1999). The equivalent bloodstream cell line Lister 427 90-13 was
used to investigate levels of ALBA3/4 proteins in this parasite stage. The pleomorphic strain
AnTatl.1 was used for experiments in tsetse flies (Le Ray et al., 1977).

Lister 427 procyclic parasites were cultured at 27°C in SDM79 (PAA) (Brun and
Schonenberger, 1979) supplemented with 2.5 mg/ml Hemin (Sigma) and 10% heat-
inactivated foetal calf serum (PAA). Bloodstream form parasites were grown at 37° C with
5% CO; in HMI9 medium (Hirumi and Hirumi, 1989) (IMDM basic component from Gibco,
supplements from Sigma). Cell density in procyclic cultures was assessed with the Beckman
coulter Z2, bloodstream form cells were counted in KOVA plastic slides with grids (HYCOR,
Stratagene).

Fly infection was carried out with freshly differentiated procyclic parasites of the AnTatl.1
strain. Therefore, bloodstream forms were plated on, with agar solidified HMI9 culture
medium to induce stumpy differentiation (Carruthers and Cross, 1992; Vassella et al., 1997).
Stumpy parasites were then taken up in DTM medium (components from Sigma) containing
20% foetal calf serum and differentiation to the procyclic form was triggered by the addition
of 6 MM cis-aconitate (Sigma) and temperature shift from 37°C to 27°C (Brun and
Schonenberger, 1981). Early procyclic AnTatl.1 parasites were then maintained in SDM79

culture medium and 20 mM glycerol (Panreac).
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Cryo-stabilates of trypanosomes were made by mixing the ice-cold cell pellet of 10 ml
densely grown culture with the respective glycerol-containing medium to obtain a final
concentration of 7% glycerol. Tubes were immediately transferred to -80° C and for long-
term storage further transferred to liquid nitrogen after one day. For defreezing, cryostabilates
were thawed in a 37° C water-bath and immediately transferred to pre-warmed medium. Cells

were washed 2 times in at least 10 ml fresh medium each time.

5.3 Stress experiments

To induce nutritional stress, parasites were washed twice for 5min in PBS at room
temperature and incubated 2 h at 27°C in an appropriate volume of PBS at cell densities
between 5 and 10 million cells per ml (Cassola et al., 2007). To induce heat shock, parasites
in their culture medium were transferred to 41° C for 2 h (Kramer et al., 2008).

Cycloheximide and puromycin (both from Sigma) were added starting from the beginning of

the nutritional stress experiment in concentrations of 100 pg/ml.

5.4 Western blot

Cells were washed in PBS and boiled in Laemmli sample buffer (2x stock: 0.5 M Tris
pH=6.8, 20% Glycerol, 4% DTT, 4% SDS, Bromphenolblue) before SDS-PAGE separation,
loading 2 ug (~0.2 million cells) total cell protein per lane. The Criterion system (Biorad) was
used for electrophoresis: Criterion XT precast gels with XT Mops running buffer (20x stock
solution) in the Criterion electrophoresis cell (at 200 V constant). Proteins were transferred to
PVDF membranes (Hybond-P from Amersham) in the Criterion blotter (Biorad) for 45 min at
100 V constant in TG buffer (10x stock: 0.25 mM Tris pH 8.3, 1.92 mM glycine). The
membrane was blocked overnight with 5% skimmed milk in PBS and incubated with primary
antibodies diluted in 1% milk and 0.1% Tween20 in PBS for 1 h. Membrane washes were
performed with 0.2% Tween20 in PBS. Species specific secondary antibodies coupled to HRP
(GE Healthcare) were diluted 1/20,000 in 1% milk and 0.1% Tween20 in PBS and incubated
with the membranes for 1 h. Final detection was carried out by using an ECL kit according to
manufacturer’s instructions (Amersham) and exposure of Hyperfim-ECL (Amersham).

5.5 Immunofluorescence analysis

For immunodetection parasites obtained from the fly were taken up in SDM79 medium

without serum and spread directly on poly-L-lysine coated slides (Menzel-Glaser,
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Braunschweig) before fixation. Cultured parasites were washed twice in the respective
medium without serum before treatment.

Three main methods of fixation were used. For methanol fixation, parasites were settled on
poly-L-lysine coated slides, air dried and fixed in methanol at — 20 °C for 5 minutes followed
by a rehydration step for 10 minutes in PBS. For PFA (Sigma) fixation, parasites were
incubated for 10-30 min at room temperature with a 4% PFA solution in PBS at pH 7 and left
to settle on poly-L-lysine coated slides. After a permeabilization step with 0.1% Nonidet P-40
(Fluka), samples were blocked for 1 hour with 1% bovine serum albumin (BSA) in PBS. To
obtain de-membranated parasites, the cells were left to settle on poly-L-lysine coated slides
for 10 min, rinsed in PBS and treated for 7 sec with detergent: 1% NP40 in PEM buffer (0.1
M PIPES pH 6.9, 2 mM EGTA, 1 mM MgSO,). After thorough washes, the samples were
fixed in 4% PFA in PBS for 30 min and washed again.

For immunodetection, slides were incubated with the appropriate dilution of the first antibody
in 0.1% BSA in PBS for 1 hour. After three 5 minute-washes, species and subclass-specific
secondary antibodies (from Jackson ImmunoResearch) coupled to a fluorochrome (Alexa 488,
Cy3 or Cy5) were applied for 1 hour, diluted 1/400 in 0.1% BSA in PBS. Cells were stained
with a 1pg/ml solution of the DNA-dye DAPI (Roche) and mounted with the ProLong
antifade reagent (Invitrogen). Slides were stored at -20° C or immediately analyzed, either
with a DMR microscope (Leica) and images captured with a CoolSnap HQ camera (Roper
Scientific) or with a DMI4000 microscope (Leica) and images acquired with a Retiga-SRV
camera (Q-lmaging). Pictures were analyzed using the IPLab Spectrum 3.9 software
(Scanalytics & BD Biosciences) and were merged and superimposed using Adobe Photoshop
(CS2). Measurements of cell parameters were performed on phase contrast images with the

ImageJ 1.38X software (NIH) that was also used to determine fluorescent signal intensities.

5.6 Antibodies for western blot or IFA

The ALBA antibodies for this work have been generated by Thierry Blisnick and Sandra
Ngwabyt. For either ALBA3 or ALBAA4 full length protein, 8 different antisera were obtained
from mouse immunization experiments. In western blot they were used at dilutions 1/2000,
one seemed more specific for ALBA3, named anti-ALBA3 (initially 2040/4) and one more
specific for ALBA4, named anti-ALBA4 in this study (initially 2030/8). All the others were
recognizing both ALBA proteins, but some antibodies showed stronger signals than others,

and one of those was used in the experiments shown, named anti-ALBA3/4 (initially 2040/1).
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In IFA, the anti-ALBA3 showed the strongest signal and the best signal-to noise ratio of all
antibodies tested and was used for most experiments. The anti-ALBA4 was much weaker in
IFA. All ALBA antibodies produced were functional in IFA at dilutions of 1/750.

The following table summarizes all other antibodies used in this work for western blot and
IFA studies (Table 5.1).

Table 5.1: Antibodies used in western blot and IFA. Indicated are the name of the antibody, the antigen they
recognize, the species or origin, the reference when published or the person who kindly provided them. Finally,

technical details about the methods used and the dilution of the respective antibody are given.

species of

antibody | antigen origin from /reference technique and dilution
Aldolase U rgEr rabbit poly Paul Michels Western blot 1/2000

aldolase

T. cruzi Claudio Pereira IFA (PFA, methanol 30sec)
AK arginine mouse poly (Pereira et al., 2000) 1/100, (membrane

Kinase rec. N extraction) 1/50

T.brucei . Mark Carrington
DHH1 DHHL rec rabbit poly (Kramer et al., 2008) IFA (PFA) 1/1500

. . IFA (methanol, membrane
GFP GFP rabbit poly Invitrogen extraction) 1/500,
GFP GFP mouse mix of | o, e Western blot 1/100
2 monoclonal

T. brucei Thierry Blisnick
IFT172 IET172 rec | MOUSe mono (this laboratory) IFA (methanol) 1/500
L13D6 PFR1/PFR2 | mouse mono | (Kohl et al., 1999) Western blot 1/50
L3B2 FAZ mouse mono | (Kohl et al., 1999) 17 (r_nethanol)

non diluted

L8C4 PFR2 mouse mono | (Kohl et al., 1999) ('jfl/jtéiFA’ methanol) non

Axonemal Derick Robinson
mADb25 PIp25 mouse mono (Pradel et al., 2006) IFA (PFA, methanol) 1/4
PAD2 EQ)?ige rabbit poly (Dean et al., 2009) IFA (methanol 30 sec) 1/50

tyrosinated (Sherwin and Gull,
YL1/2 tubulin rat mono 1989) IFA (methanol) 1/2

5.7 RNA-FISH coupled to IFA

For detection of total poly (A+) RNA by FISH, parasites were harvested, washed, allowed to
adhere to poly-lysine-coated microscope slides and fixed with 8% paraformaldehyde in PBS
for 20 min. Slides were incubated for 10 min with a 25 mM solution of NH,CI (Sigma) and
washed with PBS. Cells were simultaneously permeabilized and blocked for 1 h in 0.5%

saponin (Sigma) and 2% BSA in PBS. Prehybridisation was performed for 2 h at room
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temperature in hybridization solution: 2% BSA, 5x Denhardt (Sigma), 4x SSC buffer (20x
stock, Invitrogen), 5% dextran sulphate (Sigma), 35% deionized formamide (Sigma), 0.5
mg/ml wheat germ tRNA (Sigma) and 10 U/ml RNasin (Promega). Hybridization was
performed overnight in the dark at room temperature in a humid chamber in the presence of
1 ng/ml Alexa488-conjugated oligo-(dT)s, probe (Eurogentec) in hybridization solution.
Samples were protected from light sources during the rest of the procedure. Slides were
washed at 5 min intervals: once in 4x SSC plus 35% deionized formamide, once in 4x SSC,
once in 2x SSC and finally in PBS for 10 min. Before performing immunodetection with
antibodies (as described in chapter 5.5), blocking is performed during 30 min with 10% foetal
calf serum (PAA) in PBS.

Slides were analyzed in collaboration with Pascal Roux and Christophe Machu at the Imaging
Platform of the Institut Pasteur (Plate-Forme Imagerie Dynamique) using a Zeiss inverted
microscope (Axiovert 200) equipped with an oil immersion objective (magnification x63 with
a 1.4 numerical aperture) and a spinning disk confocal head (CSU22, Yokogawa). Images
were acquired using Volocity software with an EMCCD camera (C-9100, Hamamatsu). For
presentation purposes only, the contrast of the images was optimized by the same settings for

every panel in Adobe Photoshop after their analysis.

5.8 DNA-FISH

DNA-FISH was performed as previously reported (Ersfeld and Gull, 1997), with the only
exception that labelling of the DNA-probes was achieved with dUTP coupled to either Cy3
(used for minichromosomes) or Alexa488 (in the case of large chromosomes), both from

Invitrogen.

5.9 Fluorescence analysis and live video microscopy

Parasites expressing a fluorescent fusion protein were either analysed after fixation for 30 min
in a 4% PFA solution in PBS or directly by live video microscopy. In both cases, DNA was
stained using DAPI (1pg/ml).

Parasites found in the fly were obtained from dissection in a drop of medium without serum
directly on microscope slides. 5 pl of a solution of DAPI at 1 pg/ml was added to the drop
and cells were covered by a coverslip and observed with a DMI4000 microscope (Leica).
Videos were acquired using the camera COHU 460L1 (Pieper) coupled to a DVD recorder
(Sony RDR-HX725). This is an analogical system in which neither exposure time nor other

parameters can be adapted. The different fluorescence signals were acquired by changing the
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filters directly on the microscope. With this system we were able to acquire a maximum
number of parasites that have a limited lifespan after being removed from the tsetse tissues.
Movies were processed using the software Mpeg Streamclip 1.8 (Squared 5) and Imagel
1.38X (NIH) and were assembled with iMovie (Apple). Still images were extracted with the
ImageJ 1.38X (NIH) software. Fluorescence intensity of each cell was assessed on the
performed movies by eye, thereby determining three categories: strong signal, intermediate

signal, no visible signal.

5.10 Tsetse fly infection, maintenance and dissection

Teneral males of Glossina morsitans morsitans from 8 to 96 hours post eclosion were
obtained from the TRYPANOSOM - UMR 177 IRD CIRAD, Campus International de
Baillarguet, Montpellier, France. Tsetse flies were infected with cultured parasites during
their first meal through a silicone membrane (Rotureau et al., 2011a). Freshly differentiated
cultured procyclic AnTatl.1 were used at 10 million cells per ml in SDM79 medium
supplemented with 10 % FCS, 60 mM N-acetylglucosamine (Sigma) (Peacock et al., 2006)
and 2.5% (w/v) bovine serum albumin (Sigma) (Kabayo et al., 1986). Tsetse flies were
subsequently maintained in Roubaud cages at 27°C and 70% hygrometry and fed twice a
week through a silicone membrane with fresh rabbit blood in heparin. Flies were starved for
at least 48 hours before being dissected 18 to 35 days post-ingestion. As described (Rotureau
et al., 2011a), salivary glands were immediately isolated upon dissection. Whole tsetse
alimentary tracts, from the distal part of the foregut to the rectum, were dissected in a drop of
PBS or SDM79 without serum and hemin (the latter to avoid nutritional stress), and arranged
lengthways to screen for parasite presence. Foregut and proventriculus were then separated
from the midgut. Parasites were released from tissues in the medium/PBS drop and were
immediately processed. The AnTatl.1 ALBA3::YFP cell line was proposed to 168 flies in 2
independent experiments (68 flies could be dissected of which 54% were infected in the
midgut and 10.3% in the salivary glands). The AnTatl.1 ALBA4::YFP cell line was proposed
to 93 flies in 1 experiment (36 flies could be dissected of which 33% were infected in the
midgut and 11% in the salivary glands). For the GFP and ALBA::GFP over-expression
experiments a total of 512 flies were infected. Fly batches were usually split in two so to have
half of the flies infected with the GFP control strain and half with the cell line expressing
ALBA::GFP. The AnTatl.1 GFP control cell line was proposed to 214 flies in 7 independent
experiments (67 flies could be dissected of which 52% were infected in the midgut and 12%
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in the salivary glands). The ALBA3::GFP cell line was proposed to 155 flies in 6 independent
experiments (49 flies could be dissected of which 53% were infected in the midgut and 6% in
the salivary glands). The ALBA4::GFP cell line was proposed to 143 flies in 3 independent
experiments (42 flies could be dissected of which 50% were infected in the midgut and 17%
in the salivary glands).

5.11 Semi-quantitative RT-PCR

Total RNA was extracted from cells grown with or without tetracycline for the indicated
period of time and purified using Trizol (Invitrogen) as described by the manufacturer. DNA
was eliminated by DNase treatment and RNA purity was confirmed by conventional PCR.
After primer calibration and determination of optimal conditions, semi-quantitative RT-PCR
was performed as described (Durand-Dubief et al., 2003) using the Superscript 111 One-step
kit (Invirtogen). It turned out, that optimal conditions for ALBA were achieved with 50 ng
RNA per assay with 25 cycles of PCR. For ALBA3 and ALBA4 a common forward primer was
used: CAAAAACGAGGGTGCTAAG, in combination with specific reverse primers: ALBA3
CACCAATCCCTTCATACTC and ALBA4 CCACGACTGATTTGGGAAC. As independent
control, we performed RT-PCR in parallel with described primers for TbODA7
(Th11.01.5550) (Duquesnoy et al., 2009). Primers were ordered from Eurogentec.

5.12 Plasmids and constructs

For plasmid construction, primers were ordered from Eurogentec and fragments amplified
from trypanosome Lister 427 DNA using the high-fidelity Phusion polymerase (Finnzymes)
in a PCR reaction according to the manufacturers’ indications. The PCR fragment was
directly ligated in the pCR2.1-TOPO vector (Invitrogen) and transformed into
electrocompetent TOP10 bacteria (Invitrogen) following the manufacturers’ instructions.
Bacteria colonies were tested for successful insertion of the fragment by colony-PCR. Positive
clones were amplified and plasmid DNA purified using the Nucleospin plasmid MINIprep Kit
(Macherey & Nagel). The fragment is then excised using the appropriate restriction enzymes
(either from New England Biolabs or Fermentas), purified and ligated into the prepared,
purified final vector backbone (T4 ligase Fermentas). A new round of bacteria transfection

and verification of positive colonies will be followed by preparation of plasmid DNA in high
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amount using the Nucleobond xtra MAXI plus kit (Macherey & Nagel) following the

manufacturers’ instructions and sequencing analysis (Cogenics) for final verification.

pZJM vectors (Wang et al., 2000) for protein knock-down by RNAI

The insert in this vector is flanked by T7 promoters facing each other allowing tetracycline-
inducible dsRNA expression in cell lines PC 29-13 or BS 90-13 that encode a T7 RNA-
Polymerase and tetracycline repressor (Wirtz et al., 1999). The pZJMALBA3/4 plasmid was
already available from a previous laboratory member Mickaél Durand-Dubief. For single
RNAI, the sequences for dsRNA expression were selected using the RNAIt algorithm
(Redmond et al., 2003), for ALBA3 a fragment of 300 bp (the last 75 bp of the 3’ of the CDS
and the first 227 bp of its 3’'UTR) and for ALBA4 of 350 bp (the last 77 bp of the 3’ of the
CDS and the first 272 bp of its 3’'UTR) (see also Fig 3.18). The pZJMALBA3 and the
pZIJMALBA4 plasmids were ordered from GeneCust Europe (Dudelange, Luxembourg),
where the selected ALBA sequences were chemically synthesized and subcloned into the
pZJM vector after excision of the existing stuffer sequence by Xhol and HindlIlI.

For RNAI against arginine kinase (AK) suitable targeting sequences were selected with
RNAIt and two pZJM constructs were cloned (see also Fig 3.38). The first was selected to
target all AK1-3 and contains an insert of 406 bp common to all AK (spanning bp 226 to 631,
when the numbering was set to zero at the AK1 sequence start). The fragment was amplified
using the primers: forward 5° AAGCTTACTGTGTTTGCCGACCTCTT *3 (Hindlll site
underlined) and reverse 5 CTCGAGAGATACCACGACCAGTTGGC ‘3 (Xhol site
underlined). The other vector is meant to target AK3 alone, but as most of its sequence is
conserved in AK1 and AK2, the insert was thus selected in the extreme 3’ region of the coding
sequence (the last 90 nucleotides) and the first part of the 3> UTR (140 nucleotides). It was
amplified using the forward primer AAGCTTCAATCCGATGATGCAGAGG (HindllI site
underlined) and reverse primer CTCGAGGGAATCATCACATGCTACCCT (Xhol site
underlined).

Before transfection into trypanosomes, all pZJM plasmids were linearized at the unique Notl
site in the rDNA intergenic targeting region. For pZJMAK1-3 linearization was performed

with Clal, as the fragment contains a Notl recognition sequence.

Over-expression of ALBA as GFP fusion
For exogenous over-expression of ALBA proteins as GFP tagged versions, the complete
coding sequence of ALBA3 and ALBA4 was cloned in the plasmid pHD67E (Bingle et al.,
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2001) upstream of the GFP sequence using the Hindlll restriction site. A common forward
primer was used GCACAATAAGCTTATGCCTTCATATCCG (Hindlll site underlined) in
combination with specific reverse primers, GCACTAAGCTTCGCTCCTCATTGCCACC
(HindIll site underlined) for ALBA3 and GCACTAAGCTTCGGTTGCCTTCACCCAA
(Hindll site underlined) for ALBA4. Before transfection, the plasmids were linearized at the

unique Notl site for targeting to the rDNA intergenic region.

Endogenous tagging of ALBA and FLAMM

Endogenous tagging is achieved with plasmids that contain a fragment of the target gene
sequence flanked by either YFP or mCherry in 5° or 3’ positions. Before transfection, the
plasmid will be linearized in the target gene sequence, allowing homologous recombination
with the target allele. The expression of this fluorescent fusion protein will be under the
control of one of the UTRs from the gene locus and one coming from the inserted plasmid.
Different vectors for endogenous tagging were used that are described in (Kelly et al., 2007)
and sequences are found in (http://web.me.com/mc115/mclab/resources.html). The p3329
allows tagging with eYFP at the C-terminal end of the protein and selection by puromycin
(Fig 5.1). Alternatively, the vector p2705 was chosen to tag ALBA4 at the C-terminus with
mCherry bearing a neomycin resistance cassette. N-terminal tagging with eYFP was chosen
for some FLAMM proteins and was achieved using the p2675 vector with puromycin
resistance. All the target sequence fragments were chemically synthesized by GeneCust
Europe (Dudelange, Luxembourg) and subcloned into the corresponding endogenous tagging

vectors.

e S S

p3329 ALBA::YFP
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endogenous ALBA locus

¥
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Figure 5.1: Endogenous tagging procedure. Schematic representation of the procedure used for endogenously
tagging ALBA proteins with eYFP. The plasmid p3329, containing a fragment of the ALBA gene upstream of
the YFP sequence and a puromycin resistance cassette, is linearized (red line) within the ALBA sequence before
transfection. This allows homologous recombination with one of the endogenous ALBA copies to create YFP
tagged ALBA. Its expression is under the control of the ALBA 5’UTR (light red) and of the 3’UTR from the
plasmid (white).

111



5. Materials and methods

The following table shows the different vectors used in this study (Table 5.2). The plasmid for
the endogenous expression of the mCherry tagged version of DHH1 was linearized as

described with Nhel and transfectants selected with blasticidin (Kramer et al., 2008).

Table 5.2: Plasmids for endogenous tagging with eYFP and mCherry. Fragments of the target gene at either
the 5’ or the 3’ end (without stop codon) were synthesized containing restriction enzyme recognition sequences.
They were cloned into the respective plasmid backbone, either p3329 (allows C-terminal eYFP tagging), p2705
(allows mCherry C-terminal tagging) and p2675 (allows N-terminal tagging with eYFP). Before transfection in
trypanosomes the plasmids were linearized in the target fragment with the indicated restriction enzymes and

according to the plasmid, selection was applied with either puromycin (PURO) or with G418 (NEO).

target fragment | cloned with plasmid linearization | selection
ALBA3 3’520 bp | Kpnl /BamHI p3329ALBA3 Afel PURO
ALBA4 3°393bp | Kpnl/BamHI p3329ALBA4 FspAl PURO
ALBA4 37393 bp | EcoRV /BamHI | p2705ALBA4 FspAl NEO

FLAMM1 | 3°324bp | Kpnl/BamHI p3329FLAMM1 Xhol PURO
FLAMM2 | 3°231bp | Kpnl/BamHI p3329FLAMM2 Apal PURO
FLAMM3 | 3° 573 bp | Pael / BamHI p3329FLAMM3 FspAl PURO
FLAMM4 | 5”419 bp | Hind 111/ Apal p2675FLAMMA4 Bbsl PURO
FLAMMS | 3°391bp | Kpnl/BamHI p3329FLAMMS Bsml PURO
FLAMM6 | 3’460 bp | Kpnl/BamHI p3329FLAMM©6 Bbsl PURO
FLAMMY?7 | 5°535bp | Hindlll / Apal p2675FLAMMY7 Clal PURO
FLAMM8 | 3°500 bp | Kpnl/BamHI p3329FLAMMS Nrul PURO
FLAMM9 | 3°250 bp | Kpnl/BamHI p3329FLAMM9 Sphl PURO
FLAMM10 | 3’494 bp | Kpnl/BamHI p3329FLAMM10 Sphl PURO

5.13 Stable transformation of trypanosomes

Trypanosomes were transfected with the linearized plasmid constructs by Nucleofector®
technology (Lonza, Italy) as described (Burkard et al., 2007). Transgenic cell lines were

selected in medium supplemented with the respective antibiotics (Table 5.3).

Table 5.3: Antibiotics used for the selection of

Resistance | Selection Concentration (ug/ml)

NEO G418 15 transgenic trypanosome procyclic cell lines.
HYG Hygromycin 25 - 50 The resistance cassette is indicated as well as
BLE Phleomycin 25 the antibiotics for selection used at different
PUR Puromycin 1-3 concentrations (all from Invivogen).

BSR Blasticidin 10
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For induction of RNAI, tetracycline (Sigma) was added to the medium at each dilution step at
a final concentration of 1 pg/ml.

In order to obtain clonal cell lines, the selected population was serially diluted and the
dilutions spread to 96-well plates to obtain ¥4 of the wells with 50 cells/well, ¥% of wells with 5
cells/well and half with in theory 0.5 cells/well. For this procedure, to facilitate growth of
procyclic cells at low densities they were diluted in conditioned medium (medium that had
been used to culture procyclic forms up to a density of 107 cells/ml, then has been centrifuged

and the supernatant filtered through a filter with pores of 0.2 um diameter from Millipore).
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7.1 Movie legends

Enclosed to this thesis is a CD containing seven movies that illustrate trypanosome division
processes explained in the introduction (movie 1,2) and show representative films of cells in
different developmental stages obtained from tsetse fly infection with ALBA::YFP and
ALBA::GFP (movie 3-7).

Movie 1 Cell division in procyclic parasites ex vivo from the posterior midgut

The content of the posterior midgut of a tsetse fly infected with the trypanosome strain
AnTatl.1 was analyzed by live video microscopy. Procyclic cells in subsequent phases of cell
division are represented in this movie. In the sequences marked as early division the two cells
are clearly distinguishable but cytokinesis was not yet initiated. In the middle stage of
division, cytokinesis is well advanced, but the cells are still attached via their flagella. In late
division, the two cells are clearly separated and only held together via a thin remnant of
membrane. The final separation is achieved by the beating forces of the flagella that drag the
cells in opposite directions.

Movie 2 Asymmetric cell division in proventricular dividing epimastigotes ex vivo

A proventriculus of a tsetse fly infected with the trypanosome strain AnTatl.1 was analyzed
by live video microscopy and the asymmetric division process of epimastigote forms
investigated. First the early division is represented: epimastigote forms with a head-like
structure (containing two kinetoplasts and one nucleus) and a long flagellated tail. In the
middle stage, the cell had gone through mitosis (2 kinetoplasts and 2 nuclei) and proceeded to
cytokinesis, while the short daughter cell is attached along most of its posterior length to the
long daughter its flagellar tip is free. Dividing epimastigotes are very fast and persistent
swimmers and attach rarely to the microscope slide but in these cases mostly the short
daughter attaches and one can observe the late division process. This results in two daughter

cells, one short and one long epimastigote.

Movie 3 ALBA3::YFP signal monitored in trypanosomes during the parasite
development in the fly

Each representative form of the parasite cycle found in the digestive tract (sequences 1-6) and

salivary glands (sequences 7 and 8) of the fly infected with AnTatl.l ALBAS3:YFP
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trypanosomes are shown as consecutive live movies. First, each form is shown by phase
contrast and its name indicated, second its ALBA3::YFP fluorescent signal is visualized by
adding a green filter and third, DAPI is visualized by adding a blue filter to show DNA
content and localization. The stages are shown in the order of their appearance during fly
infection: (1) procyclic form; (2) a mixed field containing the proventricular parasites:
mesocyclic (MS), mesocyclic to epimastigote (MS-E) and dividing epimastigote (DE); (3) a
form in mesocyclic to epimastigote transition; (4) dividing epimastigote; (5) long

epimastigote, (6) short epimastigote; (7) salivary gland epimastigote and (8) metacyclic.

Movie 4 ALBA3::YFP signal monitored in fields with mixed trypanosome forms

Different fields of mixed trypanosome forms, found in the proventriculus of the fly infected
with AnTatl.1 ALBA3::YFP trypanosomes, are shown as consecutive live movies. First, each
form is shown by phase contrast and its name indicated, second its ALBA3::YFP fluorescent
signal is visualized and third, DAPI is visualized to show DNA content and localization.
Mixed fields contain the following proventricular forms: (1) mesocyclic (MS), mesocyclic to
epimastigote (MS-E) and dividing epimastigote (DE); (2) mesocyclic (MS) and mesocyclic to
epimastigote (MS-E); (3) a field containing different parasites in mesocyclic to epimastigote
transition (MS-E); (4) mesocyclic to epimastigote (MS-E) and dividing epimastigote (DE); (5)
mesocyclic (MS), dividing epimastigote (DE) and short epimastigote (SE); (6) mesocyclic
(MS) and long epimastigote (LE); (7) mesocyclic (MS) and dividing epimastigote (DE).

Movie5 ALBA4::YFP signal monitored in trypanosomes along the parasite
development in the fly
Each representative form of the parasite cycle found in the digestive tract (sequence 1-6) and
salivary glands (sequences 7 and 8) of the fly infected with AnTatl.l ALBA4::YFP
trypanosomes are shown as consecutive live movies. First, each form is shown by phase
contrast and its name indicated, second its ALBA3::YFP fluorescent signal is visualized and
third, DAPI is visualized to monitor DNA content and localization. The stages are shown in
the order of appearance during fly infection: (1) procyclic form; (2) mesocyclic form; (3) a
mixed field containing the proventricular parasites: mesocyclic (MS) and mesocyclic to
epimastigote (MS-E); (4) a mesocyclic to epimastigote transition; (5) long epimastigote; (6)

short epimastigote; (7) salivary gland epimastigote and (8) metacyclic.
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Movie 6 AnTatl.1 GFP control and ALBA::GFP over-expression

Fields of mesocyclic parasites, as representative form, of the strains AnTatl.1 GFP control,
ALBAS3::GFP and ALBAA4::GFP are shown as consecutive live movies. First, the phase
contrast of each field is shown, second the green fluorescent signal is visualized and third,

DAPI is visualized by adding a blue filter to show DNA content and localization.

Movie 7 Mesocyclic to epimastigote transition during ALBA3::GFP over-expression

Parasites of the AnTatl.1 strain over-expressing ALBA3::GFP found in the proventriculus of
the fly are shown. First, the phase contrast of each field indicating the name of the forms,
second, green fluorescent signal of ALBA3::GFP is visualized and third, DAPI is visualized
to monitor DNA content and localization. Following forms are represented: (1) a field of
mesocyclic; (2) mesocyclic (MS) and mesocyclic to epimastigote (MS-E); (3) mesocyclic to
epimastigote; (4-7) four different atypical cells displaying thin cell diameter (typical for MS-

E) and a nucleus in a very anterior position (typical for MS).
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7.2 Publication list

1. The study about ALBA proteins in trypanosome development is submitted to the
journal “ Molecular Biology Of The Cell ” where a revised version of the manuscript

is currently in revision. Manuscript number E11-06-0511R.

Authors: Subota Ines, Rotureau Brice, Blisnick Thierry, Ngwabyt Sandra, Durand-Dubief
Mickaél, Engstler Markus and Bastin Philippe

Title: ALBA Proteins are Stage-Regulated during Trypanosome Development in the Tsetse

Fly and Participate in Differentiation

Abstract: The protozoan parasite Trypanosoma brucei is responsible for sleeping sickness
and alternates between mammal and tsetse fly hosts, where it has to adapt to different
environments. In this report, we investigated the role of two members of the ALBA
family that encodes hypothetical RNA-binding proteins conserved in most eukaryotes.
We show that ALBA3/4 proteins colocalize with the DHH1 RNA-binding protein and
with a subset of polyA+ RNA in stress granules upon starvation. Depletion of
ALBA3/4 proteins by RNA interference in the cultured procyclic stage produces cell
modifications mimicking several ~morphogenetic aspects of trypanosome
differentiation that usually take place in the fly midgut. A combination of
immunofluorescence data and video-microscopy analysis of live trypanosomes
expressing endogenously ALBA fused with fluorescent proteins revealed that
ALBAZ3/4 are present throughout the development of the parasite in the tsetse fly, with
the striking exception of the transition stages found in the proventriculus region. This
involves migration of the nucleus towards the posterior end of the cell, a phenomenon
that is perturbed upon forced expression of ALBA3 during the differentiation process,
showing for the first time the involvement of an RNA-binding protein in trypanosome

development in vivo.
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The second part of the thesis about the identification of novel flagellar proteins and

their initiated functional analysis will be part of a manuscript currently in preparation.

Authors: Julkowska Daria, Subota Ines, Reeg Nele, Blisnick Thierry, Buisson Johanna,

Title:

Duchateau Magalie, Huet Diego, Vincensini Laetitia, Namane Abdelkader and Bastin
Philippe

Identification of novel membrane and matrix protein reveals differential protein

dynamics in the trypanosome flagellum.

The extensive analysis of trypanosome developmental forms in the organs of the tsetse
fly by live video-microscopy allowed the validation of the presence of living
asymmetrically dividing epimastigote forms in the salivary glands, initially identified
by Brice Rotureau in fixed cells. In addition, I contributed to this work by analyzing
the occurrence of the BARP surface protein in the different trypanosome
developmental forms in the proventriculus and the salivary glands of the tsetse fly.
This manuscript is submitted to the journal “ Development “ and is currently in
review. Manuscript identification number: DEVELOP/2011/072611.

Authors: Rotureau Brice, Subota Ines, Buisson Johanna and Bastin Philippe

Title:

A new asymmetric division explains the continuous production of infective

trypanosomes in the tsetse fly

Abstract: African trypanosomes are flagellated protozoan parasites causing sleeping sickness

and are transmitted by the bite of the tsetse fly. To complete their life cycle in the
insect, trypanosomes reach the salivary glands and transform into the infective form.
The latter are expelled with the saliva at each blood meal during the whole life of the
insect. Here, we reveal the means by which the continuous production of infective
parasites is ensured. Dividing trypanosomes present in the salivary glands of infected
tsetse flies were monitored by live video-microscopy and by quantitative
immunofluorescence analysis using specific molecular markers for the cytoskeleton

and for surface antigens. This revealed the existence of two distinct modes of
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trypanosome proliferation occurring simultaneously in the salivary glands. The first
cycle produces two equivalent cells that are not competent for infection and attached
to the epithelium. It is predominant at the early steps of infection, ensuring a rapid
colonization of the glands. The second mode is more frequent at later stages of
infection and involves an asymmetric division. It produces a daughter cell that matures
into the infective form released in the saliva, as demonstrated by the expression of
specific molecular markers, the calflagins. The amount of these calciumbinding
proteins increases exclusively in the new flagellum during the asymmetric division,
showing the commitment of the future daughter cell to differentiation. The
coordination of these two alternative cell cycles explains the continuous production of
infective parasites, turning the tsetse fly into an efficient and long-lasting vector for

African trypanosomes.

4. The following study about cytoskeletal dynamics and the molecular components
during the trypanosome parasite cycle is published in * Cellular Microbiology *,
Volume 13, Issue 5, pages 705716, in May 2011. | contributed to this work with fly
infections and discussions. The article as it was published is found on the next pages
138-149.

Authors: Rotureau Brice, Subota Ines and Bastin Philippe

Title: Molecular bases of cytoskeleton plasticity during the Trypanosoma brucei parasite

cycle
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Molecular bases of cytoskeleton plasticity during the
Trypanosoma brucei parasite cycle

Brice Rotureau,* Ines Subota and Philippe Bastin
Institut Pasteur, Trypanosome Cell Biology Unit, Paris,
France.

Summary

African trypanosomes are flagellated protozoan
parasites responsible for sleeping sickness and
transmitted by tsetse flies. The accomplishment of
their parasite cycle requires adaptation to highly
diverse environments. These transitions take
place in a strictly defined order and are accompa-
nied by spectacular morphological modifications
in cell size, shape and positioning of organelles. To
understand the molecular bases of these pro-
cesses, parasites isolated from different tissues of
the tsetse fly were analysed by immunofluores-
cence with markers for specific cytoskeleton com-
ponents and by a new immunofluorescence-based
assay for evaluation of the cell volume. The data
revealed striking differences between proliferative
stages found in the midgut or in the salivary glands
and the differentiating stage occurring in the
proventriculus. Cell proliferation was character-
ized by a significant increase in cell volume, by a
pronounced cell elongation marked by micro-
tubule extension at the posterior end, and by the
production of a new flagellum similar to the exist-
ing one. In contrast, the differentiating stage found
in the proventriculus does not display any increase
in cell volume neither in cell length, but is marked
by a profound remodelling of the posterior part of
the cytoskeleton and by changes in molecular
composition and/or organization of the flagellum
attachment zone.

Introduction

African trypanosomes are protozoan parasites respon-
sible for human African trypanosomiasis or sleeping
sickness, a fatal tropical disease in the absence of treat-
ment. They also infect cattle with major socio-economic

Received 19 October, 2010; revised 25 November, 2010; accepted 7
December, 2010. *For correspondence. E-mail rotureau @ pasteur.fr;
Tel. (+33) 1 40 61 38 33; Fax (+33) 1 40 61 38 25.

© 2011 Blackwell Publishing Ltd

consequences, mainly in east Africa (Simarro etal.,
2008). Trypanosoma brucei parasites are exclusively
transmitted by the bite of the tsetse fly. In the mammalian
host, trypanosomes develop in the bloodstream as extra-
cellular parasites, and at later stages of infection, they can
cross the blood-brain barrier and provoke severe neuro-
logical symptoms ultimately leading to death (Brun et al.,
2009). There is currently no vaccine available whereas
drug treatments are difficult to apply in the field and have
severe side-effects (Brun et al., 2009).

Atsetse fly gets infected when it picks up trypanosomes
during a blood meal on an infected mammal. To be infec-
tive for humans, parasites need to reach the tsetse saliva
and to transform into the so-called metacyclic stage. This
is not direct and requires several intermediate stages
taking place in a strictly defined chronological order
at different locations in the midgut, proventriculus and
foregut, and finally in the salivary glands of the tsetse
fly (Vickerman etal., 1988; Roditi and Lehane, 2008)
(Fig. 1). This requires specific adaptation to the varying
environment, involving metabolism, cell surface proteins
or striking morphological modifications (Vickerman et al.,
1988; Fenn and Matthews, 2007).

Trypanosomes possess a nucleus (N) and a single
mitochondrion whose genetic material is condensed in a
structure named kinetoplast (K) that is linked to the basal
body apparatus of the flagellum (Robinson and Gull,
1991). The flagellum is attached to the cell body and tracts
the trypanosome forward, hence defining the antero-
posterior axis of the cell. Two main characteristic morpho-
types have been defined according to the relative position
of the kinetoplast to the nucleus (Hoare and Wallace,
1966). In trypomastigotes, the kinetoplast localizes
between the nucleus and the posterior end of the cell. The
two bloodstream forms found in mammals are the dividing
slender trypomastigote and the non-dividing tsetse-
infective stumpy trypomastigote that is observed at peaks
of parasitaemia. After ingestion, stumpy parasites rapidly
differentiate into procyclic trypomastigotes in the posterior
midgut of the fly where they multiply (Fig. 1). Then, some
of these procyclic parasites elongate and migrate to the
anterior part of the midgut as non-proliferative mesocyclic
trypomastigotes (Fig. 1). Once in the proventriculus,
mesocyclic cells become thinner and adopt an epimastig-
ote configuration, defined by the localization of the kine-
toplast between the nucleus and the anterior end of the

cellular microbiology



706 B. Rotureau, |. Subota and P. Bastin

A -

Parasite cycle —)

o]

Blood

Mammalian

host
Morphotype Stage .
Proventriculus

Blood Midgut and foregut

Tsetse fly vector

Salivary glands

Slender *

Stumpy
Trypomastigote

Procyclic *

Mesocyclic

Dividing * DE

Long LE
Epimastigote

Short SE

Attached *

Trypomastigote Metacyclic

C Midgut

Proventriculus and foregut

Salivary glands

/
|
3 -

Fig. 1. Morphological changes in trypanosomes during the parasite cycle.

LE

A. Simplified table showing the localization of each stage during the parasite cycle. Proliferative stages are indicated with *. ST, MS and SE in

white boxes are only found transiently in the specified organs.

B-C. The 10 main morphological stages of the T. brucei parasite cycle, found in the mammalian bloodstream (B) and in the tsetse fly vector
(C), were fixed in methanol and stained with DAPI (red) and the TAT1 antibody (green) recognizing a-tubulin. The o-tubulin is homogeneously
distributed at the cell periphery in all stages. The scale bar represents 5 um and the old (arrow) and new (arrowhead) basal body positions

are indicated.

All stages are presented in a chronological order and the following name code has been used throughout the legends. SL: slender
trypomastigote; ST: stumpy trypomastigote; PC: procyclic trypomastigote; MS: mesocyclic trypomastigote; E: proventricular epimastigote; DE:
asymmetrically dividing epimastigote; LE: long epimastigote; SE: short epimastigote; AE: attached epimastigote; MT: metacyclic trypomastigote.

cell. This is due to the posterior migration of the nucleus to
the other side of the kinetoplast (Sharma et al., 2008).
These long spermatozoa-like epimastigotes divide asym-
metrically in the proventriculus and foregut to produce a
long and a short epimastigote (Van Den Abbeele et al.,
1999) (Fig. 1). It has been proposed that, once in the
salivary glands, the latter parasites attach to the epithe-
lium via their flagellum and elongate (Sharma et al., 2009)
(Fig. 1). Finally, parasites adopt again the trypomastigote
configuration when they transform into the metacyclic
form and become competent for infecting mammalian
hosts upon release in the saliva.

Parasite proliferation is encountered in three different
situations: in the bloodstream (slender stage), in the
midgut (procyclic stage) and in the salivary glands
(attached epimastigotes). The progression of trypano-
somes in the cell cycle can be monitored by a simple DNA
staining as cells with one kinetoplast and one nucleus
(1K1N) are in the G1/S phase, those with two kinetoplasts

and one nucleus (2K1N) are in G2/M, and individuals with
two kinetoplasts and two nuclei (2K2N) are about to
undergo cytokinesis (Sherwin and Gull, 1989a; Wood-
ward and Gull, 1990). Cellular and molecular information
about cytoskeleton organization, composition and evolu-
tion during the cell cycle have been obtained from studies
mostly carried out on the cultured procyclic form of the
parasite (Gull, 1999; Ralston et al., 2009). In trypano-
somes, the shape of the cell is defined by a peripheral
corset of microtubules that are cross-linked to each other
and to the plasma membrane (Sherwin and Gull, 1989a).
All these microtubules have the same polarity with their
positive end at the posterior part of the cell (Robinson
et al., 1995). The flagellum is attached along most of the
length of the cell body where a complex structure called
the flagellum attachment zone (FAZ) is present. The FAZ
has been defined as comprising the FAZ filament present
in a gap between two microtubules of the corset, and the
specialized microtubule quartet, associated to the smooth
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endoplasmic reticulum (Robinson et al., 1995). Its elon-
gation is co-ordinated with that of the flagellum (Kohl
etal., 1999). From observation of procyclic parasites in
culture, the FAZ has been proposed to control cell division
by defining the cleavage furrow for cytokinesis (Robinson
etal, 1995). The positioning of the new flagellum is
defined by the flagella connector, a short pyramidal struc-
tural that connects the tip of the new flagellum to the side
of the old flagellum (Moreira-Leite et al., 2001). Restricting
the elongation of only the new flagellum by inactivation of
intraflagellar transport is accompanied by the construction
of a shorter FAZ filament, whose length is correlated with
that of the new flagellum (Kohl et al., 2003). When such
cells divide, the progeny inheriting the new flagellum is
shorter, with a direct correlation between cell size and
flagellum and FAZ length (Kohl etal., 2003). This is
accompanied by a failure in basal body migration
(Davidge et al., 2006; Absalon et al., 2007).

To understand the molecular bases of the numerous
morphological changes occurring during the parasite
cycle (Van Den Abbeele etal., 1999; Sharma etal.,
2008; 2009), we have investigated the evolution
of key cytoskeleton components in vivo using a panel
of specific molecular markers for the sub-pellicular
microtubules, the flagellum and the FAZ. A new
immunofluorescence-based assay for evaluation of the
cell volume with 3D reconstruction was developed. We
reveal that whereas the three proliferative stages exhibit
common points in terms of cytoskeletal rearrangements
during their cell cycle, the transition from the procyclic
trypomastigote to the short epimastigote form in the
proventriculus and foregut happens very differently. The
FAZ filament is partially remodelled, concomitantly with
the migration of the nucleus towards the posterior end.
Strikingly, the entire sub-pellicular microtubule cytoskel-
eton of the future short epimastigote daughter cell
appears to be remodelled before the asymmetric divi-
sion, a phenomenon that takes place without visible
modification of the cell volume.

Results

To investigate cytoskeleton dynamics during trypanosome
development in the tsetse fly, a total of 3992 Glossina
morsitans morsitans tsetse flies were infected with cul-
tured Trypanosoma brucei brucei strain AnTat1.1 para-
sites in 49 separate experiments. Out of the 761 flies
dissected = 14 days post-ingestion, 36.5% were carrying
trypanosomes in the midgut and 13.5% presented infec-
tion of the salivary glands. These results indicate that the
infection reached maturity in 37.1% of the infected flies.
Phase-contrast microscopy coupled to 4,6-diamidino-2-
phenylindole (DAPI) staining of nuclear and mitochondrial
DNA confirmed the validity of the experimental set-up as
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all the reported parasite stages were detected upon fly
dissection (Fig. 1).

Dynamics of the cytoskeleton during the parasite cycle

Overall, the total length of the parasite measured from the
tip of the flagellum to the posterior end of the cell ranged
from 11.5=2.0um in short epimastigotes up to
35.3 = 4.9 um in epimastigotes found in the proventricu-
lus (mean = SD, Table S1). To understand the molecular
mechanisms underlying these extensive variations of the
cytoskeleton, we first monitored the distribution of sub-
pellicular microtubules upon staining with the monoclonal
antibody TAT1 that recognizes o-tubulin (Woods et al.,
1989). The antibody produced a bright signal underlying
the plasma membrane in all stages (Fig. 1). This was
exploited to estimate the cell volume by in silico 3D recon-
struction of confocal z-stack pictures of a-tubulin-labelled
parasites (Fig. 2). In parallel, microtubule dynamics was
investigated using the monoclonal antibody YL1/2 (Kil-
martin et al., 1982) that stains tyrosinated a-tubulin and is
a recognized marker of new tubulin assembly (Sherwin
et al., 1987; Sherwin and Gull, 1989b) (Figs 3A-D and
S1).

The cell volume of 1KIN parasites varied from
20 = 3 um? in short epimastigotes up to 65 = 8 um? in
mesocyclic trypomastigotes (mean + SD, Fig. 2A). Varia-
tions in cell volume between two consecutive stages
were somehow correlated with those in cell length but far
from direct (Fig.2B). During the transition from the
slender to the stumpy bloodstream form, the decrease in
cell length (-16%) was accompanied by an increase in
cell volume (+18%), with limited insertion of new tubulin
at the posterior end, suggesting a rearrangement of the
existing microtubules (Figs 2B and S1). In the posterior
midgut of the vector, the differentiation from the stumpy to
the procyclic form (Figs 2B and S1) was marked by an
important elongation of the posterior end (+42%) but only
a discrete increase in cell volume (+7%). Then, during the
transition to the mesocyclic stage, an intense microtubule
polymerization activity was detected at the tip of the fla-
gellum and at the posterior end of cells (Fig. S1). This
was accompanied by an increase in cell volume (+8 um?/
+14%) and a lengthening of the cell (+8.9 um/+30%),
suggesting that mesocyclic parasites become thinner
(Fig. 2B).

The next step of the parasite cycle is the trypomas-
tigote to epimastigote differentiation occurring in the
anterior midgut and during which both the cell length
and volume remained relatively constant (Fig. 2B). After
migration of the long thin nucleus towards the posterior
side of the kinetoplast, the cell became very narrow
while the duplicated kinetoplasts began to divide, as
shown by the presence of two basal bodies labelled by
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the YL1/2 antibody (Figs 3A—D and S2). Surprisingly,
binucleated epimastigotes displayed a unique YL1/2
staining pattern as the signal completely encompassed
the two nuclei, corresponding to the dilated posterior
part of the cell (Fig. 3B). This was further confirmed by
detailed confocal observations of dividing epimastigotes
using 200 nm optical sections that revealed a bright fluo-
rescent signal drawing the entire posterior part of the
cell (Figs 3E and S2). After asymmetric cell division,
the staining was restricted to the tip of the flagellum, the
basal body and the far posterior end of both long

Fig. 2. Cell volume variation during the parasite cycle. The 10
main morphological stages of the T. brucei parasite cycle (A) and
the four dividing forms (C) were fixed in PFA and stained with DAPI
and the TAT1 antibody recognizing o-tubulin. The cell volume was
calculated after 3D reconstruction of 200 nm confocal z-stack
pictures. The number of cells studied is shown inside each column.
An ANOVA test was performed and significant comparisons
between two consecutive stages by Tukey ad hoc post-tests were
indicated on the histogram with *P < 0.0001, **P < 0.001 or
***P<0.01.

A. Mean cell volumes = SD (um?®) of 1K1N cells at each stage of
the parasite cycle.

B. Variations of the mean cell volume = SD (um?®) (n=246) as a
function of the mean total cell length = SD (um) of each stage
(n=1273). Full lines stand for differentiations and dotted lines for
asymmetric divisions.

C. Mean cell volumes + SD (um?®) of 1K1N, 2K1N and 2K2N cells
in each of the four dividing stages of the parasite cycle. Stages are
presented in a chronological order and the name code is given in
Fig. 1.

(Fig. 3C) and short (Fig. 3D) epimastigote cells. In con-
trast to the YL1/2 staining, the pattern of acetylated
tubulin (Schneider etal., 1987) followed faithfully the
global shape of the cell, including the anterior part, as in
all the other stages of the parasite cycle (Fig. S2). These
results indicate an active remodelling of the posterior
part of the microtubule corset concomitant to nuclear
mitosis in dividing epimastigotes.

To correlate these modifications of the peripheral mi-
crotubule corset with morphological changes, the evolu-
tion of the cell volume during the cell cycle was first
monitored in all three proliferating stages of the parasite
cycle (bloodstream long slender, midgut procyclic
and attached epimastigote in the salivary glands), and
then compared with the proventricular dividing epimas-
tigote form. A significant increase in cell volume was
observed in all three proliferative stages in correlation
with cell elongation (Fig.2C). In sharp contrast, the
cell volume of the epimastigotes found in the proven-
triculus and foregut remained constant at every step
of their existence at 60 + 8 um?, no matter the stage of
the cell cycle (from 1K1N to 2K2N, Fig. 2C). The asym-
metric division resulted in the net production of a long
epimastigote (42 = 6 um?®) and a short epimastigote cell
(20 = 3 umd).

The probable transition from this short epimastigote to
the parasite attached to the salivary gland was then
accompanied by a significant increase in cell volume,
close to a doubling (+16 um®/+80%), and by an important
elongation of the posterior end (+7.3 um/+48%) (Fig. 2B).
Finally, trypomastigote metacyclic cells were found to
be slightly smaller than their epimastigote precursors
(Fig. 2B). These data reveal striking differences in the
mechanisms involved in morphological modifications
between proliferative stages and the differentiating stage
in the proventriculus.
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Fig. 3. Cytoskeleton remodelling during the asymmetric division in
the proventriculus. Proventricular cells were fixed in methanol
(A-D) or in PFA (E) and stained with DAPI (red) and the YL1/2
antibody (green) recognizing tyrosinated tubulin.

A-D. Whereas tyrosinated tubulin is found at the posterior end and
the basal body of epimastigotes (A), long epimastigotes (C) and
short epimastigotes (D), an intense signal was present in a larger
posterior region engulfing the two nuclei in dividing epimastigotes
(B). Stages are presented in a chronological order and the name
code is given in Fig. 1.

E. A z-stack confocal observation of a 2K2N dividing epimastigote
labelled with YL1/2 was represented from the bottom (anterior end)
to the top (posterior end). A bright fluorescent signal is found
around the entire peripheral microtubule corset of the future short
epimastigote. The scale bars represent 5 um and the old (arrow)
and new (arrowhead) basal body positions are indicated.

Flagellum/FAZ evolution during the trypanosome
parasite cycle

Because the flagellum has been shown to participate to cell
morphogenesis (Robinson et al., 1995; Kohl et al., 2003;
Vaughan, 2010), we monitored the evolution of typical
molecular markers using the monoclonal antibodies
MAb25 (Pradel et al., 2006) (data not shown) and L8C4
(Kohl etal.,, 1999) (Fig. S3), respectively, labelling the
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axoneme and the paraflagellar rod, an extra-axonemal
structure that runs alongside the axoneme [review in
(Portman and Gull, 2009)]. Immunofluorescence produced
a clear signal throughout the length of the flagellum in all
stages analysed. The length of the flagellum was mea-
sured either from the phase contrast picture or from immu-
nofluorescence images obtained upon MAb25 or L8C4
staining (Fig. S3 and Table S1). The three sets of data
correlated well, with slightly shorter values for PFR2 as
expected from the position of the PFR that is only present
when the flagellum exits from the flagellar pocket (Fig. S3).
Flagellum length ranged from only 2.9 = 0.6 um in the
short epimastigote up to 29.0 = 3.8 um in epimastigote
cells found in the proventriculus (mean + SD, with MAb25,
Fig. S3 and Table S1). Although flagellum length variations
followed the same trends as cell length, the amplitude was
at least three times more pronounced, reachinga 1 to 10
ratio.

The presence and localization of four distinct compo-
nents of the FAZ was examined by immunofluorescence.
The FAZ-associated microtubule quartet was probed with
the monoclonal antibody 1B41 that recognizes a particu-
lar isoform of B-tubulin (Gallo et al., 1988) (Fig. 4A). By
immunofluorescence analysis, this antibody exclusively
stains the quartet and does not produce a signal on any
other microtubules (axonemal, sub-pellicular or mitotic
microtubules). Antibodies recognizing three distinct
components of the FAZ filament were used: L3B2 for the
FAZ1 protein (Kohl etal, 1999) (Fig. S4), DOT1 for a
distinct, yet unknown, protein (Woods et al., 1989; Kohl
and Gull, 1998) (Fig. S5), and an antiserum against
the FLA1 protein (Nozaki et al., 1996), recently shown to
belong to the FAZ filament (B. Rotureau et al., unpubl.
data). FAZ1 is a large repetitive protein only present in
the FAZ that plays important roles in trypanosome cell
division, but is not essential for assembly of the filament
(Vaughan et al., 2008). FLA1 is a transmembrane protein
whose extracellular domain is heavily glycosylated; its
absence results in flagellum detachment in T. brucei
(LaCount et al., 2002) and in the related parasite Trypa-
nosoma cruzi (Cooper et al., 1993). All three proteins are
tightly associated to the FAZ filament as they remain
present after detergent extraction of the cytoskeleton.
The anti-FLA1 and the anti-microtubule-quartet antibod-
ies produced a positive signal in all stages (Fig. 4A).
Measurements of the length of the FAZ filament based on
these immunofluorescence images revealed an evolution
correlated with the length of the flagellum (Fig. 4B
and Table S1). The length of the FAZ ranged from
4.9 = 2.4 um in the short epimastigotes up to 22.9 =
3.4 um in mesocyclic cells (mean * SD, n =289 with the
anti-FLA1 antibody) (Fig. 4B and Table S1). A close cor-
relation was observed between the length of the FAZ
filament and that of the quartet of microtubules (data not
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Fig. 4. The FAZ is present in all stages and its length follows that of the flagellum. Cells were fixed in methanol and stained with DAPI (blue

in A) and the following antibodies.

A. Staining with the 1B41 antibody recognizing the microtubule quartet associated to the FAZ (MtQ in green). The scale bar represents 5 um
and the old (arrow) and new (arrowhead) basal body positions are indicated. Stages are presented in a chronological order and the name

code is given in Fig. 1.

B. Staining with the MAb25 antibody targeting the axoneme, the antibody recognizing the transmembrane protein FLA1, or one of the two
distinct markers of the FAZ filament L3B2 and DOT1. Length of the fluorescent signals was measured (Table S1) and presented as
means + SD (in um) for each stage. Flagellar axoneme (n=307), FLA1 (n=289), FAZ1 (n=365) and DOT1 (n=239).

shown). However, from the beginning of nucleus migra-
tion towards the posterior end of the cell in the late meso-
cyclic stage, to the asymmetrically dividing epimastigote
parasites, a dramatic reduction in the intensity of the
fluorescent signal was observed for both the L3B2 and
DOT1 probes. Comparison of parasites from the proven-
triculus in the same microscope field showed a dramatic
drop in signal intensity for both L3B2 (80%, n=65) and
DOT1 (82%, n=28) in long epimastigotes and dividing
epimastigotes compared with mesocyclic trypomas-
tigotes, which exhibited a signal intensity similar to that
of procyclic trypomastigotes (Fig. 5C—F). The signal
became detectable again associated to the FAZ in close
vicinity of the flagellum in short epimastigote cells and in
all subsequent stages (Figs S4 and S5). In contrast,
single or simultaneous immuno-labelling of FLA1 or the
four FAZ-associated microtubules remained unchanged
in all proventricular stages (Fig. 5A, B and F). These data
reveal important remodelling of the FAZ filament during
the transition from the trypomastigote to the epimastigote
configuration.

Discussion

In this study, we investigated the evolution of the cytosk-
eleton and of the flagellar apparatus during trypanosome
differentiation in the tsetse fly. First, we confirmed that all
previously characterized parasite stages could be identi-
fied in our hands, although the chronology of events was
shifted by about 1 week compared with published reports
(Van Den Abbeele etal., 1999; Peacock etal., 2007;
Sharma et al., 2008; Oberle et al., 2010). Nevertheless,
measurement of parasite length at various stages of infec-
tion was in good agreement with data from the literature
(Van Den Abbeele et al., 1999; Sharma et al., 2008).

Cytoskeleton dynamics and cell volume evolution

As in many protists, the trypanosome cytoskeleton is not
depolymerized during mitosis. Instead, a complete micro-
tubule corset is inherited by each daughter cell in a semi-
conservative manner, as shown in cultured procyclic cells
(Sherwin and Gull, 1989b). Tubulin and acetylated
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F. The intensity of the signals obtained for the anti-FLA1, 1B41, L3B2 and DOT1 were compared between proventricular forms of the parasites
in the same microscope fields. The occurrence of an equal or lower (black bars) or higher (white bars) fluorescent signal in mesocyclic cells
compared with epimastigotes/dividing epimastigotes were counted and plotted as percentage of the total number of fields observed (n at the

top of the bars).

o-tubulin staining confirmed the existence of the corset at
all investigated stages. We have exploited this feature to
set up a novel method to estimate cell volume. To our
knowledge, estimations of the T. brucei cell volume have
only been reported for bloodstream stages, in culture
(Grunfelder et al., 2002) or isolated from infected rats
(Opperdoes et al.,, 1984; Reuner et al.,, 1997). Our cell
volume calculations (45 and 53 um® for slender and
stumpy cells, respectively) are close to the previously
published estimations: 36 um? obtained by electronic pulse
area analysis (Reuner et al., 1997), 52 um?® calculated by
stereological analysis of electron microscopic images
(Grunfelder et al., 2002), 58 um?® estimated by the inulin
exclusion method (Opperdoes et al., 1984) and 59 um?
evaluated in 3D microscopic images of fluorescent living
cells (Grunfelder et al., 2002), validating our approach.
Tyrosinated o-tubulin is a recognized marker of recently
assembled tubulin and was used in cultured procyclic
trypanosomes to monitor microtubule dynamics during
the cell cycle, revealing elongation of microtubules at the
posterior end and intercalation of new microtubules within
the existing network (Sherwin et al., 1987; Sherwin and
Gull, 1989b). We confirmed these data on procyclic para-
sites obtained from the midgut and showed that all three
proliferative stages (bloodstream form, procyclic stage
and attached epimastigote) exhibit microtubule elongation

© 2011 Blackwell Publishing Ltd, Cellular Microbiology, 13, 705-716

at the posterior end, a process coupled to a significant
increase in total cell volume.

Cytoskeleton elongation at the posterior end is also a
feature of two differentiating stages: stumpy to procyclic
(Matthews et al., 1995) and procyclic to mesocyclic (Ham-
marton et al., 2004). These two steps involve increase in
cell length but modest increase in cell volume. In sharp
contrast, no apparent increase in tubulin polymerization
was observed during the thinning of the cell body and the
nucleus migration occurring from the pre-epimastigote to
the epimastigote stage in the proventriculus. Cell volume
did not increase either before cytokinesis in asymmetri-
cally dividing epimastigotes. Once anaphase is clearly
initiated, the posterior end appears more dilated and
becomes brightly positive for tyrosinated tubulin, a stain-
ing that encompasses the two nuclei. These changes
indicate the dynamic formation of new microtubules
and/or the remodelling of existing ones. This is the first
observation of tubulin tyrosination without posterior elon-
gation in trypanosomes. This could imply a depolymeriza-
tion of some sub-pellicular microtubules before assembly
in a new configuration, a phenomenon compatible with
the observed stability of the cell volume. This could be
related to the formation of a much smaller daughter cell
(the short epimastigote) at the asymmetric division and to
the assembly of a very short flagellum.
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Roles of the FAZ in trypanosome development in the
tsetse fly

The morphometric measurements produced here demon-
strate that the evolution of cell length is more closely
related to variations in flagellum length than in cell
volume. In cultured procyclic trypanosomes, morphogen-
esis has been shown to be associated to flagellum length
(Kohl et al., 2003). The FAZ has been proposed to define
the position and the direction of the cleavage furrow,
hence defining morphogenesis (Robinson et al., 1995).
Intraflagellar transport RNAi mutants undergo an asym-
metric division with the formation of a cell of normal length
inheriting the normal old flagellum/FAZ and a short cell
inheriting the short new flagellum/FAZ, with a direct cor-
relation with flagellum length (Kohl et al., 2003). As it has
previously been hypothesized (Sharma et al., 2008), such
a mechanism could explain the asymmetric division
observed in epimastigotes of the proventriculus. A second
postulated function of the FAZ is the control of basal body
and flagellar pocket positioning (Absalon etal., 2007;
Bonhivers et al,, 2008a). Tomography studies showed
that the microtubule quartet wraps around the flagellar
pocket and that the FAZ filament is in close contact with
the collar of the flagellar pocket (Lacomble et al., 2009).
An involvement of the FAZ in basal body positioning is
further supported by the location of the basal body at the
extreme posterior end of the cell in the BILBO17¥ mutant
that lacks the flagellar pocket collar and fails to assemble
a new FAZ (Bonhivers et al., 2008b).

In cultured procyclic cells, the FAZ elongates at the
same rate as the flagellum (Kohl et al., 1999). Our data
show that the molecular composition of the FAZ, with a
typical dotty pattern along the adhesion region, is con-
served over the parasite development in the tsetse fly,
despite the exhaustive modifications of flagellum length.
One striking exception to this rule is the differentiation
from the mesocyclic trypomastigote to the epimastigote
form. This transition results from a thinning of the cell body
and a relative movement of the nucleus towards the pos-
terior end of the cell, and occurs at the same time as the
initiation of mitosis (Sharma et al., 2008). We revealed
that a remodelling of the FAZ filament initiates as soon as
the elongated nucleus starts its migration towards the
posterior end. The protein FAZ1 and the distinct antigen
recognized by the monoclonal antibody DOT1 (Kohl and
Gull, 1998) fell below detection level whereas neighbour-
ing mesocyclic parasites were still positive. This could be
due to either absence of these two proteins, or to reduced
accessibility to the epitopes that could result from post-
translational modifications or changes in molecular con-
figuration, but in any case, it reveals a modification in FAZ
filament organization. It should be reminded here that
FAZ1 is not required for the construction of the FAZ fila-

ment per se (Vaughan et al., 2008). As working model, we
propose that this re-organization is related to the move-
ment of the nucleus in a more posterior position. Indeed,
treatment of extracted trypanosome cytoskeletons with
calcium depolymerizes the sub-pellicular microtubules,
leaving behind only the flagellum, the FAZ filament and
the nucleus that appears to be associated with the fila-
ment (Absalon et al., 2007). Thus, we suggest that the
observed changes in molecular disposition of the FAZ
filament could somehow liberate and/or guide the nucleus
for posterior migration, for example by the action of
motors that remain to be identified. These could be asso-
ciated to the microtubule quartet of the FAZ that remains
present in these cells.

In contrast to the differentiation between bloodstream
stumpy and midgut procyclic stages, which occurs during
a G1 arrest (Matthews and Gull, 1994), the differentiation
of mesocyclic trypomastigotes to epimastigotes occurs
at the beginning of the asymmetric cell division cycle
(Van Den Abbeele et al., 1999; Sharma et al., 2008). We
observed that both L3B2 and DOT1 markers were recov-
ered after the asymmetric division in the short epimastig-
ote daughter cells but not in the long siblings. This
observation is in accordance with the fact that the long
epimastigote daughter cell does not enter S-phase, as
judged by the lack of expression of the cohesin com-
ponent SCC1, and is likely to degenerate as many are
observed with diffuse or dispersed nuclear staining
(Sharma et al., 2008). Further understanding of the role of
the FAZ in these important morphogenetic processes
awaits the identification of novel molecular components
for functional investigation. It should be stressed that
all FAZ components identified so far are specific to try-
panosomatid parasites and could represent promising
drug target in the future given the essential role of this
sub-cellular structure.

Our results bring molecular evidence for cytoskeleton
shaping that takes place during trypanosome differentia-
tion. Several functions could be proposed to link the spe-
cific morphological and molecular modifications with
trypanosome behaviour, alongside previously published
observations (Vickerman et al., 1988; Van Den Abbeele
etal., 1999; Peacock et al., 2007; Sharma et al., 2008;
Oberle et al., 2010). First, the high motility of procyclic
trypomastigotes found in the posterior midgut could be
involved in crossing of the peritrophic membrane that
separates the blood meal from the midgut epithelium,
hence escaping the more aggressive environment of the
gut lumen. Their proliferative status is linked to the early
settlement and amplification of the parasite population,
and subsequently, with the maintenance of the midgut
infection during the whole life of the vector. In contrast,
cells at the mesocyclic stage do not show signs of
proliferation but are longer and thinner. These elongated
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parasites swim together sometimes at high density
(B. Rotureau et al., unpubl. data) all along the midgut,
from its posterior part to the proventriculus. Such a char-
acteristic shape could remarkabily fit their migratory func-
tion. Then, the relatively long journey of epimastigote
parasites to the salivary gland implies passage via the
foregut and the hypopharynx, and finally through the
narrow salivary gland duct. The few but long, thin and
highly motile dividing epimastigote parasites found in
these regions could be well-adapted to deliver free short
epimastigote cells, whose motility properties appear more
limited, directly in the salivary glands. In these conditions,
the elongated shape might offer less friction and facilitate
migration. Anterior positioning of the flagellum in short
epimastigotes could be explained by the necessity for
adhesion to the salivary gland epithelium, as these
parasites are not yet infective: they do not possess the
VSG coat but display a specific cell surface protein
called BARP (Urwyler etal, 2007). Proliferation of
attached epimastigotes is likely required to ensure colo-
nization of the epithelium and sustained production of
infective parasites in the saliva. After their attachment to
the epithelium, epimastigotes elongate their posterior
end, adopting characteristic protrusions. As the flagellum
is attached, these protusions oscillating in the lumen offer
a significant surface that could be involved in sensing
and/or molecular exchanges with the environment. Upon
release in the saliva, free infective metacyclic trypomas-
tigotes are shaped like bloodstream forms and possess a
VSG coat but are small enough to travel through the
narrow ducts of the tsetse mouthparts. The trypomastig-
ote morphotype could ensure more efficient swimming in
a crowded environment such as encountered in the blood
with millions of erythrocytes (Engstler et al., 2007). In all
cases, the flagellum tracts the cell forward, with its tip
always extending beyond the cell body. Such a configu-
ration would ensure that the tip of this organelle is the first
one to be in contact with new environments, making it a
strong sensing candidate (Rotureau et al., 2009). These
are only conjectures but it emphasizes the link between
the multiple cytoskeletal modifications, including those of
the flagellum, and the adequate functions of each trypa-
nosome stage in its specific environment in the insect.

Experimental procedures
Trypanosome strain and cultures

The pleomorphic strain Trypanosoma brucei brucei AnTat1.1 (Le
Ray et al., 1977) was used throughout this study. Slender blood-
stream parasites were cultured in HMI9 medium supplemented
with 10% foetal bovine serum (Hirumi and Hirumi, 1989). Alter-
natively, they were plated on solid HMI9 medium supplemented
with 10% fetal bovine serum to induce their differentiation into the
stumpy form (Carruthers and Cross, 1992; Vassella et al., 1997).
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Stumpy parasites were then triggered to differentiate into the
procyclic culture form in DTM medium containing 20% fetal
bovine serum by the addition of 6 mM cis-aconitate and a tem-
perature shift from 37°C to 27°C (Brun and Schonenberger,
1981). Procyclic trypanosomes were maintained in SDM79
medium (Brun and Schonenberger, 1979) supplemented with
10% fetal bovine serum and 20 mM glycerol.

Tsetse fly infection, maintenance and dissection

Teneral males of Glossina morsitans morsitans from 8 to 96 h
post-eclosion were obtained from the TRYPANOSOM' UMR177
IRD-CIRAD, Campus International de Baillarguet, Montpellier,
France. Tsetse flies were allowed to ingest parasites in culture
medium during their first meal through a silicone membrane. We
used either (i) stumpy cells at 10° cells per millilitre in HMI9
medium supplemented with 10% foetal bovine serum, 60 mM
N-acetylglucosamine (Peacock etal., 2006) and 2.5% (w/v)
bovine serum albumin (Kabayo etal, 1986), or (ii) procyclic
cultured trypanosomes at 5.10° cells per millilitre in SDM79
medium supplemented with 10% foetal bovine serum, 60 mM
N-acetylglucosamine (Peacock etal., 2006) and 2.5% (w/v)
bovine serum albumin (Kabayo et al., 1986). Tsetse flies were
subsequently maintained in Roubaud cages at 27°C and 70%
hygrometry and fed twice a week through a silicone membrane
with fresh rabbit blood in heparin.

Flies were starved for at least 48 h before being dissected at
different time points from 14 to 55 days after ingestion of the
infected meal. Salivary glands were first dissected into a drop of
PBS or SDM79 medium. Whole tsetse alimentary tracts, from the
distal part of the foregut to the rectum, were then dissected and
arranged lengthways for assessment of parasite presence.
Foregut and proventriculus were physically separated from the
midgut in distinct PBS/SDM79 drops. Tissues were dilacerated
and recovered parasites were treated for further experiments no
more than 15 min after dissection.

Immunofluorescence

For immunofluorescence, cells were washed in PBS or SDM79
medium, settled on poly-L-lysine coated or uncoated slides and
fixed in 4% para-formaldehyde (PFA) for 10 min. Fixed cells were
permeabilized with 0.5% Nonidet P-40 in PBS for 10 min and
samples were rinsed to remove the excess of detergent. Blocking
was performed by an incubation of 45 min in PBS containing 1%
bovine serum albumin. Alternatively, cells were fixed in methanol
at —20°C for at least 5 min and re-hydrated in PBS for 10 min. In
all cases, slides were incubated with primary antibodies for
60 min at room temperature. They were washed and incubated
with the appropriate secondary antibodies coupled to Alexa 488
(Invitrogen) or Cy3 (Jackson). Slides were stained with DAPI
for visualization of kinetoplast and nuclear DNA content,
and mounted under cover slips with ProLong antifade reagent
(Invitrogen).

The TAT1 (IgG2b) (Woods et al., 1989) antibody recognizes
o-tubulin. MAb25 (IgG2a) labels a protein found all along the
axoneme (Pradel et al., 2006), while the monoclonal antibody
L8C4 (IgG1) specifically recognizes PFR2, localized throughout
the PFR (Kohl et al., 1999). The YL1/2 antibody (IgG) (Kilmartin
et al.,, 1982) labels tyrosinated a-tubulin while the C3B9 antibody
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(IgG2b) detects acetylated a-tubulin (Woods et al., 1989). Con-
cerning the FAZ components, a polyclonal antibody was used to
stain the transmembrane protein FLA1 (Nozaki et al., 1996), the
1B41 antibody recognizes the microtubule quartet associated to
the FAZ filament (Gallo et al., 1988), and the two markers of the
FAZ filament L3B2 (Kohl et al., 1999) and DOT1 (Woods et al.,
1989), respectively, target FAZ1 and a distinct yet unknown
protein (Kohl and Gull, 1998). For each antibody, IFA experiments
were repeated on trypanosomes issued from 3 to 13 different
flies and from at least 3 distinct experimental infections.

Measurements and analyses

Samples were observed either with (i) a DMR microscope (Leica)
and images were captured with a CoolSnap HQ camera (Roper
Scientific) (ii) with a DMI4000 microscope (Leica) and images
were acquired with a Retiga-SRV camera (Q39 Imaging) or (iii)
with a digital D-Eclipse EZ-C1si confocal system (Nikon) installed
on an Eclipse TE2000-E inverted microscope (Nikon). Pictures
were analysed and cell parameters were measured using the
IPLab Spectrum 3.9 software (Scanalytics & BD Biosciences),
the ImagedJ 1.38X software (NIH) or the NIS-elements software
(Nikon). For clarity purposes, brightness and contrast of several
pictures presented in figures were adjusted after their analysis in
accordance with editorial policies. The scale bars represent 5 um
in all figures. The cell volumes were calculated from in silico 3D
reconstructions of 200 nm confocal z-stack pictures of PFA-fixed
cells stained with TAT1. Calculations were done in the ImageJ-
derived Fiji package after an ‘intermodes’ auto-threshold normal-
ization of the fluorescence. Statistical analyses and plots were
performed in Excel or with the KaleidaGraph V.4.0 software
(Synergy Software). Lengths (um) and volumes (um®) were
plotted as means + SD. One-way ANOVA tests were performed
with intergroup comparisons between two consecutive stages by
Tukey ad hoc post-tests with a=0.05 and significant results
were indicated with *P < 0.0001, **P<0.001 and ***P < 0.01

(Fig. 2).
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Fig. S1. Distribution of tyrosinated o-tubulin in parasite stages
found in mammalian bloodstream and tsetse midgut. Cells were
fixed in methanol and stained with DAPI (blue) and the YL1/2
antibody (green) recognizing o-tyrosinated tubulin. The scale bar
represents 5 um and the basal body position is indicated with an
arrow. Stages are presented in a chronological order and the
name code is given in Fig. 1.

Fig. S2. Distribution of acetylated and tyrosinated o-tubulin
during asymmetric division in 2K2N dividing epimastigotes
observed by epifluorescence and confocal microscopy. Proven-
tricular cells were fixed in methanol (epifluorescence) or in PFA
(confocal) and stained with DAPI (red) and the YL1/2 antibody
(green) recognizing tyrosinated tubulin or the C3B9 antibody
(green) labelling acetylated tubulin. The scale bar represents
5 um and the old (arrow) and new (arrowhead) basal body posi-
tions are indicated.

Fig. S3. Flagellar axoneme and PFR2 localization and length
variations during trypanosome development. The 10 main mor-
phological stages of the T. brucei parasite cycle were fixed in
methanol and stained with DAPI (blue in A), the L8C4 antibody
recognizing the PFR2 protein (green in A) or the mAb25 antibody
labelling the axoneme (not shown). The scale bar represents

5 um and the old (arrow) and new (arrowhead) basal body posi-
tions are indicated. Stages are presented in a chronological order
and the name code is given in Fig. 1.

B. Variations (mean =SD in pum) of flagellum length
measured on phase contrast pictures (‘Flagellum’, n=1221), or
upon L8C4 (‘PFR’, n=218) or MADb25 staining (‘axoneme’,
n=2307), compared with the evolution of total trypanosome
length from the tip of the flagellum to the posterior end of cell
(Total, n=1273).

Fig. S4. FAZ1 localization during trypanosome development.
The 10 main morphological stages of the T. brucei parasite cycle
were fixed in methanol and stained with DAPI (blue) and the
L3B2 antibody (green) labelling FAZ1. Note that the FAZ1 label-
ling is present in all stages, except in epimastigotes and dividing
epimastigotes in the proventriculus. In these stages, the fluores-
cent signal is absent, or is restricted to a few areas of reduced
intensity. The scale bar represents 5 um and the old (arrow) and
new (arrowhead) basal body positions are indicated. Stages are
presented in a chronological order and the name code is given in
Fig. 1.

Fig. S5. Localization of the antigen recognized by the DOT1
marker during trypanosome development. The 10 main morpho-
logical stages of the T. brucei parasite cycle were fixed in metha-
nol and stained with DAPI (blue) and the DOT1 antibody (green).
Note that the DOT1 labelling is present in all stages, except in
epimastigotes and dividing epimastigotes in the proventriculus.
As for L3B2, the fluorescent signal is absent, or is restricted to a
few areas of reduced intensity. The scale bar represents 5 um
and the old (arrow) and new (arrowhead) basal body positions
are indicated. Stages are presented in a chronological order and
the name code is given in Fig. 1.

Table S1. Morphometric measurements in trypanosome stages.
The main morphological stages of the T. brucei parasite cycle
were fixed in methanol and stained with DAPI and various anti-
bodies (cf. section Experimental procedures). This table summa-
rizes all the morphometric measurements performed in the
present study in 1K1N parasites. The mean lengths = SD,
ranges and numbers of cells studied are given in pm for nine
parameters: the total length of the cell from the tip of the flagellum
to the posterior end of the cell (Total), the length of the flagellum
in phase contrast pictures (Flagellum), the distance between the
centre of the nucleus and the kinetoplast (N-K), the distance
between the centre of the nucleus and the posterior end of cell
(N-Post), the lengths of the fluorescent signals observed after
staining of FLA1, FAZ1 (even in E when it was possible), DOT1
(even in E and DE when it was possible), PFR2 and the
axoneme. A total of 1276 parasites was analysed. Stages are
presented in a chronological order and the name code is given in
Fig. 1.
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