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Abstract

The cilium/flagellum is a complex organelle protruding from the cell body and functioning in
motility, sensing, and signalling. It is composed of hundreds of protein constituents, the

majority of which comprise the flagellar cytoskeleton — the microtubule-based axoneme.

Because the flagellum lacks ribosomes, its protein constituents have to be imported from the
cell body and delivered to proper locations. Moreover, these proteins have to retain their
function over a considerable length of time, despite the mechanical stress caused by flagellar
beating and due to environmental exposure. This raises the question whether and where

protein turnover occurs.

Previously, it was established that Chlamydomonas reinhardtii flagella are dynamic structures
(Marshall & Rosenbaum, 2001). In contrast, in the Trypanosoma brucei flagellum axonemal
proteins are remarkably stable (Vincensini et al., 2018). However, the questions of axonemal
assembly and stability were so far investigated only for a small number of proteins and during
relatively short periods. Moreover, in these experiments expression of studied proteins was

controlled by non-native regulatory elements.

To elucidate the site of incorporation of proteins from all major axonemal complexes and to
find out if and where the protein turnover occurs, T. brucei as a model organism was selected.
T. brucei is capable of homology recombination, which enables rapid protein tagging in their
endogenous loci. Examined proteins were fused to two tags — a fluorescent protein to monitor
total protein in the cell and the HaloTag enabling labelling of the protein molecules present in

the cell at a particular time and monitor their behaviour thereafter.

These experiments confirmed that the addition of constituents of all major axonemal
complexes to a growing axoneme occurs exclusively at its distal end. Surprisingly, the turnover
of these proteins in mature flagella of T. brucei was observed. This turnover happens around
cytokinesis and exclusively affects a short region at the distal end of the flagellum. Finally, the
data indicate differences in relative cytoplasmic pools of the studied axonemal proteins. In
conclusion, this work provides a systematic analysis of the axonemal growth and turnover,

contribution to the knowledge of these aspects of basic flagellar biology.

Keywords: cilium, flagellum, axoneme, turnover, protein incorporation, Trypanosoma brucei,
HaloTag



Abstrakt

Cilia/bicik je komplexna organela vystupujica z tela bunky, ktord méze mat niekolko funkcii,
ako napriklad pohybov, senzorickd alebo signalnu. Bicik je zostaveny zo stoviek proteinov,

ktorych vacsina tvori kostru — mikrotubuldrnu axonému.

Pretoze bic¢ik neobsahuje ribozomy, proteiny, ktoré sa podielaju na jeho stavbe a funkcii,
musia byt dovazané z tela bunky a inkorporované na spravne pozicie. Navyse, tieto proteiny
si musia zachovavat svoju funkciu pocas dlhého obdobia, a to napriek tomu, Ze su vystavené
mechanickému a environmentdlnemu stresu. Tieto skutocnosti vzbudzuju otdzku, ¢i a kde

dochadza v biciku k vymene proteinov.

Predchddzajuce Studie bic¢ikov na Chlamydomonas reinhardtii prezentovali, Ze bicik je
dynamicka Struktdra (Marshall & Rosenbaum, 2001). Naopak, studie na Trypanosoma brucei
ukazali, Ze biciky tohto organizmu st pozoruhodne stabilné (Vincensini et al., 2018). Avsak to,
akym spdsobom sa bicik vytvara a stabilizuje, bolo doteraz skimané iba na velmi malom pocte
proteinov a iba v kratkych ¢asovych intervaloch. Navyse, tieto experimenty vyuZzivali expresiu

Studovanych proteinov s neprirodzenymi regula¢nymi mechanizmami.

Na objasnenie detailov sp6sobu fungovania proteinovej obmeny v bic¢iku bola v tejto praci
pouzita T. brucei. Jednym z dovodov vyberu tohto modelového organizmu bolo to, Zze T. brucei
ma schopnost homologickej rekombinacie génov, ¢o umoznuje rychlu produkciu znacenych
proteinov. Na oznacenie tychto proteinov boli pouzité fluorescencné znacky, ktorymi bolo
pozorované celkové mnoistvo proteinu v bunke atakzvany HaloTag, ktory umoZnioval

oznacenie proteinov nachadzajucich sa v bunke v jedinom konkrétnom case.

Prezentované experimenty ukazali, Ze proteiny vsetkych hlavnych axonemalnych komplexov
sa zabudovavaju vylu¢ne zo vzdialeného konca bicika. Jednym z prekvapivych zisteni tejto
prace bolo pozorovanie proteinovej obmeny vo vyzretom biciku. K tejto obmene dochdadza
pocas cytokinézy ato vyluéne v oblasti na vzdialenom konci bicika. Dal$im zaujimavym
pozorovanim je, Ze skimané axonemalne proteiny maju rozlicne velké cytoplazmické zasoby.
V zévere tato praca predstavuje systematicku analyzu rastu a proteinovej obmeny hlavnych
axonemalnych komplexov a prispieva tak k lepSiemu pochopeniu bioldgie bicika.

Kltucové slova: cilia, bic¢ik, axonéma, proteinovd obmena, inkorporacia proteinov,
Trypanosoma brucei, HaloTag



Table of Contents

i oY d oo [¥ ot f o] o [P PR 10
2 AIMS Of the theSiS ... 11
3 LItErature FEVIEW . cve i e e e e e e e e aa e e aaanas 12
3 o [ T2 |- 12
3.2 Basic ciliary composition and structure........ccccccceirieuniiiiiienciiniiinniiin. 14
3.2.1 Ciliary MEMBIANE ... .cvieii ettt e e ette e e e tee e e et e e e e eata e e e e abaeeseenbeeeeeenseeeeennsees 14
3.2.2 Proximal part of the Cilium..........ooo e 15
3.2.3 Distal part of the CllIUM .......coo e e e 15
3.2. 4 Intraflagellar tranSPOIt. ... iei e e e e 15

3.3 ComMPpOSition Of AXONEME ....cuueiiiiieiiiiiicicrrecee e eerneesesenn e s sennsssssssnsssssssnnnnns 16
3.3.1 Microtubular doUBIELS ........coiiiiiii e 17
3.3.2 RAdI@l SPOKES......vviiiitiiie ettt e e e et e e e e e e e e bre e e e e reeeeenarees 17

R R N O o1 - T o o 1 - L (UL PP 18
3.3.4 AXONEMAl AYNEIN @IMS....uiiiiieiiiiie e ccitee e cetee e setee e st e e e sbee e e e et e e e esabeeeessabaeesesabeeessnnseeeesnnsees 19

3.4 Function and Dysfunction of cilia in humans.........cccciiiiiiiiiiiiiiinirccrrcecceeeeeaee, 20
I RV [ Y a1 L= of | [ - TSP 20
300 A o B 0 o) | L= o1 1 T PP 21

T 00| Te =14 o 1= P 23
3.6 Assembly and Turnover of the ciliary cytoskeleton ........ccccceerveerreeirreccreecreeencnnnn. 25
3.7 Model organism Trypanosoma bBrucei Brucei ...............ccceveecereeniiienierennierenisnenesennns 27
T N S e Yool [ ol e Y4 o VUSSP 27
3.7.2 Cell CYCIE Of T. DIUCEI ..ot ettt e et e e e tae e e e bae e e e aee e e eennes 28
3.7.3 FIaEHUM OF T. DIUCEI .ottt ettt e e e e et e e e e aaae e e e anes 30

4 Material and MeEthOTS.......cuuviieiiiiiiee ettt e e eaa s 32
4.1 DNA manipulation teChNIQUES....cc.ceieeiireeiereeirreeiereeneereeeetennceeeseerenserensessnsesennsesens 32
4.1.1 Polymerase Chain FEACTION .......cccuuiii ittt ettt e et e e e e bte e e e e bt e e e e sbbeeeeenaeeaeenns 32
4.1.2 Horizontal gel eleCtrOphOresSiS .......coccuiiii ittt e e e eare e e e eaeeeaeeans 32
4.1.3 DNA extraction from agarose gel and purification of PCR products .........cccccceecvveeeeciieeeenns 33
4.1.4 DNA concentration MeasUrEmMENT .......cuuuiiiiiiir ettt e et e e e e e et e e e e e e sanereeeeeeeeeas 33
A.1.5 DNA SEQUENCING ..vvtttetiretetereeereteeeeeeerereeeteeereeeeeeeee.e...erer.e.....—.—....——.——...............—.—.—... 33
4.1.6 ReSIICION IZESE .uviiiiiiiieiiiiee ettt e e te e e e st te e e s sbte e e e sataeeesnraeaenans 33
A.1.7 DNA TIZAtION .eeiiiiiiiiieeie ettt ettt sttt sttt s e st sate st e et e esbeesbeesaaesabesabesnseensaenseennees 33
4.1.8 Oligonucleotide phosphorylation ...........cocuiiiiiciiiii e e 34
4.1.9 Oligonucleotide anNEalING ......coccuuiii it e e et e e e sbre e e e s raeeaeeaes 34

4.2 Bacterial teChNIQUES.......ccuuiiiiiiuiiiiiniiiiiirriiiiireeeinrrnessireassssssnensssssrensssssssenssssnns 34
4.2.0 BACLErial STrAiN c..veiiiiiiiieeiiie ettt ettt et e st e e e st e e sabe e st e e sabeesbaeesateesbaeenabaenas 34
4.2.2 Transformation Of E. COli......couiiiiiiiiiiiiiiictee sttt ettt ettt e s iae e sbaessabeeeas 35
4.2.3 Colony sCreening by PCR .......coi ittt ettt e ettt e e s e te e e e s bte e e s sbtaeeesnsteeessseeeaeanns 35
Y a1 Y o 1] F= Yo [P USRPRN 35

4.2.5 Bacterial StoCk preservation..........ccciiie it s e e eaes 36



L o Ty 0 T [T - o 36

4.4 Plasmid vectors design and construction for gene tagging approaches.................... 36
4.4.1 Modification of series of pPOT taggiNg VECLOIS .....ciivcuiiiiiiciiieicciiee ettt e e sreee e 36
4.4.2 Modification of series of pPENT5 taggiNg VECLOIS....ccovciiiiiiciiieicciieeeeceee st e ssaeee e 36

4.5 Inducible RNA interferenCe .......cccciiieeeiiiiiiieiiiiiieiiiiieneesiesesiesseessesssensssessssnssssnns 39

4.6 Other plasmid vectors USed........ccciiieeeiiiiiirnniiiiineniiiiinniieeme. 39
4.6.1 pGEM®-T Easy Vector System for the cloning of PCR products.........ccccceeeeveeeeecveeeeecneeeens 39

4.7 Gene tagging appProaches .......ccciveiiiiiiiiiiiiiiiiiiciieienieieentaisieserssiersnsssssnsssans 39
4.7.1Long Primer PCR LAGEING ..eeeeeeuiiieeiee ettt ettt e e e e e ettt e e e e e s s eanbee e e e e e e s snnraeeeeeeenas 39

4.8 T. brucei Cell liN@S.....cccuiiveiiiieiiiiniiiiiiiiiieiiie e renistssssssasisiessessnssessnssssansassns 41
4.8.1 Cell IN@S ENEIAtION . ...uuiiiiitiiee ittt e et e ettt e e s s ebte e e s sbae e e e sbteeessbeeeessseaeessassaeasnnns 41
4.8.2 Trypanosome cultivation and handling..........ccoecuiiiiiiiiiiiiiiiie e 41
4.8.3 Storing of trypanoSOME CEIIS ..ouuiiiiiiiiii ettt e e e s naeeeeeaes 42
4.8.4 Defrosting of trypanosome CElIS ... i 42
4.8.5 Disposing of trypanosome CEIIS .....coivuiiiiiiiiie e 42

4.9 Transfection, selection and screening of T. brucei cell lines..........cccceerrvvnciiriennncnnns 42
s R To o gl [ =T Y 72 Y o [PPSR 42
4.9.2 Transfection of T. brucei by electroporation .........ccccueeiiiciiiiicciiee e 42
4.9.3 Screening of trypanosoma CEll lINES ......ciicuiiii i 44

4.10 BDNA SOIAtioN ...ccuiiieeiiiieiiiiicieicreirre e re e renesessasessnssssensesanesesenssssansanans 44

4.11 Tagging validation PCR.........c..civeiiieeiireniireneerieerenseetenseeresseeensessnssesensesssnsessnnsesens 44

4.12 TC-tag labIlING ...c.eeeeeieeiciiic et erencereenerrne e reaseeseasessnsnesensessensessnsssssnsessansenens 44

4.13 HaloTag labelling.....cccciieeiiiimeiiiiniiiiiiiriiiieeinrieereneerensiessasessnsssnensessnesesenssssansassns 45
4.13.1 Preparation of biotinylated flagella .........c.eee i 45
4.13.2 TMR ligand and Coumarin ligand staining of HaloTag tagged protein ........cccccoveeeviiveeenns 45
4.13.3 Time course TMR labelling eXperiment ..........ccoveieeciiieieciiee ettt e iaee e 45

4.14 FlUOrescence SEaiNING ....cccevveeereeniereancerenierenserrnserenseerensessasseesasessnssessnssssnsesenssesens 46
4.14.1 Hoechst stainiNg OF DNA ......ooo ittt ettt e e e tte e e e e tte e e e e bte e e s ebteeeesraeeeeeseeeaeanns 46
4.14.2 Mitotracker staining of Mitochondria..........ccoociiiiieiiiie e 46
4.14.3 IMMUNOTIUOIESCENCE @SSAY...cccuviieeietiieeieiieeeeeitieeeeectteeeeeitteeeeeetteeeesesteeessastesaesassasaesassenaeanns 47

4.15 Preparation of samples for MiCroSCOPY.....ccceerreerereeniereencrtencrreneerenserenseerenseesensesees 47
O T Y =1 o P To IS 1 L oY o RS SS 47
4.15.2 Mounting samples fOr MICrOSCOPY......ciiiiciiieieiiieeeciieeeeecte e e e ecre e e e ectree e e eerteeeeeeateeeeesnseeaeeans 48

4.16 FIUOIrESCENCE MICrOSCOPY ..urrurrereuneereanerresereaserrasserenseessssessassessnsesssssessnsssssnsessnssesens 48
ST A [ g = TS Tl o LU ] 1 o PPt 48
ST AN [ g - T = oo o =T [ o TPt 48
S B T T T a T F= YAV USRS 49

4.17 Analysis of fluorescence intensity Signal .......ccccceeiveieieeiiiiiieieeceieerereeiereeneeeenneeees 49

4.18 Cytoskeletal preparation .......cccccciiieeeiiiiiiieiiiiineiiiiiies. 49

4.19 Protein separation and detection ......ccccceereeuerreeeieeniereeeerennereeneerenserenssersnseeeannesens 50



4.19.1 SAaMPIE PreParatioNn.......ccccieieiicieee ettt e ecee e e et e e e e re e e e et e e e s ebtaeeeebraeeeeantaeaeanns 50

4.19.2 SDS-PAGE .....ooiteiieeiiiiiete ettt e st ste e st e st e e e et e et e st e e s ba e s ae e e te et e et e et e e s reeeraeenteente e be e reenreenres 51
A.19.3 WESEEIN DIOL .ttt st be e s b e e ate e sbae e nabeeea 52
4.19.4 Ponceau staining of MemMbBIranes..........coociiii i 52
4.19.5 Blocking of MEMDBIanes ........oocuuiiiieiiiee e et a e 53
4.19.6 Incubation with primary antibody ... 53
4.19.7 Incubation with secondary antibody ...........coocciiiiiiiiiii i 53
4.19.8 Detection of proteins by chemiluminesCence .........cccveeeeciiiiicciiie e 53
4.19.9 Visualisation of proteins in IS .....cccuviiiicciiiii it 53

I (T V1L £ 54
5.1 Selection and identification of axonemal proteins to be included in the study ........ 54

5.2 Preparation of T. brucei cell lines expressing fluorescently tagged axonemal

01 =T 4T 56
5.3 Western blot validation of expression of tagged POI .........cccoiveiiiiiiieciiinienccnnnennnn. 57
5.4 Validation of tagging of correct proteins by RNAi depletion........ccccceveeervenccreanenene. 58
5.5 Depletion of RSP proteins causes shortening of the flagellum.........ccccccorrvvnnnennnnnn.e. 59
5.6 Labelling of proteins with Halo ligands .........ccceuuiieeiiieeiiiiciiecrreecreeeccreeeeeeeeneeenne 61

5.6.1 HaloTag 1abelling approach.........coo it 61

5.7 mNG-HaloTag tagged proteins localise to the flagellum and the tag is functional..... 62

5.8 Tagged tubulin cannot be incorporated into the flagellum...........cccceveeeervenrrennennene. 65
5.9 HaloTag tagging of protein enables their biotinylation........ccccccccciiiiiniiiniieniinnnnnn. 66
5.10 Incorporation of cytoskeletal proteins into the growing flagellum occurs exclusively
at the distal end ... e se e e s e n e s e nanane 67
5.11 Analysis of fluorescence iNntensity......ccccoieeiiiieiiiiiiiiiciiiicrrr e e e s enen 72
5.12 A categorisation of fluorescence intensity signal decay pattern ...........ccccceeeauenneee. 74
5.13 Distribution of categories for all analysed flagella.....c..cccceeereenerreeereenccrencreeancnnnne. 77
5.13.1 Distribution of categories for individual cell INes..........ccceeeeeiiriiciiee i, 78

5.14 Comparison of average flagellar length in all categories and decay in short drop

category fOr CEll lINE@ RSPA/B .....cccueveieiiiiiiiiiiiiiiieieresessssssssessesesssssssssssssssssssssssssssssssssenens 82
5.15 Changes to PFR2 signals at the proximal part of the flagellum............................... 85
5.16 Comparison of fluorescent intensities to assess turnover along flagella ................ 86

5.17 Differentiation fluorescence staining allows simultaneous imaging of cells from

different time POINTS.....cciiiiiiiiiiiriiertrerrteereeeerneereeseereaseeeensesraseesensessnssessnsesssnsssnnnens 88
(O DR of U 1YY o] o DT PP 89
6.1 Generating and validating cell lin@s .......cccccivrveuiiiiiiniiiiiiiiiiiiic e 90

6.2 Incorporation of proteins into a growing axoneme occurs exclusively at its distal



6.4 Mature flagella elongation at later time points......cccccoirreeiiiiiienniiiiinniinnnen. 95

6.5 Turnover in other parts of the flagellum .........ccucreeiiiiiiiiriiirrirrrceeereeeeeeeeeeene 96
A 00T T [V T o LI 97
R S (=] LY A [0TSR 98

S Y] o] o] (=Y e 1T g} &= VA D | - P i



List of abbreviations

ACS1 axonemal capping structure 1
ATP adenosine triphosphate

BB basal body

CA central apparatus

CaM Calmodulin

cl clone

cp central pair

CsC Spoke Associated Complex

DCR2 Nexin-dynein regulatory complex 2
DMSO dimethyl sulfoxide

ELFO electrophoresis

FAZ flagellum attachment zone

FC flagella connector

FRAP fluorescence recovery after photobleaching
gDNA genomic DNA

HAT human African trypanosomiasis
HH Hedgehog

IDA inner dynein arms

IFT intraflagellar transport

KD knock down

kDNA kinetoplast DNA

LECA Last Eukaryotic Common Ancestor
MIPs microtubular inner proteins

mNG mNeonGreen

MT microtubule

MTD microtubular doublets

MTT mitotracker

nDNA nuclear DNA

N-DRC nexin-dynein regulatory complex
ODA outer dynein arms

ORF open reading frame

pBLAST protein Basic Local Alignment Tool
PCD primary ciliary dyskinesia

PCR Polymerase chain reaction

pDNA plasmid DNA



PFR
PFs
PKD
POI
RNAI
RSPs
RSs
RT
SDS-PAGE
TRP
Tz
UTR

paraflagellar rod
protofilaments
polycystic kidney disease
protein of interest

RNA interference

radial spokes proteins
radial spokes

room temperature
sulfate — polyacrylamide gel electrophoresis
trypanin related protein
transition zone

untranslated region



1 Introduction

Eukaryotic flagella or cilia (the terms are used interchangeably) are highly evolutionarily

conserved microtubule-based organelles protruding from the cell surface.

The cilia are present in a number of organisms, from protists to mammals. In humans, the cilia
are found on nearly all polarised types of cells. They typically appear either in arrays as motile
cilia or individually as primary sensory cilia. They are multifunctional, hence their malfunctions
lead to many phenotypically variable pleiotropic disorders in humans, collectively termed as

ciliopathies.

The cilia consist of hundreds of structural proteins that are organised into specialised regions.
At the proximal end the basal body is present, which transits via the transition zone into the
axoneme, terminated by the distal tip. The axoneme is the core structure of the cilium and is
composed of nine microtubular doublets usually surrounding the central pair of microtubules

and associated structures.

For the presence of this organelle it is crucial to retain its constitution. This can be achieved
either by high stability of protein constituents or by their turnover. Originally, it was proposed
that the axonemal structure is comparatively stable in vitro (Tilney & Gibbins, 1968). However,
subsequent cell fusion experiments of a biflagellate single cell alga Chlamydomonas reinhardtii
showed that axoneme is a dynamic structure with both elongation and turnover happening
exclusively at its distal end (Johnson & Rosenbaum, 1992; Marshall & Rosenbaum, 2001; Song

& Dentler, 2001).

Due to challenging reverse genetics in C. reinhardetii, the turnover was demonstrated only for
a limited number of axonemal proteins so far. Despite that, these findings formed the
prevailing view that the axonemes of cilia in other organisms are also dynamic and undergo
turnover. To further validate this hypothesis Trypanosoma brucei was employed as a model
organism; T. brucei, the causative agent of human African trypanosomiasis (HAT), offers
molecular biology approaches unparalleled among flagellated organisms. Foremost, the
ability of effective homology recombination enables rapid and scalable tagging of proteins in

their endogenous loci.

Leveraging this high experimental tractability, these findings were revisited in T. brucei — the
eukaryote evolutionary distant to C. reinhardtii — for a number of proteins from a variety of

axonemal complexes.
10



2 Aims of the thesis

The main aims of presented thesis are to determine — by studying a number of axonemal
constituents — the site of axonemal growth, wheather protein turnover occurs, and if so to

elucidate where does it happen.
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3 Literature review

3.1 Cilia/Flagella

The discovery of the microscope in 1675 has enabled the observation of living cells allowing
the description of first organelles and determination of their function. It was Antony Van
Leeuwenhoek who had observed and described “little legs” of protozoan that were adapted

for nimble motion, which later came to be known as cilia (Satir, 1995).

Technical progress in life sciences led to an increased recognition of these iconic organelles.
Throughout history, the cilia came across many names and classifications because of their
diverse organisation, structure, length, or function. Nowadays, cilia and eukaryotic flagella are
considered being the same organelle. Based on their structure and function, they can be
broadly divided into two categories: 1/ Motile cilia and flagella, which generate movement of
cells or surrounding fluids. These have a complex structure reflecting the ability to generate
highly defined motion. They can be present as a single organelle per cell, such as in the case
of a mammalian sperm, or can occur in bundles on the surface of multiciliated cells, for
example in the airway epithelium (Ishikawa, 2017). 2/ Non-motile cilia, which have a less
complex structure, as they do not possess the machinery for motility. These are cellular
antennas with sensory or signalling functions (Bloodgood, 2009). As they appear even in
multiciliated cells preceding the occurrence of motile cilia they were termed the primary cilia

(Sorokin, 1968), the terminology, which will be used throughout this thesis.

It should be noted that despite similarities, such as the elongated shape and generation of
motion, the eukaryotic flagella/cilia are not considered being homologs of bacterial flagella
and archaeal archaella. Protein composition, internal structure and the mode of movement
differ markedly between these flagella. In general, ciliary beating is driven from alongside the
cilia. Whereas, the prokaryotic rotating movement of the flagellum is generated from a basal
motor complex on its proximal region. Hence, eukaryotic, bacterial, and archaeal flagella are
different organelles with unique evolutionary history (Jékely & Arendt, 2006; Khan & Scholey,
2018).

The cilia (Fig. 3.1.) are found in many eukaryotic species, from protists to humans, suggesting
a cilium was present in the Last Eukaryotic Common Ancestor (LECA). However, it has been
lost in several lineages during the evolution, most notably in flowering plants and some fungi,

12



such as Saccharomyces spp. (Pazour, 2004). In mammals including humans, almost every cell

type develops a single primary cilium in growth arrest conditions (Satir et al., 2010).

On the other hand, in some invertebrates, such as the model organism Drosophila, only a few

types of cells possess cilia, including spermatocytes and sensory neurons (Keil, 2012).

A /—\ B
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Figure 3.1. Schematic diagrams demonstrating the architecture of cilia. A) Schematic view on the longitudial
section of the primary cilium showing its basic composition. B) Schematic view on the cross-section of a motile
cilium (9+2) and a primary cilium (9+0) with their constituents. Adapted from Ishikawa & Marshall, 2017.



3.2 Basic ciliary composition and structure

Electron microscopy enabled a deeper understanding of ciliary structures. The principal
structure is the microtubule (MT) -based cytoskeleton, the so-called axoneme, which is
enveloped by a flagellar membrane. On cross-section, the canonical pattern of the axoneme
is visible (Fig. 3.1.). In motile cilia, the arrangement consists of nine microtubular doublets
(MTD) surrounding two central microtubule singlets (also known as the central pair (CP)), the
so-called 9+2 arrangement firstly described in Manton, 1952. Each doublet is formed by a
complete A-microtubule consisting of 13 protofilaments (PFs) and an incomplete B-

microtubule containing 10 PFs (Nicastro et al., 2011).

Most eukaryotes share this 9+2 MT pattern of axoneme conformation, which persists since
the LECA (Carvalho-Santos et al., 2011). However, there are variations among species. For

example, particular insect sperm flagellum exhibits a 10+2 pattern (Dallai et al., 1996).

An arrangement, where the central pair of microtubules is missing, the so-called 9+0
arrangement, has been thought to be a hallmark of non-motile cilia (Fig. 3.1B). However, there
are exceptions to this simplified model. For instance, motile 9+0 cilia are present in the
embryonic node (Okada et al., 2005) and spermatozoa of eel (Gibbons et al., 1983). On the
other hand, non-motile cilia known as kinocilia with 9+2 pattern can be found in the inner ear

(Flock & Duvall, 1965; Dabdoub & Kelley, 2005).

Along its length, a cilium can be divided into regions: a proximal part extended to the

axoneme, capped with a distal part. Cilium is mostly enwrapped by a ciliary membrane.

3.2.1 Ciliary membrane

The axoneme is surrounded by the ciliary membrane. The ciliary membrane does not enclose
the entire organelle but merges with the cytoplasmic membrane exposing the base of the
cilium to the cytoplasm. However, the ciliary membrane differs in its composition from the
rest of cell membranes, e.g. containing specialised signalling components (Garcia et al., 2018).
Near the base of some cilia is an invagination or depression of membrane known as the ciliary
pocket, which is a continuous transition between the ciliary membrane and the plasma

membrane. Simultaneously, it separates them (Garcia et al., 2018).
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3.2.2 Proximal part of the cilium

The basal body (BB) located on the very base of the cilium is a nucleation centre for a cilium
during ciliogenesis (cilium formation). It consists of nine MT triplets (complete
13 protofilaments A-microtubule, and incomplete 10 protofilaments B- and C-microtubules).
The BB is anchored to the membrane mainly via transition fibers. Distal to those is the
transition zone (TZ). TZ comprises of Y-links fibers and ciliary necklace and creates a transition
between the BB and the axoneme. In the TZ the MT triplets transit to doublets and the CP is
nucleated. Another fundamental function of the TZ is that it serves as a ciliary gate selectively
allowing proteins to enter and exit the cilium (Garcia-gonzalo & Reiter, 2016; reviewed by

Gongalves & Pelletier, 2017).

3.2.3 Distal part of the cilium

The distal part of the cilium has been known to represent a domain with unique protein
composition and specific processes — the ciliary tip (Varga et al., 2017; reviewed by Soares et
al.,, 2019). Composition of the tip seems to be diverse among organisms or tissues.
Several scenarios have been observed differing in the length of the CP, A-tubules and B-
tubules, as well as in presence and ultrastructure of structures capping the microtubules
(reviewed by Croft et al., 2018). A ciliary tip is a place where robust signalling occurs in primary
cilia (Wheway et al., 2018). From the distal tip, extracellular vesicles are shedded for spreading
signals (Wang & Barr, 2018). Importantly, it has been proposed that the ciliary tip is the main
site of axoneme building material delivery by the intraflagellar transport (IFT) machinery. In
accordance, the tip appears to be the site of a new material incorporation during ciliary growth

(Johnson & Rosenbaum, 1992).

3.2.4 Intraflagellar transport

Proteins synthesised in the cell body are transported to the ciliary tip by the IFT machinery,
which forms IFT trains, using MTDs as railway. Anterograde IFT trains driven by a kinesin-2
motor move on B-microtubules from the base to the flagellar tip. Retrograde trains — driven

by dynein motors — move along A-microtubules (Stepanek & Pigino, 2016).
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3.3 Composition of axoneme

In a cross-section of a cilium, different axonemal components can be recognised (reviewed by
Ishikawa, 2017). In the direction from the axonemal centre to the periphery the following are
present: central apparatus (CA) surrounded by nine radial spokes (RSs), which connect it to
nine microtubular doublets (MTD). Furthermore, dynein arms are attached ot MTDs: inner
dynein arms (IDA) are oriented to the inner circumference of MTDs, and outer dynein arms
(ODA) are located on the outer circumference of MTDs (Ishikawa, 2017). Additional
components such as regulatory hubs, nexin links, and different projections are discussed later

in present chapter.

A longitudial view of an axoneme shows its complexes organisation along the long axis with
well-conserved axonemal repeating units (Fig. 3.2.C). IDAs and RSs pattern repeat itself every
96-nm, while ODAs are ordered in 24-nm repeats (Nicastro et al., 2007; Oda et al., 2014). CA

structures repetitions are found in 16-nm or 32-nm periodicity (Mitchell, 2003).

A MID & = c

Figure 3.2. 3D reconstruction of axonemal components in C. reinhardtii. A) Cross-section through the axoneme
showing its 9+2 structure of MTDs and CA, with their associated structures (B). MTD = microtubular doublet, CA =
central apparatus. Scale bar 50 nm. B) Magnification of MTD with associated structures showing radial spoke (RS,
red), inner dynein arm (IDA, blue), dynein regulatory complex (DRC, green), outer dynein arm (ODA, purple). Inner
junction (1)), outer junction (0J), A-microtubule (A), B-microtubule (B), arrowheads indicating microtubular inner
proteins (MIPs) are in grey. Scale bar 25 nm. A,B) Adapted from (Owa et al., 2019) and recoloured. C) Longitudial
view on MTD (grey) with associated structures: ODAs (purple), IDAs (blue), Intermediate and light chains of IDAs
(yellow), DRC (green). Two RSs (red) are in C. reinhardtii fully built, whereas RS3 forms stump (RS3s). Adapted from
(Pigino et al., 2011) and recoloured. 16



3.3.1 Microtubular doublets

Microtubules are constructed from a- and B-tubulin heterodimers forming basic 8-nm
repeating units from which other larger repeats of axonemal structures mentioned above are
derived. In comparison with cytoplasmic microtubules, axonemal ones are significantly more
stable. This stability is attributed to tubulin post-translational modifications and/or
microtubule-associated proteins (Orbach & Howard, 2019). Microtubular inner proteins
(MIPs) bounded to the interior site of MTDs play a significant role in MTDs assembly and
stability (Ichikawa et al., 2017; Owa et al., 2019).

Some of these proteins are associated with a very stable portion of the MTD, that is recognised
as a connection between A- and B-microtubules —the protofilament ribbon. The ribbon region
consist of A11-A12-A13 protofilaments (Ichikawa et al., 2017). Several proteins were

described to associate with the protofilament ribbon, for example Rib72 (lkeda et al., 2003).

A- and B-microtubules are enclosed on two sites by outer and inner junctions. Inner junction
structure protein FAP20 localises to all MTDs alongside the whole axoneme in C. reinhardltii
(Yanagisawa et al., 2014), as well as in T. brucei (Hodges et al., 2011), and is involved in
stabilisation of the axoneme (Owa et al., 2019). Interestingly, in contrast to other studied
proteins it was proposed, that FAP20 is incorporated into the flagellum from the proximal end

and this process is IFT independent (Yanagisawa et al., 2014).

3.3.2 Radial spokes
Radial spokes are T-shaped complexes emanating from the MTDs towards the CP where they

serve as mechanochemical converters. Alongside the axoneme, triplets of radial spokes (RS1,
RS2, and RS3) repeat with a 96-nm periodicity. RS1 and RS2 are very similar in composition,
except for a specific densities at RS2 base, where it associates with the nexin-dynein

regulatory complex (N-DRC) (Pigino & Ishikawa, 2012).

3.3.2.1 Radial spokes proteins
According to data obtained from C. reinhardtii RS mutants, 17 radial spokes proteins (RSPs),

along with six additional polypeptides, constitute RSs. These proteins are highly organized in
a RS. RSP1, 4, 6, 9, 10 constitute the head of a RS (the part of the structure adjacent to the
CP). RSP2, HSP40 (=RSP16), and RSP23 constitute the RS neck. Remaining proteins (RSP3, 5, 7,
8, 11 -15, 17 — 22) were recognised as constituents of the RS stalk (Yang et al., 2006; Zhu et
al., 2017). Of these RSP3 seems to be particularly important as it acts as a scaffold for the

other proteins and binds directly to the RS neck via RSP2 protein (reviewed by Zhu et al., 2017).
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There are variations in compositions of RSs between species. While in T. brucei, one RSP4/6
gene is present, in humans and C. reinhardtii two homologs (RSP4 and RSP6) exist, which

originated from RSP4/6 duplication event (Curry et al., 1992; Eriksson et al., 2001).

3.3.2.2 Nexin-dynein regulatory complex
RSs are associated on the MTD site with the nexin-dynein regulatory complex (N-DRC), which

is involved in activation of dynein motors. Within 96-nm repeat, one N-DRC complex is present
and it associates with RS2 complex. A central role in assembly and function for N-DRC linker
was proposed to DRC4 subunit. The main human gene for DRC4 subunit is Gas11 (Bower et
al., 2013). T. brucei ortholog is trypanin related protein (TRP) Tb927.9.15050 (El-Sayed et al.,
2005). In C. reinhardtii it was shown that DRC4 is as a cargo of the IFT machinery, and is mainly
incorporated into the axoneme at the distal end. However, occasional incorporation of DRC4
subunit alongside the axoneme was also described (Wren et al., 2013). In C. reinhardtii, knock-
downs of DRC4 as well as another N-DRC subunit — DCR2 are characterised by disruption of
flagellum beating, but in diverse manners, suggesting their distinct roles within the complex
(Bower et al., 2018). Nexin-dynein regulatory complex 2 (DCR2) in T. brucei is represented by
CMF70 (Th927.11.7240) (Kabututu et al., 2010).

At the base of the RS is an adaptor protein complex called the Calmodulin (CaM) and Spoke
associated Complex (CSC), which contains CaM protein and CaM-binding proteins: CaM-I1P2
(FAP61), -IP3 (FAP91), and -IP4 (FAP251) (Dymek & Smith, 2007). CSC stabilise RS2 and RS3

and dock them to DMT. This makes them crucial for ciliary motility (Heuser et al., 2012).

3.3.3 Central apparatus

Pair of complete singlet MTs (C1 and C2) together with associated projections (Fig. 3.3.) form
the central apparatus (CA). CA initiates around the TZ and extends towards the distal end of
an axoneme, creating its 9+2 pattern (Lechtreck et al., 2013). Two central MTs are connected
one to another and stabilised through the bridge structure. This connection is mediated by
PF20 protein whose deletion causes missing CP 9+0 phenotype. On the other hand, PF16 is
responsible for C1 stabilisation and its deletion causes 9+1 phenotype. Mutation in Hydin
(present in the C2b projection) protein leads to destabilisation of C1b and C2c projections and
loss of C2b projection. However, missing Hydin cannot be detectable by revealing cilia

ultrastructure by transmission electron microscopy in patients with PCD — primary ciliary
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dyskinesia (Olbrich et al., 2012). All of these mutations are responsible for motility impairment

or loss (Carbajal-Gonzalez et al., 2013).

Figure 3.3. Cross-section through the central apparatus. Central apparatus consist
of two singlet microtubules: C1 and C2 (grey) with their associated projections (in
colours). Adapted from (Carbajal-Gonzalez et al., 2013).

3.3.4 Axonemal dynein arms

Axonemal dynein arms are molecular motors, which convert chemical energy of ATP
hydrolysis into mechanical force generating sliding on adjacent doublets on each other which
is translated into axonemal bending and flagellar beat. Occupying every MTD, they are
anchored to the A-microtubules and interact with B-microtubules of an adjacent doublet.
There are two types of the dynein arms, inner (IDAs) and outer (ODAs), facing inner and outer
sides of the axoneme, respectively (Fig. 3.2.). IDAs function is to control beating form and
magnitude, whereas ODAs are responsible for beat frequency. Within the 96-nm repeat — one
main inner arm (11/f) and six additional monomeric inner arms are periodically aligned. Four
identical outer arms are placed in the 96-nm repeat. One of them is connected to IDA, and
other ones are associated with MTD differently (King, 2016). However, axoneme dynein arms
constituents along the axoneme may occur asymmetrically (Edwards et al., 2018). Dynein
arms are comprised of subsets of large heavy-chain motors, which are the actual ATPases, and
accessory intermediate-chains, and light-chain. There are two genes coding for OAD heavy
chains in humans — OADa and OADJ (Pazour et al., 2006). An example of an IAD heavy-chain
protein in humans is DNAH10 (Pazour et al., 2006) is homologous to trypanosomal IAD protein

(Tb927.4.870) (Wickstead & Gull, 2007).
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3.4 Function and Dysfunction of cilia in humans

In mammals four types of cilia were identified based on their structure. In specialised tissues
there are combinations of motile cilia and non-motile cilia present, with axonemal structure

9+2 or 9+0 (Fliegauf et al., 2007).

3.4.1 Motile cilia

3.4.1.1 Multiple motile 9+2 cilia
One of the main ciliary functions is to create motion. Motile 9+2 cilia grouped to bundles on

the surface of epithelial cells constitute multiciliated epithelia. Their role is to generate
a synchronized beating movement, which drives fluid flow in a particular direction. The motile
cilia fulfil their function in different epithelia throughout the mammalian body, and their

dysfunctionalities cause several health problems and diseases.

Specifically, the role of respiratory cilia is mucus transportation resulting in mucociliary
clearance of the tracheobronchial tree (Wanner et al., 1996). Aberrant beat frequency or
number of cilia can lead to an accumulation of mucus. Failure of the mucus clearance leads to
the accumulation of pathogens, particles, and toxins, which causes respiratory tract infection
and chronic respiratory problems (Wallmeier et al., 2014). Although, historically, signalling
functions were attributed to primary cilia. It becomes apparent that they are also present in
motile cilia. The respiratory cilia are suggested to have noncanonical Hedgehog (HH) signalling
function since they contain HH signalling components (Mao et al., 2018). Moreover, they can
share both mechanosensory and chemosensory properties (Bloodgood, 2010), as is in the case

of bitter taste receptors on motile airway cilia (Shah et al., 2009).

Similarly, motile 9+2 cilia in the middle ear and Eustachian tubes function in mucociliary
clearance of the tympanic cavity (Ohashi et al., 1985). Ciliary malfunction leads due to the
accumulation of excessive fluid with foreign particles to otitis media, the inflammation of the

middle ear (Li et al., 2014).

Ependymal cilia are present in the ventricles of the central nervous system. They contribute
to the regular movement of cerebrospinal fluid forming ependymal flow and maintenance of
brain homeostasis. Another function is linked to the generation of a concentration gradient of

signal molecules, which results in guidance and relocation of neuroblasts — primitive nerve
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cells (Sawamoto et al., 2006). Loss of cilia function can lead to cerebrospinal fluid

accumulation in the brain ventricles, which may result in hydrocephalus (Banizs et al., 2005).

Female and male reproductive tracts (fallopian tube in females and efferent ducts in males)

are also covered with cilia (Yeung et al., 1991; Lyons et al., 2006).

Fallopian tube cilia are important for female fertility. The proper ciliary beat frequency was
considered as a dominant feature important for gamete and embryo transport through the
fallopian tube (Xia et al., 2018). Ectopic pregnancy and fertility problems were observed as

a consequence of motile cilia defect (Lyons et al., 2006; Blyth & Wellesley, 2008).

Multiciliated cells also line efferent ducts of the male reproductive system. They are
considered to assist in the transportation of yet non-motile spermatozoa from the testis to
the epididymis (Afzelius, 2004). Another proposed function is the creation of reflux, which

releases sperm when these are in the desired concentration (Winet, 1980).

Compromised motility of cilia often leads to respiratory problems and infertility. This is due to
a highly similar structure and composition of respiratory cilia, efferent ducts cilia, and sperm

flagella.

3.4.1.2 Motile 9+2 monocilia
Probably the best known motile single cilium is the sperm flagellum. It generates movement

of the entire sperm cell through the female reproductive tract and thereby ensures
fertilisation. Sperm immotility (sperm flagella dyskinesia) is often accompanied by cilia motility

problems in other tissues (Neugebauer et al., 1990; Toyama et al., 2009).

3.4.1.3 Motile 9+0 cilia
Motile cilia with the 9+0 structure are found in the node of mammalian embryos during early

developmental stages. Through their conical beating in rotational movement, nodal cilia are
generating a flow of fluid, which was termed the nodal flow. The nodal flow is critical for the
correct development of body asymmetry. Embryos lacking the nodal cilia exhibit randomised
left-right asymmetry (Nonaka et al., 1998; Nonaka et al., 2002). This can lead to partial or

complete mislocalisation of internal organs.

3.4.2 Non-motile cilia

3.4.2.1 Non-motile 9+0 cilia function
Non-motile primary cilia with the arrangement of 9+0 are present on the surface of almost all

polarised cells in vertebrates. Immotile single primary cilia mainly function as sensory and
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signalling organelles. Important signalling pathways such as Wnt, Notch, Hippo, PDGFRa,
MTOR, GPCR, and HHs have been associated with the primary cilia (Wheway et al., 2018).

Defects in these cilia result in a wide range of diseases, which are described below.

3.4.2.2 Non-motile 9+0 cilia
Renal cilia exhibit sensory function by sensing urine flow. Two proteins were shown to be

involved in mechanosensitivity - polycystin-1 and polycystin-2, encoded by PKD (Polycystic
kidney disease) 1 and PKD2 genes, respectively. Mutations in these genes cause PKD (Nauli et
al., 2003; Gresh et al., 2004). Additionally, mutant PKD1 gene causes the cardiovascular

system and skeletal defects during development (Boulter et al., 2001).

Photoreceptor cells of the retina (rods and cones) contain the connecting cilium, the distal
segment of which is the place where sensor proteins — opsins localise. The dysfunctionality of

connecting cilium leads to retinal degenerative diseases and blindness (Gilliam et al., 2012).

3.4.2.3 Non-motile 9+2 cilia
Kinocilium in the inner ear acts to polarise actin-based stereocilia, which sense vibrations. Loss

of kinocilia function leads to hearing impairment (Okamoto et al., 2017).

Multiple motile 9+2 cilia Motile 9+2 monocilia Motile 9+0 cilia
respiratory cilia in airways sperm flagellum nodal cilia in embryo

C

Non-motile 9+0 cilia Non-motile 9+2 cilia
kinocilia in inner ear

renal cilia in kidney

Figure 3.4. Examples of different cilia types in vertebrates

Immunofluorescence images of different types of cilia (red). A) Multiple motile 9+2 cilia = respiratory cilia
in airways; antibody stained y-tubulin (green) is marking the microtubule organizing centers. Adapted from
(Fliegauf et al., 2005). B) Motile 9+2 monocilia = sperm flagellum; stained with antibody gainst SPAG6
(green). Adapted from (Dong et al., 2018). C) Motile 9+0 cilia = nodal cilia in embryo. Adapted from
(Hadjantonakis et al., 2008). D) Non-motile 9+0 cilia represent by renal cilia in kidney; with fluorescence
localisation of Dopamine receptor type 5 (green). Adapted from (Upadhyay et al., 2014). E) Non-motile 9+2
cilia = kinocilia in inner ear; stereocilia (actin-based) were labeled with phalloidin (green). Adapted from
(Okamoto et al., 2017). As ciliary marker (red) was ustd: DNAH5-specific antibody (A) and acetylated a-
tubulin (B-E). Nuclei were stained with Hoechst (A-C,E) or DAPI (D). Scale bars represent 10 um.



3.5 Ciliopathies

Ciliary malfunctions lead to syndromes collectively known as ciliopathies. Ciliopathies are
phenotypically variable disorders affecting motile and/or non-motile cilia (Kempeneers &

Chilvers, 2018).

One of the most common ciliopathies affecting ciliary motility was named Kartagener
syndrome (Kartagener, 1933). Typical clinical symptoms include frequent respiratory
problems as pneumonia, colds, sinusitis, bronchitis, and ear infections as a result of disturbed
mucociliary clearance. The syndrome was also associated with situs inversus in half of the
cases. To symptoms also belongs male infertility caused by sperm immotility (Afzelius, 1976).
Other described symptoms include otitis media, hydrocephalus, and brain dysplasia

(Panigrahy et al., 2016).

A Kartagener syndrome, like immotile-cilia syndrome, belongs to a group of diseases called
primary ciliary dyskinesia (PCD). PCD is an inherited recessive autosomal disorder with the
prevalence ranging from 1:2,000 to 1:40,000 live births, although PCD is under-diagnosed
in Europe (Kuehni et al., 2010). Mutations affect ciliary structural proteins, or cytoplasmic
proteins serving as functional units in pre-assembling complexes of ciliary proteins (Mitchison
et al., 2012). PCD manifestations range from changes to cilia beat frequency and pattern to
cilia immotility or their complete absence. Diagnosis of the disease commonly involves
characterisation of changes in cilia ultrastructure by TEM, where absence of structures is
apparent. Usually, subunits, which participate in the ciliary movement are affected. For
instance, outer and inner dynein arms, nexin links, radial spokes, central pair of MTs, and the

basal body (Kempeneers & Chilvers, 2018) (for detail explanation see Chapter).

On the other hand, non-motile primary cilia are not affected by genetic disruptions of
components of motile cilia mentioned above. The majority of non-motile ciliopathies
represent sensory ciliopathies, when signal transduction function in sensory cilia is disrupted.
Primary ciliopathy symptoms may include kidney, liver, pancreas, and bone defects, and
defects in development of heart or central nervous system. Furthermore, obesity, diabetes
mellitus, cystic disorders, polydactyly, and dwarfism can occur. These symptoms can occur in

combination in different diseases and syndromes such as Alstrém syndrome, Bardet-Bied|
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syndrome, Joubert syndrome, Meckel-Gruber syndrome, polycystic kidney disease, retinitis

pigmentosa, Senior-Lgken syndrome, Usher syndrome and others (Wheway et al., 2018).
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3.6 Assembly and Turnover of the ciliary cytoskeleton

As there are no ribosomes in the cilia, all protein constituents (probably up to one thousand
protein species) have to be imported from the cell body (Lechtreck et al., 2017). How do they
move within the flagellum to reach the site of their ultimate localization? Given that a cilium
is a slender (hundreds of nm) and long (tens of um) organelle, diffusion is not expected to be
an efficient mean of transport. Indeed, it was demonstrated that there exists a machinery
dedicated for transport of material into the cilium, along it, and out of the cilium (Kozminski
et al., 1995). Moreover, it has been demonstrated by pioneering experiments with fusing
(mating) C. reinhardtii cells, that tagged axonemal proteins expressed in one of the fusing cells
appear exclusively at the distal end of growing flagella of the second fusing cell (Marshall &
Rosenbaum, 2001; Lechtreck et al., 2013). These experiments established the distal end
exclusive for addition of material into the axoneme. This model was since then universally
accepted and extrapolated to other eukaryotic flagella. However, in fact, the distal end
exclusive addition was so far experimentally demonstrated only for a limited number of
axonemal proteins in C. reinhardtii (Marshall & Rosenbaum, 2001; Song & Dentler, 2001) and
for axonemal and non-axonemal cytoskeletal proteins in T. brucei (Subota et al., 2014;
Vincensini et al., 2018). Moreover, these experiments had certain limitations, such as the
potential overexpression of the proteins due to using non-native regulatory elements or

leakiness of inducible systems (Marshall & Rosenbaum, 2001; Vincensini et al., 2018).

Motile cilia cover the airway surface forming ciliated epithelial cells (see Chapter 3.4.1.1),
which are considered terminally differentiated cells (Rawlins & Hogan, 2008). These cells are
long lived, and their renewal rate is remarkably slow in comparison to other tissues; their
steady-state replication index is app. 1% per 24 hours (Stripp & Reynolds, 2008). Motile cilia
on the surface of these cells perform mucociliary clearance by mechanical work — beating. The
mechanical stress related to the beating is likely to cause over time damage to their proteins,
which may be exacerbated by pathogens, pollutants etc. these cilia are exposed to (Wanner
et al., 1996). Similarly, cells of some flagellated protists such as T. brucei are likely to live for
days constantly using their flagellum for cell motility (Langousis & Hill, 2014). Hence,
mechanisms enabling protein turnover are likely to operate in these organelles facilitating

their maintenance.
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In some cilia, such as in C. reinhardtii, an IFT — dependent tubulin turnover occurring
exclusively at the distal end of steady-state axonemes was demonstrated by fusion
experiments (Marshall & Rosenbaum, 2001). In T. brucei, on the other hand, it was
demonstrated by a fluorescence recovery after photobleaching (FRAP) experiment that there
is no significant turnover of an axonemal dynein intermediate chain up to two hours post
photobleaching (Vincensini et al., 2018). To be able to reconcile these findings, experiments

on a longer time scale and with a larger number of axonemal proteins are needed.
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3.7 Model organism Trypanosoma brucei brucei

T. brucei is a flagellated diploid protozoan parasite belonging to Kinetoplastidae order. The
main characteristic of the kinetoplastida group is the possession of kinetoplast, a specifially
structured mitochondrial DNA, called kinetoplast DNA (kDNA) throughout this thesis. There
are three subspecies of T. brucei. While T. b. brucei causes Nagana disease of cattle and is not
infective for humans, T. b. gambiense and T. b. rhodiense are pathogens of humans causing
African sleeping sickness, also known as Human African trypanosomiasis. This parasite
undergoes a complex life cycle with complex morphological changes. During T. brucei
transmission, mammalian hosts are infected by the parasite through an insect vector —tsetse
fly, Glossina spp. In the vector, T. brucei first assumes procyclic form in the midgut. Afterwards,
the parasites migrate through tissues of the fly, which is accompanied by a defined series of
morphological changes, ultimately colonizing salivary glands, where they turn into
metacyclics, ready to infect the mammalian host. After transmission into a mammalian host,
trypanosomes are found in the blood and adipose tissue as a bloodstream form (Matthews,

2005; Trindade et al., 2016).

3.7.1 Procyclic form
Currently, bloodstream and procyclic forms can be cultured in in vitro laboratory conditions.
In this work, procyclic form cells were used (Chapter 0.0), because they are more amenable

to genetic manipulations and other experimental approaches (Berriman et al., 2005).

3.7.1.1 Advantages of T. brucei as a model
The major advantages of using T. brucei as a model are following. T. brucei brucei procyclic

cells are easy to culture in liquid medium. The genome of T. brucei brucei has been sequenced
and assembled. Almost no introns are presented in T. brucei genes (for more information, see
review Vesteg et al., 2019). A potent RNAi machinery operates in this organism, allowing for
inducible depletion of a gene of interested in modified cell lines (Barnes et al., 2012).
Moreover, an effective DNA recombination pathway enables tagging of genes in their
endogenous loci, thereby not interfering with regulation of their native expression (Gibson et

al., 2015).
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Importantly, T. brucei is characterised by a well-defined cell morphology tightly linked to cell
cycle progression. It also enables studying a mature and a nascent flagellum in a single cell

(Vaughan & Gull, 2008).

3.7.2 Cell cycle of T. brucei

The procyclic trypanosome form is representing a trypomastigote type of a cell, which is
undergoing defined changes during its cell cycle, retaining flagellum for a whole time. Main
criteria, for determining different stages, are position and morphology of cell structures and
order of their division, namely: nuclear DNA (nDNA), kDNA, flagella, and corresponding basal
bodies. Basal body structure connected to kinetoplast represents a starting place of flagellum
growth (Hayes et al., 2014). Schematically, composition of T. brucei cell and its relevant

features is shown in Fig. 3.5.

nucleus

kinetoplast
cell body

Figure 3.5. Schematic model of a T.brucei cell
Schematic representation of a T.brucei cell showing
its crucial parts: cell body (light grey), flagellum
(black), kinetoplast and nucleus (magenta).

In procyclic trypanosomes, the new flagellum presence and its length, kinetoplasts and
nucleus division are tightly linked to the cell cycle status of an individual cell. The new BB and

the nascent daughter flagellum are positioned posterior to the mother flagellum (Fig. 3.6.).

A NF
OF

Figure 3.6. Dividing 2F2K2N T. brucei cell showing flagella positioning

A) Schematic representation of a T. brucei cell in 2F2K2N stage of cell cycle. NF = new
flagellum (blue), OF = old flagellum (black), k = kinetoplast (magenta), n = nucleus
(magenta). B) Fluorescence image showing 2F2K2N T. brucei cell. Daughter/new
flagellum (NF) and mother/old flagellum (OF) are in white. DAPI (magenta) is visualising
DNA: n = nucleus, and k = kinetoplast. Scale bar represents 5 um.
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At the beginning of the cell cycle (Fig 3.7.), a T. brucei cell is characterised by the presence of
one flagellum, one kinetoplast, and one nucleus (1F1KIN) in interphase (Fig.3.5.). After
duplication of the BB, at the beginning of S phase, the production of a new flagellum is
initiated. As the new — flagellum elongates the kDNA divides, forming a 2F2K1N cell. Towards
the end of the cell division, mitosis (2F2K2Nm) occurs producing a 2F2K2N cell (McKean, 2003;
Benz et al., 2017). Cell division culminates by the cleavage furrow starting from anterior-most
point of the new flagellum attachment to the cell body and proceeds towards the posterior
cell end (2F2K2Nc), giving rise to two similar but not identical cells (Abeywickrema et al.,

2019).
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Figure 3.7. Schematic model of the T. brucei cell cycle
Schematic representation of a crocyclic cell undergoing cell cycle showing its different stages. Cell body
(light grey), old flagellum (black), new flagellum (blue), kinetoplast (purple), and nucleus (magenta).
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3.7.3 Flagellum of T. brucei

T. brucei flagellum possesses structures common to other eukaryotic flagella, as described in

the section 3.3. Its flagellum, however, has some specific features described below.

3.7.3.1 Flagellar pocket
The flagellar pocket of T. brucei is an extreme example of the ciliary pocket found also in other

ciliated organisms. In T. brucei this pocket forms a deep membrane invagination around the
very proximal part of the flagellum. The endo/exocytosis take place exclusively in the flagellar

pocket in trypanosomes (Absalon et al., 2008).

3.7.3.2 Flagellum attachment zone
The region, via which a flagellum is laterally attached to the cell body, is called the flagellum

attachment zone (FAZ). This cytoskeletal structure extends from the flagellar pocket and
continues along almost an entire flagellum length, towards the anterior end of the cell. FAZ is
critical for determining and maintaining morphology of a T. brucei cell (Sunter et al., 2015).
FAZ is formed by a filament under the cytoplasmic membrane; cell body to flagellar membrane
junctions morphologically comparable to a cell-to-cell adhesion structure — macula adherens;
and FAZ fibres linking the junctions to the seventh axonemal MTD in the flagellum (Hayes et

al., 2014).

3.7.3.3 Paraflagellar rod
The paraflagellar rod (PFR) is emerging from the flagellar pocket, and runs parallel to the

axoneme underneath the ciliary membrane. This lattice-like protein structure consists of
approximately twenty proteins (Lacomble et al., 2009), of which PFR1 (73 kDa) and PFR2
(69 kDa) are the most predominant. PFR is connected to the fifth and sixth axonemal MTDs.
The main PFR function is proposed to be related to the flagellar motility and thereby cell
motion. Therefore, PFR is essential for parasite life and pathogenicity (Deflorin et al., 1994;

Koyfman et al., 2011).

3.7.3.4 Peri-axonemal structure containing CFAP43
CFAP43 and CFAP44 proteins are located between PFR and MTDs. These two proteins are

essential for maintaining a precise flagella organisation. Interestingly, although the PFR to
MTDs connection is trypanosome-specific, orthologs of these proteins are present also in
mammalian sperm, and mutations in them result in multiple morphological abnormalities of
the sperm flagella along with infertility in humans (Coutton et al., 2018).
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3.7.3.5 The flagella connector
One specification of T. brucei is the presence of the flagella connector (FC) structure, which

connects the tip of the new flagellum to the side of the old flagellum. As the new flagellum
elongates, the FC moves along the old flagellum, thereby helping it to inherit a similar helical
pattern on the cell body surface (Moreira-Leite, 2001). The FC has an asymmetric structure
and composition, with specific proteins constituting its new flagellum, old flagellum and
membrane junction zones. On the other hand, at the tip of both flagella axonemal capping

structure 1 (ACS1) protein is present (Varga et al., 2017).
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4 Material and Methods
All used reagents are listed in Supplementary Table 9.8.
4.1 DNA manipulation techniques

4.1.1 Polymerase chain reaction

Polymerase chain reaction (PCR) was applied for generation of inserts used for vector construction.
Furthermore, “long primer PCR” was used for “long primer PCR tagging”. To increase specificity and
yield of a PCR products “touchdown PCR” was used. Determination of annealing temperature for
different primer pairs was achieved by “gradient PCR”. This PCR also allowed the use of one PCR
program with different reactions containing primer pairs for different annealing temperatures.
“Colony PCR” was used for identification of bacterial colonies with vectors containing correct inserts,
which were further validated by sequencing. “Tagging-validation PCR” allowed detection of the

correctly tagged gene in cell lines.

DNA amplification was performed using the BioRAD C100 Touch™ Thermal Cycler. All the PCR
approaches are disclosed below. DNA primers used in every PCR application are listed in the

Supplementary Tables 9.2. —9.7.

4.1.2 Horizontal gel electrophoresis

Horizontal gel electrophoresis (ELFO) was used for size determination of DNA molecules, verification

of DNA product presence after PCR, and separation of desired DNA molecules from others.

Due to the natural negative charge of DNA, DNA molecules move from the negatively charged cathode
towards the positively charged anode, in an electrophoresis cell. The ionic buffer Triss-Acetate-EDTA
(TAE) (1X) was used for creating an electric field. TAE (1X) was prepared from 50X TAE (2 M Trizma
base, 5.71% acetic acid, 50 mM EDTA). Agarose gel 1% (w/v) served as a matrix for molecule migration.
Agarose was dissolved in TAE (1X) by boiling in a microwave. After the temperature of the gel
decreased to app 50°C, “RedSafe™ Nucleic Acid Staining Solution” (iNtRON) (1 uL per 20 mL of gel) was
added. Still warm gel was cast to the gel-casting tray and loading wells were created by a comb. Next,
the cooled gel was placed to electrophoresis cell, and samples were loaded into wells. As a loading
buffer 6X Gel Loading Dye, Purple (NEB) was usually used. To estimate DNA molecule sizes molecular-
weight markers- 100 b and/or 1 kb DNA Ladder (NEB) were used. Electrophoresis was performed at5 V
per 1 cm of distance between anode and cathode. Visualisation of DNA was carried out by an

ultraviolet transilluminator.
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4.1.3 DNA extraction from agarose gel and purification of PCR products

For DNA extraction from agarose gels or purification of PCR products the FavorPrep™ GEL/PCR
Purification Kit (Favorgen®) or the QIAquick Gel Extraction Kit” (Qiagen) were used. In both cases,

the manufacturer manual was followed. The DNA elution step was performed with the use of ddH,0.

4.1.4 DNA concentration measurement

The concentration of DNA (ng/uL) was measured by spectrophotometer “NanoDrop® ND-1000"

(Thermo Fisher Scientific) with NanoDrop 1000 v3.8.1 software. For calibration ddH,0 was used.

4.1.5 DNA sequencing

Verification of the correct DNA sequence was done by sequencing, which was carried out by
a sequencing facility. Samples for sequencing were prepared in 10 pL volumes: 5 mM primer and 400 —

500 ng of DNA template. All sequencing primers are listed in the Supplementary Table 9.6.

4.1.6 Restriction digest

The restriction digest was carried out in 50 pL volumes using 10X NEBuffers (NEB) and 10 units of two
restriction enzymes, which are listed in the Table 4.1. A typical amount of DNA was 1 pg. The reaction
was usually carried out for 1 hour at 37°C in a dry block heater. The reaction was stopped by

inactivation by heating.

Table 4.1. List of used restriction enzymes; pDNA = plasmid DNA

Enzyme ‘ Manufacturer‘ Catalogue # Buffer Concentration ‘ Usage
BamHI NEB RO136S Neb 3.1 20 U/uL pDNA construction
BstXI NEB RO113S Neb 3.1 10 U/uL pDNA linearization
Hindlll NEB RO104S Neb 2.1 20 U/uL pDNA construction
Notl NEB R0189S Neb 3.1 10 U/uL pDNA linearization
Notl-HF NEB R3189S Cut smart 20 U/uL pDNA construction
Kpnl-HF NEB R3142S Cut smart 20 U/uL pDNA construction
Xbal NEB RO145S Cut smart 20 U/uL pDNA construction

4.1.7 DNA ligation

Linearized DNA molecules treated by restriction enzymes and purified were ligated together according
to ligation protocol (20 pL reaction): 10X T4 DNA Ligase Buffer (NEB), vector DNA, insert DNA, nuclease-
free water and T4 DNA Ligase (NEB). Vector:insert ratio was 1:3. An amount of used DNA was calculated
as follows: volume of insert DNA [uL] = {[(50 x size of the insert in kb)/size of the vector in kb]x3}/conc.
of the insert in ng x uL'%; the volume of vector DNA [uL] = 50/conc. of the vector in kb. The ligation step

was performed at room temperature (RT) for 2 hours (hrs).
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4.1.7.1 3-way ligation
Vector:insertl:insert2 ratio was experimentally established to 1:2:2. Volumes of DNA vector and

inserts were calculated based on the same formula as in the case of ligation with only one DNA insert.

The 3-way ligation was performed at RT for 2 hrs or at 16°C for 4 hours.

4.1.8 Oligonucleotide phosphorylation

Synthesized and dehydrated oligonucleotides (oligos) were dissolved in water to 100 uM
concentration. A phosphorylation reaction was mixed according to Table 4.2 and incubated for 1 hour

at 37°C, followed by deactivated at 75°C for 10 min.

Table 4.2. Oligonucleotide phosphorylation reaction (20 pL)

Final Amount
Reagent .
concentration [uL]
Oligo (100 uM) 10 pM 2
T4 PKN buffer A (10 X) 1X 2
T4 polynucleotide kinase 10U 1
ddH20 15

4.1.9 Oligonucleotide annealing

Oligonucleotides were mixed according to Table 4.3.A and the annealing performed according to

Table 4.3.B.

Table 4.3.A Oli leotid li ti
isonucieotides annealing reaction Table 4.3.B Temperature program for oligos annealing

(50 pL)
Final Amount
Reagent . ep empera o D atio Repe 0
concentration [uL]
FW oligo (10 uM) 5 uM 2.5 Denaturation 95°C 5'
RV oligo (10 uM) 5uM 2.5 Annealing -1°C 1 70 cycles
ddH20 45 Infinitive hold 4°C oo

4.2 Bacterial techniques

4.2.1 Bacterial strain

Molecular cloning methods were performed using E.coli DH5a strain (F" endAl gInV44 thi-
1 recAl relAl1 gyrA96 deoR nupG purB20 $80dlacZAM15 A(lacZYA-argF)U169, hsdR17(r« m«*), X))
cultured in 20 g/L lysogeny broth (LB) — Miller Broth medium (10 g/L NaCl). The medium was provided

by the media facility at Institute of Molecular Genetics.
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4.2.2 Transformation of E. coli

For transformation of plasmid DNA into E. coli an adjusted protocol of the heat shock method was
adapted (Froger & Hall, 2007). In the first step, the 50 uL of competent DH5a E.coli cells were thawed
on ice for 10 — 20 min. Then, ligation mixture (maximum 10% of the final volume) was added, and cells
were kept for 30 min on ice. Next, the heat shock at 42°C for 45 — 50 sec was performed. Cells were
placed on ice for 2 min. Then 200 — 250 plL of LB medium was added. The cell culture was incubated
for 30 min to 1 hour at 37°C in shaking incubator (185 rpm). The culture was then spread on plates
with LB agar and ampicillin and incubated overnight at 37°C. After the incubation, separate colonies

were picked from a plate and transferred into 20 uL of a liquid LB medium with ampicillin.

4.2.3 Colony screening by PCR

For identification of positive colonies by PCR, the colony PCR reaction was set up according to Table

4.4.A was PCR performed acc. to the Table 4.4.B. Results were evaluated by ELFO on agarose gel.

Table 4.4.A Colony PCR reaction (10 pl) Table 4.4.B PCR program for colony PCR
Reagent Final . Amount Step Temperature Duration  Repetition
concentration [uL]
ig()q( iZZ:’:Z;dBuffer X 1 :jnel:iu ration 9°C 2
dNTPs (10 mM) 0.2 mM 0.2 Denaturation 95°C 30"
Colony prep. 1 Annealing 55-62°C* 40" 30 cycles
Primer FW (10 uM) 0.2 mM 0.2 Elongation 68°C 1' per kb
Primer RV (10 pM) 0.2 mM 0.2 Final extension 68°C 5'
Taq DNA polymerase 0.05 Infinitive hold 4°C oo
ddH20 735 :D*aAirr;neaIing temperature depended on individual primer

4.2.4 Miniprep isolation

After the identification of a positive bacterial colony cells were seeded into 5 mL of LB liquid medium
with ampicillin using 50 mL falcon tube with a not tightly screwed lid. The culture was incubated
overnight at 37°C in a shaking incubator at 230 rpm. Thereafter, 50 uL portion of cell suspension was
taken for a glycerol stock preparation (Chapter 4.2.5). The remaining cell suspension was treated
according to the QlAprep Spin Miniprep Kit (QIAGEN) manufacturers manual or using the FavorPrep™
Plasmid Extraction Mini Kit (Favorgen). The DNA elution step was performed with the use of ddH-0.
pDNA was stored at -20°C.
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4.2.5 Bacterial stock preservation

A 50 uL sample of an overnight liquid culture of E. coli was mixed with glycerol (40%, 50 L) to a final
concentration of 20%. Bacterial glycerol stocks were stored in cryogenic tubes (#D1015, KRD) at -80°C

in a deep freezer.

4.3 Primers design

Primers for sequencing were designed manually by searching plasmid sequences using ApE — plasmid
Editor. Additionally, other online tools were used: Tm calculator (NEB), Reverse Complement convertor
(bioinformatics.org), and Kinetoplastid Genomic Resource (tritrypdb.org). Primers were chosen for
optimized sequences based on these criteria: a %CG pairs content, matching annealing temperatures

(within 5°C), and a length in nucleotides.

4.4 Plasmid vectors design and construction for gene tagging approaches

Design and adaptation of pEnT5 (Supplementary Fig. 9.2.) and pPOT (Supplementary Fig. 9.1.) plasmids
intended for trypanosome genes tagging — general plasmid vectors maps were generated by pDNA

design online tool (benchling.com) and are provided in Supplementary.

4.4.1 Modification of series of pPOT tagging vectors

Two versions of pPOT vectors were obtained from Dr. Samuel Dean, University of Oxford (Dean et al.,
2015). Both pPOTv4 and pPOTv7 contained the gene for blasticidin resistance for selection of
transgenic trypanosomes, mNeonGreen (mNG) gene, and HaloTag gene. DNA sequences for tags and
blasticidin resistance were adjusted to reflect the trypanosome amino acid code usage. In addition,

plasmids were designed for N- or C- terminal tagging.

4.4.1.1 Construction of pPOTv7 vector with TC tag
The TC tag is a six amino acid tag. For its construction two phosphorylated oligonucleotides were

annealed, namely MP056 and MP057 (Chapter 4.1.9). Subsequently, created dsDNA was inserted into

the pPOTv7 backbone via Kpnl and BamHI restriction sites. The TC-tag insert is depicted in the

Figure 4.1.
5 C TGCTGCCCAGGETGTTGE G 3’
3'CATGG ACGACGGGTCCCACAACG CCTAG 5°
Epnl Start TCtag BamHI

Figure 4.1. TC-tag insert containing Kpnl site, polymerisation start, TCtag sequence, and BamH]I restriction site.

4.4.2 Modification of series of pEnT5 tagging vectors

One of the two approaches used for generation of transgenic trypanosome cell lines was tagging by

series of pEnT5 vectors. These had to be prepared by the classical method of molecular cloning.
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As in the previous case, T. brucei genes of interest were tagged by both mNeonGreen and HaloTag. As
a source of the DNA encoding for the tags the plasmid pPOTv4 was used. It was needed to get this DNA
region from pPOTv4 and transfer it as an insert into a pEnT5 plasmid. Using primers Varga527 and
Varga533 (Supplementary Table 9.7.) the potential insert was made by touchdown PCR (see Table
4.5.A and 4.5.B). Resultant PCR product (Fig. 4.2) was loaded on a gel (Fig. 4.3) to check the proper PCR

amplification.

Table 4.5.A Touchdown PCR reaction (50 L) Table 4.5.B PCR temperature program for touchdown

PCR
Final Amount . ..
Reagent . Step Temperature Duration Repetition
concentration [uL]

10X HiFi Reaction 1X 5 Initial _ 94°C 5
buffer (ROCHE) denaturation
10 mM dNTPs 0.2 mM 1 Denaturation 94°C 15"
100% DMSO 2% 1 Annealing 62°C = 56°C 30" 30 cycles
pDNA (25 ng/uL) 25 ng 1 Elongation 72°C 2!
Primer FW (100 pM) 2 uM 1 Final extension 72°C 2'
Primer RV (100 uM) 2 uM 1 Infinitive hold 4°C oo
ddH20 10 (Black arrow indicates a gradually decrease

temperature.)
HiFi Expand

1

Polymerase (ROCHE)

5' aTCG aagett [l GTCTCGAAAGGTGAGGAAGACA: - - -+ v rrvnnh s

Hindlll Start mMG 5" ORF

Halo 3" ORF (G45)2 linker ®bal

Figure 4.2. Sites of insertion of the PCR product into pEnT5 backbone- the 5’ site shown on the top and the 3’

site on the bottom.

mMNG-Halo insert Halo insert

Figure 4.3. Result of inserts preparation. An image of a gel after ELFO. Expected size of mNG-Halo insert =

1,655 nt, and Halo insert = 941 nt.
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4.4.2.1 Plasmid backbone preparation
Backbones were made from existing pEnT5 plasmid constructs. Tags exchange was made by excision

of a redundant sequence, which was removed by cutting with Hindlll, Xbal enzymes. Subsequently, it
was replaced by the mNG-HaloTag insert. In the case of tagging with only HaloTag, a pEnT5 plasmid
with Halo insert was made in a similar way as described before (Chapter 4.4). For this primers Varga527

and Varga534 were used.

pPENT5 constructs for tagging the following three proteins of interest had already been present in
the laboratory o tubulin (Tb927.1.2360) — kinesin FCP4/TbKin15 (Th927.10.890) — and ACS1
(Th927.7.6180). In these cases, only the fluorescent protein tag needed to be exchanged for the
mNeonGreen-Halo tag. However, in the case of kinesin FCP4/TbKin15 a Hindlll restriction site in the
integration targeting sequence was identified (in addition to the Hindlll site flanking the sequence of
the tag). Hence, the pEnT5-mNG-HaloTag plasmid backbone was cleaved with Xbal (instead of Hindlll)

and BamHlI, leading to excision of TY epitope tag sequence in addition to vector linearization.

4.4.2.2 Plasmid vector construction
In the case of construct for tagging proteins which had not been available in the laboratory previously

a 3-way ligation needed to be carried out, in order to ligate together integration targeting sequences
(a 3’ part of 5°UTR and an 5’ part of an ORF sequence), and plasmid backbone (pEnT5-mNG-HaloTag
cleaved with Hindlll and Xbal) (Chapter 4.1.6). The targeting sequences were prepared by PCR on the
genomic DNA isolated from SmOxP927 strain cells. PCR primers used for amplification are specified in
Supplementary Table 9.3. An annealing temperature for every primer pair was determined by gradient

PCR (Tables 4.6.A and 4.6.B).

Table 4.6. Gradient PCR reaction (10 pL) Table 4.6. PCR program for gradient PCR
Final Amount . o,
Reagent . Step Temperature Duration Repetition
concentration | [uL]
10X HiFi Reaction Initial
1X 2 X !
buffer (ROCHE) denaturation 98°C >
10 mM dNTPs 0.2 mM 0.2 Denaturation 98°C 15"
gDNA 50 ng 0.1 Annealing gradient Tm 30" 30 cycles
. 30"

Primer FW (10 uM) 5uM 0.5 Elongation 72°C kk[;)er
Primer RV (10 uM) 5 uM 0.5 Final extension 72°C 3'
ddH.0 6.6 Infinitive hold 4°C oo
HiFi Expand 01 gradient Tm = for each PCR reaction was used different
Polymerase (ROCHE) ’ temperature in accordance with temperature gradient
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4.5 Inducible RNA interference

Inducible knockdown cell lines were prepared by insertion of linearized pQuadra vector, including a
gene-specific fragment of approximately 500 nucleotides, into the T. brucei genome (see Chapter
“Vector linearization”). pQuadra represents an Tet-inducible dsRNA Expression System (Inoue et al.,
2005) allowing for an inducible expression of double-stranded RNA. Cleavage of this dsRNA leads to
the formation of short fragments complementary to mRNA — the product of the gene to be silenced.
Primers for amplification of gene-specific fragments (Supplementary Table 9.5.) were designed using
the web-based tool “RNA-it” (Redmond et al., 2003). RNAi was induced by the addition of doxycycline
(0.5 pL/mL final) to the culture medium. Selection of transformants was performed via the phleomycin

resistance (see Table 4.10).

4.5.1.1 RNAi knock down cell lines
Two RNAi knock down cell lines were produced- 1. A cell line with RSP4/6 protein tagged by mNG and

HaloTag capable of an inducible expression of siRNAs targeting RSP4/6 mRNA. 2. cell line with RSP3
protein tagged by mNG and HaloTag capable of RNAi against RSP3 mRNA.

4.6 Other plasmid vectors used

4.6.1 pGEM®-T Easy Vector System for the cloning of PCR products

This system was used when the yield of PCR product was not sufficient for cloning via restriction sites.
In that case, an amplification of the PCR product using the pGEM®-T Easy Vector System based on

blue/white selection on indicator plates was used.

Ligation solution (10 pL reaction) was prepared with 5X T4 ligation buffer using 25 ng of pGEM®-T Easy
Vector and the maximum possible amount of PCR product/insert. The reaction was filled with
nuclease-free water to a final volume of 10 plL and set for 1 hour at RT. After transformation, bacterial
culture was spread on LB/ampicillin agar plates treated by IPTG and X-Gal. A successful insertion of
PCR fragment into vector led to -galactosidase coding sequence disruption and therefore white —

recombinant colonies appeared.

4.7 Gene tagging approaches

4.7.1 Long primer PCR tagging

In order to avoid the protracted process of classical molecular cloning for plasmid preparation the long

primer PCR tagging method Dean et al. (2015) was used at later stages of the project.

This approach is enabled by the very efficient homologous recombination pathway in T. brucei, which
requires only 50 nucleotide-long targeting sequences. For each protein to be tagged a pair of 100

nucleotide long primers were designed. These contain 80 nucleotide sequence for targeting the

39



integration into the T. brucei genome; for N-terminal tagging those correspond to the 3’ part of 5° UTR
and 5’ part of ORF, respectively). In addition, a 20 nucleotide sequence for annealing on a respective
site in the so-called PCR only tagging (pPOT) plasmids (Dean et al., 2015) is included. A product
resulting from a PCR with the primers of a pPOT vector contains a sequence coding for a tag and for
antibiotics resistance in addition to the integration targeting sequences. A variety of pPOT plasmids is
available, with different combinations of tags and resistance markers, making the system rather

flexible. Figure 4.4 illustrates how does the Long primer PCR tagging approach work.

(a)
GS,,:: eYFP:: GS, PFR 3
on act 5 bsr ald3' act 5 v‘é‘\ ald 5 iipr‘ ald 3'
= iene
-aj (80 bp 5' end)
?du long primer PCR
=
|
£ = = —=——u= >
T
.
5'UTR Gene 3 UTR
@ HJLUIHhin:i[]UH
i 1 Fa i
5'UTR act §' bsr ald3'  act5' GS,,:reYFP:: GS,,:: Gene 3'UTR

Figure 4.4. Long primer PCR tagging — N-terminal tagging. Using a pair of primers containing 5’UTR and 5’ of ORF
sequence in a PCR reaction with pPOTv4 plasmid generates an insert flanked by homologous sequences, which

integrate into a specific position of the genome by homologous recombination. Adapted from Dean et al., 2015.

4.7.1.1 Long primer PCR
Using different versions of pPOTs and specific primers for tagging particular genes, long primer PCR

was performed under the conditions specified in Tables 4.7.A and B. Note: Due to presence of long

primers DNA polymerase was added after heating the sample to 94°C.

Table 4.7.A Long primer PCR reaction (50 L) Table 4.7.B PCR program for long primer PCR
Final Amount . ;
Reagent . Temperature Duration Repetition
concentration  [uL]
10X HiFi Reaction buffer 1X 5 Initial ' 94°C 5
(ROCHE) denaturation
10 mM dNTPs 0.2 mM 1 Denaturation 94°C 15"
100% DMSO 2% 1 Annealing 65°C 30" 30 cycles
pDNA (25 ng/uL) 25 ng 1 Elongation 72°C 2!
Primer FW (100 uM) 1uM 0.5 Final extension 72°C 7'
Primer RV (100 uM) 1uM 0.5 Infinitive hold 4°C oo
ddH20 40
HiFi Expand Polymerase 1
(ROCHE)
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The resulting DNA fragment was directly transfected into T. brucei cells by electroporation (Chapter

4.9 Transformation and screening of T. brucei cell lines).

Sequences of primers for tagging by Long primer PCR tagging were retrieved from the primer database
for tagging each gene of the T. brucei genome previously generated by Dr. Samuel Dean (University of

Oxford). Primers used in this thesis are listed in the Supplementary Table 9.2.

4.8 T. brucei cell lines

4.8.1 Cell lines generation

Cell lines were generated by modifying the SmOxP927 strain of Trypanosoma brucei brucei procyclic
cells. The SmOxP927 strain is a robust strain, which survives experimental electroporation rather well.
In addition, as it has been modified to express T7 RNA polymerase and tetracycline repressor, it enables
inducible RNAi (Poon et al., 2012). For more information about produced cell lines, see the

Supplementary Table 9.1.

4.8.2 Trypanosome cultivation and handling

Trypanosome cell lines were grown at 28°C. Their density was kept between 3 x 10> cells/mL and
3 x 107 cells/mL. For cultivation SDM-79 medium supplemented with 10% FBS (Brun & Schénenberger,
1979) was used.

All open manipulations of trypanosome cell lines were performed under sterile conditions in a laminar
flow cabinet Bio Il Advance (Telstar). Cell density was monitored using the cell counter Z2™ COULTER
COUNTER® Analyzer (Beckman Coulter Life Sciences). For dilution of measured samples ISOTON® I

Diluent solution was used.

4.8.2.1 SDM79 (+ 10% FBS) medium
Premix of SDM79 Powder (25.48 g per liter), and Sodium Bicarbonate (2 g per litter) were dissolved in

ddH,0 using H4000-SE Magnetic Stirrer (Benchmark Scientific). Afterwards, the pH was adjusted to 7.3
by Sodium Hydroxide using the pH meter PL-700PV(S) Bench Top Meter (GOnDO Electronic). Thereafter,
autoclaved haemin solution (7.5 pg/mL final in 50 mM NaOH) and heat non-inactivated FBS (10% v/v
final), were added. In the end, the medium was filtered using 0.22 um Millipore filter and transferred

directly to sterilized borosilicate bottles. The medium was stored at 4°C for a month.
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4.8.3 Storing of trypanosome cells

T. brucei cell lines in the exponential phase of growth at approximately 1.5 x 107 cells/mL in SDM79
(+ 10% FBS) medium were transferred to Nunc™ cryogenic tubes (#375418, Thermo Scientific™ and
subsequently sterile glycerol (10% final) was added. Cells were frozen in a deep freezer (-80°C) and for

long-term storage they were stored in liquid nitrogen.

4.8.4 Defrosting of trypanosome cells

After obtaining the cryogenic tube from a liquid nitrogen storage, the tube was filled with a cold (4°C)
SDM79 (+ 10% FBS) medium. Thereafter, an entire volume of the cryogenic tube was gently transferred
into a cultivation flask containing 10 mL of cold SDM79 (+ 10% FBS) medium and placed into a 28°C

incubator.

4.8.5 Disposing of trypanosome cells

For disposal of the parasite, 10% v/v bleach was used. Afterwards, both solid and liquid waste were

autoclaved.

4.9 Transfection, selection and screening of T. brucei cell lines

4.9.1 Vector linearization

Before the transfection of trypanosome cells (Chapter), vectors had to be linearized. For pEnt5 and
pQuadra linearization, Notl and BstXI restriction enzymes were used, respectively. A linearization
reaction (60 puL) was mixed on ice according to Table 4.8, and subsequently incubation at 37°C for
90 min. The enzyme was inactivated by heat for 25 min at 75°C. Linearization was validated by ELFO

(Chapter 4.1.2). All enzymes used are disclosed in the 4.1.

Table 4.8. Plasmid pEnT5/pQuadra

linearization
Reagent Stock ‘ Final
NEB 3.1 buffer 10 X 1X
Enzyme 10,000 U 12U
pDNA 6 ug
ddH20 to 60 pL

4.9.2 Transfection of T. brucei by electroporation

Stable cell lines were generated by electroporation method. DNA was in a form of a linearized plasmid
or a PCR product. For one transfection reaction 1 x 107 cells were resuspended in 500 uL of cold 1X
electroporation buffer (Table 4.9.A and 4.9.B) and transferred in an electroporation cuvettes (#732-

2269, VWR). Following addition of DNA, the electroporation was carried out three times using the BTX
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ECM 830 electroporator (BTX®) was set to: Voltage — 2,000 V; Pulse length — 100 us; Pulses — 1; Interval

— 100 ms; Polarity — unipolar.

Table 4.9.A 3X Electroporation buffer Table 4.9.B 1X Electroporation buffer
Naz2HPO4 0.5M 200 mM 3X Roditi Buffer 3X 1X
NaH2PO4 1M 70 mM CaCl2 1.5mM 150 uMm

KCl 1M 15 mM Qs with dH20 tolmL
Hepes pH 7.3 1M 150 mM
Qs with dH20 to 100 mL

Transfected cells were transferred to 10 mL of prewarmed SDM79 (+10% FBS) medium. After 8 to 16
hrs, an appropriate selectable antibiotic, based on the antibiotic resistance conferred by an

electroporated DNA, was added (according to the Table 4.10).

Table 4.10. List of antibiotics

Antibiotics Manufacturer ‘ Catalogue # Final concentration Usage
Blasticidin InvivoGen ant-bl-1 20 pg/mL tagging with pPOT
G418 (geneticin) InvivoGen ant-gn-5 20 ug/mL tagging with pPOT
Hygromycin InvivoGen ant-hg-1 50 ug/mL tagging with pEnT5
Phleomycin InvivoGen ant-ph-1 5 ug/mL KD selection
Doxycycline hyclate | Sigma-Aldrich | D9891-1G 0.5 pug/mL RNAi induction

4.9.2.1 Handling of transfected cells
Handling of mixed cell population

To obtain clonal populations of transfected T. brucei cell lines these were cloned. First, cells were
diluted to a density of 1 cell per mL in 20 mL of medium (10 mL of fresh SDM79 medium + 10% FBS
mixed with 10 mL of a preconditioned medium plus a selection antibiotic) The preconditioned medium
is a medium in which T. brucei cells were grown to a stationary phase (around 4 x 1077 cells/mL) and
subsequently cleared of cells by centrifugation and filtration. It has been known to increase the

probability of a successful cell division at low cell densities.

Cells diluted in the medium were transferred to a sterile reservoir and pipetted using a multichannel
pipette to a 96-well culture plate (200 pL of medium per well). Subsequently, the plates were placed
in a wet chamber and cultivated at 28°C. After approximately 10 days a population of dividing cells

could be observed in some wells.
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4.9.3 Screening of trypanosoma cell lines

After obtaining clones of T. brucei, these were screened for positive ones by fluorescence microscopy

(see Chapter 4.16).

Results were confirmed by a comparison to the localization database of mNeonGreen fluorescently

tagged trypanosome proteins Tryptag.org (Dean et al., 2017).

4.10 gDNA isolation

Isolation of T. brucei genomic DNA (gDNA) was performed using the DNeasy® Blood & Tissue Kit” from
QIAGEN® following manufacturer’s instructions for tissue manipulation. For one isolation 11 mL of
T. brucei cells in the stationary phase of growth were used. An initial incubation lasted 1 hour and

10 mins at 56°C. Prepared gDNA was stored in 50 pL aliquots at -20°C.

4.11 Tagging validation PCR

An integration of a linearized vector or a PCR product for gene tagging was validated by “tagging
validation PCR” (Tables 4.11.A and 4.11.B). Each primer pair was designed such that one primer
annealed within an ORF of the respective gene while the other one within the sequence of a tag (see

Supplementary Table 9.4.).

Table 4.11.A Tagging validation PCR reaction
(10 pL)

Table 4.11.B PCR program for tagging validation PCR

Reagent Final Amount Ste Temperature Duration Repetition
& concentration [uL] P peratu " P
2X ALLin™ Red Taq Initial
1X i 2!
Mastermix (highQu) > denaturation 95°C
gDNA 300 ng 0.2-0.8* | | Denaturation 95°C 15"
Primer FW (10 uM) 0.4 mM 0.4 Annealing 55-65°C* 15" 40 cycles
Primer RV (10 uM) 0.4 mM 0.4 Elongation 72°C 15" per kb
Final
Qs with ddH,0 to 10 nat 72°C 3
extension
(* Amount of gDNA depended on an individual Infinitive 4°c -
concentrations) hold

(*Annealing temperature depended on individual
primer pair)

4.12 TC-tag labelling

TC-tag (tetracysteine) is specifically binding ReAsH™-EDT, reagent (Invitrogen) that becomes
fluorescent after interaction with TC-tag. Prior and during labelling, tagged cells were cultivated in
SDM79 medium without added serum, because ReAsH is non-specifically binding to serum proteins.
After incubation (45 — 60 min) with ReAsH (2 uM final in DMSO) cells were washed twice and treated

by BAL wash buffer (Invitrogen) in serum free medium.
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4.13 HaloTag labelling

4.13.1 Preparation of biotinylated flagella

Protocol for biotinylation of flagella had to be developed. First, it was determined that biotinylation of
Halo-tagged axonemal proteins does not work in living cells. Hence, it was performed on the
cytoskeletal fractions prepared as described in the Chapter 4.18. The cytoskeletal fraction was washed
in 1X phosphate buffered saline (PBS) (1 mL) and harvested by centrifugation (4,500g, 6 min). The
resulting pellet was gently resuspended in 500 pL of 1,000X diluted PEG-Biotin Ligand (Promega) in PBS.
Incubation was performed for 45 min at RT, followed by two washing steps with 1 mL PBS.
Centrifugation and pipetting led to depolymerisation of subpellicular microtubules leaving relatively
clean flagellar cytoskeletons. These could be stored at 4°C for several days. To validate biotinylation of
HaloTag-tagged proteins, the samples were incubated at RT for 30 min with Streptavidin — Cy5

Conjugate (Life Technologies) 500X diluted in PBS and visualized by fluorescent microscopy.

4.13.2 TMR ligand and Coumarin ligand staining of HaloTag tagged protein

Live T. brucei cells (tagged by HaloTag) in medium were treated by 100X diluted in medium Coumarin
ligand or TMR (2,6-dideoxy-4-thiomethyl-beta-d-ribohexopyranoside) ligand (10X diluted in
DMSO) for 1 hour in dark conditions at 28°C. Then, three washes in medium were performed in order

to wash off non-bounded Coumarin ligand or TMR ligand.

4.13.3 Time course TMR labelling experiment

A well grown culture (app 1 x 107 cells per mL in medium SDM79 + 10% FBS) of a POl::mNG-HaloTag tagged
cell line was diluted to 1 x 10° cells/mL and distributed into 34 wells (200 pL each) on a 96 well plate
as described in Figure 4.5.A. Thereafter, TMR ligand (1,000X final dilution) was added to 6 wells and
incubated from 45 min to 1 hour (Fig. 4.5.B). After the incubation, TMR-treated cells were washed
three times with a fresh medium (with centrifugation at 900g, 4 min between the washes) to remove
unbound TMR ligand and transferred into fresh wells (Fig. 4.5.C). Cells for time point t0 = 0 hours after
TMR incubation were immediately harvested by centrifugation and further proceeded for imaging like
in Chapter 4.15. Simultaneously, cell density was determined as a mean value of cell densities
measured for 4 independent wells. For further time points (t1=2hrs, t2=4hrs, t3 =16 hrs,
t4 = 24 hrs, t5 = 48 hrs) cells for imaging and cell density measurements were processed as for t0.
However, in addition, at these time points a control cell culture for a direct intensity comparison, which
corresponded to t0, was set up. In this case, the cells were incubated with TMR ligand and mitotracker

(MTT) for an hour before the respective time point was taken.
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4.14 Fluorescence staining

Preparation of two cell populations imaged in the same field of view by staining mitochondria in one

population to distinguish between them.

4.14.1 Hoechst staining of DNA

Staining of DNA by Hoechst 33342 Solution (#62249, Thermo Fisher). One cell population was stained
with Hoechst from experimentally set timing: 1 to 10 min (working solution 1 pg/mL), both in PBS or
medium. Then, cells were washed two times and mixed with an unstained population of cells. After

the fixation step, cells were observed under the microscope.

4.14.2 Mitotracker staining of mitochondria

Two fluorescent dyes staining mitochondria were tested for this purpose. Mitotracker CMX Ros (final
conc. 20 nM) and mitotracker Deep Red (final conc. 50 nM) (both gift from Dr. Tomas Mracek, Institute
of Physiology CAS, CR). Incubation of living cells in a medium with a dye was carried out for 45 min in the
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dark at 28°C. Next, 1 mL of PBS was added and cells were centrifuged for 5 min at 900g. Than two PBS

washes followed (900g, 5 min), continued by methanol fixation step.

4.14.3 Immunofluorescence assay

Cells were harvested at 48, 66, and 72 hrs after RNAi induction (see Chapter 4.5.1.1). Afterwards, cells
were settled on a glass slide in wells with hydrophobic borders (Chapter 4.15). Glass slides were
treated by blocking solution (10% FBS in PBS v/v) for 1 hour in the dark. Individual wells were incubated
with a primary antibody (See Table 4.12) diluted by 1% BSA in PBS (1 hour at RT in the dark).
Subsequently, 5 min washes were conducted for five times by immersing the slides in a Coplin jar with
fresh 1X PBS. Afterwards, the secondary anti Mouse IgG H + L647 antibody (250 x diluted in 1% BSA in
PBS) was used for 1 hour at RT in the dark. Washes were performed like in the case of primary

antibodies. Glass slides ware subsequently mounted as in Chapter 4.15.

Table 4.12. List of antibodies

A pod Orga O oNa pe a 3 e atalogue H

Anti-HaloTag® pAb Rabbit Polyclonal | primary Promega G9281
L8C4 (a-PFR2) (Kohl et al., 1999) Mouse Monoclonal | primary From K.Gull //
mNeonGreen antibody Mouse Monoclonal | primary Chromotek 32f6-100
MAb25 from D.
Mouse Monoclonal | primary Robinson //

M2DH62
(Abeywickrema et al., 2019) Mouse Monoclonal | primary From K.Gull //
HRP anti-mouse IgG Rabbit Monoclonal | secondary Sigma A9044
Alexa 647 Thermo

. Goat Polycl | . A21235
anti-Mouse IgG (H+L) oa olyciona secondary Scientific

4.15 Preparation of samples for microscopy

4.15.1 Methanol fixation

Microscopy slide glass (76 x 26 mm, Thermo Scientific) was rinsed in ethanol (clean, 70%) and set to dry
in a dust-free chamber. On one side of the glass slide, chambers were drown with a hydrophobic
barrier pen (Dako). Meanwhile, cells were collected by centrifugation, washed with PBS and
resuspended to approximately 1 x 1077 cells/mi in PBS. 50 pL of cell suspension were then pipetted
into chambers with a hydrophobic border. Cell adhesion to the surface of the glass slide was monitored
under an inverted light microscope (zeiss Axio Vert.A1). Depending on the cell density, cells were let to
adhere from 30 sec to 5 min. Thereafter, an excess of PBS was removed from the glass slides, which
were immersed in -20°C methanol in a Coplin jar. Methanol incubation was carried out for 20 min at -
20°C. Afterwards, the slides were immersed in PBS in a Coplin jar for minimum of 20 min. Fixed cells

on slides were stored in PBS (1X) for up to 2 days at 4°C.
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4.15.2 Mounting samples for microscopy

Immediately after removing an excess of PBS approximately 5 puL of a mounting medium was added
to every sample. The composition of the mounting medium was as follows: glycerol (90%), Dabco
(10% w/v 1,4-diazobicyclo(2,2,2)octane in glycerol), and a fluorescent stain DAPI (4',6-diamidino-2-
phenylindole) (Sigma) for counterstaining DNA. In cases of the DNA staining with Hoechst fluorescent
dye (Chapter 4.14.1), a mounting medium without DAPI was used. DAPI-Fluoromont-G mounting
medium (Southern Biotech) was also used. Samples were covered with a coverslip (thickness,

company), which were attached to a slide using nail polish.

4.16 Fluorescence microscopy

4.16.1 Image acquisition

All the imaging was carried out on AXIOPLAN 2 imaging microscope (Carl Zeiss, ser# 3511001456), with a
40X Plan-NEOFLUAR, 1.3 Qil, and 100X Plan-APOCHROMAT, 1.4 Qil objective lenses (Carl Zeiss).
Acquisition of images was performed using a Zyla 4.2 sCMOS camera (ANDOR) and Micro-manager
software. An immersion oil Immersol™ 518 F (Carl Zeiss) with a refractive index of 1.518 was used.

Also, microscope cover glasses (Marienfeld) give Rl = 1.5.

Filter sets used for fluorescence imaging are specified in Table 4.13. For a multi-channel acquisition
images were taken in the order as present in Table 4.13 (from top to bottom). In addition, a phase

contrast image of each field of view was also obtained.

Table 4.13. List of fluorescent filter sets and their EX/EM spectra

Fluorescent Zeiss Excitation Beam Emmision Exposure

filter filter set [nm] splitter [nm] [nm] time [ms]

43 BP545/25 BP605/70 2,000

38 BP470/40 FT495 BP525/50 2,000
26 BP575-625 | FT645 | BP660-710 | 200 -300
49 G363 FT395 BP445/50 30

4.16.2 Image correction

To correct for an unevenness of fluorescent illumination images in the FITC and TRITC channels with
soluble fluorescein (100 mg/mL in water) or rose Bengal (100 mg/mL in water) were acquired. Using
Z-projection tool the mean intensity was calculated for 20 images of each channel to create a median
flat-field image. Similarly, for both channels, the so-called dark images were acquired (no light reaching
the camera) and their average calculated. Next, the dark image was subtracted from mean flat-field

image for both channels. The obtained correction image was subtracted from every acquired image.
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4.16.3 Image analysis
Images were processed and analysed by Java based program ImagelJ (Schneider et. al, 2012). Flagella

were manually outlined by the segmented line tool (width 8) using the mNG fluorescence image. The
line has been drawn from the centre of the kinetoplast towards flagellar tip and beyond (Fig. 4.6.).
Generated intensity plots were transferred to Excel, where they were analysed. Further, background
values were measured separately for each flagellum in both (TRITC and FITC) fluorescent channels. An
average background value was subtracted from every intensity value of a flagellum. Created data sets

were normalized to the 0 — 1 range [(value - min)/(max - min)].

Figure 4.6. Intensities measurements of fluorescently marked flagellar protein of interest (POI)

Example of intensities measurements in both green and red channels for flagellum (C) and background (D).
A) Phase contrast photo of a T. brucei cell that was analysed. B-D) Fluorescence images of analysed T. brucei
cell, where POl is tagged endogenously (green) and subsequently same POl is marked in t0 by fluorescence
TMR label (red). DAPI (magenta) is visualising DNA: n = nucleus, and k = kinetoplast. The cell is in 4 hours
after labelling with TMR and washing excess of it out of the cell. C,D) All measurements were done in ImageJ.
C) The blue line (width 8) has been drawn from the middle of the kinetoplast towards flagellar tip, crossing
green signal. Data for both intensities were obtained. D) The blue line (width 8) has been drawn near the
flagellum for measurement of background intensities for both fluorescent channels. Scale bars represent
5pum.

4.16.3.1 Selection of cells for analysis
In general, all flagella with TMR signal within a particular image were taken for analysis. However,

flagella with particularly blurred signal in their distal half (due to being out of focus) or those

overlapping in their distal half with another flagellum were omitted from image analysis.

4.17 Analysis of fluorescence intensity signal
To analyse the fluorescence intensity profile automatically, a custom-made R script, written and
developed by Ludék Stépanek Ph.D., was used. This approach is described in the Chapter Result in

detail.

4.18 Cytoskeletal preparation

2 x 108 T. brucei cells were collected by centrifugation (1,500g for 10 min, @RT). Cells in the pellet were
washed with PBS (1X). After centrifugation (1,500g for 10 min, @RT) supernatant was carefully
discarded by pipetting. Cells were treated (for 3 min) with PEME buffer (100 mM PIPES, 2 mM EGTA,
1 mM MgS0,4, 0.1 mM EDTA, pH 6.9) with the addition of 0.5% IGEPAL® (Sigma-Aldrich), protease
inhibitors (Table 4.14), and DNase — Benzonase (1 uL). Cytoskeleton fraction was pelleted by

centrifugation (3,000g for 5 min, @RT), and washed with PBS (1X).
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Table 4.14. Protease inhibitors

Protease inhibitor Manufacturer Catalogue #  Final conc.
Leupeptin hemisulfate salt Sigma // 50 uM
Pepstatin A Sigma P5318-25MG 7.5 uM
PMSF Roche 10837091001 500 uM
E-64-d Enzo Life Sciences BML-PI1107 5uM

4.19 Protein separation and detection

For separation and detection of tagged proteins, sodium dodecyl sulfate — polyacrylamide gel
electrophoresis (SDS-PAGE) (Laemmli, 1970) and Western blot methods were adapted. Three types of
western blot protocols were tested; turbo blotting, semi-dry blotting, and wet blotting. The best results

were obtained by the wet-blot protocol.

4.19.1 Sample preparation

Approximately 2 x 108 cells were harvested by centrifugation (1,500g for 10 min @RT). Then the cells
were washed with PBS and spun at 1,500g for 10 min @RT. Pelleted cells were first treated like in
the chapter 4.18., except for the PBS wash in the last step. Subsequently, cells were fractionated. From
the soluble protein fraction, a sample of 100 plL was collected and supplemented with 5X SDS Sample
Buffer (Table 4.15) to final concentration 1X. Another 50 pL of soluble protein fraction was stored for
protein concentration measurements. The pellet was dissolved in 48 uL of 1X PBS. 10 uL of the pellet
was retained for protein concentration measurement. The rest of the pellet fraction was
supplemented with 5X SDS Sample Buffer to final concentration 1X. Subsequently, samples in 1X SDS

Sample Buffer were heated to 85°C for 4 min.

Table 4.15. 5X SDS sample buffer

Reagent Final . Amount
concentration

Tris-HCl pH 6.8 (1 M) 225 mM 4.5 mL
Glycerol (100%) 20% 4 mL
SDS (20%) 5% 5 mL
Bromophenol blue 0.05% 10 mg
B-mercaptoethanol (100%) 1M 1.5626 mL
Qs with ddH20 20 mL
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4.19.2 SDS-PAGE

In the case of semi-dry and turbo blot, manually casted gels were used. While, in the case of wet blot,

pre-cast Mini-PROTEAN® TGX™ 4 — 15% (Bio-Rad Laboratories; cut. # 456-1085) gels were used.

4.19.2.1 Polyacrylamide gel casting
Polyacrylamide gels were prepared using Mini-PROTEAN® Short Plates equipment from Bio-Rad with

1.5 mm integrated spacers. First, separating gel was casted according to Table 4.16.A and set to solidify
for 20 min. After that, upper stacking gel (Table 4.16.B) was casted. A comb was inserted and the gel

was set to solidify for 30 min at RT.

Table 4.16.A Lower separating gel (10%) Table 4.16.B Upper stacking gel (4%)
Final Amount Final Amount
Reagent . Reagent .

concentration  [ulL] concentration  [ulL]
ddH20 3,043 ddH>0 1,814
Tris (0.5 M, pH 6.8) + SDS 1,875 Tris (0.5 M, pH 6.8) + SDS 750
acrylamide:bisacrylamide 10% 2,500 acrylamide:bisacrylamide 4% 400
(29:1) (30% w/v) (29:1) (30% w/v)
TEMED 8 TEMED 6
APS (10% w/v) 0.01% 75 APS (10% w/v) 0.01% 30

4.19.2.2 Sample loading
Before loading on the gel, samples in 1X SDS Sample Buffer were heated to 85°C for 3 min. As a protein

size marker, Color Prestained Protein Standard (#P7712L, NEB) was used (Fig. 4.7). A cell equivalent of

1 x 107 cells and 3 x 107 cells was loaded for a soluble and pellet fractions, respectively.

4.19.2.3 SDS-PAGE protocol
Vertical electrophoresis was running in 1X running buffer (diluted from 10X; acc. to Table 4.17) with

constant voltage of 100 V in a Mini Bio-Rad electrophoresis apparatus (Bio-Rad).

Table 4.17. 10X running buffer

Final
Reagent . Amount
concentration
Trizma (1 M) 250 mM 30.285¢g
Glycine (1 M) 192 M 144.13 g
SDS (20%) 1% 50 mL
Qs with ddH.0 1,000 mL
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4.19.3 Western blot

In semi-dry and wet blotting approaches, 1X transfer buffer for large proteins was used (prepared

according to Tables 4.18.A and 4.18.B).

Table 4.18.A 10X transfer buffer Table 4.18.B 1X transfer buffer for large proteins

Final Final
Reagent . Amount Reagent .
concentration concentration
Tris (1 M) 250 mM 30.285¢g 10X transfer buffer 1X 100
Glycine (1 M) 1.92 M 14413 g SDS (20%) 0.01% 0.5
Qs with ddH20 to 1,000 mL | | Methanol (100%) 2% 20
Qs with ddH20 to 1,000

4.19.3.1 Turbo blotting
A prepared blotting sandwich (3X tissue, a nitrocellulose membrane, SDS-PAGE gel, 3X tissue) was

wetted by 1X turbo blotting buffer (48 mM Tris, 20 mM Hepes, 20% EtOH). A set program for 1.5 MM

Gel, 10 min employed using a Trans-Blot® Turbo™ Transfer system (Bio-Rad).

4.19.3.2 Semi-dry blotting
A blotting sandwich (3X filter paper, a nitrocellulose membrane, SDS-PAGE gel, 3X filter paper) was

rinsed in 1X transfer buffer (Table 4.18.B) and placed to a TE77X semi-dry transfer unit (Hoefer). Protein

transfer was performed for 90 min at 34 mA/gel.

4.19.3.3 Wet blotting
A prepared blotting sandwich (sponge, 3X wet chromatographic paper, SDS-PAGE gel, nitrocellulose

membrane, 3X wet chromatographic paper, sponge) was soaked in 1X transfer buffer (Table 4.18.B)
and enclosed in a plastic holder (Bio-Rad). A tank was filled with 1X transfer buffer and a the holder
with the blotting sandwich was placed into it together with a filled ice container. Protein transfer was

performed for 2 hrs at 360 mA (constant).

4.19.4 Ponceau staining of membranes

After the transfer, membranes were stained for 3 min with Ponceau staining (AdvanStain Ponceau -
Advansta) to validate the transfer. Afterwards, membranes were washed 3 times in 5% milk in PBS-T

(Table 4.19.) by shaking for 5 min at RT.

Table 4.19. PBS-T recipe
Final Amount

Reagent concentration | [mL]
10X PBS 1X 500
ddH20 4,500
Tween 20 0.10% 5
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4.19.5 Blocking of membranes

The membrane was incubated in 10% milk in PBS-T for 1 hour at RT on a shaker. Alternatively,
incubation was performed in 5% milk (in PBS-T) O/N at 4°C. Afterwards, three washes (5 min, at RT)

with 1% milk in PBS-T were performed on a shaker.

4.19.6 Incubation with primary antibody

Membranes were incubated for 1 hour while shaking with the primary antibody- Mouse monoclonal
antibody to mNeonGreen protein ([32F6] Chromotek) 1,000X diluted in 1% milk in PBS-T. Then, three

washes of 15 min with 1% milk in PBS-T were performed.

4.19.7 Incubation with secondary antibody

Membranes were incubated with the secondary antibody— Rabbit anti-mouse IgG whole M conjugated
with HRP (#A9044, Sigma) diluted 5,000X 1% milk in PBS-T for 1 hour sealed in a plastic foil bag.

Thereafter, three washes for 15 min with PBS-T on shaker were performed.

4.19.8 Detection of proteins by chemiluminescence

Horseradish peroxidase (conjugated to the secondary antibody) was visualized by Enhanced
Chemiluminescence Substrate (#NEL103001EA, PerkinElmer). Signal detection was carried out by Azure

cSeries 300 using cSeries Capture software.

4.19.9 Visualisation of proteins in gels

This protocol was applied for visualisation of proteins in the polyacrylamide gel e.g. to determine the
efficiency of the transfer to membranes. Immediately after the transfer, polyacrylamide gels were
soaked in water three times (5 min each). Then, the gels were incubated in ddH,0, acetic acid and
metOH in a ratio 4:1:5. After that, gel was stained with Coomassie Brilliant Blue R-250 Staining Solution
(Bio-Rad, #1610437/#1610436) for 1 to 2 hours at RT on a shaker. Finally, the gels were destained in
a solution of dH,0, acetic acid, and metOH in ratio 6.75:0.75:2.5, until areas of the gels without

proteins became devoid of the dye.
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5 Results

5.1 Selection and identification of axonemal proteins to be included in the study

Proteins for this study were selected according to the information from available literature
sources. First, representatives from every major axonemal component were picked. Among

those medically important proteins were preferred (see the chapter about ciliopathies).

Following proteins were selected: TMD associated proteins from ribbon Rib72
(Th927.10.7690) (Nguyen et al., 2013) and inner junction FAP20 (Tb927.10.2190) (Hodges et
al., 2011); RS proteins for head RSP4/6 (Tb927.11.4480), neck RSP2 (Th927.5.2850), and stalk
RSP3 (Th927.11.1150); N-DRC proteins of two subunits DRC4 (Tb927.9.15050) (El-Sayed et al.,
2005), and DCR2 (Tb927.11.7240) (Kabututu et al., 2010); CA proteins from bridge structure
PF20 (Th927.10.13960), C1 projection — PF16 (Th927.1.2670), and C2b projection — Hydin
(Th927.6.3150) (Dawe et al., 2007); proteins of both axonemal dynein arms: ODA — ODA2
(Tb927.3.930) (Edwards et al., 2018), and IDA — IAD (Tb927.4.870) (Wickstead & Gull, 2007);
peri-axonemal structure component CFAP43 (Tb927.4.5380) (Coutton et al., 2018); and PFR
protein PFR2-2 (Tb927.8.4980) (Lacomble et al., 2009).

Subsequently orthologs of these proteins were identified in T. brucei. All the polypeptide
sequences were obtained from the National Center for Biotechnology Information (NCBI)
database. Basic Local Alignment Tool (BLAST) was used for identification of a protein encoded
by the T. brucei genome with the Reciprocal-best-BLAST (RBB) match. With this approach the
following trypanosome proteins were identified: Hydin Th927.6.3150, pBLAST human to
T. brucei, first hit with values: E value = 5e-111, identity = 29%. PBLAST T. brucei to human: E
value = 2e-110, identity = 29%, the second best hit. This was previously published by Dawe et
al., 2007. FAP20 Th927.10.2190, pBLAST human to T. brucei - first hit: E value = 1e-122, ident
= 83%. PBLAST T. brucei to human - first hit: E value = 1e-124, ident = 81%. This was previously

published by (Hodges et al., 2011). Others were characterised by tritrypdb.org database.

In T. brucei genome, a large duplication and transposition event resulted into formation of
partial duplicated chromosomes 4 and 8 (Jackson, 2007). This led to generation of two
paralogous genes — Th927.4.5380 and Th927.8.4720. Hence, it was necessary to recognize

between them. gDNA of created cell line was isolated, PCR was done with primers MP058 (in
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tag gene) and MPO061 (in gene of interest). Subsequent PCR product was sent for sequencing,

which confirmed that the correct sequence has been tagged by mNG-HaloTag construct.
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5.2 Preparation of T. brucei cell lines expressing fluorescently tagged axonemal proteins

Cell lines expressing tagged proteins from endogenous loci were prepared via homologous

recombination using either linearized vectors or PCR products (see materials for details).

Examples of both types of prepared DNA are shown in Fig. 5.1.

1kb ladder A B c D E F 1kb ladder

Figure 5.1. Example of control ELFO
of DNA used for tagging
approaches. A,B) Long primer PCR
reaction; C,D) linearized pDNA -
vector after restriction; E,F) cccDNA
- vector before restriction. A) A long
primer PCR product from pPOTv7 for

tagging of a-tubulin (Tb927.1.2360) with TC tag. B) A long primer PCR product from pPOTv7 for tagging of DRC4
(Th927.9.15050) with mNG-HaloTag. C,E) pDNA construct of pEnT5 for tagging of Hydin (Tb927.6.3150) with
mNG-HaloTag. D,F) pEnT5 tagging of FAP20 (Tb927.10.2190) with mNG-HaloTag. 1kb ladder = DNA length marker

in nt.

SmOxP927 cells were transfected with vectors or PCR products by electroporation, followed

by cloning and selection with antibiotics (see 4.9.). Resulting clonal cell lines were examined

under a microscope and observed protein localisations compared to the Tryptag.org database

of localisations of fluorescently tagged proteins encoded in the genome of T. brucei. For all

tagged proteins the localizations were consistent with the Tryptag.

Integration of the tagging cassette into the correct place in the genome was validated by PCR

(see 4.12.) on isolated genomic DNA using a primer specific for the tag and a primer specific

for the tagged ORF (Fig. 5.2.).

RSP4/6 RSP2 RSP3 PF1E PF20 PFR2 Rib72 DCR2
1 kb ladder 1 kb ladder
o i S —
I = S
1000
-
Expected 1,321 1,406 1,283 1,439 1,350 1,446 1,562 666
length of PCR
product [nt]
FCP3
1kb L 1D DAD2 FAP20 kinesin  DRC4 ACS1 hydin  CFAP43  1kbl
2,000
1,500 - ey Ny
iz - N e e sz #

Table 5.1. Proteins tagged by
mNG-HaloTag and their gene DB

accession numbers with
estimated “tagging validation
PCR” products lengths in nt.

Gene DB PCR
accession product
number length [nt]

RSP4/6 | Th927.11.4480 1,321

Protein

name

RSP2 Th927.5.2850 1,406

RSP3 Th927.11.1150 1,283

IAD Th927.4.870 1,797

OAD2 Th927.3.930 1,693

PF16 Th927.1.2670 1,439

PF20 Tb927.10.13960 1,350

FAP20 Th927.10.2190 1,461

FCP3 Th927.10.890 1,465

DRC4 Th927.9.15050 1,358

Expected
length of PCR
product [nt]

1,797 1,693 1,461 1,465 1,358 1,377 1,732 1,453

Figure 5.2. Validation of correct integration of tagging cassettes into
the genome by PCR and ELFO. A,B) Visualisation of PCR products in
the agarose gel after separation by ELFO. 1kb Ladder was used (DNA

fragments length on left in nt). See Table 5.1. 56

DCR2 Th927.11.7240 666

PFR2-2 Th927.8.4980 1,446

Rib72 Th927.10.7690 1,562

ACS1 Th927.7.6180 1,377

Hydin Th927.6.3150 1,732

CFAP43 Th927.4.5380 1,453




5.3 Western blot validation of expression of tagged POI
To test whether tagged POls were expressed, SDS-PAGE and western blot analysis of

cytoskeletal fraction using antibody against the mNG tag was performed for a selected POls.
As shown in Fig. 5.3. tagged proteins PF20, FAP20, ACS1, DCR3, PF16, DRC4, RSP4/6, PFR2,
OAD2, IAD, CFAP43, and Rib72 were expressed and were of a predicted molecular weight (see
Table 5.2.). Tagged Hydin was present, but its molecular weight was considerably lower than
expected. The nature of this discrepancy is unclear, but may be caused by proteolytic
processing of the protein. Of those assessed by western blotting protein RSP2 could not be
detected; this could be caused by the inability of these proteins to be separated by SDS-PAGE
or transferred to a membrane. Alternatively, this could reflect their levels being below the

detection range of the used approach.

kDa PFI0 FAP20 kDa ACS1  DCR2  RSP3
S — Table 5.2 List of protein of interest molecular
130 — L weight (Mw) in kDa including Mw of added tags
135 — o Protein Gene DB M;Leic:ltar Mw with
-— name accession number g tags [kDa]
[kDa]
100 — a0 — s e e
RSP4/6 | Th927.11.4480 66.92 128.04
RSP2 Th927.5.2850 57.6 118.72
RSP3 Th927.11.1150 39.39 100.51
kDa kDa IAD Th927.4.870 510.19 571.31
25— pri6 DRCa RsPaf6 o T OAD2 | Tb927.3.930 531.5 | 592.62
AN PF16 | Tb927.1.2670 56.14 | 117.26

i T PF20 | Tb927.10.13960 | 6558 | 126.7
. FAP20 | Tb927.10.2190 | 346 | 95.72

100 — i DRC4 | Tb927.9.15050 | 54.18 | 1153
DCR2 | Th927.11.7240 | 5868 | 119.8
PFR2-2 | Tb927.8.4980 | 69.61 | 130.73

0AD?  IAD CFAP43 Rib72 kDa Rib72 | Tbh927.10.7690 82.85 143.97
» - Hydin

ko ACS1 Th927.7.6180 29.96 91.08

r— il Hydin Tb927.6.3150 501.1 562.22
245 — Vi CFAP43| Tb927.4.5380 164.98 226.1
%0 —

135 —

135 — —
100 — 100 —

Figure 5.3. Set of western blots. Loaded proteins
from pellet fraction with protein marker in kDa.
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5.4 validation of tagging of correct proteins by RNAi depletion

To further validate that correct proteins were tagged, cell lines with inducible RNAi against
two RSP proteins (RSP3 and RSP4/6) were created in the respective tagged background. Two
RNAi competent clonal cell lines were analysed for each of the proteins. In Fig. 5.4. two cells
fixed 48 hours after RNAi induction are displayed. There is no mNG signal detected in the
flagellum of the cell on the left, indicating that RSP4/6 protein is not present in this cell due to
RNAI. However, this cell does still form a flagellum, as apparent from the phase contrast image
and from immunofluorescence staining with an antibody against PFR (Fig. 5.4B). On the other
hand, the cell on the right possesses a strong mNG signal in both old and new flagella. It has
been reported that in the used parental cell line, SMOXP9, expression levels of transgenes
considerably even within a clonal population (Poon et al., 2012). Hence, it is possible that this

cell represents a cell with a very low expression of hairpin RNA targeting RSP4/6.

Figure 5.4. mMNG::RSP4/6 (KD) cell line in 48 hrs after RNAi induction. A-D) KD cell (left) and RNAi resistant
cell (right). A) RSP4/6::mNG; B) PFR; C) merge: RSP4/6::mNG (green), antibody against PFR — L8C4 (red),
DNA stained by DAPI (magenta); D) Phase contrast. Scale bars represent 5 um.

Table 5.3. Number of induced and RNAiI resistant cells (cells with green signal). mNG::RSP-RNA. cell lines in
three time points (48, 66, and 72 hrs) after RNAi induction. mMNG = mNeonGreen, KD = knock down, cl = clone

RSP4/6::mNG — RNAI (cl01) 48 277 115 28.2
RSP4/6::mNG — RNAi (cl01) 66 196 46 19.0
RSP4/6::mNG — RNAI (cl01) 72 251 82 24.6
RSP4/6::mNG — RNAI (cl02) 48 492 115 18.9
RSP4/6::mNG — RNAi (cl02) 66 267 73 21.5
RSP4/6::mNG — RNAI (cl02) 72 369 89 19.4
RSP3::mNG — RNAi (cl01) 48 229 56 19.6
RSP3::mNG — RNAi (clo1) 66 721 299 29.3
RSP3::mNG — RNAI (cl01) 72 632 224 26.2
RSP3::mNG — RNAi (cl02) 48 166 61 26.9
RSP3::mNG — RNAI (cl02) 66 438 119 21.4
RSP3::mNG — RNAi (cl02) 712 486 368 43.1
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Proportions of the cells with mNG signal in their flagella (i.e. RNAI resistant cells) in cell
population were further quantified over time. Data were obtained at 48, 66, and 72 hours
after RNAi induction of the four cell cultures (two clones of RSP4/6 KD and two clones of RSP3
KD). Results are summarised in Table 5.3. The proportion of cells with mNG signal did not
decrease over time, as expected if these were only cells present in the population before RNAI
induction, given the logarithmic growth of the culture over this time period. Hence, some of
the cells with mNG signal must stem from division of RNAi resistant cells during the course of

the experiment.

5.5 Depletion of RSP proteins causes shortening of the flagellum
At later time points after RNAIi induction a substantial difference in the length of flagella
between cells with and without mNG signal was observed (Fig. 5.6.; Table 5.4.). Visualisation

of flagella was done by the MAb25 antibody against an axonemal protein (Fig. 5.5.).

Figure 5.5. RSP4/6 (KD) cell line in 66 hrs after RNAi induction. A cell without the RSP4/6 protein (left)
and a cell with the protein in the flagellum (right): A) RSP4/6::mNG signal; B) an axoneme stained by
Mab25 antibody; C) merge: mNG::RSP4/6 (green), axoneme (red), DNA stained by DAPI (magenta); D)
phase contrast. Scale bars represent 5 um.
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Figure 5.6. Length of flagella in 66 hrs after RNAi induction. KD =
knock down phenotype, cl = clone culture 59



Depletion of both RSP4/6 an RSP3 led to a mild decrease in a cell culture growth rate. This is
apparent from cumulative growth curves shown in Figures 5.7.A and 5.7.B. Previously, it was
shown that T. brucei cells with impaired flagellar motility, including cells depleted of RSP3,
have problems to undergo cytokinesis. Most likely because the flagellar motility is involved in
resolution of two daughters at the end of cytokinesis (Ralston et al., 2005; Branche et al.,
2006). This can be overcome by growing the culture under shaking conditions (Ralston et al.,
2005; Branche et al., 2006). To test this, the cells were cultured shaking at 80 rom. However,
no restoration of the growth rates to those of cultures not depleted of the RSP proteins was

observed (Fig 5.7.).

A RSP4/6 B RSP3
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0 20 40 60 80 100 0 20 40 60 80 100
Time of induction (hrs) Time of induction (hrs)

Figure 5.7. Non-induced (blue) and induced (red) cells in shaking condition (pale) and non-shaking conditions
(dark).
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5.6 Labelling of proteins with Halo ligands

A fluorescent protein tag, mNeonGreen, was used to visualize an entire population of a POl in
a cell. A self-labelling tag, HaloTag, was employed to monitor behaviour of a cohort of
molecules of the POI present in the cell at a specific time point (Fig 5.8.). As the interaction of
the HaloTag with its fluorescently labelled ligand is covalent, there is no artificial decrease of
labelling over time due to the ligand unbinding. The HaloTag approach was successfully
applied in the pastin T. brucei to study assembly and turnover of cytoskeletal structures (Dean

etal., 2016).

5.6.1 HaloTag labelling approach

Small (33 kDa), monomeric enzyme haloalkane dehalogenase originated from bacteria
Rhodococcus rhodochrous (Kulakova et al., 1997), was modified to fusion tag — HaloTag, which
uses its ability to covalently bind the substrate through chloroalkane groups. This stable ester
bond displays high specificity and occurs quickly (Encell et al., 2012). Possession accessibility
of chloroalkane group, in the form of a chloroalkane linker, creates a variety of potential
binding synthetics substrates. These substrates are diverse from fluorescent labels, which are
available in various colours, to reactive ligands, or surfaces. This attribute makes HaloTag

technology genuinely modular system, which employs an individual DNA vector (Los et al.,

2008).
incubati
gene * |ncu8? on
: | | | expression [ ]:[ NGJ:[HaIO} ** Wash
_— POl dm —
Gene of mNG Halo Tag Tag +
interest gene gene TMR

— ()RR

Figure 5.8. Schematic model of dual mNeonGreen - HaloTag labelling approach.

Firstly, DNA construct of mNG-HaloTag was incorporated into DNA, creating one expression casette with the
gene of interest. Secondly, after gene expression, POl::mNG-HaloTag fusion protein (green fluorescence) was
incubated with TMR HaloTag ligand (red fluorescence). Thirdly, washing procedure got rid of non-bounded
TMR. Immediatelly after, all tagged POI in the cell was emerging green and red signal simultaneously.
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5.7 mNG-HaloTag tagged proteins localise to the flagellum and the tag is functional

First, generated cell lines were incubated with TMR-Halo ligand for 1 hour (see 4.13). Excess
TMR ligand was washed out, and cells were observed by fluorescent microscopy. The most
prominent TMR signal was in all cases observed in the flagellum. Both mNG and TMR signals

generally overlapped (Fig. 5.9.), demonstrating that the tagging does not interfere with

localisation of tagged proteins and that the HaloTag is functional.

phase contrast

phase contrast

CADZ::mhNG
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Figure 5.9. Visualissation of POl::mNG-HaloTag cell lines labelled with TMR ligand. mNG-HaloTag::POlI cell
lines were incubated with TMR ligand, washed, and immediately fixed on a glass slide A-M) Fluorescence
images and cell phase contrast images. Scale bars represent 5 um.

The intensities are not identical for each protein neither flagellar to cell body intensities
(Fig 5.9.). This can be caused by variable expression of the individual proteins and
subsequently by different cytosolic pool. Another explanation could be variable abundance of

each protein in the flagellum.

In addition, cell lines expressing mNeonGreen-HaloTag tagged non-axonemal flagellar
proteins, namely ACS1, which localises to the axonemal capping structure, and FCP4/TbKin15,
which localises to the flagella connector (Varga et al., 2017), were successfully prepared

(Fig. 5.10.), but so far not fully validated and analysed.

Figure 5.10. Cell lines expresing endogenously tagged POl::mNG-HaloTag. A) FCP4/TbKin15::mNG-HaloTag
(green) expressing cell line is showing its localisation at he tip of new flagellum. B) ACS1::mNG-HaloTag
(green) expressing cell line is showing localisation of ACS1 in the flagellar tip. A,B) DNA stained with DAPI
(magenta). Scale bars represent 5 um.
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5.8 Tagged tubulin cannot be incorporated into the flagellum

Cell lines expressing a-tubulin endogenously tagged with either mNeonGreen-HaloTag or only
HaloTag were prepared. It was possible to detect mNeonGreen signal in the cell body
(Fig. 5.11.B). However, flagella were completely devoid of the signal, which was particularly
apparent in the distal part of the flagellum overhanging the cell body (arrow in Fig. 5.11.).

HaloTag tagged tubulin only behaved identical in these experiments.

Figure 5.11. Cell line expresing endogenously tagged a-tubulin::mNG-HaloTag.
Tagged a-tubulinis occuring only in cell body. Arrows indicate flagellum. A) Phase
contrast. B) Fluorescence image of a-tubulin::mNG-HaloTag (green) expressing
cell line, DNA stained by DAPI (magenta). Scale bars represent 5 um.

This is consistent with previously published observations of tagged tubulin not entering the

flagellumin T. brucei (Sheriff et al., 2014). Hence, tubulin was not further studied in this work.
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5.9 HaloTag tagging of protein enables their biotinylation

To further investigate the potential of the HaloTag technology, biotinylation experiments were
performed. Biotin on the surface of an axoneme could be used, for example, to bind the
axoneme in a defined way to surfaces of glass slides or beads with streptavidin or anti-biotin
antibody. Two types of HaloTag ligands with attached biotin are available: HaloTag® Biotin
Ligand and HaloTag® PEG-Biotin Ligand, which contains a polyethylene glycol spacer
(Promega, 2019). Experimentally, binding of HaloTag® Ligands with biotin was tested using
cell line with mNG-HaloTag tagged RSP4/6. It was not possible to biotinylate the axonemal
proteins with neither ligand in living cells, indicating that the ligands may not enter the cell.
Therefore, cells were first lysed with a detergent, and the cytoskeletal fraction was
subsequently treated with the ligands. Biotinylation of cytoskeletons was validated using
Streptavidin Cy5 Conjugate which can be visualised using a fluorescence microscope
(Fig. 5.12.). A strong Cy5 signal was observed along flagellar cytoskeletons only in the case of
HaloTag ligand-PEG-biotin, which overlapped with the signal of mNG. Hence, a protocol for

efficient and specific biotinylation of axonemal proteins has been established.

A Phasecortrast RSP4/6: = PEGbiotin Merge
HaloTag+PEGbiotin +sireptavidinys

AL - . Lo : L

s Rt R

|
. :

B Phasecontrast RSP4S6: = biotin Merge
HaloTag+biotin +streptavidinCys

Figure 5.12. Biotinylation of HaloTag tagged axonemal proteins. A,B) Cytoskeletal
flaction of cell line expresing RSP4/6::mNG-HaloTag (green) was treated with biotin
binding to HaloTag, then washed out. Subsequently, biotinylated flagellar prep was
incubated with Streptavidin Cy5 Conjugate (red). A) HaloTag® PEG-Biotin Ligand
(PEGDbiotin) bounds to HaloTag tagged protein. B) HaloTag® Biotin Ligand (biotin)
does not bound to HaloTag tagged protein.
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5.10 Incorporation of cytoskeletal proteins into the growing flagellum occurs exclusively
at the distal end

Investigating the site of incorporation of proteins into the growing flagellum was done using
dual mNeonGreen — HaloTag labelling approach. First, a protein present in the cell at a given
time point was labelled with Coumarin HaloTag ligand. Although this fluorescent dye could
not be visualised with presented microscope setup due to its low intensity, it blocks available
HaloTag ligand binding sites. After washing the unbound ligand off (at t0), cells were allowed
to grow for 2 hours. The protein incorporated into the flagellum since Coumarin washout was
subsequently visualised by labelling with TMR HaloTag ligand (see Fig. 5.13.A for an outline of
the experiment). There are three possibilities for the site of flagellar cytoskeleton construction
(as well as combinations of them): it can be built from the distal end (Fig. 5.13.B); material can
be incorporated along the flagellum (Fig. 5.13.C); or it can be built from the proximal end
(Fig. 5.13.D). Possible outcomes of presented dual labelling experiment in regard to the

possible modes of the flagellum construction are depicted in Fig. 5.13.

a incubation in
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Figure 5.13. Dual labelling experiment. A) A schematic representation of sequenced labelling by Coumarin
ligand and TMR ligand, which are binding to HaloTag tagged proteins in the flagellum. In the beginning, a cell
was incubated with Coumarin ligand at time = t0 minus one hour. After the incubation and the wash (t0), cell
grew in a fresh medium for X hours. Next, at time = tX minus one hour cell was treated by TMR ligand. B-D)
three possible outcomes of the experiment: B) incorporation of material from the distal end, C) incorporation
of new material along, D) incorporation of material from the proximal end. A) tX = time of fixation, B-D)
flagellum with particular protein tagged by mNG (green), labelled by Coumarin (blue), and TMR (red).
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The dual labelling experiment using Coumarin and TMR ligands was performed with RSP4/6
mNG-Halo tagged cell line. Out of 11 single flagellum cells in G1 phase (1F1K1N) 8 were devoid
of the TMR signal, and in 3 cells flagella were labelled exclusively at their distal ends. In all 23
cells with two flagella, the TMR signal was identified exclusively at the distal end of their new

flagellum (Fig. 5.14.).

Figure 5.14. Site of incorporation of RSP4/6 protein into the new growing flagellum. RSP4/6::mNG-HaloTag cell
line culture was incubated with Coumarin ligand, then washed and incubated with TMR ligand for two hours. A-
D) A cell in 2F2K2N stage of the cell cycle. NF = new flagellum, OF = old flagellum. E-H) T. brucei cell in 2F1K1N
(left). Scale bars represent 5um.

In the case of RSP2 protein, seven hours after Coumarin ligand labelling, free HaloTag tagged
proteins were marked by TMR ligand. Construction of the new/daughter flagellum within
divided 2F2K2N cell can be seen in Fig. 5.15. Daughter flagellum is cumulatively labelled with

TMR ligand; this indicates that the cells started to divide just after the Coumarin labelling.

RSP2::mNG C RSP2:mNG

Figure 5.15. Site of incorporation of RSP2 protein into the new growing flagellum. A-C) T. brucei cells in 2F2K2N
stadium. RSP2::mNG-HaloTag cell line culture was incubated with Coumarin ligand, then washed and set for
7 hrs; one hour before fixation cells were incubated with TMR ligand. Scale bars represent 5 um.
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To further examine the incorporation of protein constituents of various flagellum cytoskeleton
structures, a TMR labelling experiment was done with 14 cell lines. The experimental set up
differed from the Coumarin TMR double labelling experiment. Here, cells were initially
incubated for 1 hour with TMR thereby labelling all Halo-tagged protein present at that point
in the cell. Excess of TMR was washed out from the cells. Cells were incubated in fresh medium
for 4 hours (or 2 hours in the case of PFR2) and examined. The protein synthesised since the
washout and added to the flagellar cytoskeleton lately should be devoid of the TMR

fluorescence signal.

AD:mNG AD-mNG
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DCRZ:mNG

Figure 5.16. Incorporation constituents of various cytoskeletal complexes into the flagellum.
POl::mNG-HaloTag cell lines were labelled with TMR ligand, then washed and examined 4 hours

later. Scale bars represent 5 um.

In the distal end, only mode of incorporation of cytoskeletal proteins into the new flagellum

was detected in 76 out of 77 examined cells (Table 5.5.). In the remaining case it was not

possible to recognise mode of incorporation.

Table 5.5. List of POIs and number of cells examined (n) for each cell line. In the case of PF20 5 of 6 cells

show the distal end only incorporation.

RSP3

IAD

OAD2
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PF20
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5.11 Analysis of fluorescence intensity

To analyse the fluorescence intensity profile automatically, a custom-made R script, written
and developed by Ludék Stépanek Ph.D., from the Laboratory of Cell Motility at IMG, was
used. First, background-corrected intensity profiles of TMR and mNeonGreen were
normalised to the range of 0 - 1 to allow for comparison of their relative intensities. The
mNeonGreen signal would remain relatively constant along the entire flagellum length, with
a sharp decay at the distal end. In contrast, at later time points post TMR labelling the TMR
signal often starts to decay closer to the proximal part of the flagellum, which results in the
higher relative abundance of the green signal in the distal part. The point where the red signal
intensity starts to steadily decrease below the normalised intensity of the green signal until it
reaches near-zero values at the distal tip is referred to as the “decay point” hereafter. To
decide whether the red and green intensity profiles differ significantly in each given flagellum,
the difference between green and red values was summed up for all points between the decay
point and the distal end of the flagellum. If the total difference was not greater than 2.5
arbitrary intensity units (A.U.), there was no alteration of the TMR compared to mNeonGreen
labelling. This category of cells was designated as “fully labelled”. The cells with a green and
red signal difference greater than 2.5 A.U. were further characterised based on the length and
slope of the red signal decay. The decay length was simply calculated as the distance of the
decay point from the distal end of the flagellum (determined as the decay point of the
mNeonGreen signal). The decay slope was quantified by fitting the asymptotic regression
function to the decaying TMR signal. The logarithm of the exponential coefficient of this
function used to characterise the decay slope, with values close to 0 indicating steep drop
(“drop” hereafter) and values closer to -10 indicating gradual decrease (“gradient” hereafter).
To simplify evaluation and discussion of the results, arbitrary thresholds were chosen for the
decay length and slope: “short” and “long “ are profiles with decay length shorter or longer
than 7 um, respectively, and “drop” and “gradient” are designated profiles with alpha
exponent value above or below -3, respectively. Based on these criteria, all cell were sorted
into five categories: fully labelled, short drop, short gradient, long drop, long gradient. In
several cases, the regression function could not be fitted reliably due to the noise in the data,
resulting in categorising the cell as “not determined”. In addition, a region distal to the decay
point, in which the cumulative intensity of TMR, when measured from the distal end, reached

0.05 of the maximum TMR intensity, was determined as devoid of the red signal.
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Figure 5.17. An explanation of intensity profile of Signal decay analysis.

Analysed flagellum is schematically delineated in the bottom, the proximal (left) to distal end (right). Green
curve and red curve correspond to normalised fluorescent signal of mNeonGreen and TMR, respectivelly.
Decay point (d) is showed where the red signal intensity starts to diverge from green signal intensity. The
area where the difference between total red and green signal is above 2.5 A. U. is shown (diff) Red signal
curve decay is fitted by assymptotic regression function (a) (black line).

For this analysis, only ‘mature’ flagella were used; these are single flagella of 1F cells and old

flagella of 2F cells.
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5.12 A categorisation of fluorescence intensity signal decay pattern

Based on the fluorescence intensity profile analysis five categories of red signal (TMR) decay
on the flagellar distal end were determined: fully labelled (Fig. 5.18.), short gradient
(Fig. 5.19.), long gradient (Fig. 5.20.), short drop (Fig. 5.21.), and long drop (Fig. 5.22.) category.
These categories were observed across all cell lines and all time points. However, their

proportions dramatically changed in time (see below).
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Figure 5.18. Example of intensity profile of a cell classifield to the fully labelled
category. A representative cell for the category where the intensity of the red
fluorescent signal (TMR) shows no alteration compared to mNeonGreen
labelling. On the left: Intensity plots showing red and green signal intensities. On
the right: Fluorescence images and a phase constrast image of the analysed cell. fé&x
POIl::mNG (green), TMR bounded to POl::HaloTag (red); DNA stained by DAPI g%
(magenta). Scale bars represent 5 um.
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Figure 5.19. Example of intensity profile of a cell classifield as the short gradient
category. A representative cell for the category where the intensity of the red
fluorescent signal (TMR) is gradually decreasing within short distance from distal
end. On the left: Intensity plots showing red and green signal intensities. On the
right: Fluorescence images and a phase constrast image of the analysed cell.
mNG (green), TMR (red); DNA stained by DAPI (magenta). Scale bars represent
5pm.
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Figure 5.20. Example of intensity profile of a cell classifield as the long gradient
category. A representative cell for the category where the intensity of the red
fluorescent signal (TMR) is gradualy decreasing over a lenght longer than 7 pm.
On the left: Intensity plots showing red and green signal intensities. On the right:
Fluorescence images and a phase constrast image of the analysed cell. mNG
(green), TMR HaloTag (red); DNA stained by DAPI (magenta). Scale bars represent
5pum.
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Figure 5.21. Example of intensity profile of a cell classifield to the short drop
category. A representative cell for the category where the intensity of the red
fluorescent signal (TMR) is sharply decreasing over short distance. On the left:
Intensity plots showing red and green signal intensities. On the right:
Fluorescence images and a phase constrast image of the analysed cell. mMNG
(green), TMR (red); DNA stained by DAPI (magenta). Scale bars represent 5 pm.
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Figure 5.22. Example of intensity profile of a cell classifield to the long drop
category. A representative cell for the category where the intensity of the red
fluorescent signal (TMR) is sharply decreasing in long distance. On the left:
Intensity plots showing red and green signal intensities. On the right: | &
Fluorescence images and a phase constrast image of the analysed cell. mNG |
(green), TMR (red); DNA stained by DAPI (magenta). Scale bars represent 5 um.
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5.13 Distribution of categories for all analysed flagella

Together 1,798 cells were analysed across 10 cell lines and 6 time points. Distribution of all
analysed cells into categories is shown in Fig. 5.23., where the majority of cells belong to the
short drop category (N = 629), followed by short gradient (N = 303), long gradient (N = 296),
and fully labelled (N =479). Intriguingly, only a very limited number of cells (N=7) were

observed belonging to in the long drop category. Finally, some of the cells (N = 84) could not

be determined based on the selected criteria.
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Figure 5.23. Categorisation of all analyzed
cells. (N =1,789). Cells were classified into
five categories based on the decay length
(7 um thresold) and the decay slope (o = -3
threshold) criteria. Dotted lines indicate the
threshold values. Number of cells in
individual categories: fully labelled N = 479;
short drop N =629, short gradient N = 303,
long gradient N =7 cells. Not determined
cells N =84,

Representation of each category in different time points can be seen in Fig. 5.24.
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Figure 5.24. Number of all flagella sorted
to categories in each time point (hours).

Barchart shows how many of flagella were
distributed into the five categories and how

many could not be determined.
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Although differences between individual cell lines do exist (see below) these aggregated data
show that in general cells at tO have their flagella fully labelled with TMR, as expected. 2 hours
post labelling significant amounts of short drop category and the short gradient category are
present and their amounts are similar, while long gradient category flagella are rate. At later
time points, the fully labelled flagella are progressively reduced, becoming very rare at 48

hours. Concomitantly, amounts of short drop and long gradient category flagella increase.

5.13.1 Distribution of categories for individual cell lines

Together, 10 cell lines were analysed, and amounts of flagella in individual categories in time
for each cell line are shown in Fig 5.25. Although there is some variability in patterns of cell
distribution over time between individual cell line, for a majority of them the pattern is similar

to the aggregated analysis (see above), as expected.

Major deviations from the generic pattern were seen in cell lines expressing tagged IAD and
Rib72. In these cell lines, the distribution pattern remained constant during initial 4 hours of
the experiment, thereafter resembling the generic pattern. In the FAP20 tagged cell line,
unusually high amounts of cells that could not be classified (not determined) was observed.
Finally, the cell lines with tagged FAP20, OAD2 and PFR2 showed the highest amounts of cells

of the short gradient category at early time points (2 - 4 hours post labelling).
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Figure 5.25. Categories represented in every cell line. Y-axis shows numbers of analysed
cells. Y-axis shows time in hours. 78



Interestingly, in FAP20 cell line, the mNG-signal intensity plots differed from those of other
tagged proteins. For example, an increase in the mNG signal towards the distal end was often

observed.

In Fig. 5.26., two commonly observed phenotypes are shown. First, in a number of the cell
TMR signal is constant along the whole flagellum. However, mNG fluorescent signal is slightly
increased from the base to the tip (Fig. 5.26.A). Second, the cell where the distal part of the

flagellum shows an interruption in mNG fluorescence signal followed by an increase of it at

the very end of the flagellum (Fig. 5.26.B).
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Figure 5.26. Cell line expresing endogenously tagged FAP20::mNG-HaloTag.

A) Colocalisation of TMR (red) labelled protein and mNG (green) tagged protein in time point 4 hours B)
FAP20::mNG-Halo protein distribution in the flagellum in 48 hours past TMR labelling; normalised intensity
profile (A.U.) of FAP20::mNG-Halo (green) and TMR (red) fluorescence signal is shown from base to the tip. A,B)
DNA stained by DAPI (magenta). Scale bars represent 5 um.

79



In the above-described experiment, only the mature flagella with some detectable TMR signal
were considered. To assess how did proportions of flagella in individual categories change in
time in a cell population mature flagella completely unlabelled, were also included in the
analysis. Hence, for the cell line with tagged RSP4/6, all mature flagella were categorised at
each time point (Fig 5.27 and Table 5.6.). This allowed determining a precise representation

of each category across the duration of the experiment, which is depicted in Fig. 5.27.

100%1
Table 5.6. Frequencies of cells in each category
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Figure 5.27. Frequencies of individual TMR signal categories in the RSP4/6 tagged cell line in the course of
the experiment. X-axis shows time (hours), Y-axis shows frequency of individual categories. For data see
Table 5.6.
It is apparent that the unlabelled mature flagella first appear in the cell population at some
point between 4 and 16 hours post labelling. Their proportion in the population increases such

that at 48 hours post labelling they constitute over 90% of the population.

It was attempted to predict the frequency of fully labelled mature flagella in a cell population
at various time points post TMR labelling (Table 5.7.) based on an experimentally determined

growth rate of the RSP4/6 tagged cell line in the course of the time-course experiment

(Fig 5.28.).
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Assuming that all flagella of 1F cells and the old flagella of 2F cells stay do not change over
time (stay fully labelled); 97.8% of mature flagella are expected to be fully labelled at 2 hours,
with the remaining 2.2% corresponding to flagella of new flagellum daughter cells of a recent
cytokinesis event. However, in the experiment, the proportion of the fully labelled flagella was
lower (61.5%), with the remaining flagella classified as a short drop (19.2%), short gradient
(13.5%) and long gradient (5.77%) category. Similarly, the fully labelled flagella were
significantly underrepresented at all subsequent time points, and virtually lacking at 48 hours.
This data indicates that there is a change to the TMR signal of mature flagella, which thereby

fall into a different signal intensity category.
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5.14 Comparison of average flagellar length in all categories and decay in short drop
category for cell line RSP4/6

Proportions of flagella in the long gradient category at various time points is consistent with
expected proportions of new-flagellum daughters. This resulted from cytokinesis events
occurring since the TMR labelling. Protein molecules unlabelled with TMR are expected to be
incorporated into the distal part of the flagellum. This happens for the time period from the
removal of TMR ligand to cytokinesis, and possibly for a short amount of time thereafter,

during which the new flagellum reaches its full length (Abeywickrema et al., 2019).

On the other hand, the unexpectedly low amounts of fully labelled flagella are reflected by an
unexpected appearance of flagella of the short drop and short gradient categories. Indeed,
when all three categories summed up, numbers close to the expected frequencies of fully
labelled flagella (at 2 hours 94.2 % versus 97.8% expected; at 4 hours 79.4% versus 82.5% etc.).
This indicates that the fully labelled flagella transit to the short drop and short gradient

categories.

This transition could happen by the turnover of the protein at the distal end of the flagellum,
which could occur either by an exchange of protein molecules within an existing axoneme or
by a shortening of the axoneme followed by its elongation. Alternatively, the transition could
happen only by elongation of an existing mature axoneme. To distinguish between turnover
and growth, total lengths of the studied mature flagella in time were plotted (Fig. 5.29.). The
flagella length was approximately constant within the first 4 hours after TMR incubation,
showing that the presence of the short drop and short gradient categories was not due to an
axonemal elongation, but rather due to turnover in the distal end region. The median decay
length (distance between the decay point and the distal end) was 1.43 um in cells of the short
drop category at 2 hours post TMR labelling, indicating the axonemal length subject to

turnover (Fig. 5.30.).

Interestingly, a slight increase in the median flagellar length was observed at the later time
points (for example flagella at 16 hours were on average 1.82 um longer than the flagella at

0 hours) (see Fig. 5.29.).

Curious, a corresponding increase in the median length of the distance between the decay
point of the TMR signal and the distal end of the flagellum was observed over time (Fig. 5.30).
Similar observations were done when analysing aggregated data of all studied cell lines
(Fig. 5.31, Fig. 5.32.).
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Figure 5.29. Median flagella lengths in the RSP4/6
tagged cell line.

Lenghts of flagella at each time point were measured
and are plotted as median (inside the box). Upper
and lower hinges are 75th and 25th percentiles. The
whiskers extend up to values that lie inside 1.5X
inter-quartile range from each hinge. Outlying values
are plotted separately. Note that the Y-axis starts at
16 pum.
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Figure 5.30. Distance between the decay point
and the distal end of the flagellum in short drop
category of RSP4/6 tagged cell line.

Lenghts are plotted as median (inside the box).
Upper and lower hinges are 75th and 25th
percentiles. The whiskers extend up to values that
lie inside 1.5X inter-quartile range from each
hinge. Outlying values are plotted separately.

Flagellar lengths were essentially constant in first 4 hours and increased after that (Fig 5.31.),

which was mirrored by an increase in the distance between the decay point and the distal end

of the flagellum (Fig 5.32.).
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Figure 5.31. Median flagella length for all cell lines.

Lenghts of flagella at each time point were measured
and are plotted as median (inside the box). Upper and
lower hinges are 75th and 25th percentiles. The
whiskers extend up to values that lie inside 1.5X inter-
quartile range from each hinge. Outlying values are
plotted separately. Note that the Y-axis starts at
15 pm.
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Figure 5.32. Distance between the decay point
and the distal end of the flagellum in short drop
category of all tagged cell lines.

Lenghts are plotted as median (inside the box).
Upper and lower hinges are 75th and 25th
percentiles. The whiskers extend up to values that
lie inside 1.5X inter-quartile range from each
hinge. Outlying values are plotted separately.



Next, aggregated data for lengths of flagellar parts as defined in Fig. 5.17., namely the fully
labelled part, the red (TMR) signal decay part, and the part devoid of the red signal, were
plotted at each time point and for major TMR signal categories (Fig 5.33.). Generally, the
length of the fully labelled part stayed constant in all categories. The length of the red signal
decay part slightly increased over time. In all categories except the fully labelled flagella,
flagella with the very distal part devoid of the red signal started to occur at 2 hours post

labelling, and the mean length of this region increased over time.

fully labelled short gradient
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Devoid of
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long gradient short drop
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Figure 5.33. Mean lengths of flagellum parts for all cell lines.

On the Y-axis, the mean length of flagellum (um) from its proximal end (base) to the distal end (tip) is
indicated. On the X-axis, individual time points post labelling with TMR. A) Flagella in the fully labelled
category. B) Flagella in the short gradient category. C) Flagella in the long gradient category. D) Flagella
in the short drop category.
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5.15 Changes to PFR2 signals at the proximal part of the flagellum

For none of the axonemal proteins included in the study a significant changes to the TMR
signal were observed at the proximal end of the flagellum. The signal in this part of the
flagellum is difficult to analyse as it is partially obstructed by the signal of the cell body (which
may correspond to the cytosolic pool of the studied protein and a non-specific staining of the
cytosol with TMR). However, in the cell line expressing tagged PFR2, a constituent of the
paraflagellar rod, a non-axonemal cytoskeletal structure of the T. brucei flagellum, a region of
TMR and mNeonGreen signal difference in the proximal part of the flagellum was observed
from 2 hours on post TMR labelling (Fig. 5.34.). At 16 hours post labelling, this region was
present in 75% of all examined cells (N = 20). Further experiments are needed to distinguish

between the elongation of the PFR structure and its proximal turnover.

Figure 5.34. A region of TMR and mNeonGreen signal difference in the proximal
part of the flagellum in PFR2::mNG-HaloTag cell line.

Cells expressing proteins tagged by mNG-HaloTag were labelled by TMR at the time
point 0, then washed and observed at time point t = 16h. Fluorescence images show
mNG (green) cell line, TMR (red), DNA stained by DAPI (magenta). Scale bars
represent 5 um.

85



5.16 Comparison of fluorescent intensities to assess turnover along flagella

To determine whether there is any turnover of cytoskeletal proteins along the flagellum, raw
data from fluorescent microscopy images were used to obtain intensity plots for both green
and red fluorescent signal. In theory, the plot of the green fluorescent signal should not
change in time because it reflects the total population of a given protein in the flagellum. The
red fluorescent signal, produced by TMR bound to HaloTag could decrease with time from
TMR washout indicative of the protein turnover along the flagellum. Therefore, protein
turnover would be detected as a decrease in the intensity of the TMR fluorescent signal

compared to the intensity of the mNeonGreen signal in time.

TMR and mNG fluorescent intensities for 10 cell lines at 5 time points (Oh, 2h, 4h, 16h, 24h,
48h) post labelling were analysed. The intensities were obtained by averaging an absolute
intensity over a 3 um region of the flagellum, located 3 um from the point of decay towards
the proximal end of the flagellum (area of mean intensity calculation in Fig. 5.17.). This
particular region was selected because it was typically relatively close to the distal end of the
flagellum where it was not blurred or obstructed by the second flagella, which could interfere
with the observations. Moreover, it was far enough from the point of decay, the point where

the intensities of the two signals diverge.

The analysis is summarised in Fig. 5.35. For each time point, mean intensities of TMR and
mNeonGreen signals for all analysed cells of a particular cell line are plotted. In general, at tO
there is a clear correlation between TMR and mNeonGreen intensities across the cell lines
(FAP20 and PFR2 show highest intensities in both channels, while CFAP43, DRC4, and IAD show
the lowest intensities). Interestingly, all three RSP proteins show comparable intensities.
FAP20 shows rather high variability in both intensities. In general, mNG intensities were
relatively stable over time, with the exception of FAP20, in which an apparent decrease was
observed. Some of the proteins show very stable TMR signal up to 48 hours (OAD2, DRC4,
CFAP43). Other proteins (RSPs, IAD) show stable TMR intensities in the interval 0 — 24 hours
followed by a decrease at 48 hours. For RSPs, the TMR signal at 48 hours was still above 50%
of the initial intensity. In the case of FAP20 protein, the decrease in the TMR signal was

mirrored by the decrease in the mNG intensity.

These observed variations in mNG signal between time points to technical limitations of the
approach. Therefore, one solution to this problem would be an experiment where intensities

of individual time points could be normalised by t0 intensities in the same image.
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Figure 5.35. Fluorescence intensity plots comparisson of green (MNG) and red (TMR) signals.

Mean of absolute intensities in green and red fluorescent chanells for all cells at different time points (tx =0, 2,

4, 16, 24, 48 hours).

Generally, the fluorescence intensities of red and green signals correlates (Fig.5.36.).

However, in the case of FAP20 cell line, intensities are dispersed, which could be explained by

frequently observed phenotypes in case of FAP20 (Fig 5.26.).
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Figure 5.36. Fluorescence intensity corelation betw§Zn green (mNG) and red (TMR) signals.
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5.17 Differentiation fluorescence staining allows simultaneous imaging of cells from
different time points

In order to distinguish between two cell populations mixed together in a single microscopic
sample, a differentiation staining with a fluorescence-staining marker was applied. As living
cells are being settled on a microscope slide, it was critical to identify a membrane-permeant

dye/label able to stain living cells.

First, the staining of DNA with Hoechst 33342 Solution was tested. However, it was observed
that although initially only one cell population was labelled, the dye was rapidly detectable
also in nuclei of nearby cells of the second population upon cell fixation. It is possible that
Hoechst used for staining of one population has leaked from the cells and caused undesired
staining of all of the cells. As alternative, fluorescent markers: MTT CMX Ros and MTT Deep
Red staining mitochondria were tested. In principle, both dyes were suitable; they were both
present in mitochondria of only the initially labelled population, allowing for efficient
differentiation of the two populations. MTT CMX Ros, however, emits in both TRITC and Cy5
emission spectra, which is problematic given usage of TMR in our experiments. MTT Deep Red

emits only in the Cy5 and hence does not interfere with the TMR signal (Fig. 5.37.).

Figure 5.37. Differentiation between two cell populations by mitotracker staining.
A,B) Cells from two populations in one field of view. On the left is a cell from
a population stained with TMR ligand at the time point 0 and subsequently stained
with mitotracker MT Deep Red. On the right is cell at time 4 hrs after TMR labelling.
A) Phase contrast, mitochondrion stained with MT Deep Red (cyan) and DNA stained
with DAPI (magenta). B) Merge: RSP4/6::mNG-HaloTag (green), TMR bound to
HaloTag (red), DNA stained with DAPI (magenta), mitochondrion (cyan). Scale bars
represent 5 pm.

Hence, a protocol enabling normalisation of intensities at different time points by t0 was
successfully developed and when applied should decrease variability of signals due to

technical limitations (changes in intensities of excitation light in time etc.).
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6 Discussion

Cilia and flagella are eukaryotic organelles, which significance has been increasingly
recognised. This has been boosted by discoveries of ciliary involvement in many
developmental and physiological processes in the human body. As well as diseases resulting
from malfunctioning of cilia. The number of identified proteins, in which mutations cause
these diseases, increases rapidly over time. At the same time, new cutting edge technologies
have been applied to newly identified questions of cilia biology. On the other hand, some of
the knowledge regarding very basic biology of these organelles, such as the assembly and
maintenance of the ciliary cytoskeleton, has not been systematically revisited since the initial

experiments in the 70s and 80s of the last century.

To address the question of the ciliary cytoskeleton assembly and maintenance, this thesis
utilised some of the recently developed approaches. These enabled an efficient and rapid
tagging of T. brucei proteins in their endogenous loci (Poon et al., 2012), thus preserving their
native regulation. This allowed for protein constituents of a number of complexes of the
flagellar cytoskeleton to be tagged without affecting their cellular levels, which may be critical
for interpretation of some observations, and which is an improvement over past experiments.
Another technology utilised in this work has been based on the HaloTag. This tag is in itself
not fluorescent, but covalently binds fluorescently tagged membrane-permeable ligands.
Therefore enabling to follow a population of a tagged protein present in a cell at a particular
time point and to monitor the addition of newly synthesised protein molecules. This system
was already successfully used to study the assembly and turnover of flagellar transition zone
proteinsin T. brucei (Dean et al., 2016). In the presented work, a modification of this approach
was used. Studied proteins of interest were tagged by the HaloTag and by mNeonGreen, which
was a marker of an entire population of a protein in the cell as well as in the flagellum. Another
advantage of using T. brucei is the fact that in this organism the flagellar assembly cycle is
tightly linked to the cell cycle. Hence, both the old flagellum of a constant length and the new

growing flagella may be present in one cell (McKean, 2003).
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6.1 Generating and validating cell lines

In the course of this work, two approaches were used to tag trypanosome proteins in their
endogenous loci. Initially, an approach based on cloning targeting sequences for homologous
recombination into a vector was used (Poon et al., 2012). At some point, an approach for
tagging proteins using only a PCR product with the targeting sequences introduced by long
primers (Dean et al., 2015) was successfully set up in the laboratory, and due to its speed, it

was also used in this work.

In total, 16 cell lines expressing endogenously tagged proteins of the axoneme, PFR, or
structures at the distal end of the axoneme, were prepared. The correct integration of the
tagging DNA was confirmed in each cell line by the tagging validation PCR on genomic DNA.
Expression of tagged proteins of predicted molecular weights was confirmed for selected
proteins by SDS-PAGE and western blotting using an antibody against the tag. Moreover,
proper localisation of the tagged proteins was confirmed by fluorescence microscopy. In
general, localisation of all the tagged proteins agreed with data in the whole T. brucei genome
localisation project TrypTag.org. It was also consistent with previously published data, e.g.
localisation of FCP4/TbKin15 and ASC1 to the flagellar distal end (Varga et al., 2017), or
localisation of RSP3 along the flagellum (Ralston et al., 2006). Tubulin tagged with a large tag,
such as a fluorescent protein, does no longer localises to the flagellum in T. brucei, which was
previously also described (Sheriff et al., 2014). This can be solved by using an extremely short
tag, only 4 amino acid-long TC-tag (Crivat et al., 2011). This tag binds a fluorescent ligand
similarly to the HaloTag. Such a cell line has already been prepared but not tested yet, due to
time limitations. A disadvantage of this system is high non-specific labelling, however, this can
be reduced using BAL wash in mammalian cells (Martin et al., 2005). This protocol can be
optimised also in trypanosomes. Similar to C. reinhardtii, tubulin in T. brucei is very likely to
be incorporated into the axoneme at its distal end (Johnson & Rosenbaum, 1992). It was
shown that there is a gradient of tyrosinylated tubulin towards the distal end of the
trypanosome axoneme. Detyrosinylation is known to occur after tubulin incorporation into

the structure (Sherwin & Gull, 1989).

Another method of verification of correctly tagged proteins of interest was inducible depletion
of selected tagged proteins (RSP4/6 and RPS3) by RNAI. A fluorescent signal of the tagged

proteins was not detectable in a majority of cells upon RNAi induction. However, it persisted
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in some cells, probably because they did not express the hairpin RNA targeting the respective
mMRNA. This may be related to an already described heterogeneity of the used system (Poon

etal., 2012).

The functioning of HaloTag labelling approach was confirmed by successful labelling of
proteins with TMR-labelled HaloTag ligand. First, cells incubated with Coumarin, which
prevented TMR labelling. Second, by using biotin-PEG HaloTag ligand. This biotin labelling did
not work on living cells, most likely because the ligand could not enter them. However, it was
possible to label proteins in flagella cytoskeletons after dissolving membranes by detergent,
as shown by visualisation of biotin by addition of Streptavidin-Cy5 (Fig.5.12). Flagellar
cytoskeletons with biotinylated specific proteins will be useful in the future to attach them in
a defined way to glass slides for microscopy experiments. In conclusion, it was confirmed that

the HaloTag labelling approach is a useful and robust protein labelling method.
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6.2 Incorporation of proteins into a growing axoneme occurs exclusively at its distal end

Using the HaloTag approach on 13 constituents of various axonemal complexes, it was found
that an axoneme is built exclusively at the distal end. This is consistent with previously
published observations in T. brucei (Subota et al., 2014; Vincensini et al., 2018) and
C. reinhardtii (Johnson & Rosenbaum, 1992). Typically, there was no sharp boundary between
the fully TMR-labelled part and the part devoid of the TMR signal in growing flagella. Instead,
gradual decay of signal intensity was observed, similar to the long gradient category of mature
flagella. Since the TMR-HaloTag ligand was removed after labelling, the existence of these
gradients could indicate that a fraction of proteins can move in the flagellum even after their
assembly into the axoneme. However, in the case of mature flagella a short drop category was
prominent with a sharp decrease in TMR intensities, arguing against this possibility (although
a change to protein mobility depending on whether the flagellum is being constructed or
mature would be possible). Another possible explanation for the presence of the gradients in
the new flagella is the existence of a cytosolic pool of the tagged proteins. This pool would
also get labelled with TMR and hence would contribute to axonemal construction also after
labelling. The intensity gradient would reflect the rate at which a particular protein is
synthesised in the cell, the size of the cytosolic pool, the rate of protein import into the
flagellum etc. The gradients could be caused by the addition of proteins at decreasing labelled
to un-labelled ratio to the distal end of the axoneme. Alternatively, it could be explained by
filling in gaps in a recently formed axonemal lattice, the process previously shown for DRC4.
This protein was also demonstrated to be a cargo of IFT but can dissociate before reaching the
distal end (Wren et al., 2013). Similar processes could also exist in the case of other axonemal
proteins. Consistent with the fact that these new flagella become mature, similar gradients
were observed also in the analysis of mature flagella. Intriguingly, not all proteins behaved the
same way in time. For a majority of the studied proteins, the gradient categories were present
already at 2 hours post TMR labelling. However, in the case of IAD and Rib72, the cells were
very rare up to 4 hours after labelling (Fig. 5.25.). This was matched by a lack of gradients in
new flagella of 2F cells at those time points (see Fig. 5.25.). This points towards these proteins
having a relatively large cytoplasmic pool. Which should be tested by biochemical

fractionation experiments in the future.

All three studied RSPs show similar patterns of incorporation into an axoneme. It was
previously shown, that the radial spokes are assembled in subcomplexes in the cell body, and
then imported into the flagellum (Qin et al., 2004). This could explain the similarities observed
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in this work. It is possible that constituents of other large complexes, such as the axonemal

dynein complexes, will also behave in a similar way.

One protein that behaved differently in this analysis is FAP20. This protein is thought to form
a junction of A and B tubules of MTDs. In many instances, the TMR intensity signal at various
time points post labelling did not decay to zero in the distal part of the flagellum (Fig. 5.26).
Which was observed in flagella belonging to short drop, short gradient and long gradient
categories. This could indicate higher mobility of the protein in the axoneme than in the case
of other studied proteins. Which may be caused by a smaller size of FAP20 (34.6 kDa),
although the mNeonGreen-Halo tag would significantly increase it. Another difference of
FAP20 was that an increase of the mNeonGreen signal starting approximately halfway along
the flagellum towards the distal end was observed, while the TMR signal stayed constant
(Fig. 5.26.). This was observed at all time points, except t0, during the experiment. An
explanation for this could be a gradual increase in amounts of added protein to the distal end
of the axoneme, possibly in combination with longitudinal incorporation in the distal half.
Previously, it was reported in C. reinhardtii that FAP20 gets incorporated into the axoneme
from its proximal end (Yanagisawa et al., 2014). In the current work, no indication of this was
observed in T. brucei, although as mentioned above in some ways this protein behaved

differently to all other studied axonemal proteins.

In cells at later time points post TMR labelling, the old mature flagellum belonged to short
drop or short gradient categories, containing a substantial part fully labelled with TMR. In
these cells, the new flagellum was completely devoid of TMR signal (or this was below the
level detectable in our experiments). This shows that there is no recycling of axonemal
material from the old flagellum to the new one. This is different from C. reinhardtii (Song &
Dentler, 2001), but consistent with previous reports of the two flagella being isolated

organelles in T. brucei (Fort et al., 2016).
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6.3 Turnover at the distal end of the flagellum

One surprising observation was that proportions of fully labelled flagella at early time points
dropped quicker than expected if all flagella, which were mature at the point of TMR labelling,
stayed fully labelled. Therefore, these mature flagella must transit to different categories.
Most likely they quickly transit to a short drop and short gradient categories, because a sum
of the observed fully labelled, short drop and short gradient at various time points is similar
to the expected proportions of the fully labelled category. Mean flagella length was almost
constant up to 4 hours post labelling. Therefore, the decay of the TMR signal in the distal part
of the flagellum was not caused by flagellar elongation. Instead, it must be caused by the
turnover of the last approximately 1.5 um of the axoneme. This could happen either by an
exchange of protein within the distal part of the axoneme or by its disassembly followed by
assembly of the same length. This is a very surprising finding, given that unlike in C. reinhardtii
mature flagella are thought to be very stable and of constant length in T. brucei (Fort et al.,

2016; Vincensini et al., 2018). Precise nature of this turnover will be studied in the future.

Interestingly, microtubule-depolymerising proteins from the kinesin-13 family do localise to
the distal end of the axoneme (Chan & Ersfeld, 2010) and could be involved in this process.
Also, a hint of a decrease in the length of mature old flagella in cells of 2F2K2N stage (just
before cytokinesis) can be seen in a recently published work (Figure 4 in Abeywickrema et al.,
2019). Based on data presented here, the point in the cell cycle, when does this turnover event
happen can be estimated. The short drop and short gradient mature flagella are present in
cell culture already two hours post TMR labelling, and they are present only in cells with one
flagellum. Hence, the turnover event happens at the latest two hours before the end of the
1F stage, and at earliest two hours before cells enter this stage (by going through cytokinesis).
In the future, it would be interesting to improve this estimation by analysing earlier time
points post labelling than 2 hours. It would also be possible to find out whether immediately
after cytokinesis the cells inheriting the old flagellum already belong to the short drop or short
gradient category. As well as whether the cells inheriting the new flagellum belong to the long
gradient category as expected. Fortunately, markers were recently developed for

distinguishing these cell types (Abeywickrema et al., 2019).
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6.4 Mature flagella elongation at later time points

After 16 hours post labelling, the total length of the flagella increased. As the fully labelled
part of the flagella in the short drop and short gradient category did not change in length
(Fig. 5.33.), the flagella growth must occur in the distal part past the decay point. This
observation further shows that the length of mature flagella in procyclic cells is not absolutely
set, and can be changed under specific conditions. The fact that the elongation occurred in
the experiment makes interpreting data from later time points more complicated. Under
standard conditions for culturing of T. brucei procyclic cells (typically in 5-10 mL of a liquid
medium in culture flasks), no such elongation has been reported (over the range of cell
densities used in the experiment). However, it has been noticed, that when cell cultures of
procyclic cells reach stationary phase at high cell densities (around 3 x 10’ cells/mL), their
flagellum elongates. Although this was not adequately investigated yet. During experiments
described in this work, cells were cultured in relatively small volumes of 200 uL on 96-well
plates to reduce the amount of used HaloTag ligands. However, the growth rates decreased
between 24 — 48 hours post labelling (Fig. 5.28.), although the densities of cells at 48 hours
were only 2.5 x 107 cells/mL. Perhaps the cell cultures grow differently in the small volume on
the plate than in larger volumes in flasks, approaching stationary phase at lower densities. In
the future, the cell growth on a 96-well plate should be optimised or alternatively larger

volumes of media used.
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6.5 Turnover in other parts of the flagellum

Elucidation of possible turnover at the proximal end of the flagellum was not easy. Mainly
because the signal from the cell body and the new flagellum interfered with measurements.
However, no evidence for the proximal turnover of axonemal proteins was observed, which is
consistent with published data in C. reinhardtii (Song & Dentler, 2001). However, changes to
the signal at the proximal end, in addition to the distal end, were observed in the case of the
PFR2 protein (Fig. 5.34). PFR is an extra-axonemal structure associated with the axonemal
MTD (4 —7) and connected directly with outer dyneins (Hughes et al., 2012). Already at 4 hours
post labelling the mNeonGreen signal extended beyond the TMR signal at its proximal end.
This indicates elongation of PFR at this end However it is important to note that in the new
flagella, only addition of PFR2 to the distal end was shown (Bastin et al., 2000). Alternatively,
there could be a short region of PFR2 turnover at the proximal end. Interestingly, CFAP43,
which localises between PFR and the axoneme (Coutton et al., 2018) did not show changes to

proximal intensity and behaved like axonemal proteins.

Finally, assessing the turnover of proteins along the flagella in time was attempted. However,
a significant variability, even in mNeonGreen signal in time, was observed. This indicates
technical limitations (e.g. fluctuations in intensities of fluorescence excitation). One possible
solution would be to image cells at each time point together with cells from t0 in a single field

of view and use the t0 intensities to correct for the fluctuations.
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7 Conclusions

This thesis contributed to knowledge about selected ciliary proteins behaviour and answered

question about site of cilium constitution using modulatory labelling approach.

e Incorporation of proteins into a growing axoneme occurs explicitly at its distal end
e Protein turnover occurs at the short region at the distal end of the flagellum and

happens around cytokinesis
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Supplementary Table 9.1. List of generated T. brucei cell lines and their specifications; N =

N-terminal, C = C-terminal

Protein
name

Gene DB

accession
number

Tag

position

Cell line specification
(vector and tag)

1 RSP4/6 Tbh927.11.4480 N pPOTv4-mNG-HaloTag::
POTv4-mNG-HaloTag::
2 RSP4/6 Th927.11.4480 N P RNAi by pQuadra &
3 RSP4/6 Tbh927.11.4480 N pPOTV7-TCtag-mNG::
4 RSP2 Th927.5.2850 N pPOTv7-mNG-HaloTag::
5 RSP3 Th927.11.1150 N pPOTv4-mNG-HaloTag::
POTv4-mNG-HaloTag::
6 RSP3 Tb927.11.1150 N D A by pQuadra &
7 IAD Tbh927.4.870 N pEnT5-mNG-HaloTag::
8 OAD2 Tb927.3.930 N PENT5-mNG-HaloTag::
9 OAD2 Th927.3.930 N pEnT5-HaloTag::
10 PF16 Th927.1.2670 N pPOTv7-mNG-HaloTag::
11 PF20 Th927.10.13960 N pPENT5-mNG-HaloTag::
12 FAP20 Th927.10.2190 N PENT5-mNG-HaloTag::
13| FCP4/TbKin15 Th927.10.890 N pENT5-mNG-HaloTag::
14 DRC4 Th927.9.15050 N pPOTv7-mNG-HaloTag::
15 DCR2 Th927.11.7240 C ::mNG-HaloTag-pPOTv7
16 PFR2-2 Th927.8.4980 N pEnT5-mNG-HaloTag::
17 Rib72 Th927.10.7690 N pEnT5-mNG-HaloTag::
18 Rib72 Th927.10.7690 N pPOTv7-TCtag-mNG::
19 ACS1 Th927.7.6180 N PENT5-mNG-HaloTag::
20 atubulin Th927.1.2360 N pEnT5-mNG-HaloTag::
21 atubulin Th927.1.2360 N pPEnT5-HaloTag::
22 atubulin Th927.1.2360 N pPOTv7-TCtag::
23 Hydin Th927.6.3150 N pEnT5-mNG-HaloTag::
24 CFAP43 Th927.4.5380 N pPOTv7-mNG-HaloTag::




Supplementary Table 9.2. pPOT tagging primers; FW = forward, RV = reverse, ORF = open reading frame, UTR = untranslated region

Oligonucleotide
name

Gene of
interest

Gene
»)

Starting
position

FW/RV

Sequence (5'to 3')

Length Annealing
(nt) temperature

Varga519 Tb927.11.4480 A | 80ntof 5'UTR| FW [GTGAAGTGGAGGTGGAAAGGAGAGCCAGTTGGAGAGAAAAACCACGTACACAAGTTTTACAGAATAAATCAAGGTCAGATgtataatgcagacctgetge | 100 63°C
Varga520 Th927.11.4480| A 1nt of ORF RV [TCCTTATTCGCGCACATGAGATATGCCTTTGTCCTTGCGAACATCGCCTCAAGATCCTGTGGTTCAGGATTTACTGGCATactacccgatcctgatcc 98 63°C
MP025 Tb927.5.2850| B | _80nt of 5'UTR| FW |ATTATTGACTATAGCTTTTGTTTCTTTTCTTTCCACTCTTTTTTTTTGTATTTCTGAATCGAGTAGAAACAAGAAACTAAgtataatgcagacctgctge 100 63°C
MP026 Tb927.5.2850| B 1nt of ORF RV |GGTTGAGCAAGAACTGTTTCAGCGACGGCTTTCGCAAGCACAGGACCAACACTGCATTTGAGGTATGCACTCTCAGTCATactacccgatcctgatcc 98 63°C
Varga521 Tb927.11.1150 C | _80ntof 5'UTR| FW [AAAAAAAGAGGAAAAGAAGAGGGCGAAAGAAGAGTCAAAATAAACAATCAAGATATTGGTGGTAGAAAGTGTTTTGAATCgtataatgcagacctgetge| 100 63°C
Varga522 Tb927.11.1150| C 1nt of ORF RV |GCGTGTAAGAACCCCTGTGGTGGGTGCTGAAAGGTGTAGGCCATAGTGCCATCCACTGCTGCTTGGTTTTGCCCTTGCATactacccgatcctgatcc 98 63°C
TTO9 Th927.1.2670 | G |_80nt of 5’UTR| FW |GGGCGGAAGATTCTTCTTTTCCCTTTTTATCTAAGAGCAGGAAAAAGAATTTTTAAAAAAAAAAAAACTATCACATCACAgtataatgcagacctgetge 100 63°C
TT10 Tb927.1.2670| G 1nt of ORF RV |AAATCTGCCACCGTCTGTACAAACTTGACACGGGCCCTTTGGTATTCCTCAAATACCTGAATGATCTGCCTGTTGGGCATactacccgatcctgatcc 98 63°C
TT33 Tb927.9.15050( M | 80nt of 5'UTR| FW |GGCCATCCTCTCCATTCCCTTCTCCCCCTTTCTTTCACTTAGTTTAGTCGTTTCCTTTCTTTGGAAGCCACCATTGGTTGgtataatgcagacctgctge 100 63°C
TT34 Tb927.9.15050, M 1nt of ORF RV |[TCAGGTGCCTGCTTCTTCCCCTTCCCACCCTTTCCTGATCCCTTGGCCTTCGCTGCCGCTGCTTCCTTCTTTGGTGGCATactacccgatcctgatcc 98 63°C
TT35 Tb927.11.7240, N | 1442nt of ORF | FW |CTGGGCGCGGGGCTACTGGCGGAAGACGTGAGTACACGACAGCGATAGAGGGCAACAAGTTCGTCTCCGACATGACGAGGggttctggtagtggttcc 98 62°C
TT36 Th927.11.7240) N |1443nt of 3'UTR| RV [TAAACTCTACATTGCCATTTCCCCATATTGCTTAAAGGAGGAAACGATGAAAAGTGTGCTCATACCCCAACAGGAATTGCccaatttgagagacctgtge 100 63°C
Varga525 Tb927.10.7690 R | _80ntof 5'UTR| FW [TGCACTTTATTTTGCTTTGTCCCAATGCTGCATTTATAAGGGCTGAGTGACGGCAGGAGCAACGGCGCGCTTCCACACTAgtataatgcagacctgctge 100 63°C
Varga526 Tb927.10.7690, R 1nt of ORF RV [TTAGTTGGGGGTGGGTTAAGCTCAGGGAAACTAAACCCCGGAAGCTTGGGGAGTGCATCATAAATGGTCCGGTCCGTCATactacccgatcctgatcc 98 63°C
TT62 Tb927.1.2360| T |_80ntof 5'UTR| FW |GACTATTCATCCGTTTATATTAGCAACAGTAGGTACTAGCACCACTAACAACAACAACAAAGCACTTCTATTTATTTATCgtataatgcagacctgcetge 100 63°C
TT63 Th927.1.2360| T 1nt of ORF RV [TCCAGGCAGAACAATTCCCAGCAGGCGTTACCAACCTGGCAACCAGCCTGACCAATGTGGATGCAGATAGCCTCACGCATactacccgatcctgatcc 98 63°C
MP027 Th927.4.5380 | 43 | _80nt of 5'UTR| FW [TAAACTTTCGTTGTTGCTCCATCCGCGCGCTCCGTGCCAAACATTATAGGGTATTATTACGCAGTGTACTTTTATATTAGgtataatgcagacctgctgce 100 63°C
MP028 Th927.4.5380 | 43 1nt of ORF RV |GCTCCTAGGAGAAAGTCGTCACCCGCAGCGACGAGAGCAGAGGGAGAGTTGAACCCTAGAATGCGCGCGTTGGTTGCCATactacccgatcctgatcc 98 63°C




Supplementary Table 9.3. pEnT5 tagging primers; FW = forward, RV = reverse, ORF = open reading frame, UTR = untranslated region

Oligonucleotide

Gene of

Starting

Sequence (5' to 3')

Length

Annealing

FW/RV

name interest position (nt) temperature
Varga538 Th927.3.930 F 4nt of ORF FW ACTGTCTAGAAAGGCAGTTCAGAGGGTG 28 65°C
Varga539 Th927.3.930 F 251nt of ORF RV CAGTGCGGCCGCTTCTGCGGATTCACAACAC 31 63°C
Varga540 Th927.3.930 F  [-263nt of 5'UTR FW IACTGGCGGCCGCgcgctacagcatatttgeg 31 65°C
Varga541 Th927.3.930 F  |-46nt of 5'UTR RV CAGTGGATCCcaggaacactccaagctgc 29 66°C
MP004 Th927.1.2670 G 4nt of ORF FW IACTGTCTAGACCCAACAGGCAGATCATTC 29 63°C
MP0OO05 Th927.1.2670 G 195nt of ORF RV CAGTGCGGCCGCGTAATTGGCAAGCCTTCCC 31 64°C
MP006 Th927.1.2670 G [-321nt of 5'UTR FW IACTGGCGGCCGCAGATAGACACGTAAAGAag 31 52°C
MP0O0O7 Th927.1.2670 G [-38ntof 5'UTR RV CAGTGGATCCttcctgctcttagataa 27 52°C
MPO08 Th927.10.13960 H 4nt of ORF FW ACTGTCTAGAGCGCAGGTCGGCGAGGTTT 29 74°C
MPQ09 Th927.10.13960 H 252nt of ORF RV CAGTGCGGCCGCGGTTCGGTGCATTCCATTCCGAAG 36 71°C
MP010 Th927.10.13960 H [-258nt of 5'UTR FW IACTGGCGGCCGCCCTTACTTACTCCACAGCT 31 61°C
MPO011 Th927.10.13960 H |-29nt of 5'UTR RV CAGTGGATCCGGGCGGCACTAATTCTAC 28 63°C
MP012 Th927.10.7690 R 4nt of ORF FW ACTGTCTAGAACGGACCGGACCATTTATG 29 65°C
MP013 Th927.10.7690 R 252nt of ORF RV CAGTGCGGCCGCAGAGCCTTATCGTCCAGTGA 32 65°C
MP014 Th927.10.7690 R  [-191nt of 5'UTR FW ACTGGCGGCCGCGCGCGCTTAACGTACGACA 31 68°C
MP0O15 Th927.10.7690 R [1nof 5'UTR RV CAGTGGATCCTAGTGTGGAAGCGCGCCG 28 71°C
MP0O16 Th927.4.870 E 4nt of ORF FW ACTGTCTAGAAACGGGAATGAAGAGATG 28 59°C
MP0O17 Th927.4.870 E 165nt of ORF RV CAGTGCGGCCGCTGTGACAGCAATGAATGAC 31 60°C
MP018 Th927.4.870 E [-244nt of 5'UTR FW ACTGGCGGCCGCGGAGATGGAACCGTTGAG 30 62°C
MP0O19 Th927.4.870 E |-56nt of 5'UTR RV CAGTGGATCCACCAACGCGATTGTTTCA 28 62°C
MP020 Th927.8.4980 P 4nt of ORF FW ACTGTCTAGAAGCGGAAAGGAAGTTGAAGGT 31 67°C
MP021 Th927.8.4980 P 222nt of ORF RV CAGTGCGGCCGCGGCAAGCAATTCATGCGCT 31 67°C
MP022 Th927.8.4980 P |-261nt of 5'UTR FW IACTGGCGGCCGCTATCCTTCGGCATTAGAGA 31 59°C
MP023 Th927.8.4980 P |-1nt of 5'UTR RV CAGTGGATCCTGATGCTTTATTGCTTTCTC 30 57°C
MP031 Tbh927.10.2190 J 4nt of ORF FW ACTGTCTAGATTCCACAACAGTTACCA 27 57°C
MP032 Tb927.10.2190 J 205nt of ORF RV CAGTGCGGCCGCGGAAGCTTAATACCAAG 29 57°C
MP033 Tbh927.10.2190 J |-218nt of 5'UTR FW IACTGGCGGCCGCcacgtatatcaaagaaggg 31 61°C
MP034 Th927.10.2190 J  }intof 5'UTR RV CAGTGGATCCatgttggaccttttcgagt 29 58°C
MP035 Th927.6.3150 Y 4nt of ORF FW ACTGTCTAGACCCGTAAAGCAACCGC 26 64°C
MP036 Th927.6.3150 Y 189nt of ORF RV AGTGCGGCCGCTAAGGGCAACTTCATAGCTT 31 61°C
MP0O37 Th927.6.3150 Y [-166nt of 5'UTR FW ACTGGCGGCCGCCTCCCGGTTGTTGGCG 28 67°C
MPO038 Th927.6.3150 Y |[intof 5'UTR RV CAGTGGATCCGGTTGTTGTTCCTACTCTACTCC 33 64°C




Supplementary Table 9.4. Tagging validation primers; FW = forward, RV = reverse

Oligonucleotide fiene of Gene Star:t?ng FW/RV Sequence (5' to 3') Length Annealing
name interest ID position (nt) temperature
Varga529 mNeonGreen | mNG |653nt of mMNG FW  |AAGAGTGGCAGAAGGCG 17 58°C
MP039 Th927.11.4480 | A |335nt of gene RV |GGCTGTTCTATGGTAGTCTGGAT 23 59°C
MP040 Th927.5.2850 B |420nt of gene RV |AGCAGCTGCATCATCGACAT 20 61°C
MP041 Tb927.11.1150 C |297nt of gene RV [TTGGGCTGCGTCAAGTTCTT 20 61°C
MP042 Th927.4.870 E [811nt of gene RV |GTGGATCAAGGGACATAGCCA 21 60°C
MP043 Th927.3.930 F  |707nt of gene RV ITGCACCACGTCATAGACAGC 20 61°C
MP044 Tb927.1.2670 G  |453nt of gene RV |CACATAACCCAACGCCCATAC 20 60°C
MPO045 Tb927.10.13960 | H [364nt of gene RV |CGTCGATTCGATTGTGGAGTG 21 59°C
MP046 Th927.10.2190 J |475nt of gene RV |AGTTCGCATGAAGTTGCACG 20 60°C
MP047 Tb927.10.890 K |479nt of gene RV ITCTTCCACTACTCGCGGTAC 20 60°C
MP048 Th927.9.15050 | M |372nt of gene RV |ACTTGTCATTTCAGCCAGTTGC 22 59°C
MP049 Th927.8.4980 P |460nt of gene RV |cCGATGGCATTGTCGATCATGC 21 60°C
MP050 Th927.10.7690 R |576nt of gene RV |GAAGGTGTCACTCGGATAGTC 21 58°C
MP051 Th927.7.6180 S |391nt of gene RV |GATCAACTAGCAGATGGCAGTC 22 59°C
MP052 Tb927.1.2360 T [350nt of gene RV |CAGAGGTCGACGATCTCCTTAC 22 60°C
MP053 Th927.6.3150 Y |746nt of gene RV |GACAATTCCATTGCACTACCCGA 23 61°C
MP054 Th927.4.5380 | c43 |467nt of gene RV |GCTATACAGTCATGCCGATGC 21 59°C
MPO55 Tb927.11.7240 N |357nt of gene FW  |GATGCAGGAAGGCCAAGTGA 22 61°C
MP024 mNeonGreen | mMNG | 248nt of MNG RV GTCCACCATAGCTGCTTGGA 20 61°C




Supplementary Table 9.5. RNAi target primers; FW = forward, RV = reverse

Oligonucleotide Gene of Gene Starting , , Length Annealing
) .. Sequence (5' to 3')
name interest ID position (nt) temperature
HV69 Tb927.11.1150 C 140nt FW  [(atcataccaatgtgatggACCGTCGTGTGTATCGCG 36 58°C
HV70 Tb927.11.1150 C 925nt RV atcataccatagagttggCGCCCGCTGCTTCTTTTC 36 58°C
HV71 Th927.11.4480 | A 63nt FW  |atcataccaatgtgatggATGTGCGCGAATAAGGACGG 38 59°C
HV72 Th927.11.4480 A 1043nt RV atcataccatagagttggCCACTGCGTTACATCACTCT 38 56°C

Supplementary Table 9.6. List of primer used for sequencing; FW = forward, RV = reverse, ORF = open reading frame, UTR = untranslated
region, - = upstream, + = downstream

Ollgo::::‘izotlde FW/RV Sequence (5'to 3') Length (nt) temz':::::rr:egf Q) Specifications
Varga529 FW AAGAGTGGCAGAAGGCG 17 58 starts n653 of mNeonGreen
Varga530 RV AGGTCTGGAGCAATACAGC 19 57 starts n176 of HaloTag

MP0O01 FW GCGATAGCTTAGCTATCAGC 20 55 PENT5 starts n-67 mNG
MP002 RV ACCATCGGGTTGAATGC 17 55 tubulin only
MPO0O03 RV TGTGCCATCAGATTACTCC 19 54 PENT5 starts n+62 UTR
MP0O61 RV CGTCAGATGTGCAAGCG 17 64 CFAP43 identification

Supplementary Table 9.7. List of primers used for cloning; FW = forward, RV = reverse

Oligonucleotide FW/RV Sequence (5' to 3') Length (nt) Annealing . Specifications
name temperature (°C)
Varga527 FW |ATCGAAGCTTATGGTCTCGAAAGGTGAGGAAGACA 35 65°C pPOIVA insert mNG-Halo for cloning into pENTS
Varga533 RV  |CAGTTCTAGATGATCCTCCTCCTCCTGATCCTCCTCCTCCACCAGAAATTTCAAGTGTCGAAAG 64 62°C pPotV4 insert mNG-Halo for cloning into pERTS
Varga534 FW |ATCGAAGCTTATGTCGGCTGAGATTGGTACG 31 63°C e (s o cllaing i EETS
MPO56 FW |CATGTGCTGCCCAGGGTGTTGCG 23 // TC tag preparation
MPO57 RV |GATCCGCAACACCCTGGGCAGCACATGGTAC 31 // TC tag preparation
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Supplementary Table 9.8. List of reagents

Chemical ‘manufacturer catalogue number

Acetic acid P-lab -
Acrylamide/BIS-Acrylamide 30% sol. Sigma K15101
Agarose Sigma A3699-100ml
Ammonium persulfate (APS) Sigma A9539-500G
BAL buffer Molecular probes A3678-100 g
Bromphenol Blue Sigma --

Calcium Chloride (CaCl2) P-lab 114391-5G
DAPI Sigma Q10102
Deoxynucleotide mix 10mM Sigma D9542-10MG

ddHZO = double-distilled water

special water tap

D7295-20X.2ML

DMSO = dimethyl sulfoxide

P-lab

E-64-d = Calpain and

- fluorescence free

cathepsin inhibitor Enzo Life Sciences D 06101
ED_TA = Ethylendiaminetetraacetic P_lab BML-PI107
acid

EGTA = Ethylene-bis

(oxyethyle:enitrilo)tetraacetic acid P-lab Q15101
Ethanol absolute VWR R30542
Fetal Bovine Serum (FBS) Gibco 20816
Glycerol Glycerol anhydrous G.R. Lachner -

Haemin Sigma 40058-ATO
HaloTag® Biotin Ligand Promega H9039-1G
HaloTag® Coumarin Ligand Promega G8282
HaloTag® PEG-Biotin Ligand Promega G8582
HaloTag® TMR direct Ligand Promega G8592

HCI = Hydrochloric acid Lachner G8252
Hepes P-lab 10033-A35
Hoechst 33342 Solution (20 mM) Thermo Fisher R91054
Igepal CA630 Sigma 62249
e EICHI T es kL Carl Zeiss spol. s r.o. 13021-50ml

KCl = Potassium chloride

P-lab

444960-0000-000

KOH = Potassium hydroxide

P-lab

Q04101

LB = Lysogeny Broth (pfipravna médii IMG) core facility at IMG H 14102
Leupeptin hemisulfate salt Sigma --
MetOH = Methanol Lachner --
NaCl = Sodium chloride Lachner 20038-ATO
NaHZP04 = Sodium Dihydrogen
30093-APO

Phosphate Dihydrate
Na2HPO4 = Disodium Hydrogen
Phosphate Dodecahyerte ¢ E R1879.2
Pepstatin A Sigma H08102

) media facility at IMG,
Phosphate Buffer Saline = PBS CAS, CR P5318-25MG
PIPES = piperazine-N,N’-bis P-lab B
(2-ethanesulfonic acid)
:Iroi:dzphenylmethylsulfonyl Roche R91564
ReAsH dye Molecular Probes 10837091001
RedSz.lfe"" Nucleic Acid Staining iNtRON _
Solution
Powdered Milk P-lab --
SDM79 Powder (Gibco®) R.T145.2

SDM-79 cGMP DPM (5L)

life technologies —gibco

SDS = Sodium dodecyl sulphate

2-07490916 N

Sodium bicarbonate (NaHCOa)

Sigma

Mach chemikalie spol.

Sodium hydroxide (NaOH) cro S5761-500G
Sulfuric acid 96% (H2S04) p.a. P-lab --

Trizma base (Tris) Sigma K18101
Tween 20 T1503-1KG
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