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Abstract

Leishmania spp are flagellate protozoan parasites, with a digenetic life cycle,
alternating between a mammalian host and insect vector. Within both the host and
vector Leishmania adopts different morphologies and cell types, which are adapted
to that ecological niche. One of the key architectural features in the determination
of cell morphology is the flagellar pocket, which is the sole site of endo/exocytosis. It
was shown that a large cytoskeletal structure, the flagellum attachment zone (FAZ),
which connects the flagellum to the cell body, was an important contributor to the
maintenance of the flagellar pocket architecture and its function. However, a poor
understanding of FAZ molecular organisation and the specific roles of its constituent

proteins remains.

Here, 28 FAZ proteins were discovered by the endogenous tagging of the orthologs
of T. brucei FAZ proteins identified through TrypTag. These proteins were categorised
into five classes based on their localisation patterns. The classes sit within the three
structural domains, the flagellum, intracellular and cell body of the FAZ structure. A
deletion screen of these proteins revealed functional groups responsible for
flagellum attachment and cell morphogenesis, with the specific function of these
proteins connected to their exact location within the FAZ. Analyses of the flagellum
domain proteins FAZ27 and FAZ34 revealed their importance for flagellum
attachment. Moreover, the cell body domain CC2D was shown to be required for
flagellum attachment and anterior cell tip morphogenesis and was dependent on
FAZ2 for assembly. Importantly, the analysis of these proteins defined the assembly
hierarchy of the three FAZ structural domains, with the cell body domain required
for the assembly of the intracellular and flagellum domains and FAZ2 of the cell body
domain being a key foundational protein. Together these results have provided

crucial insights into the molecular organisation and function of the FAZ in Leishmania.



Acknowledgements

| would like to start by thanking my supervisor, Dr Jack Sunter, for his support and
patience throughout this PhD. | really valued his scientific knowledge and advice

through lab experiments, manuscript and the writing of this thesis.

| also would like to thank Professor Keith Gull and members of Sunter, Vaughan and
Wheeler labs for useful discussions. It was a pleasure to share this journey with my
fellow PhD researchers, Laura Smithson, Shahaan Shafiq, Manu Ahmed and Lauren

Wilburn.

A special thanks goes to my parents for believing in me and giving me lots of support
since day one, my late grandparents for their belief in education, my friends who are
still on the side-lines cheering me on and Matthew, for his encouragement and

producing decent gin and tonics particularly during the thesis writing phase.

And lastly, thanks to the Nigel Groome Scholarship for funding this PhD project.



Table of Contents

[0 1= ol =1 21 { [0 ] 1 K

Y o 13 o= [ P

Acknowledgements .........ccueeiiineiiinineennnnninnsnnnesnissnnsssss s s

Table Of CONTENLS .....c..eiiiireeereieeieereienneesesrersssesssssssesssssssssssssnenssssssnns

List of Figures and Tables ........ccccecvrierireereinennencnnenenccsnenessnneesessnnenenns

P oY o T =AVA T 1 6 [o] 1 L3RR

1

11

1.2

13

1.4

1.5

1.6

1.7

1.8

2.1

[0 1 4 g0 Yo [V 11 { (o ] NN

Leishmania and leishmaniasis ..........cccvvervirveiseiseiseisecsecsecseesennannns
1.1.1 Leishmania life CYCl@..ieeeeeeee et
The flagellar pocket is critical for the determination of cell
morphology in trypanosomatids .........ccccceeveeerrerveercceenneeceeennneenns
Flagellar pocket structure in T. brucei and L. mexicana .............
1.3.1 T BIUCEH ettt et e e s s e s
1.3.2 L. MEXICANG ...ttt s s
Flagellar pocket shape is critical for its function .........................
FAZ is important for cell and flagellar pocket morphogenesis ..
The FAZ is intimately associated with flagellar pocket
duplication and segregation ............ceecveereecneecrseenneereseeeseneesneenns

Flagellar pocket is important for pathogenicity ......c.ccccceevveennnenns

1.7.1 Endocytosis, Sorting and recycling .........ccovvevevveevinecre e ceeereervennns

1.7.2 NULrient UPLaKe ..ottt e s

S T o Yor V1 0 1] [T

1.7.4 The flagellar pocket is important for flagellum assembly .............

1.7.5 Secretion of molecules in the hOSt.......cccovvevevieieeeeeece e,

BIOINTOIMATICS ..oevervreeereririerereesssrneeeesessnneeressssaranesessssssessessassessesessses

2.1.1 lIdentifying FAZ proteins in Trypanosoma brucei using TrypTag ..



2.2

2.3

24

2.5

3.1
3.2

33

34

2.1.2
2.13

2.2.1

2.2.2
2.2.3
224

23.1
2.3.2
233

24.1
2.4.2
243
24.4
2.4.5

251
2.5.2

Identifying protein ortholog in Leishmania mexicana................... 46

Proteome analysSis ...ccucieee s 46
Molecular BIOIOZY .......cccciiuiiirinnniinniinnnnnnninnsinenscnnssnnsssessssssssssnes 46
Generation of FAZ and flagellar pocket markers tagging

CONSEIUCES 1ottt e s 46
Generation of FAZ deletion cONStructs ........ccceeeveineennceineceeceenen. 48
The confirmation of null mutant cell lines ........ccoccceeeiieinencnnenne 49
Generation of FAZ addback plasmids .........cccceeveeeceieicicicinrierenee 49
Leishmania mexicana cell culture ............ccvvvivvieernnnnenecseiennnn. 53
Maintenance of Cells ... 53
Generation of tagging, null mutant and addback cell lines .......... 53
GroWEh CUINVES ...ttt s s 53
LiIght IMICIOSCOPY ...eeeevueecerenneecseecsseesseessseesssasesasesssesssensssnsesnnsessesenans 54
Imaging the tagging, null mutant and addback cell lines .............. 54

Measurement of cell cycle position numbers and abnormalities 55

Measurement of flagellum length and cell body length/width ... 55

Confirmation of flagellum loss by vorteXx .......cccecevieeeecevvenicnenenn. 56
MOTIITY @SSAY cvverreeiiieecreete ettt st ete e eer et e saesaeeneeneeraenes 56
Methodology for Transmission Electron Microscopy ................. 56
Fixing cells and single osmium preparation .........ccccecveevreviveereenen. 56
2.5.2 Thin sectioning and iMaging .......cccceeeevereeceeveveneec e e 57
Approach to data collection and analysis ......cccccccceeerveerveerereecrenenns 57

Discovery of 28 FAZ proteins with 5 different FAZ

localisation classes in L. MeXiCANQ ..........eeeereeneennnreereerrennnnaees 59

Preface ..ttt s 60
58 orthologs of T. brucei FAZ proteins were identified in L.

L1123 (o 1 T TP 61
FAZ2 and FLA1BP were chosen as FAZ protein markers for
resolution and clarity in localisation screen ..........ccccvvervevrincnnnns 70
Localisation screen identified 29 FAZ proteins categorised into

five 10caliSation ClasSes ....ccccccvvvvueeeereerireresieisesssessnsenseseseneneneseesessnes 71



3.5

3.6
3.7

3.8

4.1
4.2

4.3

4.4

T. brucei FAZ protein localisation and domain pattern
correlated with L. mexicana orthologs ..........ccccceeevvvviiiienininennnes
26 L. mexicana orthologs did not localise to the FAZ .................
All five FAZ localisation classes begin to assemble a new FAZ
structure during flagellum biogenesis .........cccceceeveicrrceiicncseiinnnne
(D 1LY ol U £ T o PR
3.8.1 Five FAZ localisation classes were identified in L. mexicana ........
3.8.2 FAZclasses in L. mexicana correlate with specific groups in T.
BIUCEI .ottt ettt sttt sttt e e e e e e e s e aenaenan
3.8.3 20T. brucei FAZ proteins are specific to trypomastigote and

epimastigote Morphology .......ccceveceecieie e

Analysis of 23 FAZ proteins from 5 FAZ localisation classes
revealed functional groups responsible for flagellum

attachment and cell morphogenesis ......ccccccceevvcvereeccnenrecreneenne

L = - 1o
A pipeline was established for the functional analysis of FAZ

NUIT MUBANTES oeeveeeeiriiiiieeeesineenesessssneesessssnnsanessssssseesesssssasasessssssnsssens

4.3.1 Loose flagella and short flagellum cells were present in FAZ27,
FAZ34 and FLAL1BP null mutants .......cceeeeeenreineie s
4.3.2 Cell cycle was only marginally altered in class | null mutants ......
4.3.3 Flagellar streamers are prevalent throughout the cell cycle of
cAMP binding protein null mutant ........c.cccoeeveeiccecenee e
4.3.4 FAZ assembly was affected in Class | null mutants ..........ccoveeeenene
4.3.5 FAZ27, FAZ34 and FLA1BP null mutants had shorter cell bodies .
L0 = LT3 | PPN
4.4.1 Loose flagella, short flagellum cells and flagellum to flagellum
connections were observed in Class Il null mutants .....................
4.4.2 Deletion of FAZ5, FAZ2 and CC2D resulted in cell cycle changes .

4.4.3 FLA1BP localisation was affected in Class Il null mutants .............

109



4.5

4.6

4.7

4.8

5.1
5.2

5.3

10

4.4.4 Cell body length was reduced in FAZ5, CC2D and FAZ2 null
MUEANTS vt ea b et s st et es e ess s eneeneeneens
08 T3 | | RPN

4.5.1 FAZ3 null mutant phenotype was similar to parental ...................

4.6.1 Cell cycle was only marginally affected in Class IV null mutants .
4.6.2 FLA1BP::mCh localisation was not affected in Class IV null
MUEANTES <ottt e s s e e s r e s s sen e
4.6.3 Flagellum and cell body size was not affected in Class IV null
mutants but FAZ10 had ‘zip-like’ flagella morphology ..................
ClIaSS V ittt st sss s s e sas sas s s e sesssasenes
4.7.1 Class V null mutants have no cell cycle or morphological
EFECES e e e
DiSCUSSION ...ceiiuiiinniiiiiiiitiitinsnsinie s sessnsssesae s ssssessesssssssasses
4.8.1 Each FAZ localisation class represents a functional group with
SPECITIC TOIBS vttt st e ee s e
4.8.2 Class |is associated with flagellum attachment and cell
MOTPROIOZY vttt ettt e e et se v e b e s e an
4.8.3 Class Il is associated with flagellum attachment, cell
morphology and anterior cell tip morphogenesis ..........cccc..........
4.8.4 Class lll could be important for correct FAZ assembly ..................
4.8.5 FAZ10 has a role in cytoKineSis .......cceeveveereceiveecreetreerceenre e
4.8.6 Class V proteins likely located further away from the

AttAChMENT FEZION ..ottt et e
Class | proteins FAZ27 and FAZ34 are important for
flagellum attachment and flagellar pocket morphology ......

=] = oL < TS

Phenotype of FAZ27 and FAZ34 null mutants changes over

The likelihood of flagellum loss correlated with increasing

flagellum length ...t e



5.4

5.5

5.6

5.7

5.8

5.9

6.1
6.2
6.3

6.4

6.5
6.6
6.7
6.8

59.1
5.9.2

5.9.3

594

The re-introduction of FAZ27 and FAZ34 genes confirmed

flagellum loss was directly related to FAZ27 and FAZ34

deletion ... e 152
Both EF1 and EF2 domains of FAZ34 were required for

maintaining flagellum attachment .........cccoivccrrcercrccccccniecnene 155
The deletion of flagellum domain proteins FAZ27 and FAZ34
disrupted FAZ organisation ........cccccccvvniinennncsensnnsnnnnssnssnnssesssennns 158
Disruption of FAZ organisation reduces attachment and alters
flagellar pocket size and Shape .......cccveeeverceereceecneenseennseecsenensneens 163

Change in FAZ organisation and attachment affected cell

MOTIIILY ceeceeeeceicee et ceerree e e sreeessaessnseesssessses ssnnssnssnnenesnnnes 166
DiSCUSSION ..ccuveiicniicnsenenisneissssnissssnmsssnnssssssssssssssssssasssssssnssssnnssssnnsens 169
FAZ has a key role in flagellum attachment .........ccoccceeiiinininnene 169

FAZ organisational structure is important for flagellar pocket

FAZ attachment and flagellar pocket shape is important for
directional mMovemMeNt ... 172

FAZ27 and FAZ34 function is similar to FLA1BP and FAZS ............ 172

Class Il protein CC2D is required for flagellum attachment

and anterior cell tip morphogenesis .........cccccevecveercneecseerecnnens 174
o = - T 175
Phenotype of CC2D null mutant changes over time ................... 176

Flagellum in CC2D null mutant was hard to detach by shear

force, but the likelihood increased with length ........................... 182
Add-back of CC2D gene confirms CC2D null mutant phenotype

was directly related to CC2D deletion ........ccoveeverevreveneecneenneene 184
The deletion of CC2D disrupts FAZ organisation ..........cccceeevrueenee 186
FAZ2 necessary for assembly of CC2D into L. mexicana FAZ ..... 190
CC2D deletion reduced flagellar pocket size .........ccceeervuvriveciunranns 192
Change in FAZ organisation and attachment affected cell

L3 0o ] [ 4R 194

11



6.9

7.1

7.2
7.3

12

DISCUSSION ..cuveierieiiiiiiiiiiiiist sttt s e e e s s sesssssssssssssasses 195
6.9.1 CC2D has a key role in anterior cell tip morphogenesis ................ 195
6.9.2 FAZ2 is the start of FAZ assembly hierarchy ........ccccovevevvvveennnee. 198
6.9.3 CC2D has arole in flagellum attachment .......cccooevevveieieieieinnns 200

6.9.4 CC2D and cell body domain proteins play a smaller role in cell

0 gToT o] aTe] (=T o [Ty L3RS 201
6.9.5 CC2D is important for motility .....cccoecevvvevriereceee e 201
Conclusions and OULIOOK .........cccceiveeriieiinennssesnseissnnesnisennssnnnnns 202

Towards a greater understanding of FAZ function in
L= 13 T2 1o T [ P 203
7.1.1 Identification of FAZ proteins in L. mexicana ............cccccceevveueennne. 203

7.1.2 lIdentification of FAZ functional groups in L. mexicana................. 204

7.1.3 Specific functions of FAZ27, FAZ34 and CC2D .......cccvvvvveeveeeeneenen. 204
Limitations and future perspectives .........ccccecceeerreenseensseecrenenceenne 205
Concluding remarks ......ccucccceiicriininnninn e sss s sssess e ssnnsesnns 206

References ... e 207

APPENAIX c.coeneeiiniiieeirnnrecenreseee s sssessssnsesessssnsassssssenssessnnsesnns 218

A Primers for tagging FAZ orthologs in L.mexicana ...............c......... 219

B Non-FAZ localisations in L. mexicana .............ccceunecerenenenneenen. 225

C Primers for FAZ deletion in L. mexicana ............cccccecvevercnnenennnen, 231

D Deletion confirmation primers ........ceccee e ccecceecisec e 233

E Publications related to this thesis ..........cccvveivrnncinrrcereen 235



List of Figures and Tables

1. Introduction

Figure 1.1  Morphology across trypanosomatids .........cccceveeevreinenincneneeneene. 24

Figure 1.2  There are similarities and differences in T. brucei and L.

mexicana flagellar pocket structure ........cccocceveeeeeceeceeviceceeceeee, 28
Figure 1.3  There are three main FAZ domains in trypanosomes ................... 31
Table 1.1  FAZ proteins identified in T. Brucei .........ccececveveievnineniseeeeeeen, 32

Figure 1.4  FAZ proteins in L. mexicana are split into classes based on

localisation PAttern ... 35
Figure 1.5 Flagellar pocket duplication in T. brucei and L. mexicana ............. 38
Figure 1.6 Endocytosis and exocytosis pathways in Trypanosomatids ......... 43

2. Materials and Methods

Table 2.1  Primers used for the generation of addback plasmids .................. 51
Table 2.2 Addback plasmids generated .........cocevverevevesevscer e 51
Figure 2.1  Generation of addback constructs ........ccccccevevecececceevieeec e 52
Table 2.3 SeleCtion ArUES ...c.ccvcveeereerieieeie ettt r s e s e e sre e 53
Figure 2.2  Measurements in IMageJ ..o 55
Table 2.4  Approach to data collection ..., 58

3. Discovery of 28 FAZ proteins with 5 different FAZ localisation classes in L.
mexicana
Figure 3.1  FAZ proteins in T. brucei were classified based on their

localisation PAtterns ... e e e e 62

Table 3.1  FAZ proteins in T. brucei with orthologs in L. mexicana

1o L= g =T OSSP 63
Figure 3.2  FAZ protein conservation analysis across Species ........cccceveeveenen. 69
Figure 3.3  FAZ2 and FLA1BP were selected as FAZ markers ........cceccevvvvervenne. 70

Figure 3.4  Leishmania FAZ proteins with Class 1; FAZ on flagellum side
[OCAIISATION et st s 72
Figure 3.5 Leishmania FAZ proteins with Class 2; FAZ on cell body side

To Yo=Y [1SY=] AT Yo NIRRT 74

13



Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Table 3.2

Table 3.3

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Leishmania FAZ protein with Class 3; FAZ ring/horseshoe at

collar region 10calisation .......ccccceceieieininin e 76
Leishmania FAZ proteins with Class 4; FAZ ring/horseshoe at

exit POINt 10CAlISALION ..ocoveiieiece e e 77
Leishmania FAZ proteins with Class 5; FAZ ring/horseshoe at

exit point 10Calisation ... e 80
Leishmania FAZ proteins with Class 6; Complex FAZ

[0CAlISALIONS .. 82
Comparsion of FAZ localisations in L. mexicana and T. brucei ..... 86
Proteins with non-FAZ localisations ..........ccccoveveeeincincneceseenne, 88
Non FAZ localisation eXamples ........cceeevereneireereeie e s s e see s 89
New FAZ begins to form by the time new flagellum emerges

out of the flagellar Pocket .......cccovieiiieeie e, 92
Two flagella were seen in the pre-existing flagellar pocket

before segregation in L. mexicana ............ccccooevveevevceneveneseeseeenne 93
Five FAZ classes were defined by their localisation patternin L.
IMEXICOANG ..ottt ettt s st st st st et e e e s 94

4. Analysis of 23 FAZ proteins from 5 FAZ localisation classes

revealed functional groups responsible for flagellum attachment and

cell morphogenesis

Table 4.1

Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4

Figure 4.5

14

23 FAZ proteins taken forward for functional analysis screening

IN N L MEXICANG ...t 101
Diagnostic PCR confirmed gene deletion for Class | null mutants 103
Deletion of FAZ27, FAZ34 and FLA1BP resulted in cells with

short flagellum and loose flagella ..o, 104
Deletion of Class | FAZ proteins did not affect the cell cycle ........ 106
FAZ2 and FLA1BP localisation was affected in Class | null

MUEANTS (i e 108
Cell body length was reduced in FAZ27, FAZ34 and FLA1BP null
MUEANTS et e s e e 110



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14
Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Diagnostic PCR confirmed gene deletion for Class Il null
MUEANTS <ottt st st st b e bbb st
CC2D null mutant has loose flagella and short flagellum cells
like FAZ5 and F-F connections like FAZ2 .........cccoevevvveinincncnnnennee
Cell cycle was affected in Class Il null mutants .........ccceeeeveeeeenenee.
FLA1BP::mCh localisation was affected in Class Il null mutants ..
Cell body length was reduced in FAZ5, CC2D and FAZ2 null
MMUEANTES <ottt s s e e s er e s s en e
Diagnostic PCR confirmed gene deletion for Class Il FAZ3 null
MMUEANT (oot et e b e e e s e s e ene s
Deletion of class Ill, FAZ3 has no effect on cell cycle and
(aaToT o] aTo] [} -V SRR
Diagnostic PCR confirmed gene deletion for Class IV null
MUEANTS <ottt st st st e s b s s s en e
Little change in the cell cycle of Class IV null mutants ..................
FLA1BP::mCh localisation was not affected in Class IV null
MUEANTES <.ttt et st s s et s s en e
FAZ10 null mutant has flagellar morphology defects ....................
Diagnostic PCR confirmed Class V FAZ gene deletions ..................
Cell cycle and FLA1BP::mCh localisation was not affected in
Class V null MULaNnts .....c.ceveeieiiiec e
Flagella and cell body lengths were not affected in Class V null
MUEANTS <ottt et e bbb e st
Potential roles of the different FAZ domains within the FAZ

SErUCLUIE IN L. MEXICANG .ottt e ee st ane e e

5. Class | proteins FAZ27 and FAZ34 are important for flagellum

attachment and flagellar pocket morphology

Figure 5.1
Figure 5.2

FAZ27 and FAZ34 null mutants were successfully re-generated .

Phenotype of FAZ27 & FAZ34 null mutant cells changed over

141

15



Figure 5.3

Figure 5.4
Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8
Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Cell body length in FAZ27 & FAZ34 null mutants reduced over
LI e et et e e et e e r e 146
Mechanical stress from vortexing caused flagellum loss .............. 148

Likelihood of flagellum loss increased with increasing flagellum

Kinetoplast attachment correlated with flagellum length in

FAZ34 nuUll MUEANT ..ot s 151
FAZ27 and FAZ34 null mutant phenotype was the consequence

Of PrOTEIN 1OSS vttt st s s 154
EF-1 and EF-2 domains are both important for FAZ34 function .. 157
Localisations of six proteins representing different FAZ domains
inthe parental cell iNe ... 160
Deletion of FAZ27 affected the localisation of flagellum,
intermembrane, and cell body FAZ domain proteins .................... 161
Deletion of FAZ34 affected the localisation of flagellum,
intermembrane, and cell body FAZ domain proteins .................... 162
FAZ27 and FAZ34 loss disrupted flagellar pocket shape and

(o] == | gV IS3= | 1] o O 164
Flagellar pocket size and attachment was reduced in FAZ27 and
FAZ34 nUIl MUEANTS ..ecvieieeecre e e e e 166
FAZ27 loss reduced swimming speed and progressive

MOVEMENT .ottt 167
FAZ34 loss reduced swimming speed and progressive

MOVEMENT .ottt bbb s 168
FAZ molecular structure is disrupted in FAZ27 and FAZ27 null

L L= ] 171

6. Class Il protein CC2D is required for flagellum attachment and

anterior cell tip morphogenesis

Figure 6.1
Figure 6.2

16

CC2D null mutant was successfully re-generated ..........ccccnu...... 177

Change in CC2D null mutant phenotype occurs over time ........... 179



Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

No morphological changes were detected in CC2D null mutant

OVEE TIME et e et e e s en e 181
Loose flagella are longer than the attached flagella in CC2D null
MUEBANT (o e e st s e 183
CC2D null mutant phenotype was the consequence of CC2D

ElETiON ..o s 185
Localisations of six proteins represents different domains in the
PArental Cell iNE ..o e 188

Deletion of CC2D affected the localisation of flagellum,

intermembrane, and cell body FAZ domain proteins .................... 189
FAZ2 is required for CC2D assembly ......cccocevevevevevecerceeeeenne 191
CC2D loss disrupted flagellar pocket shape ......ccceoeeeecvrecececeens 193

CC2D loss reduced swimming speed and progressive

MOVEMENT ..ottt s e 194
F-F connections in CC2D null mutant is predicted to be similar

t0 FAZ2 nUIl MUEANT .o e 197
FAZ2 is head of FAZ assembly hierarchy ......ccccoovveeceicnnnieceens 199

17



Abbreviations

1F

2F
1FIN1K
2FIN1K
2F2N1K
2F2N2K
A

aa

BB

BSF
BLAST
bp
cAMP
Cas9
CRISPR
DAPI
DMSO
dTNPs
ddH20
FAZ
FCS

F-F
gDNA
GFP
HiFi

K

kDa

mCherry

18

One flagellum

Two flagella

One flagellum, one nucleus, one kinetoplast
Two flagella, one nucleus, one kinetoplast
Two flagella, two nuclei, one kinetoplast
Two flagella, two nuclei, two kinetoplasts
Anterior

Amino acids

Basal body

Bloodstream form

Basic local alignment search tool

Base pairs

Cyclic adenosine monophosphate
CRISPR-associated gene 9

Clustered regularly interspaced short palindromic repeats
4, 6-diamidino-2-phenylindole

Dimethyl sulfoxide

Deoxyribonucleotide triphosphates
Double distilled water

Flagellum attachment zone
Fetal calf serum

Flagellum-to-flagellum

Genome DNA

Green fluorescent protein

High fidelity

Kinetoplast

Kilodalton

Monomeric cherry red



mNG
MtQ
ORF

PBS
PFR
RNAi
sgRNA
SF
TEM
TMDs
UTR

Monomeric neon green
Microtubule quartet

Open reading frame
Posterior

Phosphate buffered saline
Paraflagellar rod

RNA interference

Single guide ribonucleic acid
Short flagellum
Transmission electron microscopy
Transmembrane domains

Untranslated region

19



20

Chapter 1

Introduction



Declaration: Some aspects of this chapter was used as the basis of the flagellar
pocket review, Halliday, C. et al. (2021) ‘Trypanosomatid Flagellar Pocket from Structure

to Function’, Trends in Parasitology, 37(4), pp. 317-329. doi: 10.1016/j.pt.2020.11.005

1.1 Leishmania and leishmaniasis

Leishmania spp are protozoan parasites, which cause the infectious disease,
leishmaniasis. Transmission of this disease between mammalian hosts occurs via the
sand fly insect vector (Bates, 2007). Leishmaniasis can occur in three different forms,
visceral, cutaneous (skin lesions) and mucocutaneous (affecting the nose, throat and
mouth). Visceral leishmaniasis affects the liver, spleen and bone marrow and can be
life threatening if untreated (Herwaldt, 1999; Bates, 2007). There are estimated to
be between 200,000-400,000 visceral infections every year with 90% of those
occurring in India, Bangladesh, Sudan, South Sudan, Brazil and Ethiopia. Cutaneous
leishmaniasis infects between 700,000-1.2 million people every year, affecting a
wider region including the Americas, the Mediterranean and Western Asia. Overall
leishmaniasis is the 9t largest individual infectious disease burden in the world, with

approximately 20-40,000 deaths every year (Alvar et al., 2012).
1.1.1 Leishmania life cycle

Leishmania spp have a complex digenetic life cycle with developmental forms in both
the mammalian host and insect vector. In order to adapt to the different
environmental conditions of these ecological niches, Leishmania parasites have the
ability to differentiate into different cell morphologies and cell types (Sunter and Gull,
2017). There are two main cell morphologies, which are the promastigote
morphology, found in the sand fly with an elongated ovoid cell body and a long motile
flagellum and the amastigote morphology, found in the mammalian host with a
smaller, spherical cell body and a short immotile flagellum (Fig 1.1) (Sunter and Gull,

2017).

Leishmania parasites have a series of developmental forms in the sand fly, which

occurs as a chain of events after uptake of amastigotes with the blood meal;
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however, all are variations on the promastigote cell organisation. Amastigotes
differentiate into procyclic promastigotes which then become nectomonad
promastigotes (longer cell body) that migrate out of peritrophic matrix to attach
themselves to microvilli in the midgut. Here, they differentiate into leptomonad
promastigotes (shorter cell body) and then migrate to the stomodeal valve.
Leptomonad promastigotes can differentiate to either haptomonad or metacyclic
promastigotes. The metacyclic cell form is the mammalian infective form that is
deposited into a bite site and taken up by a macrophage (Bates, 2007; Sunter and
Gull, 2017). Leishmania morphological adaptation with different developmental
morphologies is similar to other protozoan parasites, including the closely related
species Trypanosoma brucei (Hoare and Wallace, 1966; Wheeler, Gluenz and Gull,

2013).

1.2 The flagellar pocket is critical for the determination of cell

morphology in trypanosomatids

Despite different morphologies between trypanosomatids such as Leishmania spp,
Trypanosoma cruzi and Trypanosoma brucei, they all share a number of important
cellular architectural features. The overall shape of the parasite is determined by a
sub-pellicular microtubule array, within which are positioned single copy organelles
and structures, including the nucleus, kinetoplast (mitochondrial DNA), basal body,
flagellum and flagellar pocket, an invagination of the cell membrane at the base of
the flagellum (Sunter and Gull, 2017). It is the positioning of these organelles and
structures that determines the shape and form of these parasites. For example,
within the sand fly vector Leishmania have a promastigote morphology that has the
basal body and kinetoplast positioned to the anterior of the nucleus with the
flagellum emerging from the flagellar pocket at the anterior cell tip, which is not

attached to the cell body beyond this point (Fig 1.1) (Sunter and Gull, 2017).

In contrast, T. brucei exhibits a trypomastigote morphology for the majority of its life
cycle that has an elongated cell body with the basal body and associated kinetoplast,
flagellum and flagellar pocket positioned to the posterior of the nucleus (Fig 1.1).

Once the flagellum has exited the cell body it extends beyond the anterior cell tip
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and is laterally attached to the cell body by flagellum attachment zone (FAZ) for the
majority of its length (Kriiger and Engstler, 2015). The repositioning of these
organelles and structures is a key step in differentiation between different life cycle
stages and morphological forms (Hoare and Wallace, 1966; Wheeler, Gluenz and

Gull, 2013; Sunter and Gull, 2017).

The sub-pellicular microtubule array of these parasites is highly organised and runs
from the anterior to posterior of the cell. The close positioning of the adjacent
microtubules limits access to the cell membrane and therefore exo/endocytic
processes can only occur at specific breaks in the array; hence, creating a highly
polarised exo/endocytic system. The site of flagellum emergence from the flagellar
pocket is one such break in the array in these parasites (Landfear and
Ignatushchenko, 2001; Elias et al., 2007; Field and Carrington, 2009; Ambit et al.,
2011). The flagellar pocket is a critical part of the exo/endocytic system and is
involved in many cell roles such as acquisition of nutrients, secretion of proteins,
immune evasion in addition to being of critical importance for cell division and
determination of cell morphology (Field and Carrington, 2009). Studies have shown
that FAZ assembly and structure is an important contributor to maintaining flagellar

pocket architecture and therefore its function (Sunter et al., 2019).
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Figure 1.1: Morphology across trypanosomatids. The morphology is defined by
positions of the nucleus, kinetoplast and flagellar pocket along the anterior-posterior axis.
Promastigotes are found in L. mexicana, amastigotes are found in L. mexicana and T. cruzi.

T. cruzi also share epimastigote and trypomastigote morphologies with T. brucei.
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1.3 Flagellar pocket structure in T. brucei and L. mexicana

1.3.1 T. brucei

The T. brucei flagellar pocket is the best studied of the trypanosomatid flagellar
pockets. It is an invagination of the cell membrane at the base of the flagellum that
is shaped like a vase with two regions (Fig 1.2), the proximal bulbous region into
which the exo/endocytic system connects and the distal neck region, which is
surrounded by electron dense structures and at this point there is little gap between
the flagellum and flagellar pocket neck membrane with the narrow gap restricting
access of immune effector cells into the rest of the flagellar pocket (Field and
Carrington, 2009; Wheeler, Sunter and Gull, 2016). The bulbous region is asymmetric
with the anterior face larger than that of the posterior face. At base of the flagellar
pocket is the basal body, which nucleates the flagellum that consists of a 9+2
microtubule axoneme structure (Lacomble et al., 2009; Vaughan and Gull, 2016;
Wheeler, Sunter and Gull, 2016). In close proximity to the flagellar pocket is the Golgi
apparatus and a wide network of endoplasmic reticulum, highlighting the highly

polarised nature of the T. brucei cell (Lacomble et al., 2009).

The cell membrane can be split into four separate membrane domains, i) flagellum,
ii) flagellar pocket bulbous, iii) flagellar pocket neck, iv) cell body and the boundaries
between these different domains are located in the flagellar pocket (Fig 1.2)
(Gadelha et al., 2009). Around the base of the flagellum is a filamentous annulus
called the collarette that has been described by electron microscopy. The collarette
surrounds the flagellar membrane of transition zone region separating the flagellar
pocket bulbous membrane from the flagellum membrane (Gadelha et al., 2009;
Lacomble et al., 2009; H60g et al., 2012). To date no collarette proteins have been
identified. The boundary between the flagellar pocket bulbous membrane and the
flagellar pocket neck membrane and then the cell body membrane is demarcated by
the flagellar pocket collar and associated hook complex. The flagellar pocket collar is
a horseshoe shaped cytoskeletal structure that is positioned distal to the flagellar

pocket bulbous region cinching in the membrane, creating the two-part flagellar
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pocket structure (Fig 1.2) (Angelopoulos, 1970; Field and Carrington, 2009; Gadelha
et al., 2009).

The best characterized component of the flagellar pocket collar is BILBO1 (Bonhivers
et al., 2008). T. brucei BILBO1 consists of an N-terminus domain (ubiquitin-like fold),
EF hand motifs, a large coiled-coil domain in the C-terminus and a leucine zipper.
BILBO1 is able to form homo-oligomers through its coiled-coil domain and the
presence of calcium likely bound to the EF hands can change the conformation of a
protein to form either circular or helical polymers (Florimond et al., 2015; Vidilaseris
et al., 2015; Perdomo, Bonhivers and Robinson, 2016). The microtubule quartet
(MtQ) a specialised set of four microtubules that are nucleated close to the basal
bodies and wrap around the flagellar pocket pass through the gap in the flagellar
pocket collar before extending along the cell body towards the anterior cell tip (Fig
1.2). The passage of the MtQ through the flagellar pocket collar creates a ‘channel’
within the neck region, which acts as an access route for material to enter the
flagellar pocket bulbous lumen (Gadelha et al., 2009; Lacomble et al., 2009; S.
Lacomble et al., 2010; Sunter and Gull, 2016).

Just distal to the flagellar pocket collar is the hook complex, a cytoskeletal structure
that forms a semi-circle around the flagellum with two arms that flank the proximal
part of the MtQ and the flagellum attachment zone (FAZ) as these structures extend
along the cell body (Fig 1.2). There is a growing list of hook complex proteins,
including TOMORN1, TbLRRP1 and ThSmee and these proteins localise to either just
one of the arms or one of the arms and the hook around the flagellum (Morriswood
et al.,, 2009; Zhou et al., 2010; Esson et al., 2012; Morriswood, 2015; Perdomo,
Bonhivers and Robinson, 2016; Perry et al., 2018). In trypanosomes the flagellum is
attached for the majority of its length to the cell by the flagellum attachment zone
(FAZ), which is a complex cytoskeletal structure (Vickerman 1969; Sherwin and Gull

1989; H60g et al. 2012; Sunter and Gull 2016).
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1.3.2 L. mexicana

The Leishmania promastigote flagellar pocket is generally similar to that of T. brucei
with both a bulbous region and a neck region (Fig 1.2); however, in Leishmania the
neck is much longer that of T. brucei and not as tightly opposed to the flagellum. In
addition, both share important cytoskeletal structures including the MtQ, FAZ and
the flagellar pocket collar (Fig 1.2). The Leishmania MtQ, like the one in T. brucei,
runs along the pocket surface, in a left-handed helical path, which starts close to the
basal body, crossing through a gap in the flagellar pocket collar which constituted by
a double filament, unlike the single filament flagellar pocket collar seen in T. brucei

(Fig 1.2) (Wheeler, Sunter and Gull, 2016).

In addition to the MtQ there is an electron dense FAZ filament similar to the T. brucei
FAZ filament starting at the flagellar pocket collar and terminating with the MtQ in
the neck region (Wheeler, Sunter and Gull, 2016). Within the Leishmania flagellar
pocket neck region the flagellum is attached to the neck membrane; however, unlike
in T. brucei the primary attachment region is not directly adjacent to the FAZ filament
and MtQ and is instead located a quarter clockwise turn from them when viewed
from the basal body. The Leishmania flagellum is only laterally attached within the
flagellar pocket neck and this correlates with the ‘free flagellum’ morphology.
Despite the radically different size of the FAZ, orthologs of FAZ proteins first
identified in T. brucei localise to the FAZ in Leishmania. Moreover, T. brucei FAZ
proteins were shown to localise to the FAZ in L. mexicana (Wheeler, Sunter and Gull,

2016).

In the mammalian host, the Leishmania promastigote is taken up by a macrophage
where it differentiates into an amastigote form within the parasitophorous vacuole.
This differentiation involves the restructuring of the long motile flagellum,
transitioning from a 9+2 axoneme, to a short non-motile 9+0 axoneme (E. Gluenz et
al., 2010). The amastigote flagellar pocket organisation appears similar to the
promastigote form but with key differences. The flagellar pocket neck region is
narrower with a reduced gap to the flagellum and at the distal end of the neck is a

constriction, which squeezes the flagellum at this point. This constriction and the
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reduced gap between the flagellum and the neck will likely greatly restrict access to
the flagellar pocket (Wheeler, Sunter and Gull, 2016). The rearrangement of the
flagellar pocket neck structure involves a restructuring of the FAZ with proteins such
as FAZ2 now localising to the neck constriction point. The width of the flagellar pocket
bulbous region is larger minimising pocket surface area. The smaller surface area will
likely reduce the uptake capacity of the pocket, which correlates with the slower
growth of amastigotes plus there is now less surface area exposed to the
environment of parasitophorous vacuole which is acidic and full of proteases

(Antoine et al., 1990, 1998; Wheeler, Sunter and Gull, 2016).

T. brucei L. mexicana

FAZ

Axoneme

Hook complex/ Hook complex

centrin arm

Collar
MtQ

N,

N
S

\
BB PI’OI-BB Collarette

Membrane boundaries: Flagellum, Cell body, Neck, Bulbous lumen

Figure 1.2 There are similarities and differences in T. brucei and L. mexicana
flagellar pocket structure. T. brucei and L. mexicana share the following features;
axoneme (cyan), PFR (red), basal bodies (light blue), collarette (yellow) and the collar
(orange), MtQ (blue), FAZ (dotted green) and FAZ filament (green). The FAZ extends for the
majority of cell length enabling the lateral attachment of the flagellum in T. brucei. Both
pockets have four membrane boundaries (Flagellum, cell body, neck and bulbous lumen)

indicated by colour. Adapted from (Halliday et al., 2021)
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1.4 Flagellar pocket shape is critical for its function

The correct formation and morphology of the flagellar pocket is vital for its
exocytosis/endocytosis function and for cell survival. The knockdown of the flagellar
pocket collar protein, BILBO1 by RNAi in procyclic form T. brucei prevented flagellar
pocket formation and caused endo- and exocytosis defects as shown by cytoplasmic
vesicle accumulation (Bonhivers et al., 2008). The hook complex proteins, TbSmee
and TbMORN1 are important for hook complex morphology and function. The
depletion of TbSmee in T. brucei altered hook complex morphology resulting in a
reduced the rate of both fluid-phase and membrane marker uptake (Perry et al.,
2018). The RNAi knockdown of TOMORNL1 in bloodstream form T. brucei caused an
enlarged flagellar pocket (BigEye), which is associated with a mismatch in the delivery
and recycling of membrane from the flagellar pocket. The loss of TOMORN1 caused
a reduction in dextan uptake as expected with the BigEye phenotype; however, there
was an additional phenotype with other larger uptake markers such as concanavalin
A and bovine serum albumin (BSA) conjuaged to gold unable to effectively access the
flagellar pocket lumen, suggesting that hook complex has an important role in
maintaining the flagellar pocket neck channel (Morriswood et al., 2009; Morriswood

and Schmidt, 2015).

1.5 FAZ is important for cell and flagellar pocket morphogenesis

The FAZ is a large interconnected set of fibres, filaments, junctional complexes linking
flagellum skeleton through both flagellum and cell body membranes to the
specialised FAZ filament and associated MtQ (Vickerman, 1969; Lacomble et al.,
2009; Sunter and Gull, 2016). In trypanosomes, the FAZ can be split into major
structural domains; 1) FAZ flagellum domain, 2) FAZ intracellular domain and 3) cell

body domain (Fig 1.3) (Sunter and Gull, 2016).

The first FAZ protein identified was gp72 in T. cruzi (Cooper, De Jesus and Cross, 1993;
Rocha et al., 2006). Gp72 discovery led to an identification of its ortholog, FLA1 in T.

brucei, which is located in the FAZ intracellular domain (Fig 1.3) (Nozaki, Haynes and
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Cross, 1996; Sun et al., 2012). To date, 58 FAZ proteins were identified in T. brucei so
far and some of these have been studied with FAZ domain location and specific

function identified (Table 1.1).

Proteins located in the FAZ flagellum domain include ClpGM®6, Flagellar Member 3
(FLAM3) and FAZ27, which all form a complex (Fig 1.3) and their depletion in T. brucei
resulted in a similar phenotype; shortening of the FAZ with a transition from a
trypomastigote to epimastigote-like morphology with the cells still able to proliferate
in culture (Rotureau, Subota and Bastin, 2011; B. Rotureau et al., 2014; Hayes et al.,
2014; Sunter et al., 2015; An et al., 2020). Whilst RNAi knockdown of proteins in the
intracellular domain had a different phenotype. Depletion of FLA1 in T. brucei
resulted in a reduction in FAZ length and flagellum detachment, leading to cell death
(Lacount, Barrett and Donelson, 2002). The knockdown of the FLA1l associated
protein FLA1 binding protein (FLA1BP) showed a similar phenotype although the cells
continued to proliferate (Lacount, Barrett and Donelson, 2002). Depletion of FAZ10
caused defects in cell morphogenesis, flagellum attachment, positioning of
kinetoplast/nucleus (Moreira et al., 2017). FAZ5 on cell body membrane has

flagellum attachment and cell morphology defects (Sunter et al., 2015)

The knockdown of FAZ proteins located in the cell body domain had two distinct
phenotypes (Sunter and Gull, 2016). The depletion of FAZ filament domain proteins,
FAZ2 and coiled coil C2 domain containing protein (CC2D) (Fig 1.3) caused full length
flagellum detachment and cell death (Zhou et al., 2011; Q. Zhou et al., 2015). On the
other hand, depletion of another T. brucei FAZ filament protein, FAZ1, displayed only
partial flagellum detachment with a disorganisation in FAZ structure (Vaughan et al.,
2008; Sunter and Gull, 2016). FAZ2 and CC2D are potentially located closer to the
intracellular domain than FAZ1 and therefore their depletion had a similar phenotype
as seen with the intracellular domain proteins, FLA1 and FLA1BP (Fig 1.3). However,
FAZ9 a cell body domain protein located at the distal end of the FAZ does not fit with
this pattern as its depletion in T. brucei, resulted in the generation of epimastigote-
like cells without flagellum detachment or changes in FAZ length (McAllaster et al.,

2015; Sunter and Gull, 2016). Overall, these studies in trypanosomes have shown
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that depletion of a FAZ protein causes alterations in cell shape and size and the FAZ

is therefore described as a cellular ruler (Sunter and Gull, 2016).

FAZ flagellum domain

— . =1 1 I'T L L L

FLM@ . FAZ intracellular domain

Cell body membrane FAZS =

S [kmp11]«” FAZ cell body domain

Figure 1.3 There are three main FAZ domains in trypanosomes. FAZ proteins are
located within different domains- FAZ flagellum domain (in red), FAZ intracellular domain (in
blue) and the cell body domain (in green). The locations of these proteins can be predicted

by RNAi phenotype (Sunter and Gull, 2016).
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Table 1.1 FAZ proteins identified in T. brucei.
Majority of proteins were identified in procyclics (insect form) but four were identified in the bloodstream form (BSF) as indicated next to protein name

Gene ID Gene name  Known domain  RNAi Phenotype (if any) FAZ localisation and
characterisation references
Tb927.8.4010 FLAL Intracellular Flagellum detachment and cytokinesis defects (Nozaki, Haynes and Cross, 1996; Lacount,
Barrett and Donelson, 2002; Sun et al., 2013)
Th927.8.4060 FLA2 (BSF) Intracellular (Lacount, Barrett and Donelson, 2002)
Th927.4.3740 FAZ1 FAZ filament Flagellum attachment, cytokinesis and FAZ architecture defects (Vaughan et al., 2008)
Tb927.8.4780 FLAM3 Flagellum Change from trypomastigote to epimastigote morphology, reduction in FAZ length and (Brice Rotureau et al., 2014; Subota et al.,
flagellum detachment 2014; Sunter et al., 2015; An and Li, 2018)
Tb927.10.2880 Ca?* channel Intracellular (Oberholzer et al., 2011; Zhou, An, et al.,
(FAZ26) 2018)
Tb927.4.2080 Ccc2Dp FAZ filament Inhibited FAZ filament assembly and cell morphogenesis defects (zhou et al., 2011)
Th927.11.13230 VAMP FAZ-ER Reduction in FAZ ER and in ER associated with FP (Lacomble et al., 2012)
Th927.8.4050 FLA1BP Intracellular Change from trypomastigote to epimastigote morphology, reduction in FAZ and cell body  (Sun et al., 2013, 2018)
length and flagellum detachment
Th927.8.4100 FLA1BP Intracellular Change from trypomastigote to epimastigote morphology, reduction in FAZ and cell body (Sun et al., 2013, 2018)
length and flagellum detachment
Th927.8.4110 FLA3 (BSF) Intracellular (Sun et al., 2013)
Tb927.5.4570 FLA3 (BSF) Intracellular Flagellum detachment and cytokinesis defects (Woods et al., 2013)
Tb927.5.4580 FLA3 (BSF) Intracellular Flagellum detachment and cytokinesis defects (Woods et al., 2013)
Tb927.7.3330 FAZ10 Intracellular Cell morphogenesis, flagellum attachment, K/N positioning and cleavage furrow defects | (Morriswood et al., 2013; Moreira et al.,
2017)
Th927.4.5340 FAZ11 Not known (Morriswood et al., 2013; Sunter et al., 2015)
Th927.11.1090 ClpGM6 Flagellum Change from trypomastigote to epimastigote morphology, reduction in FAZ length and (Hayes et al., 2014)
flagellum detachment
Th927.1.4310 FAZ2 FAZ filament Inhibited FAZ filament assembly, cell morphogenesis defects, flagellum detachment and | (Q. Zhou et al., 2015; Sunter et al., 2015)
cell death
Th927.11.12530 FAZ3 FAZ filament (Sunter et al., 2015)
Th927.9.10530 FAZ4 FAZ filament (Sunter et al., 2015)
Th927.10.8830 FAZ5 Intracellular Attachment and cell morphology defects (Sunter et al., 2015)
Th927.10.840 FAZ6 FAZ filament (Sunter et al., 2015)
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Th927.10.15390 FAZ7 FAZ filament (Sunter et al., 2015)
Th927.4.2060 FAZ8 FAZ filament (Qing Zhou et al., 2015; Sunter et al., 2015)
Tb927.10.14320 FAZ9 FAZ filament Re-positioning of kinetoplast/nucleus (McAllaster et al., 2015; Sunter et al., 2015)
Th927.9.13820 KMP11 FAZ filament/ cell Flagellum detachment (Q. Zhou et al., 2015)
body
Th927.9.13880 KMP11 FAZ filament/ cell Flagellum detachment (Q. Zhou et al., 2015)
body
Th927.9.13920 KMP11 FAZ filament/ cell Flagellum detachment (Q. Zhou et al., 2015)
body
Th927.11.2590 FAZ12 FAZ filament (Hu, Zhou and Li, 2015b)
Th927.3.1020 FAZ13 FAZ filament (Hu, Zhou and Li, 2015b)
Th927.8.6980 FAZ14 FAZ filament (Hu, Zhou and Li, 2015b)
Th927.11.3300  SAS-4 FAZ filament tip Partial flagellum detachment, tryposmastigote to epimastigote like morphology, (Hu, Zhou and Li, 2015b)
cytokinesis and growth defects
Th927.8.7070 FAZ15 Not known (McAllaster et al., 2015)
Th927.5.3460 FAZ16 Not known (McAllaster et al., 2015; Hu et al., 2019)
Th927.10.7210 FAZ17 Not known (McAllaster et al., 2015)
Th927.11.15800 TOEFAZ1 FAZ filament tip Inhibits cytokinesis inhibition from anterior but triggers from cell posterior (Sinclair-Davis, McAllaster and De
Graffenried, 2017; Zhou, An, et al., 2018; Hu
etal., 2019)
Th927.10.12920 FAZ18 Not known (zhou, Hu and Li, 2016; Zhou, An, et al., 2018;
Hu et al., 2019)
Th927.3.3300 FAZ19 Not known (zhou, Hu and Li, 2016)
Th927.11.9290 FAZ20 Not known (zhou, Hu and Li, 2016; Zhou, An, et al., 2018)
Th927.9.14290 CIF2 Not known (Zhou, Hu and Li, 2016; Zhou, An, et al., 2018)
Th927.10.8240 CIF4 Not known Inhibits cytokinesis initiation, disrupts CIF1 & FPRC localisation to new FAZ tip (Hilton et al., 2018; Hu et al., 2019)
Tb927.10.13100 CIF3 Not known Defective cytokinesis (Kurasawa et al., 2018; Zhou, An, et al., 2018)
Th927.8.6830 Kinesin Not known (Zhou, Lee, et al., 2018; Hu et al., 2019)
Th927.7.5240 FAZ21 Not known (Zhou, An, et al., 2018; Hu et al., 2019)
Th927.10.9700 FAZ22 Not known (zhou, An, et al., 2018; Hu et al., 2019)
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Th927.3.4710 FAZ23 Not known (zhou, An, et al., 2018)
Tb927.10.720 FAZ24 Not known (zhou, An, et al., 2018)
Tb927.10.5870 FAZ25 Not known (Zhou, An, et al., 2018; Hu et al., 2019)
Tbh927.10.6360  FPRC Not known Cytokinesis and growth defects (zhou, An, et al., 2018; Hu et al., 2019)
Th927.6.3840 Reticulon FAZ-ER (zhou, An, et al., 2018)
Tb927.10.13740 Synaptotagmin Not known (Zhou, An, et al., 2018)
(FAZ35)
Tb927.11.11480 Trichohyalin Not known (Zhou, An, et al., 2018)
Th927.10.870 Furrow 1 Not known (Zhou, An, et al., 2018; Hu et al., 2019)
protein
Th927.5.4380 KPP1 Not known (Zhou, An, et al., 2018)
Tb927.11.8350 KAT60a Not known (Zhou, An, et al., 2018)
Th927.9.9960 KAT80 Not known (Zhou, An, et al., 2018)
Th927.8.4950 KLIF Not known (zhou, An, et al., 2018; Hu et al., 2019)
Th927.9.8180 FAZ31 Not known (Hu et al., 2019)
Tb927.11.3280 Kinesin-13 5 Not known (Hu et al., 2019)
Th927.9.8350 FAZ27 Flagellum Trypomastigote to epimastigote like morphology, reduction in FAZ and cell body length,  (An et al., 2020)
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In L. mexicana, FAZ assembly and structure are less understood; however, Wheeler
et al found that FAZ proteins could be separated into four classes based on their
localisation patterns (Wheeler, Sunter and Gull, 2016). These are: 1) a short linear
structure in the flagellum domain, 2) a short linear structure parallel to the flagellum
(in the cell body domain), 3) a ring structure around the flagellum midway through
the flagellar pocket or a 4) horseshoe/ring structure at the flagellum exit point (Fig

1.4) (Wheeler, Sunter and Gull, 2016).

Anterior

(4) horseshoe/ring structure
at the flagellum exit point

(2) short linear
structure parallel

to the flagellum

(1) short linear structure
in the flagellum

(3) ring structure around
the flagellum midway

through the flagellar pocket \
Flagellum

Posterior

Figure 1.4 FAZ proteins in L. mexicana are split into classes based on localisation
pattern. Four classes of FAZ protein localisation; 1) a short linear structure in the flagellum,
2) a short linear structure parallel to the flagellum (cell body side), 3) a ring structure around
the flagellum midway through the flagellar pocket or a 4) horseshoe/ring structure at the

flagellum exit point. Adapted from (Wheeler, Sunter and Gull, 2016)

The function of FAZ in Leishmania is also poorly understood; however, the first study
by Sunter et al showed that FAZ5 in Leishmania is important for flagellar pocket
architecture and function. In L. mexicana promastigotes the deletion of FAZ5 resulted
in the shortening of flagellar pocket length and loss of attachment between the

flagellum and the flagellar pocket neck region (Sunter et al., 2019). These changes in
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the flagellar pocket were associated with a reduced rate of endocytosis as observed
with bulk, glycoprotein and plasma membrane uptake. In addition, the flagellar
pocket of the FAZ5 null mutant amastigote had lost the typical two-part structure
with the flagellar pocket neck region missing and only the constriction at the distal
end of the flagellar pocket neck remaining. The flagellar pocket therefore only
consisted of a large flagellar pocket bulbous domain. The changes to the FAZ and
flagellar pocket neck in the FAZ5 null mutant were associated with a loss of
pathogenicity in the mouse and an inability to develop and proliferate in the sand fly

vector (Sunter et al., 2019).

The deletion of FAZ2 a FAZ filament protein was found to cause anterior cell tip
morphogenesis defects in L. mexicana (Halliday et al., 2020). The membrane
organisation at the anterior cell tip was disrupted, which resulted in FAZ mediated
flagellum to flagellum connections causing delays in the late stage of cell cycle. This
delay contributes the reduced growth rate demonstrating that FAZ2 is critical for cell
segregation in Leishmania. Motility analysis showed there was a loss of directional
movement in FAZ2 null mutant. Meanwhile they were unable to develop and
proliferate in sandflies and unable to persist infection in mice (Halliday et al., 2020).
Most recently, a FAZ7 paralog, FAZ7B, which localises at the cell body side of FAZ was
found to disrupt cell division, cell morphogenesis, flagellar pocket structure and
function when deleted. The proliferation and pathogenicity of FAZ7B null mutant was

also reduced (Corrales et al., 2021).

1.6 The FAZ is intimately associated with flagellar pocket duplication

and segregation

Flagellar pocket division is better understood in T. brucei. During the cell cycle,
flagellar pocket division process begins with the nucleation of MtQ and biogenesis of
new flagellum invading the existing flagellar pocket, while the pro-basal body
matures (Fig 1.5) (S. Lacomble et al., 2010; Wheeler, Gluenz and Gull, 2011). In T.
brucei, upon maturation the new basal body rotates around the old basal body in an
anti-clockwise direction (Fig 1.5). This results in the new basal body being positioned

at the posterior side of the old. This move introduces a fold into the flagellar pocket
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membrane around the old MtQ, which starts the flagellar pocket division process (Fig
1.5) (S. Lacomble et al., 2010). However, during trypomastigote to epimastigote
differentiation seen in tsetse fly, it was found that the flagellar pocket division was
not dependent on the introduction of a fold facilitated by basal body rotation (Lemos
et al., 2019). Instead, the new flagellar pocket is formed before basal body rotation,
which occurs later (Lemos et al., 2019). With L. mexicana, the flagellar pocket division
is not as well understood, but it is known that the basal body and kinetoplast
segregation do not occur till later in the cell cycle, which suggests that the flagellar
pocket division occurs later in a short time window (Fig 1.5) (Wheeler, Gull and
Sunter, 2019). Due to the nature of the flagellar pocket position at the anterior end
of the cell body, it is possible that basal body rotation might not be needed to initiate

flagellar pocket segregation (Fig 1.5) (Wheeler, Gull and Sunter, 2019).

Once, the flagellar pocket divides, the formation of the cytokinetic furrow initiating
cytokinesis occurs (Sherwin and Gull, 1989; S. Lacomble et al., 2010). In T. brucei, the
formation of new FAZ begins along the line of old FAZ during flagellum biogenesis.
Next, the old and new FAZ along with their associated flagellar pockets separates by
the insertion of new microtubules (Wheeler et al., 2013). The cytokinesis furrow
begins at the distal tip of the new FAZ mediated by TOEFAZ1/CIF1, CIF2, CIF3 and
CIF4 (Zhou et al., 2016; Zhou, Hu and Li, 2016; Sinclair-Davis, McAllaster and De
Graffenried, 2017; Kurasawa et al., 2018). Cytokinesis continues from the anterior to
posterior axis, allowing the correct inheritance of organelles in daughter cells.
Similarly, in Leishmania promastigotes, cytokinesis is initiated from the anterior and
progresses to the posterior cell tip (Ambit et al., 2011; Wheeler, Gluenz and Gull,
2011). The FAZ is therefore important for cytokinesis and with the ancestral
morphology suggested to be a promastigote it is possible that the one of the key
functions of the FAZ is providing positional information for cell division (Wheeler,

Sunter and Gull, 2016).
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Figure 1.5 Flagellar pocket duplication in T. brucei and L. mexicana. Steps in flagellar
pocket duplication and segregation includes 1) the formation of MtQ, 2) Invasion of
new flagellum into existing flagellar pocket, 3) basal body mediated rotation followed
by 4) flagellar pocket segregation. In L. mexicana, flagellar pocket division occurs later
in cell cycle with the requirement for rotation unknown. Adapted from (Halliday et

al., 2021).
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1.7 Flagellar pocket is important for pathogenicity

An important function for the flagellar pocket is as the site of endocytosis/exocytosis
for nutrient uptake, immune evasion and secretory pathway with the secretory and
endocytic machinery positioned close to the flagellar pocket (Fig 1.6). Many different
protein families have roles in these exocytotic, endocytic, and recycling pathways

(Field and Carrington, 2009).
1.7.1 Endocytosis, sorting and recycling

Endocytosis from the flagellar pocket is clathrin mediated (Fig 1.6) (Allen, Goulding
and Field, 2003; Hung et al., 2004). The effects of clathrin depletion was studied in T.
brucei, which showed that bloodstream form cells developed a BigEye morphology
with a rapid onset of cell death, whilst in procyclic form cells there was a slower onset
of cell death with severe vesicle accumulation of transport vesicles (Allen, Goulding
and Field, 2003). Clathrin mediated endocytosis has a number of steps, including
nucleation, cargo selection, coat assembly, scission and uncoating (McMahon and
Boucrot, 2011). These steps are dependent on phosphoinositides, derivatives of
phosphatidylinositol lipids that in T. brucei are mainly concentrated in the flagellar
pocket (Manna and Field, 2015). Studies have showed the importance of
phosphatidylinositols for endocytosis in T. brucei, with the depletion of TbPIPKA, an
enzyme with PIP kinase activity, which was located to the neck of the pocket, led to
the absence of the phosphatidylinositol in the pocket, causing its enlargement and
impairment of endocytosis (Demmel et al., 2016). Phosphoinositides interact with
adaptor protein 2 complex (AP2) for cargo selection to clathrin coated pits in many
eukaryotes (Fig 1.6) (Gaidarov and Keen, 1999; Collins et al., 2002; Kelly et al., 2008).
While AP2 is found across trypanosomatids, AP2 is not found in T. brucei (Field and
Carrington, 2009; Manna, Kelly and Field, 2013) and this could be an evolutionary
adaptation for efficient endocytosis and recycling of VSG (Field and Carrington, 2009;
Manna, Kelly and Field, 2013). Many other proteins interact with clathrin, including
the AP-1 complex, ENTH-domain family member, EpsinR, Soluble N-ethylmaleimide-
sensitive factor attachment protein receptor proteins (SNAREs), Small Arf GTPase-

activating protein (SMAP) and AP-2 associated kinase AAK1. These proteins localise
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to the flagellar pocket and endomembrane system (Gabernet-Castello, Dacks and

Field, 2009; Manna et al., 2017).
1.7.2 Nutrient uptake

Trypanosomatids need haem for survival and they rely on the acquisition of this from
their hosts via endocytosis in the flagellar pocket (Krishnamurthy et al., 2005; Tripodi,
Menendez Bravo and Cricco, 2011; Kofeny, Obornik and Lukes, 2013). In Leishmania,
haemoglobin is taken up by the hexokinase haemoglobin receptor located in the
flagellar pocket (Krishnamurthy et al., 2005). In the T. brucei bloodstream form, haem
uptake is mediated by the haptoglobin-haemoglobin receptor which is distributed
over the plasma membrane (Vanhollebeke et al., 2008). However, this receptor is not
expressed in procyclic stage and instead another protein, the haem transporter
protein, TbHrg is responsible for haem uptake and this protein is predominantly
present in the flagellar pocket area of the cell (Horakova et al., 2017). Rab7 was found
to be important for uptake and degradation of hemoglobin (Patel et al., 2008;

Silverman et al., 2011).

For T. brucei bloodstream form parasite survival, they need iron from the host. This
iron is scavenged by a class of proteins, called transferrins, which is internalized by
the parasite by receptor-mediated endocytosis, transferrin receptor (Schell, Borowy
and Overath, 1991; Steverding et al., 1995; Steverding, 2000). This was found to
require the autophagy-related protein 24 (ATG 24), with a significant reduced
receptor-mediated endocytosis of transferrin after ATG24 depletion. Loss of ATG24
also caused an enlargement of the flagellar pocket, due to a block of bulk endocytosis
as concanavalin A was restricted to the enlarged pocket and did not enter the

endocytic system (Brennand et al., 2015).
1.7.3 Exocytosis

Exocytosis of post-Golgi/secretory vesicles is regulated by exocyst complex (Fig 1.6).
This structure is made up of 9 subunits, Sec 3, 5, 6, 8, 10, 15, Exo 70, Exo 84 and Exo99
(Boehm et al., 2017). Exo99 is a novel component of kinetoplastids, which suggests a

unique role in export pathways. The exocyst complex interact with GTPases and
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SNAREs. Ex099 and Sec 15 RNAi in T. brucei displayed an abnormally enlarged
flagellar pocket, which filled a large proportion of cell volume, the ‘BigEye’
morphology. This showed the importance of the complex in maintaining membrane

flow to/from the flagellar pocket (Boehm et al., 2017).
1.7.4 The flagellar pocket is important for flagellum assembly

The flagellar pocket has an important role in the assembly of the flagellum as both
the membrane and membrane proteins required for flagellum construction will pass
through the flagellar pocket. However, we know little about this process. For
example, flagellum membrane proteins may be sorted before delivery to the flagellar
pocket or this sorting may occur within the flagellar pocket itself. In other organisms
the BBSome (a multiprotein complex) has an important role in delivering flagellum
membrane components (Wingfield, Lechtreck and Lorentzen, 2018). In Leishmania
the deletion of BBS1 reduced the pathogenicity of the parasite in the mouse but had
no gross effect on the flagellum, though there was an accumulation of vacuoles in
the vicinity of the flagellar pocket, which also had a perturbed shape (Price et al.,
2013). Whilst the deletion of BBSome proteins in T. brucei perturbs endocytic
trafficking and disrupts virulence no changes to the flagellum were observed
(Langousis et al., 2016). In addition to assembling the flagellum, these parasites must
also assemble the FAZ, which has domains within both the cell body and flagellum.
The site of assembly of the FAZ is at the proximal end of the flagellum, close to
flagellar pocket and the membrane proteins involved in the FAZ assembly must be
also trafficked through the flagellar pocket (Q. Zhou et al., 2015; Sunter et al., 2015;
Sunter and Gull, 2016).

1.7.5. Secretion of molecules in the host

There is evidence that molecules are released into the extracellular environment
with a purpose of interacting/manipulating the host and this release is likely to occur
via the flagellar pocket. A number of mass spectrometry studies have been
performed on the whole cell culture media in which these parasites have been grown

or fractions of the media that have been enriched for extracellular vesicles. For
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example, in the T. brucei secretome, proteins were identified with the potential for
different functions such as heat shock protein acting as a mediator in intercellular
signalling and purine salvage enzymes to recover host purines (Pellé, Schramm and
Parkin, 1998; Calderwood, Mambula and Gray, 2007; Geiger et al., 2010).
Furthermore, ESAG9 protein has been shown to be released from bloodstream
stumpy forms, generating the potential interaction with mammalian immune system

or as a pre-adaption for parasite transmission (Barnwell et al., 2010).
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Figure 1. 6: Endocytosis and exocytosis pathways in Trypanosomatids. Endocytic
(blue) and exocytic (red) pathways with trafficking routes of proteins (by arrows) are shown.
Endocytosed proteins are sorted in endosomes for destinations in the lysosome, Golgi or
recycled (brown) back to the pocket. Rab proteins have various roles within the

endomembrane system.
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1.8 Aims

L. mexicana has a highly defined cell organisation, which includes a flagellar pocket,
an invagination of the cell membrane at the base of flagellum (Sunter and Gull, 2017).
Here, the complex FAZ structure provides the attachment between the flagellum and
cell body membranes and terminates at the exit point of the flagellar pocket neck
(Wheeler, Sunter and Gull, 2016). T. brucei differs with an extension of FAZ organised
in junctional complexes along the majority of the cell body length (Vickerman, 1969;
Lacomble et al., 2009; Sunter and Gull, 2016). While research into the FAZ has been
heavily dominated by T. brucei, some work has begun in L. mexicana, which
demonstrated that FAZ is important for cell morphogenesis and flagellar pocket
function, including nutrient uptake and parasite pathogenicity (Sunter et al., 2019;
Corrales et al., 2021; Halliday et al., 2021). However, a poor understanding of FAZ

structure organisation and the specific roles of the proteins within it remains.

This thesis aims to answer to two outstanding questions - 1) How is the molecular
structure of the FAZ organised in L. mexicana and 2) What are the specific roles of
the FAZ proteins in relation to FAZ assembly and cell morphogenesis? The specific

aims of each chapter are as follows:

Chapter 3 - Identification of potential FAZ proteins using TrypTag and bioinformatics

leading to the discovery of new FAZ proteins in L. mexicana.

Chapter 4 - Determination of potential functional groups based on FAZ localisation

classes in L. mexicana.

Chapter 5 - Determination of the roles in L. mexicana of the flagellum FAZ domain
proteins, FAZ27 and FAZ34 by the analysis of cell morphogenesis, FAZ assembly,

overall flagellar pocket organisation and motility.

Chapter 6 - Determination of the role of the cell body FAZ domain protein, CC2D in L.
mexicana and how it compares to its fellow cell body domain protein FAZ2 by the
analysis of cell morphogenesis, FAZ assembly dependency relationships, overall

flagellar pocket organisation and motility.
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Chapter 2

Materials and Methods
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2.1 Bioinformatics

2.1.1 Identifying FAZ proteins in Trypanosoma brucei using TrypTag

TrypTag; the Trypanosoma brucei genome wide resource was used to identify
proteins with FAZ localisations (Dean, Sunter and Wheeler, 2017). By using the
‘flagellum attachment zone’ as the search term 96 proteins were identified and

categorised into groups based on their localisation pattern.
2.1.2 Identifying protein ortholog in Leishmania mexicana

TriTrypDB; the Kinetoplastid genomics resource was used to identify FAZ orthologs
in L. mexicana (Aslett et al., 2009). Using orthoMCL 57 protein orthologs were

identified and used for localisation screen.
2.1.3 Proteome analysis

TriTrypDB was used for the collection of protein sequences, molecular weight,
isoelectric point and TMHMM (Transmembrane Helices; Hidden Markov Model) data
on each listed FAZ proteins (Aslett et al., 2009). The protein sequence of each FAZ
protein was inserted into InterPro search tool to identify potential domains of

interest (Mitchell et al., 2019).

2.2 Molecular Biology

2.2.1 Generation of FAZ and flagellar pocket markers tagging constructs

FAZ orthologs in L. mexicana were endogenously tagged at either N or C-terminus.
LeishGEdit, an online resource for CRISPR Cas9 T7 RNA polymerase gene editing in L.
mexicana was used to extract primer sequences for use with pPLOT plasmids to
create these tagging cassettes (Beneke et al., 2017). Tagging primers are listed in
Appendix A. pPLOT plasmids containing a drug resistance marker with a fusion
fluorescent tag served as DNA templates for PCR amplification of tagging cassettes.
pPLOT puro-mcherry-puro plasmids were used to generate FAZ domains marker,

FLAM3, FLA1BP, FAZ5, FAZ2, CC2D, FAZ3 and FAZ10 and flagellar pocket marker
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(LmxM.23.0060 and LmxM.06.0030) tagging cassettes. pPLOT blast-mNG-blast
plasmids were used to generate FAZ ortholog tagging cassettes for the screen. These
constructs were amplified using Expand High Fidelity (Hifi) polymerase (Sigma
4738276001). Each reaction contained 5 pl 10x Expand High Fidelity Buffer, final
MgCl, concentration of 3 mM, 2% DMSO, 0.2 mM dTNPs, 25 ng pPLOT, 1 uM each of
either upstream or downstream forward and reverse primers with 1 unit of HiFi
polymerase made up in 50 ul. The thermocycling conditions used were 5 minutes of
denaturation at 94°C, 35 cycles of 30 seconds denaturation at 94°C, 30 seconds of
annealing at 60°C and 2 minutes of extension with further 7 minutes of final

extension at 72°C.

For each gene, a single guide RNA (sgRNA) containing T7 RNA polymerase promotor,
20 bp target sequence and CRISPR CAS9 backbone were produced to introduce a
double strand break at either upstream of ORF (5’ end) for C-terminal tagging or
downstream of ORF (3’ end) for N-terminal tagging. sgRNA were amplified using
Expand High Fidelity (Hifi) polymerase (Sigma 4738276001) with a common sgRNA
primer sequence (GO0) and either target specific forward or reverse primer as
templates. Each reaction contained 2 pul 10x Expand High Fidelity Buffer, final MgCl
concentration of 1.5 mM, 0.2 mM dTNPs, 1 um target specific primer and 1 um GO0
with 1 unit of HiFi polymerase made up in 20 pl. The thermocycling conditions used
were 30 seconds of denaturation at 98°C, 35 cycles of 10 seconds denaturation at

98°C, 30 seconds of annealing at 60°C and 15 seconds of extension at 72°C.

Tagging cassettes and sgRNAs generated by PCR were loaded with purple dye (NEB
B7024S) and run on SYBR safe (Invitrogen S33102) stained 0.8% agarose gel (Sigma
A9539) in 1x TAE buffer at 90 volts for 35 minutes (Bio-Rad). The correct amplification
of tagging cassettes was checked by their band size with a 1Kb DNA ladder (NEB
N0552S) using SyngeneGBox transilluminator. Correctly amplified cassettes were
precipitated with sodium acetate-100% ethanol and washed with 70% ethanol with
centrifugation steps before resuspending the pellet in 20 pl sterile ddH20 prior to

transfection.

47


https://www.thermofisher.com/order/catalog/product/S33102

2.2.2 Generation of FAZ deletion constructs

pT plasmids containing a drug resistance marker served as DNA templates for PCR
amplification of deletion cassettes (Beneke et al., 2017). pT plasmids, pTBlast and
pTNeo containing blasticidin and neomycin drug markers respectively were used to

generate a knockout with double drug resistance.

These constructs were amplified using Expand High Fidelity (Hifi) polymerase (Sigma
4738276001). Each reaction contained 5 pl 10x Expand High Fidelity Buffer, final
MgCl; concentration of 3 mM, 2% dimethyl sulfoxide (DMSQ), 0.2 mM dTNPs, 25ng
pT, 1 UM each of upstream forward and downstream reverse primers with 1 unit of
Hifi polymerase made up in 50 pl. The primers used for gene deletion are listed in
Appendix C. The thermocycling conditions used were 5 minutes of denaturation at
94°C, 35 cycles of 30 seconds denaturation at 94°C, 30 seconds of annealing at 60°C

and 2 minutes of extension with further 7 minutes of final extension at 72°C.

For each gene replacement, sgRNAs were produced to introduce a double strand
break at both upstream and downstream of ORF. sgRNA were amplified using Expand
High Fidelity (Hifi) polymerase (Sigma 4738276001) with a common sgRNA primer
sequence (G00) and forward/reverse primer as templates. Each reaction contained 2
Ml 10x Expand High Fidelity Buffer, final MgCl, concentration of 1.5 mM, 0.2 mM
dTNPs, 1 uM target specific primer and 1 uM GO0 with 1 unit of HiFi polymerase made
up in 20ul. The thermocycling conditions used were 30 seconds of denaturation at
98°C, 35 cycles of 10 seconds denaturation at 98°C, 30 seconds of annealing at 60°C

and 15 seconds of extension at 72°C.

Correct amplification of deletion cassettes and sgRNAs generated by PCR were
checked by gel electrophoresis using the same conditions as above (described in
2.2.1). Correctly amplified cassettes were precipitated with 0.5 M sodium acetate
and 100% ethanol and washed with 70% ethanol with centrifugation steps before
resuspending the pellet in 20 pl sterile double distilled water (ddH20) prior to

transfection.
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2.2.3 The confirmation of null mutant cell lines

To confirm the loss of target gene in null mutant cell lines, genome DNA (gDNA) was
extracted using DNEASY Blood & tissue kit (Qiagen 69506) according to
manufacturer’s instructions and eluted in 50 pl ddH,0. The concentration of gDNA

was determined using Nanodrop spectrophotometer (ND-100, Lab Tech).

The primers were manually designed aimed to amplify a 500 bp region of target ORFs
using Expand High Fidelity (Hifi) polymerase (Sigma 4738276001). An exception was
made for LmxM.04.1100, which has a region of 400 bp targeted. List of primers used
for confirmation PCR are listed in Appendix D. Each reaction contained 5 pl 10x
Expand High Fidelity Buffer, final MgCl, concentration range of 1.5-3 mM, 0-2%
DMSO, 0.2 mM dTNPs, 200-300 ng gDNA, 0.1 uM each of forward and reverse
primers with 1 unit of HiFi polymerase made up in 50 pl. The thermocycling
conditions used were 5 minutes of denaturation at 94°C, 25 cycles of 30 seconds
denaturation at 94°C, 30 seconds of annealing at 59°C and 30 minutes of extension

with further 7 minutes of final extension at 72°C.

These PCR products were checked by gel electrophoresis (described in 2.2.1)

alongside the parental gDNA and ddH;0 as positive and negative controls.
2.2.4 Generation of FAZ addback plasmids

For the generation of addback plasmids, the parental gDNA was extracted using
DNEASY blood & tissue kit (Qiagen 69506) according to manufacturer’s instructions
and eluted in 50 Ul ddH20. This gDNA was used as template to generate addback
genes for LmxM.04.0890, LmxM.33.2540, LmxM.18.1440 and its EF-hand pair
domains (EF-1 and EF-2). The open reading frames were amplified by PCR with
manually designed primers which contained Xbal and BamHI restriction sites listed in
Table 2.1 using Expand High Fidelity (Hifi) polymerase (Sigma 4738276001). Each
reaction contained 5 pl 10x Expand High Fidelity Buffer, final MgCl, concentration of
3 mM, 2% DMSO, 0.2 mM dTNPs, 2-10 ng parental gDNA, 1 uM each of forward and
reverse primers with 1 unit of HiFi polymerase made up in 50 pl. The thermocycling

conditions used were 5 minutes of denaturation at 94°C, 25 cycles of 30 seconds
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denaturation at 94°C, 30 seconds of annealing at 57°C and target of 1 kb per minute
of extension (e.g. 1.5 kb of gene = 90 seconds of extension time) with further 7

minutes of final extension at 72°C.

These PCR products were run on SYBR safe (Invitrogen $S33102) stained 0.8% agarose
gel (Sigma A9539) under the same conditions as above (described in 2.2.1) to check
their size. Correctly amplified addback genes were extracted with a sterile blade and
purified from the gel using Monarch gel extraction kit (NEB T1020) and eluted in 50
Ml ddH20. All PCR products were digested with Xbal & BamHI with their supplied 10x
buffer (NEB R0145 & R0136) making up to 50 ul digest mix and incubated for 1 hour
at 37°C to generate ‘sticky ends’. Digested PCR products were purified by Monarch
DNA clean up kit (NEB T1030). Plasmid pJ1364 was digested with Xbal & BamHI with
their supplied 10x buffer (NEB R0145 & R0136) making up to 50 ul digest mix and
incubated for 1 hour at 37°C. The digested plasmid was run on SYBR safe (Invitrogen
$33102) stained 0.8% agarose gel (Sigma A9539) under the same conditions. The
digest plasmid was extracted with a sterile blade and purified from the gel using
Monarch gel extraction kit (NEB T1020) and eluted in 50 pl ddH,0. The digested and
purified PCR products were ligated into the pJ1364 backbone (Figure 2.1A). All
ligations were carried out for 2 hours at room temperature using T4 DNA ligase with

the supplied ligation buffer (NEB M0202) in 10 pl mix.

After ligation, the plasmid was transformed into 25 LI E. coli SURE 2 competent cells
(Agilent Technologies 200152) by heat shock for 1 minute at 42°C. They were spread
evenly onto LB Agar plates (Melford L24030-2000) containing 100 pig/ml ampicillin
(Melford 7177-48-2) for selection at 37°C for 16 hours. Bacterial colonies were picked
using sterile pipette tips and grown in 4 ml LB medium (Melford L24060-5000)
containing 100 pg/ml ampicillin in a shaking incubator set at 37°C overnight. The
plasmids were extracted using Monarch Mini-Prep kit (NEB T1010) according to
manufacturer’s instructions and eluted in 50 ul ddH;0. Nanodrop
spectrophotometer (ND-100, Lab Tech) was used to determine plasmid

concentration.
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Modified plasmids were primarily checked by test digest and gel electrophoresis to
confirm correct band sizes prior to sequencing check using Mix2Seq kit (Eurofins).
Plasmids generated are listed in Table 2.2. When the correct sequences were
confirmed, 10 pg of each plasmid was linearized with Pacl (NEB R0547) (Figure 2.1B).
The addback cassettes were precipitated with sodium acetate-100% ethanol and
washed with 70% ethanol with centrifugation steps before resuspending the pellet

in 20 ul sterile ddH,0 prior to transfection.

Table 2.1 Primers used for the generation of addback plasmids

Gene Forward Primer with Xbal site Reverse Primer with BamHlI site

LmxM.33.2540 gaacattctagaATGTCCCGTATAGCACC cctaagggatccTTACTGTAGCTCGTTGGA
CGTCGAC CGCCATG

LmxM.04.0890 gtacattctagaATGCTCGTCAACGCCGC cttgaaggatccTCACAGGTTGGTGGAGG
CCCACGAG TGCTGAAG

LmxM.18.1440 gtccagtctagaATGGGCGGCCGGATCTC gcattcggatccTCACATCAAATTCTTCATC
GCGCGAG TTCTC

LmxM.18.1440 gtccagtctagaATGGGCGGCCGGATCTC gcattcggatccTCAATCCTCCTCTACCGC

_EF1 GCGCGAG GTCTCC

LmxM.18.1440 gtccagtctagaGGCATTGATTACTACGA gcattcggatccTCACATCAAATTCTTCATC

_EF2 TCACCTC TTCTC

Table 2.2 Addback plasmids generated

Plasmid Name mNG tag at N or C terminus

pJ1364_CC2DAB

pJ1364_FAZ27AB

pJ1364_FAZ34AB

pJ1364_FAZ34.EF1AB

22222

pJ1364_FAZ34.EF2AB
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A PACI (57)

Xbal (1243) Xbal BamHI
BamHI (1354) Addback gene
PACI (2657)
pl1364 plasmid
PACI PACI
LmH4  myc Intergenic LmH4
5 UTR  x3 mNG Addback gene H2A BleoR 3 UTR

Addback construct

Figure 2.1 Generation of addback constructs. A) Addback ORF are inserted into Xbal and
BamHlI restriction enzyme sites of LmAB7 plasmid. B) An addback construct containing a mNG

fusion tag was linearized by the restriction enzyme, Pacl.
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2.3 L. mexicana cell culture

2.3.1 Maintenance of cells

L. mexicana is listed by ACDP as a hazard category 2 pathogen. This organism was
only maintained in culture form and kept in a category 2 laboratory. Lab coats and
gloves were worn and removed prior to exit of the laboratory. Experiments were
carried out in the microbiological safety cabinets (MBSCs) and when no longer in use
this organism was killed by 2% virkon solution treatment for 1 hour. L. mexicana
(WHO strain MNYC/BZ/1962/M379) promastigote cells used for this work were
grown in M199 medium (Thermo-Fisher 31100019) with Earle’s salts, L-glutamine,
10% FCS, 40 mM HEPES-NaOH (pH7.3), 26 mM NaHCOs and 5 pg/mL hemin at 28°C

incubator. Logarithmic growth was maintained by regular sub-culturing.
2.3.2 Generation of tagging, null mutant and addback cell lines

The tagging, deletion and addback constructs were added into cuvettes with 1x10’
cells resuspended in 1x Roditi buffer containing 200 mM Na;HPQ4, 70 mM NaH;POs4,
15 mM KCI, 150 mM HEPES (pH 7.3) and 1.5 mM CaCl,. Electroporation was carried
out using programme X-001 on Amaxa Nucleofector Il device. When electroporation
was completed, the cells were transferred into 10 ml of M199 and incubated at 28°C.
After 5-6 hours, transfected cells were selected with appropriate drug (Table 2.3),

which were then kept incubated at 28°C for 5-14 days.

Table 2.3 Selection drugs

Transfections Drugs Selection
FLA1BP & FAZ2mCherry Puromycin (Melford) 20 pg/ml
marker constructs
Tagging constructs with Blasticidin (Melford) 5 ug/ml
mNG tag
Double deletion Blasticidin and G418 5 ug/ml and 20 pg/ml
constructs (Melford) respectively
Addback constructs Phelomycin (Melford) 25 pg/ml



2.3.3 Growth Curves

Cell counts were collected using Beckman Coulter Counter at 24 hour periods after
sub-culturing the cell lines to 1 x10%/ml. Data from 24, 48 and 72 hour time points
were collected. A saw tooth growth curve was generated for parental, null mutant

and addback cell lines for comparison.

2.4 Light Microscopy

2.4.1 Imaging the tagging, null mutant and addback cell lines

For tagged cell lines, transfectants grew back approximately 5 days post-transfection
and for null mutant and addback cell lines, transfectants grew back approximately
10-14 days post-transfection. When the density of between 1 x108/ml and 1x 107/ml
was reached 1 ml of cells were harvested and centrifuged at 1000 g for 3 minutes.
After supernatant removal, the cells were washed in 1 ml DMEM (Gibco 31053028)
with Hoechst 33342 (1 pg/ml) and then washed in 1 ml PBS and re-centrifuged two
times before they were resuspended in 20-150 ul PBS, depending on cell number. 2.4
Ml was transferred onto a super frost microscope slide and was mounted with a size
1.5 coverslip. The cells were observed on a Zeiss imager Z2 fluorescence microscope
with ORCA Flash4 camera and x63 oil immersion objective lens. mCherry, GFP and
DAPI channels were used to visualise the marker, mNG tagged protein and DNA in
kinetoplast/nucleus, respectively. The images were captured using Zen Blue software

and stored for analysis on Image J.

For imaging straight out of culture, when the density of between 1 x108/ml and 1x
10’/ml was reached 2.4 pl of culture was taken straight out of a flask and transferred
onto a super frost microscope slide prior to mounting with a coverslip. The cells were
observed, and images captured at random on a Zeiss imager Z2 fluorescence

microscope with ORCA Flash4 camera and x40 oil immersion objective lens.
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2.4.2 Measurement of cell cycle position numbers and abnormalities

63x image fields were collected from each of three cell lines, parental, null mutant
and addbacks. Kinetoplast/nuclei and flagella numbers were recorded from each cell
observed and a percentage of each cell cycle positions were calculated. Cells with

abnormalities were also counted.

40x image fields of cells straight from culture were collected from each of three cell
lines, parental, null mutant and addbacks. 1F, 2F cells and cells with phenotypes were

counted and a percentage of each were calculated.
2.4.3 Measurement of flagellum length and cell body length/width

Measurements of 100 1FIN1K cells were collected from each cell line. Each
measurement was made using the line tool in Imagel (Schneider, Rasband and
Eliceiri, 2012). The length of the flagellum was measured from anterior cell tip to the
distal flagellar tip (Figure 2.2A). The cell body length was measured from the
posterior cell tip to the anterior cell tip and the width was measured from the top to
bottom in line with the nucleus position (Figure 2.2B-C). The anterior end region was
measured from the position of kinetoplast to the anterior cell tip (Figure 2.2D). The

mean and standard deviation were calculated for each cell line.

S pm
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Figure 2.2 Measurements in Imagel. A) Flagellum length. B) Cell body length. C) Cell body

width length. D) Flagellar pocket length from Kinetoplast to anterior cell tip
2.4.4 Confirmation of flagellum loss by vortex

Observations of loose flagella were common in cell lines straight after transfection,
so selected cell lines were tested at week one post-liquid nitrogen storage. When a
density of between 1 x10%/ml and 1x 107/ml was reached 2 x 1 ml cells from each cell
line were harvested into microcentrifuge tubes. One tube from each pair was
vortexed continuously for 30 seconds whilst the other tube was not. 2.4 pl of culture
was taken from a tube and transferred onto a super frost microscope slide prior to
mounting with a coverslip. The cells were observed and captured at random on a
Zeiss imager Z2 fluorescence microscope with ORCA Flash4 camera and x40 oil
immersion objective lens. The counts from non-vortexed and vortexed were

compared from images taken of parental and selected null mutant cell lines.
2.4.5 Motility assay

The cells at 1x107/ml density were used for motility analysis. 5 ul of cells were added
into a gene frame on super frost microscope slide. The cells were imaged every 100
ms and recorded for 380 seconds through x10 lens of a Zeiss imager Z2 fluorescence
microscope. Swimming tracks were analysed using a macro in Imagel (Wheeler,

2017).

2.5 Methodology for Transmission Electron Microscopy

2.5.1 Fixing cells and single osmium preparation

Cells at the density of 1x107 were fixed by glutaraldehyde at the final concentration
of 2.5%. This cell solution was mixed gently and fixed for 5 minutes before
centrifugation at 800g for 10 minutes and washed in buffered fixative solution (0.1
M phosphate buffer with glutaraldehyde at 2.5%, pH 7.2). Cells were then
resuspended in buffered fixative and left for 1 hour at room temperature. After a
series of 3 washes in 0.1 M phosphate buffer, cells were incubated with 1% OsO4 in

0.1 M phosphate buffer in the dark for 1 hour at 4°C. Post incubation cells were

56



washed twice in ddH,0 and embedded in 0.1 M phosphate buffer with 4% low
melting point agarose. Pellet was then trimmed into smaller sections and incubated
in 0.5% Uranyl acetate in the dark at 4°C overnight. Samples were then dehydrated
in 30%, 50%, 70%, 90%, 100%, 2X absolute ethanol for 10 minutes each. Cells were
incubated in ethanol/resin (TAAB 812 hard resin kit) ratios, starting with 3:1
ethanol/resin for 1 hour, 1:1 ethanol/resin for 2 hours, 1:3 ethanol/resin for 1 hour
before being embedded in 100% resin overnight with gentle rotation. Next day, 100%
resin was changed again and incubated for 6 hours before transfer to Beem capsules

and polymerised at 60°C for 24 hours.
2.5.2 Thin sectioning and imaging

Samples embedded in resin were removed from Beem capsules with a razor blade
and trimmed by PowerTome PT-PC microtome (Boeckeler) using a glass knife. A
trapezium-shaped block face was produced and sectioned by ultramicrotomy, with
sections set at 70 nm. Thin sections were embedded onto a copper grid (TAAB G200)
and stained with Reynold’s lead citrate prior to imaging on Joel-1400 Flash TEM with

Gatan One View 16-megapixel camera.
2.6 Approach to data collection and analysis

To allow a fair measurement and analysis of cell lines used in this work all
experiments were approached with a standard approach otherwise stated in figure
legends (Table 2.4). When appropriate, statistical analysis in excel using t-test was

used to calculate p values to determine significant differences between groups.
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Table 2.4 Approach to data collection

Experiment

Approach

Localisation and deletion screens in Chapters 3 & 4

Imaging cells

30 fields of views containing 20-100 cells each were taken.
Representative image with the most typical phenotype and highest

clarity was chosen.

Cell structure and
cell cycle position

numbers

30 fields of views containing 20-100 cells each were captured. A range
of 100-151 cells were taken for cell cycle position analysis. Images
containing <100 cell structures were taken straight from culture for cell

structure analysis. Percentages of each group was calculated

Measurements of

1F1IN1K cells

A range of 86-110 1FIN1K cells from each cell line was used for

flagellum and cell body length analysis.

Analysis of FAZ27, FAZ34 and CC2D null mutants in Chapters 5 & 6

Imaging cells

30 fields of views containing 20-100 cells each were taken. This was

performed in 2x technical replicates on a weekly basis for 4 weeks

Cell structure and
cell position

numbers

30 fields of views containing 20-100 cells each were captured <100 cells
were taken for cell cycle position analysis. Images containing <100 cell
structures were taken straight from culture for cell structure analysis.

Both carried out in 2x technical replicates

Measurements of

1F1IN1K cells

A range of 67-141 1FIN1K cells from each cell line was used for

flagellum and cell body length analysis in 2x technical replicates.

Measurement of
flagellum loss by

vortex

Images containing <100 cell structures were taken straight from culture

for cell structure analysis in 2x technical replicates.

Loose flagella with
kinetoplast

attached analysis

Total of 114-122 loose flagella structures captured from weeks 1 and 2

in 2x technical replicates were used for analysis.

Motility analysis

360s captured in 3x technical replicates

TEM analysis
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3x technical replicates were captured for each cell line. A representative

image at appropriate orientation of cell at highest clarity was chosen.



Chapter 3

Discovery of 28 FAZ proteins with 5 different FAZ

localisation classes in L. mexicana
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3.1 Preface

L. mexicana parasites have a similar flagellar pocket structure to that of T. brucei and
T. cruzi - the flagellar pocket has two domains, the bulbous and the neck region
(Lacomble et al., 2009; Alcantara et al., 2014, 2017; Wheeler, Sunter and Gull, 2016).
Within the neck region of L. mexicana, the FAZ provides attachment between the
flagellum and cell body (Wheeler, Sunter and Gull, 2016). While, in T. brucei and T.
cruzi, the attachment zone starts from within the neck and extends out along the cell
body. In T. brucei and T. cruzi, the FAZ has a linear organisation with regularly spaced
junctional complexes alongside the FAZ filament for the majority of the cell body
length (Sherwin and Gull, 1989; H66g et al., 2012; Sunter and Gull, 2016). T. brucei
and T. cruzi can have a FAZ varying in length, dependent on its cell form (Rocha et al.,
2006; De Souza, 2009; Sunter and Gull, 2016). This organisation of the FAZ was not
seen in L. mexicana, instead junctional complexes and the FAZ filament are separated
within the flagellar pocket neck region (Wheeler, Sunter and Gull, 2016). Despite the
differences, the FAZ of L. mexicana and T. brucei are clearly analogous to each other

(Wheeler, Sunter and Gull, 2016).

A study conducted in 2016 identified seven FAZ proteins (FAZ1, FAZ2, FAZ5, FAZS,
CLPGM®6, FLA1BP and FAZ10) in L. mexicana, by examining the localisation of the
orthologs of known T. brucei FAZ-coding genes (Wheeler, Sunter and Gull, 2016).
TrypTag.org, a genome wide protein localisation resource for T. brucei was
completed in September 2019 (Dean, Sunter and Wheeler, 2017). Here, a list of
proteins that localised to the FAZ of T. brucei as annotated by TrypTag was used to
identify FAZ proteins in L. mexicana by determining whether the orthologs localised

to the FAZ in L. mexicana.

60



3.2 58 orthologs of T. brucei FAZ proteins were identified in L. mexicana

A cohort of 96 FAZ proteins was identified in T. brucei by TrypTag (Dean, Sunter and
Wheeler, 2017). These proteins were organised into seven categories based on their
localisation patterns: 1) Full length (23 proteins), 2) Full length-distal enriched (18
proteins) 3) Full length-proximal enriched (3 proteins), 4) Distal only (17 proteins), 5)
Proximal only (3 proteins), 6) FAZ-ER (9 proteins) and 7) Complex (23 proteins) (Fig
3.1). Full length applied to proteins with localisations along the entire length of FAZ,
while full length with either distal or proximal enriched were for protein localisations
along entire length of FAZ with stronger signal seen towards the distal/proximal end.
Distal and proximal only were those with localisations restricted to the
distal/proximal region of the FAZ. The T. brucei FAZ is closely associated with the ER
through the MtQ and those with both an ER and FAZ signal were defined as FAZ-ER
(Lacomble et al., 2012). The complex category was assigned to those with additional
localisations (except cytoplasm) or contain a combination of these FAZ localisation

categories.

Information on protein properties and features (molecular weight, transmembrane
domains and PFAM domains) were collated for the 96 T. brucei FAZ proteins (Table
3.1). Out of the 96 proteins, 39 had at least 1 PFAM domain. The majority of PFAM
domains were restricted to individual proteins; however, one PFAM domain, a TerD
domain which encodes calcium binding sites was found in both FAZ28 (Th927.4.5000)
and FAZ30 (Tb927.8.7420) (Anantharaman, lyer and Aravind, 2012). Another domain,
found in three proteins, CC2D (Th927.4.2080), FAZ22 (Th927.10.9700) and cAMP
binding protein (Tb927.10.13740), was a C2 domain, which is important for in

calcium-binding and membrane targeting processes (Davletov and Sudhof, 1993).

18 proteins were found to have transmembrane domains, which included two well-
known FAZ proteins located in the intracellular domain, FLA1BP and FAZ5 (Sun et al.,
2013; Sunter et al., 2015). Nine proteins with transmembrane domains were
identified as FAZ-ER proteins, including VAMP associated protein (TbVAP) which was
found to be important for FAZ and flagellar pocket ER domain maintenance

(Lacomble et al., 2012). The molecular weight was assessed but no correlation was
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found across different categories, suggesting they have no role in determination of

localisation patterns (Table 3.1).

Type of FAZ No. of genes in T. brucei Example image
localisation
Full length 23
Full length-distal
. 18
enriched
Full length- 3
proximal enriched
Distal only 17
Proximal only 3
FAZ-ER 9
Complex 23

Figure 3.1 FAZ proteins in T. brucei were classified based on their localisation
patterns. Categories are the following: Full length (example: FAZ8, Th927.4.2060), Full
length-distal enriched (example FAZ2, Tb927.1.4310), Full length-proximal enriched
(example: FAZ19, Tb927.3.3300), Distal only (FAZ21, Tb927.7.5240), Proximal only
(hypothetical protein, Th927.9.8240), FAZ-ER (reticulon domain protein, Tb927.6.3840),
Complex (Autophagy-related protein 27, Th927.6.3940 with endocytic/FAZ signal). All
protein localisations tagged with mNG were observed on TrypTag.org and assigned to groups

based on their localisation patterns.
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Table 3.1 FAZ proteins in T. brucei with orthologs in L. mexicana identified. Protein information including molecular weight (MW), TMHMM

(containing transmembrane domains) and PFAM domains were obtained from TriTrypDB and InterPro (Aslett et al., 2009; Blum et al., 2021). L. mexicana

orthologs were identified by OrthoMCL (Fischer et al., 2011). Last updated: January 2020. *Tb927.9.13880 gene is not in current genome annotation.

Full Length
Gene ID Protein name MW  TMHMM PFAM domains L. mexicana FAZ related refs
ortholog
Th927.3.4710 Flagellum attachment zone protein 23 59.75 no (zhou, An, et al., 2018)
Th927.4.2060 Flagellum attachment zone protein 8 66.84 no LmxM.33.2570 (Qing Zhou et al., 2015; Sunter et al., 2015)
Th927.4.2080 C2 domain containing protein (CC2D) 104.88 no C2 domain LmxM.33.2540 (Q. Zhou et al., 2011)
Tbh927.4.3740 Flagellum attachment zone protein 1 192.57 no LmxM.33.0690 (Vaughan et al., 2008)
Th927.4.5340 Flagellum attachment zone protein 11 94.70 no LmxM.30.3110 (Morriswood et al., 2013)
Tbh927.6.840 Flagellum attachment zone protein 29 38.16 no Glutathione S-transferase, N-terminal domain LmxM.12.0360
Th927.8.4780 Flagellar Member 3 (FLAM3) 468.13 no Clustered mitochondria & Translation initiation factor elF3 LmxM.16.1660 (Rotureau et al., 2014)
Th927.8.7420 Flagellum attachment zone protein 30 96.39 no TerD domain x2 LmxM.30.2590
Th927.9.2075 Flagellum attachment zone protein 44 302.50 no
Tbh927.9.8650 Flagellum attachment zone protein 32 12.29 no LmxM.04.1100
Th927.9.9320 MAPK/MAK/MRK overlapping kinase, 41.76 no Protein kinase domain LmxM.34.5010
putative
*Th927.9.13880 kinetoplastid membrane protein 11-2 11.08 no Kinetoplastid membrane protein 11 LmxM.34.2221
Tbh927.10.2880 Flagellum attachment zone protein 26 303.77 22 lon transport protein x4 (Oberholzer et al., 2011)
Tb927.10.5870 Flagellum attachment zone protein 25 49.47 no (zhou, An, et al., 2018)
Th927.10.7210 Flagellum attachment zone protein 17 26.26 no (McAllaster et al., 2015a)
Tbh927.10.8830 Flagellum attachment zone protein 5 66.66 7 LmxM.36.5970 (Sunter et al., 2015)
Th927.10.9700 Flagellum attachment zone protein 22 132.58 no C2 domain x3 LmxM.36.4330 (zhou, An, et al., 2018)
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Th927.10.11360 Flagellum attachment zone protein 33 73.25 no WD40/YVTN repat-like containing domain superfamily,

WDA40-repeat-containing domain superfamily, protein

phosphatase 2A regulatory subunit PR55
Tb927.10.14320 Flagellum attachment zone protein 9 121.80 no Armadillo-type fold LmxM.31.0140 (Sunter et al., 2015)
Tb927.11.1090 calpain-like protein, putative 663.06 no Calpain family cysteine protease x2 & Calpain large LmxM.27.0490 (Hayes et al., 2014)

subunit, domain Ill
Tb927.11.1110 calpain, putative 171.46 no Calpain family cysteine protease LmxM.27.0490
Tb927.11.12530 Flagellum attachment zone protein 3 90.65 no LmxM.09.0520 (Sunter et al., 2015)
Th927.11.12870 hypothetical protein, conserved 78.40 11

Full length- Distal enriched
Gene ID Protein name Mw TMHMM  PFAM domains L. mexicana Ref
ortholog

Tb927.1.4310 Flagellum attachment zone protein 2 183.76 no LmxM.12.1120 (Q. Zhou et al., 2015; Sunter et al., 2015)
Tb927.3.1020 Flagellum attachment zone protein 13 54.34 no (Hu, Zhou and Li, 2015b)
Tb927.4.1960 Flagellum attachment zone protein 42 37.39 no
Th927.4.5000 Flagellum attachment zone protein 28 96.39 no TerD domain x2 LmxM.30.2590
Tb927.5.3460 Flagellum attachment zone protein 16 57.44 no LysM domain (McAllaster et al., 2015a)
Th927.7.3330 Flagellar attachment zone protein 10 502.65 no LmxM.22.1320 (Morriswood et al., 2013)
Tb927.8.4050  FLA1-binding protein 83.06 2 LmxM.10.0620 (Sunetal., 2013)
Th927.8.5350 Flagellar attachment zone protein 38 18.94 no
Tb927.8.6980  Flagellum attachment zone protein 14 95.06 no LmxM.30.3110 (Hu, Zhou and Li, 2015b)
Th927.8.7070  Flagellum attachment zone protein 15 35.43 no (McAllaster et al., 2015a)
Tb927.9.8180 Flagellum attachment zone protein 31 70.84 no (Huetal., 2019)
Th927.9.8330 Flagellum attachment zone protein 39 52.61 no
Tb927.9.8350  Flagellum attachment zone protein 27 66.85 no LmxM.04.0890 (An et al., 2020)
Th927.9.10530 Flagellum attachment zone protein 4 118.72 no (Sunter et al., 2015)
Tbh927.10.840 Flagellum attachment zone protein 6 195.48 no WD domain, G-beta repeat x2 LmxM.21.1240 (Sunter et al., 2015)
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Th927.10.12630 Flagellum attachment zone protein 34 25.14 no EF-hand domain pair LmxM.18.1440
Tb927.11.2590 Flagellum attachment zone protein 12 121.14 no LmxM.32.2460 (Hu, Zhou and Li, 2015b)
Th927.11.3400 Flagellum attachment zone protein 41 34.88 no
Full length- Proximal enriched
Gene ID Protein name MW TMHMM PFAM domains L. mexicana Ref
ortholog
Tb927.1.5030 Flagellum attachment zone protein 37 80.77 no Leucine Rich Repeat 1 & 6
Tb927.3.3300 Flagellum attachment zone protein 19 89.20 no (Zhou, Hu and Li, 2016)
Th927.11.2070 Flagellum attachment zone protein 36 15.31 no LmxM.27.1400
Distal only
Gene ID Protein name MW TMHMM PFAM domains L.mexicana Ref
ortholog
Th927.2.2360  Ankyrin repeats (3 copies)/Zinc finger, 74.5 no Ankyrin repeats (3 copies), Zinc finger, C3HC4 type (RING LmxM.02.0140
C3HC4 type (RING finger), putative finger)
Th927.6.3710  Hypothetical protein, conserved 78.29 no
Tb927.7.5240 Flagellum attachment zone protein 21 53.49 no (zhou, An, et al., 2018)
Th927.8.6830 Kinesin, putative 198.66 no Kinesin motor domain LmxM.24.1430 (zhou, Lee, et al., 2018)
Tb927.10.5240 CAMP binding protein, putative 188.21 no Cyclic nucleotide-binding domain & C2 domain x3 LmxM.36.0830
Th927.10.6360 FAZ-tip-localizing protein required for 55.52 no LmxM.36.1920 (zhou, An, et al., 2018)
cytokinesis
Th927.10.8240 Cytokinesis initiation factor 4 42.85 no LmxM.36.6960 (Hilton et al., 2018)
Th927.10.9720 RNA-editing-associated protein 1 (REAP-1) 64.38 no
Tb927.10.12470 Flagellum attachment zone protein 40 58.39 no LmxM.18.1560
Th927.10.12670 Hypothetical protein, conserved 58.47 no
Tb927.10.12920 Flagellum attachment zone protein 18 112.87 no (zhou, Hu and Li, 2016)
Th927.10.13100 Cytokinesis initiation factor 3 50.92 no (Kurasawa et al., 2018; Zhou, An, et al., 2018)
Tb927.10.15390 Flagellum attachment zone protein 7 123.56 no Kinesin motor domain superfamily LmxM.19.0680 (Sunter et al., 2015)
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Tb927.11.5410 SUMO-interacting motif-containing 70.77 no
protein
Tb927.11.9290 Flagellum attachment zone protein 20 85.45 no Protein kinase domain LmxM.28.1650 (Zhou, Hu and Li, 2016)
Th927.11.11240 Hypothetical protein, conserved 23.00 no
Tb927.11.15800 Tip Of Extending FAZ protein 1 89.59 no LmxM.31.2610 (Hu, Zhou and Li, 2015a; McAllaster et al., 2015b)
Proximal only
Gene ID Protein name MwW TMHMM  PFAM domains L.mexicana Ref
ortholog

Tb927.3.5220 = hypothetical protein, conserved 65.03 no

Tb927.4.5330 = Flagellum attachment zone protein 43 97.24 no

Tb927.9.8240 = hypothetical protein, conserved 55.58 no

FAZ-ER
Gene ID Protein name MW  TMHMM PFAM domains L.mexicana Ref
ortholog

Th927.1.4420 ABC transporter, putative 104.68 no ABC transporter LmxM.12.1190
Th927.6.3840 Reticulon domain protein 21.07 3 Reticulon LmxM.29.2580 (zhou, An, et al., 2018)
Tb927.7.3070 | UAA transporter family, putative 54.85 8 UAA transporter family LmxM.22.1010
Th927.7.3760 phosphatidylserine synthase, putative 57.60 8 Phosphatidyl serine synthase LmxM.14.1200
Tb927.10.13740 Flagellum attachment zone protein 35 67.31 3 C2 domain (zhou, An, et al., 2018)
Th927.11.5370 hypothetical protein, conserved 76.64 7 LmxM.24.0700
Tbh927.11.6060 major facilitator superfamily, putative 51.32 11 Major facilitator superfamily LmxM.11.1320
Th927.11.13230 VAMP-associated protein, putative 23.91 1 MSP (Major sperm protein) domain LmxM.09.1050 (Lacomble et al., 2012)
Th927.11.15870 Hypothetical protein, conserved 42.43 2 LmxM.31.2680

Complex
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Gene ID Protein name MW TMHMM PFAM domains L. mexicana Ref
homolog

Tb927.1.4280 Hypothetical protein, conserved 75.28 no
Th927.4.3520 Amastin surface glycoprotein, putative 19.46 4 Amastin surface glycoprotein LmxM.16.0490
Tb927.6.3940  Autophagy-related protein 27, putative 39.21 3 Autophagy-related protein LmxM.29.2670
Th927.7.5190  hypothetical protein, conserved 126.87 no
Th927.8.2030  Posterior and Ventral Edge protein 1 48.24 no LmxM.23.0080
Tb927.9.2760 EB1-like C-terminal motif containing protein, 57.00 no EB1 C terminal domain, microtubule associated protein

putative RP/EB, Calponin homology domain
Tb927.9.11540 hypothetical protein, conserved 50.79 no LmxM.34.3720
Th927.9.13820 kinetoplastid membrane protein 11-3 11.08 no Kinetoplastid membrane protein 11 LmxM.34.2221 (Li and Wang, 2008; Li et al., 2008)
Tb927.9.14290 Cytokinesis initiation factor 2 49.83 no (zhou, Hu and Li, 2016)
Tb927.10.1230 Enriched in surface-labeled proteome 37.68 5 LmxM.21.0940

protein 23
Tb927.10.1620 phosphoserine/threonine/tyrosine-binding | 59.94 no Protein-tyrosine phosphatase-like LmxM.21.0700

protein, putative
Th927.10.2480 hypothetical protein, conserved 105.08 3 LmxM.33.0060
Th927.10.2610 Domain of unknown function (DUF1935), 54.36 no Domain of unknown function (DUF1935) x4 LmxM.33.0190

putative
Th927.10.720  Flagellum attachment zone protein 24 118.09 no PB1 domain LmxM.21.1350 (zhou, An, et al., 2018)
Tb927.10.870  Furrow 1 protein 151.85 no LmxM.21.1220 (zhou, An, et al., 2018)
Th927.10.11650 Hypothetical protein, conserved 17.39 no LmxM.32.1035
Tb927.10.13010 cAMP-dependent protein kinase catalytic 39.18 no Protein kinase domain LmxM.18.1080

subunit 3 (PKAC3)
Th927.10.14400 Hypothetical protein, conserved 125.26 1 LmxM.31.0220
Tb927.10.14770 Associated kinase of Th14-3-3 70.53 no LmxM.19.0140
Th927.11.1640 Stumpy formation signalling pathway 42.25 2 LmxM.27.1040

protein, putative
Tb927.11.3280 Kinesin-13 5, putative 80.07 no SAM domain (Sterile alpha motif) & Kinesin motor domain  LmxM.13.1610 (Hu et al., 2019)
Th927.11.3300 Spindle assembly abnormal 4 107.86 no T-complex protein 10 C-terminus LmxM.13.1590 (Hu, Zhou and Li, 2015b)
Tb927.11.11480 Trichohyalin, putative 78.97 no (zhou, An, et al., 2018)
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With T. brucei closely related to Leishmania, OrthoMCL identifier, an algorithm for
protein ortholog groupings (Fischer et al., 2011) was used to discover which of the
96 FAZ proteins identified in T. brucei were conserved in L. mexicana. Out of the 96
FAZ proteins identified in T. brucei, 61 were found to have orthologs in L. mexicana
(Aslett et al., 2009). However, 4 of the L. mexicana orthologs appeared twice on the
list, shared with other FAZ proteinsin T. brucei. These are LmxM.30.2590 orthologous
to FAZ30 (Tb927.8.7420) and FAZ28 (Th927.4.5000), LmxM.30.3110 orthologous to
FAZ14 (Tb927.8.6980) and FAZ11 (Tb927.4.5340), LmxM.34.2221 orthologous to
KMP-11-2 (Tb927.9.13880) and KMP-11-3 (Tb927.9.13820) and lastly, LmxM.27.0490
orthologous to calpain containing proteins (Tb927.11.1110) and ClpGM®6
(Th927.11.1090). This gives a total of 57 L. mexicana orthologs identified (Table 3.1).

Conservation analysis using orthoMCL was not limited to L. mexicana, but also was
assessed across a diverse set of different kinetoplastid species, T. cruzi (Dm28c2017),
Paratrypanosoma confusum (CUL13) and Bodo saltans (Lake Konstanz) (Figure 3.2).
P. confusum is an early branching trypanosomatids and closely related to the free-
living B. saltans (Flegontov et al., 2013). With T. cruzi being most closely related to T.
brucei it was unsurprising to see a high conservation of FAZ proteins (87/96). 53 of
the 96 FAZ proteins were found to be conserved in P. confusum, similar to L.
mexicana. Less (39/96) were seen for the distant relative B. saltans. Across all
species, the highest conservation level was seen for FAZ proteins that localised along
the full length of the FAZ in T. brucei. The lowest level of conservation across L.
mexicana, P. confusum and B. saltans was seen for those that localise specifically to
the proximal or distal region of the FAZ or have a stronger signal within that region
(Fig 3.2). This suggests these FAZ proteins within these regions could be trypanosome
specific with a role potentially related to their trypomastigote morphology, which is
not found in other species. All species possess at least 78% of the genes localising to
the FAZ and ER region in T. brucei (Fig 3.2). This demonstrates that FAZ-ER proteins
are generally conserved across all kinetoplastids, which suggests that these FAZ-ER

proteins may not be trypanosome specific.

The output from this orthoMCL algorithm changes as new data are added. Since this

list was created in January 2020, there have been small changes (updated in May
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2021). From this new list, three proteins, LmxM.30.3110, LmxM.21.1240 and
LmxM.22.1320 were no longer identified as FAZ orthologs in L. mexicana (grey
squares) (Fig 3.2). For the identification of FAZ proteins in L. mexicana, these
orthologs were included in the localisation screen for completeness, so 57 orthologs

were taken forward to the localisation screen.
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Th927.10.11650
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Th927.8.6980
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Figure 3.2 FAZ protein conservation analysis across species. OrthoMCL identifed
conserved FAZ proteins in T. cruzi, L. mexicana, P. confusum and B. saltans. Black squares
indicates an ortholog is present. Grey squares represents genes in L. mexicana that were no

longer recognised as orthologs when this analysis was last updated in May 2021.

3.3 FAZ2 and FLA1BP were chosen as FAZ protein markers for

resolution and clarity in localisation screen

The aim was to generate a cell line expressing a tagged FAZ protein that would add
resolution to our protein localisation screen and provide spatial information about
the FAZ structure. A potential set of markers were the FAZ proteins with a known
localisation pattern from the Wheeler et al study (Wheeler, Sunter and Gull, 2016).
Four of the following FAZ proteins, FAZ1, FAZ2, ClpGM6 and FLA1BP representing
different FAZ domains were tagged with mCherry (Figure 3.3). The FAZ1 and FAZ2
fluorescent signal appeared as a short linear structure in the cell body parallel to the
flagellum, but FAZ1 had an additional ring/horseshoe pattern at the collar region.
ClpGM®6 and FLA1BP localised to a short linear structure asymmetrically positioned
within the flagellum. FAZ2 and FLA1BP representing two different localisations, gave
the strongest, clearest signal. FLA1BP::mCherry was chosen as the main marker with

mCherry::FAZ2 to be used for localisations from this screen as necessary.

FAZ1 mCherry::LmxM.33.0690

CIpGM6 mCherry::LmxM.27.0490

Merge
s

FLA1-BP LmxM.10.0620::mCherry
Merge

Figure 3.3 FAZ2 and FLA1BP were selected as FAZ markers. FAZ1 localised to both a
linear structure on the cell body side and a ring/horseshoe structure at the pocket collar
region, FAZ2 localised to a short linear structure on the cell body side, ClpGM®6 and FLA1BP
localised to a linear structure within the flagellum. FAZ2 and FLA1BP were selected due to

the strength and clarity of signal. Scale bar =5 um.
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3.4 Localisation screen identified 28 FAZ proteins categorised into five

localisation classes

54 cell lines were successfully generated by endogenous tagging of the different FAZ
protein candidates in L. mexicana with an mNG fluorescent protein at the N or C-
terminus, in either the FLA1BP::mCherry or mCherry::FAZ2 marker cell line (See
appendix A for primers list). Cell lines of two potential FAZ proteins- LmxM.36.4330
and LmxM.28.1650 were not generated due to a PCR and transfection failure,
respectively (repeated three times). A total of 28 out of the potential 54 FAZ proteins

examined were found to localise to the FAZ in L. mexicana.

The 28 FAZ proteins were separated into five classes based on their localisation
patternsin G1 cells (i.e. they have 1 flagellum, 1 nucleus and 1 kinetoplast): Class 1)
Linear structure on the flagellum side, Class 2) Linear structure on the cell body side,
Class 3) A ring/horseshoe structure distal to the pocket collar region, Class 4) A ring
structure at the flagellum exit point, Class 5) Linear structure on the cell body side
with a ring/horseshoe structure at the pocket collar region. Complex was given to
those with additional localisations elsewhere for instance, a basal body or cell tip.
However, for all the classes the dividing cells could potentially have a more complex
localisation pattern due to the timing of FAZ duplication and flagellar pocket

resolution.

Six  proteins: FLAM3 (LmxM.16.1660), FAZ27 (LmxM.04.0890), FAZ32
(LmxM.04.1100), FAZ34 (LmxM.18.1440), cAMP binding protein (LmxM.36.0830) and
ClpGM6 (LmxM.27.0490) along with the FLA1BP marker (LmxM.10.0620) were in
class 1, which is a linear structure on the flagellum side, distal to the kinetoplast (Fig
3.4). Five proteins FLAM3, FAZ27, FAZ33, FAZ34, and cAMP binding protein were all
expressed in the cell line expressing FLA1BP::mCherry as the marker (Fig 3.4A-D&F).
To determine whether they were in the cell body or flagellum FAZ domain their
localisation relative to FLA1BP was examined. All these proteins except cAMP binding
protein co-localised with FLA1BP, showing that these proteins localise within the
flagellum FAZ domain (Fig 3.4A-D&F). The cAMP binding protein signal appeared as
a short line in the flagellum, which began at the distal end of the FLA1BP::mCherry
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signal before extending a short distance along the flagellum (Fig 3.4F). ClpGM6 was
expressed in the cell line with the FAZ2 marker and the ClpGM®6 signal had a short
linear appearance that was adjacent to FAZ2 marker, indicating that this protein was

within the flagellum (Fig3.4E).

In dividing cells, all the FAZ proteins of this class expressed a similar pattern of two
linear structures parallel to each other, distal to the kinetoplast (Fig 3.4A-F). One
protein, FAZ32 also had this pattern except that the linear signal was longer than the

FLA1BP signal extending beyond both sides of the FLA1BP signal (Fig 3.4C).

Class I: FAZ on the flagellum side
A FLAM3-LmxM.16.1660:mNG arker:FLAlBP

Merge mNG

Single cell

m Dividing cell

mMNG

Single cell

n Dividing cell

FAZ32-LmxM.04.1100:mNG [Marker: FLA1BP]

Merge mNG

Single cell

Dividing cell
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D FAZ34-mNG:LmxM.18.1440 [Marker: FLA1BP]

Single cell

Dividing cell

m

ClpGM6-mNG:LmxM.27.0490 [Marker: FAZ2

Single cell

Tl Dividing cell

Single cell

Dividing cell

Figure 3.4 Leishmania FAZ proteins with Class 1; FAZ on flagellum side localisation
Widefield fluorescence images for each protein A) FLAM3, B) FAZ27, C) FAZ32, D) FAZ34, E)
ClpGMS6, F) cAMP binding protein in single and dividing cells are laid out in the same format:
From left, an overlay of the phase contrast (grey), mNG tagged protein (green), mCh tagged
marker (red) and Hoechst DNA (blue) then mNG only, and mCherry only, with the far right
being the overlay of mMNG AND mCh only. The protein name, gene fusion and FAZ marker are

shown on top left (LmxM.X.XXXX::mNG for C-terminal tagging and mNG::LmxM.X.XXXX for
N-terminal tagging).
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Three proteins; CC2D (LmxM.33.2540), FAZ28/FAZ30 (LmxM.30.2590), FAZ5
(LmxM.36.5970) alongside FAZ2 marker (LmxM.12.1120) were in class 2, which is a
linear structure on the cell body side, distal to the kinetoplast (Fig 3.5). All these
proteins co-localised with FAZ2, showing that these proteins were within the cell
body FAZ domain. The FAZ28/30 signal co-localised with FAZ2 marker but its signal
extended beyond the distal end of FAZ2 marker (Fig 3.5A).

In the dividing cells a pattern of two linear structures parallel to each other was seen
but only CC2D co-localised exactly with the FAZ2 marker (Fig 3.5A). The FAZ28/30
signal at the new flagellum was longer and less intense compared to the FAZ of the
old flagellum (Fig 3.5B). Like 1F cells, both FAZ signals extended beyond the distal
end of FAZ2 marker (Fig 3.5B). The FAZ5 signals in 2F cells were the same size and
shape as FAZ2 marker (Fig 3.5C).

Class II: FAZ on the cell body side
A CC2D-LmxM.33.2540:mNG [Marker: FAZ2]

Merge mNG

Single cell

Dividing cell

0o

FAZ28/30-LmxM.30.2590:mN

I

NG

Single cell

©
O
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£
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C FAZ5-LmxM.36.5970:mNG [Marker:FAZ2
Merge mNG

Single cell

Dividing cell

Figure 3.5 Leishmania FAZ proteins with Class 2; FAZ on cell body side localisation.
Widefield fluorescence images for each protein A) CC2D, B) FAZ28/30 and C) FAZ5 in single
and dividing cells are laid out in the same format: From left, an overlay of the phase contrast
(grey), mNG tagged protein (green), mCh tagged marker (red) and Hoechst DNA (blue) then
mNG only, and mCherry only, with the far right being an overlay of mNG and mCherry only.
The protein name, gene fusion and FAZ marker are shown on top left (LmxM.X.XXXX::mNG

for C-terminal tagging and mNG::LmxM.X.XXXX for N-terminal tagging).

Only one protein, FAZ3 (LmxM.09.0520) was in class 3, which is a ring-like structure
distal to the pocket collar region of the flagellar pocket. This localisation was clearly
distinct from the FAZ2 marker (Fig 3.6). Whilst the FAZ2 marker was localised to the
cell body FAZ domain, FAZ3 protein was localised with a ring-like shape surrounding
the proximal half of FAZ2 marker. In dividing cells there were two structures labelled
with FAZ3::mNG with one located on the old flagellum and another on the new

flagellum side. These structures co-localised with the FAZ2 signal.

75



Class III: Ring/Horseshoe at collar region
FAZ3-LmxM.09.0520:mNG [Marker: FAZ2]

Merge mNG

Single cell

Dividing cell

Figure 3.6 Leishmania FAZ protein with Class 3; FAZ ring/horseshoe at collar region
localisation. Widefield fluorescence images for FAZ3 protein in single and dividing cells are
laid out in the same format: From left, an overlay of the phase contrast (grey), mNG tagged
protein (green), mCh tagged marker (red) and Hoechst DNA (blue) then mNG only, and
mCherry only, with the far right being the overlay of mNG and mCherry only. The protein
name, gene fusion and FAZ marker are shown on top left (LmxM.X.XXXX::mNG for C-terminal

tagging and mNG::LmxM.X.XXXX for N-terminal tagging).

Six  proteins; FAZ14 (LmxM.30.3110), FAZ10 (LmxM.22.1320), Kinesin
(LmxM.24.1430), FAZ6 (LmxM.21.1240), FAZ40 (LmxM.18.1560) and FAZ12
(LmxM.32.2460) were in class 4, which is the flagellum exit point (Fig 3.7).
FLA1BP::mCherry was used as the marker with the exit point localisation appearing
on both sides of the distal end of the FLA1BP signal. The exit point localisations varied
across these six proteins. There was a dome-like appearance seen with FAZ14 and
FAZ40, which appeared to extend further into the cell body from the flagellum exit
point compared to the marker (Fig 3.7A&B). Whilst FAZ10 was localised to both sides
of the marker with a ring-like appearance as expected (Wheeler, Sunter and Gull,
2016) (Fig 3.7C). FAZ12, Kinesin protein and FAZ6 had a horseshoe/ring-like
appearance across the exit point with the Kinesin protein showing a similar but

weaker signal (Fig 3.7D-F).

76



The FAZ localisations of the dividing cells were all different to each other. FAZ14 and
FAZ40 had a dome-like appearance on both old and new flagellum sides; however,
FAZ14 displayed an additional short linear FAZ structure adjacent to the FLA1BP
marker while FAZ40 appeared weaker (Fig 3.7A&B). FAZ10 localisation was seen
across both anterior cell tips, with both signals partially co-localised with FLA1BP
marker (Fig 3.7C). Kinesin protein and FAZ6 localised to one point at the distal end of
FLABP marker on the old flagellum side and two points at distal end of FLA1BP marker
on the new flagellum side (Fig 3.7E&F). The FAZ12 signal was a ring-like shape on
both old and new flagellum sides (Fig 3.7D).

Class IV: Ring/Horseshoe at exit point
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Figure 3.7 Leishmania FAZ proteins with Class 4; FAZ ring/horseshoe at exit point
localisation. Widefield fluorescence images for each protein A) FAZ14, B) FAZ40, C) FAZ10,
D) FAZ12, E) Kinesin protein and F) FAZ6 in single and dividing cells are laid out in the same
format: From left, an overlay of the phase contrast (grey), mNG tagged protein (green), mCh
tagged marker (red) and Hoechst DNA (blue) then mNG only, and mCherry only, with the far
right being an overlay of mNG and mCherry only. The protein name, gene fusion and FAZ
marker are shown on top left (LmxM.XXXXX::mNG for C-terminal tagging and
MNG::LmxM.X.XXXX for N-terminal tagging).

Four proteins; FAZ8 (LmxM.33.2570), FAZ1 (LmxM.33.0690), FAZ29 (LmxM.12.0360)
and FAZ9 (LmxM.31.0140) were in class 5 which is short linear signal on the cell body
side and a ring-like structure at the pocket collar region (Fig 3.8). This localisation
pattern resembled an ‘L’ shape with long linear signal co-localising with FAZ2 marker
as seen for FAZ8 and FAZ29 or appearing adjacent to FLA1BP marker as seen for FAZ1
and FAZ9 (Fig 3.8). In dividing cells, tagged FAZ1 localised to ‘L’ like structures on both
the old and new flagellum sides (Fig 3.8B). FAZ8 and FAZ29 were localised at the
proximal ends of the FAZ2 marker, in the pocket collar region without the presence
of a linear structure in the cell body FAZ domain on both old and new flagellum sides
(Fig 3.8A&C). FAZ9 localisation was different and complex, with a cross-like signal on
the old flagellum side and linear points surrounding the FLA1BP marker on new

flagellum side (Fig 3.8D).
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Class V: FAZ on the cell body side and collar region
A FAZ8-LmxM.33.2570:mNG [Marker: FAZ2
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Sing
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mNG

Single cell
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Figure 3.8 Leishmania FAZ proteins with Class 5; FAZ ring/horseshoe at exit point
localisation. Widefield fluorescence images for each protein A) FAZ8, B) FAZ1, C) FAZ29 and
D) FAZ9 in single and dividing cells are laid out in the same format: From left, an overlay of
the phase contrast (grey), mNG tagged protein (green), mCh tagged marker (red) and
Hoechst DNA (blue) then mNG only, and mCherry only, with the far right being an overlay of
mNG and mCherry only. The protein name, gene fusion and FAZ marker are shown on top

left (LmxM.X.XXXX::mNG for C-terminal tagging and mNG::LmxM.X.XXXX for N-terminal

tagging).

Six proteins; KMP11 (LmxM.34.2221), hypothetical protein (LmxM.32.1035), FAZ24
(LmxM.21.1350), Kinesin 13-5 (LmxM.13.1610), DUF1935 protein (LmxM.33.0190)
and FAZ36 (LmxM.27.1400) were in class 6 - complex, a category for those with a FAZ
signal and additional localisations elsewhere. KMP11 has a FAZ signal that co-
localised with FLA1BP marker, a class 1 localisation along with signals in the flagellar
cytoplasm, the posterior cell tip and at the kinetoplast. However, in dividing cells the
kinetoplast signal was only seen in the old flagellum inheriting daughter cell (Fig
3.9A). The hypothetical protein, LmxM.32.1035 also had a FAZ signal that co-localised
with FLA1BP marker but with a much shorter signal length. It was also present on the
cytoskeleton at the anterior end of both 1F1IN1K and dividing cells. A cleavage furrow
signal was also seen in dividing cells with the FAZ signal found only on the old
flagellum cell side. Meanwhile, the kinetoplast signal was seen on the new flagellum
cell side (Fig 3.9B). FAZ24 had a class 2, linear FAZ on the cell body side signal and
was found adjacent to the FLA1BP marker along with signals in the basal body and
the posterior cell tip. In dividing cells, the FAZ signal appeared as a point on each side
with the basal body signal being visible only on the old flagellum side of dividing cells,
while posterior cell tip localisation disappeared (Fig 3.9C). The Kinesin 13-5 FAZ
localisation was more complex with signals on both sides of the FLA1BP::mCherry
marker and this signal was no longer visible in the dividing cells. Instead a cleavage
furrow signal was present, which was stronger on the old flagellum side. A posterior
cell tip signal was only seen in all 1F1IN1K cells and the old flagellum side of dividing
cells. (Fig 3.9D). DUF1935 protein had FAZ class 1 signal, co-localised with the FLA1BP

marker with additional cytoplasm and flagellar cytoplasm signals. In dividing cells,
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this FAZ signal also co-localised with the marker on the new and old flagellum side,
but this signal appeared weaker on the old flagellum. The cytoplasm and flagellar
cytoplasm signals were also still present (Fig 3.9E). FAZ36 had a FAZ class 2
appearance, adjacent to FLABP signal with additional kinetoplast, cytoplasm and
flagellar cytoplasm signals. Whilst in dividing cells tagged FAZ36 was also found in the

cleavage furrow in addition to the FAZ and cytoplasmic signals (Fig 3.9F).
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Figure 3.9 Leishmania FAZ proteins with Class 6; Complex FAZ localisations.
Widefield fluorescence images for each protein in single and dividing cells are laid out in the
same format: From left, an overlay of the phase contrast (grey), mNG tagged protein (green),
mCh tagged marker (red) and Hoechst DNA (blue) then mNG only, and mCherry only, with
the far right being an overlay of mNG and mCherry only. The protein name, gene fusion and
FAZ marker are shown on top left (LmxM.X.XXXX::mNG for C-terminal tagging and
MNG::LmxM.X.XXXX for N-terminal tagging). Additional localisations are indicated beneath

gene ids with arrows showing their location.

3.5 T. brucei FAZ protein localisation and domain pattern correlated

with L. mexicana orthologs

To identify if there was a pattern and correlation in FAZ localisation classes between
L. mexicana and T. brucei, the two datasets were compared (Table 3.2). The FAZin T.
brucei has three main structural domains, flagellum, intracellular and cell body
(Sunter and Gull, 2016). Some of the domain localisations for the T. brucei FAZ
proteins are known and indicated in Table 3.2, alongside their T. brucei FAZ

localisation and the FAZ localisation class in L. mexicana (Table 3.2).

As previously shown, seven proteins were identifed with a linear signal on the
flagellum side of the neck in L. mexicana. Six of their orthologs in T. brucei localised
along the full length of the FAZ while one, a cAMP binding protein was localised to
the distal only region. All of the L. mexicana FAZ proteins of this class except for
FLA1BP (LmxM.10.0620) do not have transmembrane domains. The presence of a
transmembrane domain in FLA1BP suggests that this protein is likely to lie within the
intracellular domain on the flagellum side. This correlates with its ortholog in T.
brucei, known to be located in the intracellular domain (Sun et al., 2013). Three other
FAZ proteins in T. brucei within this group (FLAM3, FAZ27 and CLPGM6) were known
to be in the flagellum domain (B. Rotureau et al., 2014; Hayes et al., 2014; An et al.,
2020). This suggests that there is correlation between Class | (Linear FAZ localisation
on the flagellum side) in L. mexicana and full length FAZ localisation within the

flagellum domainin T. brucei.
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For L. mexicana, four proteins were identified with a linear signal in the cell body
region of the neck. One of the proteins, FAZ5 (LmxM.36.5970) is a likely intracellular
domain protein as it contains multiple transmembrane domains, which correlates
with its ortholog in T. brucei (Sunter et al., 2015, 2019). While the domain position of
FAZ28/30 is unknown in T. brucei, it shares a full length localisation with FAZ2 (distal-
enriched) and CC2D, known FAZ filament domain proteins (Zhou et al., 2011; Sunter
et al., 2015). Similar to the previous class, it appeared that the linear FAZ signal seen
in L. mexicana correlates with the full length FAZ signal seen in T. brucei but within

the FAZ filament domain.

FAZ3, was the sole protein identified as a class Ill (ring/horseshoe signal at the collar
region) in L. mexicana. Its ortholog in T. brucei was a full length FAZ shown to locate

in the FAZ filament domain (Sunter et al., 2015).

Class IV, a ring/horsehoe at the exit point in L. mexicana contains six proteins. All of
the Class IV orthologs in T. brucei were full length with distal enrichment or distal
only. Three proteins, FAZ14, FAZ6, FAZ12 were known FAZ filament domain proteins
in T. brucei (Hu, Zhou and Li, 2015b; Sunter et al., 2015); however, the FAZ10 ortholog
in T. brucei was shown to localise to the intracellular domain (Moreira et al., 2017).
The domain localisation for FAZ40 and the kinesin in T. brucei is currently unknown.
With the flagellum exit point in L. mexicana being at the distal end of the flagellar
pocket neck and therefore the distal end of the FAZ, this suggests a link with these

Class IV proteins and those with a distal FAZ localisation in T. brucei.

For Class V, four proteins including FAZ29, FAZ8, FAZ1 and FAZ9 were identified with
a combination of a linear signal on the cell body side and a ring/horseshoe signal at
the collar region. Their orthologs in T. brucei localised along the entire length of the
FAZ, with three of those (FAZ8, FAZ1 and FAZ9) identified as FAZ filament domain
proteins (Vaughan et al., 2008; Sunter et al., 2015). This suggests that the
combination of linear FAZ on cell body side with horseshoe/ring at the collar region
signals in L. mexicana correlates with the full length localisation within the FAZ
filament in T. brucei. Together these results show that, each FAZ class in L. mexicana

correlates with specific groups of localisations/FAZ domains in T. brucei.
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Table 3.2 Comparsion of FAZ localisations in L. mexicana and T. brucei Known FAZ

domains of FAZ proteins in T. brucei are indicated below.

L. mexicana T. brucei
Gene ID Protein name TMDs Gene ID Localisation Known FAZ References
domains

Linear on flagellum side

LmxM.10.0620 FLA1BP yes Tb927.8.4050  Full-distal Intracellular (Sun et al., 2013)

LmxM.16.1660 FLAM3 no ITh927.8.4780 Full length  Flagellum (Rotureau, Subota
and Bastin, 2011)

LmxM.04.0890 FAZ27 no ITb927.9.8350  Full-distal Flagellum (An et al., 2020)

LmxM.04.1100 FAZ32 no Tb927.9.8650  Fulllength  Not known

LmxM.18.1440 FAZ34 no Tb927.10.12630 Full-distal Not known

LmxM.27.0490 ClpGM®6 no Tb927.11.1090 Fulllength  Flagellum (Hayes et al., 2014)

LmxM.36.0830 cAMP binding protein no ITb927.10.5240 distal only Not known

Linear on cell body side

LmxM.12.1120 FAZ2 no Tb927.1.4310  Full-distal FAZ Filament (Sunter et al.,
2015)

LmxM.33.2540 CC2D no Tb927.4.2080 Fulllength  FAZfilament (QingZhouetal.,
2011)

LmxM.36.5970 FAZ5 yves  [Th927.10.8830 Fulllength Intracellular (Sunter et al.,
2015)

LmxM.30.2590 FAZ28/30 no Tb927.4.5000  Full length Not known

Ring/horseshoe at collar region

LmxM.09.0520 FAZ3 no Tb927.11.12530 Full length  FAZ filament (Sunter et al.,
2015)

Ring at exit point

LmxM.30.3110 FAZ14 no ITh927.4.5340/ Full-distal FAZ filament (Hu, Zhou and Li,

ITh927.8.6980 2015b)

LmxM.21.1240 FAZ6 no Tb927.10.840  Full-distal FAZ filament (Sunter et al.,
2015)

LmxM.32.2460 FAZ12 no Tb927.11.2590 Full-distal FAZ filament (Hu, Zhou and Li,
2015b)

LmxM.22.1320 FAZ10 no Tb927.7.3330  Full-distal Intracellular  (Moreira et al.,
2017)

LmxM.18.1560 FAZ40 no ITb927.10.12470 distal only ~ Not known

LmxM.24.1430 Kinesin, putative no Tb927.8.6830  distal only Not known

Linear on cell body side & at collar region

LmxM.12.0360 FAZ29 no Tb927.6.840 Full length  Not known

LmxM.33.2570 FAZ8 no Tb927.4.2060 Full length  FAZ filament (Sunteretal.,
2015)

LmxM.33.0690 FAZ1 no Tb927.4.3740  Full length  FAZfilament (Vaughanetal.,
2008)

LmxM.31.0140 FAZ9 no Tb927.10.14320 Full length  FAZ filament (Sunter et al.,
2015)
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3.6 26 L. mexicana orthologs did not localise to the FAZ

26 candidate proteins were found not to localise to the FAZ but instead localised to
the following; 9 in the cytoplasm, 4 in the ER, 7 to the cytoskeleton, 2 to the basal
body/pro-basal body paired with cytoplasmic signals and 3 with complex signals, 1
with Endocytic/lysosome signal (Table 3.3). Examples are shown in (Fig 3.10). See

appendix for full list of images (Appendix B).

In the examples shown, LmxM.31.2610, TOEFAZ1 localised to the nucleus and
posterior cell tip in G1 cells; however, these localisations were not seen in dividing
cells. Instead, a cleavage furrow signal was seen during cell division (Fig 3.10A). This
cleavage furrow signal was also seen in LmxM.36.1920 (FAZ tip-localising protein)
and LmxM.36.6960 (CIF4). This suggests these proteins known to initiate cytokinesis
in T. brucei, are also likely important for cytokinesis in L. mexicana (Hilton et al., 2018;
Hu et al., 2019). Of the non-FAZ orthologs in L. mexicana, six appeared to have a
potential role in cytokinesis with either a cleavage furrow or anterior cytoskeleton
localisation, which suggests the possibility of a different role for the FAZ in cytokinesis
in Leishmania in comparison to T. brucei. LmxM.34.3720 localised to the cytoskeleton
in the posterior region of both G1 and dividing cells (Fig 3.10B). LmxM.11.1320 had
a web-like localisation, labelling the internal membranes throughout the central to
anterior region of all cells, likely the endoplasmic reticulum (Fig 3.10 C). There were
four orthologs with this localisation and all were FAZ-ER proteins in T. brucei,
suggesting the ER localisation of these proteins is conserved between species.
LmxM.19.0140 localised to the lysosome, but in the dividing cells there was an

additional kinetoplast signal (mitochondrial DNA) (Fig 3.10D).
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Table 3.3 Proteins with non-FAZ localisations. Localisations are listed below. Some

localisations were specifically at the anterior end (A) or posterior end (P). Abbreviations:

Basal body (BB), pro-basal body (pBB) and endoplasmic reticulum (ER).

L. mexicana T. brucei
Gene ID Protein name Localisations Gene ID Localisation
Cytoplasm
LmxM.12.1190 ABC transporter cytoplasm (weak) Tb927.1.4420 FAZ-ER
LmxM.34.5010 mitogen-activated protein kinase cytoplasm reticulated (weak) [Th927.9.9320 Full Length
LmxM.33.0060 hypothetical protein, conserved cytoplasm (points) Tb927.10.2480 Complex
LmxM.24.0700 hypothetical predicted multi-pass cytoplasm posterior (points) [Tbh927.11.5370 FAZ-ER
transmembrane protein
LmxM.14.1200 phosphatidylserine synthase cytoplasm, lysosome Tb927.7.3760  FAZ-ER
LmxM.02.0140 Ankyrin repeats (3 copies)/Zinc finger,  cytoplasm Tb927.2.2360 Distal only
C3HC4 type (RING finger)
LmxM.27.1040 Stumpy formation signalling pathway  cytoplasm (points) Tb927.11.1640 Complex
protein
LmxM.31.0220 hypothetical protein, conserved cytoplasm (points) Tb927.10.14400 Complex
LmxM.16.0490 Amastin surface glycoprotein cytoplasm (points), lysosome |Tbh927.4.3520 Complex
Cytoskeleton
LmxM.29.2580 reticulon domain protein, 22 kDa cytoskeleton (A), cytoplasm [Th927.6.3840  FAZ-ER
potentially aggravating protein (points)
(paple22)
LmxM.18.1080 cAMP-dependent protein kinase cytoskeleton, cytoplasm Th927.10.13010 Complex
catalytic subunit 3 (PKAC3)
LmxM.36.1920 FAZ-tip-localizing protein required for  cytoskeleton (A), cleavage Th927.10.6360 Distal only
cytokinesis furrow
LmxM.23.0080 Posterior and Ventral Edge protein 1 cytoskeleton (P) Tb927.8.2030 Complex
LmxM.34.3720 hypothetical protein, conserved cytoskeleton (P) Tb927.9.11540 Complex
LmxM.36.6960 Cytokinesis initiation factor 4 cytoskeleton (A), cleavage Th927.10.8240 Distal only
furrow
LmxM.21.0700 phosphoserine/threonine/tyrosine- cytoplasm, cytoskeleton (A) |Tb927.10.1620 Complex
binding protein
Complex
LmxM.21.1220 Furrow 1 protein Cell tip (P)/,cytoplasm point |Tb927.10.870  Complex
LmxM.31.2610 Tip Of Extending FAZ protein 1 cell tip (P), cleavage furrow, |Tb927.11.15800 Distal only
nucleus
LmxM.13.1590 Spindle assembly abnormal 4 Cell tip (A), BB, Kinetoplast, |Th927.11.3300 Complex
cytoskeleton (A)
LmxM.19.0680 Flagellum attachment zone protein 7A  cytoskeleton (A), BB, pBB Th927.10.15390 Distal only
LmxM.19.0140 Associated kinase of Th14-3-3 cytoplasm, lysosome, Tb927.10.14770 Complex
kinetoplast
ER
LmxM.22.1010 UAA transporter family ER Th927.7.3070  FAZ-ER
LmxM.09.1050 MSP (Major sperm protein) domain ER Th927.11.13230 FAZ-ER
containing protein
LmxM.11.1320 major facilitator superfamily ER Tb927.11.6060 FAZ-ER
LmxM.31.2680 hypothetical protein, conserved ER Tb927.11.15870 FAZ-ER
Endocytic/lysosome
LmxM.29.2670 Autophagy-related protein 27 endocytic, lysosome Tb927.6.3940 Complex
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Non FAZ examples
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mNG:LmxM.19.0140 [Marker FLA1BP]

Lysosome, kinetoplast

Lysosome

Single cell

b

Dividing cell

. //
Kinetoplast

Figure 3.10 Non FAZ localisation examples. Widefield fluorescence images for each
protein in single and dividing cells are laid out in the same format: Left, an overlay of the
phase contrast (grey), mNG tagged protein (green), mCh tagged marker (red) and Hoechst
DNA (blue) and right, the overlay of mMNG AND mCh only. The protein name, gene fusion and
FAZ marker are shown on top left (LmxM.X.XXXX::mNG for C-terminal tagging and
MNG:LmxM.X.XXXX for N-terminal tagging). Annotations are displayed with arrows

indicating their location.

3.7 All five FAZ localisation classes begin to assemble a new FAZ

structure during early flagellum biogenesis

The mechanism of flagellar pocket duplication and segregation is unclear in L.
mexicana, with the role and process of FAZ duplication during flagellar pocket
duplication poorly understood. To understand how these classes duplicated
throughout the cell cycle, proteins were selected that represent the different
localisation classes. The following proteins were chosen; FLAM3 for the flagellum
(Class 1), FAZ2 for the cell body (Class 1), FAZ3 for the collar (Class Ill) and FAZ10 (Class
IV) for the exit point and each was tagged with the mCherry fluorescent protein tag
(Fig 3.11). Due its complexity, Class V which contains both cell body and collar domain
signals was not analysed, as the duplication events of the proteins with more
restricted localisations needed to be understood first. The flagellum and cell body

domains also include their respective regions of plasma membrane, so FLA1BP and
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FAZ5 were selected to represent these membrane regions on the flagellum and cell

body side respectively.

To gain an overview of how FAZ proteins from different classes progress through the
cell cycle, images were taken from 3 different points of the cell cycle, 1FIN1K,
2FIN1K and 2F2N2K. 2F1IN1K cells have a new flagellum that would have recently
exited the flagellar pocket and 2F2N2K are cells with flagellar pockets that have
already segregated and the cell has begun to divide. First, the focus was on the
proteins with a linear localisation signal, FLAM3, FLA1BP, FAZ5 and FAZ2. As
previously shown, in 1FIN1K cells they had a linear signal (Fig 3.11A-D). In 2FIN1K
cells, a second but weaker linear signal, which were either shorter or same length as
the first was seen for all four, FLAM3, FLA1BP, FAZ5 and FAZ2 proteins. These two
linear signals, reduced in length in 2N2F2K cells (Fig 3.11A-D).

FAZ3 had a ring/horeshoe signal distal to the collar region as previously shown in
1F1K1N cells (Fig 3.11E). In 2F1N1K cells, there were two separate signals which were
also present in 2F2N2K cells (Fig 3.11E). Like the linear FAZ proteins (FLAM3, FLA1BP,
FAZ5 and FAZ2), both FAZ signals appeared to have reduced in size during duplication
(Fig 3.11E). For FAZ10, a horseshoe/ring signal at the exit in 1IFIN1K was seen, which
was duplicated into two separate signals of the old and new flagella in 2FIN1K (Fig
3.11F). These signals remained in 2F2N2K cells (Fig 3.11F). To determine whether the
FAZ3 and FAZ10 signals in 2F1K1N represented two separate horseshoe/ring
structures each associated with a flagellum or a single enlarged structure
encomapssing two flagella TEM was carried out. This showed cells in which two
flagella share one neck region prior to flagellar pocket segregation (Fig 3.12). This
suggests that the separate signals seen for FAZ3 and FAZ10 at the distal to collar
region and exit point in 2FIN1K cells are likely the result of an expansion of the
structures continaing these proteins within the exisiting flagellar pocket. From this
(Fig 3.11 and 3.12), it seems that the critical time for new FAZ assembly occurred

between the 1FIN1K and 2F1N1K stage and was completed by the 2F2N2K stage.
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Figure 3.11 New FAZ begins to form by the time new flagellum emerges out of the
flagellar pocket. Widefield fluorescence images for each representative domain protein A)
FLAMS3, B) FLA1BP, C) FAZ5, D) FAZ2, E) FAZ3 and F) FAZ10 in 1FIN1K, 2FIN1K and 2F2F2K
cells. Top, an overlay of phase constrast (grey), mCh tagged protein (red) and Hoechst DNA
(blue). Bottom, an overlay of mCh only. Both overlays have inserts at top right showing FAZ

region in more detail.
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Figure 3.12 Two flagella were seen in the pre-existing flagellar pocket before
segregation in L. mexicana. Image was taken by Edward Rea (Oxford Brookes University).

Membrane invasion, flagella, collar and exit point are indicated by arrows.

3.8 Discussion

3.8.1 Five FAZ localisation classes were identified in L. mexicana

The localisation screen by endogenous tagging candidate proteins with the mNG
fluorescent protein identified 28 FAZ proteins in L. mexicana, with five different FAZ
classes defined on their localisation patterns (Fig 3.13). Following the FAZ classes
through the cell cycle showed that the FAZ begins to duplicate by the 2F1IN1K stage
and is assembled fully by the 2F2N2K cell cycle stage, demonstrating that the new
FAZ formation process begin during new flagellum assembly and is completed by

flagellar pocket segregation.

Recently, a study on the kinesin FAZ7B (not localised in this study) demonstrated
another potential localisation class with this protein localising as an asymmetric ring

surrounding the majority of the flagellar neck region. FAZ7B was suggested to be
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associated with specific microtubules such as cortical, cytoplasmic or pocket
microtubules (Corrales et al., 2021). The Class Il protein FAZ3 differs from this, with
a much narrower appearance with likeness a to the ring component of Class V
localisation pattern, suggesting that FAZ3 is distinct to FAZ7B with likely different

functions.

Interestingly, it appears that only proteins in the linear FAZ of the cell body side of
the neck region can also be associated with the horseshoe/ring distal to the collar
region, yet for example none of 23 FAZ orthologs here localise to both the neck region
and the exit point, suggesting these two regions could be separate structures as
mentioned by Wheeler 2016 (Wheeler, Sunter and Gull, 2016). Nevertheless, its
important to be mindful that the FAZ proteins discovered here are limited to proteins
conserved in T. brucei, therefore not L. mexicana specific. This analysis of FAZ
proteins and their distinctive localisation classes; however, offers an opportunity to
discover more FAZ partners through proteomic approaches, which may reveal L.
mexicana or promastigote and amastigote specific FAZ proteins and give a further

insight into FAZ biology of L. mexicana

I I1 II1 IV V

Figure 3.13 Five FAZ classes were defined by their localisation pattern in L.
mexicana. |- Linear on the flagellum side, II- Linear on the cell body side, llI- Horseshoe/ring

distal to the collar region, IV- Horseshoe/ring at the exit point and V- Linear on the cell body

side and horseshoe/ring distal to the collar region.
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3.8.2 FAZ classes in L. mexicana correlate with specific groups in T.

brucei

FAZ proteins possessing a full length localisation within the flagellum domain in T.
brucei correlated with FAZ Class | linear localisation on the flagellum side in L.
mexicana. This suggests that these two groups perform similar functions between
species. If this is the case, it could mean that two unknown proteins with no
transmembrane domains detected, FAZ32 (Th927.9.8650) and FAZ34
(Th927.10.12630) which produced full length FAZ signals are likely to be located
within the flagellum FAZ domain in T. brucei. Furthermore, the FAZ Class Il linear
localisation on the cell body side in L. mexicana correlated with the full length
localisation within the FAZ filament domain in T. brucei. With this similarity between
species, the unknown domain protein FAZ28/30 with no transmembrane domains

detected is therefore likely to be located within the FAZ filament domain in T. brucei.

FAZ3 was the sole protein of Class Ill, horseshoe/ring at the collar region identified in
L. mexicana. Its ortholog was a full-length protein located within the FAZ filament
domainin T. brucei. It was not possible to compare the pattern with just one protein
but this divergence from commonly associated class Il localisation suggests a likely

change of function between species.

The FAZ class IV, a ring/horseshoe localisation at the exit point, distal of the neck in
L. mexicana correlated with distal enriched/ distal only localisation in T. brucei. In T.
brucei, three proteins, FAZ14, FAZ6 and FAZ12 were known FAZ filament proteins but
FAZ10 was identified within the intracellular domain. This correlates with FAZ10
distinctive localisation restricting to the exit point only, while the other FAZ class IV
proteins have dome-like appearance spanning the exit point and the anterior end of
the cell. This suggests a potential difference in function with FAZ14, FAZ6 and FAZ12
connected to other parts of the cytoskeleton such as the sub-pellicular array, while
FAZ10 is specific to the exit point. This also suggests that two unknown domain

proteins, FAZ40 and the kinesin are likely to be in FAZ filament in T. brucei.
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Class V, is more complex. The Class V linear localisation on the cell body side with
horseshoe/ring at the collar region in L. mexicana appeared to correlate with full
length localisations within FAZ filament domain in T. brucei. These proteins include
FAZ1 and FAZ9, which were suggested to be located further away from the
attachment region within the FAZ filament in T. brucei (Sunter and Gull, 2016). A
recent study showed that while L. mexicana and T. brucei share the same core
structures such as MtQ and filament, they displayed some differences. The neck
region in L. mexicana and the proximal end of FAZ in T. brucei is similar, but in L.
mexicana the FAZ filament is located seperately from the junctional complexes
connecting the flagellum to the cell body (Wheeler, Sunter and Gull, 2016). It is
possible that Class V FAZ proteins in L. mexicana are linked to FAZ proteins located

further away from the attachment area in T. brucei.

Based on the data shown, it appears that despite the differences in FAZ structure,
both species show a correlation in their FAZ protein localisation patterns and groups;
however, this correlation is limited to FAZ proteins in L. mexicana that are conserved
in T. brucei. |dentifying L. mexicana specific FAZ proteins will not only bring an insight
into the extent of FAZ differences in both species, but also potential evolutionary

adaptions that may have occurred.

3.8.3 20 T. brucei FAZ proteins are specific to trypomastigote and

epimastigote morphology

Three proteins, the FAZ-tip localising protein, CIF4 and TOEFAZ1, were conserved
across T. cruzi, L. mexicana, P. confusum and B. saltans and were localised to the
distal only region of the FAZ in T. brucei. They were found to be important for
cytokinesis (Hilton et al., 2018; Hu et al., 2019). However, in L. mexicana, they were
not localised to the FAZ, but within the cleavage furrow in dividing cells. This suggests
that the FAZ does not have the same role in initiating cytokinesis in L. mexicana as it
does in T. brucei. Meanwhile, other proteins important for cytokinesis such as CIF2
and CIF3 in T. brucei were not conserved in L. mexicana but were conserved in T.
cruzi, suggesting that the regulation of cytokinesis in L. mexicana differs to

trypanosomes and these differences are potentially caused by the different
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morphological requirements for the division of a promastigote versus

trypomastigote cell.

Six FAZ proteins identified in T. brucei were either proximal enriched or proximal
only, with five being conserved in T. cruzi but only one was conserved in L. mexicana.
In L. mexicana, this one protein, a stumpy formation signalling pathway proteinin T.
brucei was localised to the cytoplasm. This suggests that the proximal based FAZ
proteins have a distinctive function specific to T. brucei and T. cruzi which share
similar morphologies, and may not be required in L. mexicana promastigote
morphology. Meanwhile, nine FAZ-ER orthologs were all conserved in T. cruzi, and
the eight conserved in L. mexicana were localised mostly in the cytoplasm or ER with
no signals seen within the FAZ region. This is not surprising as ER is not located within
the FAZ region in L. mexicana and serves to highlight the differences in structure and

function of the FAZ between species (Wheeler, Sunter and Gull, 2016).
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Chapter 4

Analysis of 23 FAZ proteins from 5 FAZ localisation
classes revealed functional groups responsible for

flagellum attachment and cell morphogenesis



Declaration: The results in this chapter were used to inform the work in Halliday, C. et al.
(2020) ‘Role for the flagellum attachment zone in Leishmania anterior cell tip

morphogenesis’, PLoS Pathogens, 16(10). doi: 10.1371/journal.ppat.1008494.

4.1 Preface

In the localisation screen (Chapter 3) 23 FAZ proteins from 5 different FAZ localisation
classes were identified in L. mexicana. There were a further 6 proteins identified with
a FAZ signal and additional localisations and/or a FAZ signal that was cell cycle

dependent; therefore, these proteins were assigned as ‘complex’.

The function of FAZ in L. mexicana has yet to be fully deciphered and only three
proteins have been studied in detail. FAZ5 was found to be important for flagellar
pocket shape and function, while FAZ2 is critical for cell tip morphogenesis (Sunter
et al., 2019; Halliday et al., 2020). Recent findings showed that FAZ7B is required for
cell morphogenesis and cell division (Corrales et al., 2021). Studies in T. brucei
showed that the RNAi knockdown phenotypes of FAZ proteins were found to be
associated with their location within the FAZ structure, 1) FAZ flagellum domain, 2)
FAZ intracellular domain and 3) cell body domain (Sunter and Gull, 2016). Each
structural domain appears to have distinctive functions, for example, the flagellum
domain is important for cellular morphology, while the intracellular domain is vital
for flagellum attachment and the cell body domain is critical for either flagellum

attachment or the correct positioning of kinetoplast/nucleus (Sunter and Gull, 2016).

The functional analysis of 23 FAZ proteins identified in the localisation screen offers
the opportunity to determine protein function and correlate that with specific

locations within the L. mexicana FAZ.
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4.2 A pipeline was established for the functional analysis of FAZ null

mutants

28 FAZ proteins in L. mexicana were identified in the localisation screen (Chapter 3),
but six of these proteins, LmxM.34.2221, LmxM.32.1035, LmxM.21.1350,
LmxM.13.1610, LmxM.33.0190 and LmxM.27.1400 were complex proteins, so given
the focus on FAZ specific functional analysis they were not included in the functional
screen. The focus was on the deletion of 23 FAZ proteins from the localisation classes
1-5 (Table 4.1). The two linear classes - Class |, linear on flagellum side, which has
seven proteins and Class I, linear on the cell body side which has four proteins
including two studied previously (FAZ5 and FAZ2) (Sunter et al., 2019; Halliday et al.,
2020). The ring/horseshoe FAZ proteins are either in Class lll, localised distal to the
collar region (one protein) or Class IV, localised at the exit point (six proteins). Class
V, the combination of linear FAZ on cell body side and ring/horseshoe distal to the

collar region contains five proteins.

The generation of null mutants was carried out by replacing both alleles of the target
gene of interest with two drug resistance markers in the FLA1BP::mCherry marker
cell line, except for FLA1BP, which was deleted in the mCherry::FAZ2 marker cell line
(Chapter 2, 2.2.2 & 2.3.2). The null mutants cell lines grew back ~ 10-14 days post-
transfection and PCR was carried out to confirm the deletion of these genes. These
null mutants were assessed by light microscopy within 2 weeks of cell growth post-

transfection.

To assess for any possible phenotypes from gene deletion and to ensure fairness
throughout, the following criteria was set and applied to all null mutants generated
in this screen: 1) observation of atypical cell types and quantitation of cell types direct
from culture if required, 2) analysis of cell cycle position numbers defined by F/N/K
counts to assess effect on cell cycle 3) observation of change in FAZ marker
localisation to determine importance in maintaining FAZ structure and 4)
measurements of flagellum and cell body lengths in 1FIN1K cells to evaluate

morphology.
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Table 4.1 23 FAZ proteins taken forward for functional analysis screening in in L.

mexicana.

Gene ID

Protein name

Class I: Linear on flagellum side

LmxM.10.0620

FLA1 binding protein

LmxM.16.1660

Flagellar Member 3

LmxM.04.0890 FAZ27
LmxM.04.1100 FAZ32
LmxM.18.1440 FAZ34
LmxM.27.0490 ClpGM6

LmxM.36.0830

cAMP binding protein

Class llI: Linear on cell body side

LmxM.12.1120 FAZ2
LmxM.33.2540 CC2D
LmxM.36.5970 FAZ5
LmxM.30.2590 FAZ28/30

Class IlI: Ring/horseshoe distal to collar region

LmxM.09.0520

| FAZ3

Class IV: Ring/horseshoe at exit point

LmxM.30.3110 FAZ14
LmxM.21.1240 FAZ6
LmxM.32.2460 FAZ12
LmxM.22.1320 FAZ10
LmxM.18.1560 FAZ40
LmxM.24.1430 Kinesin

Class V: Linear on cell body side & distal to collar region

LmxM.12.0360 FAZ29

LmxM.33.2570 FAZ8

LmxM.33.0690 FAZ1

LmxM.32.0670 protein phosphatase 2A regulatory subunit
LmxM.31.0140 FAZ9
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4.3 Class |

Class | FAZ proteins FLA1BP (LmxM.10.0620), FLAM3 (LmxM.16.1660), FAZ27
(LmxM.04.0890), FAZ32 (LmxM.04.1100), FAZ34 (LmxM.18.1440) and cAMP binding
protein (LmxM.36.0830) were successfully deleted as confirmed by PCR (Fig 4.1A-F).
Generation of the CIpGM6 (LmxM.27.0490) null mutant failed three times. ClpGM6
is a large gene (7.1 kb), which could make this difficult, so functional analysis was

carried out on six of the seven proteins of this class.

4.3.1 Loose flagella and short flagellum cells were present in FAZ27,

FAZ34 and FLA1BP null mutants

Upon initial observations of the null mutants by light microscopy, it was noticed that
the FAZ27, FAZ34 and FLA1BP null mutants had atypical phenotypes including, loose
flagella, short flagellum cells and cell rosettes (Fig 4.2A). To understand how
prevalent these atypical cell structures were, quantitation of cell structures in the
null mutants compared to the parental were assessed directly from culture. In the
parental cultures, 78% and 21% of cells had 1F and 2F respectively. In the FAZ27 null
mutant, short flagellum cells and loose flagella represented 22% and 20% of the
population, respectively. Rosettes represented 1.5% of the population. 1F (43%) and
2F (13%) cell populations were much lower than the parental (Fig 4.2B). The FAZ34
null mutant showed a similar pattern, but with less atypical cell structure numbers.
Short flagellum cells, loose flagella and rosettes represented 11%, 9% and 2% of the
population, respectively. 1F and 2F cells were also reduced (65% and 12%).
Meanwhile, rosettes were not detected in FLA1BP null mutant, but the population
consisted of 18% short flagellum cells and 12% loose flagella. 1F cells were also

reduced but the proportion of 2F cells was similar to the parental (Fig 4.2C).
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Figure 4.1 Diagnostic PCR confirmed gene deletion for Class | null mutants. A)
Representative example for confirming FLAM3 deletion B) LmxM.16.1660 (FLAM3), C)
LmxM.04.1100 (FAZ32), D) LmxM.36.0830 (cAMP protein), E) LmxM.18.1440 (FAZ27), F)
LmxM.18.1440 (FAZ34) and G) LmxM.10.0620 (FLA1BP). gDNA were extracted from null
mutants and tested alongside the parentals for confirmation of gene deletion. Extracted
parental gDNA and targeted LmxM.10.0620 (FLA1BP) ORF were used as positive controls
while water was used as a negative control. Meanwhile, for FLA1BP null mutant,

LmxM.12.0360 (FAZ29) ORF was used as a positive control instead of LmxM.10.0620. The
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primers were designed to amplify a 500 bp region from the ORF except for LmxM.04.1100,

in which a 400 bp region was amplified. * indicates target band location.
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Figure 4.2 Deletion of FAZ27, FAZ34 and FLA1BP resulted in cells with short

flagellum and loose flagella. A) Example images of 1F, 2F, cell with a short flagellum, loose

104



flagellum and rosettes observed. B-D) Quantitation of cell structure seen in B) FAZ27 null

mutant, C) FAZ34 null mutant and D) FLA1BP null mutant. Scale bar = 5um.
4.3.2 Cell cycle was only marginally altered in class | null mutants

Next, to determine whether there were changes in the cell cycle, the cell cycle
position defined by their K/N/F status from each null mutant and the parental cell
line was captured and recorded within two weeks of the cells recovering from
transfection. The FLAM3 and cAMP binding protein null mutants cell cycle position
numbers were similar to the parental, showing little change in cell cycle progression
(Fig 4.3A). The FAZ32 null mutant had a larger proportion of 2F1IN1K cells (30.8%)
and lower proportion of 1FIN1K cells (60%), while later stage cells, 2F2N1K and
2F2N2K proportions were similar to the parental. This suggests that the FAZ32 null

mutant spent a longer period in 2F1IN1K configuration (Fig 4.3A).

For the FAZ27, FAZ34 and FLA1BP null mutants, short flagella were seen in 1FIN1K
and 2F2N2K cells and recorded accordingly (Fig 4.3A). However, for the FLA1BP null
mutant, short flagellum cells were not observed amongst 2F2N2K configuration and
there was a smaller proportion of short flagellum cells with 1FIN1K configuration
compared to FAZ27 and FAZ34 null mutants (Fig 4.3A). This shows that FLA1BP null
mutant phenotype was not as severe as FAZ27 and FAZ34 null mutants. The cell cycle
position numbers of the FAZ27, FAZ34 and FLA1BP null mutants were similar to the
other null mutants and the parental cells when the short flagellum cell categories
were taken into account and interpreted as belonging to either 1FIN1K or 2F2N2K
cells (Fig 4.3A). The results showed there was limited change to the cell cycle and the

null mutants were able to grow and divide.

4.3.3 Flagellar streamers are prevalent throughout the cell cycle of

cAMP binding protein null mutant

During the cell cycle observations, it was noticed that streamers were associated with
the flagellum of the cAMP null mutant in all cell cycle positions (Fig 4.3B). To assess
how common flagellar streamers were in cAMP null mutant, cells with flagellar

streamers were counted and the cell cycle position noted. Streamers were present
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on cells throughout the cell cycle and were found on 11.4-35% of cells depending on
the cell cycle stage (Fig 4.3C).
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Figure 4.3 Deletion of Class | FAZ proteins did not affect the cell cycle. A) Quantitation
of cell cycle positions seen in parental and FAZ null mutants. Cell cycle stages include 1F1IN1K,
2FIN1K, 2F2N1K, 2F2N2K and 1FIN1K and 2F2N2K cells with short flagella. B) Examples of
streamers seen in cAMP binding protein null mutant 1FIN1K, 2F1IN1K, 2F2N1K and 2F2N2K
cells indicated by white arrows. C) Quantitation of flagellar streamers seen in each cell cycle

stage. Scale bar = 5um.

4.3.4 FAZ assembly was affected in Class | null mutants

To gain an insight into the importance of Class | FAZ proteins for maintaining the
molecular structure of the FAZ, the localisation of the FAZ proteins (mCh::FAZ2 or
FLA1BP::mCh) was assessed. In the parental cells, FLAIBP::mCh and mCh::FAZ2
localised to linear structure in the flagellum and cell body side respectively (Fig 4.4A).
For the FLAM3, FAZ32, cAMP binding protein, FAZ27 and FAZ34 null mutants the
FLA1BP::mCh signal was noticeably shorter in 1F1N1K cells (Fig 4.4 B-F). This shorter
signal was also seen in the short flagellum cells of the FAZ27 and FAZ34 null mutants
(Fig 4.4 E&F). For the FLA1BP null mutant the mCh::FAZ2 signal was shorter in the
1FIN1K and short flagellum cells (Fig 4.4G). For both FLA1BP::mCh and mCh::FAZ2,
the difference in signal length in 2F2N2K cells between parental and null mutants
was less noticeable. This could be due to FLA1BP::mCh and mCh::FAZ2 signal being
naturally shorter in the dividing parental cells (Fig 4.4A-G). Together, this suggests
that Class | proteins are important for the assembly of a full length flagellar pocket

neck FAZ structure.
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Figure 4.4 FAZ2 and FLA1BP localisation was affected in Class | null mutants. A)
Parental marker cell lines, FLA1BP::mCh and mCh::FAZ2, B) FLAM3 null mutant, C) FAZ32 null
mutant, D) cAMP protein null mutant, E) FAZ27 null mutant showing short flagellum (SF), F)
FAZ34 null mutant showing short flagellum (SF). F) FLA1BP null mutant showing short
flagellum (SF). All of the cell lines expressed FLA1BP::mCh except for the FLA1BP null mutant
which expressed mCh::FAZ2. Images of cells (merge) contain phase (grey), mCherry (red) and
Hoechst (blue). FAZ region insert image on the right contain both merge and mCherry (red)

only. Top- 1F1IN1K cell and bottom 2F2N2K cell. Scale bar =5 pum
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4.3.5 FAZ27, FAZ34 and FLA1BP null mutants had shorter cell bodies

The FAZ has important roles in defining cell morphology (Sunter et al., 2019; Halliday
et al., 2020; Corrales et al., 2021). To assess any morphological changes, flagellum
and cell body lengths were measured for 1FIN1K cells excluding those with a short
flagellum. In the parental cells, flagellum length ranged from 8 - 23 pm with a mean
of 13.4 um (Fig 4.5A). For the FLAM3 (13.3 pm), FAZ32 (14.2 um), FAZ27 (14 um),
FAZ34 (13.9 pm) and FLA1BP (14.2 um) null mutants the mean flagellum length was
similar to the parental (Fig 4.5A). However, for the cAMP binding protein null mutant
the mean was 15.2 um, higher than the parental (Fig 4.5A). These measurements
show that flagellum length is unaffected in the majority of Class | null mutants except

cAMP binding protein null mutant which had longer flagella.

For 1F1N1K cell body lengths, the parental cells ranged from 8 - 18 pm long with a
mean of 13.6 um (Fig 4.5B). For the FLAM3 (13.2 um), FAZ32 (13.5 pm) and cAMP
binding protein (13.4 pm) null mutants the mean cell body lengths were similar to
the parental (Fig 4.5B). However, for the FAZ27 (12.5 um), FAZ34 (12.4 um) and
FLA1BP (12.5 pm) null mutants the mean lengths in 1F1N1K cells were shorter by ~1
Hm. As these null mutants also had short flagellum cells, measurements were also
taken of short flagellum 1F1N1K cells to assess if the cell length is also affected in
these cells. For the FAZ27, FAZ34 and FLA1BP null mutants the short flagellum cells
with 1FIN1K configuration were even shorter, with a mean cell body length of 10.5
pMm, 10.8 um and 11.3 pm respectively. (Fig 4.5C-E). This shows that the cell
morphology is altered in the FAZ27, FAZ34 and FLA1BP null mutants.
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Figure 4.5 Cell body length was reduced in FAZ27, FAZ34 and FLA1BP null mutants.
A) Flagellum lengths of 1FIN1K cells (excluding short flagellum cells), B) Cell body lengths of
1FIN1K cells. Each dot represents the length measurement of an individual cell, and the
mean (black bar) was calculated from these length measurements. C) Mean cell body length
of the FAZ27 null mutant 1FIN1K and short flagellum (SF) cells, D) Mean cell body length of
the FAZ34 null mutant 1FIN1K and short flagellum (SF) cells, E) Mean cell body length of the
FLA1BP null mutant 1FIN1K and short flagellum (SF) cells.

4.4 Class Il

The genes encoding the four Class Il FAZ proteins, FAZ28/30 (LmxM.30.2590), FAZ5
(LmxM.36.5970), CC2D (LmxM.33.2540) and FAZ2 (LmxM.12.1120) were successfully
deleted as confirmed by PCR (Fig 4.6A-E). Functional analysis was carried out on

these four null mutants.

4.4.1 Loose flagella, short flagellum cells and flagellum to flagellum

connections were observed in Class Il null mutants

Upon initial observations by light microscopy, it was noticed that the FAZ5 null
mutant had short flagellum cells, with loose flagella also seen, and the FAZ2 null
mutant had atypical flagellum to flagellum connections, while the CC2D null mutant
had a mix of both loose flagella, short flagellum cells and flagellum to flagellum
connections (Fig 4.7A). To understand how prevalent these atypical cell structures
were, the different cell types were assessed directly from culture within two weeks

of the null mutants growing back post-transfection.

For the FAZ5 null mutant, there was a drop in 1F and 2F cells and this was matched
by a large increase in the number of short flagellum cells and loose flagella, with
only a small proportion of rosettes observed (Fig 4.7B). This phenotype of short
flagellum cells and loose flagella was not seen in the published FAZ5 deletion study
(Sunter et al., 2019). For the FAZ2 null mutant, short flagellum cells and loose
flagella were not seen. Instead, cells with flagellum to flagellum connections (F-F)

were seen alongside rosettes, with a drop in 1F and 2F cells (Fig 4.7C). These
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observations showed that the FAZ2 phenotype here resembled that previously

reported (Halliday et al., 2020).

In the CC2D null mutant, a mix of cell structures was observed. There was a drop in
1F and 2F cells with a large increase in short flagellum cells with loose flagella also
seen those these were less common than seen for the FAZ5 null mutant. In addition,
13% of cells in the population had an F-F and 9.6% of the population were rosettes.
(Fig 4.7D).

A Parental gDNA FAZ5 null mutant gDNA

~ %SOObrE;% Y %SOObrEI:% Y

[ Ressfance marked ] X

FLA1BP ORF | | FAZ28/30 ORF

500

| FLA1BP ORF J CC2D ORF | | FLA1BP ORF J | FAZ2 ORF J

Figure 4.6 Diagnostic PCR confirmed gene deletion for Class Il null mutants. A)
Representative schematic example for confirming FAZS5 gene deletion. Deletion of the
following genes were confirmed, B) LmxM.30.2590 (FAZ28/30), C) LmxM.36.5970 (FAZ5), D)
LmxM.33.2540 (CC2D), E) LmxM.12.1120 (FAZ2). gDNAs were extracted from null mutants
and tested alongside the parental for confirmation of gene deletion. Extracted parental

gDNA and targeted LmxM.10.0620 (FLA1BP) ORF were used as positive controls while H,0
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was used as a negative control. The primers were designed to amplify a 500 bp region from

the ORF.
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Figure 4.7 CC2D null mutant has loose flagella and short flagellum cells like FAZ5
and F-F connections like FAZ2. A) Example images of 1F, 2F, F-F, cells with a short
flagellum, loose flagella and rosettes observed. B) Quantitation of cell structure seen in A)

FAZ5 null mutant, B) FAZ2 null mutant and D) CC2D null mutant.

4.4.2 Deletion of FAZ5, FAZ2 and CC2D resulted in cell cycle changes

To determine whether there were changes in the cell cycle, the cell cycle position
defined by the K/N/F status for each null mutant and the parental cell line was

analysed.

The cell cycle of the FAZ28/30 null mutant was similar to that of the parental cells,
with only a slight reduction in the number of 1FIN1K and 2F2N2K cells. For the FAZ5
null mutant there was a drop in 1FIN1K cells, but this was more than matched by an
increase in 1FIN1K cells with a short flagellum. There was a large drop in 2F1IN1K
cells, while the proportions of 2F2N1K (2.6%) and 2F2N2K (8.2%) cells were similar
to the parental with only a small number of 2F2N2K cells with a short flagellum seen
(Fig 4.8). For the FAZ2 null mutant, 8.6% of cells had an F-F with a slightly lower
percentage of cells in the other stages of the cell cycle seen (Fig 4.8) For the CC2D
null mutant, F-F cells were also seen alongside short flagellum cells with 1FIN1K and
2F2N2K configurations. Compared to the parental, 1FIN1K, 2F1IN1K, 2F2N1K and
2F2N2K cell numbers were reduced (Fig 4.8). These observations showed that while
FAZ5 deletion had a mild cell cycle defect, both FAZ2 and CC2D deletion caused cell

segregation defects.
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Figure 4.8 Cell cycle was affected in Class Il null mutants. Quantitation of cell cycle
positions seen in parental and FAZ null mutants. Cell cycle stages include 1FIN1K, 2F1N1K,
2F2N1K, 2F2N2K and 1FIN1K and 2F2N2K cells with short flagella.

4.4.3 FLA1BP localisation was affected in Class Il null mutants

To gain insight into Class Il FAZ protein importance for maintaining the molecular
structure of the FAZ, the localisation of FLA1BP::mCh was assessed in the null
mutants. In the parental cells, FLA1BP::mCh had a linear signal on the flagellum side
of the FAZ (Fig 4.9A). For the FAZ28/30 null mutant the FLA1BP::mCh signal was
noticeably shorter in 1FIN1K cells (Fig 4.9B). The parental FLA1BP::mCh signal in
2F2N2K cells was shorter and appeared to be similar to FAZ28/30 null mutant (Fig
4.9A-B). For the FAZ5, CC2D and FAZ2 null mutants, the FLA1BP::mCh protein was
mislocalised to the region of the flagellum beyond the anterior cell tip in both 1IFIN1K
and 2F2N2K cells (Fig 4.9 C-E). Additionally, lysosomal signal was seen in these null
mutants. The signal seen in the FAZ5 null mutant 1FIN1K configuration is similar to
observations in the previous FAZ5 deletion study (Sunter et al., 2019). Short flagellum
FAZ5 and CC2D null mutant cells also followed this trend, where a short stub of
marker signal was seen in the flagellum beyond the anterior cell tip with FLA1BP
signal being much weaker in FAZ5 null mutant (Fig 4.9C-D). Meanwhile, for CC2D and
FAZ2 null mutants the FLA1BP::mCh signal was also seen at the connection point
between the flagella in F-F cells (Fig 4.9D-E). This FLA1BP::mCh localisation extending

beyond the anterior tip and within the F-F contact point were similar to localisations
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seen in the previously studied FAZ2 null mutant (Halliday et al., 2020). These
observations shows that Class Il FAZ proteins are important for the correct

localisation of Class | protein FLA1BP.
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Figure 4.9 FLA1BP::mCh localisation was affected in Class Il null mutants. A) Parental
marker cell line, FLA1BP::mCh B) FAZ28/30 null mutant, C) FAZ5 null mutant including short
flagellum (SF), D) CC2D null mutant including short flagellum (SF) and F-F cells, E) FAZ2 null
mutant including F-F cells. All of the cell lines above contained FLA1BP::mCh marker. Images
of cells (merge) contain phase (grey), mCherry (red) and Hoechst 33342 (blue). FAZ region
insert image on the right contain both merge and mCherry (red) only. Top- 1FIN1K cell and
bottom 2F2N2K cell. Scale bar =5 um

116



4.4.4 Cell body length was reduced in FAZ5, CC2D and FAZ2 null

mutants

To assess for morphological changes flagellum and cell body lengths were measured
for 1FIN1K excluding short flagellum cells. In parental cells, the flagellum length
ranged between 8 - 23 um with a mean of 13.4 um (Fig 4.10A). For the FAZ28/30,
FAZ5, CC2D and FAZ2 null mutants, the mean flagellum lengths were 14.2 um, 14.1
Mm, 13.3 pum and 13.6 pm, respectively. These values are similar to the parental,

showing that the flagellum length was unaffected in Class Il null mutants.

For cell body lengths in 1F1IN1K cells, the parental ranged from 8 - 18 pim with a mean
of 13.6 um (Fig 4.10B). For the null mutants, the cell body length in 1FIN1K cells was
reduced by ~1-1.5 pm. Both FAZ5 and CC2D null mutants were previously shown to
have atypical short flagellum cells so to assess if short flagellum cells with 1IFIN1K
configuration were affected measurements were taken. For the FAZ5 null mutant
with a short flagellum the cell length was significantly reduced compared to both the
parental and FAZ5 null mutant full length flagellum cells (Fig 5.10C). The CC2D null
mutant also followed the same pattern with mean cell length of 10.2 um for cells

with a short flagellum (Fig 5.10D).

These results show that while the flagellum length was unaffected, the cell body
length was reduced in Class Il null mutants. The cell body length was reduced further
in short flagellum cells of FAZ5 and CC2D null mutants. Deletion of genes encoding

Class Il FAZ proteins therefore affected the cell morphology.
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Figure 4.10 Cell body length was reduced in FAZ5, CC2D and FAZ2 null mutants. A)
Flagellum lengths of 1FIN1K cells (excluding short flagella cells), B) Cell body lengths of
1FIN1K cells. Each dot represents the length measurement of an individual cell, and the
mean was calculated from these length measurements. C) Mean cell body length of FAZ5
null mutant 1FIN1K and short flagellum (SF) cells, D) Mean cell body length of CC2D null

mutant 1FIN1K and short flagellum (SF) cells.
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4.5 Class Il

The gene encoding the single Class Il FAZ protein, FAZ3 was successfully deleted as

confirmed by PCR (Fig 4.11A). Functional analysis was carried out on this null mutant.

A

Parental gDNA FAZ33 null mutant gDNA

~ S00bp, S00bp,
500b E
N et/ i e X

| FLA1BP ORF I FAZ3 ORF |

Figure 4.11 Diagnostic PCR confirmed gene deletion for Class Ill FAZ3 null mutant.
A) Representative example for confirming FAZ3 deletion. B) Deletion of FAZ3 was confirmed.
gDNA were extracted from null mutants and tested alongside the parentals for confirmation
of gene deletion. Extracted parental gDNA and targeted LmxM.10.0620 (FLA1BP) ORF were
used as positive controls while H,O was used as a negative control. The primers were

designed to amplify a 500 bp region from the ORF.
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4.5.1 FAZ3 null mutant phenotype was similar to parental

Initial observations by light microscopy showed that the FAZ3 null mutant had no
obvious defects. The first step was to analyse if the cell cycle was affected. This was
measured by determining cell cycle position numbers defined by the F/N/K status in
the cell lines within two weeks of cell growth post-transfection. There were no large
differences seen in the cell cycle position of the FAZ3 null mutant cells, with only

slight increase in 2F1N1K cells with a matched decrease in 2F2K2N cells (Fig 4.12A).

Next, the effect of FAZ3 deletion on the localisation of the FAZ protein, FLA1BP::mCh
was assessed. For the parental cells, the FLA1BP::mCh signal localised to a short line
in the flagellum within the flagellar pocket neck in 1F1IN1K cells, and two shorter
linear signals on the old and new flagellum side in 2F2N2K cells (Fig 4.12B). For the
FAZ3 null mutant, the FLA1BP::mCh signal was still linear but appeared slightly
shorter in 1FIN1K cells. To assess this, FLA1BP::mCh localisation lengths were
measured from 100 1F1N1K cells of both parental and FAZ3 null mutant. For FAZ3
null mutant, the mean length was 0.9 um, which was significantly (p<0.001) shorter
than the parental (1.3 pm). Meanwhile, in 2F2N2K cells, the FLA1BP::mCh signal
followed a similar pattern to the parental, displaying two shorter signals on the new
and old flagellum side (Fig 4.12C). This shows that FAZ3 deletion affected
FLA1BP::mCh localisation demonstrating FAZ3 is required for the recruitment and/or

correct assembly of FLA1BP::mCh.

To assess any possible morphological changes in the FAZ3 null mutant, flagellum and
cell body length measurements were carried out on 1F1IN1K cells imaged within two
weeks of cell growth post-transfection. The mean flagellum length of the FAZ3 null
mutant was 13.4 um, which was the similar to the parental cells (Fig 4.12D). For the
cell body length, the FAZ3 null mutant mean length was 13.3 pm which was similar
to the parental mean length of 13.6 um (Fig 4.12E). This demonstrates that deletion
of FAZ3 had no morphological defects on the cell, with only possible subtle changes

to the cell cycle and FLA1BP localisation.
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Figure 4.12 Deletion of class lll, FAZ3 has no effect on cell cycle and morphology. A)
Quantitation of cell cycle positions seen in parental and FAZ3 null mutant. Cell cycle stages
include 1FIN1K, 2F1N1K, 2F2N1K and 2F2N2K, B) Parental marker cell lines, FLA1BP::mCh C)
FAZ3 null mutant, D) Flagella lengths of 1FIN1K cells, E) Cell body lengths of 1FIN1K cells.
Each dot represents the length measurement of an individual cell, and the mean was

calculated from these length measurements. Scale bar =5 pm
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4.6 Class IV

The genes encoding the Class IV FAZ proteins, FAZ14 (LmxM.30.3110), FAZ6
(LmxM.21.1240), FAZ12 (LmxM.32.2460), FAZ40 (LmxM.18.1560), kinesin
(LmxM.24.1430) and FAZ10 (LmxM.22.1320) were successfully deleted in the
FLA1BP::mCh marker cell line as confirmed by PCR (Fig 4.13A-G). Functional analysis

was carried out on these for six null mutants.
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Figure 4.13 Diagnostic PCR confirmed gene deletion for Class IV null mutants. A)
Representative example for confirming FAZ14 deletion. B) Deletion of the following genes B)
LmxM.30.3110 (FAZ14), C) LmxM.21.1240 (FAZ6), D) LmxM.32.2460 (FAZ12), E)
LmxM.18.1560 (FAZ40), LmxM.24.1430 (kinesin protein) and G) LmxM.22.1320 (FAZ10) are
confirmed. gDNA were extracted from null mutants and tested alongside the parental for
confirmation of gene deletion. Extracted parental gDNA and primers to the LmxM.10.0620
(FLA1BP) ORF were used as positive controls while H,0 was used as a negative control. The

primers were designed to amplify a 500 bp region from the ORF.

4.6.1 Cell cycle was only marginally affected in Class IV null mutants

Initial observations by light microscopy showed that the Class IV null mutants had no
obvious defects. Only 1F and 2F cells were observed in culture. The next step was to
analyse if the cell cycle was affected. This was measured by determining cell cycle
position numbers defined by the F/N/K status of cell lines imaged within two weeks
of cell growth post-transfection. For the FAZ14 and kinesin null mutants, the cell cycle
position numbers were very similar to the parental (Fig 4.14). This shows that the cell
cycle was not affected in FAZ14 and kinesin protein null mutants. For FAZ6 and FAZ12
null mutants, there was a slight increase in 1FIN1K cells and for the later stages of
cell cycle there was a drop in 2FIN1K in the FAZ6 null mutant, with a drop in the
numbers of 2F2N1K and 2F2N2K cells in the FAZ12 null mutant (Fig 4.14). For the
FAZ40 and FAZ10 null mutants, there was a decrease in 1FIN1K cells. While the
FAZ40 null mutant showed a small raise in 2F2N2K cells, FAZ10 displayed a small

increase across later stages of cell cycle, particularly 2F1N1K cells (Fig 4.14).
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Figure 4.14 Little change in the cell cycle of Class IV null mutants. Quantitation of cell

cycle positions seen in parental and Class IV null mutants. Cell cycle stages include 1F1IN1K,

2FIN1K, 2F2N1K and 2F2N2K.

4.6.2 FLA1BP::mCh localisation was not affected in Class IV null
mutants

To gain insight into the importance of Class IV FAZ proteins for maintaining the
molecular structure of the FAZ, the localisation of FLA1BP::mCh was assessed in the
captured images taken within two weeks of cell growth post-transfection. For the
parental cells, FLA1BP::mCh localised to a linear structure on the flagellum side in
1FIN1K cells, and two shorter linear signals on the old and new flagellum side in
2F2N2K cells (Fig 4.15A). For the null mutants, the FLA1BP::mCh signal also showed
a linear signal within the flagellum FAZ domain of 1FIN1K cells (Fig 4.15B-G). In
2F1N1K cells of the null mutants, two short FLA1BP localisation on the old and new
flagellum sides were observed, showing no change from the parental (4.15B-G).
These observations suggests that class IV proteins are not required for the correct

localisation of FLA1BP::mCh
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Figure 4.15 FLA1BP::mCh localisation was not affected in Class IV null mutants. A)
Parental marker cell line, FLA1BP::mCh B) FAZ14 protein null mutant, C) FAZ6 null mutant,
D) FAZ12 null mutant, E) FAZ40null mutant, F) kinesin protein null mutant and G) FAZ10 null
mutant. All of the cell lines above contained FLA1BP::mCh marker. Images of cells (merge)
contain phase (grey), mCherry (red) and Hoechst 33342 (blue). FAZ region insert image on
the right contain both merge and mCherry (red) only. Top- 1FIN1K cell and bottom 2F2N2K

cell.
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4.6.3 Flagellum and cell body size was not affected in Class IV null

mutants but FAZ10 had ‘zip-like’ flagella morphology

To assess any possible morphological changes in the Class IV null mutants, flagellum
and cell body length measurements were carried out on 1F1N1K cells imaged within
two weeks of cell growth post-transfection. The mean flagellum length for the
parental cells was 13.4 pum (Fig 4.16A). All the null mutants mean flagellum lengths
were within 0.7 im of the parental, showing no significant change in flagellum length
(Fig 4.16A). The mean cell body length for the parental cells was 13.6 um (Fig 4.16B).
All the null mutants mean cell body length were within 1 pim of the parental, showing

no substantial change in cell body length (Fig 4.16B).

However, on a closer inspection of FAZ10 null mutant, it was noticed that on 7% of
2F1IN1K cells there was a possible ‘zip-like’ connection between the two flagella
beyond the anterior cell tip (Fig 4.16C). It was also noticed that 8% of 2F2N2K cells
displayed damaged flagella and/or flagella streamers (4.16D). This suggests that
FAZ10 deletion affects flagellar morphology. Given the localisation of FLA1BP to the
F-F connections in the FAZ2 and CC2D null mutants the FLA1BP localisation in the
FAZ10 null mutant was reassessed. However, the FLA1BP signal was not located
within the connection region nor within the streamers/damage locations, which

suggests this type of connection is different to that of FAZ2 and CC2D (Fig 4.16 C&D).
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Figure 4.16 FAZ10 null mutant has flagellar morphology defects. A) Flagellum lengths
of 1FIN1K cells, B) Cell body lengths of 1FIN1K cells. Each dot represents the length
measurement of an individual cell, and the mean was calculated from these length
measurements. C) Images of 1FIN1K cells for parental and FAZ10 null mutant. Right- Insert
of anterior cell tip region. D) Images of 2F2N2K cells for parental and FAZ10 null mutant. FAZ

region insert image on the right contain both merge and FLA1BP mCherry (red) only. Flagellar
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4.7 Class V

The genes encoding the Class V FAZ proteins, FAZ29 (LmxM.12.0360), FAZ8
(LmxM.33.2570), FAZ1 (LmxM.33.0690) and FAZ9 (LmxM.31.0140) were successfully
deleted as confirmed by PCR (Fig 4.17A-E). Deletion of the gene encoding
phosphatase 2A regulatory subunit protein (LmxM.33.0670) failed so functional

analysis was carried out on four of the five proteins of this class.

4.7.1 Class V null mutants have no cell cycle or morphological defects

Initial observations by light microscopy showed that the Class V null mutants had no
obvious defects. Only 1F and 2F cells were observed in culture. The next step was to
analyse if the cell cycle was affected. This was measured by determining cell cycle
position numbers defined by the F/N/K status in cell lines imaged within two weeks
of cell growth post-transfection. The percentages of cells within each cell cycle
position numbers in the null mutants showed little difference to the parental (Fig

4.18A). This demonstrates that the cell cycle was not affected in Class V null mutants.

Next, the effect of deletion of the Class V FAZ genes on the localisation of
FLA1BP::mCh was assessed. In the parental cells FLA1BP::mCh had a linear signal on
the flagellum within the flagellar pocket neck in 1IF1N1K cells, and two shorter linear
signals on the old and new flagellum side in 2F2N2K cells (Fig 4.18B). For the null
mutants, the FLA1BP::mCh signal was still linear and of a similar length within
flagellar pocket neck in 1FIN1K cells (Fig4.18C-F). In 2F2N2K cells, the FLA1BP::mCh
signal followed a similar pattern to the parental, displaying two shorter signals on the
new and old flagellum side (Fig 4.18C-F). This shows that FLA1BP::mCh localisation

was not dependent on Class V FAZ proteins.
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Figure 4.17 Diagnostic PCR confirmed Class V FAZ gene deletions. A) Representative
example for confirming FAZ8 deletion. B) Deletion of the following genes B) LmxM.12.0360
(FAZ29), C) LmxM.33.2570 (FAZ8), D) LmxM.33.0690 (FAZ1) and G) LmxM.31.0140 (FAZ9) are
confirmed. gDNA were extracted from null mutants and tested alongside the parental for
confirmation of gene deletion. Extracted parental gDNA and primers targeting
LmxM.10.0620 (FLA1BP) ORF were used as positive controls while H,O was used as a negative
control. The primers were designed to amplify a 500 bp region from the ORF. * indicates

target band location.
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Figure 4.18 Cell cycle and FLA1BP::mCh localisation was not affected in Class V null
mutants. A) Quantitation of cell cycle positions seen in parental and Class V null mutants.
Cell cycle stages include 1FIN1K, 2FIN1K, 2F2N1K and 2F2N2K, B) Parental marker cell line,
FLA1BP::mCh B) FAZ29 protein null mutant, C) FAZ8 null mutant, D) FAZ1 null mutant and E)
FAZ9 null mutant. All of the cell lines above contained FLA1BP::mCh marker. Images of cells
(merge) contain phase (grey), mCherry (red) and Hoechst (blue). FAZ region insert image on
the right contain both merge and mCherry (red) only. Top- 1FIN1K cell and bottom 2F2N2K

cell.
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To assess any possible morphological changes in the Class V null mutants, flagellum
and cell body lengths were measured in 1FIN1K cells imaged within two weeks of
cell growth post-transfection. In the parental cells the mean flagellum length was
13.4 um (Fig 14.19A). For the null mutants, the means ranged between 13.1 - 14.3
pum, similar to the parental (Fig 4.19A). For the cell body length, the parental mean
length was 13.6 um (Fig 4.19B). For the null mutants, the means were within 0.5 um
of the parental, suggesting that the cell body lengths in null mutants were unaffected
(Fig 4.19B). This demonstrates that there were no major morphological changes after

Class V FAZ gene deletion.
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Figure 4.19 Flagella and cell body lengths were not affected in Class V null mutants.
A) Flagellum lengths of 1FIN1K cells, B) Cell body lengths of 1FIN1K cells. For group
measurements, 1F1IN1K cells of parental and null mutants were used. Each dot represents
the length measurement of an individual cell, and the mean was calculated from these length

measurements.
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4.8 Discussion

4.8.1 Each FAZ localisation class represents a functional group with

specific roles

The FAZ null mutants had a range of different phenotypes; however, there appeared
to be a correlation between the phenotypes observed and the class in which the FAZ
protein localised to. A similar effect was found in trypanosomes, in which the
knockdown phenotype of a specific FAZ protein often correlated with their specific

location within a FAZ domain (Sunter and Gull, 2016).

4.8.2 Class | is associated with flagellum attachment and cell

morphology

Six proteins from Class |, a linear structure on the flagellum side were analysed. The
null mutants of FAZ27, FAZ34 and FLA1BP had short flagellum cells and loose flagella
in culture, which could be the consequence of the flagellum becoming detached from
the cell body. This suggests that these FAZ proteins are important for flagellum
attachment. Meanwhile, these null mutants were also found to have shorter cell
bodies, suggesting these proteins have a role in maintaining the cell morphology.
FLA1BP is found in the membrane of the flagellum in the intracellular domain, and
with FAZ27 and FAZ34 having a similar phenotype, these proteins are potentially
located close to the intracellular domain within the flagellum and hence have a
similar function (Fig.4.20). This effect was similar to that observed for the knockdown
of FAZ27 and FLA1BP in T. brucei; reduction in FAZ and cell body length, changes from
trypomastigote to epimastigote morphology and flagellum detachment were
observed for these RNAi cells (Sun et al., 2013; An et al., 2020). This shows that
proteins within the flagellum and flagellar membrane domains of the FAZ in both
species are comparable in terms of importance for cell morphology and flagellum

attachment.

The cAMP binding protein null mutant did not have any flagellum attachment or

morphology defects, instead flagellar defects were seen. The increase in flagellum
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length and presence of membrane streamers suggests that cAMP binding protein has
a separate function. The localisation of this protein described in chapter 3 showed an
overlap of the distal end of FLA1BP and extending into the flagellum, which differs
from what was seen for FAZ27 and FAZ34. Interestingly, previous studies showed
that cAMP signalling is important for flagellum motility and sensing in T. brucei and
Leishmania (Oberholzer, Saada and Hill, 2015; Mukhopadhyay and Dey, 2016;
Salmon, 2018). The effect of flagella damage seen in cAMP binding protein null

mutants also suggest that cAMP might be important for flagellum assembly.

FLAM3 did not have any obvious defects in flagellum and cell morphology, but
affected the localisation of FLA1BP::mCh, which suggests that it could be important
for correct localisation of FLA1BP and possibly other intracellular proteins. In
trypanosomes, FLAM3 and ClpGM6 knockdown displayed similar morphological
defects and localisation of these proteins was interdependent of each other,
suggesting they form a complex (Brice Rotureau et al., 2014; Hayes et al., 2014;
Sunter et al., 2015; Sunter and Gull, 2016). Recent findings showed that the
knockdown of FAZ27 caused a change from trypomastigote to epimastigote-like
morphology in trypanosomes and therefore is involved in controlling cell
morphogenesis similar to FLAM3 and ClpGM®6. Moreover, FAZ27 was shown to form
a complex with FLAM3 and ClpGM6 (An et al., 2020). However, in L. mexicana
deletion of FAZ27 caused a different phenotype to that of FLAM3, suggesting that
the function of FAZ27 is distinct to FLAM3 and in L. mexicana these proteins may not

form a complex.

4.8.3 Class Il is associated with flagellum attachment, cell morphology

and anterior cell tip morphogenesis

Four proteins from Class Il, a linear structure on the cell body side were studied and
showed a range of different phenotypes. Deletion of FAZ5 resulted in short flagellum
cells with a reduced cell length and loose flagella in culture, suggesting that FAZ5 has
an important role in flagellum attachment and cellular morphology. This is a similar
phenotype to that observed with FLA1BP deletion, which is also found in the

intracellular domain, suggesting this phenotype of short flagellum cells with a
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reduced cell body length and loose flagella is common to proteins found in the
intracellular FAZ domain. Deletion of FAZ5 has previously been studied and showed
some similarities and differences to this chapter (Sunter et al., 2019). Like this study,
the FAZ5 null mutant showed reduction in cell body length and mis-localisation of
FLA1BP::mCh (Sunter et al., 2019). However, loose flagella were not reported in the
original study (Sunter et al., 2019). Interestingly, the number of loose flagella and
short flagellum cells seen were found to decrease with time in FAZ27, FAZ34 and
CC2D null mutants, possibly due to cellular adaptations that occur (Chapters 5 & 6).
This phenomenon could be an explanation for the lack of these phenotypes in the
original FAZ5 null mutant description. The morphological analysis within the original
study also found a reduction in flagellum length, which could be due to the
incorporation of the short flagellum cells into the measurements, whereas in this
chapter the 1FIN1K cells with a short flagellum were excluded from the flagellum

measurements.

FAZ2 deletion caused segregation defects, where F-F connections were observed in
the dividing cells. This matches a recent study on FAZ2, which showed that F-F
connections were the result of disruption to FAZ structure causing an extension of
the anterior cell tip that breaks away forming a membranous structure between the
flagella (Halliday et al., 2020). This suggests a separate function for FAZ2 from FAZS5,
a determination and maintenance of anterior cell tip morphology (Sunter et al., 2019;

Halliday et al., 2020).

Deletion of CC2D resulted in a phenotype that combined elements of both the
phenotypes observed for FAZ5 deletion (loose flagella, short flagellum cells and
shorter cell body length) and FAZ2 deletion (F-F connections), suggesting that CC2D
has multiple functions involving flagellum attachment and maintenance of cell tip
morphogenesis. Proteins that directly affect flagellum attachment appear to localise
predominately within the intracellular domain region, indicating that CC2D might
localise in close proximity to the intracellular domain. Given that CC2D is important
for both flagellum attachment and anterior cell tip morphogenesis, this might

indicate that CC2D localises between FAZ5 and FAZ2 (Fig 4.21).
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4.8.4 Class lll could be important for correct FAZ assembly

FAZ3, the only protein identified in the region distal to the collar so far, showed little
defect after deletion, with only the reduction in the length of the FLA1BP being
observed. It is known that FAZ assembly starts at the proximal end of the FAZ
structure (Q. Zhou et al., 2015; Sunter et al., 2015; Sunter and Gull, 2016). If this
phenomenon is also applicable to the FAZ in L. mexicana, then FAZ3 a protein located
at the proximal end of the FAZ structure could be the closest to the FAZ assembly site
(Fig 4.20). It is therefore possible that FAZ3 is important for defining the start point
of FAZ assembly and would be critical for assembly of the correct length of FAZ along

the neck region.
4.8.5 FAZ10 has a role in cytokinesis

Deletion of the genes encoding the Class IV proteins, which form a horseshoe/ring at
the exit point proteins deletion did not cause defects in cell morphology nor affected
the recruitment and/or correct localisation of FLA1BP. However, the FAZ10 null
mutant had a flagellum defect during the 2FIN1K cell configuration. The new
flagellum was seen connecting to the old flagellum creating a zip-like appearance just
beyond the anterior cell tip exit site. In trypanosomes, FAZ10 was found to be
distributed along junctional complexes, otherwise known as intermembrane staples
within the FAZ intracellular domain (Moreira et al., 2017). It was suggested to be
important for flagellum attachment and cleavage furrow positioning (Moreira et al.,
2017). In L. mexicana FAZ10 forms a distinct horseshoe/ring at the exit point only,
while the majority of the other Class IV proteins have a dome-like appearance in
different shapes and sizes surrounding the exit ring, which might indicate a role for
them in connecting the exit point ring to the sub-pellicular microtubules (Wheeler,
Sunter and Gull, 2016). This suggests that FAZ10 might have a specific role distinct
from the other Class IV proteins. The cell cycle delay associated with an increase in
2F1N1K cells and the flagellar defects suggests that FAZ10 could be important for
defining/regulating cleavage furrow ingression which likely occurs between the old

and new FAZ at the anterior cell tip in L. mexicana.
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4.8.6 Class V proteins likely located further away from the attachment

region

Null mutants of Class V FAZ proteins, which localise to a linear structure in the
flagellar pocket neck with a horseshoe ring at the collar had no obvious defects.
Interestingly, Class V orthologs, FAZ1 and FAZ9 were found to have mild defects in
trypanosomes despite being located in the cell body domain (Vaughan et al., 2008;
Sunter et al., 2015; Sunter and Gull, 2016). FAZ1 knockdown was found to have a
limited flagellum attachment defect, resulting in loops of unattached flagellum
(Vaughan et al., 2008; Sunter and Gull, 2016). While FAZ9 knockdown did not cause
any attachment defects but was found to cause mis-positioning of the kinetoplast
and nucleus (McAllaster et al., 2015; Sunter et al., 2015; Sunter and Gull, 2016). It
was suggested therefore that FAZ1 and FAZ9 were located further away from the
primary attachment area compared to CC2D/FAZ2 hence depletion causing milder
defects. A recent study showed that while L. mexicana and T. brucei share the same
core structures such as MtQ and collar, they were some differences. The neck region
in L. mexicana and the proximal end of FAZ in T. brucei is similar, but in L. mexicana
the structures that constitute the FAZ have a different organisation, with the FAZ
filament not adjacent to the junctional complexes (Wheeler, Sunter and Gull, 2016).
It is possible that with Class V proteins, no severe consequences were observed
because these proteins are located further away from the primary attachment region
and are associated with other roles in the flagellar pocket area that were not
assessed (Fig4.20). Moreover, Class V FAZ proteins in L. mexicana are potentially

those FAZ proteins located further away from the attachment area in T. brucei.
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Figure 4.20 Potential roles of the different FAZ domains within the FAZ structure in
L. mexicana. In insert image 5 FAZ localisation classes are shown: 1) Linear on flagellum side
- blue, 2) Linear on the cell body side - orange, 3) distal to collar — green placed above the
collar - black, 4) Exit - red, 5) Linear on cell body side and distal of the collar - grey. Flagellum
(blue dotted lines) and cell body (red dotted lines) membranes are shown here. The
localisation classes can be separated into sub-domains (main image) containing flagellum
and flagellum membrane within class |, cell body and cell body membrane within class Il and
intracellular domain in between along with class Il distal to collar and class IV exit domains.
The locations of FAZ proteins can be predicted based on the following: known domainsin T.
brucei which correlate with localisation class in L. mexicana as determined in Chapter 3,
transmembrane domains status, which indicates location within intracellular/membrane
domains and functional analysis results. Typical patterns of phenotypes correlate with
protein location suggesting each domain is a functional grouping of proteins with specific

roles.
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Chapter 5

Class | proteins FAZ27 and FAZ34 are important for

flagellum attachment and flagellar pocket morphology
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5.1 Preface

In the localisation screen (Chapter 3) FAZ27 and FAZ34 were identified as flagellum
domain proteins (Class 1), with a linear signal within the flagellar pocket neck. With
no transmembrane domains detected, they were determined to be two of seven FAZ

proteins proximal to the flagellum cytoskeleton.

Studies of flagellum domain FAZ proteins in trypanosomatids to date were in T. brucei
(ClpGM6, FLAM3 and FAZ27). ClpGM6, FLAM3 and FAZ27 depletion caused the
shortening of the FAZ and associated morphological changes (Rocha et al., 2006;
Rotureau, Subota and Bastin, 2011; Hayes et al., 2014; J. D. Sunter et al., 2015; An et
al., 2020). However, work on the flagellum domain of L. mexicana has not been

carried out.

The deletion of three flagellum domain proteins, including FAZ27 and FAZ34 (Chapter
4) resulted in cells with a short flagellum and loose flagella in the media. As the L.
mexicana FAZ organisation is different to that of T. brucei, and with the role of the
flagellum domain proteins not known (Wheeler, Sunter and Gull, 2016), FAZ27 and
FAZ34 proteins were therefore excellent candidates to explore the role of the

flagellum FAZ domain for the morphogenesis of the FAZ and flagellar pocket.
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5.2 Phenotype of FAZ27 and FAZ34 null mutants changes over time

To ensure the phenotypes previously seen in the deletion screen (Chapter 4) were
reproducible, FAZ27 and FAZ34 null mutant cell lines were re-generated using the
C9/T7 parental cell line. These cell lines grew back after the same length of time as
previous null mutants, ~10 days post-transfection and PCR was carried out to confirm
the deletion of these genes (Fig 5.1A-C). The FAZ27 and FAZ34 null mutant cells had
the same phenotype as previously observed with loose flagella and cells with a short

flagellum that are atypical in L. mexicana parental cells (Fig 5.1C).

During the observations of FAZ27 and FAZ34 null mutants post-transfection, it was
noticed that the mutant phenotype appeared to change over time. To understand
this phenomenon, the re-generated FAZ27 and FAZ34 null mutants alongside the
parental cell line were taken out of liquid nitrogen storage at the exact same time for
investigation. These cell lines were previously split once and frozen within three days
of cell growth post-transfection (Fig 5.1A). To ensure an accurate and fair assessment
of these cells, they were analysed at the same time point, in duplicates, every week

over the period of 4 weeks (labelled as week 1, 2, 3 and 4) (Fig 5.1A).

To analyse cell growth, the cell counts of the mutant and parental cell lines were
recorded at the same time point from the set density of 1x10%/ml every 24 hours
during a 72 hour period in week 1 and 4 (Fig 5.2A&B). To assess any growth rate
change over time the cell counts doubling time were calculated from the average 24-
hour growth peak in week 1 and week 4. The parental doubling time was 5.81 hours
in week 1 and 5.66 hours in week 4. This showed that parental growth rate did not
change during the 4 weeks period. For the FAZ27 null mutant, the doubling time was
much slower, 9.78 hours in week 1. However, in week 4, the doubling time reduced
by 2.5 hours to 7.33 hours (Fig 5.2A). For the FAZ34 null mutant, the doubling time
was 8.12 hours and 7.37 hours in week 1 and 4, respectively, showing a slight
reduction (Fig 5.2B). The reduction in doubling time for both null mutants at week 4
shows that the cells growth rate increased during the first four weeks post-

transfection.
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Figure 5.1 FAZ27 and FAZ34 null mutants were successfully re-generated. A) Timeline
of null mutant cells life, which started from transfection with the null mutants growing back
after ~10 days and stored within 3 days of growth. Post-storage null mutants were analysed
at weeks 1, 2, 3 and 4. B) Schematic of PCR and gel layout to confirm gene deletion C) Gels
showing the diagnostic PCR carried out on the extracted gDNA from the null mutants
confirmed gene deletion. D) Re-generated null mutants presented mutant phenotypes seen

previously, loose flagella, short flagellum cells and rosettes.

For further analysis, these cell lines were imaged directly from cell culture to measure
the cell structures observed. To determine whether there were changes in the cell
cycle, the cell cycle position defined by their K/N/F status from each cell line were
also captured and recorded at the same time. In the parental cell line, for cells
directly out of culture there was a slight increase in 1F cells (75.9% and 76.6% in week
1 to 81% and 85.3% in week 4). While 2F cells decreased from 24.1% and 23.4% in
week 1t0 19.1% and 14.7% in week 4 (Fig 5.2C&D). The analysis of cell cycle position
demonstrated that the decrease in 2F cells was exclusively in the 2F1N1K cell type,
with the mean reduced from 19.3% in week 1 to 14.3% in week 4 (Fig 5.2D). This
reduction in 2F cells, and more specifically in 2F1IN1K suggests that less time was

spent in this configuration.

In the FAZ27 null mutant cell line, when analysed directly from cell culture, the
percentage of loose flagella reduced from 11.1% and 19.4% in week 1 to 3.7% and
7.4% in week 4 (Fig 5.2E). Cells with a short flagellum were seen less often as the
time progressed, reducing substantially from week 1 to week 2 (12.5% and 18.37%
to 8.23% and 3.3%) and remaining relatively stable into week 4 (Fig 5.2E). A similar
trend for both loose flagella and short flagellum cells was seen in the K/N/F counts
analysis (Fig 5.2F). Whilst there was a reduction in loose flagella and short flagellum
cell numbers, the presence of rosettes remained consistent at low levels throughout
(Fig 5.2E). In concert with the reduction in loose flagella and cells with a short
flagellum, the numbers of 1F and 1F1N1K cells increased over time (Fig 5.1E&F). The

2F cell type also increased steadily and remained consistent into week 4 (Fig 5.1E&F).

FAZ34 null mutants behaved in a similar way, with a decrease in loose flagella and

short flagellum cell numbers matched by an increase in 1F and 2F cells over the time
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period. When analysing directly out of culture, it was shown that loose flagella
decreased dramatically from week 1 (12.7% and 23.5%) to week 2 (6.1% and 9.8%)
and continued with a steady decline thereafter (Fig 5.2G). Short flagellum cell
numbers also steadily decreased (Fig 5.2G) and the cell cycle position analysis
confirmed this steady trend starting with 7.87% and 11.32% in week 1 reducing to
5.5% and 4.4% in week 4. (Fig 5.2H). Similar to the FAZ27 null mutant cell line, the
decrease in these cell types correlated with an increase in 1F and 2F cells over the 4-
week period (Fig 5.2G&H). This shows that the severity of the mutant phenotype

decreases with time.
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Figure 5.2 Phenotype of FAZ27 & FAZ34 null mutant cells changed over time. A)
Growth curves for FAZ27 null mutant recorded in week 1 and 4, B) Growth curves for FAZ34
null mutant recorded in week 1 and 4, C) % of cell type seen in culture for parental. D) % of
cell cycle counts for parental. E) % of cell structures seen in culture for FAZ27 null mutant. F)
% of cell cycle counts for FAZ27 null mutant. G) % of cell structures seen in culture for FAZ34
null mutant. H) % of cell cycle counts for FAZ34 null mutant. SF- short flagellum, F- loose

flagella.
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It was demonstrated that for both FAZ27 and FAZ34 null mutants, the severity of
mutant phenotype declines and becomes more similar to the wildtype appearance
over time. As the null mutants had disrupted cell cycles and morphological defects,
the next step was to investigate the morphology in detail. To assess this, the
morphology was analysed by measuring flagellum and cell body lengths of 1FIN1K
cells (Fig 5.3A), which were captured at the same time point, in duplicates on the
weekly basis over the same 4 week period. The mean of both set of lengths were
calculated for both groups of 90-100 1F1IN1K cells (excluding short flagellum cells)

from each week.

The parental cell line was analysed over the course of 4 weeks, with the mean
flagellum length ranging from 13.2 - 13.7 um. These lowest and highest values were
derived from week 1 and 2, respectively (Fig 5.3B). For the cell body lengths, the
mean ranged from 13.0 - 13.3 pm, observed in week 3 and 2 respectively (Fig 5.3C).
These narrow ranges with no distinctive pattern show that there are no significant

changes in flagella and cell body lengths of the parental cell line over this time period.

The FAZ27 null mutant mean flagellum lengths were calculated, showing a range of
12.9 - 14.1 um over 4 weeks with no pattern of increase or decrease (Fig 5.3D). For
the cell body lengths, there was a gradual reduction in mean length of ~2 pm from
week 1(12.1 pm, 11.7 pm) to week 4 (10.1 pm, 10.2 pum) (Fig 5.3E). The distribution
of cell body lengths showed that the highest proportion of shorter lengths, <10 pm
were associated with week 4 and the highest proportion of longer lengths >14 um

was associated with weeks 1 and 2 (Fig 5.3F).

For the FAZ34 null mutant, the flagellum length also showed no large changes with
the mean range varying from 13.7 - 14.5 pum (Fig 5.3G). Like the FAZ27 null mutant,
the mean cell body length reduced significantly from 12.2 pm, 12.3 um in week 1 to
10.2 pm, 10.2 um in week 4, giving a similar reduction of ~2 um in total (Fig 5.3H).
The distribution of cell body length measurements showed that highest proportion
of >12 pum lengths were from weeks 1 and 2, while lower lengths (<10 pm) were
associated with weeks 3 and 4 (Fig 5.31). The cell body length reduction occurred

during the same time window as there was a reduction in the number of loose flagella
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and cells with a short flagellum. The decrease in cell length also correlates with an
increase in growth rate which suggests the possibility of reduction in cell body length

as an adaptation to enable faster growth.
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Figure 5.3 Cell body length in FAZ27 & FAZ34 null mutants reduced over time. A)
Example measurements for flagellum (proximal to distal tip) and cell body (posterior to
anterior cell tip). B) Mean flagellum lengths in Parental. C) Mean cell body lengths in Parental.
D) Mean flagellum lengths in FAZ27 null mutant. E) Mean cell body length in FAZ27 null
mutant. F) Cell body length distribution in FAZ27 null mutant. P-values between week 1 and
week 4 were <0.001. G) Mean flagellum lengths in FAZ34 null mutant. H) Mean cell body
lengths in FAZ34. 1) Cell body distribution in FAZ34 null mutant.

5.3 Likelihood of flagellum loss correlated with increasing flagellum

length

A likely explanation for the presence of loose flagella and cells with a short flagellum
in the FAZ27 and FAZ34 null mutants was that there was a weakened flagellum
attachment which was more readily broken due to the mechanical stress of the
flagellum beating, releasing the flagellum. To determine if the flagellum attachment
was weakened and susceptible to mechanical stress the mutants were subjected to
a defined period of vortexing and the different cell types before and after were
counted. As previously shown, null mutants had a greater number of detached loose

flagella in week 1, so for an extreme test of ‘flagella loss’ these cell lines were
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assessed in week 1 after defrosting. Images were captured prior to vortex and again

after 30s of vortexing to measure and compare the cell types observed.

As a control, the parental cell line was used, and it was observed that the proportion
of cell types consisting of 1F (~75%) and 2F (~25%) cells did not change before and
after 30s of vortex (Fig 5.4A). For the FAZ27 null mutant, the proportion of 1F cells
reduced substantially to 42% from 65% after 30s vortex, which was matched by an
increase in short flagellum cells and loose flagella from 12% and 11% to 20% and 24%,
respectively (Fig 5.4B). A similar trend was seen in FAZ34 null mutant, that after 30s
vortex, the percentage of 1F cells was reduced from 54% to 40%. Short flagellum cells
and loose flagella increased from 14% to 25% and 13% to 20% respectively (Fig 5.4C).

For both mutants, there was an insignificant difference in 2F and rosettes levels (Fig

5.4B & C).
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Figure 5.4 Mechanical stress from vortexing caused flagellum loss. A) Parental. B)
FAZ27 null mutant. C) FAZ34 null mutant. % Of cell types measured at rest and after 30s
vortex. 1ml of cell lines were tested in 1.5ml Eppendorf tubes and each experiment was

performed in duplicate. The representative data from one experiment is shown.
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The increase in short flagellum cells and loose flagella demonstrated that mechanical
stress can contribute to flagellum loss in the null mutant cells. The longer the
flagellum the greater the force it can exert on the cell body and FAZ and therefore
flagellum length may be a critical contributing factor to this flagellum loss phenotype.
To assess whether there was a relationship between flagellum length and flagellum

loss the length of the flagellum in 1F cells and loose flagella was measured.

Previously, it was shown that in weeks 1 and 2 there were higher levels of loose
flagella with little change in 1F flagellum length. This provided a reliable and
consistent set of images to measure the loose flagella and attached flagellum lengths

(Fig. 5.5).

For the FAZ27 null mutant, the mean loose flagellum length was 17.2 um and 19.0
HMm, which was significantly longer than the attached flagellum length (14.1 pm and
13.2 pum) (Fig 5.5A). The same result was seen for the FAZ34 null mutant, with the
mean length of the loose flagella of 18.4 um and 21.4 ym and 13.7 um and 14.5 um
for the attached flagellum (Fig 5.5B). With a mean difference of approximately 4-5
Hm between the two types of flagellum, the distribution of flagellum lengths was
investigated. For both the FAZ27 and FAZ34 null mutants, it was clear that the loose
flagella were longer than those attached to cells, with the highest proportion seen
for longest lengths of 20 - 22 pm and <22 um, respectively (Fig 5.5C & D). The highest
proportion of attached flagellum length were seen in the length group of 12 -14 um,
and as the lengths increased, the proportion became progressively smaller until it
was almost non-existent at <22 um (Fig 5.5C & D). This demonstrated that as the

length increased, the likelihood of flagellum loss increased.
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Figure 5.5 Likelihood of flagellum loss increased with increasing flagellum length.
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It was noticed that a number of the loose flagella had a kinetoplast attached, as
indicated by a Hoechst 33342 stained structure at one end (Fig 5.6A). 42% and 35%
of loose flagella had an attached kinetoplast in the FAZ27 and FAZ34 null mutants,
respectively in week 1 and 2 average. To determine whether kinetoplast attachment
was related to flagellum length, the measurements of loose flagellum length were
split into two groups, with kinetoplast and without kinetoplast. The mean flagellum
length for the subset with the kinetoplast attached was slightly longer than for those
without a kinetoplast (18.72 um and 19.64 pm versus 17.85 pm and 17.54 pm for
the FAZ27 and FAZ34 null mutants, respectively).

To investigate this small difference further, the loose flagellum lengths were
distributed into flagellum length groups for comparison (Fig 5.6B&C). For the FAZ27
null mutant, there seemed to be little difference in the proportions of lengths
between loose flagella with and without kinetoplast attached (Fig 5.6B). However,
for the FAZ34 null mutant, higher proportions of longer lengths (>18 um) seemed to
be associated with kinetoplast attached loose flagella and equally, higher proportions
of shorter lengths (<18 pm) were seen for loose flagella without kinetoplast
attachment (Fig 5.6C). It was previously demonstrated that for FAZ27 and FAZ34 null
mutants, flagella loss correlates with increasing flagella length, but there was no clear
relationship between flagellum length and retention of the kinetoplast during

flagellum loss.
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Figure 5.6 Kinetoplast attachment correlated with flagellum length in FAZ34 null
mutant. A) Example images of loose flagella observed with and without kinetoplast.

Kinetoplast was stained with Hoechst 33342. Histogram of loose flagellum lengths with and

without kinetoplast in FAZ27 null mutant B) and FAZ34 null mutant.

5.4 Re-introduction of FAZ27 and FAZ34 genes confirmed flagellum
loss was directly related to FAZ27 and FAZ34 deletion

To confirm the mutant phenotype of loose flagella and cells with a short flagellum
was the consequence of FAZ27 and FAZ34 deletion, add-back cell lines were
generated. The add-back constructs were created by cloning the FAZ27 and FAZ34
ORF into a constitutive expression plasmid (See section 2.2.4 for the generation of
FAZ add-back plasmids). The add back plasmids were transfected into the
appropriate null mutant cell lines, with the add-back cell lines growing back 10 days
post transfection, before being split once and frozen within 3 days (Fig 5.7A). The
add-back cell lines expressed FAZ27 and FAZ34 tagged at the N-terminus with mNG
fluorescent protein. On inspection by microscopy, the mNG tagged FAZ27 and FAZ34
protein in the add-back cells was observed at the FAZ throughout the cell cycle as

expected (Fig 5.7B).
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To check that the add-back cell lines restored the parental phenotype, the parental,
FAZ null mutants and add-back cell lines were compared. As previously shown, the
mutant phenotype was at its least severe in week 4 post storage and with the add-
backs having gone through additional selection pressures, it was logical to measure
the true extent of the FAZ gene add-back in restoring the parental phenotype when
all cell lines were 4 weeks post-storage. These cell lines were imaged directly from

cell culture to assess the levels of cell types observed.

For the FAZ27 add-back, cells with a short flagellum and loose flagella were not
observed (Fig 5.7C). Meanwhile, the 1F and 2F cell populations increased from 70%
to 75% and 17% to 24%, respectively. The percentages of 1F and 2F cells observed in
the add-backs was close to the parental. (Fig 5.7C). For the FAZ34 add-back, cells with
a short flagellum and loose flagella were also eliminated entirely (Fig 5.7D), with the
percentages of 1F and 2F cells increased to 80% and 20% respectively. The
proportions of cell types observed was overall very similar to the parental cell line
(Fig 5.7D). This demonstrated that the add-back of the deleted protein restored the
parental phenotype, indicating that the phenotype observed was the consequence
of FAZ27 and FAZ34 loss. To assess the functions of FAZ27 and FAZ34 specifically, the
add-backs will be included alongside the parental for further analysis of the null

mutants.
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Figure 5.7 FAZ27 and FAZ34 null mutant phenotype was the consequence of protein
loss. A) A time-line of add-back life, which started with transfection to generate null mutant
cell lines. Post-storage transfection occurred to generate add-back cell lines. Post-storage
add-backs were analysed at weeks 1 and 4. B) FAZ27 and FAZ34 add-backs tagged with mNG
were observed with linear signal in the FAZ region throughout the cell cycle. C) Quantitation
of cell types observed in parental, FAZ27 null mutant and FAZ34 addback in week 4. D)
Quantitation of cell types observed in parental, FAZ34 null mutant and FAZ34 addback in
week 4. Each experiment was performed in duplicate and the representative data from one

experiment is shown.

5.5 Both EF1 and EF2 domains of FAZ34 were required for maintaining

flagellum attachment

It was previously shown (Chapter 3) that the FAZ34 protein has a pair of EF-hand
domains. FAZ34 is 229 amino acids long, and the first EF-hand domain (EF-1) was
predicted to run from amino acids 4 to 60 and the second (EF-2) was from amino
acids 139 to 214 (Fig 5.8A). To understand if these domains are important for the

function of FAZ34, truncation mutations were analysed.

To permit evaluation of these domains separately, truncated add-backs, containing
either EF-1 or EF-2 were generated (Fig 5.8A). The truncated add-backs were
expressed with mNG fluorescent protein at their N-terminus, using a constitutive
expression plasmid. (See section 2.2.4 for the generation of FAZ add-back plasmids).
The truncated add-backs EF-1 and EF-2 grew back at the same rate, 10 days post-

transfection and were split once and then frozen.

The initial observations of EF-1 and EF-2 add-back cell lines by fluorescence
microscopy showed a weak mNG signal in the cytoplasm with no indication of a signal
in the FAZ region (Fig 5.8B). This demonstrated that the individual EF-1 and EF-2

domains of FAZ34 were unable to localise to the FAZ.

To investigate if EF-1 or EF-2 expression could alleviate the phenotype of the FAZ34

null mutant, the growth curves were recorded for EF-1, EF-2, full FAZ34 add-backs
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alongside the null mutant and parental cell lines over a period of 72 hours. As
previously shown, the growth rates were more stable in week 4, so for the reliability
all cell lines were assessed at the same time, at 4 weeks post-storage. The FAZ34 null
mutant was found to be the slowest growing with a doubling time of 7.37 hours and
the full length add-back displayed a completely restored growth rate comparable to
the parental (5.60 and 5.66 hours respectively) (Fig 5.8C). EF-1 and EF-2 truncated
add-backs did not have as fast growth as the parental and full length add-back, but
they were not as slow growing as the null mutant. It is possible that the additional
selection and recovery of these cell lines could contribute to their increased growth
rate. Additionally, there was little difference in growth rate between EF-1 and EF-2

with the doubling time of 6.61 and 6.13 hours, respectively (Fig 5.8C).

To further evaluate the role of EF-1 and EF-2 the different cell types observed directly
from culture were quantitated at week 4 post-storage. For the EF-1 and EF-2 add-
backs, the proportion of loose flagella observed were 3% and 4.5% respectively while
short flagellum cells were almost non-existent (<1%). These numbers were lower
than 9.4% and 3.7% seen in FAZ34 null mutant, respectively. (Fig 5.8D). This
demonstrated that while the individual EF-1 and EF-2 domains were able to restore
the parental phenotype to a small degree, possibly due to additional selection but

both are required for correct FAZ34 function and localisation.
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Figure 5.8 EF-1 and EF-2 domains are both important for FAZ34 function. A)
Schematic diagram of EF-1 and EF-2 add-back constructs. B) Images of EF-1 and EF-2
addbacks tagged with mNG signal observed in the lysosome (as indicated by white arrows)
of FAZ34 null mutant cell line. C) Growth curves and D) Histogram of cell types observed in

EF-1, EF-2 and FAZ34 add-backs, FAZ34 null mutant and parental.
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5.6 The deletion of flagellum domain proteins FAZ27 and FAZ34

disrupted FAZ organisation

FAZ27 and FAZ34 deletion resulted in flagellum loss, which indicates that the
eponymous function of the FAZ to maintain flagellum attachment was impacted. To
understand the causes of this loss of flagellum attachment, the molecular structure
of the FAZ was investigated. The FAZ contains the following domains, flagellum, cell
body, collar region, flagellum exit point, and intracellular (both flagellum and cell
body side) and proteins representing these domains were tagged with mCherry
fluorescent protein in FAZ27 and FAZ34 null mutants and imaged for comparison with
the parental for any changes. The following proteins were chosen to represent each
domain; FLAM3 for the flagellum domain, FLA1BP and FAZS5 for the flagellum and cell
body side of intracellular membrane domain respectively, FAZ2 for the cell body

domain, FAZ3 for the collar domain and FAZ10 for the exit domain (Fig 5.9A-F).

The short flagellum cells were compared to 1F1N1K cells for potential changes, which
could give an insight to the source of flagellum loss. For the FAZ27 null mutant, in
cells with a short flagellum and 1F, instead of expressing a linear localisation parallel
to the cell body domain as seen in the parental cells, FLAM3 was mis-localised to the
distal end of the flagellum side of the FAZ and appeared to extend beyond the
anterior cell tip (Fig. 5.10A). FLAM3 signal was also seen close to the kinetoplast in
both short flagellum and 1FIN1K cell types. FLA1BP and FAZ5, the intermembrane
proteins changed from a linear to a short stub-like signal which appeared at the distal
end of the neck close to flagellum exit point (Fig 5.10B&C). In both short flagellum
and 1F1IN1K cells, FAZ2 was also stub-like, at the anterior tip of the cell body but it
localised slightly away from the anterior cell tip (Fig 5.10D). Meanwhile FAZ3 and
FAZ10 signals showed no change with their ring/horseshoe signals at the collar region
and exit point, respectively in both short flagellum and 1F1N1K cells (Fig 5.10E&F).
These FAZ3 and FAZ10 signals were consistent throughout the cell cycle with similar

pattern to those seen in the parental (Fig 5.10E&F).

For the FAZ34 null mutant, all but one followed the same pattern as the FAZ27 null

mutant. The molecular composition of the intracellular domains (FLA1BP and FAZ5),
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cell body domain (FAZ2), collar domain (FAZ3) and exit domain (FAZ10) appeared
identical to that of FAZ27 null mutant (Fig 5.10&5.11). FLA1BP and FAZ5, the
intermembrane proteins and FAZ2, the cell body displayed a short stub-like signal in
short flagellum and 1F1IN1K cells (Fig 5.11B-D). Horseshoe/ring localisations of FAZ3
at the collar and FAZ10 at the exit showed no change from the parental in shorten
flagella and 1FIN1K cells (Fig 5.11E&F). However, the flagellum domain protein,
FLAM3 signal was not seen anywhere within or close to the FAZ region. Instead, it
had a localisation pattern consistent with the lysosome and endocytic system (Fig
5.11A). These localisations were consistent throughout the cell cycle. It was also
appeared that there were no differences between the cells with a short flagellum

and 1F cell type (Fig 5.11).
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Figure 5.9 Localisations of six proteins representing different FAZ domains in the

parental cell line. A) The following proteins, A) FLAM3, B) FLA1BP, C) FAZ5, E) FAZ2, F) FAZ3

and G) FAZ10 were tagged with mCherry and transfected in C9/T7 cell line. Images shown

are from 1FIN1K, 2FIN1K and 2F2N2K stages of the cell cycle. Top- merge containing phase

(grey), mcherry (red) and Hoechst 33342 (blue) and bottom- mcherry (red) and Hoechst

33342 (blue) only. Inserts included shows an enlarged image of FAZ region.
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Figure 5.10 Deletion of FAZ27 affected the localisation of flagellum,
intermembrane, and cell body FAZ domain proteins. The following proteins, A) FLAM3,
B) FLA1BP, C) FAZ5, D) FAZ2, E) FAZ3 and F) FAZ10 were tagged with mCherry and transfected
into FAZ27 null mutant cell line. Images shown are from short flagella, 1IFIN1K, 2F1N1K and
2F2N2K cells. Top- merge containing phase (grey), mCherry (red) and Hoechst 33342 (blue)
and bottom- mCherry (red) and Hoechst 33342 (blue) only. Inserts included shows an

enlarged image of FAZ region.
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Figure 5.11 Deletion of FAZ34 affected the localisation of flagellum,
intermembrane, and cell body FAZ domain proteins. The following proteins A) FLAM3,
B) FLA1BP, C) FAZ5, D) FAZ2, E) FAZ3 and F) FAZ10 were tagged with mCherry and transfected
into FAZ34 null mutant cell line. Images shown are from short flagella, 1IFIN1K, 2F1IN1K and
2F2N2K cells. Top- merge containing phase (grey), mCherry (red) and Hoechst 33342 (blue)
and bottom- mCherry (red) and Hoechst 33342 (blue) only. Inserts included shows an

enlarged image of FAZ region.
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5.7 Disruption of FAZ organisation reduces attachment and alters

flagellar pocket size and shape

The changes to the flagellum, intracellular, and cell body FAZ in FAZ27 and FAZ34 null
mutants could cause a reduction in the size of the attachment interface between the
flagellum and the flagellar pocket neck, leading to flagellum loss. Previous studies in
FAZ5 and FAZ2 deletion cell lines showed that the flagellar pocket size was reduced
(Sunter et al., 2019; Halliday et al., 2020). To assess if FAZ27 and FAZ34 loss caused
the same effect, the distance between the kinetoplast and the anterior cell tip was
measured. It was previously shown that both null mutants cell body lengths were
significantly shorter than the parental and they continued to decrease in size over
time. For this reason, all cell lines were assessed at 4 weeks post-storage. Light
microscopy appeared to show that the kinetoplast was positioned closer to the

anterior cell tip in null mutants compared to the parental and add-backs (Fig 5.12 A).

To confirm this, the kinetoplast-anterior cell tip distances were measured in 1F1N1K
cells from each cell line and the mean was calculated for each set. The mean distance
for the parental cells was 3 um (Fig 5.12B& C). However, the distance in the FAZ27
null mutant was ~1 pm shorter, while in the FAZ27 add-back cells the distance was
similar to the parental cells (Fig 5.12B). The kinetoplast-anterior cell tip distance was
also reduced by a similar amount in the FAZ34 null mutant (1.7 pum) with its add-back
restoring this distance almost completely (Fig 5.12C). The reduction in kinetoplast to
anterior cell tip distance as result of FAZ27 and FAZ34 loss suggests that the length

of the flagellar pocket was reduced in the null mutants.

To look at the flagellar pocket in more detail, the flagellar pocket markers,
LmxM.23.0630 and LmxM.06.0030 were used (Sunter et al., 2019). These markers
were expressed with a mCherry tag at their C-terminus in the parental and null
mutants. LmxM.23.0630 was localised to the bulbous domain and LmxM.06.0030
was localised to the neck domain in the parental cells as expected (Fig 5.12D). In the
null mutants, it was consistently observed that LmxM.23.0630 signal was still
present, and instead of being located distal of the kinetoplast they appeared adjacent

to the kinetoplast (Fig 5.12D). However, for LmxM.06.0030, the signal was no longer
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seen within the flagellar pocket region of both null mutants (Fig 5.12D), indicating

that FAZ27 and FAZ34 loss disrupts the flagellar pocket neck region.

Thin section transmission electron microscopy (TEM) was carried out to visualise the
flagellar pocket of the FAZ27 and FAZ34 null mutants. 212 longitudinal images of 1F
cells each were analysed. The two-part domain structure of the flagellar pocket, the
bulbous lumen, and the neck region were present in FAZ27 and FAZ34 null mutants,
but their flagellar pocket length appeared reduced compared to the parental (Fig
5.13). This correlates with reduced kinetoplast to anterior length observed by light
microscopy. There was less contact between the flagellum and the cell body,
particularly in FAZ34 null mutant was also observed, suggesting that the attachment

was reduced (Fig 5.13).
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Figure 5.12 FAZ27 and FAZ34 loss disrupted flagellar pocket shape and
organisation. A) Example images of kinetoplast to anterior cell tip distances in the null
mutants compared to the parental and add-back cells. Distances were measured in Imagel.
Mean kinetoplast to anterior cell tip distances were calculated for B) FAZ27 and C) FAZ34 null
mutants which were compared to the parental and add-back cell lines. 2100 1F1IN1K cells in
duplicates were used to measure the means and p-values were calculated from two sets of
lengths together. D) Widefield images showing FP markers tagged with mCherry in parental
and null mutants. Top- overlay of phase (grey), Hoechst (Blue) and mCherry (red) combined

and bottom- overlay of Hoechst 33342 (blue) and mCherry (red) only.
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Figure 5.13 Flagellar pocket size and attachment was reduced in FAZ27 and FAZ34

null mutants. Representative TEM images of longitudinal section through the flagellar
pocket of a parental cell, FAZ27 and FAZ34 null mutant cells Scale bar is 500 nm. * indicates

a loss of contact between flagellum and cell body in FAZ34 null mutant

5.8 Change in FAZ organisation and attachment affected cell motility

The loss of FAZ27 and FAZ34 caused flagellar pocket morphogenesis and flagellum
attachment defects, which might also impact cell motility as previously observed for
FAZ5 and FAZ2 null mutants (Sunter et al., 2019; Halliday et al., 2020). To assess the
effect of FAZ27 and FAZ34 deletion on cell motility, movies of swimming tracks were
taken from cell lines 4 weeks post storage. The parental, null mutants and add-backs

were tested directly from culture of equal density (1x107) and repeated three times.

The tracks and speed/persistence data combined showed that the FAZ27 null mutant
were not as directionally progressive as the parental cells. The swimming tracks
showed less directional persistence (Fig 5.14A-C). While the motility of the FAZ27
add-back was similar to the parental cells (Fig 5.14A-C). For the FAZ34 null mutant,
the reduction in directional persistence were similar for the FAZ27 null mutant while

again the add-back restored the motility almost to parental levels (Fig 5.15A-C).

There was a reduction in directional persistence seen in FAZ27 and FAZ34 null mutant
which suggests that the mutants had lost their ability to engage in progressive

movement as a direct result of FAZ27/FAZ34 loss. These data were collected at the
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time when the severity of mutant phenotype was dramatically reduced, with the
presence of loose flagella and short flagellum cells becoming rare. This indicates that

the result of reduced motility was likely to be caused by changes in the FAZ and

associated structures rather than by complete flagellum loss.
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Figure 5.14 FAZ27 loss reduced swimming speed and progressive movement. A)

Plots of the swimming tracks for the parental, FAZ27 null mutant and FAZ27 add-back cells
(Scale bar, 100 um). B) Histograms of the mean speed and C) directional persistence. This

was repeated three times and data shown are representative of one experiment.
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Figure 5.15 FAZ34 loss reduced swimming speed and progressive movement. A)
Plots of the swimming tracks for the parental, FAZ27 null mutant and FAZ27 add-back cells

(Scale bar, 100 um). B) Histograms of the mean speed and C) directional persistence. This

was repeated three times and data shown are representative of one experiment.
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5.9 Discussion

The discoveries of FAZ27 and FAZ34 as Class | proteins within the FAZ flagellum
domain in L. mexicana offered the opportunity to explore the role of Class | proteins
within the FAZ structure and the overall flagellar pocket architecture. With this
specific part of the FAZ complex not being investigated before, the results of this
study opened new insights into the importance of the FAZ for flagellum attachment

and maintenance of flagellar pocket shape in L. mexicana.
5.9.1 FAZ has a key role in flagellum attachment

FAZ27 and FAZ34 loss resulted in the disruption of FAZ molecular structure (Fig 5.16).
The losses of these flagellum domain proteins affected the localisation of other
proteins from this domain as well as the cell body and intracellular domains proteins.
The flagellum domain protein FLAM3 was mislocalised and absent in FAZ27 and
FAZ34 null mutants, respectively (Fig.5.16B&C). It shows that while correct FLAM3
localisation relies on the presence of both, FAZ27 and FAZ34, its recruitment is
dependent on FAZ34. This shows a hierarchy of assembly of FAZ34 being required for
FLAM3 assembly. This differs to what was seen for T. brucei, which demonstrated
that FAZ27 and FLAM3 are interdependent for assembly to the FAZ (An et al., 2020).
In the null mutants, the cell body and intracellular proteins FAZ2, FAZ5 and FLA1BP
did not have clear linear signals which indicates their assembly is dependent on the

correct assembly of FAZ27 and FAZ34 (Fig.5.16B&C).

The reduced length of the linear FAZ from all three structural domains as observed
by light microscopy and TEM potentially explains the weakened flagellum
attachment as there is a reduced attachment area that can now more easily break
with the mechanical stress induced during vortex. Slender-body theory shows that
lateral movement by shear forces increase with length (Batchelor, 1970). A longer
flagellum therefore experiences more drag and hence the point of attachment to the
cell experiences a greater force. This could explain why longer flagella are more
breakable. An alternative hypothesis is that as the flagella length continue to grow

over several cell cycles and therefore length is an indication of age, the accumulation
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of FAZ damage could build overtime leading to an increasing likelihood of flagella

breaking off.

5.9.2 FAZ organisational structure is important for flagellar pocket

shape

The reduction in kinetoplast to anterior distance combined with the re-positioning of
the bulbous lumen marker demonstrates that FAZ27 and FAZ34 are important for
flagellar pocket morphogenesis. The further observation of the flagellar neck marker
being absent, probably caused by the disruption of the neck region as indicated by
FAZ signal length and TEM, suggests that the flagellum domain is important for the
organisation of the flagellar pocket. This is supported by TEM images which showed
a reduction in flagellar pocket length which correlated with the reduced length of

Class | and Il proteins in FAZ27 and FAZ34 null mutants (Fig 5.16B&C).
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Figure 5.16 FAZ molecular structure is disrupted in FAZ27 and FAZ27 null mutants.
Organisation of FAZ domains in 1F1IN1K with short and long flagellum cells of A) the parental,
B) FAZ27 null mutant and C) FAZ34 null mutant. The following proteins FLAM3 (Class | on
flagellum side), FLA1BP and FAZ5 (intracellular proteins), FAZ2 (cell body), FAZ3 (Class I,

distal to collar) and FAZ10 (Class IV, exit) were used for the all cell lines.
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5.9.3 FAZ attachment and flagellar pocket shape is important for

directional movement

The motility analysis demonstrated that the deletion of FAZ27 and FAZ34 caused a
reduction in directional persistence and importantly this was not due to examining
cells without a flagellum as this cell type only made up a small proportion of the
population when this analysis was performed. FAZ5 deletion, which demonstrated a
motility phenotype of little processive movement, similar to FAZ27 and FAZ34
deletion was found to have a lack of coordination in flagellum beating (Sunter et al.,
2019). Though not tested here, but this could be an explanation to FAZ27 and FAZ34
reduced directional movement. Studies on FAZ2 and FAZS5 also found that flagellar
pocket shape is important for motility (Sunter et al., 2019; Halliday et al., 2020).
Moreover, for FAZ2 and FAZ5 null mutants, reduced motility was found to affect
proliferation and development in sandfly (Sunter et al., 2019; Halliday et al., 2020).
This has not been tested for FAZ27 and FAZ34 null mutants; however, it is likely a
similar effect would be seen. Equally, the effect of flagellar pocket disruption on its
function as a site of endocytosis/exocytosis for nutrient uptake, immune evasion and
secretory pathway, important for pathogenicity was not tested. The FAZ5 null mutant
showed a reduction in endocytosis and demonstrated a connection between flagellar
pocket architecture and nutrient uptake, which affected the parasites ability to
persist in mice (Sunter et al., 2019). A similar phenotype in the case of the FAZ27 and

FAZ34 null mutants could not be ruled out.
5.9.4 FAZ27 and FAZ34 function is similar to FLA1BP and FAZ5

Work described in Chapter 4 revealed a similarity in phenotype between the FAZ27,
FAZ34 and FLA1BP null mutants, with loose flagella and short flagellum cells. This
work described in chapter 4 demonstrated that this phenotype was a consequence
of flagellum loss caused by a reduction in attachment in FAZ27 and FAZ34 null
mutants, indicating that FAZ27 and FAZ34 are important for flagellum attachment.
Furthermore, it is therefore likely that FLA1BP also shares a role in flagellum

attachment.
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FAZ27 and FAZ34 null mutants had a shorter cell body length, similar to the FLA1BP
null mutant (Chapter 4), which shows their function in cell morphogenesis. This
decrease in cell body length correlated with the increasing growth rate, which
suggests this could be a modification to allow faster growth. A role for both flagellum
attachment and cell morphogenesis have parallels to what has been seen for FAZ27
and FLA1BP in T. brucei. The knockdown of FAZ27 and FLA1BP caused a reduction in
FAZ and cell body length, changes from trypomastigote to epimastigote morphology
and flagellum detachment (Sun et al., 2013; An et al., 2020). This shows that proteins
within the flagellum and flagellar membrane domains of the FAZ in both species are

comparable in terms of importance for cell morphology and flagellum attachment.

Another intracellular protein, FAZ5 from the cell body side also had a similar
phenotype in L. mexciana of flagellum loss (short flagellum cells and loose flagella)
and shorter cell length (Chapter 4). However, a study on FAZ5 deletion in L. mexicana
by Sunter and colleagues did not observe short flagellum cells and loose flagella
(Sunter et al., 2019). This difference could potentially be explained by the
phenomenon of null mutant phenotype changing over time as seen with FAZ27,
FAZ34 (this chapter) and CC2D (Chapter 6) null mutants. Here, the impact of FAZ5
deletion on flagellum loss was lower than compared to FAZ27, FAZ34 and FLA1BP
(Chapter 4), so this phenotype would have become more subtle over time. This also
reflects the hierarchy of FAZ protein importance for flagellum attachment and cell
morphogenesis, where flagellum domain proteins have higher importance while

intracellular proteins particularly cell body membrane have less impact.
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Chapter 6

Class Il protein CC2D is required for flagellum

attachment and anterior cell tip morphogenesis
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6.1 Preface

In the localisation screen (Chapter 3) CC2D was identified as cell body domain protein
(Class Il localisation), with a linear signal within the flagellar pocket neck. CC2D is one

of four proteins (FAZ2, FAZ5 and FAZ28/30) in this domain.

Recent studies of FAZ2 and FAZ5 in L. mexicana showed some differences. FAZS5, an
intracellular domain protein within the cell body was shown to be critical for
maintaining the flagellar pocket shape and pathogenicity (Sunter et al., 2019). While,
FAZ2, a FAZ protein within the cell body domain was shown to be important for
anterior cell tip morphogenesis in Leishmania (Halliday et al., 2020). However, work
described in Chapter 4 showed that the deletion of CC2D resulted in cells with a
shorter cell body and loose flagella along with flagellum-to-flagellum connections.
This demonstrates CC2D is potentially important for both roles, maintaining the
flagellar pocket shape and anterior cell tip morphogenesis. The function of FAZ2,
FAZ5 and CC2D orthologs have been studied in T. brucei. FAZ2 and CC2D knockdown
caused full length flagellum detachment and cell death (Zhou et al., 2011; Q. Zhou et
al., 2015). FAZ5, an intracellular domain protein knockdown resulted in loops of

detached flagella at the proximal end of the flagellum (Sunter et al., 2015).

As the L. mexicana FAZ organisation is different to that of T. brucei, and with the role
of Class Il being more diverse in L. mexicana (Wheeler, Sunter and Gull, 2016; Sunter
et al., 2019; Halliday et al., 2020), CC2D protein was therefore an excellent candidate
to explore more about the function of Class Il FAZ proteins and their contribution to

the FAZ and flagellar pocket structures.
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6.2 Phenotype of CC2D null mutant changes over time

To ensure the phenotype previously seen in the deletion screen (Chapter 4) was
reproducible, the CC2D null mutant cell line was re-generated using the C9/T7
parental cell line. The new CC2D null mutant grew back after the same length of time
as the previous null mutant, ~10 days post-transfection and PCR was carried out to
confirm the deletion of CC2D (Fig 6.1A-C). The CC2D null mutant had the same
phenotype as previously observed with loose flagella, cells with a short flagellum and
flagellum-to flagellum connections that are atypical in L. mexicana parental cells (Fig

6.1D).

During the observations of CC2D null mutant over time post-transfection, it was
noticed that like FAZ27 and FAZ34 null mutants (Chapter 5) the mutant phenotype
appeared to change. The study of FAZ27 and FAZ34 null mutants showed that mutant
phenotype severity reduced with time. To assess if this also applied to the CC2D null
mutant, the re-generated CC2D null mutant alongside the parental cell line were
taken out of liquid nitrogen storage at the exact same time for investigation. The
CC2D null mutant cell line was previously split once and frozen within three days of
cell growth post-transfection (Fig 6.1A). To ensure an accurate and fair assessment
of these cells, they were analysed at the same time point, in duplicates, every week

over a period of 4 weeks (labelled as week 1, 2, 3 and 4) (Fig 6.1A).

To analyse cell growth, the cell counts of the CC2D null mutant and parental cell lines
were recorded at the same time point from the set density of 1x105/ml every 24
hours during a 72-hour period in week 1 and 4 (Fig 6.2A). To assess if any growth rate
change over time the doubling time was calculated from the average 24-hour growth
peak from three 24-hour periods within 72-hours in week 1 and week 4. The parental
doubling time was 5.81 hours in week 1 and 5.66 hours in week 4. This showed that
parental growth rate only changed slightly during the 4 week period. For the CC2D
null mutant, the doubling time was much slower, 9.43 hours in week 1. However, in
week 4, the doubling time reduced by 1.3 hours to 8.1 hours (Fig 6.2A). The reduction
in doubling time for CC2D null mutant at week 4 showed that the growth rate

increased during the first four weeks post-transfection.
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Figure 6.1 CC2D null mutant was successfully re-generated. A) Timeline of null mutant
life, which started from transfection with the null mutants growing back after ~10 days and
stored within 3 days of growth. Post-storage CC2D null mutant was analysed at weeks 1, 2,
3 and 4. B) Schematic of PCR and gel layout to confirm gene deletion. C) Gel showing the
confirmation of CC2D deletion. D) Re-generated CC2D null mutant presented mutant
phenotypes seen previously, loose flagella, short flagellum cells, cells with flagellum to

flagellum (F-F) connections and rosettes
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For further analysis, these cell lines were imaged directly from cell culture to measure
the cell types observed. To determine whether there were changes in the cell cycle,
the cell cycle position defined by their K/N/F status from each cell line was also
captured and recorded at the same time. In the parental cell line, for cells directly
imaged from culture there was an increase in 1F cells from week 1 to week 4, while
2F cells decreased from week 1 to week 4 (Fig 6.2B&C). The analysis of cell cycle
position demonstrated that the decrease in 2F cells was exclusively in the 2F1IN1K
cell type, with the mean reduced from 19.3% in week 1 to 14.3% in week 4 (Fig 6.2C).
This reduction in 2F cells, and more specifically in 2F1IN1K suggests that less time was

spent in this configuration.

In the CC2D null mutant cell line, when analysed directly from cell culture, the
percentage of loose flagella reduced steadily from 15.2% and 11.1% in week 1 to0 8.8%
and 9.4% in week 4 (Fig 6.2D). Cells with a short flagellum reduced substantially from
21.2% and 17.5% in week 1 to 1.5% and 1.9% in week 4 (Fig 6.2D). While 2F cells and
rosettes remained constant throughout the 4 week period, 1F cells increased from
43.9% and 42.9% in week 1 to 58.8% and 62.3% in week 4. Interestingly, flagellum-
to-flagellum connections increased from 4.5% and 9.5% in week 1 to 10.3% and

18.9% in week 4 (Fig 6.2D).

A similar trend for loose flagella, short flagellum and F-F cells was seen in the K/N/F
counts analysis (Fig 6.2E). 1F cells increased steadily from week 1 to week 4. (Fig
6.2E). 2FIN1K-2F2N2K configurations remained constant throughout while loose
flagella and short flagellum cells decreased to low proportions by week 4 (Fig 6.2E).
F-F connections steadily increased from ~2% to ~6% average over the 4 weeks (Fig
6.2E). Imaging of the cells for this cell cycle analysis involved a number of washes and
centrifugation steps, which might break the F-F connections resulting in a lower

number of this cell type in comparison to the analysis of cells direct from culture.

The growth rate and cell type analysis showed the phenotype changed over time with
number of loose flagella and short flagellum cells decreasing, similar to FAZ27 and
FAZ34 null mutants (Chapter 5), while the presence of the F-F connection became

more common.
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Figure 6.2 Change in CC2D null mutant phenotype occurs over time. A) Growth curves
for CC2D null mutant recorded in week 1 and 4, B) % of cell types seen in culture for parental.
C) % of cell cycle counts for parental. D) % of cell types seen in culture for CC2D null mutant.
E) % of cell cycle counts for CC2D null mutant. SF- short flagellum, F- loose flagella, F-F-

flagellum-to-flagellum connections.

It was demonstrated that for CC2D null mutant mutants, the phenotype changes
over-time with an increase in F-F connections. As the CC2D null mutant had a
disrupted cell cycle and morphological defects, the next step was to investigate the
morphology in detail. To assess this, the morphology was analysed by measuring
flagellum and cell body lengths of 1FIN1K cells (Fig 6.3A), which were captured at
the same time point, in duplicates on the weekly basis over the same 4 week period.
The mean of both set of lengths were calculated for both groups of 90-100 1F1IN1K

cells from each week.

For the parental cell line the mean flagellum length ranged from 13.2 - 13.7 um (Fig
6.3B) and for the cell body length, the mean ranged from 13.0 - 13.3 um (Fig 6.3C).
These narrow ranges with no distinctive pattern showed that there were no
significant changes in flagellum and cell body lengths of the parental cell line over

this time period.

The CC2D null mutant mean flagellum lengths ranged from 12.8 - 14.3 um with no
pattern of increase or decrease (Fig 6.3D). For the cell body lengths, a lower mean
range of 11.1 - 11.8 um was measured compared to the parental, suggesting that
CC2D is important for cell morphogenesis. However, unlike FAZ27 and FAZ34 null
mutants (chapter 5), there was with no change over time in cell body length, which
remained shorter than the parental cell (Fig 6.3E). The distribution of cell body

lengths confirmed there was no correlation in length versus time (Fig 6.3E).
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6.3 Flagellum in CC2D null mutant was hard to detach by shear force,

but the likelihood increased with length

An explanation for the presence of loose flagella and cells with a short flagellum in
the FAZ27 and FAZ34 null mutants was a weakened flagellum attachment that was
more readily broken due to the mechanical stress of the flagellum beating, releasing
the flagellum as shown by the differences between loose flagella/short flagellum

cells before and after 30s of vortexing (chapter 5).

As previously shown, the CC2D null mutant had a greater number of detached loose
flagella in week 1, so for an extreme test of ‘flagella loss’ these cell lines were
assessed in week 1 after defrosting. Images were captured prior to vortex and again

after 30s of vortexing to measure and compare the cell types observed.

As a control, the parental cell line was used, and it was observed that the proportion
of cell types consisting of 1F (~75%) and 2F (~25%) cells did not change before and
after 30s of vortex (Fig 6.4A). For the CC2D null mutant, the proportion of 1F cells did
not change after 30s vortex, which was paired with no to little increase in short
flagellum cells and loose flagella (Fig 6.4B). For short flagellum cells, the proportions
were similar, 21.2% and 18.7% seen at rest and after vortexing, respectively, while
loose flagella levels were 15.2% and 17.3% at rest and after vortexing, respectively
(Fig 6.4B). This suggests that the flagellum in the CC2D null mutant was not readily
detached by shear force, unlike FAZ27 and FAZ34 null mutants. However, the
proportion of F-F cells was 4.6% at rest and 1.3% after vortexing, which suggested

the F-F connection was disruptable by shearing. (Fig 6.4B).

The results demonstrated that the flagellum was not easily detached in the CC2D null
mutant, but the flagellum length may still play a role in the loose flagella phenotype
as witnessed in FAZ27 and FAZ34 null mutants (Chapter 5). To assess if this is the
case, the relationship between flagellum length and loose flagella was analysed by
measurements of loose and attached flagellum length in 1F1N1K cells. Previously, it
was shown that in week 1 there were higher levels of loose flagella with little change

in 1F flagellum length. This provided a reliable and consistent set of images to
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measure the loose flagella and attached flagellum lengths (Fig. 6.4C-D). In the CC2D
null mutant, the mean lengths for loose flagella were 17.5 um and 16.9 pum, which
was significantly higher than the attached flagella (13.3 um and 14 um) (Fig 6.4C).
The histogram shows that longer lengths 218 um were associated with loose flagella,
while shorter lengths <10 um were only seen for attached flagella (Fig 6.4D). This

suggests that increasing flagellum length plays a role in loose flagella presence.
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Figure 6.4 Loose flagella are longer than the attached flagella in CC2D null mutant.
% of cell types measured at rest and after 30s vortex in A) Parental, B) CC2D null mutant. 1
ml of cell lines were tested in 1.5 ml Eppendorf tubes and each experiment was performed
in duplicate shown here. The representative data from one experiment is shown, C) Mean
length for loose vs attached flagella in CC2D null mutant and D) Histogram of loose and
attached flagellum lengths in FAZ27 null mutant. The mean flagellum length was calculated

from loose flagella and attached flagella measurements.

6.4 Add-back of CC2D gene confirms CC2D null mutant phenotype was
directly related to CC2D deletion

To confirm the mutant phenotype of loose flagella and cells with a short flagellum
and F-F connections was the consequence of CC2D deletion, an add-back cell line was
generated. The add-back construct was created by cloning the CC2D ORF into a
constitutive expression plasmid (See section 2.2.4 for the generation of FAZ add-back
plasmids). The add-back plasmid was transfected into CC2D null mutant cell line, with
the add-back cell line growing back 10 days post transfection, before being split once
and frozen within 3 days (Fig 6.5A). The add-back cell line expressed CC2D tagged at
the N-terminus with mNG fluorescent protein. On inspection by microscopy, the
mNG tagged CC2D protein in the add-back cells was observed at the FAZ throughout

the cell cycle as expected (Fig 6.5B).

To check that the add-back cell lines restored the parental phenotype, the parental,
CC2D null mutant and CC2D add-back cell lines were compared. As previously shown,
the mutant phenotype was at its least severe in week 4 post storage and with the
add-backs having gone through additional selection pressures it was logical to
measure the true extent of the FAZ gene add-back in restoring the parental
phenotype when all cell lines were 4 weeks post-storage. These cell lines were

imaged directly from cell culture to assess the levels of cell types observed.

For the CC2D add-back, loose flagella, short flagellum cells and cells with F-F

connections were no longer seen. 1F and 2F cells were restored to similar levels seen
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in the parental (Fig 6.5C). This demonstrated that the add-back of the CC2D protein
restored the parental phenotype, indicating that the phenotype observed was the

consequence of CC2D loss. This also confirmed that tag did not interfere with CC2D

function.
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Figure 6.5 CC2D null mutant phenotype was the consequence of CC2D deletion. A)
Atime-line of add-back life, which started with transfection to generate null mutant cell lines.
Post-storage transfection occurred to generate add-back cell lines. Post-storage add-backs
were analysed at week 4. B) CC2D add-back tagged with mNG were observed with linear
signal in the FAZ region throughout the cell cycle. C) Quantitation of cell types observed in
parental, CC2D null mutant and CC2D addback in week 4. Each experiment was performed

in duplicate and the representative data from one experiment is shown.
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6.5 The deletion of CC2D disrupts FAZ organisation

CC2D deletion resulted in loose flagella and short flagellum cells likely caused by the
flagellum becoming detached, indicating that the role of the FAZ role in maintaining
flagellum attachment was impacted. To understand the causes of phenotype, the
molecular structure of the FAZ was investigated. The FAZ contains different domains
that include the flagellum, intracellular and cell body domains and horseshoe/ring at
the collar and exit regions, proteins that localise to these domains were tagged with
mCherry fluorescent protein in CC2D null mutant and imaged for comparison with
the parental for any changes. The following proteins were chosen to represent each
class; FLAM3 for the flagellum side, FLA1BP and FAZS for the flagellum and cell body
side of intracellular membrane domain respectively, FAZ2 for the cell body side, FAZ3

for the collar class and FAZ10 for the exit class (Fig 6.6A-F).

The short flagellum cells were compared to 1FIN1K cells for changes, which could
give an insight to the source of flagellum loss. For the CC2D null mutant, in cells with
a short flagellum and 1F, instead of expressing a linear localisation parallel to the cell
body domain as seen in the parental cells, FLAM3 was mis-localised to the distal end
of the flagellum side of the FAZ and extended beyond the anterior cell tip (Fig 6.7A).
FLAM3 signal was also seen at the kinetoplast in 1FIN1K configuration but
disappeared by 2F2N2K/F-F configuration (Fig 6.7A). The intracellular proteins,
FLA1BP and FAZS5 also followed this pattern, where a long signal was seen within the
flagellum beyond the anterior cell tip but no signal at the kinetoplast was seen (Fig
6.7B&C). In both short flagella and 1FIN1K cells, FAZ2 was stub-like, at the anterior
tip of the cell body with an additional cytoplasmic signal, which remained throughout
the cell cycle (Fig 6.7D). This suggests that not all of FAZ2 was integrated into a
shorter FAZ. Meanwhile FAZ3 and FAZ10 signals showed no change with their
ring/horseshoe signals at the collar region and exit point, respectively in both short
flagellum and 1FIN1K cells (Fig 6.7E&F). These FAZ3 and FAZ10 signals were
consistent throughout the cell cycle with similar pattern to those seen in the parental
(Fig 6.7E&F). Throughout the cell cycle, FLAM3, FLA1BP and FAZ5 remained beyond
the anterior cell tip and appeared within the F-F connection region of dividing cells
(Fig 6.7A-C).
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This demonstrates that CC2D deletion caused the mis-localisation of Class | protein
FLAM3 on the flagellum side and intracellular proteins FLA1BP and FAZ5, which
appeared to mediate the F-F connection. A similar phenomenon was seen in FAZ2

null mutants (Halliday et al., 2020).
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Figure 6.6 Localisations of six proteins represents different domains in the parental

cell line. This figure was reproduced from Figure 5.9 in Chapter 5 for clarity here. A)
The following proteins, A) FLAM3, B) FLA1BP, C) FAZ5, E) FAZ2, F) FAZ3 and G) FAZ10 were
tagged with mCherry and transfected in C9/T7 cell line. Images shown are from 1FIN1K,
2FIN1K and 2F2N2K stages of the cell cycle. Top- merge containing phase (grey), mCherry
(red) and Hoechst 33342 (blue) and bottom- mCherry (red) and Hoechst 33342 (blue) only.

Inserts included shows an enlarged image of FAZ region.
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Figure 6.7 Deletion of CC2D affected the localisation of flagellum, intermembrane,
and cell body FAZ domain proteins. The following proteins, A) FLAM3, B) FLA1BP, C)
FAZ5, D) FAZ2, E) FAZ3 and F) FAZ10 were tagged with mCherry and transfected into CC2D
null mutant cell line. Images shown are from short flagella, 1FIN1K, 2FIN1K and 2F2N2K/F-
F cells. Top- merge containing phase (grey), mCherry (red) and Hoechst 33342 (blue) and
bottom- mCherry (red) and Hoechst 33342 (blue) only. Inserts included shows an enlarged

image of FAZ region.
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6.6 FAZ2 necessary for assembly of CC2D into L. mexicana FAZ

CC2D and FAZ2 are cell body FAZ domain proteins and share a phenotype of F-F
connections on deletion. In T. brucei, CC2D was identified as a FAZ2 partner (Q. Zhou
et al., 2015). The knockdown of either protein affected the other - RNAi of FAZ2 de-
stabilised CC2D and RNAi of CC2D de-stabilised FAZ2 demonstrating the FAZ2/CC2D
interdependency (Q. Zhou et al., 2015). To assess if this applies for L. mexicana, the
localisation of mCherry tagged CC2D was tested in the FAZ2 null mutant for

comparison against FAZ2 localisation in CC2D null mutant.

In the parental cells, CC2D and FAZ2 displayed a linear signal on the cell body side in
1F1N1K cells and duplicated to form two visible signals from 2F1N1K throughout the
cell cycle to 2F2N2K (Fig 6.8 B&C). As previously shown, for the CC2D null mutant,
FAZ2 was localised as a stub at distal end of the flagellar pocket neck and remained
in this localisation throughout the cell cycle. Additionally, a cytoplasmic signal was
seen, suggesting that not all of the FAZ2 protein was integrated into the short FAZ
(Fig 6.8D). This suggests that CC2D is important for the correct localisation of FAZ2.
However, in the FAZ2 null mutant, CC2D signal was not seen within the FAZ region of
cells throughout the cell cycle (1IFIN1K-2F2N2K) (Fig 6.8A). CC2D signal instead was
seen within the lysosome (Fig 6.8A). This suggests that FAZ2 is necessary for CC2D
assembly into the FAZ. The data demonstrates a hierarchy of FAZ assembly with FAZ2

required for CC2D integration.
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Figure 6.8 FAZ2 is required for CC2D assembly. Images of CC2D::mCh in A) FAZ2 null
mutant, B) parental, and images of mCh::FAZ2 in C) parental and D) CC2D null mutant. CC2D
and FAZ2 were tagged with mCherry and transfected into parental and FAZ2 or CC2D null
mutant, respectively. Images shown are from 1FIN1K, 2FIN1K and 2F2N2K/F-F cells. Top-
merge containing phase (grey), mCherry (red) and Hoechst 33342 (blue) and bottom-
mCherry (red) and Hoechst 33342 (blue) only. Inserts included shows an enlarged image of

FAZ region.
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6.7 CC2D deletion reduced flagellar pocket size

The changes to the flagellum, intracellular, and cell body FAZ domains in the CC2D
null mutant could cause a reduction in the size of the attachment interface between
the flagellum and the flagellar pocket neck, leading to flagellum loss. Previous studies
in FAZ5 and FAZ2 deletion cell lines showed that the flagellar pocket size was reduced
and a similar effect was seen for FAZ27 and FAZ34 deletion described in chapter 5
(Sunter et al., 2019; Halliday et al., 2020). To assess if CC2D loss caused the same
effect, the distance between the kinetoplast and the anterior cell tip was measured
at 4 weeks post-storage. Light microscopy appeared to show that the kinetoplast was
positioned closer to the anterior cell tip in the CC2D null mutant compared to the

parental and add-back (Fig 6.9A).

To confirm this, the kinetoplast-anterior cell tip distances were measured in 1FIN1K
cells from each cell line and the mean was calculated. The mean distance for the
parental cells was 3 pum (Fig 6.9B). However, the distance in the CC2D null mutant
was ~1 pm shorter, while in the CC2D add-back cells the distance was similar to the
parental cells (Fig 6.9B). The reduction in kinetoplast to anterior cell tip distance as
result of CC2D loss suggests that the length of the flagellar pocket was reduced in the

null mutant.

To look at the flagellar pocket in more detail, the flagellar pocket markers,
LmxM.23.0630 and LmxM.06.0030 were used (Halliday et al., 2018). These markers
were expressed with a mCherry tag at their C-terminus in the parental and CC2D null
mutant. LmxM.23.0630 was localised to the bulbous domain and LmxM.06.0030 was
localised to the neck domain in the parental cells as expected (Fig 6.9C). In the CC2D
null mutant, it was consistently observed that the LmxM.23.0630 signal was still
present, and localised distal of the kinetoplast (Fig 6.9C). For LmxM.06.0030, the
signal was localised within the flagellar pocket neck region, similar to the parental
(Fig 6.9C), indicating that CC2D loss had a little effect on the localisation of these
flagellar pocket markers unlike FAZ27 and FAZ34. This suggests that the organisation

of the flagellar pocket was not grossly disrupted in the CC2D null mutant.
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Figure 6.9 CC2D loss disrupted flagellar pocket shape. A) Example images of kinetoplast
to anterior cell tip distances in the CC2D null mutant compared to the parental and add-back.
Distances were measured in Imagel. B) Mean kinetoplast to anterior cell tip distances
calculated for CC2D null mutant, parental and CC2D add-back cell lines. 1FIN1K cells in
duplicates were used to measure the means and p-values were calculated from two sets of
lengths together. C) Widefield images showing FP markers tagged with mCherry in parental
and null mutants. Top- overlay of phase (grey), Hoechst (Blue) and mCherry (red) combined

and bottom- overlay of Hoechst 33342 (blue) and mCherry (red) only.
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6.8 Change in FAZ organisation and attachment affected cell motility

The loss of CC2D caused flagellum attachment, flagellar pocket and cell tip
morphogenesis defects, which might also impact cell motility as previously observed
for FAZ5 and FAZ2 null mutants (Sunter et al., 2019; Halliday et al., 2020). To assess
the effect of CC2D deletion on cell motility, movies of swimming tracks were taken
from cell lines 4 weeks post storage. The parental, null mutant and add-back cells
were tested directly from culture of equal density (1x107 cells/ml) and repeated three

times.

The tracks and speed/persistence data combined showed that the CC2D null mutant
were not as directionally progressive as the parental cells. In the CC2D null mutant,
there appeared to be two populations of cells those that had a slower swimming
speed and another with a swimming speed similar to the parental cells (Fig 6.10A-C).
While the motility of the CC2D add-back was similar to the parental cells (Fig 6.10A-
C). The reduction in directional persistence seen in CC2D null mutant suggests that
the mutants had lost their ability to engage effectively in progressive movement as a

direct result of CC2D loss.
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Figure 6.10 CC2D loss reduced swimming speed and progressive movement. A) Plots
of the swimming tracks for the parental, CC2D null mutant and CC2D add-back cells (Scale
bar- 100 pm). B) Histograms of the mean speed and C) directional persistence. The swimming
tracks of the parental, null mutant and add back cells were tracked for 360 seconds, which
permitted the mean speed and persistence to be calculated. This was repeated three times

and data shown are representative of one experiment.

6.9 Discussion

6.9.1 CC2D has a key role in anterior cell tip morphogenesis

Loose flagella, short flagellum cells and F-F connections were observed in the CC2D
null mutant. Like the FAZ27 and FAZ34 null mutants, presence of loose flagella and
short flagellum cells numbers decreased overtime (Chapter 5). However, for the
CC2D null mutant, this decrease was accompanied by an increase in F-F connections.
This suggests that the retention of the flagellum in cells provides more opportunity

for F-F connections to occur.

The results show that CC2D loss caused disruption to the FAZ structure, with similar
effects as seen in the FAZ2 null mutant (Halliday et al., 2020). In the CC2D null mutant,
tagged FLAM3, FLABP and FAZS5 proteins, representing the flagellum and intracellular
FAZ domains were localised on the flagellum beyond the anterior cell tip and they
appear to mediate F-F connections, as observed with the FAZ2 null mutant (Halliday
et al., 2020). The cell body domain FAZ protein, FAZ2 appears as a short structure
and remains within the neck, while FAZ10 and FAZ3 representing exit and collar

regions were unaffected.

In the parental cells, the flagellum, intracellular and cell body domains are located
together along the length of the flagellar pocket neck and as the new flagellum
elongates, the new FAZ is also formed (Fig 6.11A). However, deletion of FAZ2 led to

the disconnection of the flagellum and intracellular FAZ domains from the cell body
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FAZ domain, causing the former domains to extend the anterior cell tip out along the
flagellum during flagellum elongation (Fig 6.11B). This ultimately results in an
extension of the anterior cell tip that connects both flagella (Halliday et al., 2020). It
was suggested that this anterior tip structure would eventually break away from the
cell body and appear as membranous bridge, connecting two flagella as observed by
SEM (Fig 6.11B) (Halliday et al., 2020). Given that the deletion of CC2D disrupted the
FAZ domain organisation in a similar manner to the FAZ2 null mutant, it is logical to
predict that the F-F connections in the CC2D null mutant are the result of erroneous
anterior cell tip extension leading to the formation of a membranous bridge (Fig
6.11C). CC2D like FAZ2 is therefore important for forming the connection between
cell body and intracellular FAZ domains and by extension for anterior cell tip

morphogenesis.
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Figure 6.11 F-F connections in CC2D null mutant is predicted to be similar to FAZ2
null mutant. Organisation of FAZ domains in 1FIN1K and 2F2N2K cells of A) the parental,
B) FAZ2 null mutant and C) CC2D null mutant. The following proteins FLAM3 (flagellum
domain), FLA1BP and FAZS5 (intracellular proteins), FAZ2 (cell body domain), FAZ3 (distal to
collar) and FAZ10 (exit) were used for the all cell lines, except ClpGM6 was used to represent
flagellum domain and FAZ1 was used to represent cell body domain and distal to collar region

in the FAZ2 null mutant. FAZ2 model was adapted from (Halliday et al., 2020).
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6.9.2 FAZ2 is the start of FAZ assembly hierarchy

The previous study on FAZ2 in L. mexicana showed that the absence of FAZ2 caused
a big disruption to the FAZ structure. It was demonstrated that the intracellular
domain proteins FAZ5 and FLA1BP and flagellum domain protein ClpGM6 were mis-
localised (Halliday et al., 2020). Additionally, the work described in this chapter
demonstrated that CC2D, a cell body domain protein was also affected by FAZ2
deletion and was absent from the FAZ region. CC2D deletion was similar, it caused
the mislocalisation of both intracellular proteins (FAZ5 and FLA1BP) and flagellum
domain protein FLAM3, while FAZ2 remained, albeit with a shorter signal.
Interestingly, deletion of FAZS5, a intracellular protein on the cell body membrane
resulted in the mislocalisation of the flagellum domain protein (ClpGM6) and FLA1BP
(intracellular domain on the flagellum side), while FAZ1 (cell body) was unaffected
(Sunter et al., 2019). This demonstrates that CC2D, FAZ2 and FAZ5 deletion has a
similar impact on the flagellum domain, while CC2D and FAZ2 also have an additional
impact on both membranes of the intracellular domain localisation (Sunter et al.,
2019; Halliday et al., 2020). This suggests a hierarchy of FAZ assembly, with the cell
body domain proteins, FAZ2 and CC2D, being required for the correct localisation of
both flagellum and intracellular FAZ domain proteins and confirms their importance
in forming connections between cell body and intracellular FAZ domains. Moreover,
the cell body side of the intracellular domain is required for the assembly of the
flagellum domain (Sunter et al., 2019), suggesting that FAZ assembly proceeds from

cell body to flagellum side (Fig 6.12).

Here, it was showed that FAZ2 is assembled into the FAZ before CC2D and that the
subsequent assembly of CC2D is dependent on the presence of FAZ2. The
relationship of CC2D and FAZ2 seen in L. mexicana differs to that seenin T. brucei. In
T. brucei, FAZ2 and CC2D form a complex (with KMP11) that are interdependent (Q.
Zhou et al., 2015). RNAi studies demonstrated that CC2D knockdown led to depletion
of FAZ2, and vice versa (Q. Zhou et al., 2015). The phenotype and therefore function
of CC2D diverges slightly from FAZ2 in L. mexicana, which suggests these proteins

may not share the exact same location within the cell body domain. This may explain
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the dependency relationship differences between these two proteins in L. mexicana

and T. brucei.
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Figure 6.12 FAZ2 is head of FAZ assembly hierarchy. Cell body proteins FAZ2 and CC2D
are required for assembly of flagellum and intracellular domain proteins, while FAZ2 is
required for CC2D assembly. FAZ5, an intracellular protein in cell body membrane, is required
for flagellum domain assembly. This demonstrates an order of assembly starting at the cell

body domain and ending at the flagellum domain.
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6.9.3 CC2D has a role in flagellum attachment

Deletion of FAZ27 and FAZ34 led to short flagellum cells and loose flagella, with the
detachment of the flagellum from the cell body the likely explanation for this
phenotype. Given the similar phenotype seen after deletion of CC2D, flagellum
detachment is also the logical explanation; however, intriguingly the flagellum of
CC2D null mutants was not as easily detachable, as those in the FAZ27 and FAZ34 null
mutants (Chapter 5). This demonstrates that while CC2D is required for flagellum
attachment, its role on attachment is not as critical as the flagellum domain proteins
FAZ27 and FAZ34. Moreover, this suggests that the residual FAZ structure in the CC2D

null mutant is more robust than after the deletion of FAZ27 and FAZ34.

Additionally, CC2D deletion caused a disruption to the localisation of the flagellum
domain protein FLAM3, which was also disrupted in the FAZ27 and lost in FAZ34 null
mutants (Chapter 5) and FAZ5 (Sunter et al., 2019). In all these mutants the flagellum
FAZ domain protein signal was observed on the flagellum beyond the anterior cell
tip. This demonstrates that CC2D, FAZ5, FAZ27 and FAZ34 share a similar role of being
required for FLAM3 assembly. In the CC2D null mutant, an additional FLAM3 signal
was also observed at a close proximity to the kinetoplast during 1FIN1K

configuration, similar to what was seen for FAZ27 null mutant (Chapter 5).

With FAZS5 also suspected to be important for flagellum attachment (Chapter 4), this
suggests that CC2D is likely positioned in close proximity to FAZ5 and the junctional
complexes connecting the flagellum to the cell body. While FAZ2 which is not
required for flagellum attachment could be positioned further away (Sunter et al.,
2019; Halliday et al., 2020). This also suggests a hierarchy of importance for flagellum
attachment for the different FAZ domains, with the flagellum and intracellular
domains being more important than the cell body domain. This lower level of
attachment impact seen in the CC2D null mutant could be explained by the FAZ
filament not being closely associated with the primary attachment area in L.

mexicana (Wheeler, Sunter and Gull, 2016).
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6.9.4 CC2D and cell body domain proteins play a smaller role in cell

morphogenesis

CC2D null mutant showed reduction in cell body length, similar to what was seen for
FAZ2 null mutant (Halliday et al., 2020). However, its impact on cell body length is
not as dramatic as seen for the flagellum domain FAZ27 and FAZ34 null mutants
(Chapter 5) and the intracellular domain FAZ5 null mutant (Sunter et al., 2019). This
suggests that cell body FAZ domain proteins play a smaller role in cell morphogenesis.
This trend is similar to that seen in T. brucei. The flagellum domain proteins ClpGM®6,
FLAM3 and FAZ27 knockdown caused trypomastigote to epimastigote-like
morphology changes, while CC2D and FAZ2 knockdown caused flagellum
detachment and cell death in addition to cell morphogenesis defects (Rotureau,
Subota and Bastin, 2011; Zhou et al., 2011; Hayes et al., 2014; Sunter et al., 2015; An
etal., 2020).

6.9.5 CC2D is important for motility

Deletion of CC2D led to motility defects. The CC2D null mutant had lost its ability to
engage in progressive movement. Interestingly, the CC2D null mutant also showed a
bimodal speed distribution, with one similar to the parental and the add-back while
the other was slower moving. A study on FAZ2 deletion showed that motility was
impaired, which was due to both cell body to flagellum and flagellum to flagellum
connection abnormalities, affecting progressive movement (Halliday et al., 2020).
FAZ5 deletion also showed motility was affected with little processive movement,
which was caused by the lack of coordination in flagellar beat patterns (Sunter et al.,
2019). The CC2D null mutant shared a similar flagellum attachment disruption as
seen for FAZ5, likely affecting the flagellar beat coordination and additionally a
disconnection between flagellum and cell body domains and flagellum to flagellum
connections seen for FAZ2, which explains the severity of motility affecting both

directional persistence and speed.
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Conclusions and Outlook
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7.1 Towards a greater understanding of FAZ function in Leishmania

This thesis sought to address two interlinked questions - 1) How is the molecular
structure of the FAZ organised in L. mexicana? and 2) What are the specific roles of
the FAZ proteins in relation to FAZ assembly and cell morphogenesis? Below, are the
summarised key findings from this thesis, which has contributed to a much-improved

insight into the molecular organisation and function of the FAZ in Leishmania.
7.1.1 Identification of FAZ proteins in L. mexicana

The endogenous tagging of FAZ orthologs identified through TrypTag led to the
discovery of 20 additional FAZ proteins to the eight already discovered (FLA1BP,
ClpGM®6, FAZ1, FAZS8, FAZ2, FAZ5, FAZ10 and FAZ7) in L. mexicana (Wheeler, Sunter
and Gull, 2016; Sunter et al., 2019; Halliday et al., 2020; Corrales et al., 2021). The
localisation classes of these 28 proteins within three structural domains (flagellum,
intracellular and cell body) of the FAZ complex were determined; 1) Linear on the
flagellum side, 2) Linear on the cell body side, 3) Ring/horseshoe distal to the collar
region, 4) Ring/horseshoe at the exit point and 5) Linear on the flagellum side
combined with ring/horseshoe distal to the collar region. These FAZ classes identified
in L. mexicana was found to correlate with specific groups in T. brucei. Examples of
this include Class | and Il linear localisations on the flagellum side and cell body side
in L. mexicana correlating with localisations in the flagellum and cell body domains
in T. brucei, respectively. Meanwhile, Class IV, exit point localisations in L. mexicana
are linked to distal enriched/only in T. brucei. The localisation screening and
conservation analysis of FAZ orthologs also revealed FAZ proteins specific to the
trypomastigote and epimastigote morphology, and included proteins involved in

cytokinesis regulation and connections with the ER.

203



7.1.2 Identification of FAZ functional groups in L. mexicana

The deletion of 23 FAZ proteins described in Chapter 4 revealed a correlation of
functions associated with different localisation classes and structural domains.
Within each FAZ domain, different levels of phenotype were detected, suggesting
that specific functions and the importance of the proteins analysed are connected to
their exact location. FAZ27, FAZ34 and FLA1BP of Class |, linear on the flagellum side
were associated with flagellum attachment and cell morphogenesis. While on the
other hand, FAZ5, CC2D and FAZ2 of Class I, linear on the cell body side had roles in
flagellum attachment, cell morphology and anterior cell tip morphogenesis. Class I,
distal to the collar protein FAZ3, is potentially responsible for ensuring the correct
assembly of the FAZ, while FAZ10 from Class IV, at the exit point demonstrated
importance for cleavage furrow ingression. Class V proteins, linear on the flagellum
side combined with ring/horseshoe distal to the collar region, which did not have a
phenotype, were not required for core FAZ functions and could be associated with

roles outside the attachment region.
7.1.3 Specific functions of FAZ27, FAZ34 and CC2D

Further analyses of FAZ27 and FAZ34 from the linear structure within the flagellum
domain described in Chapter 5 revealed they are important for flagellum attachment.
Moreover, work in Chapter 6 revealed that CC2D with the same linear structure from
the cell body domain was found to be important for flagellum attachment and
anterior cell tip morphogenesis and is dependent on FAZ2 for assembly. The function
of CC2D in both flagellum attachment and cell tip morphogenesis suggested that
CC2D is likely to be located between FAZ5 (suspected to be important for flagellum
attachment) in the cell body membrane and FAZ2 (important for anterior cell tip
morphogenesis) in the cell body region. The combined analysis of these three FAZ
proteins also defined the assembly hierarchy of three structural domains, the cell
body, intracellular and flagellum domains with FAZ2 of the cell body domain being a
key foundational protein. In conclusion, the work described in this thesis made
important discoveries on the FAZ structure of L. mexicana and the revealed the

specific functions of flagellum and cell body domains.
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7.2 Limitations and future perspectives

The discovery of FAZ proteins in L. mexicana was driven by analysing a cohort of FAZ
orthologs conserved in T. brucei. The OrthoMCL output used to do this changes over
time with data entries being added or removed, which creates the potential for
missing a small number of FAZ orthologs. It is also important to consider that
Leishmania promastigote/amastigote morphology differs from
trypomastigote/epimastigote morphology seen for T. brucei (Hoare and Wallace,
1966; Wheeler, Gluenz and Gull, 2013; Sunter and Gull, 2017). In fact, the
conservation analysis of FAZ proteins in T. brucei demonstrated that while 91% FAZ
proteins are conserved in the more closely related organism T. cruzi, 36% are lost in
L. mexicana suggesting that the difference and divergence of FAZ proteins are
associated with their morphological differences. Additionally, the promastigote form
is likely the ancestral form of trypanosomatids with the trypomastigote form evolving
later (Flegontov et al., 2013). It is therefore likely that L. mexicana would maintain
promastigote specific FAZ proteins that are lost in T. brucei which would not be found
by the experimental approach taken here. Interestingly, none of the proteins
identified so far localised to both the exit point and linear structure along the neck.
This could indicate that they are separate elements of the attachment structure or
the proteins that localise to both these regions could be promastigote specific, yet to
be discovered. The discovery of FAZ proteins and their localisations offers an
opportunity to identify further FAZ partners using a range of experimental methods
such as immunoprecipitation. This will give further insight into the complexity of FAZ
molecular structure and potentially uncovering additional functions in relation to the

specific cellular morphology of L. mexicana.

Flagellar pocket organisation in amastigotes is similar to promastigotes, except that
the pocket is wider with narrower flagellum neck region. The FAZ organisation was
also seen to surround the entire flagellum, which differs from the promastigotes
(Wheeler, Sunter and Gull, 2016). These changes in response to flagellum
restructuring is an adaptation to minimise the total area for survival in mammalian
host (Eva Gluenz et al., 2010; Wheeler, Sunter and Gull, 2016). The work described in

this thesis focussed solely on promastigotes, so a little understanding of the FAZ
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make up in amastigotes remains. In previous studies, it was demonstrated that FAZ5
and FAZ7B deletion affected flagellar pocket morphogenesis in amastigotes, and in
addition to FAZ2 deletion, they reduced pathogenicity in mice (Sunter et al., 2019;
Halliday et al., 2020; Corrales et al., 2021). Meanwhile FAZ5 deletion was also found
to reduce the rate of endocytosis (Sunter et al., 2019). This suggests that FAZ is
important for flagellar pocket function. This extent of flagellar pocket function
(nutrient uptake and maintaining pathogenicity) was not tested for FAZ27, FAZ34 and
CC2D null mutants. It is highly possible that especially for the flagellum domain
proteins FAZ27 and FAZ34, which were found to be hugely critical for flagellum
attachment in promastigotes, are important for maintaining narrow constriction of
the flagellar pocket neck in amastigotes. This could be essential for survival in
mammalian host. Examining the FAZ biology in amastigotes will give a further insight

into FAZ role in flagellar pocket function in immune evasion and growth.
7.4 Concluding remarks

The FAZ is an important feature for the determination of the promastigote
morphology in L. mexicana. Building on previous studies, the dissection of different
components in a complex FAZ structure revealed functional groups important for a
variety of functions including FAZ assembly and order, flagellum attachment and
flagellar pocket architecture. This work supported the evidence for the importance
of an ordered FAZ structure for maintaining flagellar pocket architecture and

determining cell morphogenesis and motility.
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Appendix A

Primers for tagging FAZ orthologs in L.mexicana

N-terminal

GenelD
LmxM.02.0140

LmxM.04.0890
LmxM.04.1100
LmxM.09.0520
LmxM.09.1050
LmxM.10.0620
LmxM.11.1320
LmxM.12.0360
LmxM.12.1120
LmxM.12.1190
LmxM.13.1590
LmxM.13.1610
LmxM.14.1200
LmxM.16.0490
LmxM.16.1660
LmxM.18.1080

LmxM.18.1440

Upstream forward
GAGCCATCCAGCCCTCCTCTTCTGTCTCCTgtataatgcagacctgctge

CATCACCCCCGTGCCCTCCCCCCTCCCCCGgtataatgcagacctgetge
AACCTCGTCGTGCAGCGCTCCTTGTGTCCTgtataatgcagacctgetge
ACACGAACGTATCCTCCACGGACTTCGCCTgtataatgcagacctgctge
CGTGTCCCTTGGTGCCGCGACGGGAACCCCgtataatgcagacctgetge
TCGCGCACTCTCTCTCTTAGAGCAGACCCGgtataatgcagacctgctge
AGGATACAGTTGCTCATCCTTTCCTATCCTgtataatgcagacctgetge
TCTCCCGCAACCCCCCTCCCCGCCGCTCCGgtataatgcagacctgetge
GCACGCAGGGGAAAGTTTATTTTTCTTCCAgtataatgcagacctgetge
CCCGCGCCTCTCTGCAGCGGTCATCCACCGgtataatgcagacctgcetge
TTTTCTTTGCTGCTTGATTGTGGCTCTCCTgtataatgcagacctgetge
CTACCGGTGAGCTTCATTTCTTTTCTTCCTgtataatgcagacctgetge
TCTCCTTTTCCACCTACACTCACATATAGCgtataatgcagacctgetge
CAACGGACCGAAACACCAGAAGCTCACCCGgtataatgcagacctgctge
CTCCTGCGCTGGAGGTTGCGCGTTTGCGCGgtataatgcagacctgetge
CCTCTCTTGCGCCTTGAAGATTTTGTTCCTgtataatgcagacctgcetge

CATCTCTTCGTTTATCTGCCCACGCCTCCTgtataatgcagacctgctge

U pstream reverse
TTTGCCTTCTGCCGCCCAGCGGAACTCCATactacccgatcctgatccag

CCGGCGTGGGCTCGACGCGGCGTTCCCCATactacccgatcctgatccag
CGCCGCCTGCTGTGGCTTTACTCGGGACATactacccgatectgatccag
CGTGGCCAACGTCTGAACGGCTGCGCTCATactacccgatcctgatccag
CACGATGATGTTGGGGGCTCTAGCATCCATactacccgatcctgatccag
CGCAGACACTCGACGGATGCAGCGTCCCATactacccgatcctgatccag
TGGACCAACACTACCAGCTTTGGGTGCCATactacccgatcectgatccag
GTCCAGCGGCCCAATGAGTGAGACAACCATactacccgatcctgatccag
CGCCATCGTGAAGGGCGCGGATGACGTCATactacccgatcctgatccag
GTCACCGCCGCTGGAGCCATGAAAGTGCATactacccgatcctgatccag
CTGCCCTGCGAACACGGAGACGCGCGACATactacccgatcctgatccag
AACAAGCAGCTGCTTCAGCTGCGACTCCATactacccgatcctgatccag
CGCCACTCGGTCATCCTGACCCCGATGCATactacccgatcctgatccag
CATGAAGACGAATACGCGGCAGCACTTCATactacccgatcctgatccag
GGCTGGTGTGGCGCTCGCTGGCCGCCTCATactacccgatcctgatccag
CCATTTGGAAGCTTCGGCCTTGGTGATCATactacccgatcctgatccag

CATCTGCTCGCGCGAGATCCGGCCGCCCATactacccgatcctgatccag

5' sgRNA
gaaattaatacgactcactataggCTGGACGTGAGTAAGCGTGGgttttagagctagaaatage
gaaattaatacgactcactataggATGGCGGCGCTTCGCAGAGAgttttagagctagaaatage
gaaattaatacgactcactataggGGCGAGAGAGGGAGGGGTGCgttttagagctagaaatage
gaaattaatacgactcactataggAGAGAGGTTCAGCAGCGAGAgttttagagctagaaatage
gaaattaatacgactcactatagg TTTCCGTGCTCTTCTCTTCGgttttagagctagaaatage
gaaattaatacgactcactataggGTGCGTGCAACGTCGTTTATgttttagagctagaaatage
gaaattaatacgactcactataggACTTGGACCAAAAACAGGCGgttttagagctagaaatage
gaaattaatacgactcactataggACAGCAGCGTAGGTGGCCTGgttttagagctagaaatage
gaaattaatacgactcactataggGAAGGTAAGGGGCAGAAACCgttttagagctagaaatage
gaaattaatacgactcactataggTTCACGAGCGCGCGCGAGTTgttttagagctagaaatage
gaaattaatacgactcactataggCGGCACAAAAATAATTAGCAgttttagagctagaaatage
gaaattaatacgactcactataggGCCCTTGGTTCAAGGTTCAAgttttagagctagaaatage
gaaattaatacgactcactataggGCATCACACAGGACTGCCATgttttagagctagaaatage
gaaattaatacgactcactataggGCTGCACGGTGACACAGATCgttttagagctagaaatagce
gaaattaatacgactcactataggTGTGGCGGTTGGTCTCTGTGgttttagagctagaaatage
gaaattaatacgactcactataggTAAGGATACGACCGAGCAAAgttttagagctagaaatage

gaaattaatacgactcactataggGATGGTCTCTGGGTACGCAGgttttagagctagaaatage
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LmxM.18.1560
LmxM.19.0140
LmxM.19.0680
LmxM.21.0700
LmxM.21.0940
LmxM.21.1220
LmxM.21.1240
LmxM.21.1350
LmxM.22.1010
LmxM.22.1320
LmxM.23.0080
LmxM.24.0700
LmxM.24.1430
LmxM.27.0490
LmxM.27.1040
LmxM.27.1400
LmxM.28.1650
LmxM.29.2580
LmxM.29.2670
LmxM.30.2590
LmxM.30.3110
LmxM.31.0220
LmxM.31.0140

LmxM.31.2610
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AGACGTCGTGCGCCAGCTTTGCTCCATCCGgtataatgcagacctgetge
TCGCAGTGCCCTCTTTTTCGTTTCTATCCTgtataatgcagacctgetge
TCTCGCACCGCCTCGCTCACGGACAGGCCGgtataatgcagacctgetge
TGTCACGTAAAAGGCGAGCGGTAGTTTCATgtataatgcagacctgetge
CTCGGCTCTCTCACACTCTCACACTGTACAgtataatgcagacctgcetge
CTCCCCCACAAACACTCGCACCTACGGCCAgtataatgcagacctgctge
AGACGAAGAAGGAAACCACCCTCAGCACCAgtataatgcagacctgctge
GCTCTCACCTCCACCACCCCTTTCCCTCCCgtataatgcagacctgetge
GTCACGCCGCGGGGAGGGGGGGGCGCACCGgtataatgcagacctgetge
TTACGTCGGTATATCTTATTTCTCACACCTgtataatgcagacctgetge
ACACACACACACACACACACGACACAGACAgtataatgcagacctgcetge
GGTGGTGTGCGCCAGCCCACAAGAAAAAAAgtataatgcagacctgetge
GCGAGTGCAGCTCGTACAGGAGACAGGAGCgtataatgcagacctgetge
GCATCGTACAACCGTTTTTCTTTTTCGCCTgtataatgcagacctgetge
CCTTTTTTCCCCTTTCCATATCTCTTTCCAgtataatgcagacctgetge
TTCTTGATTGGTTAGACACTGTGTTCACCTgtataatgcagacctgetge
ACGCACTCGCACACATGTGCGTCATATCTTgtataatgcagacctgetge
CATATATACACACACCTACTCCCCCCTCCCgtataatgcagacctgetge
TGTATATCGACATCAAACTGCACAACACCAgtataatgcagacctgcetge
TCCGTCGTCCTTCATTTTGTGCCGACGCCCgtataatgcagacctgetge
GCCTGCGCTGGCAGAGGACACCTGCTCGCTgtataatgcagacctgcetge
TGTGAGGCAGAAAGCGACCAAGAGACTCCAgtataatgcagacctgetge
CGAGGGGGAGGGGTTAGGGTCAGGAGACCGgtataatgcagacctgetge

TTGCTGCACAACGAGCGACGTCCGTCTCCTgtataatgcagacctgctge

CGATTCATGTGCAGGGTCGACCGGGAACATactacccgatcctgatccag
GCTCGCCCCGTTGTCGCTACTCGGCTGCATactacccgatcctgatccag
GAGGGAGCGGGCAGACATGGATCCGTTCATactacccgatcctgatccag
CTTGATGCGCACCGCAACTAAATCCTCCATactacccgatcctgatccag
GCGCAGCGGCGACTCGAGAGAGGACGGCATactacccgatcctgatccag
ATCATAGCGCTTCAGCTTGCGGTTTTCCATactacccgatcctgatccag
CTCCGCCCGGGGAGTGGGGCGGTACATCATactacccgatcctgatccag
GCCGCGTGCCTTATCTCCACCGTAGCTCATactacccgatcctgatccag
GCTATCTGCGCAACCGCCGTCAAACGACATactacccgatcctgatccag
CGCCGCTGTGGTAGATGCCGCGTAGAGCATactacccgatcctgatccag
CTCGCGTGGGACTATCGCTCCGTCTGACATactacccgatcctgatccag
GGCCGCCCGCTGCCGTCGTTTTCGCGACATactacccgatcctgatccag
GGGTTGCAGCACGGTGGTGGACCGCTTCATactacccgatcctgatccag
TGTTTCGTGGTGAGAAGATGCCGCCATCATactacccgatcctgatccag
TGGGAAGTCGCCCGTGCCGTTCGGCTGCATactacccgatcctgatccag
CGTGAGCAACACCGTAAGCACTCGCGACATactacccgatcctgatccag
GCCGATGCTAAGTACCTTCTTGCGAATCATactacccgatcctgatccag
CCCCGTGAACTCCTTCGCGATGGCCGACATactacccgatcctgatccag
ACGACGGTTTCCAAAGGCCAGGTCACCCATactacccgatcctgatccag
CACCTTCTGGCGCACGTCCGCGGACGACATactacccgatcctgatccag
CACGCTGATTTCTTCACGAGGCAGTGACATactacccgatcctgatccag
ACTCTGGCACTGGCACGAGAAGGTGAACATactacccgatcctgatccag
CGAGGCTATTTCACACCCCACCGTGTTCATactacccgatcctgatccag

CTCACTGCTGCTAACTGTGTAGTGGCTCATactacccgatcctgatccag

gaaattaatacgactcactataggCTTGTGTGTTCGTCCGGTATgttttagagctagaaatage
gaaattaatacgactcactataggCGCGCGCACCTCGATAAAAAgttttagagctagaaatage
gaaattaatacgactcactataggAGGATGTAGCAAGATGGCAAgttttagagctagaaatage
gaaattaatacgactcactataggACATTCGGGAGGTCTGATTCgttttagagctagaaatagce
gaaattaatacgactcactataggCTGCTGTTGGTGTTCGCGACgttttagagctagaaatage
gaaattaatacgactcactataggCACGCAGTAAGCCGCGTGCGgttttagagctagaaatage
gaaattaatacgactcactataggAATACTGTGCAGCTGCGTGCgttttagagctagaaatage
gaaattaatacgactcactataggAGACGAACGTGTGCGACGGCgttttagagctagaaatage
gaaattaatacgactcactataggAGAAAAGACAAAAACGACAGgttttagagctagaaatage
gaaattaatacgactcactataggGGGAGACGATGTTGGAAGAGgttttagagctagaaatage
gaaattaatacgactcactataggCAACAATAACACGTCCACAAgttttagagctagaaatage
gaaattaatacgactcactataggACTTTCGATTTGTGAGCCAAgttttagagctagaaatagce
gaaattaatacgactcactataggGCGCTCCGCGTTTTGTGATTgttttagagctagaaatage
gaaattaatacgactcactataggGACGTCACGGAAATAAGATGgttttagagctagaaatage
gaaattaatacgactcactataggACGTGTGTTTACGTGGAATGgttttagagctagaaatage
gaaattaatacgactcactataggTCACAGACGCTCTGCGAAGAgttttagagctagaaatage
gaaattaatacgactcactataggCGTCGTCGCTGTCTTTTCTCgttttagagctagaaatage
gaaattaatacgactcactataggAGCTCGTGGTGTGGGTTAAGgttttagagctagaaatage
gaaattaatacgactcactataggGGTTTTTTTTCTTCTTCTTTgttttagagctagaaatage
gaaattaatacgactcactataggGCCTACGTGAGAGCGGTTTCgttttagagctagaaatage
gaaattaatacgactcactataggTTCTAGCCTCGCCACTACAGgttttagagctagaaatage
gaaattaatacgactcactataggGCGCGCGCCTGCCGCTCACCgttttagagctagaaatage
gaaattaatacgactcactataggTGCACAGTTCAGGCTTCCGGgttttagagctagaaatage

gaaattaatacgactcactataggTCTGATGCAAGGAACTTGTGgttttagagctagaaatage



LmxM.31.2680

LmxM.32.1035

LmxM.32.2460

LmxM.33.0060

LmxM.33.0190

LmxM.33.0690

LmxM.33.2540

LmxM.33.2570

LmxM.34.2221

LmxM.34.3720

LmxM.34.5010

LmxM.36.0830

LmxM.36.1920

LmxM.36.4330

LmxM.36.5970

LmxM.36.6960

ACACACACACACAATATCTTCAACAGTCCGgtataatgcagacctgctge
CAAGGTGATTGTCATTCAGTCGAGCAGCCAgtataatgcagacctgetge
TCACTCCACAGCACCCCCTCATCCTCTGCAgtataatgcagacctgcetge
CGTATTACCTGTTGTGCGTGCGGCGCCCCAgtataatgcagacctgetge
AATCATCTAAAGCCCTCCCCGCTCTCTCCCgtataatgcagacctgctge
AACCCCCCGAAAGTTTTAGTGTTGACTCCGgtataatgcagacctgctge
CTCTTATCTCCCCGTTTTCAAGTGTTTCCGgtataatgcagacctgetge
TGAAAACGACGTTAGTCCCTCACTCTTCCGgtataatgcagacctgcetge
CCTATCCATTTAACCCACACCAACACACCAgtataatgcagacctgetge
ACTCTGCGTGTTTTCTTCACTCCCCGTCCCgtataatgcagacctgetge
CTTCCCGTTTCTTCCCGCCTCGTGTTTCCCgtataatgcagacctgetge
CACCGGGGACGGCGTTTTCTTTTTCCTCCTgtataatgcagacctgetge
GAAGAGGAGAAATACTTTCAAGGAGATAGAgtataatgcagacctgetge
AACACTTCTCTTCTCTCTGTCTTAGATCCTgtataatgcagacctgetge
TCCCGCTGTGTGTTGTCGCTGTGACTGCCTgtataatgcagacctgetge

GTTGACCATCGTTAGAGTTTAGTTTCTTTGgtataatgcagacctgetge

GCCGCTCATCGGTACGAGCGGTTCTGGCATactacccgatcctgatccag
CTCCTTGTTCTTGGAAGTGCTGCACCCCATactacccgatcctgatccag
CAGCTCTTGCGTGTGCGGGACAAGCGACATactacccgatcctgatccag
TACCCCACATAGCCGAATTTCGACATGCATactacccgatcctgatccag
CACAGCAGGGGCGACAATCTCCTCCGTCATactacccgatcctgatccag
GGGGGGATTGATGTTGCTCGAAAAAGACATactacccgatcctgatccag
CACAGAGTCGACGGGTGCTATACGGGACATactacccgatcectgatccag
GCTCACCCAGGAGAGCTCAAGCGCGCTCATactacccgatcctgatccag
CGCCGAAAACTCCTCGTACGTGGTGGCCATactacccgatcctgatccag
CGCAACAGGGTCCATTGTGGCGAGCTCCATactacccgatcctgatccag
CTTCTTGCCTAAGATTTGGTACTTCTGCATactacccgatcctgatccag
CGAAGCAGAAGCCTGCGAAGAGGTTGGCATactacccgatcctgatccag
GGCGCCGTAGCCGACACTTGTGGGCTGCATactacccgatcctgatccag
TGACGATGTGCTGCGGCGAGTGCGTGGCATactacccgatcctgatccag
GCGCTTGCGCGGCGGGTGGCCGTTGCACATactacccgatcctgatccag

CTCGATAGACTGTTGCTGCTCCATCGTCATactacccgatcctgatccag

gaaattaatacgactcactataggCTGATAGGCAGGGCCGAAAGgttttagagctagaaatage
gaaattaatacgactcactataggATTAATACTTGTGACGTGAGgttttagagctagaaatage
gaaattaatacgactcactataggAGCACAACGTTCGTTGAAGCgttttagagctagaaatage
gaaattaatacgactcactataggTTTCAAAGCCGAGCCGGATGgttttagagctagaaatage
gaaattaatacgactcactataggGATATATAAAGCGTATGTGAgttttagagctagaaatage
gaaattaatacgactcactataggTATGTTGTTGTAGTTTTCT Tgttttagagctagaaatage
gaaattaatacgactcactataggAGCTGGACAGCAGACAACAGgttttagagctagaaatagce
gaaattaatacgactcactataggAAGGGAGTTGTGGGGATGTGgttttagagctagaaatage
gaaattaatacgactcactataggGAGCGCGTGAAAGGAGAGGGgttttagagctagaaatage
gaaattaatacgactcactataggTGCTTCCTCGTGTGCGGAGAgttttagagctagaaatage
gaaattaatacgactcactatagg GCACACCACTGATGAGAAGTgttttagagctagaaatage
gaaattaatacgactcactataggGCGTTTGAAAACACCCCAAAgttttagagctagaaatagc
gaaattaatacgactcactataggGCGAGCGAGCGAGTGCAACTgttttagagctagaaatage
gaaattaatacgactcactataggTCATCAAAGAAGAACGTTGCgttttagagctagaaatage
gaaattaatacgactcactataggCCAAAAAAAAACGTCGAAGAgttttagagctagaaatage

gaaattaatacgactcactataggCTTTCCACTTTGTGCTGTGCgttttagagctagaaatage
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C-terminal

GenelD
LmxM.02.0140

LmxM.04.0890
LmxM.04.1100
LmxM.09.0520
LmxM.09.1050
LmxM.10.0620
LmxM.11.1320
LmxM.12.0360
LmxM.12.1120
LmxM.12.1190
LmxM.13.1590
LmxM.13.1610
LmxM.14.0120
LmxM.14.1200
LmxM.16.0490
LmxM.16.1660
LmxM.18.1080
LmxM.18.1440
LmxM.18.1560

LmxM.19.0140

222

Downstream forward
GCCGTGCAGAATGTGCTGGAGGTCTTTCTAggttctggtagtggttccgg

ACGCGTCGCTTCAGCACCTCCACCAACCTGggttctggtagtggttcegg
CATTATCATCCGCTTGGCTCTCGCGCGGCAggttctggtagtggttccgg
TCGAGCTACACCGCAAGCGTTGCCTGTACTggttctggtagtggttccgg
GGCGATCTCGATGTGGAGGAGATGGCGGAGggttctggtagtggttccgg
GAGGAGGGAAGTCGTAACCCACTGAACGGGggttctggtagtggttcegg
TCCACTGTCTCCTCCTTTGACGGTGAACTGggttctggtagtggttcegg
AAAGCGATTCGCCTCAACATCATCAAGGAGggttctggtagtggttcegg
TGTGAGATCTACCAGATCATTGTTCGCTCCggttctggtagtggttccgg
GCGGTGGCAGATCAGGTCGTGCGTCTGCCGggttctggtagtggttcegg
TTCTACCCTGATGGAAAGCTGATGGAGGAGggttctggtagtggttccgg
ACCCGCCATGCTGGTGCCGCTGGCCGCCGCCggttctggtagtggttcegg
TACCGCTACTACGGCTGTCCTCCATCGAAGggttctggtagtggttccgg
CCGTACGAGCGGTACATCTTCCTTTGGCGCggttctggtagtggttcegg
GACGACGACGACGACGACGACGACGACGAGggttctggtagtggttccgg
TACGAGGGCAAACGGGCTCATCGAACTCTGggttctggtagtggttccgg
AACTTCTGCAACGGCCAGTATACGGACGAGggttctggtagtggttccgg
CAAGTGTTGGAGAAGATGAAGAATTTGATGggttctggtagtggttccgg
TCCGATGACGGCCAACGGTCTAGACGCACCggttctggtagtggttccgg

GTGCGCGCCTCCCAGGTGAAGAAGCTGGGCggttctggtagtggttccgg

Downstream reverse
GATACAGCTCGTGACGAGGGGGAGGCGCCAccaatttgagagacctgtgc

CCCAGCCACCCCGACATCCCTCACCTCCCCccaatttgagagacctgtge
TTCTTTGGCCACCGCCCCCCTGCCCCTCCGecaatttgagagacctgtge
CCTTGACCCCCGCCCCCGCCTCCTCCTCCC Cecaatttgagagacctgtge
GGTCATGCTGCGATGGCTGCTGTCGTTCCGcecaatttgagagacctgtge
GAATGGTATTGTGCACACTACGAGCTCCTTccaatttgagagacctgtge
GCAGTCGCTGGCGACAATCAACGACAACCTccaatttgagagacctgtgc
TCGGCTCTCTGTCAGTGCAGCCGCTACCCGccaatttgagagacctgtge
AAGGGAGGAGGGGGGACAGCAGGCTCGCCTccaatttgagagacctgtge
CCACACTCCCCTCCCCCTCCTTGTTGGCCAccaatttgagagacctgtge
AGGCTAGAGCAGAGATGCTGACGCGAAAAAccaatttgagagacctgtge
TCCGCCGATCTCGTGCTTAACGCTGTTCAGccaatttgagagacctgtge
GTGTGTGTGTTGTGCTCTGGTGCGCCTCCCccaatttgagagacctgtge
CCTGCATGTGAGCTGCCCGTCCTTCCTCCTccaatttgagagacctgtge
CCAACGGAATAGATGTATGGTCGAGTGAGCccaatttgagagacctgtge
GTGCAGACGCACGCCAAGTTTGTTTACCGCccaatttgagagacctgtge
CCGTCGCTCCCCCCTCCCCTTTCCGCACTTccaatttgagagacctgtge
GACGCCTCCACGAGCAGCACTACTCCTCGCccaatttgagagacctgtge
TCCCGCGCAGCATATCATCGCTGCCCTCCTccaatttgagagacctgtge

GAACTGTGGATTGTAAGGACCGCGATCCCAccaatttgagagacctgtgc

3' sgRNA
gaaattaatacgactcactataggAGGGATCGTCGCGTGTGATGgttttagagctagaaatage
gaaattaatacgactcactatagg GGTGACAGTGTGGTGCCTGTgttttagagctagaaatage
gaaattaatacgactcactataggAGTCCGTCTCAGACAGAGAGgttttagagctagaaatage
gaaattaatacgactcactataggAGGGAACGGACGGCAAGCCAgttttagagctagaaatage
gaaattaatacgactcactataggATGTCGTCTGTCGGCTATCGgttttagagctagaaatage
gaaattaatacgactcactataggCTACGGGGCCCCTCTCTCTAgttttagagctagaaatage
gaaattaatacgactcactataggTTCGTTGTGACTTTCCAGCGgttttagagctagaaatagce
gaaattaatacgactcactataggAGGGAAAGGCATCTGGCTGAgttttagagctagaaatage
gaaattaatacgactcactataggGGGCTGGTGAGGGCGTGTGCgttttagagctagaaatage
gaaattaatacgactcactatagg GAATCGCTTGCATATTGTCTgttttagagctagaaatage
gaaattaatacgactcactataggGTGAATAAAGACAACAAAGAgttttagagctagaaatage
gaaattaatacgactcactataggGTTCCCCACTCACAACGCACgttttagagctagaaatage
gaaattaatacgactcactataggTTTTTTTTCTTTACGCAGCGgttttagagctagaaatagc
gaaattaatacgactcactataggGGAGAGGGCGACAGGCAAACgttttagagctagaaatage
gaaattaatacgactcactataggGTGCACGCGTACCGGGGGAAgttttagagctagaaatage
gaaattaatacgactcactataggGGCTACGTGAACGGAACAAGgttttagagctagaaatage
gaaattaatacgactcactataggCAACACCTTGGAAGCAGGAAgttttagagctagaaatage
gaaattaatacgactcactataggGCTACATCGTCCTCCTCCTCgttttagagctagaaatagce
gaaattaatacgactcactataggAAAGAGGTGCGCTAGGCTGGgttttagagctagaaatagce

gaaattaatacgactcactataggGTGAGCGAGTGGTGAATATGgttttagagctagaaatage



LmxM.19.0680

LmxM.21.0700

LmxM.21.0940

LmxM.21.1220

LmxM.21.1240

LmxM.21.1350

LmxM.22.1010

LmxM.22.1320

LmxM.23.0080

LmxM.24.0700

LmxM.24.1430

LmxM.27.1040

LmxM.27.1400

LmxM.28.1650

LmxM.29.2580

LmxM.29.2670

LmxM.30.2590

LmxM.30.3110

LmxM.31.0220

LmxM.31.0140

LmxM.31.2610

LmxM.31.2680

LmxM.32.1035

LmxM.32.2460

ACCCCTGCTCGAAACGGCAATACGGCGGCGggttctggtagtggttccgg
CCGTCGGTGATTTCATCGAGGAGGCAGGCTggttctggtagtggttccgg
GTCGTGAACGGCTTCCTCTTCGCTACTCCGggttctggtagtggttccgg
CTGACAAGACGAACCCGTCCCACGCACACGggttctggtagtggttcegg
CCCTCCAAATCGCCGTCGCAGAACCGCCAGggttctggtagtggttccgg
GCCATGGCGCAGCGCAAGTCATCATGGCACggttctggtagtggttccgg
TCGTCACCACGAAAAGCCAAGAAGACGCAGggttctggtagtggttcecgg
CGTAGCAGCGGCACATCCGGACCTCTTCGCggttctggtagtggttccgg
ACGGTGCTGCGGAATCGACTTGAGTTGTTGggttctggtagtggttcegg
GAGGAGGAGGCCTCGATGGTGGTATCACCAggttctggtagtggttcegg
TACTTGGAGAACTGCGCCTCTGCGGGTCTGggttctggtagtggttcegg
GTGCTGCTCTCTGCGGTGCTGCGGATGGGCggttctggtagtggttccgg
GCGAGGCGCGACAGCACAGAGCCGTCCAAGggttctggtagtggttcegg
TCCAGCGGCCGCCCTTCTCGGCAGAGGTATggttctggtagtggttcegg
CAGCTTGAGGACATGGAGCGCAAGGCCCAGggttctggtagtggttccgg
TCTTTACAGAATCCGGACGATCCCTACGCGggttctggtagtggttcegg
AACAAGCAGTACAAGCCTTGCACCGTCATGggttctggtagtggttcegg
AGGACCCGGAAGGCGAAGGGCGGGTGCTGCggttctggtagtggttcegg
GGAGTGCTGACCGCTCTCTACGTGATGCATggttctggtagtggttccgg
CTGCAAGTTCTCTCGAAGGCCGCGAAGAAGggttctggtagtggttcecgg
CTGGAGCGCATCGAACACGGCTCGCAAGAGggttctggtagtggttccgg
AAGCGCCATTTAGACTTAAACCCGGAGGTGggttctggtagtggttcecgg
CGCGACGAAGGCTCGGATGTCGAGGCGGCTggttctggtagtggttccgg

TCTCCCTCGGCGGTGCGGCCCAACCGGCGCggttctggtagtggttcegg

AGCGTCACGAGTGTCGACCCGCACTCGCCTccaatttgagagacctgtge
AAGAGATAGGCACGTGTGGGACCTCGGCCTccaatttgagagacctgtge
CCCCTCCTCCTCCTCTGTTTTTCGCCGTCTccaatttgagagacctgtge
CTAACCATACCGTTTCGTTCTTTTCTTCCAccaatttgagagacctgtge
TGTACATGGGCGCCAGGATAAGGGATTCCCccaatttgagagacctgtgc
GTGGTCGTCCGCATAGCAGCTCGAGCGCCGccaatttgagagacctgtge
CCGTTGAACTCGCCGGCACCGCCCTTTCCTccaatttgagagacctgtge
CACACATGCGTATTCGCTTACATCAATCCAccaatttgagagacctgtgc
CACCACCACGAAAGACAAAACATTACATAGccaatttgagagacctgtge
TGCGCGCGTGAGCACGCGCGGCGTCGACCCccaatttgagagacctgtge
GAACTGCAGACCTCTCTTCTCTCGTCCCCGccaatttgagagacctgtge
GACGCGCATCATCCCCGTCTGTTGCGCCCCccaatttgagagacctgtge
TTCCCCCCTCTTCGTACACTTCCTCTTCCTccaatttgagagacctgtge
TGCGCCGTGGATGCTGGGCGCATATGACCTccaatttgagagacctgtgc
GTCTTGTCTAGCCGTCCCCTACCCTTGCCAccaatttgagagacctgtge
CTATCTCTCTCTCTCTCGGCGTGCACCAGCccaatttgagagacctgtge
GAGTCCTCTTGTCTGCTTGCGTGCTAGGACccaatttgagagacctgtge
TCCCCCCCTTGTTCTCTGCGCTCAGCACCAccaatttgagagacctgtge
TCAGCAGGCAAAGCAGCATGAAGTACAAAGccaatttgagagacctgtge
CCGCGATGCAGTCCCTCCCCCCTTCCGCCCccaatttgagagacctgtge
GAGGAAGATGTGCATCCTGTTTTTCTTCCGccaatttgagagacctgtge
CTCGCCCCCACCCCCCTCCACCGGCACCCC Cccaatttgagagacctgtgc
CAGTCTACTAGTTCGTTTTCTTCTCGGTGTccaatttgagagacctgtge

ACAAGCCGACTTCCCAACACGAAGCAACCCccaatttgagagacctgtge

gaaattaatacgactcactataggGAGAGGCGTCTGACTGATGTgttttagagctagaaatage
gaaattaatacgactcactataggCTACCTGTACTCTTCCATCGgttttagagctagaaatagce
gaaattaatacgactcactataggTCGGCTGCTCTCGCGCTTACgttttagagctagaaatage
gaaattaatacgactcactataggGCTGTGTGTTCAAGTACGTTgttttagagctagaaatage
gaaattaatacgactcactataggAGTTTGTGTGGAGTGCTCGCgttttagagctagaaatage
gaaattaatacgactcactataggCGGTGTGTCGAGGACTGTCGgttttagagctagaaatage
gaaattaatacgactcactataggAAAGGCTACCGAGACGCACGgttttagagctagaaatage
gaaattaatacgactcactataggATCGACGTTCTTATTTTCT Tgttttagagctagaaatage
gaaattaatacgactcactataggTAAAGAAACTCAGAGAGCAAgttttagagctagaaatage

gaaattaatacgactcactataggCATGAGCTCCCCTCCAGAGCgttttagagctagaaatage

gaaattaatacgactcactataggCGGCGGGGGGGGAGACGTGTgttttagagctagaaatage

gaaattaatacgactcactataggGGCTCACGGGCTGTGGGTGTgttttagagctagaaatage
gaaattaatacgactcactatagg TGTGTGTGTACGAATGACGAgttttagagctagaaatage
gaaattaatacgactcactataggAGGCAGAGAGAGGGGTAGGTgttttagagctagaaatage
gaaattaatacgactcactataggGAAATGCGGATTGGTGTACGgttttagagctagaaatage
gaaattaatacgactcactataggGTCCCTACACATACGCTTCCgttttagagctagaaatagc
gaaattaatacgactcactataggCGTGACGCTTAGGTGTGTGCgttttagagctagaaatage
gaaattaatacgactcactataggGCTTTCTCTCGGCTTTGCGTgttttagagctagaaatage
gaaattaatacgactcactataggGATAGCATGCACACGCACACgttttagagctagaaatage
gaaattaatacgactcactataggCCTGTGTGTGTGTGTGACTC Cgttttagagctagaaatage
gaaattaatacgactcactataggGCGAAAGTCAAAAAAAAAGAgttttagagctagaaatage
gaaattaatacgactcactataggTCACGCGAGAGGAGGCAAGAgttttagagctagaaatage
gaaattaatacgactcactataggACCTTGTCAAACGAAAGAAAgttttagagctagaaatage

gaaattaatacgactcactataggGTACGTCTCTCGCTCTTGTTgttttagagctagaaatagce
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LmxM.33.0060
LmxM.33.0190
LmxM.33.0690
LmxM.33.2540
LmxM.33.2570
LmxM.34.2221
LmxM.34.3720
LmxM.34.5010
LmxM.36.0830
LmxM.36.1920
LmxM.36.4330
LmxM.36.5970

LmxM.36.6960
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AACTCGGAGAAGTTGTCGAGGTCCAAGAGGggttctggtagtggttccgg
AAGCGTAGGACGTCCGTGCCGACACCTGCGggttctggtagtggttccgg
AACATCAAACAAGTGAGCTTTGATCACGACggttctggtagtggttccgg
GATGTTTACATGGCGTCCAACGAGCTACAGggttctggtagtggttcegg
GCACTGATGGACGAGAAGGTGACCAAAGCGggttctggtagtggttcegg
CAGCAGAAGGCTGCGCAGTACCCGTCCAAGggttctggtagtggttcegg
GCTCACAAGGCGGTATCGGGTCACAGGAAAggttctggtagtggttccgg
CTAGTCGCCCGAAGCCTGCCAAAGCTGATAggttctggtagtggttccgg
GTCTCGTTCTGTATCTTTGGCAACCGCGTCggttctggtagtggttccgg
GAGCGCGCGATGGTGTCGGGCCAAAGCCGCggttctggtagtggttccgg
GCGGCGTCAGCGGAAGCGGTGGACCGCTTCggttctggtagtggttcecgg
TCTGCAACCAGAGGCGCGGAGAGGAAGAGGggttctggtagtggttccgg

TGCGATACTCTTGCTGGGTCGCTCGATGACggttctggtagtggttccgg

CACGACAGGCAATTCCTAGCGCGGCAGCCCccaatttgagagacctgtgc
GCGTATTGGAGGTGGAGAGTGCACAGGGTTccaatttgagagacctgtge
ACTCAGAACTGCGCCACACATCACCCGCCTccaatttgagagacctgtge
CAAAAAGAAATCACCGCGAAGACTCCGCCTccaatttgagagacctgtgc
ATAGAAAGAGAAAGGGGGCGGGGAGTAGGCccaatttgagagacctgtge

GCCTACACGCTTCTTCTCGACTATCTTCCTccaatttgagagacctgtgc

TGCTCGCTTCACGCGATTTTTTCCCCTCCTccaattt ctgtge
CCCAAAAAAAAAGTGTACCAGACACGGCCAccaatttgagagacctgtge
GGGTATCCCTCCTCCGCCTCTCTGCCGCCAccaatttgagagacctgtge
CACAGACAGGCATGATCACGCATGTATGCCccaatttgagagacctgtge
GGCAAAGGGGGTGTGAGAGAGAGACAACATccaatttgagagacctgtge
AATGACGTACCAAGCAAGAGAGAGAGCCCTccaatttgagagacctgtgc

TGCAGCCGAAAGAAGGATACTCGAGCAGAGccaatttgagagacctgtge

gaaattaatacgactcactataggGACTTTAGTGTAGCTTCAGTgttttagagctagaaatage
gaaattaatacgactcactataggGTGGTTTACACAAGTTCCCTgttttagagctagaaatage
gaaattaatacgactcactataggAGTCGTGATTCTTGCTCGGGgttttagagctagaaatage
gaaattaatacgactcactataggATCAACGGCACAGGCGCAAAgttttagagctagaaatage
gaaattaatacgactcactataggTGGAGTGAGACAGCAGAAAAgttttagagctagaaatage
gaaattaatacgactcactataggCTACTTGATTTCATAGAAACgttttagagctagaaatage
gaaattaatacgactcactatagg TAAGGCAACAAGGGGAGGTGgttttagagctagaaatage
gaaattaatacgactcactataggAGTCACTGTCATGTGTGCGCgttttagagctagaaatage
gaaattaatacgactcactataggTAGGCAAGCTTGGCACAGTGgttttagagctagaaatagce
gaaattaatacgactcactataggTCTCGGTGCCGTCTGCCGCTgttttagagctagaaatage
gaaattaatacgactcactatagg TGGCATAAAAGAAAGCACT Cgttttagagctagaaatagce
gaaattaatacgactcactataggATACTTGTGTGGGGTTATTCgttttagagctagaaatagce

gaaattaatacgactcactataggCGTGTACAGCTGGCAGTGCTgttttagagctagaaatage



Appendix B

Non-FAZ localisations in L. mexicana

L.mexicana 1F1IN1K image 2F2N2K image Localisations
ortholog
LmxM.12.1190 Cytoplasm
(weak)

LmxM.29.2580 cytoskeleton
anterior,
cytoplasm

points

LmxM.22.1010 ER

cytoskeleton
posterior

T -
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LmxM.34.5010 Cytoplasm
e reticulated
mmm— (weak)
LmxM.21.0700 Cytoplasm,
cytoskeleton
anterior
LmxM.09.1050 ER
LmxM.14.1200 Cytoplasm,
lysosome
LmxM.31.2680 ER
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LmxM.24.0700

Cytoplasm
posterior
points
LmxM.02.0140
\
T S cytoplasm

LmxM.36.1920

Cytoskeleton
anterior,
cleavage

furrow

LmxM.36.6960 Cytoskeleton
anterior,
cleavage

furrow
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LmxM.27.1040 Cytoplasm
points
LmxM.13.1590 Cell tip
anterior,
BB,

kinetoplast,
Cytoskeleton

anterior
LmxM.29.2670 endocytic,
lysosome
LmxM.31.0220 Cytoplasm
points
LmxM.11.1320 ER

5 um
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LmxM.21.1220 Cell tip
posterior,
cytoplasm

point

LmxM.16.0490 Cytoplasm
points,

lysosome

LmxM.34.3720 Cytoskeleton

posterior

LmxM.33.0060 Cytoplasm

points
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LmxM.18.1080 Cytoskeleton

, cytoplasm

LmxM.19.0140 Cytoplasm,
lysosome,

kinetoplast

LmxM.19.0680 Cytoskeleton
anterior, BB,

pBB

LmxM.31.2610 Cell tip
posterior,
nucleus,
cleavage

furrow
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Appendix C

Primers for FAZ deletion in L. mexicana

Forward/Reverse

Gene ID

LmxM.04.0890
LmxM.04.1100
LmxM.09.0520
LmxM.10.0620
LmxM.12.0360
LmxM.12.1120
LmxM.16.1660
LmxM.18.1440
LmxM.18.1560
LmxM.21.1240
LmxM.22.1320
LmxM.24.1430
LmxM.27.0490
LmxM.30.2590
LmxM.30.3110
LmxM.32.2460
LmxM.33.0690
LmxM.33.2540
LmxM.33.2570
LmxM.36.0830
LmxM.36.5970

Upstream forward
CATCACCCCCGTGCCCTCCCCCCTCCCCCGgtataatgcagacctgcetge
AACCTCGTCGTGCAGCGCTCCTTGTGTCCTgtataatgcagacctgctgc
ACACGAACGTATCCTCCACGGACTTCGCCTgtataatgcagacctgctge
TCGCGCACTCTCTCTCTTAGAGCAGACCCGgtataatgcagacctgctge
TCTCCCGCAACCCCCCTCCCCGCCGCTCCGgtataatgcagacctgetge
GCACGCAGGGGAAAGTTTATTTTTCTTCCAgtataatgcagacctgctge
CTCCTGCGCTGGAGGTTGCGCGTTTGCGCGgtataatgcagacctgetge
CATCTCTTCGTTTATCTGCCCACGCCTCCTgtataatgcagacctgetge
AGACGTCGTGCGCCAGCTTTGCTCCATCCGgtataatgcagacctgctge
AGACGAAGAAGGAAACCACCCTCAGCACCAgtataatgcagacctgctge
TTACGTCGGTATATCTTATTTCTCACACCTgtataatgcagacctgctge
GCGAGTGCAGCTCGTACAGGAGACAGGAGCgtataatgcagacctgctge
GCATCGTACAACCGTTTTTCTTTTTCGCCTgtataatgcagacctgcetge
TCCGTCGTCCTTCATTTTGTGCCGACGCCCgtataatgcagacctgctgc
GCCTGCGCTGGCAGAGGACACCTGCTCGCTgtataatgcagacctgctge
TCACTCCACAGCACCCCCTCATCCTCTGCAgtataatgcagacctgctge
AACCCCCCGAAAGTTTTAGTGTTGACTCCGgtataatgcagacctgctgc
CTCTTATCTCCCCGTTTTCAAGTGTTTCCGgtataatgcagacctgctge
TGAAAACGACGTTAGTCCCTCACTCTTCCGgtataatgcagacctgctge
CACCGGGGACGGCGTTTTCTTTTTCCTCCTgtataatgcagacctgetge
TCCCGCTGTGTGTTGTCGCTGTGACTGCC CTgtataatgcagacctgctge

Downstream reverse
CCCAGCCACCCCGACATCCCTCACCTCCCCccaatttgagagacctgtgce
TTCTTTGGCCACCGCCCCCCTGCCCCTCCGcecaatttgagagacctgtge
CCTTGACCCCCGCCCCCGCCTCCTCCTCCCccaatttgagagacctgtgce
GAATGGTATTGTGCACACTACGAGCTCCTTccaatttgagagacctgtgc
TCGGCTCTCTGTCAGTGCAGCCGCTACCCGccaatttgagagacctgtge
AAGGGAGGAGGGGGGACAGCAGGCTCGCCTccaatttgagagacctgtge
GTGCAGACGCACGCCAAGTTTGTTTACCGCccaatttgagagacctgtgc
GACGCCTCCACGAGCAGCACTACTCCTCGCccaatttgagagacctgtgc
TCCCGCGCAGCATATCATCGCTGCCCTCCTccaatttgagagacctgtge
TGTACATGGGCGCCAGGATAAGGGATTCCCccaatttgagagacctgtgc
CACACATGCGTATTCGCTTACATCAATCCAccaatttgagagacctgtgc
GAACTGCAGACCTCTCTTCTCTCGTCCCCGccaatttgagagacctgtgc
ACAACGGCACAGACACAAGTTCACGCAGACAGAGGCACCGCTACACGTTCccaatttgagagacctgtge
GAGTCCTCTTGTCTGCTTGCGTGCTAGGACccaatttgagagacctgtge
TCCCCCCCTTGTTCTCTGCGCTCAGCACCAccaatttgagagacctgtge
ACAAGCCGACTTCCCAACACGAAGCAACCCccaatttgagagacctgtge
ACTCAGAACTGCGCCACACATCACCCGCCTccaatttgagagacctgtge
CAAAAAGAAATCACCGCGAAGACTCCGCCTccaatttgagagacctgtge
ATAGAAAGAGAAAGGGGGCGGGGAGTAGGCccaatttgagagacctgtgc
GGGTATCCCTCCTCCGCCTCTCTGCCGCCAccaatttgagagacctgtgc
AATGACGTACCAAGCAAGAGAGAGAGCCCTccaatttgagagacctgtgc
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Guide

Gene ID

LmxM.04.0890
LmxM.04.1100
LmxM.09.0520
LmxM.10.0620
LmxM.12.0360
LmxM.12.1120
LmxM.16.1660
LmxM.18.1440
LmxM.18.1560
LmxM.21.1240
LmxM.22.1320
LmxM.24.1430
LmxM.27.0490
LmxM.30.2590
LmxM.30.3110
LmxM.32.2460
LmxM.33.0690
LmxM.33.2540
LmxM.33.2570
LmxM.36.0830
LmxM.36.5970
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5' sgRNA
gaaattaatacgactcactataggATGGCGGCGCTTCGCAGAGAgttttagagctagaaatage
gaaattaatacgactcactataggGGCGAGAGAGGGAGGGGTGCgttttagagctagaaatagce
gaaattaatacgactcactataggAGAGAGGTTCAGCAGCGAGAgttttagagctagaaatage
gaaattaatacgactcactataggGTGCGTGCAACGTCGTTTATgttttagagctagaaatage
gaaattaatacgactcactataggACAGCAGCGTAGGTGGCCTGgttttagagctagaaatage
gaaattaatacgactcactataggGAAGGTAAGGGGCAGAAACCgttttagagctagaaatage
gaaattaatacgactcactataggTGTGGCGGTTGGTCTCTGTGgttttagagctagaaatage
gaaattaatacgactcactataggGATGGTCTCTGGGTACGCAGgttttagagctagaaatagce
gaaattaatacgactcactataggCTTGTGTGTTCGTCCGGTATgttttagagctagaaatage
gaaattaatacgactcactataggAATACTGTGCAGCTGCGTGCgttttagagctagaaatagce
gaaattaatacgactcactataggGGGAGACGATGTTGGAAGAGgttttagagctagaaatage
gaaattaatacgactcactataggGCGCTCCGCGTTTTGTGATTgttttagagctagaaatagce
gaaattaatacgactcactataggGACGTCACGGAAATAAGATGgttttagagctagaaatagc
gaaattaatacgactcactataggGCCTACGTGAGAGCGGTTTCgttttagagctagaaatagce
gaaattaatacgactcactatagg TTCTAGCCTCGCCACTACAGgttttagagctagaaatage
gaaattaatacgactcactataggAGCACAACGTTCGTTGAAGCgttttagagctagaaatage
gaaattaatacgactcactataggTATGTTGTTGTAGTTTTCTTgttttagagctagaaatagc
gaaattaatacgactcactataggAGCTGGACAGCAGACAACAGgttttagagctagaaatage
gaaattaatacgactcactataggAAGGGAGTTGTGGGGATGTGgttttagagctagaaatage
gaaattaatacgactcactataggGCGTTTGAAAACACCCCAAAgttttagagctagaaatagce

gaaattaatacgactcactataggCCAAAAAAAAACGTCGAAGAgttttagagctagaaatage

3' sgRNA
gaaattaatacgactcactataggGGTGACAGTGTGGTGCCTGTgttttagagctagaaatage
gaaattaatacgactcactataggAGTCCGTCTCAGACAGAGAGgttttagagctagaaatagce
gaaattaatacgactcactataggAGGGAACGGACGGCAAGCCAgttttagagctagaaatage
gaaattaatacgactcactataggCTACGGGGCCCCTCTCTCTAgttttagagctagaaatagce
gaaattaatacgactcactataggAGGGAAAGGCATCTGGCTGAgttttagagctagaaatagce
gaaattaatacgactcactataggGGGCTGGTGAGGGCGTGTGCgttttagagctagaaatage
gaaattaatacgactcactataggGGCTACGTGAACGGAACAAGgttttagagctagaaatage
gaaattaatacgactcactataggGCTACATCGTCCTCCTCCTCgttttagagctagaaatagce
gaaattaatacgactcactataggAAAGAGGTGCGCTAGGCTGGgttttagagctagaaatage
gaaattaatacgactcactataggAGTTTGTGTGGAGTGCTCGCgttttagagctagaaatagc
gaaattaatacgactcactataggATCGACGTTCTTATTTTCTTgttttagagctagaaatage
gaaattaatacgactcactataggCGGCGGGGGGGGAGACGTGTgttttagagctagaaatage
gaaattaatacgactcactataggCCCTGAGGGTAGTATAACAGgttttagagctagaaatage
gaaattaatacgactcactataggCGTGACGCTTAGGTGTGTGCgttttagagctagaaatagce
gaaattaatacgactcactataggGCTTTCTCTCGGCTTTGCGTgttttagagctagaaatage
gaaattaatacgactcactataggGTACGTCTCTCGCTCTTGT Tgttttagagctagaaatagce
gaaattaatacgactcactataggAGTCGTGATTCTTGCTCGGGgttttagagctagaaatage
gaaattaatacgactcactataggATCAACGGCACAGGCGCAAAgttttagagctagaaatage
gaaattaatacgactcactataggTGGAGTGAGACAGCAGAAAAgttttagagctagaaatage
gaaattaatacgactcactataggTAGGCAAGCTTGGCACAGTGgttttagagctagaaatage

gaaattaatacgactcactataggATACTTGTGTGGGGTTATTCgttttagagctagaaatagc



Appendix D

Deletion confirmation primers

Gene ID

LmxM.04.0890
LmxM.04.1100
LmxM.09.0520

LmxM.10.0620
LmxM.12.0360

LmxM.12.1120
LmxM.16.1660
LmxM.18.1440
LmxM.18.1560

LmxM.21.1240
LmxM.22.1320

LmxM.24.1430

LmxM.27.0490
LmxM.30.2590
LmxM.30.3110

LmxM.32.2460
LmxM.33.0690

Forward
ACGCCACCCACCCTACACAC
TCCCGAGTAAAGCCACAGCAG
AGATTGTGGACGCGGCCTAC

CTGCGCCAACTTCGACACCG
GAGCGCCGGGGCGAATAATG

GGCGTTTGTGCCACCGTTCC
GGCAATGGAGGGCGAGTTGCGTG

GACCCCGCTTCTCTTTAAAC
CTGCTCACCGCTGTGGAGCC

ATCCGTTCTCTGCCCAAGGG
AGACCTCCACTAAGGCCGATG

TTACCACAACCGCCATGGGC

CGGCATCTTCTCACCACGAAAC
CGGCAGCGAATGTGTTCAACCG
CGAGGATACGTTGCGGCGCC

GGTACAACTCTCACGATCAG
CCTTTACCCAACTGCAACCTGG

Reverse

CTGCGGGCCTGGACACCGAG
CATGCCGCGCGAGAGCCAAG
CCTGTGCGTTCAGGAAGGCG

GGTCGGCGCCACGACGATGC
GGCTTGACTGTTGAGGGTCG

GCGGGCGGGGCACCTCCACC
CTCAAAGCGCACTCAGAACGCC
GAGTCGCATGTCCTCCATCTG
CCTCGCAGCCCAGGTACGAG

CCACAGCTGGCTCGCGTGTG
GTTGGCAAGTTGGATTTCTAG

GAAGCCCAACTGTGCGCTTC

GGCCCAACGGACAGTCTAGCAC
CAGCCGTTTGCTCATCGGTTTGC
CAGACTGGTGAGCTCCTTCTC

GATGACTGCGTAGCGCAGGC
CTTGCAGACAGAACCGCTAGAG
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LmxM.33.2500 GAGCACTAGACATCTGTGCG CTCCACTACACCGCTCTTTAC

LmxM.33.2570  CACGAACGGCAGCGCGTCTC CGGGTTTTCTTGCTATCCTC
LmxM.36.0830 TGCGCGTAATCCTACGTTC GGTGGTCGGCGACGCCTGCG
LmxM.36.5970  CTATCAGGCCTATCTTGTTC CAGAATGTCACCCACGATGG
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Publications that were derived from work in this thesis

Chapter 1

Halliday, C. et al. (2021) ‘Trypanosomatid Flagellar Pocket from Structure to Function’,
Trends in Parasitology, 37(4), pp. 317-329. doi: 10.1016/j.pt.2020.11.005.

Chapter 4

Halliday, C. et al. (2020) ‘Role for the flagellum attachment zone in Leishmania anterior cell
tip morphogenesis’, PLoS Pathogens, 16(10). doi: 10.1371/journal.ppat.1008494.

235



