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SUMMARY

Three genes {Imepa, Imepb and Imepc) that encode cysteine proteinases (CPs) in
L. mexicana have previously been cloned and sequenced. The enzymes encoded differ
significantly from cach other and host CPs. In an attempt to elucidate the parts played by
each CP in the parasite's life history, mutant lines of the parasite which lack Imcpa,
Imcph and Imepe have been examined m order to determine their phenotypes. Null
mutants which have been further modified by transfecting the cells with genes encoding

L. mexicana CPs and CPs of other trypanosamatids have also been studied. These lines

have been analysed to defermine how they differ from the parent line in terms of

proteinase and protein content, growth and dilferentiation axenically in vifro and in
peritoneal macrophage cells, infectivity to mice and susceptibility to CP inhibitors.

Null mutants for the fmepa CP gene were [ound to bave a crypttc phenotype,
since differences between the /mcpa null mutants and wild type L. mexicana were not
detectable. This suggested that either the enzyme has a role which was not detected with
the phenotypic tests used or that its activity was being compensated for by one of the
other CPs present in [. mexicana. In contrast to previously published conclusions,
studics using null mutants for Imepa revealed that LmCPa was not at highest lcvels in
the amastigote stage. Triton X-114 phase separation revealed the protein encoded by
Imcpa to be hydrophabic, suggesting it could be membrane-associated.

Stationary phase promastigotes of mutants null for the multicopy /mepb gencs
showed a marked phenotype with respect to virulence, as their ability to infect
macrophages in vifro was scverely impaired. The infectivity was restored by re-
expression of an enzymatically active internal copy of the gene array (g2.8), suggesting
thal the ecozymes play a role in intracellular survival. lime course experiments
demonstrated that the null mutants invaded macrophages in large numbers but were
unable Lo survive in the majority of the cells. Despite their reduced virulence to PECs,
the mutants were capable of infecting mice although the time taken for lesions to form
wus significantly longer than with wild type and the lesions were [00-fold smaller.
Interestingly, lesion amastigotes of the mutanis were able to infect macrophages in vitro

as successfully as wild type, but took three months longer to produce lestons in mice.
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summary

These data showed that the CPs encoded by fmcpb are important for parasite virulence,
but are not essential for survival in the host. Double Imcpa/limcpb null mutants were
found to have a similar phenotype to the /mepb null mutants in terms of their ability to
infect macrophages in vitro, suggesting that Imcepa was not compensating for the loss of
Imepb in this phenotypic test, although it was found that they did not cause lesions in
mice.

Studics utilising null mutants re~expressing diflerent copies of the lmepb array
revealed that individual isoenzymes differ in their substrate preferences and ability to
complement the loss of virulence associated with the null mutant, suggesting that the
individual iscenzymcs have distinct roles in the parasite's interaction with the host.
Immunogold labelling of the megasome in transfectants re-expressing an lmncph CP gene
with a truncated C-terminal extension {g!) demonstrated that the C-terminal extension
18 not necessary for intracellular targeting or activity.

All life-cycle stages of the mutants null for the cathepsin B-like CP gene (Imcpe)
could be cultured in virro, demonstrating that this CP 1s not cssential for the growth or
differentiation of the parasite. However, they showed greatly reduced infectivity to
macrophages in vitro, resulting in only a low percentage of the cells being infected. Re-
expression of lmepce in the null mutant increased the parasite’s infectivity o
macrophages in vitro. However, the null mutants for /mepe formed lesions in mice af a
rate comparable with wild type parasiles, sugpesting that although the CP encoded by
Imepe may play a role in the parasite-macrophage interaction it alone is not crucial for
infectivity or virulence.

Peptidyl-diazomethane CP inhibitors, which entered the parasites and inhibited
LmCPb in situ, had little or no effect on parasite growth or differentiation axenically ir
vitro. However, at the same concentration, N-benzayloxycarbonyl-phe-ala-diazomethane
reduced the infectivity of wild type parasites to macrophages by 80%, a similar
percentage to that seen with the Jmepd null mutant. However, further experiments
suggested that LmCPh may not be the prime target of this inhibitor.

With respect to drug turget validation it is cssential to determine which CPs are

necessary for parasite survival, The overall resuits of this study suggest that whilc none
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of the CPs of L. mexicana arc vital, some appear to have important and distinct roles in

differentiation and intracellular survival.

v




CONTIENTYS

SUMMARY

CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF ABBREVIATIONS
DPLECLARATION

ACKNOWLEDGEMENTS

CHAPTER ONE:

GENERAL INTRODUCTION

1.1. LEISHMANIA AND LLEISHMANIASIS
1.1.1. Life cycle

1.1.2. Clinical aspects

1.1.3. Chemotherapy

1.2. PROTEINASES

1.2.1. Cysteine proteinases

1.2.1.1. Cathepsin L

1.2.1.2. Cathepsin B

1.2.1.3. Involvement in maminalian pathologies
1.2.2. Proteinases of Parasites

1.2.2.1. Helminths

1.2.2.2. Protozoa

1.3. PROTEINASE INHIBITORS AS DRUGS
1.3.1. Synthetic inhibitors

1.3.2. Natural inhibitors

1.3.3. Therapeutic uses and potential

1.3.3.1. In degradative and invasive disease

confents

page

i

xii
5%
xvi
xviii

Xix

e O 98 N th & ke

1%
14
19
19
20
21

21




1.3.3.2. T parasitic infection

1.4, PROTEINASES OF LEISHMANIA

1.4.1. Promastigote surfacc proteinase

1.4.2. Cysteine proteinascs

1.5. CYSTEINE. PROTEINASES OF LEISHMANIA MEXICANA
1.5.1. Stage specificity of L. mexicana cysteine proteinases

1.5.2. Characterisation of L. mexicana cysteine protcinases
1.5.2.1. Type [ CPs

1.5.2.2. Type 1 CPs

1.5.2.3. Type [IT CPs

1.6. LEISHMANIA VIRULENCE AND INTRACELLULAR SURVIVAL
1.6.1. Tmportance of surface and secreted molecules

1.6.2. Potcntial roles of cysteine proteinases

AIMS OF PROJECT

CHAPTER TWO:

STUDIES ON THE LEISHMANIA MEXICANA CATHEPSIN
L-LIKE CYSTEINE PROTEINASE LMCPA
2.1. INTRODUCTION

2.1.1. The /mcpa genc produnci(s)

2.1.2. Aims

2.2, MATERIALS AND METHODS

2.2.1. Parasites

2.2.1.1, Cell lines of L. mexicana

2.2.1.2. Promastigotes

2.2.1.3. Axenic amastigotes

2.2.1.4. Harvesting cells

vi

CORLERHS

page

22
25

26
27
27
28
28
30
31

31
34

37

38
38
39
40
40
40
40
41
41




confests

page

2.2.1.5. Light microscopy 42
2.2.2. Proteinase assays and analyses 43
2.2.2.1. Gelatin-SDS-PAGE 43
2.2.2.2. Western blolling 44
2.2.3. Protein estimations 45
2.2.4. 1nfection of peritoneal exudate cells 45
2.2.8, Infection of BALB/c¢ mice 46
2.2.6. Autohydrolysis of parasite lysates 46
2.2.7. Phase partitioning with Triton X-114 solution 47
2.3. RESULTS 48
2.3.1. Phenotype of mutants null for fmcpa 48
2.3.1.1. Growth and diflerentiation 48
2.3.1.2. Protcinases 48
2.3.1.3. Infectivily 49
2.3.2. Relationship of the 24 kDa and 27 kDa proteins detected 50

with anti-LmC¥Pa antiserum

2.3.2.1. Autohydrolysis of wild type amastigote lysates 50
2.3.2.2. Separation into aqueous and detergent phases 50
2.3.2.3. Detection of 27 kDa band in Almcpan amastigotes 51
Figures and tables 52
2.4, DISCUSSION 60
CHAPTER THREE:

AN INVESTIGATION INTO THE ROLES OF THE ALMCPB
CYSTEINE PROTEINASES OF LEISHMANIA MEXICANA

3.1, INTRODUCTION 64
3.1.1. The /imcpb genes and gene products 64
3.1.2. Aims 65

vii




3.2. MATERIALS AND METHODS

3.2.1. Parasites

3.2.1.1. Transfected cell lines o L. mexicana

3.2.1.2. Ccll culture

3.2.2. Proteinase assays and analyses

3.2.2.1. Gelatin-SDS-PAGE

3.2.2.2. Western biotting

3.2.2.3. Fluorogenic substrate assay

3.2.2.4. Immunoclectron microscopy

3.2.3. Identification of L. mexicana metacyclic forms

3.2.3.1. Light microscopy

3.2.3.2. Complement lysis

3.2.3.3. Transmission clectron microscopy

3.2.4. Nuclease Analysis

3,2.4.1. Poly(A)-SDS-PAGE

3.2.5. Infection of peritoneal exudate cells

3.2.6. Infection of BALB/c mice

3.2.7. 'Api Zym' analyses

3.2.8. Exposure of promastigotes to hydrogen peroxide and nitric oxide

3.2.8.1. Pilot studies

3.2.8.2. Effect of nitric oxidc

3.2.9. Effect of inhibition of nitric oxide synthase upon L. mexicana
infection of peritoneal exudate cells

3.3. RESULTS

3.3.1. The phenotype of mutants null for Irmcpb

3.3.1.1. Biochemical analyses

3.3.1.2. Growth and differentiation of transfected lines

3.3.1.3. Infectivity

vili

confenls

page

67
67
67
68
68
68
68
69
69
70
70
70
70
71
71
71
72
72
72
72
73

73




3.3.2. Host-parasite interactions of wild type parasites and
transfected lines
3.3.2.1. Kinetics of infectivity to peritoneal exudate cells and BALRB/e mice
3.3.2.2. Cowmparison of parasitophorous vacuole sizes in wild type
parasite-infected and null mutant-infected macrophages
3.3.2.3. Analysis of enzymes of infected macrophages
3.3.2.4. Susceptibility of parasites to components of the microbicidal defence
mechanisms of macrophages
3.3.3. Analyses of null mutant lines re-expressing different copies of
the lincpb array
3.3.3.1. Proteinase activities
3.3.3.2. Subcellular localisation of CPs using immunogold electron microscopy
3.3.3.3. Growth and differentiation
3.3.3.4, Infectivity
Fignres and tables

3.4. DISCUSSION

CHAPTER FOUR:

ANALYSIS OF THE CATHEPSIN B-1LIKE CYSTEINE
PROTEINASE (LMCPC) OF LEISHMANIA MEXICANA
4.1.1. The lmcpc gene products

4.1.2, Aims

4.2. MATERJIALS AND METHODS

4.2.1. Parasites

4.2.1.1. fransfected cell lines of L. mexicana

4.2.1.2. Cell culture

4.2.2. Proteinase assays and analyses

4.2.3. Infection of peritoneal exudate cells and BALB/¢ mice

X

contents

page

77

v
80

80
81

81

123
124
125
125
125
125
126
126




4.3. RESULTS

4.3.1. The phenotype of mutants null for imcpe
4.3.1.1. Growth and difterentiation

4.3.1.2. Proteinases

4.3.1.3. Infectivity

Figures and tables

4.5. DISCUSSION

CHAPTER FIVE:

CYSTEINE PROTEINASES AS EXPLOITABLE

DRUG TARGETS

5.1, INTRODUCTION

5.1.1. Anti-leishmanial activity of protcinase inhibitors

5.1.2. Amastigote CPs as activators of pro-drugs

5.1.3. Aims

52. MATERIALS AND METHODS

5.2.1. In vifro culturc with cystcine proteinase inhibitors

5.2.2. Analyses using gelatin-SDS-PAGE

5.2.3. Use of a biotinylated inhibiter

5.2.4. Infection of peritoneal exudate cells in the prescnce of cysteine
proteinase inhibitors

5.2.5. Incubation of axenic parasites with leucine yoethyl ester

5.2.6. Inclusion of leucine methy! ester in parasite-infected peritoncal
exudate cell cultures

5.3. RESULTS

5.3.1. Protcinase inhibitor studies

5.3.1.1. Effects of peptidy!-diazomethanes on transformation

and growth of /.. mexicana

contents

page

127
127
127
127
128
129
134

137
137
138
138
140
140
140
140
141

141
142

143
143
143




5.3.1.2. Effects of peptidyl-diazomethanes on parasite proteinases

5.3.1.3. Detection of cathepsin L-like cysteine proteinases using a biotinylated
inhibitor

5.3.1.4. Effects of inhibitors on parasite infection of peritoneal exudate cells

5.3.2. Suscepfibility to the amino acid ester leacine methyl ester

5.3.2.1. Toxicity tor axenic parasites

5.3.2.2. Toxicity for infections of peritoneal exudate cells

Figures and tables

5.4. DISCUSSION

CHAPTER SIX:
GENERAL DISCUSSION

REFERENCES

APPENDIX A: Statistics
Figure 2.2.
Figure 3.5.
Table 3.2.
Table 3.3.
Table 3.8.
Figure 4.1.
Table 4.1.
Figure 5.7.
Figure 5.8.
Figure 5.9.
Table S.1.
Table 5.2.
Table 3.1.

APPENDIX B; Publications

Xi

contents

page

143
145

145
147
147
147
148
157

162

169

202
204
200
210
216
219
223
224
226
234
242
250
254
255

256




it of figures

LIST OF FIGURES
figure page
CHAPTER TWO
2.1.  Light micrographs of stationary phase promastigotes 52
2.2, The cell lengths of stationary phase promastigotes 52
2.3.  Typical in vitro growth curves of L. mexicana promastigotes 53
2.4.  Light micrographs of Giemsa-stained axenic amastigotes 54
2.5. Typical in vitro growth curves of axenic amastigote lines 54
2.6.  Gelatin-SDS-PAGE analysis of cell lines 55

2.7.  Western blots using anli-LmCPb antiserum and anti-I.mCPa antiserum 55

2.8.  Western blot probed with anti-LmCPb antiserum 56
2.9. Infectivity to BALB/c mice 57
2.10. Autohydrolysis of wild type amastigote lysates 58

2.11.  Western blot analyses of wild type L. mexicana amastigote lysate having 58
undergone phase partitioning in Triton X-114 solution

2.12.  Gelatin gel analysis of wild type L. mexicana amastigote lysate having 59
undergone phase partitioning in Triton X-114 solution

2.13.  Western blot of axenic amastigote samples probed with 59

anti-LmCPa antiserum

CHAPTER THREE

3.1.  Western blot using anti-LmCPb antibody 85
3.2,  Gelatin-SDS-PAGE analysis of cell lines 85
3.3.  Typical in vitro growth curves of transfected promastigote lines 86
3.4.  Morphology of stationary phase promastigotes 86
3.5.  The cell lengths of stationary phase promastigotes 87
3.6.  Surface structure of stationary phase promastigotes 88

3.7.  Typical in vitro growth curves of transfected lines as axenic amastigotes  §9

n

3.8.  Light micrographs of Giemsa-stained axenic amastigotes 89

Xii




tist of figures

figure page

3.9.  Analysis of parasite nucleases using poly(A)-SDS-PAGE 90

3.10. Transmission electron micrographs revealing ulirastructure of axenic 9}
amastigotes

3.11. Western blot and gelatin-SDS-PAGE analyses of lesion amastigotes 93

3.12. The fate of wild type and Almcpbn stationaty phase promastigotes after 94
entry into macrophages in vifro

3.13. Light micrographs of Leishmania-infected macrophages 95

3.14. The fate of wild type and Aimcpbn log phase promastigotes after 95

entry into macrophages in vitre

3.15. The effects of varying exposure time/ratios ol stationary phase 96
promastigotes to PIECs on infection rates

3.16. Infectivity of L. mexicara lines to animals 07 :

3.17. Light micrographs of Giemsa-stained lesion amastigotes 100

3.18. Ultrastructure of lesion amastigotes 101

3.19. Inlectivity of lesion amastigotes ot wild type and Almcpbrn 102

for peritoneal macrophapes

3.20. Infectivity of lesion amastigoles to animals 103
3.21. Light micrographs of Leishmania-infected peritoneal macrophages 104
3.22.  Scatter plots of parasitophorous vacuole sizes 105
3.23. Gelatin-SDS-PAGI analysis of infected and uninfected peritoneal 106
macrophages
3.24. Analysis of LmCPb isoenzymes expressed in the fmeph null mutant 109
325. Substrate specificity differences between I.mCPb isoenzymes 109
3.26. Gelatin-SDS-PAGE analysis of different stages of the re-expressor 110

Almcepbg2.8 cultured in vitro
327. Localisation of LmCPb to the megasome (large lysosome) t1t
by immunogold labelling

3.28. Infectivity of stationary phase promastigotes to BALB/C mice 112

Xiil




fist of figures

figure page
CHAPTER FOUR

4.1.  Typical in vitro growth curves of . mexicana promastigotes 129

42.  Light micrographs of stationary phase promastigotes 129

43.  Typical in vitro growth curves as axenic amastigotes of transfected lines 130

4.4. Light micrographs of Giemsa-stained axenic amastigotes 130
4.5,  Western blot analysis of /mcpc null mutants 131
4.6.  Gelatin-SDS-PAGE analysis of cell lines 131 :
4.7.  Western blot probed with anti-LmCPb antiserum 132
4.8. Infectivity to BALB/¢ mice 133

CHAPTER FIVE
5.1.  Growth of wild type L. mexicara in the presence of 148

peptidyl-diazomethanes

5.2.  Growth of Almcpba L. mexicana in the presence of 149
peptidyl-diazomethanes

5.3.  Growlh of Almepbg2.8 L. mexicana in the presence of 150

peptidyl-diazomethanes

5.4.  Gelatin-gel analysis of wild type parasites grown in the 151
presence of CP inhibitors

5.5, Gelatin-ge! analysis of Almcphg2.8 grown in the presence of CP inhibitors 151

5.6. Western blot analysis of proteinases of L. mexicana using biotinylated 152

peptidyl-diazomethane to label enzymes
5.7.  Effect of the peptidyl-diazomethane proteinase inhibitor Z-FA-DMK 153
on the infectivity of wild type promastigotes to PECs ,{
5.8.  The effcct of CP inhibitors on the infectivity of wild Lype stationary 154 .
phase promastigotes to PECs

5.9.  Effect of CP inhibitors on the infectivity of wild type lesion 155

amastigotes to PECs

Xiv




list of tables

LAIST OF TABLES

table page

CITAPTER TWO

2.1 Protein content of stationary phase promastigotes 33
2.2.  Infectivity to macrophages 56

CHAPTER THREE
3.1.  Complement-mediated lysis of promastigotes 88 |
3.2,  Infectivity of transfectants to macrophages 92 é
3.3.  Parasitophorous vacuole sizes 104
3.4  Analysis of enzyme activities of uninfected and infected macrophages 106

using the 'Api Zym' colorimetric screening kit
3.5.  Effect on cell motility of hydrogen peroxide (A) and nitric oxide (I3} 107

3.6.  Dose dependent effect of exogenous nitric oxide on promastigote viability 108

3.7.  Effects of a nitric oxide synthase inhibitor on infectivity to PECs 108

3.8. Infectivity of transtected lines to peritoneal exudate cells 112

CHAPTER FOUR

4.1.  Infectivity of transfectants to macrophages 132

CHAPTER FIVE
5.1.  Effect of proteinase inhibitors on the infectivity of wild type stationary 152
phase promastigotes of L. mexicana (o peritoneal exudate cells
5.2.  Effect of leucine methyl ester on lines of Leishmania mexicana in viro 156
3.3.  Effect of the amino acid ester leucine methyl ester on lesion 156

amasiigote-inlected macrophages

XY




abbreviations

LIST OF ABBREVIATTONS

Ac acetyl
AMC amidomethylcoumarin

BzFVR-NITMce N-benzoyl-phe-val-arg-7-(4-methyl)-coumarylamide

CpP cysteine proteinase

CTE C-lerminal extension

di,0 double distilled de-ionised water

DTT dithiothreitot

DMF dimethylformamide

DMK diazomethylkctone (diazomethane)

E-64 trans-epoxy succinyl-L-leucylamido-(4 guanadino) butane

GIPLS glycoinositol phospholipids

GPS guinea pig serum

h hour(s)

I,0, hydrogen peroxide :
HC] hydrochloric acid
hye hygromycin «
Ii invariant chain
IL interlcukin
K02 Mu-Phe-Homophe-oxycoumarin
Leu-OMe leucine methyl ester ‘
log. logarithmic
min minute(s)
MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide

Mu morphine urea

NO nitric oxide

iNOS inducible nitric oxide synthase l
NRME N-nitro-arginine methyl esler |

P87 Mu-Phe-Tlomophe-vinyl sulfone

Xvi




PAGE
PBS
PEC
phleo
PL
PMSY
PV
SDM
SDS

SucLY-NHMee
TNF-o

WUMP
Z-LVG-DMK
Z-FA-DMK

polyacrylamide gel electrophoresis

phosphate buffered salinc

peritoneal exudate cell

phlcomycin

phagolysosome

phenylmethylsulfonyl fluoride

parasitophorous vacuole

Schneider's Drosophila Medium

sodium dodceyl sulphate

second(s)

sulphide

suceinyl
N-succinyl-leu-tyr-7-(4-methyl)-coumarylamide
tumowur necrosis factor alpha

Wellcome Unit of Molccular Parasitology
N-benzovloxycarbonyl-leu-val-gly-diazomethylketone

N-benzoyloxycarbonyl-phe-ala-diazomethylketone

xXvii

abbreviations




declaration

DECLARATION

I declare that all the work presented in this thesis is my own except where there

is an explicit statement to the contrary.

All electron microscopy work was carried out by Laurence Tetley and Mazrgaret

Mullin, University of Glasgow.

The Western blot presented in Chapter Four was performed by Genevieve Bart,

Welleome Unit of Molecular Parasitology, University of Glasgow.

Publications arising from some of the work presented in Chapter Three and

Chapter Four can be found in Appendix B.

Mhai ~awe

MHAIRI FRAME
June 1997

xviii




acknowledgements

ACKNOWLEDGEMENTS

First and forcmost, I would like to thank my supervisor Professor Graham
Coombs, for consistently excellent and enthusiastic guidance throughout the course of
my PhD study, and for giving mc the opportunity to carry out research in his laboratory.

I would also like to thank my co-supervisor, Dr Jeremy Mottram, and his fellow
colleagues in WUMP (Augustus Souza, [Elizabeth 1Iutchison, Roderick Carter, Darrcn
Brooks and Genevieve Bart) for the innovative molecular work; most importantly,
producing the mutant lines. Without you much of this project would not have been
possible!

A big thankyou to John Laurie, David Gormel and Charlie Thomson for belp
with the animal work, especially the measuring of the lesions. Special thanks to all the
staft’ at the Laboratory for Biochemical Parasitology, in particular, David Laughland,
Dorothy Armstrong (backbone of the lab), Caroline Morrison and, of course, all my
fellow PhD students; | have fond memories of giggling in the remedial' office with
Amanda McKie, of long lunches with Kathryn Brown and Helen Denton, and of longer
nights out with Samantha Brown.

Thanks o Laurence Tetley and Margeret Mullin for efectron microscopy work.

Paul Appleton for taking photographs and Maureen Gardner for developing them.

1 acknowledge all my friends for their understanding surrounding my anti-social
stance in recent months (hopefully things will change now!!). T wish to thank Auntie
Ishbel and Joan for their encouragement and for keeping me supplied with paper. I must
also mention at this point my dear old Gran, for constantly asking when my exams were;

Pl miss you at graduation.

Thankyou Simon, for listening to numerous renditions of my talks, helping with
the infectivity data, references and printing, and, above all, keeping me sane(ish)
throughout.«xx.

Erath

{ am indebted (or should that be in debt?!) to my parenis for all their support over the

past four years; wilh thus in nund I dedicate this thests to them.

XIX




general introduction

CHAPITER ONE
GENERAL INTRODUCTION

1.1. LEISHMANIA AND LEISHMANIASIS

Leishmaniasis is classified by the World Health Organisation (WHO) as one of
the six major parasitic discases, an affliction which has been described in the Old World
for almost two thousand years (Lainson and Shaw, 1987). Over 12 million people
worldwide are infected by the different species of the causative agent, the parasitic
protozoan Leishmania (Ashford et al., 1992). The disease has a wide spectrum of
clinical manifestations, varying from self-bealing cutaneous ulcers to non-resolving
mucocutaneous lesions and hepatosplenomegaly leading to death (review: Grevelink
and Lerner, 1996). Leishmaniasis in its various forms is present on all continents except
Avustralia and Antarctica, and, at a minimum, approximately 400,000 new cases occur

cach year with almost 400 million people at risk from this disease (Ashford e a/., 1992).

1.1.1. Life eycle

Leishmania is a kinetoplastid protozoan of the family Trypanosomatidae.
Trypanosomatids are obligate uniflageliated parasites defincd by the presence of the
kinetoplast, a DNA-containing structure representing a specialised component of the
single mitochondtion (Clark and Wallace, 1960). Leishmania exist in 3 distinet forms
during the life-cycle: a flagellated multiplicative promastigote form in the gut of the
sandfly vector, a mammal-infective metacyclic form that occurs in the inscet
mouthparts, and, subsequent (o inoculation into a mammalian host, as a non-motile
amastigote stage within macrophages.

Transmission of leishmania infection occurs almost exclusively by the bite of an
infected female sandfly in the tropics and sub-tropics. In the Old World the disease is
transmitted by flies of the genus Phlebotomus, while in the Americas it is transmitted
primarily by Lutzomyia species. Transmission occurs when infective metacyclic
promastigotes are ejected into the host tissues during regurgitation of the bloodmeal

from the fly by repeated pump pulsation. This is thought to occur due to Leishmania
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infections damaging the feeding mechanism of the sandfly vector (Schiein ef al., 1992).
The metacyclic promastigote is phagocytosed by host macrophages, within which it
transforms to the round. non-flagellated amastigote form. A remarkable feature of the
intracellular amastigotes is that they are not only resistant to, bul actively thrive in, the
apparently hostile environment of a phagolysosome (IL). The eventval rupture of
infected cells releases amastigoles to be phagocytosed by other mononuciear
phagocytes, and thus the infection sprcads. When a sandfly bites an infected host,
amastigotes tuken up during the blood meal (ransform back to the promastigote form in
the gut of the veclor, thereby completing the life cycle.

Leishmaniasis is a zoonosis, the natural mammalian hosts in addition to humans
including the domestic dog and a variety of wild mammals such as desert or forest
rodents, foxes and sloths. At least four major groups of parasites, similar in morphology
but differing in cultural characteristics, clinical manifestations, geographic distribution,

and sandfly vectors, causc disease in humans (Grevelink and Lemer, 1996). These arc :

1) L. donovani, the aetiological agent of classic visceral leishmaniasis in Asia ('kala-
azar')

2) L. major, which causes Old World cutaneous leishmaniasis (‘oriental sore')

3) the L. braziliensis complex which results in cutaneous and mucocutaneous disease in
the Americas (‘espundia’)

4) the L. mexicana complex, which includes L. amazonensis and L. pifanoi, and is
associated mainly with cutaneous lesions in Central and South America ("Chiclero's

ulcer").

1.1.2. Clinical aspeets

Three major chinical manifestations are recognised. {hese reflect mainly the
different species of Leishmania involved, although host factors also contribute. The
most Lfe threatening is Kala-azar, or visceral leishmaniasis, a systemic disease caused
by the dissemination of L. donrovani throughout the rcticuloendothelial cells of the

spleen, liver, lymph nodes and bone marrow (Rees and Kager, 1987). After an
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incubation period of two ta four months, characteristic symptoms of the disease develop
and include fever, splenomegaly, anaemia, emaciation and hyperglobulinaemia. When
untreated, the disease usually progresses to a fatal termination within two years. A
condition known as post Kala-azar dermal leishmaniasis occasionally affects patients
recovering from visceral leishmaniasts in India and Fast Africa, generally appearing one
to two years after the visceral disease. In this condition, hypopigmenied areas appear on
the body, which do not always respond to wreatment and almost never completely
repigment. Post Kala-azar dermal leishmaniasis is of great epidemiological significance,
since parasites can easily be picked up by biting sandflics.

Mucocutaneous leishmaniasis is most commoniy reported in the jungle areas of
Brazil, Venezuala, Bolivia and Ecuador. 1. b. braziliensis 1s the most common ctiologic
agent, although cases caused by other Leishmania species have been reported.
particulatly L. . panamensis, which increases the risk to travellers in Central America.
Fifty percent of patients infected have mucocutaneous lesions within two years of the
initial cutancous lesions; associated factors with the development of mucocutaneous
disease include male sex and large, persistent cutaneous iesions. The disease often
begins in the nasal septum, which becomes inflamed and infiltrated and subsequently
perforates, Further mutilation of the palate, pharynx, tonsils, gums and lips leads to
invasion of the respiratory tract, and, as a result, malnutrition and acute respiratory
prneumonia are the leading causes of death in victims (Saravia et ¢f., 1985).

Cutaneons leishmaniasis, frequently caused by L. major in the Old World and L.
mexicana in the New World, is usually a localised infection starting with a solitary
primary fesion, although nmltiple primary lesions may be evident in Old World disease
(Grevelink and Lerner, 1996). Aller an incubation period of 1 week to 3 months, there is
the appearance of a red papule, which enlarges to a plaque or nodule, This {inally
develops into an ulcer which spontaneously regresses after six to twelve months leaving
a scar. The locations of lesions may be distinctive. For example, 'Chiclero’s ulcer',
caused by infection with L. mexicana, resulls in erosion of the car of forest workers who
gather chicle gum. However, a more serious variant of localised cutaneous leishmaniasis

can oceuy, called diffuse cutancous leishmaniasis, in which lesions are disseminated and
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resemble lepromatous leprosy. This disease, caused primarily by L. mexicana and L.
amazonensis in Central and South America, does not invade inicrnal organs but

responds only partially to treatment and often relapses, becoming chronic.

1.1.3. Chemotherapy

Treatment of all forms of leishmaniasis is still largely dependent on the
pentavalent antimonials, notably sodium stibogluconate (Pentostam), a treatment
developed empirically more than 50 years ago (review: Croft, ef af., 1997). Although the
exact structurce of the drug is still unknown, the mechanism of action appears to be the
inhibition of amastigote glvcolytic activity and fatty acid oxidation. Pentostam is far
from an ideal chemotherapeutic agent, requiring parenteral administration and
prolonged hospitalisation, and moreover, treatment commonly results in side effects
such as cardiac and renal toxicity. Although visceral and cutaneous leishmaniasis
frequently respond to this drug, severe mucosal disease does not (Flerwaldt and Berman,
1992).

The second line drugs currently in use are the aromatic diamidine pentamidine
and the anti-fungal agent amphotericin B (review: Olliaro and Bryceson, 1993). They
must be administered intravenously, and arc less etfective and even more toxic than
Pentostam (Croft, er al., 1997). The antibiotic paramomyein is currently used for the
treatment of some leishmaniases but, like the other treatments, it is not absorbed when
administered orally and little is known about its mechanism of action (Maarouf ef al.,
1997). New formulations of the same drugs, such as liposomal amphotericin B, are less
toxic and show good activity (Castagnola er af., 1996) but are very expensive.

WIIO has established as a priority objective the ability to provide oral treatment
for cutanecous leishmaniasis; this would provide clinical benefits and cost savings over
present drugs for treating patients from arcas where leishmaniasis is endemic. Among
potential orally active drugs, combination therapy using stcrol biosynthesis inhibitors,
such as ketokonazole and terbinafine, offers an attractive possibility (Rangel et ai..
1996).

Resistance of both visceral and mucocutaneous leishmaniasis to pentavalent
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antimonials has been increasing in all areas of endemicity (rcview: OQuellelte and
Papadopoulou, 1993) and, coupled with the emergence of AIDS-related leishmaniasis,
there is an increased urgency for new drugs to be developed (Olliaro and Bryceson,
1993). Among the potential drug targets, polyamine synthesis, purine salvage, stero}
metabolism and cysteine proteinases are the foci of much of the present rescarch

aclivities (Traub-Cscko and Momem, 19935; Maingon et al., 1995).

1.2. PROTEINASES

Proteinases are enzymes that are found throughout the plant and animai
kingdoms. These enzymes cleave peptide bonds after binding to a specific amino acid
sequence and are thus the tools of the cell for the turnover of proteins. They can be
highly specific, both in the reaction catalysed and in their preferred substrates. The
cellular functions of proteinases are widespread and include the removal of signal
peptides from nascent polypeptides, cellufar reorganisation and degradation of proteins
to amino acids for nutritional purposes (Barrett and McDonald, 1980). A number of
these enzymes are present in lysosomes for both intracellular protein breakdown and
breakdown of endocytosed extraccilular protcins. Protcinases at the cellular membrane
can be involved in intracellular communication by proteolytic activation of bioactive
compounds such as growth factors and cytokines. Conversion of inactive prohormones
or proenzymes into their active counterpart is also a proleolytic process as is the
activation of the blood clotting system.

Synthetic inhibitors of proteinases have proved useful in classifying proteinases
into four major groups. These have been termed aspartic, cysteine, metallo- and serinc
proteinases, according to the residue involved in the binding and catalysis of substrate at
the active site (Barrett and MeDonald, 1980). Peptide substrates are used to map active-
site specificity of proteinases and provide specific and sensitive assays. By convention,
the amino acid residues on the amino terminal side of the peptide bond being cleaved
are designated P,,P,, P, etcetera, whereas on the carboxy terminal side they are termed
P/, P,, P;' and 50 on (Berger and Schecter, 1970).

The cathcpsing arc mammalian lysosomal proteinases which are widely

[,
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distributed and differentially expressed among tissues. Intracellularly they serve a
variety of digestive and processing functions, whereas extracellularly they may be
involved in tissue remodelling and in pathologies such as arthritis, Alzheimer's disease
and cancer. The cathepsins are subdivided on the basis of their active site residues as
cysteine, serine or aspartic protemases. Of the cathepsins, B, C, H, L and S are cysteine

proteinases, 1) and E are aspartic protcinascs and G and A are serine protcinases.

1.2.1. Cysteine Proteinases

The proteolytic enzymes containing a nucleophilic cysteine as a member of the
catalytic machinery arc collectively known as the cysteinc proteinases (CPs). The
majority of CPs are endopeptidases, but some act additionally or exclusively as
cxopeptidases. The archetypal CP is papain, from the latex of the unripe fruit of Carica
papaya. Subsequently CPs have been found in nearly every kind of organism, from
RNA and DNA viruses to eubacteria, protozoa, fungi plants and animals. As yet, no
archaebacterial CP has been sequenced, but there is evidence that it exists (Barretl and
Rawlings, 1996).

The well characterised CPs found in mammalian cells can be divided inta 2
groups, one comprising mainly the lysosomal enzymes cathepsins B, H and 1. (Barrett
and Kirschke, 1981) and the other the cytoplasmic Ca?'-dependent cnzymes, the
calpains (Murachi, 1983). Apart from their cellular location, a [eature that distinguishes
the calpains from the cathepsins is their lack of inhibition by diazomethane compounds
(Barrett ef al., 1982), although in common with the lysosomal CPs, the calpains are also
inthibited by the class-specific inhibitor, E-64. All of the CPs have an cssential cysteine,
histidinc and asparagine, the mechanism of action depending on the sulphonium ion of
the cysteine providing nucleophilic attack on the carbonyl group in the peptide bond.
CPs are generally > 31 kDa in size, have broad pH optima, from 5.5 to 7.5, and can
function in a variety of environments as long as sufficient reducing agent is present (o
prevent the active-site (hiol group being oxidised (McKerrow et al., 1993).

Studies of many lysosomal enzymes, including CPs, have indicated that they are

synthesised as inactive preproproteins that acquire activity only after the removal of the
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Fig. 1. Schematic representation of the three types ol trypanosomatid CPS in compurison with human
cathepsin L and cathepsin B,

N-terminal pro-peptides in the pre-lysosomal compartment (Fig. 1.). Metalloproteinases
and aspartic proleinases have been reported to be involved in the processing of
lysosomal enzymes (Hara et ol., 1988; Nishimura ef af., 1989). This cleavage, with
mamimalian cathepsin B for example (Mach et al., 1994), may be brought about ir vifro
at acid pH, suggesting that the lower pH of the lysosome may be responsible for
triggering activation in vivo. The papain family has more known members than any
other family of CPs. With few exceptions these endopeptidases, which include the
majority of parasite CPs, show a strong preference for hydrolysis of bonds in which the
P, residue is a hydrophobic one. Typical members of the family arc the proteinascs of
the food vacuoles of protozoa, and the lysosomal proteinases, cathepsins B, H, L, K, 8
and others, in higher animals. In the lysosome, enzymes of this tvpe contribute to the
turnover of cellular proteins and also act in phagoeytic cells to digest the proteins of
microrganisms. This activity contributes antigenic peptides to the major
histocompatibility system, leading to the production of antibodics (Mizuochi ef al.,
1994). The lysosomal enzymes can alsa be secreted into the extraceliular matrix, where
they contribute to tissue remodelling in cartilige and bene. Specific CPs are also thought
to be involved in pro-hormone processing, cyclin B degradation and platelet activation
(review: Kirschke et ai., 1995). Proteolysis by CPs outside the lysosomes is regulated by
physiological pH values and natural inhibitors. However, as will be discussed later, an

alteration of this balance in favour of the enzymes leads to uncontrolled proteolysis seen
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in several disorders such as inflammation, tumow growth and arthritis (see section

1.2.1.3).

1.2.1.1, Cathepsin L

Cathepsin L is a lysosomal protein involved in protein degradation (Kirschke and
Barrett, 1987) and is synthesised as an inactive precursor that is processed {0 produce a
28 kDa single chain mature enzyme (Fig 1). The pro-region 1s a potent inhibitor ol the
enzyme's activity (Carmona ef «l., 1996) through its binding to the active site
(Coulombe et al., 1996), thus maintaining the proteinase in an inactive form during
trafficking to the lysosome. Cathepsin L is catalytically active at pHs 3.0 - 6.5 in the
presence of -SIT containing compounds, while the precursor is stable at physiological
pH. Studies on the activation of pro-cathepsin L showed that this can occur
autocatalytically as well as by other proteinases such as cathepsin D and
metalloproteinases (review: Kirschke ef of., 1995). Cathepsin L is a strong
endopeptidase implicated in the modification of numerous proteins, such as degradation
of matrix proteins, the activation of pro-plasminogen and the inactivation of bradykinin,
to name but a few (Kirschke et al,, 1995). The enzyme has been found to have a
restricled specificity in the hydrolysis of synthetic substrates, cleaving preferentially at
pH 3.5 those with arginine in the P, position and hydrophobic residues in the P, and P,
positions. The methylcoumarylamide substrate 7-Phe-Arg-NITMec i1s a suitable
substrate for determining cathepsin L activity. Cathepsin L-like enzymes have been
characterised from a wide range of eukaryotes, including some protists that are thought
to form the carlicst branches of the eukaryotic tree (Berti and Storer, 1995), although

there appear to be differences in properties between enzymes from the various species.

L.2.1,2. Cathepsin B

Cathcpsin B is similar (o cathepsin L in being a lysosomal proteinase present in
all mammals and nearly all organs and tissues; similar enzymes also occur in lower
organisms, as will be discussed later (section 1.2.2.2). Synthesised us a glycosylated pre-

pro-enzyme (Fig. 1.), it 1s processed to a ~30 kDa single chain active protein on route to
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the lysosome. Secreted cathepsin B is in the pro-enzyme form, which differs from the
mature processed form since it is slable at neutral pH. The cathepsin B pro-peptide is a
potent inhibitor of cathepsin B at pH 6.0. but can be removed autocatalytically, as well
as by cathepsin D, pepsin, and other serine, metallo- and cysteine proteinasess.
Cathepsin B has broad substratc spccificity and cleaves several synthetic substrates,
notably methylcoumarylamides containing the Arg-Arg sequence. The specificity of the
endopeptidase activity of cathepsin B is unclear; the amino acid in P can be varied
greally, and glycine and arginine as well as hydrophobic amino acids can be
accommodated as the P, residue. As a result, a greal many proteins are degraded or
modilied by cathepsin B. For example, plasminogen is activated whereas fibronectin is

degraded ([or a review of cathepsin B, see Kirschke et al., 1995).

1.2.1.3. Involvement in mammalian pathologies

Although lysosomal CPs play an important role in the turnover of intracellular
proteins, the results of recent studies suggest that cathepsins L. and B are more stable in
the extracellular environment than was previously believed and evidence is increasing
that they play a significant extracellular role in a range of physiological disorders. For
example, tumours of various types have becen reported to express increased levels of
cathepsins 13, H and L, and extraceliularly these enzymes have been implicated in
tumour invasion and metastasis (T.iotta and Stetler-Sievenson, 1991). Furthermore.
cathepsins S, B and L have been implicated in Alzheimer's disease, arthritis and
inflammation {review: Miiller-Ladner ¢t @i., 1996)

Secretion of precursor forms of cathepsin L is known to occur not only from
normal cells such as macrophages and fibroblasts, but also {rom cells treated with
growth factors and tumour promoters and malignantly transformed cells (Kirschke es af.,
1995). Cathepsin L has been shown to be active towards cxtracellular matrix proteins at
physiological pH and it is hypothesised that this enzyme might facilitaie the invasive
steps of metastasis during which tumour cells cross through the basement membranes
(Duffy, 1992). Other physiological processes that this enzyme has been specifically

implicated in arc bone resorplion and arthritis (Trabandt, ef al., 1990).
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Cathepsin B is the lysosomai CP that has been implicated most in disease
pathogenesis, particularly with regards to joint destruction in rheumatoid arthritis,
muscular dystrophy and tumour metastasis (reviews: Flliot and Sloane, 1996; Miuller-
Ladner e/ al., 1996). Production of cathepsin B by tumour cells has been linked to
metastalic potential in several experimental models, and it is found in higher amounts in
Lewis lung carcinoma, colon carcinoma cell lines and ascites fluid of women with
avarian carcinoma. The ability of tumour cells to invade into the extracellular matrix has
been attributed to cathepsing released by tumour cells or associated with the plasma
membrane of tumour cells (Sloane ef al., 1994, and references thercin). Cathepsin B
secreted by invading tumour cells can degrade collagen and elastin (Kirschke et «l.,
1982) thereby destroying the basal Jaminar region. The finding that in tumour cells
cathepsin B is delivered to the plasma membrane rather than to the Iysosome (Sloane er
al., 1994b) and secreted into the surrounding medium (Sukoh ef ., 1994) indicates that
tumour cells are defective in their intracellular processing of proteinases.

Bacterial proteinases have been implicated as both pathogenic and virulence
factors, with many of the medically important species producing enzymes involved in
tissue invasion and deshruction, evasion of host defences and modulation of the host
immune system during infection and inflammation (review: Travis ef al., 1995). An
example is the anaerobic Gram-negative rod bacterium Porphyromonas gingivalis,
which has been implicated in the imitiation and progression of certain forms of
periodontitis, including juvenile and adult periodontal disease. The combined
proteolytic activitics of P. gingivalis have been shown to be virulence factors capable of
degrading and inactivating host defence proteins, structural proteins and plasma
proteinase inhibitors (Johnson, 1991, and references therein). Multiple CPs designated
gingipains have been identified in 2. gingivalis and are vnusual in not only having a
putative role in adhesion of the microorganism to host tissue, but also in having no

homalogy to other known CP families (Pavloft er al., 1997).

1.2.2. Protecinases of Parasites

Parasite proteinases have becn the subject of much research and this fopic has

10
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been extensively reviewed (North ef af., 1990; North, 1992; McKerrow, 1989, 1993,
Robertson ez af., 1996; Cootnbs and Mottram, 1997). Broadly speaking, these enzymes
appcar to have important rales in parasite transformation, parasite nutrition, host
invasion and also cvasion of the host immune response. Many parasitic organisms
differentially cxpress proteinases at different stages of their life cycle, as appropriate for
their role. In the proccss of tissuc infection by helminth parasites, for example,
proteinases are thought to be important not only for tissue lysis and migration
(McKerrow, 1989, Pritchard, 1995) but also for nutrient uptake (Chappell and Dresden,
1986) and immune evasion (Carmona ef al., 1993). The cathepsin I .-like proteinases of
parasitic protozoa often play an important role in the destruction of host proteins
(Stanley et al., 1995), in the nutrition of the parasite (Rosenthal, 1995) and in the
neutralisation of the host immune response (Reed ef af., 1995; Leao ef af., 1995). There
is great interest in these enzymes since several appear 1o be promising targets for the
development of new anti-parasite chemotherapy.

‘There is an enormous amount of literature concerning the proteinases of
parasites; therefore, | have concentrated on a few examples which best illustrate the

diversitly of these enzymes, both in helminths and in protlozoa.

1.2.2. 1. Helminths

Haemonchus contortus 1s a highly pathogenic blood feeding nematode which
resides in the abomasum of sheep, goats and other small ruminants. A number of
proteinases have been described from this ovine parasite including a zinc
metalloproteinase, the secretion of which controls the ecdysis of infective 3rd stage
larvae {(Gamble et af., 1989, 1996), and several CPs from the adult stage (Pratt ef al.,
1990). Cathepsin B-like CPs are widely distributed in parasitic helminths, and /1
contorius contains at least 5 genes (Cox ef al., 1990), the corresponding enzymes of
which are thought to have a role in nutrition. The latter proteinases were cloned and
sequenced, and were found to represent a multigene family (Pratt er o/, 1992). The
transcribed CPs have been found in adult worm extracts but not 3rd or 4th stage larvae,

suggesting their function is in worm leeding. Developmentally regulated secretion of gut
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associated cathepsin L-like CPs by adult H. contortus has been reported (Rhoads and
Fetter, 1995). It has been hypothesised that the gut-associated cnzymes may function as
digestive enzymes, and the secreted proteinases may function in the degradation of
abomasal tissue and blood vessel walls, facilitating the parasites access lo Ussue or
blood components (Rhoads and Fetterer, 1996). More recently, a developmentally-
regulated zine metalloproteinase was characterised from secretions of 4th stage larvae of
H. contortus (Gamble ef ¢f., 1996b). 1t was shown that this differed from the previously
characterised metalloproteinase involved in the ecdysis of 3rd stage larvae, prompting
speculation that this chzyme is involved in feeding or prevention of blood clotting. /7.
contortus also has a putative metatloproteinase found in host protective gut-exiracts of
the adult helminth (Redmond et af., 1997); this enzyme is thought to be involved in
proteolytic digestion of the blood meal and has potential as a sub-unit vaccine
component or novel target for chemotherapcutic intcrvention. Indeed another highly
protective gul membrane protein isolated from Iaemonchus was found to be an
aminopeptidase, suggesting that vaccination with helminth proteinases could prove te be
an effective anti-parasite strategy.

The apparent intestinal source of the CPs and their release via defecation might
represent an adaptation enabling H. contortus to modify its host microenvirenment. This
mechanism is similar to the secretion of cathepsin L-like CPs by the liver fluke Fasciola
hepatica from intestinal cells and release via regurgitation (Smith er al., 1993)
suggesting that the release of gut proteinases might represent a specific adaptation to
parasitism. This concept is supported by the fact that Caenorhabditis elegans, a free-
living nematode that contains a CI* gene with specific expression in the gut and a
predicted amino acid sequence with 50% homology to that of the . contortus CP (Ray
and McKerrow, 1992), does not release proteinases during culture (Lackey et al., 1989).
CPs also appear to play a nutritional role in other parasitic nematodes that digest
haemoglobin, such as Ascaris (Maki and Yanagisawa, 1986) and the hookworm
Ancylostoma caninum. The latter secretes both cathepsin L-like and cathepsin B-like
CPs, apparently for their anticoagulation propertics (Hatrop et al., 1995).

An extracellular matrix model, which mimics the in vive structure of connective
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tissue and basement membranes, has become a uselul tool in analysing host-parasite
interactions, parasitc developmental processes and, in particular, parasite proteinase
roles (review: Rhoads and Fetterer, 1997). For example, the hypothesis thal the skin
invasive larval stages of nematode parasites such as Strongyloides siercoralis
{(Mckerrow et al., 1990) and Onchocerca species (Lackey er al., 1989) utilise secreted
proteinases to traverse keratin, epidermal cell layer, basement membrane, dermal
connective tissue and blood vessel walls was supported by the ability of thesc parasites
to degrade extracellular matrix efficiently (Rhoads and Fetterer, 1997). The enzymes
involved were characterised as cither scrine or metallo-elastases, a finding consistent
with the elastin-rich extraccllular matrix of skin. Proteinase reiease by the filarial
nematode Dirofilaria immitis incrcases at the time of moulting from the 3rd to 4th larval
stage and corresponds to an incrcase in the specific degradation of the collagen
component of extracellular matrix (Richer er of., 1992). A cathepsin L-like CP has
recently been implicated in the moulting process of the related species Brugiv pahangi
(McKerrow, 1994).

The CPs of #. hepatica have been implicated in invasion by the juvenile stages
(Dalton and Heffernan, 1989) as well as the haematophagic activities of the established
liver fluke (Rege ef @/., 1989, and references therein). A number of workers have shown
that the CPs of F. hepaticar can cleave human TgG and IgM (Chapman and Mitehell,
1982; Heffernan ef al., 1991), which may allow the parasite to evade host antibody-
mediatcd immunc mechanisins whilst in the blood circulatory system during migration.
Although scveral CPs are present, the major protein in the excretory-secretory products
of adult and juvenile F. hepatica is a 25-26 kDa CP with a subsite specificity similar to
that of cathepsin B (MceGinty ef al., 1993; Dowd ef al., 1995). The importance of this
CP in parasite fecundity has been implicated, since vaccination using a CP of Fasciolu
has been shown to decrease worm burden and egg production by the parasite (Smith e/
al., 1994).

Both cathepsin I.-like and cathepsin B-like CPs have been identified in
secretions and extracts of the adult biood fluke Schisiosoma mansoni. The cathepsin L-

like CP has been hypothesised as the major proteinase involved in the degradation of
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haemoglobin by schistosomes. This suggestion was bascd on the finding that the
cathepsin 1. activity greatly predominated over the cathepsin B (Smith et af., 1994b;
Dalton et al., 1995, 1996). However, the recent veport that thc vomitns of adult
schistosomces contains a major cathepsin B-like but only minor cathepsin L-like activily,
biochemically variable between schistosome species (Caffrey et al.. 1997), argues
against this hypothesis. S. mansoni cercariae release both cathepsin L-like and cathepsin
B-likc CPs and it is thought that they may be involved in the process of skin penetration
(Dalton ef al., 1997) together with the well documented serine proteinases (McKerrow
et al., 1985, 1991). Sequence comparisons have recently shown that a S, mansoni
protcin from extracts of adult worms, named Sm32, is similar to asparaginyl
endoproteinases, a novel family of CPs of which the legumains from legumes are the
best characterised (Takeda er al., 1994; Dalton ef af, 1995b). It is proposed that Sm32 is
involved in pro-enzyme activation, due to its strict substrate specificity (Dalton and
Brindley, 1996), and may theretore represent a potential drug target.

Proteinases with parasite specific functions have also been identified in several
cestode species. The plerocercoid stage of the pseuodophyllidean tapeworm Spirometra
mansonvides has been found to contain a neutral CP that is also a growth hormonc
agonist, facilitating tissue penetration while stimulating the host's growth (Phares e/ af.,
1996). CPs have also been identified in the related species S. eriacei and S. mansoni
plerocercoids (Fukase ez @f.. 1985; Song and Chappell, 1993). These have been found to
cleave immnuoglobulins (Kong ef al., 1994) and invoke a specific IgE response in
infected individvals (Kong e/ al., 1997). Human neurocysticercosis is caused by
infestation of the central nervous system with the cyst stage ol Taenia sofium, the pork
tapeworm, and the cysts produce cysleine, aspartic and metalloproleinases (White el af..
1992). A CP has been found to be the predominant enzyme involved in IgG degradation
by the cysts of the related species 7. crassiceps and is another potential target for anti-

parasitic chemotherapy (White ef al., 1997).

1.2.2.2. Protozoa

Although the parasitic protozoa represent a very diverse group of organisms, the
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highest activity proteinases are often the CPs (North, 1992). These have been found in
most of the important parasites during at least one stage of the life cycle, often a stage
present in the mammalian host. Some of their potential functions include tissue
invasioh, penetration into and survival in the host cell, and parasite remodelling during
transition of one morphological state to another. The occurrence of CPs in parasitic
protozoa has been summarised (North ef al., 1990); the enzymes most studied are those
in Leishmania mexicana, Trypanosoma brucei, T. cruzi, Trichomonas vaginalis,
Tritrichomonas foetus, Giardia intestinalis, Entamoeba histolytica, Theileria and
Plasmodium falcipawrum. Many of the enzymes are located in lysosomcs, and in
comparison with the mammalian enzymes some are unusually large and relatively stable
to alkali.

Giardia specics causc a common water borne intestinal infection in humans.
Lindmark (1988) first reportcd that proteinases were present in  lysosome-like
subeellular particles in Giardia trophozoites, anxl subsequent studies confirmed the
occurrence of CP activity (Hare ef al., 1989; and refercnces therein). More recently two
CPs from G. intestinalis have been characterised (Werries ef ¢f., 1991) and multiple
proteinase activities due not only to CPs but also serine and aspartic proteinases have
been detected in lysates of trophozoites of Giardia intestinalis (Williams and Coombs,
1995). However, it is not yet known in which aspect of parasitc development,
mctabolism or pathogenesis they are involved in.

Trichomonas vaginalis secretes CPs which are significantly Jarger in size than
the well characterised mammalian lysosomal enzymes (Lockwood ef aof., 1987) and
there is evidence that these CPs can degrade host antibodies (Provezano and Alderetc,
1995). Surface-associated CPs have been reported to be involved in the cytoadherence
and cylotoxicity of this organism and are thus perceived to be important virulence
factors (Arroyo and Alderete, 1989, 1995).

Severe tissue damage can result from infection by certain pathogenic amocbac
and released CPs have been implicated in the pathogenesis of Fntamocbu histolytica
(Keene et af., 1986), Acathamoeba polyphaga (Miro ¢ al., 1994) and Naegleria fowleri

(Aldape et al., 1994). CPs arc important virulence factors of pathogenic £. histohtica
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(Scholze and Tannich, 1994), having been shown to degrade host proteins such as
complement factors (Reed er ., 1989) and be released by viable trophozoites, rather
than simply leaking out upon cellular disentegration (Leippe ef af., 1995). However, a
homologue of one of the three CPs genes of pathogenic £. Aistolytica has been found in
non-pathogenic E. dispar strains (Mirelman et af., 1996). a finding which rules out the
proposed test Tor pathogenic or non-pathogenic strains bascd on the presence or absence
of these genes (Reed ef ad., 1995).

Malaria is the most important protozoan infection worldwide, with hundreds of
millions of cases and approximatcly one million deaths reported annually (Walsh,
1989). Trophozoites of Plasmodium folciparum obtain free amino acids for prolein
synthesis by degrading host crythrocyte haemoglobin in an acidic food vacuole.
Available evidence suggests roles for CPs, serine and aspartic proteinases in the
invasion and rupture of erythrocytes by malaria parasites, as well as in hacmoglobin
degradation by trophozoites. Two CPs of apparent sizes 28 kDa and 68 kDa have been
identified in P. falciparim (Rosenthal, ef al., 1988, 1989). The 68 kDa enzyme is
involved in invasion of erythrocytes by merozoites (Mayer, e al., 1991) whereas the 28
kDa proteinasc (falcipain) is implicated in parasite multiplication and haemoglobin
digestion within the erythrocyte, and is located within an acidic food vacuole
{Rosenthal, ef al., 1987, Rosenthal, et al., 1988; Rocket ¢f al., 1989). A P. fulciparum
CP gene was recently characterised as having 37% amino acid identity to cathepsin L
(Rosenthal and Nelson, 1992) and appeared to be the gene encoding the 28 kDa
trophozoite proteinase falcipain. The P. falciparum food vacuole contains not only the
CP falcipain but also the aspartic proteinases plasmapepsins 1 and Il (Gluzman ef al.,
1994, and references therein). All three enzymes can cleave denatured hacmoglobin i#
vitro (Rosenthal, er af., 1988; Salas ef al., 1995). It has recently been discovered that the
faleipain gene is the only CP gene whose transcript can be detected in the early
intraerythrocytic parasites (Francis ef al., 1996) and it has been proposed that falcipain
works by degrading hacmoglobin fragments after initial aspartic proteinase attack has
denatured the substrate. For a detailed review of haemoglobin catabolism by mataria

parasites sec Rosenthal and Meshnick, 1996.
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CPs and mctalloproteinascs have been found in a wide range of trypanosomatids
{Branquinha ef ol., 1996, and references therein) although there are marked differences
between the enzyme profiles from the monogenetic (Crithidia, Herpetomonas,
Leptomonas) and digenetic (Trypanosoma, Leishmania, Endotrypurum, Phytomonas)
species. In the case of 7. brucei, the causative agent of Aftican sleeping sickness, a CP
gene was cloned and sequenced, and the amino acid sequence deduced from ¢DNA
showed similarity with human cathepsin L (Mottram e af., 1989). The cDNA of the 28
kDa enzyme predicted a protein with a 108 residue C-terminal cxtension (CLLE) of
unknown function, similar to that of 7. cruzi (see below). The substrate specificities of
CPs of the parasite were studied in more detail (Robertson ef al., 1990) and the results
showed that 7. brucei containg a group of four CPs similar in substrate and inhibitor
specificities to cathepsin L, and also larger enzymes that are probably serinc proteinases.
Subcellular fractionation studies indicate that the main hydrolytic activity of T. brucei 1s
located within organelles that resemble lysosomes (Lonsdale-Eccles and Grab, 1987),
with higher levels being reported in short stumpy bloodstream forms infective for the
tsetse fly vector (Pamer et al., 1989, 199(). This suggests a biological role for this CP
activity in differentiation or adaptation to the insect host. A developmentally regulated
lysosomal CP, termed congopain, exists in 7. congolense (Mbawa ef al., 1991, Fish ef
al., 1995). It has high homology to CPs of 7. brucei and T. cruzi including the presence
ol a CTE (Authié et al., 1993), which is characteristic of the so called Type I CPs of
trypavosomatids (see section 1.5.2.1). Host proteins such as immunoglobulins and
complement factors are degraded by congopain in vifre (review: Authié, 1994).
Congopain clicils a high IgGG response in trypanotolerant but not trypanosusceptible
caftle during primary infections, which suggests that congopain may play a role in
pathogenicity and that more ¢fficient imunune responses to congopain may contribute to
trypanotolerance (Authié, 1994). The CIE of congopain is thought to be the most
immunogenic part of the molecule, stimulating antibodies that do not affect the enzyme
function.

The trypanosomatid Trypanosoma cruzi is the causative agent of Chagas'

Disease, estimated to affect over 16 million people in Central and South America and is
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the leading cause of heart disease in these countries. Three CPs have been purified to
homogeneity from epimastigotes (Bontempi ef al., 1984; Rangel et al., 1981b; Bongertz
and Hungerer, 1978). The major enzyme, termed ‘cruzipain', has a cathepsin L-like
preference for dipeptide substrates containing phenylalanine and arginine (Bontempi, ef
al., 1984), hydrolyses cascin and haemoglobin in substraie SDS-PAGLE gels (Rangel, er
al., 1981), and has a molecular mass of around 40 kDa (Martine and Cazzulo, 1992). It
is a high mannose-type glycoprotein (Cazzulo er al., 1989) whose expression is
developmentally regulated, with highest levels being found in the insecl vector
(epimastigote) form of the parasite (Campetella, et al., 1990). Cruzipain is found in
lysosomes, perhaps indicating a role in parasite nutrition (Bontcmpi, ef af., 1989), but
some is also detected on the cell surface (Souto-Padrdn, ef ¢l., 1990) and so the enzyme
could be involved in host cell penetration. The multicopy (~130) cruzipain gene has
been cloned, by sequencing a DNA fragment obtained by PCR amplification (Eakin et
al., 1990; Campciclla ef af., 1992), and appears to encode a protein that includes the
expected pre-pro-enzyme form as well as an unusual CTE of approximately 145 amino
acids (Ashund, ef @l., 1991; Eakin, ef ai., 1992). The pre-pro form is similar to that found
in other members of the papain superfamily, but the CTE is relalively rare, having been
identified so far only in some other trypanosomatid CPs, including CPs of Trypanosoma
(see above) and Leishmania species (see section 1.4), in the tomato (Motlram, ¢/ al.,
1989; North, 1991) and also in rice (Watanabe et al., 1991). However, the CTE is
present in the mature enzyme of 7. cruzi, whereas it appcars to be largely removed
during post-translational processing in the other trypanosoinatids. Proposed functions
for the CTE, which can be obtained by self proteolysis (Hellman ef of., 1991), and
which is not nceessary for enzyme activity (Eakin et ¢/., 1992, 1993) inchude targeting
the proteinase within the parasite cell and/or anchoring it to a cell membrane. Cruzipain
and its CTE are detected in biological fluids during experimental infection of mice
{Gonzalez ef al., 1996) and, intcrestingly, the relative amount of C'TE detected is 7-fold
higher than that of the catalytic domain, reinforcing the idea of a highly
immunodominant but enzymatically inactive CTE domain (Cazzulo ef af., 1992; Authié,

1994). The presence of cruzipain in serum mcans that differential serodiagnosis of
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human infections caused by T. cruzi and Leishmania spp is now possible using puritied
cruzipain as the specific antigen (Malchiodi e al., 1994). 'The 3 dimcnsional structure of
the enzyme has been solved, revealing that cruzipain is isostructural with papain
(McGrath ef al., 1995) and suggests a common caialytic mechanism (Slorer et al.,

1994).

1.3. PROTEINASE INHIBITORS AS DRUGS

It has become apparent that proteinases play crucial roles in numerous
pathological processes and the development of non-toxic proteinase inhibitors for in
vivo application is the subject of much research. The general belief is that the highty
specific recognition by proteinases of defined amino acid sequences should make it
possible to inhibit enzymes involved in pathological processes while leaving other
proteinases unaffected. Arthritis, tumour invasion and metastasis, parasitic infection,
HIV infection and a number of degencrative discases have been linked with the
involvement of one or more proteolylic enzymes and so proteinase inhibitors could have

beneficial activities.

1.3.1. Synthetic inhibitors

An extremely important breakthrough in the understanding of proteolysis was
the development of specific synthetic substrates (Smith ef al., 1992, and refercnces
therein), @ prineiple that has been extended for the development of selective synthetic
inhibitors. The binding of an amino acid sequence to the active centre of a proteinase
can be applied 1o achieve selective inhibition of an enzyme, by linking to the peptide
sequence a group that can bind covalently to, and so inactivate, the active site of the
enzyme (Fvans and Shaw, 1983). Specific and irreversible proteinase inhibitors have
been developed against mammalian cathepsins, and have great potential for
chemotherapy against arthritis, metastasis of cancer cells and parasitic infections.

Seleclive synthetic inhibitors of CPs typically form irreversible covaient bonds
to the active site thiol (review: Rasnick, 1996). Peptidyl diazomethanes (Shaw, 1984,

and references thercin) and peptidyl fluoromethanes (Rasnick e/ al., 1985) are specific,
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irreversible inactivators of CPs that inhibit the enzymes by alkylation of the reactive-site
cysteine residue, the peptide sequence providing the affinity required for binding to the
aclive silc oi the enzymes (review: Shaw, 1990). The compounds readily permeatc
through cell membranes and do not react significantly with free thiols such as 2-
mercaploethanol and cysteine (Green and Shaw, 1981) or other classes of proteinases
(Crawford ef al., 1988; Shaw et al., 1990), although it has been shown that certain
diazomethanes inaclivate some serine proteinases by alkylation of the active site
histidine. The principal liabilities of the diazomethanes as chemotherapeutic agents are
their instability at low pH (which may limit oral administration) and the fact that they
are mutagenic. Investigation of various peptidy! diazomethanes as inactivators of the
lysosomal CPs identitied Z-Phe-Thr-CHN, as an effective inactivator of cathepsin B
(Shaw ef al., 1983) and Z-Phe-Phe-CHN, and Z-Phe-Ala-CHN, as very rapid

inactivators of cathepsin L. (Barrett ef /., 1982; Mason ef al., 1983),

1.3.2. Natural inhibitors

The action of mammalian CPs is biologically controlled by natural and specific
inhibitors called cystatins (review: Henskens e/ «l., 1996). The cystatins make up a
super-family of structurally related homologous proteins consisting of 3 groups: stefins,
cystatins and kininogens (lurk and Bode, 1991). Increasing attention is being paid to
their physiological significance in pathological processes, since uncontrolled proteolysis
can lead to irreversible damage, for example, in chronic inflammation or tumour
metastasis. Cystatin-likc molccules have been identified in both parasitic helminths and
protozoa, although it is not yel clear whether they have evolved as a protective
mechanism against their own CPs or the host's (Robertson ef al., 1996).

The invariant chain (Ii) is an integral membrane protein which. is associated with
the major histocompatability complex (MHC) Class II heterodimer during early stages
- of its intracellular transport, and contributes critically to a proper presentation of
antigens to CD4*+ T lymphocytes (Germain and Margulies, 1993). Recently a novel
property of Ii has been established, since a fragment distinct (in sequence) from the

cystatins (Bevec et al., 1996) has been found (o stvongly inhibit cathepsin L,
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representing a new class of natural CP inhibitors.

The pro-region of CPs is (thought to play many roles in the folding, transport and
activity of the zymogen. As predicted from the total or partial absence of activity of the
pro-enzymes, CP pro-peptides are also inhibitors of the mature cathepsin B and
cathepsin L enzymes (Fox et gf., 1992; Carmona ef af., 1996). In addition to being
potent inhibitors, the CP pro-peptides also contain features insuring thal inhibition is
highly selective for the proteinases they originate from. This 1s an important finding
regarding {uture efforts in designing selective CP inhibitors. Most inhibitors avatlable so
far arc ai least in part peptide-based and it has been proposcd that the use of non-
peptidyl compounds may bring an added flexibility in the design that could exploit
subtle diffcrences in structure that the constraints imposed on peptide-based inhibitors

could not address (review: Storer and Ménard. 1996).

1.3.3. Therapeutic uses and potential
1.3.3.1, In degradative and invasive disease

As was discussed in section 1.2.1.3, the destruction ol the extracetlular matrix of
articular cartilage and bone which occurs in arthritic joints is thought to be mediated by
excess proteolylic activity and there is evidence that cathepsins B, H and L are involved
(McKerrow, 1994; Miiller-Ladner ef al., 1996). Therapeutic advances have been made
using proteinase inhibitors for the treatment of arthritis. Oral administration of peptidyl-
fluoromethanes to animals not only inhibited the activity of cathepsins B and L in vivo,
but significantly reduced the inflammation and joint destruction in experimentally
induced arthritis (Esser et al., 1994).

Another example is in the development of novel anti-cancer treatments. The
most life threatening aspect of cancer is metastasis and CPs and metalloproteinascs are
thought to be involved in the invasion process. Cathepsin B has been found on the
surface membrane of some cancer cells, suggesting proteolytic activity at the ccll
surface (Sloane, ef al., 1994, and references therein) and a decrease of endogenous CP
inhibitors has been observed in several cancer cell lines with metastatic properlies

(Liotta and Stetler-Stevenson, 1991). Detailed studies on limiting cancers using
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protcinasc inhibitors have not yet been published, but some in vifro experiments have
been promising (Navab ef al., 1997).

Asparlyl proteinases are essential in the life cycle of the HIV virus, where they
convert protein precursors to mature proteins which are required for assembly of new
infectious virus particles (Kohl ef al, 1988). Synthetic inhibitors against these aspartyl
proteinases have been developed by Kemf e ¢/. (1994) and much attention has been
given to this method as a therapeutic intervention of AIDS. Treatment regimens
employing the proteinase inhibitor ritonavir, for example, significantly delayed the
progression of HlV-related disease and prolonged survival in patients with advanced
AIDS, while combination therapy with ritonavir and other proteinase inhibitors

produced greater clinical benefits (Kemf ez al., 1997).

1,.3.3.2, In parasitic infection

Proteinase inhibition has long been considered a good targel in the scarch for
novel parasitic disease ireatments. Certain profeinase inhibitors that arc currently
available have been found to have anti-parasite effects against some helminths and
protozoa. For example, inhibitors of schistosome CPs block parasite haemoglobin
degradation in vitro and decrease worm burden and egg production in vivo (Wasilewski
et al., 1996). Specific CP inhibitors not only block the CP activities in cysts and
trophovoites of Enfamoeba, bul decrease the efficiency of encystation by trophozoites
(Sharma ef ¢d., 1996). Peptidy! diazomethanes have been shown to inhibit both the CPs
and the growth of 7. Arucei (Robertson ef al., 1990) and leupeptin, an inhibitor of CPs
and some serine proteinases, has shown both anti-trichomonal and anti-leishmanial
activity (Bremner ef al. 1986; Coombs and Baxter, 1984). However, by far the most
promising results have been achieved by using proteinase inhibitors against £/asmodium
and 7. cruzi.

Inhibitors of both classes of malarial food vacuole proteinases have shown
antimalarial effects, The aspartic proteinase inhibitor pepstatin acts on rings and
schizonts causing the formation of pyknotic parasites (Bailly et al., 1992; Rosenthal,

1995) and a peptidomimetic inhibitor of plasmepsin I killed cultured parasites at low
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micromolar concentration (Francis et al., 1994). Peptide inhibitors of the 68 kDDa CP
appeared to inhibit invasion of crythrocytes by merozoites (Mayer, ef al., 1991) whereas
inhibitors of the 28 kDa CP prevented parasite multiplication within the erythrocyte
(Rosenthal, er af., 1987: Rosenthal, ef al., 1988; Rockett ef al., 1990). The CP inhibitor
E-64 acts mainly on trophozoites causing undegraded haemoglobin to accumulate in the
food vacuoles and halt intracellular development (Rosenthal, ef af., 1989; Bailly e af.,
1992; Rosenthal, 1995). In in vitro studies using peptide-based tluoromethanes such as
Z-Phe-Ala-CH,I' (Rosenthal ef al., 1991) and vinyl sulfone CP inhibitors (Roscnthal e/
al., 1996), the antimalarial effects directly correlated with the ability of a compound to
inhibit falcipain, block globin hydrolysis and inhibit parasite development. Interestingly,
the antimalarial cffcets of B-64 and pepstatin are markedly synergistic (Bailly e al..
1992), suggesting that combination therapy might be a promising approach.
Encouraging iz vivo resulls have been achieved using a peptidyl-fluoromethane, which
successtully cured murine malaria infections (Rosenthal e af., 1993). To identify non-
peptide proteinase inhibitors, a database of small molecules has been screencd against
falcipain using computer modelling techniques. This approach identified a low-
micromolar lead compound (Ring et al., 1993) and subsequent chemical synthesis and
screening identified a set of chalcones effective against cultured parasites al low-
nanomolar concentrations (Li ¢f al., 1995).

Cruzipain is thought to participate in hast cell invasion, binding to target cells,
intracettular replication and differentiation of 7. cruzi (Harth ef al., 1993, and references
therein). These putative functions at important stages of the life cycle of the parasite
make cruzipain an excellent target for specific irreversible inhibitors that may be used to
develop a new chemotherapy. Several successful developments have been made in this
direction using peptidyl-diazomethanes and peptidyl-fluoromethanes, resulting in
impairroent of host cell invasion by 7. cruzi and intracellular development of the
parasite (Bonaldo ef al., 1991; Mereilles et al., 1992; Harth er af., 1993; Franke de
Cazzulo ef al., 1994). Cruzipain is inhibited by a range of peptide aldehyde compounds
(Bontempt ef al., 1984, Cazzulo et al., 1990) as well as by proteinase tnhibitors

belonging to the cystatin supcrfamily (Stoka ef al.,, 1995; Serveau ef al., 1996). The
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presence of cruzipain in both the intracellular and extracellular developmental forms of
7. cruzi has stimulated efforts 10 develop first generation inhibitors and these have
proved to be highly effective in vitro, Some of these compounds have recenlly given
promising results in mice infected with 7% ¢ruzi (McGrath er al., 1995).

The naturally occurring CP inhibitors kiiown as cystatins have been found to be
very potent inhibitors of cruzipain (Stoka ef al., 1995) and indicates that they may play a
defence role in the host. Furthermore they may serve as promising starting points for the
design of non-covalently bound, reversible CP inhibitors as new anti-parasite drugs, X-
ray crystallography and inhibitor screening against cruzipain using computer graphics
analysis is allowing rapid identification of new inhibitors based on cither leads already
identified or compounds selected by computer graphics screening of chemical databases
(review: McKerrow et al., 1995). Biotin labelled peptidyl diazomethave inhibitors of
CPs, based on the N-terminal substrate-like segment of human cystatin C, have been
synthesised (Lalmanach et al., 1996) and have been shown to target cruzipain in
infected mammalian cells. Cruzipain has also recently been shown to be inhibited by an
alternatively spliced Ii fragment (Bevec er al., 1997), suggesting the possibility of using
the invariant chain (see section 1.3.2) as a model for a potential drug to combat Chagas'
disease.

In summary, CPs represent attractive targets for the development of inhibitors as
potential therapeutic agents, to treat not only discases invoiving abnormal elevations of
proteolytic activity, but also parasitic infections where one or more CPs are essential to
the parasite. However, such reagents must be specific so that they do not interfere with
related proteinases from the host. The close structural and functional relationship
between parasile CPs and papain-related mammalian CPs has meant that the substrates
and inhibitors used so far o assay the activity of parasitc CPs are the same as those
currenlly uscd for cathepsins L and B of mammalian lysosomes (North ef al., 1990). It
would thus appear that better knowledge of the substrate specificity of parasitic CPs and
their sensitivity to inhibitors is needed for the rational development of new drugs that

can discriminate between parasite and host cell proteinases.
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1.4. PROTEINASES OF LEISHMANIA

Trypanosomatids arc known to contain CPs, melallo- and serine proteinases, but
there have been no reports yet of aspartic proteinases, which appear to be relatively rare
in parasitic protozoa (review: McKerrow ef «f., 1993). By far the most abundant and

hence most studied proteinases in Leishmania species arc the metalloproteinase gp63

and the CPs.

1.4.1. Promastigote surface proteinase

Gp63 is a metalloproleinase expressed in large quantitics on the surface of
Leishmania promastigotes (Bouvier ef al., 1985) and accounts for about 1% of the total
protein in promastigotes (Bordier, 1987). gp63 has been purified to homogeneity [rom
several species of Leishmania (review: Chang and Chaudhuri, 1990) and was tound 1o
have proteinase activity that requires zinc ion (Chaudhuri et al., 1989). The natural
substrate for this proteinase is not known and the optimum pH of gp63 action appcais to
be dependent on the nature of the substrate used for the in vitro assay (Chang and
Chaudhuri, 1990).

The surface expression of this glycosylphosphatidylinositof (GPl)-anchored
metalloproteinase in promastigotes is well established for all LeishAmania species
investigated. Gp63 is also expressed, but at lower levels, by intracellular Leishmania
amastigotes (Frommel ef af., 1990; Schneinder ef of., 1992). More recent experiments
suggest that the amastigote protein has hydrophilic properties, an acidic pll optimum,
and is localised in the extended lysosomes of L. mexicana (Hg et al., 1993) which are
likewise known to be a rich source of CPs. Thus amastigoie gp63 may be involved in
lysosomal enzyme processing. These observations are consistent with a differential
expression of mRNAs derived from the multicopy gp63 genes in different parasite
stages (Medina-Acosta ef al., 1993). Transcripts found predominantly in promastigotes
predict a hydrophobic sequence at the COOH-terminus serving as a GPI anchor addition
signal, while the otherwise highly homotogous mRNA in amastigotes codes for a
COOH-terminal extension lacking this signal. Therefore, the promastigote protein is

routed o the cell surface while the amastigote protein is delivered to lysosomes.
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The active site structure of the gp63 proteinase appears to be very similar to
those of other well known mammalian matrix metalloproteinases (Bulton ef «f., 1993,
McMaster ef al., 1994). However, anligenicity and conformational analysis of the Zn2*-
binding sites of Leishmania gp63 and mammalian endopeptidase-24.11 showed them to
be antigenically and structurally different although their respective antibodies cross-
reacted (Soteriadou ef al., 1996). The Leishmania surface proteinase has many putative
roles, for example, in complement fixation, cell adhesion and resistance to complerment-
medialed lysis (Brittingham e al., 1995). In several reports the importance of gp63 in
the initial infection of macrophages by Leiskmania has been emphasised. It has been
reported that gp63 mediates attachment of promastigoles to macrophages directly or via
the complement component C3 (Chang and Chaudhuri, 1990). Furthermore gp63
appears to play an important role in the intraceilular survival of the parasite in the
macrophage PL probably through its non specific proteinase activity (Chaudhuri ef al.,
1989). Metalloproteinascs related to gp63 have however been deseribed in the
monogenetic trypanosomatids Crithidia fasciculata, Herpetomonas samuelpessoai and
Leptomonas seymouri, which inlect invertebrate hosts but do not infect maminalian
cells (Medina-Acosta ¢f «l., 1993b), suggesting that the proteinase must also have a role
in the insect vector stage.

gp63 has been considered a good candidate for a vaccine agatnst leishmaniasis.
Mice immunised with purified gp63 or orally treated with a Salmonella mutant carrying
the L. major gp63 developed significance resistance against L. major challenge infection
(Yang et al., 1990). In addition, synthetic peptides modelled from different regions of
the amino acid sequence of gp63 were found to be highly immunogenic and induced

protective immunity i mice (Button and McMaster, 1988).

1.4.2. Cysteine proteinases

Amastigotes of the L. mexicana family, which includes L. mexicana, L. pifanoi
and [. amazonensis, contain high CP activity (Pupkis ef af., 1986, Robertson and
Coorabs, 1990; Alficri ef al., 1991). A radioiodinated peptidyl diazomethanc probe

specific for CPs has been found L0 detect similar enzymes in amastigotes and
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promastigotes of various isolates of L. mexicana and L. amazonensis (Alficti et al.,
1995), although CP banding may differ among L. amazonensis isolates.

Degenerate primers cncoding the evolutionary conserved active sitec amino acids
of proteinase genes, successfully employed for PCR amplification of CP and serine
proteinase genes of protozoan parasites (Eakin ef af., 1990; Sakanari ef ¢/..1989), have
been used to obtain sequence data for the amastigote CPs of axenically cultured
amastigotes of L. pifarnoi (Traub-Cseko ef al., 1993). Lpcys2 was found to have multiple
tandemly repeated copies similar to the cathepsin L-like CP genes of 7. brwcei and T.
cruzi (section 1.2.2.2) and L. mexicana {(section 1.5.2). These have now been designated
Type [ CP genes (Robertson ef al., 1996; Coombs and Mottram, 1997). In contrast,
Lpcys! occurred as only one or two copies (Traub-Cscko er al., 1993) and has since
been designated a Type Il CP gene. The developmental regulation characterised by
increases in Lpcys! and Lpcys2 mRNA levels in the amastigote forms of L. pifanoi is
consistent with previous reports concerning L. mexicana parasiles (see section 1.5).
Related Lpcvsi and Lpcys2 CP genes appear to be present in all specics ol Leishmania,
although fewer copics of the genes lor Lpcys2 appear to be present in species outside the
L. mexicana complex (Traub-Cseko ¢t al., 1993).

Although none contain the high activities characteristic of amastigotes of the L.
mexicana complex (section 1.5), activities with some of the properties of CPs have been
described in other Leishmania species, such as L. farentolae (North ef af., 1983) and L.
donovani (Ghoshal, ef al., 1989). There is some evidence for Ca?*-dependent CPs
similar to calpains in L. dorovani (Battacharya et al., 1993). The discovery of Type |
and Type Il CP genes (see section 1.5) in L. major suggests that this species comntains at

least two such enzymes (Sakanari et a¢l., 1997).

1.5. CYSTEINE PROTEINASES OF LEISHMANIA MEXICANA
1.5.1. Stage specificity of L. mexicana CPs

An interesting feature of members of the Leishmania mexicana complex is the
presence of CP activity (North and Coombs, 1981). Levels arc highest in the amastigote

stage, where their abundance is associated with numerous megasomes, unique
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{lysosome-like organelles which display cytochemically demonstrable lysosomal markers
such as acid phosphatase and arylsulphatase activities (Pupkis ef of., 1986) and can be

stained using monoclonal antibody against rat cathepsin B (Prina, ef ., 1990).

Although the megasomes can constitute as much as 15-20% of the total cell volume of

L. mexicana amastigotes (Coombs ef al., 1986), these organelles are not evident in other
members of the genus.

Similar enzymes are apparently produced in the mammal-infective metacyelic
forms, but are absent from the multiplicative promastigoie stage (Lockwood, ef af.,
1987). Although a specific role has yet to be [ound for L. mexicana CPs, their high
activity and stage specificity suggests their involvement in parasite survival within the
macrophage.

Three types of CP have been identified in L mexicana. In addition to the Type [

enzymes found in other trypanosomatids, 1. mexicana contains at least 2 other types of

CP, designated Type II and T'ype III (see Fig. 1.). A summary of the genc-enzyme

relationship of the CPs of L. mexicana is shown in fable 1.0.

1.5.2. Characterisation of L. mexicana CPs
1.5.2.1. Type I CPs

Amastigotes of L. mexicana contain mulitiple Type 1 CPs of apparent sizes 22-28
kDa that are readily detectable by gelatin-SDS-PAGE (Lockwood et af., 1987b). Since
their discovery (North and Coombs, 1981) 6 groups of CPs in the amastigotes of L.
mexicana have been identified (Robertson and Coombs, 1990) and designated groups A,
B, C, E, F and H. Group A consists of at least 4 isoenzymes that bind to Con A
Sepharose CL4B, demonstrating that they are glycosylaled. The CP isoenzymes of the
groups B and C were separated by ion-exchange chromatography and showed different
specificities towards a range of fluorogenic peptide substrates. The 3 group B enzymes
were found to prefer substrates with tyrosine in the I’; position and have a lower net
negative charge than the 2 cnzymes of group C, which are more active towards
compounds with a basic amino acid in the P| position. Although the enzymes of the 3

CP groups A, B and C were found to be distinct, there were some similarities including
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preferences for substrates with bulky amino acids at the P, and P, positions similar to
the mammalian enzyme cathepsin L. The enzymes were found fo be susceptible to
inhibitors such as cystatins and to be stimulated in the presence of the reducing agent

DTT, clearly demonstrating them to be of the CP type (Robertson and Coombs, 1990).

Table 1. Cysteine Proteinases of Leishtmania mexicana

Gene: enzyme relationship

Enzyme Activity Genes
Type
Type Name Class Number
AB,C,E,F.H I Imcpb cathepsin L-like 19
? 11 fmepa cathepsin L-like 1
D 111 lmepe cathepsin B-like J

Two molecules recognised by anti-group C CP antiserum in western blots of
amastigote lysates also appear to be Type I CP activities, which were designated group
E CPs (Robertson and Coombs, 1994). These activities remain with the pellet fraction
after centifugation of a crude amastigote lysate. Their inhibitor sensitivity indicates that
they are CPs and their aclivities can be released from the pellet fraction by 1% SDS,
high ionic strength and high pH, suggesting they are peripheral membrane proteins that
act jonically with a membrane. Their relatively large size suggests that they are a less
processed gene product (Robertson and Coombs, 1994). Purification and N-terminal
sequence analysis of the E CPs may indicate whether these proteins are pro-enzymes or
mature enzymes with the retained CTE.

Some of these Type I enzymes are present at low activity in stationary phasc
promastigotes grown ir vitro (Lockwood, ¢f al., 1987b; Robertson. and Coombs, 1992).

Three of the bands apparent in gelatin-SDS-PAGE resemble the high activity CPs
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characteristic of amastigotes. Two are similar to the amastigole group B proteinases
whereas the highest mobility band F, of around 21 kDa, was found only with stationary
phase promastigote populations, suggesting this aclivity 1s a [cature of metacyclic
promastigotes (Robertson, and Coombs, 1992). Further studies have shown this faster
moving activity comprises at least 3 distinct enzymes, which were separated by mono Q
anion exchange chromatography. It is proposed that they may have a role in
metacyclogenesis or be a pre-adaptation for survival in the mammalian host. An i vitro
culture method has recently been developed (Bates and Tetley, 1993) which favours the
production of metacyclic forms, and this system has been used to examine the
expression of CPs of L. mexicana metacyclics (Bates, et al., 1994). Two prominent
bands were detected which distinguished metacyclics from multiplicative promastigotes,
lacking CP activity, and amastigotes, with the distinctive banding pattern comprised of
multiple enzymes. A correlation between relative activity of the metacyclic specific
bands and the prevalence of metacyclics was found both during the growth cycle in vitro
as metacyclogenesis occurred, and by comparison of stationary phase populations [rom
conseculive subpassages in vifro. Lale log and slationary phase promastigotes ol L.
mexicana were also shown to contain two acid-activable CPs, designated H1 and H2,
detected around 36 kDa in gelatin geis (Robertson and Coombs, 1992). It is thought that
they may be pro-enzymes to two of the activities that tun together to the give the fasiest
moving band F, and that the acid treatment causes removal of the pro-region.

For some time it has been accepted that the Type [ CPs of L. mexicana are
encoded by the tandemly arranged multicopy /mcpb genes (Souza et al., 1992;
Robertson and Coombs, 1994); this aspect is dealt with in more detail in the Chapter 3

Introduction.

1.5.2.2. Type II CPs

L. mexicana and L. pifunoi are so far the only trypanosomatids in which Type I
enzymes have been identified, and then only using a molecular approach (Mottram e/
al., 1992; Traub-Cseko et al., 1993). These enzymes are encoded by calhepsin-L-like

single copy genes characterised as lacking a long C-terminal extension and having a
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three amino acid insertion close to the mature N-terminus. The gene encoding the type 11
CP was the first CP gene of L. mexicana to be cloned (Mottram e @f., 1992) and was
thus designated /mcpa (sec also Chapter 2 lntroduction). Although the gene was shown
to be transcribed in a stage-dependent manner and a protein was detected vsing a
specific antibody, the protcin has not yot been purified or shown to be a functional

enzyme.

1.5.2.3. Type III CPs

The third CP type known to be present in L. mexicana is encoded by the /mepe
gene (see Table 1.0 and the Chapter 4 Introduction). X is cathepsin B-like, single copy
(Barl et al., 1995) and has a homologue in L. major (Sakanari et al., 1997). {mcpc
encodes 2 major ampiphilic proteins of 31 and 33 kDa which have type D enzyme
aclivily i.e. lack activily lowards gelatin but have been shown to hydrolyse various
peptidyl substrates used by mammalian cathepsin B such as Bz-Phe-Val-Arg-AMC
{Robertson and Coombs, 1993). Mcembers of this class of CP have nol been discovered
in many parasitic protozoa, possibly because they occur al low activity compared with

the abundant cathepsin L-likc cnzymes.

1.6, LEISHMANIA VIRULENCE AND INTRACELLULAR SURVIVAL
1.6.1. Importance of surface and secreted molecules

Leishmania virulence is thought to require the development of infective forms
called metacyclic promastigotes either in culture or in the sandfly (Sacks, 1989). The
metacyclic markers that have been identified are changes in mobility and promastigote
body shape (Mallinson and Coombs, 1989; Schlein, 1993, and references therein) and an
increased resistance to the lysis mediated by human complement (Puentes ¢/ «l., 1990;
Bates and Tetley, 1993). In L. major this is mediated through structural modification of
the surface lipophosphoglycan (LPG) which occurs during the transformation (o
metacyclics: there is a doubling of the mean number of LPG phosphorylated
disaccharide repeat units (McConville ¢f af., 1992), rellected by decreased binding of

peanut agglutinin in the case of L. major (Sacks et al., 1985).
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Collective contributions of several parasite surface molecules enable the parasite
to cstablish infection inside macrophages (for reviews see Chang and Chaudhuri, 1990;
Mauél, 1996). The Zn-proteinase of ~63 kDa, gp63 (see scction 1.1.4} and the LPG
{Descoteaux and Turco, 1993), two abundant parasite surfacc moleculcs, arc those mosl
implicated in this process. The importance of gp63, however, remains a topic of much
debate, mainly due to species-specific differences. LPG and gp63 have been considered
parasitc ligands ([Tandman and Goding, 1985; Russell and Wright, 1988) with CRI,
CR3 and thc mannose-fucose receptor as the corresponding macrophage receptors
(Blackwell ef gf., 1985; Da Silva ef ai., 1989), although parasites also use host-derived
opsonins such as complement to [acilitate uptake by macrophages. Metacycelic
promastigotes are found to use primarily the CR1 receptor (through which endocytosis
ts known to produce less respiratory burst) since the complement component C3b is the
major covalently associatcd fragment on these cells. Multiplicative promastigotes,
which arc killed after internalisation, are found to use CR3 in addition to CRI,
suggesting that the loss of CR3 binding ligand during transition from procyclic to
metacyclic might constitute an adaptive change {Da Silva, ef al., 1989). 'T'he abundant
expression of gp63, which has been shown to react directly with CR3 in the absence of
complement, has in some cases resulted in poor infectivity for macrophages; il was
hypothesiscd that the elongated LPG of virulent cells may mask its gp63 and thus
metacyclics may primarily use the CR1 receptor, thereby avoiding macrophage
activation (Camara ef af., 1995). It has, however, been shown that gp63 not only binds
C3 (Russell, 1987) but also cleaves C3 to the haemolytically inactive 1C3b (Puenics e/
al., 1989), thereby avoiding the lormation of the complement cascade.

The interaction between the macrophages and the parasites plays a centrat role in
esiablishing Leishmania infection. Macrophages constituie one of the primary defence
mechanisms of the body against microbial tnvasion and are capable of fulfilling a
variety of microbicidal functions. For example, they produce superoxide anions and
1,0, (hydrogen peroxide) during the respiratory burst, nitric oxide (NO) and abundant
lvsosomal enzymes (Lewis and McGee, 1992; Zwilling and LFisenstein, 1994). It has

been postulated that the impairment of macrophage activation by intracellular
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Leishmania contributes to their survival in the toxic environment of the host
{Chakraborty ef al.. 1996). Virulence factors like gp63 and LPG present on the surface
of virulent parasites may help them to circumvent and reduce the respiratory burst
activity of macrophages upon binding and phagocytosis (Fall and Joiner, 1991; Mauél,
1996). For example, gp63 strongly inhibited the oxidative burst response of
mactophages (compared with neutrophils) stimulated with opsonised zymosan
(Sarensen et al., 1994) and could be one of the mechanisms whereby Leishmania is
capable of establishing itself intracellularly in an otherwise hostile environment.
Evidence exists that other enzymes such as acid phosphatase present on parasite surfacc
membranes may block the production of oxidative burst metabolites (Remaley et al.,
1985) and that LPG scavenges oxygen free radicals and other PKC-mediated events of
the oxidative burst (Chan ef al., 1989; review: Descoteaux and Turco, 1993). It has also
been shown that LPG glycoconjugates have a profound effect on the survival of
Leishmania parasites, through their ability to regulate the expression of inducible nitric
oxide synthase (iNOS) by macrophages (Proudfoot ef al., 1996).

‘The relative failure of amastigotes to trigger a respiratory burst is thought to
correlate with their intraceiiular survival. In contrast to promastigotes, the surface of
Leishmania amastigotes is dominated by species-specific glycoinosito!l phospholipids
(GIPLS) (Winter et al., 1994, and references therein) which may mcdiatc Leishmania
binding to macrophages and shield the surface against lysosomal hydrolases. GIPLs
have been shown to 1nhibit the production of NO by macrophages and thus enhance the
survival of L. major in activated macrophages (Proudfoot ef al., 1995).

How Leishmarnia parasites not only survive but also proliferate in the potentially
hostile environmemt of the macrophage phagolysosome is something of an enigma
(reviews: Russetl, 1995; Garcia~del Portillo and Finlay, 1995). Most other intracellutar
pathogens have developed strategies to escape the phagolysosomal environment. For
example, after phagocytosis, 7. cruzi trypomastigotes escape the phagosome to multiply
within the host cell cytoplasm, whereas Toxoplasma gondii inhibits the acidification of
phagosomes and/or phagosome lysosome fusion (review: Maudl, 1996). However

Leishmania amastigotes exhibit elevated metabolism under acidic conditions, reflecting
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their adaptation to intracellular growth (Mukkuda ef af., 1985). Gp63 may be involved
in the intracellular survival of Leishmania, since it is capable of degrading lysosomal
enezymes under the acidic conditions of the PV, and incorporated into liposomes ts able
to protect protein substrates from infralysosomal degradation within macrophages
(Chaudhuri er al., 1989). Furthermore gpé3 has been shown to be functionally
significant in the carly stages of leishmanial infection of macrophages in vifro using
genetic rescue of gp6d3-deficient variants (McGwire and Chang, 1994). In vifro studics
with parasite glycosylation mutants or natural variants lacking LPG have shown .PG

also to be critical to survival in the PL (Cappai ef al., 1993, und references therein).

1.6.2. Potential roles of cysteine proteinases

There are several suggestions as to how the metacyclic and/or amastigote-
specilic CPs of 1. mexicana ald survival of the parasite in macrophages. [t has been
postulated that the proteinases may inactivate the bost cell's lysosomal enzymes, oy that
they may be involved in producing amines which would raisc the vacuolar pH and
perhaps denature the host hydrolases (Coombs, 1982). However, there is currently no
firm evidence to back up either of these theories. It has been supposed Lhat amastigotes

do not take up proteins from the parasitophorous vacuole (Pupkis, e af., 1986) and there

i3 little evidence that amastigote CPs are secreted (Coombs, 1982; Pupkis ef af., 1986; '

Ilg er al., 1994}. Indeed cvidence suggests that amastigotes of the L. mexicana complex
are in fact acidophilic and have evolved plasma membrane components compatible with
the harsh environment of the PV (Antoine ef al., 1990).

Amastigole CPs effectively degrade denatured proteins like gelatin or azocasein
and also native proteins like transferrin, serum albumin and imununoglobulins at the
acidic pH of the lysosomal compurtment (pH 4.5-5.5) of Leishmania {(Antoine et af.,
1988, 1990). This suggests that these enzymes may be required for the nutrition of the
parasites and/or in immune response neutralisation. It has been demonstrated that
exogenous proteins enieting L. mexicana-infected macrophages by endocytosis are
delivered o the PV (Russell ef af., 1992) by selective fusion of the PV with other

particle-containing vacuoles (Collins et al., 1997). These proteins may be taken up by
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amastigotes and transferred to the lysosomes of the parasitcs, where they are likely
degraded by CPs and, possibly, by the amastigote metalloprotcinase pp63 (kg ef al.,
1993).

CPs released after amastigote lysis into the acidic PV could lead to host ccll
damage and, upon host cell lysis, the Leishmania proteinases entering the extracellular
space may condribute o the disintegrated state of the lesion tissue by proteolysis of the
cxtraccllular matrix (Ilg er al., 1994). This may represent an altruistic mechanism
whereby the releasc of CPs by dead parasites favours vector transmission, by increasing
dissemination of the parasitc and, therefore, the chance of being uptaken during a
bleodmeal. In analogy, the homologous enzymes cathepsins B and L, which are secreted
by metastatising mammalian tumour cclls, degrade Lhe connective tissue and basement
membrane components collagen, elastin, laminin and fibroncctin (Bond and Butler,
1987). Thus it is possible that the killing of intraccllular parasites by activated
macrophages, which is crucial for resolution of the infection, could also lcad to host
tissue damage by released amastigote enzymes.

[Immunoclogical control of cutancous leishmaniasis depends on activated
macrophages producing 11.-12 which drives Thl cell differentiation and proliferation;
Thl cells produce IFN-y which activates macrophages to produce NO that in turn kills
the parasite in macrophages (Proudfoot et al., 1996). It has been postulated that
enzymatically active CPs like papain or schistosome ova enzymes are potent allergens
and may lcad to a pronounced Th2-helper cell response ([Finkelman and Urban, 1992)
which is deleterious lor the host in the case of Leishmania infections. However,
immunisation with recombinant Leishmeania CP, and T-cell stimulation experiments
using recombinant and native antigen, showed that the enzymes are T-cell immunogens
allowing the development of potentially protective Thl-helper cell lines (Wolfran ef al.,
1995). The suggestion that amastigotes attempt to minimise the exposure of their
antigens to the immune system (Russell and Chakraborty, 1992) agrees with the finding
that intracellular proteins of intact amastigotes are not available for presentation when
parasitcs arc alive (Wolfram er af., 1995), Thus it may be an immune-evasion

mechanism that the CPs of amastigotes are not secretary antigens (11 ef al., 1994),
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although secretion of CPs has been reported for several parasites (North et al., 1990;
McKerrow and Doenhoff, 1988).

It was previously suggested (Antoine er al.. 1991) that the presence of high
amounts of MHC 1l li in the PV of L. amazonensis-infected macrophages could be due

to a Leishmania induced mechanism by means of which this organism may evade the

immune system. Recently amastigotes have been shown to internalise and degrade class
IT molecules using their CPs and the authors proposed that this might result in a reduced
capacity for infected cells 1o process and present parasite proteins ([.eao ef af., 1995). L.
major has also been implicated in interfering with the intracellular loading of MHC
class IT molccules with antigenic peptides, although CPs are not as abundant in this

parasite (Fruth et al., 1993).
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AIMS OF PROJECT

Cysteine proteinases are implicated in playing important roics in a number of
host-parasite interaclions, and they are the focus of much research in the quest to find
and develop novel anti-parasite agents.

The main evidence for CPs as polential drug targets is two-fold. Firstly, CP
inhibitors have been shown to have anti-parasite activity in vitro, and in some cases, in
vivo. Secondly, some parasitic CPs have unusual structures which distinguish them [rom
mammalian cnzymes and thus could be exploited by drugs. My project stemmed from
the fact that 7. mexicana has stage-regulated CP activity, particularly abundant in the
intracellular amastigote stage, suggesting these enzymes are crucial to parasite survival
in the host macrophage and are therefore good targets for chemotherapeutic attack.

Although the multiple CP activities of L. mexicana had been well characterised,
a specific role was yet to be found and so this was one of the overall aims of the project.

With regards to this, there were two main questions addressed:

1. Are the CPs involved in differentiation? It seems likely that remodelling of a cell

from one morphological form to another would require the breakdown of proteins.

2. Do the enzymes have a role in intracellular survival? The amastigote form ol the
parasite lives in the hostile environment of the phagolysosome, and it has been
postulated that the CPs could be involved in inactivating the host cell iysosomal

enzymges or in circumventing the host immune response.

The second overall aim of the project was to determine whether the CPs of 7.
mexicang were in [act good drug targets. The approach adopted to invesligate the
importance of these enzymes to the parasite was primarily an investigation of the
phenotypes of mutants deficient in specific CP genes. A complementary approach was
the wutilisation of novel CP inhibitors to characterise the parasite CPs and determine the

roles they play at different stages in the life cycle.
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CHAPTER TWO
STUDIES ON THE LEISHMANIA MEXICANA CATHEPSIN L-LIKE
CYSTEINE PROTEINASE LMCPA

2.1. INTRODUCTION
2.1.1. The Imcpa gene product(s)

The first CP gene to be cloned from L. mexicana was Imcepa, which was isolated
from a L. mexicana amastigote lambda zap ¢cDNA library using as a heterologous probe
a T, brucei gene fragment (Mottram ei al., 1992). The single copy, cathepsin L-like
Imepa sequence, designated Type II (see Chapter 1, Table 1), has features that
distinguish il [rom mammalian cathepsins and also CPs encoded by genes that have
been isolated rom 7. brucei and T. cruzi (Mottram e/ al., 1989; Aslund ez af., 1991).
The protein predicted from the gene sequence has the highly conserved residues found
in all CPs, but the predicted Imcpa gene product contains a unique 3 amino acid
insertion near the N-terminus of the central domain and only a short C-terminal
extension.

There is differential expression of the protein in the life cycle, due to regulation
of the /mepa gene at both RNA and protein levels (Mottram ef a¢l., 1992). Antibodies
raised against fusion proteins expressed from Imepa gene fragments covering the pro-
and central domains detected the protein in ccll extracts prepared from different lile-
cycle stages of the parasitc. This antiserum did not cross-react with the central domain
of all CPs as it did not recognise the 3 major classes of LmCPb in amastigotes (types A,
B, and C). The mature region antiserum recognised major species of 24 kDa and 27 kDa
as well as the 38 kDa precursor protein. In stationary phase promastigotes the 24 kDa

protein predominated as detected by Western blotling, whereas in amastigotes there was

about equal amounts of the 24 kDa and 27 kDa proteins. It is thought that expression ot

L. mexicana Imepa may be controlled through a combination of mechanisms at the
mRNA and protein levels.
Although /mepa has been identified only through molecular means, with an

activity for the LmCPa proteinase not yet detected, the antiserum does recognise a
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distinct protein separated during the purification protocols designed for the major
amastigote Type [ CPs (Robertson and Coombs, 1990). Fractions containing the protein
recognised by the anti-central domain antiserum have what has been termed typc D
activity, that is, no activity towards gelatin but hydrolysing the peptide substrate Bz~
Phe-Val-Arg-AMC. However, this type D activity is now thought to be distinct from the
tmepa gene product. Although the /mcpa gene product docs not possess gelatinase

activity, it does bind active-site-directed inhibitors (Mottram ¢t of.. 1992).

2.1.2. Aims

The development of veclors that allow gene transfer into protozoa has enabled
investigators to analyse proteinase function by transformation with a proteinase gene, or
knockout of a proteinase gene (Cruz ef al., 1991). To investigate the role of the T.mCPa
proteinase in L. mexicana, Souza et al. (1994) used gene targeting of promastigotes with
hygromycin- and phleomycin- resistance markers to generate nutl mutants, by disrupting
sequentially both alleles of /mcpg. Preliminary observations on the morphology, -
differentiation and infectivity of the null mutants for Imcpa (Souza et al., 1994)
concluded that they did not differ significantly from wild type cells, although these
conclusions were based only on qualitative data. The initial aims of this part of my work
were to compare in more detail the fmepa-null mutant cells with wild type eclls, in order
to define the phenotype ol the mutants with respect to their growth, differentiation and
CPs. The Imcpa gene product (LmCPa) was to be further analysed to find out the

relationship of the 24 kDa and 27 kDa proteins that appeared to be encoded by the gene.
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2.2. MATERIALS AND METHODS
2.2.1. Parasites
2.2,1.1. Cell lines of 1.. mexicana

The mutant fine studied in the work deseribed in this chapter, which was created
by colleagues in the Wellcome Unit of Molecular Parasitology (WUMI), is described in
Table 2.0. Details of the transfection procedure used can be found clscwhere (Souza ef

al., 1994). All parasites used in this study had been passaged through BALB/c mice.

Table 2.0, Cell lines of Leishmania mexicana nsed

cell line genc deletion antibiotic used for
selection

wild type / !

Almicpan null mutant for Imepa hyg/phleo

Abbreviations: hyg, hygromycin; phleo, phleomycin.

2.2.1.2. Promastigotes

Infections of wild type Zleishmania mexicana (MNYC/BZ/62/M379) were
maintained in female BALB/¢ mice as previously described (Haut ef af., 1981}, and
promastigotes were obtained by transformation of harvested subcutaneous lesion
amastigotes at 25°C (sce section 2.2.1.4), Promastigotes were grown axenically in vifro
at 25°C in HOMEM mcdium (Berens ef «l., 1976), pll 7.5, supplemented with 10%
(v/v) heat-inactivated foetal calf scrum (Labtech International) and 25 pg/ml
gentamycin (Sigma). Routinely, 10 mi volumes were cultured in 25 cm3 tissue culture
flasks using air as the gas phase. Where appropriate, other antibiotics were included for
selection of transfectants: hygromycin B (Sigma) at 50 pg/ml and phleomycin (Sigma)
at 10 pg/ml (see Table 2.0). Cultures were subpassaged by subinoculation of
promastigotes from log phase or early stationary phase cultures into fresh growth
medium to a final density of 5 x 10% cells/ml. On occasions, stabilates that had been

stored in liquid nitrogen were used to initiate culwres. All culture work was done
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aseptically and all subsequent manipulations involving live parasites were performed
under sterile conditions. Cell counting was performed using Improved Neubauer
hacmocytometers under phase contrast microscopy using 0.1 ml culture samples that
had been immobilised by mixing with 0.1 ml 4% (v/v) formaldehyde in 100 mM

phosphate-bulfered saline, pH 7.4 (PBS).

2.2,1.3. Axenic amastigotes

Axenic amastigote cultures were set up at a starting density of 1 x 106 cells/ml
from stationary phasc promastigote culturcs and were subpassaged every 7 days to the
same starting density. Growth medium consisted of Schneider's Drosophila Medium
{(SDM, GIBCQO), supplemecnted with 20% (v/v) heat-inactivated foetal calf serum
(Labtech) and 25 pg/ml gentamycin, as previously described (Bates ef al., 1992, Bates,
19943, The pH was adjusted to 5.5 using 1M HCI, and genecrally 10 mi volumes were
cultured at 32°C in sealed 25 om? tissue culturc flasks, with air as the initial gas phase.
Axenic amastigotes did not need o be immobilised for counting but tended to grow in

clumps, which were disrupted by passing them 3 times through a 26G needle.

2.2.1.4. Harvesting cells

Promastigotes: Log phase cultures were harvested 2 or 3 days after initiation of
the culturcs when the cell density was no greater than 5 x 106 cells/ml. Stationary phase
cells were usually harvested after 7-8 days growth, depending on when the individual
culture's cell density started to decline (at which point the ccll density was usually 1-2 x
107 cells/mb). Only promastigotes that had been subpassaged less than 10 times were
used in this study. Cell cultures ranging from 10 ml to 50 ml were dispensed inio
centrifuge tubes and centrifuged at 2000g for 10 min at 4°C. Cells were then washed by
sedimentation and resuspension 3 times in 0.25 M sucrose solution, which involved
discarding the supernatant and resuspending the cell pellet gradually in 10-50 ml of
fresh sucrose solution using a vortex, as described previously (Mallinson and Coombs,
1986). After the final centrifugation, the pellet was resuspended in I ml of sucrose

solution, placed in an cppendorf tube and a 10 ul sample removed in crder to perform a
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cell count and calculate the number of cells per pellet. The 1 ml cell suspension was
then centrifuged in a microfuge at 2000g for 10 min, and the supernatant from the
resuiting pellet discarded. Harvested cell pellets were stored frozen at -70°C, with there
being no detectable loss of proteinase activity (determined using gelatin-SDS-PAGE)
over a period of months.

Axenic amastigotes: Harvesting of axenic amastigotes was carried out normally
aficr 6-7 days growth, using the method deseribed above for harvesting promastigotes.

Lesion amastigotes: Mice with medium-sized lesions (10-15 mm diameter) were
sclected as a source of amastigotes (unruptured lesions were used in order to minimise
the danger of contamination with micro-organisms) and were killed by terminal
anaesthesia; they were then rinsed with 70% ethanol {o sterilise the skin. The lesions
were excised aseptically and gently homogenised in 10 ml complete growth medium
(see sections 2.2.1.2 and 2.2.1.3) using a sterile 10 ml syringe plunger to squash the
tissue repeatedly through an ‘80 mesh' wire gauze (Sigma) in a petri dish. The resulting
crude homogenate was collected with a 21G needle and syringe, then passed through a
26G needic to disrupt clumps of parasites and a cell count performed. If needed,
cultures were started by inoculation of a sample of this amastigotc preparation into 10
mi complete growth mediuvm. The homogenate was then centrifuged at 1000g for 5 min
at ambient temperature to sediment any host cells. T'he resulting pellet was discarded
and the supernatant containing the amastigotes was retained and further centrifuged at
2000g for 10 min, The subscquent pellet was resuspended and cenfrifuged a further 3
times in 50 ml of either 0.25 M sucrose solution (if the cells were to be stored as frozen
pellets) or serum-free growth medium (if the cells were for infectivity studics, section

2.2.5).

2.2, L.5. Light microscopy

Mecasurement of cells was carried out cssentially as described previously (Bates
and Tetley, 1993). Promastigotes were removed from culture and used to prepare smears
which were air-dricd, fixed in absolute methanol for 30 scc and stained for 15 min with

10% Giemsa's stain in 10 mM phosphate buffer, pH 7.2. The slides were examined at
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1000x magnification and mecasurements of promastigotes were made using an gyepicec
graticule, which had becn calibrated using a test slide (each graticule unit was
equivalent to 1.25 um). Cell body lengths were measured to the nearest graticule unit
and promastigotes with a hent body were excluded. At least 100 cells were measured in
each case, and the median cell length then calculated. To determine the statistical
significance of any observed differences in cell lengths between different lines, the z-
test for comparing the means of large samples was used - {for which data do not have to

be normally distributed provided that samples are quitc large (at least 25 in each).

2,22, Proteinase assays and analyses
2.2.2.1. Gelatin-SDS-PAGE

Gelatin-SDS-PAGE analyses were carried out essentially as described by
lockwood ef af. (1987) and Robertson and Coombs (1990). L. mexicunu lysates were
usually prepared by thawing frozen parasite pellets and resuspending to the equivalent
of 1 x 1 cells/ml in 0.25 M sucrose/0,1% Triton X-100 solution. Lysates were either
used immediately or stored at ~20°C, which had no detectable elfect on the proteinase
band paiterns observed. Samples normally consisted of'a [:1 dilution of cell lysates with
2x reducing sodium dodecyl sulphate (SDS) sample buffer (0.1 M Tris-1HCI, pH 6.8, 3%
(w/v) SDS, 7% (v/v) 2-mercaptoethanol, 14% (v/v} glycerol) and subjected to
polyacrylamide gel electrophoresis (PAGE) using the SDS-discontinuous buffer syslem
as described hy Hames (1981). Generally 20 ul samples were loaded, corresponding to
approximately 107 cells per track. Gelatin was co-polymerised into the separaling gels to
act as a proteinase substrate, with a final concentration of 0.2% (w/v). The acrylamide
concentration of the separating gel (0.75 mm thickness) was normally 12% (w/v), and
electrophoresis was carried out for approximately one hour at a constant voliage of
150V. All SDS-PAGE was carried out using the Bio-Rad Mini Protean electrophoresis
apparalus,

After electrophoresis the gels were washed free of SDS by immersion in 2.5%
(v/v) Iriton X-100 for 30 min at 37°C, in order to renature the proteinases. (Gelatin

hydrolysis was performed at 37°C in 0.1 M sodium acetate buffer, pH 5.5, containing 1
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mM dithiothreitol (DTT) for between 2 and 24 h, depending on the number and sample
of cells used, with amastigote samples generally requiring shorter incubation times than
promastigote samples. Thereaftcr, Coomassie Blue stain was used to visualise the bands
of proteinase activity, which appeared as white areas of gelatin digestion within the

blue-stained gel, after which gels were destained and stored in 10% (v/v) acctic acid.

2.2.2.2. Western blotfing

L. mexicana extracts were prepared by lysing cells at the eqiuvalent of 5 x 108
cells/ml in lysing solution (see section 2.2.2.1) containing proteinase inhibitors [t uM
T-64 and 10 pM PMSF], leaving on ice for 5 min, adding equal volumes of 2x SDS
sample buffer (see section 2.2.2.1) and boiling for 2 min. Normally 20 pl samples were
loaded into each well of a 12% polyacrylamide gel, corresponding to 5 x 10¢ cells per
track, followed by electrophoresis performed at 200V for about 40 min.

After electrophoresis, SDS-PAGE gels were blotted to 0.22 um nitrocellulose
(Amersham, ECL grade) in ice cold 20 mM Tris/150 mM glycine/20% (v/v) methanol
for 60 min at 100V using a Bio-Rad mini-transblotter. Blots were blocked overnight at
4°C in 25 mM Iris/0.15 M NaCl/0.1 % Tween 20, pH 7.6 (TBS-Tween), containing 5%
{(w/v) non-fat dried milk, 10% (v/v) horse serum and 0.001% thimerisol. Using the same
solution, detection of antigens was achieved using a 1:500 dilution of polyclona]
antiserum 10 LmCPa CP (known as R24) for 2 h at 4°C (Mottram et af., 1992} or 1:500
dilution of polyclonal antiserum to LmCPb group B or group C CP (Robertson and
Coombs, 1994). Blots were washed for 3 x 20 min in TBS-Tween at room temperature
followed by incubation in a 1:2000 dilution of horscradish peroxidase (HRP)-coupled
secondary antibodies (goat anti-rabbit HRP conjugate from Scotiish Antibody
Production Unit) in blocker for one hour at room temperature. After a further 3 washes
as above, the blots were developed using the Amersham Enhanced Chemiluminescence
(ECL) systlem according to the manufacturer's instructions, which involved incubating
the blots in a 1:1 mixture of ECL rcagents for 1 min then exposing them to blue-light
sensitive autoradiography film (Fuji) in a cassette for between 10 sec and 5 min. The X-

ray film was then developed in trays using Kodak photographic developer und fixer, and
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hung up to dry.

2.2.3. Protein estimations

Stationary phase promastigotes of wild type parasites and Almcpan were lysed at
5 x 108 cells/ml in lysing solution containing proteinasc inhibitors (as in section
2.2.2.2). Protein concentrations of lysates difuted 1:10 in standard buffer (see below)
were determined using the Pierce BCA protein assay kit (microtitre plate protocol),
according to the manufacturer's instructions, with 6 standards (1200, 1000, 800, 600,
400, 200 pg/ml) of bovine serum albumin (Sigma) made up in 100 mM sodium

phosphate, pH 7.5. All determinations were carried out in triplicate.

2.2.4. Infeetion of peritoneat exudate cells

The methods used were modified from those reported previously (Hunter and
Coombs, 1991; Mallinson and Coombs, 1989). The medium used for all of these studies
was RPMI 1640 (Labtech), pH 7.2, supplemented with 10 % (v/v) heat-inactivated FCS
(Seralab), 25 pg/ml gentamycin (Sigma) and 2 mM L-glutamine (Gibco). Resident
peritoneal exudate cells (PECs) were obtained by periloncal lavage using 5 ml of ice-
cold complete RPMI per female BALB/c mouse. A typical yicld consisted of 2 ml at 2 x
106 cells/ml per mouse, although vounger mice gave lower yiclds and vice versa. The
PECs of mice> 4 months old appeared to be somewhal resistant to L. mexicana
infection, hence mice aged 2 - 4 months were generatly used in this study to obtain
PECs and for in vivo infectivity studies (see section 2.2.5). The cellular exudates from
the mice were pooled and 2 x 105 PECs were plated into each chamber of either 4 or 8
chamber Lab-tek tissue culture chamber slides (NUNC). The cells were allowed to
adhere overnight at 32°C with a gas phase of 95% air/5% CO,, whereupon non-adherent
cells were removed by washing. The adherent cells remaining were used in the
experiments and were assumed to be macrophages, with the number of macrophages
present in each chamber taken to be 2 x 105, Parasites were resuspended in complete
RPMI medium and 2 x 10% cells were added to individual chambers such that the

apparent ratio of patasites to macrophages was routinely 1:1. After a 4 ht incubation, any

45



chapier wo methods

{ree parasitcs were removed by repeated washing with complete RPMIT medium.
Cultures were incubated for seven days in the above medium at 32°C und under
95% air/5% CO,, after which they were washed in RPMI medium, wet-fixed in
methanol for 2 min and stained with 10% (v/v) Giemsa's stain for 15 min. For all
preparations, not less than 200 macrophages were examined under 1000x bright ficld
microscopy to determine the % of macrophages that were infected and the number of
intracellular parasites per macrophage. T-tests were used to determine the statistical

significance of any abserved differences in % infectivity between the different lines.

2.2.5. Infection of BALB/¢ mice

Stationary phase cultures of promastigotes were centrifuged at 2000g for 10 min
and resuspended at 2.5 x 107 cells/mal in serum-free HOMEM. Each mouse was
inoculated subcutancously in the shaven rump with 0.2 ml of the cell suspension,
corresponding to 5 x 106 cclls. Where infections were initiated using lesion amastigotes,
amastigotes were harvested as in section 2.2.1.4. and re-suspended as above but to 2.5 x
106 celis/ml - such that cach mouse was inoculated with 5 x 105 amastigotes.

Mice were monitored weekly for the appearance of Jesions, and the length,
breadth and depth of each lesion that appeared was measured (to the nearest mi)
wecekly, using a Mitutoyo micrometer, {or up to 9 months. At this point, experiments
were terminated in accordance with Home Office regulations. Infectivity was calculated
as the mean lesion volume in mm?, using the following formula {or a half spheroid:
0.5236 x [length x breadth x height]. Mean values were calculated including all animals

1 & group, treating those without lesions as possessing a lesion volume of 0 mm?.

2.2.6. Autohydrolysis of parasite lysates

The following conditions were selected to optimise the autoproteolysis of

parasite proteins by endogenous amastigote CPs, resulting in a partial purification of
stable proteinases, and was based on a method from a previously published protocol (Ilg
et al., 1993). Wild type amastigotes were lysed at 2 x 10° cells/ml in lysing solution

(section 2.2.2.1), diluted to 5 x 108 cells/ml in 0.1 M sodium acetate buffer, pH 5.5,
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containing 20 mM DTT, and incubated at 37°C in eppendorf tubes, After time points of
0, 24 and 48 h, samples were removed and added to an equal volume of 2x SDS sample

buffer. They were then frozen at -20°C until required for analysis by Western blotiing.

2.2.7. Phase partitioning with Triton X-114 solution

The procedure adopted was modified from that published by Bordier {1981) and
is based on the physical characteristics displayed by a diluted solution of the nonionic
detergent Triton X-114 at different temperatures. The detergent is homogcnous at 0°C
but separates into an aqueous phase and detergent phase above the 'cloud point' of 20°C,
thus enabling the separation of integral membrane proteins (amphiphilic) from
hydrophilic proteins. A 4% (v/v) Triton X-114 solution was made up on ice, in PI3S
(section 2.2.1.2), and mixed with an equal volume (100 pl) of amastigote lysate,
resulting from suspension in distilled water at 10Y cells/ml. The sample was incubated
on ice for one h, then centrifuged in a 10 ml conical tube at 4000g for one hour at 4°C to
remove insofublc material. The soluble fraction was overlaid on a 300 pl cushion in an
eppendorf tube, consisting of 6% (v/v¥) sucrose in PBS. The tube was warmed 10 30°C
for 10 min then centrifuged at room temperature for 10 min at 100g. After
centrifugation the detergent phase was found as an oily droplet at the bottom of the tube;
200 pl of the upper aqueous phase was carefully removed, although the sucrose cushion
was now difficult to distinguish [rom the aqucous phase, and added to 1 pi of Triton X-
114 to give a final concentration 0.5% (v/v) Triton X-114. After dissolution of the
surfactant at 0°C for 10 min, the sample was again overlaid on the sucrose
cushion/detergent phase in the eppendorf used previously, warmed to 30°C for 10 min
as before, und again subsequently microfuged at room temperature for 10 min at 100g.
The agueouns phase (approximately 200 ul) was removed into a separate tube containing
3 ul of Triton X-114, the sucrose cushion was discarded and the remaining detergent
phase (oily droplet) was resuspended in PBS (o give a final volume of 200 ul; these
latter steps were taken to obtain equal volumes and approximately the same salt and
surfactant values for of each the two phases. The samples were frozen at -20°C until

required for Western blotting and gelatin-SDS-PAGE analyses (section 2.2.2).
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2.3. RESULTS
2.3.1. Phenotype of mutants null for Imcepa
2.3.1.1. Growth and differentiation

Throughout the growth cycle in vitro, the Almepan promastigotes appeared to be
bigger in size than the wild type (Fig. 2.1). The difference in sizc was particularly
noticeable in stationary phase populations, where the wild type cell population contains
many small, putative metacyclic forms (Fig. 2.1, A). It appeared that in stationary phasc
cultures of the null mutants, the small metacyclic forms were not produced (T'ig. 2.1, B).
Cell measurements confirmed that the null mutents were significantly bigger than wild
type parasites; the median cell lengths (since data were skewed) were 10 and 17.5 um,
respectively (Fig. 2.2). On Giemsa-stained smears, the Imepa nulls also appeared to
contain large vacuoles and granules not secn in the wild type parasites. A protein
estimation comparing equal cell numbers of the two cell lings showed Almcepa stationary
phase promastigotes 1o have 2.7 times as much protein as the wild type promastigoics
(Table 2.2). Despite these differences, there was no observable difference between the
growth ratcs of wild typc and Almcpan promastigotes (Fig. 2.3).

As with wild type stationary phase promastigotes, it was possible to {ransform
stationary phase Almcparn promastigotes (o amastigote-like forms in vifro. These forms
looked very similat to wild type axenic amastigotes, although perhaps being slightly less
homogenous (Fig. 2.4). They reached approximately the same cell densities as wild type
axenic amastigotes, around 2-3 x 107 cells/ml after 7 days (Fig. 2.5), and also could be

successfully cultured for at least 3 subpassages, as could wild type parasites.

2.3.1.2. Proteinases

Null mutant and wild type promastigotes were cultured and harvested on
reaching stationary phase, and their proteinases analysed by gelatin-SDS-PAGE (Fig.
2.6). High mobility proteinases in the range of 21-28 kDa were present in the null
promastigote lysates (lane 2), but at a much lower activity than those of the wild type
(lane 1}. T.ow mohility proteinase activity (>60 klya) was similar in the two fines. The

null mutant axenic amastigote protecinase profile (lane 3) was very similar to that of wild
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type axenic amastigotes (lanc 4), both in banding pattern and intensity,

In agreement with the gelatin gel analysis, Western blot analysis (Fig 2.7, A)
revealed that the null stationary phase promastigotes contained much less Imeph group
C CPs (lanc 2), around 30 kDa, compared with wild type stationary phase promastigotes
(lane 1) or amastigotes (lane 3). The lower mobility bands were non-specific bands also
detected with pre-immune serum; they are more pronounced in Almcpar which may
indicate that less autchydrolysis is occuring in this line (a further indication of less
proteinase activity). A control Western blot of the three lines (Fig. 2.7, B) showed no
detectable LmCPa in Almcpan (lanc 2) in confrast to wild type stationary phase
promastigotes (lane 1), which had the 24 kDa protein, and amastigotes (lane 3) which
had the 24 kDa protein and the stage specific 27 kDa protein. Also in agreement with
the gelatin gel analysis (Fig. 2.6), Western blot analysis (Fig. 2.8) of Almecpan axenic
amastigotes showed that this form of the null mutant (lane 3) had as much LmCPb
group C proteinase as wild type axenic amastigotes (lane 2), whereas the null mutant
promastigotes (lanc 5) again had less proleinase than this stage of wild tvpe parasites

(lane 4).

2.3.1.3. Infectivity

Resident peritoneal macrophage cultures were- set up in chamber slides and
incubated 1:1 with stationary phase promastigotes of wild type parasites and Almcpan
for 4 h. The results (Table 2.2} showed that after 7 days both the percentage of infected
PECs and the number of amastigotes per infected cell was very similar with the two
lines.

In order to establish whether the lack of /mepa had an effect on the infectivity of
L. mexicana o animals, lesions resulting from an inoculation of either wild type or A
Imepan parasiles were monitored weekly by measuring with a micrometer. Lesions
initiated using wild type and Almcpan stationary phase promastigotes were similar in
that they first appeared, respectively, 9 and 10 weeks post-inoculation (Fig 2.9, A).
Therealier, however, there was a difference in mean lesion volume between the two

lines, with the wild type lesions on average being some 3-4 times bigger than the A
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Imcpan lesions throughout the duration of the experiment

Since the Almepan promastigotes were able to produce lesions, this aliowed the
infectivity of Almepan lesion amastigotes to BALB/c mice to be investigated (Fig, 2.9,
B). Again Almcpan lesions started Lo appear only one wecek after those resulting from
inoculation of wild type parasites. In contrast to the results found with Almcpan
stationary phase promastigotes (Fig. 2.9, A), however, the lesion amastigotes of this line
produced lesions that increased in size at a rate very similar to those produced by the

wild type line.

2.3.2. Relationship of the 24 kDa and 27 kDa proteins detected with anti-L.m(CPa
antiserum
2.3.2.1. Autohydrolysis of wild iype amastigote lysates

One working hypothesis with regards to the relationship of the two proteins was
that the 27 kDa protein was a precursor form of the 24 kDa protein. To thus investigate
whether the 27 kDa protein could be converted (o the 24 kDa by autoproteolytic
digestion, wild type amastigotes were lysed in 0.1 M sodium acetate buffer, pH 5.5,
containing 20 mM DTT, and incubated at 37°C. Sampies taken from various time points
were analysed by immunoblotting using anti-LmCPa antiserum (Fig. 2.9). However,
two distinet bands were still present after 48 hours, suggesting that no interconversion

of the 27 and 24 kDa protcins bad occurred.

2.3.2.2. Separation of LmCPa into aqueous and detergent phases

Another working hypothesis was that the heavier protein was a membrane-
bound form of the 24 kDa protein, with a putative lipid anchor causing the increase in
molccular weight to 27 kDa. Therefore, in order to establish if one of the EmCPa
proteins was hydrophobic and the other hydrophilic, the partition of the proteins during
phase separation in ‘Iriton X-114 solution was investigated. After separation samples
were analysed by Western blotiing and gelatin-SDS-PAGE. The doublet of 24 and 27
kDa proteins was detected (Fig. 2.11, A, lane 1) by Western blotting using anti-LmCPa

antiserum. After phase separation in the detergent, the lower moblity 27 kDa band was
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recovered in the aqueous phase (lane 2) while the higher mobilty 24 kla band was
found in the detcrgent phase (lane 3). A control Western blot (Fig 2.11, B) probed with
anti-group B CP antibody, showed that the majority of the lmepb group B CPs were
recovered in the aqueous phasc (lane 2, arrowed), a prediction based on previous studies
(Robertson and Coombs, 1990). Higher molecular weight bands were due to non-
specifie binding found in pre-immune serum. A control gelatin gel (Iig 2.12) showed
the membrane protein gp63 had been separated into the detergent phase (lane 3,
arrowed) and confirmed that the major Imepb group B CPs were recovered in ihe

aqueous phase (lane 2, around 24 kDa).

2.3.2.3. Detection of the 27 kDa band in Almepan axenic amastigotes

An immunoblot comparing samples (identical to those used in Fig. 2.8) probed
with anti-LmCPa antiserum (Fig. 2.13) clearly showed the 24 and 27 klJa proteins in
lesion amastigotes (lane 1), wild type axenic amastigotes (lane 2), and the 24 kDa
protein in wild Lvpe promastigotes (lane 4); thc protein was not present in null
promastigotes (lane 5). However, this blot also showed the surprising result that the
lower mobility 27 kDa ban<t was present in /mepa null axenic amastigotes (lane 3),

strongly arguing that the 27 kDa protein is not encoded by the /mcpa gene.
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Figure 2.1. Light micrographs of stationary phase promastigotes. Wild type (A) and
Almepan (B) cells were fixed in methanol and stained in 10% Giemsa's stain. There was
a clear difference in the size of cells between the two lines, with the Almcpan
promastigotes (B) being much bigger then the majority of wild type cells (A). The scale

bar represents 10 pm.

25—
. (]

e 204 F
O =
© 5
3 157
O -—
Q. 7]
© 10
o pu—
R -

9

0 |

HD 10 128 1§ 115 20 2285
cell length (pm)

Figure 2.2. The cell lengths of stationary phase promastigotes. Giemsa-stained
smears of stationary phase promastigotes (see Fig. 2.1) were used to compare the
lengths of wild type parasites and Almcpan (both subpassage 1). Measurements were
made with a graticule under 1000x bright field microscopy. At least 100 cells were
measured in each case, to the nearest graticule unit (1 graticule unit = 1.25 pm). The
results indicate a highly significant difference between the lengths of wild type (open
bars) and Almepan (closed bars) parasites (z=13.88, greatly exceeding the critical value
of 2.58 at P=0.01).
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log cell density

Figure 2.3. Typical in vifre growth carves of L. mexicana promastigotes. Cultures of
wild type () and Almcpan (-0-) promastigotes were initiated at 5§ x 105 cells/ml
complete HOMEM medium and mcubated at 25°C. Cell connts were performed on
consecutive days. The results are the means 1+ SD fron 3 independent cultures for each

line.

cell line protein cantent (mg/10° cells)
wild type 3.00 +0.08
Almepan 8.10+0.70

Table 2.1. Protein content of stationary phase promastigotes. Data are the means +
SD of one determination of freshly lysed stationary phase promastigotes, performed in

triplicate,
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Figure 2.4. Light micrographs of Giemsa-stained axenic amastigotes; (A) wild type,
(B) Almcpan. There was no difference between the sizes of the cells of the 2 lines, with
the Almcpan axenic amastigotes (B) appearing morphologically very similar to wild type
cells (A). The scale bar represents 10 pm.
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Figure 2.5. Typical in vitro growth curves of axenic amastigote lines. Cultures were
routinely initiated using stationary phase promastigotes at 1 x 10¢ cells/ml in complete
SDM, pH 5.5, and incubated at 32°. Cell counts revealed no difference between growth
rates and final cell density of wild type (--) and A/mcpan (-0-) axenic amastigotes.
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Figure 2.6. Gelatin-SDS-PAGE analysis of cell lines. Lane 1, wild type L. mexicana
stationary phase promastigotes; lane 2, Almcpan stationary phase promastigotes: lane 3,
Almcpan axenic amastigotes; lane 4, wild type axenic amastigotes; lane 5, wild type
lesion amastigotes. Lanes were loaded with lysate containing 107 cells. The positions of

molecular weight markers in kDa are indicated.
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Figure 2.7. Western blots using anti-LmCPb antiserum (A) and anti-LmCPa
antiserum (B). Lane |, wild type stationary phase promastigotes: lane 2. Almcpan
stationary phase promastigotes; lane 3, wild type lesion amastigotes. Each lane was
loaded with lysate from 5 x 10¢ cells. The bands >42 kDa were also produced with the

pre-immune serum (lane 4).
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Figure 2.8. Western blot probed with anti-LmCPb antiserum. Lane 1, wild type
lesion amastigotes; lane 2, wild type axenic amastigotes; lane 3, A/mcpan axenic
amastigotes; lane 4, wild type stationary phase promastigotes; lane 5. Almepan stationary
phase promastigotes. Each lane was loaded with lysate from 5 x 10¢ cells.

cell line % infected PECs | amastigotes/infected PEC
wild type 36 +8.3 46+13
Almcpan 36 +10 44+12

Table 2.2. Infectivity to macrophages. PECs were obtained from peritoneal lavage of
BALB/c mice and infected with stationary phase promastigotes of wild type parasites
and A/mcpan at a ratio of 1:1. After 7 days incubation at 32°C, cells were fixed, stained
with Giemsa's stain, and parasite load determined by counting 200 PECs. The values

presented are means + SD from 4 independent experiments.
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Figure 2.9. Infectivity to BALB/c mice. Subcutaneous lesions in the rumps of female
BALB/c mice resulting from an inoculum of 5 x 10¢ promastigotes (A) or 5 x 107 leston
amastigotes (B) were measured at weekly intervals using a micromelter, and the mcan
lesion volume + SD per group of 3 mice (A) or 5 mice (B) calculated. The lines
inoculated were wild type (@) and Almepan (-O-) parasites. The majority of error bars
have been omittcd for clarity, while some are so small they are obscured by the data
points.
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Figure 2.10. Autohydrolysis of wild type amastigote lysates. Samples were taken at
time points and analysed by Western blotting, using a polyclonal antiserum to LmCPa.
Lanes 1 ., 3 and 5 are control autolysates at 0, 24 and 48 hours containing the proteinase
inhibitors E-64 and PMSF. Lanes 2, 4 and 6 are autolysate samples at 0. 24 and 48

hours. Each lane was loaded with lysate from 5 x 10° cells.

Figure 2.11. Western blot analyses of wild type L. mexicana amastigote lysate
having undergone phase partitioning in Triton X-114 solution. Blots were probed
with anti-LmCPa antibody (A) and anti-LmCPb antibody (B). Lane 1. original
amastigote sample, lane 2, aqueous phase sample, lane 3. detergent phase sample. The
positions of molecular weight markers are indicated in kDa. Lane 1 was loaded with

lysate from 5 x 106 cells; lanes 2 and 3 with approximately 1.25 x 10¢ cells each.
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Figure 2.12. Gelatin gel analysis of wild type L. mexicana amastigote lysate having
undergone phase partitioning in Triton X-114 solution. Lane 1, original amastigote
sample, lane 2, aqueous phase sample, lane 3. detergent phase sample. The usual
positions of molecular weight markers are indicated. Each lane contained lysate from

approximately 1 x 107 cells.
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Figure 2.13. Western blot of axenic amastigote samples probed with anti-LmCPa
antiserum. Lane 1, wild type lesion amastigotes; lane 2. wild type axenic amastigotes:
lane 3, Almcpan axenic amastigotes: lane 4, wild type stationary phase promastigotes:
lane 5, Almcpan stationary phase promastigotes. Each lane had an equal loading of 5 x
106 cells. The low mobility bands present in each track were also detected using pre-

immune serum.
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2.4. DISCUSSION

Stationary phase promastigote cultures of Almcepan differed from those of wild
type parasites in that they did not scem to contain the small putative metacyclic form
(Fig. 2.1). Measurcments of the cells (Fig. 2.2) confirmed thal the Almcpan stationary
phase promastigotes were substantially bigpger than those of wild type, although the in
vifro promastigote growth rate was very similar to that of wild type parasites (Fig. 2.3).
A protein estimation of wild type stationary phase promastigoles (Tabie 2.2) was similar
to previous [indings, although slightly lower at 3.0 mg/10? cells compared with 3.3
mg/10% cells lor metacyclics (Bates, 1994), and verified that the null mutants (8.1
mg/10? cells) were bigger than wild type parasites. However it is not impossible that
some autohydrolysis of parasite proteins occurred with the wild type samples, even
though they werc lysed in the presence of proteinase inhibitors, and that less
autohydrolysis occurred with Almepan due to less overall CP activity (as is discussed
later). This could mean that the real difference in protein content between the two lines
is not quite as large as calculated. It should be mentioned that promastigotes of wild
type parasites and Almcpan were grown with and without the antibiotics hygromycin
and phleomycin fo establish whether or not thesc caused the observed difference in
morphology of the nulls, but this did not seem to be the case. Although a morphological
difference was observed between stationary phase promastigotes of wild type parasites
and Almepan, the latter cells could transform to and grow as axcnic amastigotes as well
as wild type (Fig. 2.5) and were morphologically identical to wild type at this stage in
the in vitro developmental cycle (Fig. 2.4).

Biochemical analyses of Almcpan stationary phasc promastigotes showed them
to have less Imepb protein and activity than wild type parasites (Figs. 2.6 and 2.7). This
could indicate a role for Imcpa in the processing and/or activation of these enzymes,
since pro-enzyme activation is likely to require an enzyme with very specific subslrate
specificity; such a high specificity could explain why the target substrate for the
functional LmCPa enzyme has not yet been detected. With respect to CP activity and
protein, however, the null mutant axenic amastigotes were very similar to wild type

parasites (Figs. 2.6 and 2.8). Taken together with the data on morphology, the
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observation that there was less proteinasc activity in the nuil mutant stationary phase
promastigotes suggests that the null mutants were not forming typical metacyclics.
However, the suggested lack of formation of this stage in viiro is not consistent with
their ability to transform to, and grow as, axenic amastigotes. Unfortunately, a definite
conclusion regarding the metacyclogenesis of Almepan promastigotes was not reached
from the data presented; the lack of a purification method for possible metacyelic forms
of L. mexicana has resulted in the identification of several putative metacyclic markers,
such as surface ultrastructure (Bates and Tetley, 1993, and see Chapter 3} which could
be examined to resolve this question.

Nor does the apparent lack of metacyclic formation appear to affect the ability of
the Almcpan stationary phase promastigotes {o inlect and multiply within macrophages
(Table 2.2). Almcpan stationary phase promastigotes had previously been shown to
infect the J774 macrophage-like ccll line {(Souza ¢f af., 1994} but this had not been done
quantitatively, clearly though the lack of Imepa does not have an effect on mnfectivity or
intracellular growth of the parasiic.

In vivo experiments showed that Almepun promastigotes produced lesions as
quickly as wild type, but that these lesions did not increase in size at the same rafe as
those produced by wild type parasites, such that by the end of the experiiment they were
about four fold smaller than those of the wild type parasites (Fig. 2.9, A). This slow
multiplication i vive could perhaps indicate a role for Imcepea in in vivo parasite
nutrition. However, lesion amastigotes of the null mutants were as infective to mice as
the wild type parasites (Fig. 2.9, B), perhaps suggesting that the Imcpa gene is more
important in the promastigote siage of the parasite. The fact that overall the lesion sizes
were smaller when the mice were infected with lesion amastigates (Fig. 2.9, B) than
with promastigotes (Tig. 2.9, A) may be explained by the fact that ten fold fewer lesion
amastigoics were used to initiate infections in mice that were older, and thercfore more
resistant to infcction (see section 2.2.4)

Autohydrolysis of wild type amastigote samples (which contain about equal
amounts of the 24 kDa and 27kDa proteins) did not result in any interconversion of one

Imepa product to the other (Tig. 2.10), casting some doubt on the theory that the proteins
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were different processing products of the same 38 kDa precursor protein (Mottram ef
al., 1992), with one a further precursor form of the other, Another hypothesis aimed at
explaining the relationship between the 24 kDa and 27 kDa proteins that appeared to be
encoded by /mcpa was thal the heavier protein was a glycosylated or membrane-bound
form of the 24 kla protein, causing the increase in molecular weight of the protein from
24 kDa to 27 kDa. It had been hoped to investigate this using deglycosylation techniques
and phospholipse C cleavage

Triton X-114 phasc scparation, in which hydrophilic proteins are found
exclusively in the aqueous phase, and hydrophobic proteins (such as integral membrane
proteins with a lipid anchor) arc recovered in the detergent phase, successfully separated
the two I.mCPa proteins according to their hydrophobicity (Figs. 2.11 and 2.12).
However the 24 kDa protein separated into the detergent phase, and the 27 kDa into the
aqueous. This was a surprising result, since my working hypothesis was that the heavier
27 kDa protein may have a lipid anchor. Western blot analysis ol different stages of A
Imcpan revealed that the 27 kDa band detected by the antiserum was In fact present in A
imepan axenic amastigotes. This offered an explanation as to why there was no
interconversion of the 27 kDa band to the 24 kDa during autohydrolysis, and the rather
puzzling result with the Triton X-114 separation in that the heavier 27 kDa protein had
no lipid anchor. The 27 kDa protein is likely to be another stage-specific CP very similar
to the 24 kDa onc, since it reacts very strongly with the antiserum.

Previously it had been impossible to say if the 24 kDa and 27 kDa proteins were
products of different genes or processing producls of the same 38 kDa precursor
(Mottram et of., 1992), but the 24 kDa protein was implicated as the mature form of the
38 kDa precursor and the major product of the /mepa gene as it had the size predicted
for the mature protein from the gene sequence (Mottram ef 4l., 1992). Clearly from the
tesults presented in this chapter, the 24 kDa protein is indeed the major product of
Imcpa and the 27 kDa protein must be the product of another gene.

The ability of the nulls to transform to all the developmental stages in vitro and
infect animals efficiently indicates /mepa to be non-essential under the conditions tested

and hence the biological phenotype of Almcpan has been dubbed 'cryptic', as reported
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previously (Souza ef @f., 1994). Since the specific antiserum was shown not to detect the

highest levels of LmCPa in the amasligote stage (as was previously thought), it is
possible that LmCPa may play a role in survival of the parasitc within the insect vector,
a criterion not examined in this investigation. Another explanation for the lack of a
noticeable phenotype associated with the Imcpa null mutants could be due to the fact

that L. mexicana also contains the biochemically distinet Type T and IIT1 CPs and the role

of Imepa may be assumed by these or other CPs in the null thus making the phenotype
cryptic. Although the I'ype I CP gene Imcpb is more closely related to homologues in T,
brucei and in T cruzi than to Imepa, it is a possibility that the highly active CPs encoded

by the /mcpd array compensate for Imcpa’s inactivation, and hence LmCPa is probably

not a suitable drug target.
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CHAPTER THREE
AN INVESTIGATION INTO THE ROLES OF THE LMCPB
CYSTEINE PROTEINASES OF LEISHMANIA MEXICANA

3,1, INTRODUCTION
3.1.1. The Imcph genes and gene products

Imcpb, the gene of L. mexicana which encodes the Type I CPs (see Chapter 1,
‘Table 1), has been cloned and sequenced (Souza et af., 1992). The genomic arrangement
of Imepb was characterised and the results implied that Jmcpd was a multi-copy gene of
2.8 kb unit size with at least 10 tandemly repeated copies per locus. In being multicopy,
it is similar in arrangement to the Type 1 enzymes of 7. brucei and T cruzi (Mottram ef
al., 1989; Pamer ¢t al., 1990; Campetella er al, 1992; Eakin et al.. 1992). Subsequent
studies (Appendix B: Mottram ef al., 1996, 1997) showed the /mepd genes to be in a
tandem array of 19 units, with there being no other copies in the genome.

The steady state levels of lmeph RNA correlate very well with the activities of
the types A, B and C CPs that occur in different forms of L. mexicana (Lockwood ef al.,
1987; Robertson and Coombs, 1990, 1992) in that the gene transcript is found at much
higher levels in amastigotes than in metacyclics, and not at all in log phase
promastigotes {Souza ef al., 1992). This stage regulation suggests that the enzyme plays
an itmportant role in the ntracellular survival of the parasite. A study by Robetrtson and
Coombs (1994) was undertaken to provide mote information on the 6 categories of L.
mexicana CP activities (groups A, B, C, E, F and H) detected using gelatin-SDS-PAGE.
A direct amino acid sequence analysis of purified CPs of Lypes A, B, and C yielded
highly similar N-terminal sequences for each, the consensus sequence matching that
predicted for the N-terminus of the matwe /mepd gene product (Souza ef al., 1992). 1t
was suggested that the observed differences among the L. mexicana CPs could be either
due to variable post-translational processing of a single CP gene product or the
individual isoenzymes being encoded by different genes of the tandem array. The groups
B and C CPs had been found to show some different preferences for peptidyl

fluorogenic substrates after SDS-PAGE; the three enzymes of Group B being more
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active towards substraies wilh lyrosine in the P| position (such as SucLY-NHMec)
whereas the two group C protecinascs were as active lowards compounds with a basic
amino acid in this position (such as BzFVR-NHMec) (Robertson and Coombs, 1990).
However, their protein sizes are the same, they react with the same anti-sera and have
almost idcntical N-tcrminal amino acid sequences. It was proposed that limited amino
acid substitutions in the different /mcpb products could explain the isoenzymes' different
subsirate preferences. Anti-sera raised separately against the group B and C CPs both
recognised the groups A, B, and C CP proteins in Western blots, indicating that they
have shared epitopes, and groups B and C CP proteins produced the greatest signal, in
keeping with their high abundance. A protein of the same size was recognised in
stationary phase promastigote lysates in which groups B and C CP activities have been
found along with the metacyclic-specific group F CPs that have a faster mobility in
gelatin-SDS-PAGE gels (Robertson and Coombs, 1992); this suggested group F CPs
could also be Incpb products (Robertson and Coombs, 1994). So too could the group B
enzymes that differed from the other amastigoic CPs in having lower mobilities in
gelatin gels and apparently being membranc associated. Molecules of around 30 kDa
were specifically recognised by the anti-C CP antiserum in Western blots of L. donovani
and L. major lysates, suggesting that Jmepb homoelogues may be common to all
leishmanias (Robertson and Coombs, 1994). Homologues have subsequently been
identifted in L. pifanoi (Traub-Cscko et al., 1993) and in L. major (Sakanari ef al.,
1997).

3.1.2. Aims

As introduced previously in Chapter 2, a novel way of determining the
importance of parasite enzymes is by performing gene deletion experiments.
Transfection systems have recently been developed which allow not only the disruption
of chromosomal genes in Leishmania, but also the complementation of mutant parasites
(Ryan ef al., 1993). Null mutants for the /mcpb gene array were created by colleagues in
the Wellcome Unit of Molecular Parasitology (WUMP), University of Glasgow

(Appendix B: Mottram ef al, 1996). The procedure involved sequential replacement of
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the two allcles of the array with antibiotic-resistance genes, and then sclection by
applying antibiotic pressure. Individual CP genes were then re-expressed in this null lne
via the episomal vector pTEX (Kelly, et al., 1992).

The main aims of this part of my work were to establish the ways in which the
{mcph mutant lines differed from the wild fype line (that is, to ascertain the biochemical
and biological phenotype of the mutants), in order to gain insight into the function of the
Imcph CPs and their importance to the parasite. The features compared included the
number and activity of proteinases present, growth and differcntiation of the parasites in
vitro, and their infectivity to macrophages and animals, It was hoped that by using this
approach it would be possible to pinpoint the roles of /mcpb and the individual

1soenzymes and hence determine the suitability of /mepb as a useful drug target.
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3.2. MATERIALS AND METHODS
3.2.1. Parasites
3.2.1.1, Transfected cell lines of L, mexicana

The lines studied in the work described in this chapter, which were created by
colleagues in WUMP, are summarised in Table 3.0, Details of the transfection
procedures used can be found elsewhere (Souza et al., 1994) and in Appendix B
(Mottram et al., 1996, 1997). In this study, all cell lines used were parasites derived
from a BALB/c mouse lesion subscquent to the transfection procedure, unless

designated otherwise by the letter {t) following the cell line name.

Table 3.0. Leisiimania mexicana transfectants used

line gene deletion(s) antibiotic used for
selection
AlmepbBL single allele knockout for lmepb phleo
Almcpbn null mutant for /mepd hyg/phleo
AlmephTEX aull mutant for /mepb transfected with hyg/phleo
pTEX vector
Almephg2.8 Almepbn re-expressing a 2.8 kb Imcpb neo
internal genomic fragment
Almepbel Almepbn re-expressing imepb cDNA neo
Almepbih Almepbn re-expressing a 7. hrucei CP neo
¢DNA
Almepan nuil mutant for Imepa hyg/phleo
Almepbn/A mutant nufl for both /mcpa and Iimcpb hyg/phleo/sat/puro
Imepan ('double null")
Almepbn/A | double null re-expressing a 2.8 kb /meph neo
Imcpag?. 8 genomic fragment
Almcpbgl Almepbn re-expressing neo
gene 1 of the Imepbd arcay
Almcpbgl8 Almcpbn re-expressing neo
gene 18 of the lmepb array
Almepbgl9 Almcpbn re-expressing neo
gene 19 of the Imepb array
Abbreviations:  hyg, hygromycin; phleo, phleomycin; SAT, nourseothricin

hydrosulphate; nco, neomycin; puro, puromycin.
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3.2.1.2. Cell culture

The three major developmental stages of L mexicana (MNYC/BZ/62/M379)
were cultured and harvested as described in Chapter 2, section 2.2.1. Where appropriate
other antibiotics werce included for selection of transfectants: hygromycin B (Sigma) at
50 pg/ml, phleomycin (Sigma) at 10 pg/ml, nourseothricin hydrosulphate (a gift from P.
H. Grafe, Hans-Knoll Institute, ‘Thuringen, Germany) at 25 jg/ml, puromycin (Sigma) at
10 pg/mil or neomycin (Geneticin, BRL) at 25 ug/m! (initiafly) or 500 pg/ml (to promote
episomal re-expression of gene product) were added, singly or in combination (see
Table 3.0.). To standardise the cultures, all transfected promastigote lines (1) were
routinely grown through one passage as axenic amastigotes (see Chapter 2, section
2.2.1.3) to 'resef’ them, and then transformed back to promastigotes for experimental
work. Approximate doubling times for promastigotes and uaxenic wmasligoles were
calculated from cell counts taken during exponential (log.) growth, using the equation:

[time elapsed + (new cell eount/old cell count)] x 2.

3.2.2. Proteinase assays and analyses
3.2.2.1. Gelatin-SDS-PAGE

Substrate SDS-PAGE was carried out essentially as described in Chapter 2,
section 2.2.2.1. Where macrophage samples wore being analysed, resident peritoneal
macrophages were harvested as before (Chapter 2, section 2.2.4.) and lysed at 5 x 107
cells/ml in lysing solution (section 2.2.2.1). Lysates were diluted 1:1 with 2x sample
buffer (scction 2.2.2.1.). Lancs were loaded with 20 pl samples, corresponding to 5 X

10% macrophages per track.

3.2.2.2. Western blotting
Western blotting was carried out as described in Chapter 2, section 2.2.2.2.,
using a 1:500 dilution of anti-LmCPb group C CP (Roberison and Coombs, 1994) as the

primary antibody.
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3.2.2.3. Fluorogenic substrate assay

This method was adapted from protocols published by North ef ¢f. (1990b), and
Robertson and Coombs (1990). Preparation of samples and the electrophoresis itself
were carried out as is standard for gelatin gels (Chapter 2, section 2.2.2.1) with the
exception that 40 pl of sample was added per lane, corresponding to 2 x 107 cells. After
washing gels in 2.5% (w/v) I'riton X-100 for 30 min at 37°C, gels were incubated at the
same temperature in 0.1 M sodium acetate buffer, pH 5.5, containing 1 mM DTT and
0.01 mM of fluorogenic peptide substrate. Fluorescent bands corresponding to
proteinasce activity were detected using a UV transilluminator, with maximal activity
observed after about 20 min. Results were recorded immediately on photographic film,
using a yellow filter and with exposure times ranging from 30 sec to 60 sec. Gels could
be feft to incubate for longer and then stained with Coomassic blue to observe gelatin
hydrolysis, if required.

The peptidyl amidomcthylcoumarin substrates used were N-benzoyl-phe-val-
arg-7-(4-methyl)-coumarylamide  (BzZFVR-NHMec) and  N-succinyl-leu-tyr-7-(4-
methyl)-coumarylamide (SucLY-NIHMec). Approximately 3 mM stock solutions were
made in 50% (v/v) acetonitrile, some vsed fresh and the remainder stored at -20°C until

further required.

3.2.2.4. Immunoelectron microscopy

CPs were localised using immunogold eleciron microscopy (performed by L.
Tctley). Parasites were fixed in 2% (v/v) formaldehyde/0.1% glutaraldehyde, low
temperature dehydrated in ethanol and embedded in LR White resin. 80 nm sections
were incubated in anti-LmCPb antibody diluted 1:50 in 1 % (w/v) acetylated bovine
serum albumin/PBS for 30 min and then for 60 min in goat anti-rabbit antibody/10 nm
gold conjugate (Aurion) at | in 10 in bovine serum albumin/PBS. The sections were

then stained in uranyl acetate and lcad citrate.
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3.2.3. Identification of L. mexicana metacyclic forms
3.2.3.1. Light microscapy

Measurement of cells was carried out as described in Chapter 2, section 2.2.1,5.

3.2.3.2. Complement lysis

Guines pig serum {GPS, from Seralab) thal had been stored at -70°C was used as
a source of complement. The lytic assay uscd was cssentially as described (Mallinson
and Coombs, 1989b) with the exception thal incubations were performed at 25°C (Bates
et al., 1993). Promastigoies were resuspended to 2 x 107 cells/ml in complete HOMEM
medivm and then mixed 1:1 with 60% (v/v) GPS in complete HOMEM such that the
final concentrations in the assay were 1 x 107 cells/ml in 30% (v/v) GPS. After 30 min
incubation, parasites were exposed (0 hypo-osmotic stress by diluting a sample 1:1 with
double distilled, deionised water (dH,O) in order o burst any partially-lysed celis and so
enable a more accurate 'intact cell’ count to be made (intact cells were observed to swell
but resumed their initial shape within seconds). Promastigotes were only considered
intact if they possessed the usual appearance of viable cells under phasc contrast
microscopy and did not show any strange shape or evidence of membrane damage or
swelling. The percenlage lysis was calculated by reference to control incubations using
heat-inactivated scrum. However, much clumping of cells was apparent in these conitrols
and the clumps were disrupted as far as possible using a 26G needle before counting. T-
tests were used to determine the statistical significunce of any observed differences in

percentage lysis between the different lines.

3.2.3.3. Transmission electron microscopy

Parasites were sedimented from culture medium by centrifugation at 1000g for
15 min at 25°C and fixed at that temperature with 2.5% glutaraldehyde in 100 mM
phosphate buffer, pH 7.4, for 40 min. Subsequent processing proccdures followed
methods described previously (Tetley ef af., 1989) except that sections of 100 nm were
used for optimal contrast enhanccmcent by zero-loss imaging with a Zeiss 902

transmission electron microscope (performed by L.Tetley).
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3.2.4. Nuclease analyses
3.2.4.1. Poly(A)-SDS-PAGE

‘This method was based on that published by Bates (1993). Cell pellets were
lysed in 38 mM Tris/100 mM glycine, pH 8.5, 1% (w/v) SDS, 50 pg/ml leupeptin at the
equivalent of 1 x 10? cells/ml. The lysates were then mixed with an equal volume of
double strength non-reducing sample buffer (as in section 2.2.2.1, omitting the
mercaploethanol). All samples were incubated in a boiling waterbath for 2 min and then
allowed to cool, prior to electrophoresis. SDS-PAGE with a 10% resolving gel and
discontinuous bufler system was performed using standard methods (Section 2.2.2.1),
but including poly(A) (5' poly-adenylic acid, Sigma) at 0.3 mg/ml, final concentration,
in the resolving gel. After electrophoresis, gels were washed by gealle agitation for 30
min in 0.1% (v/v) Triton X-100/100 mM HEPES, pH 8.5 to enable renaturation of
enzyme activity, then incubated at 37°C in the same buffer for a further -2 h. Each gel
was then fixed in 7.5% (v/v) acelic acid for 10 min, washed in 50 ml dH,0 for 3 x 10
min, stained with 0.2% (w/v) Toluidine Blue in 10 mM HEPES, pH 8.5, for 15 min, and
destained with dH,O. Regions of enzyme activity were revealed by digestion of poly(A)

and appeared as clear bands in a dark blue-staining gel.

3.2.5, Infection of peritoneal exudate cells

The methods used were as described earlier (Chapter 2, section 2.2.4} with the
following additions. Where lesion amastigotes were used to initiate infections, PECs
were incubated with the amastigotes for one hour at an apparent ratio of 1:1, after which
free parasites were removed by repeated washing with complete RPMI medium.

In experiments where the parasite:macrophage ratio and exposure time were
varied, parasites were dituted in RPMI medium to the appropriate cell density, added to
the PECs and left to incubate for the required cxposure time before washing off free
promastigotes. Where time course experiments were undertaken, PECs were allowed to
adhere overnight and then incubated in medium axenically for a further 2 days belore
initiation of infection; this then allowed infracellular parasitcs 10 be more easily

observed at the early time points of 2, 4 and 8 h since the macrophages had spread
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sufficiently during the 2 days prior to infection.
In certain cases parasitophorous vacuole size was measured using a calibrated

eyepiece graticule, as detailed in Chapter 2, section 2.2.1.5.

3.2.0. Infection of BALB/¢ mice
The inoculation of parasites into BALB/c mice was carried out exactly as

described in Chapter 2, section 2.2.5.

3.2.8. 'Api Zym' analyses

The 'Api Zym' enzyme screening kil was used according to the manufacturer's
instructions. Resident peritoneal macrophages were lysed at 5 x 105 cells/ml in lysing
solution (0.25 M sucrose, 0.1% Triton X-100) and passed through a 26G needle 3 times
to break up the DNA. After adding water drops to the underlying tray of the kit to aid
humidity, 95 pl of the cell lysate was added to each well (1-20) of the kit, along with a
drop each of the reagents ‘zym A' and 'zym B' supplied, and then incubatcd at 37°C for
24 h. After this time, the tray was rcmoved from the incubator and held under a bright
lamp [or 30 sec to ensure the colour change was optimum before reading. Enzyme
activity was observed as a change in colour, the stronger the colour the greater the
enzyme activity. The colour change was classified in the range from [ (lowest) - 5
(highest). Where intected macrophages were used, macrophages were harvested 7 days

after initiation ol the in vitre infection- when the infection rate was approximately 40%.

3.2.8. Exposure of promastigotes to hydrogen peroxide and nitric oxide
3.2.8.1. Pilot studies

Stock solutions consisting of 100 mM hydrogen peroxide (H,0,) (in complete
HOMEM medium) and 100 mM sodium nitrite (z complete SDM, pH 5.5, since
sodium nitritc is only a good source of nitric oxide (NO} at acidic pll) were made up
and serial dilutions ranging from 100 mM to 0.00016 mM were made in 24 well plales
using lhe appropriate media. Control wells contained complete mediwm only. Stationary

phase promastigotes of wild type pavasites and Almepbn were added to the 1 ml medium
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samples in the 24 well plates such that the final cell concentration was 5§ x 10¢ cells/ml.
Cells were observed after 2, 4, 8 and 24 h for motility using an inverted microscope.
Cell motility was designated as follows: (%), if very few cells were observed to be
moving; (1+), if approximately half the field of cells were moving; and (+++), if the
majority ol cclls showed movement. After 24 h, 0.1 ml was passaged from each well
into further plates containing medium only and left for 24 h, after which the cullures

were again observed for motility.

3.2.8.2. Effect of nitric oxide

Stationary phase cells of wild type parasites and Almepbr were resuspended in 1
ml of SDM containing 10, 2, 1, 0.5 and 0.25 mM sodium nitrite (final concentration) at
5 x 10¢ cells/ml in 24 well plates. The cells were incubated for 24 h, after which they
were examined under phase contrast microscopy for motility and scored as before
(section 3.2.8.1). Parasite viability was measured, using the method based on the
metabolism ol a tetrazolium salt, MTT, by living cells (Alfieri ef al., 1989), as follows.
Cells were resuspended in HOMEM medium containing 450 pg/ml MTT (Sigma) to the
same starting density, and incubated for a further 24 h to assess the parasites’ ability (o
reduce MTT. Subsequently 50 pl samples were diluted 1 in 6 with 0.04 M HCl-
isopropanoel to give 300 pl in a microtitre plate and the absorbance read at 540 nm using

a multiskan mirotitre plate veader.

3.2.9. Effect of inhibition of nitric oxide synthase upon L. mexicana infection of
peritoneal cxudate cells

Peritoneal exudate cells were infected using stationary phase promastigotes of
wild type parasites and Almcpbn as in Chapter 2, section 2.2.4., with the exception that
the nitric oxide synthase inhibitor N-nitro-L-atginine methyl ester (I.-NRME) was
included at 0.4 mM throughout the experiment (Proudfoot ef al., 1996), A stock solution
of 10 mM L-NRME was made up in RPMI and used in these experiments. The D-
isomer of this compound (D-NRME), which is not biologically active, was used as a

control. The parasite load at 7 days was determined microscopically, as before (2.2.4).
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3.3. RESULTS
3.3.1. The phenotype of mutants null for lmcpb
3.3.1.1. Biochemical analyses

Western blot analysis of promastigote cell lysates with an antiserum raised to
purified LmCPb (group C) showed that whereas a major band of around 25 kDa
(aclually consisting of 2 distinct hands, which are apparent when shorter exposure times
arc used) was present in wild type 1. mexicana (Fig 3.1, lane 1), there was no similar
band in the null mutant, Almepbn (lane 2). A faint band in this position was observed
with Almcpbel (lanc 4), whereas a strong signal was detected with Almepbg?2.8 (lunc 3).
Samples from Almepbel and Almepbg2.8 also yielded a lower mobility band (38 kDa)
not found with the wild type L. mexicana. These are likely lo be unprocessed precursors,
The other low mobility bands (>42 kDa) were non-specific as they also appeared in the
control blot using pre-immune servm (lane 5).

Active LmCPb enzymes were detected in stationary phase promastigotes of wild
type L. mexicana as several bands of around 24 kDa on gelatin gels (Fig. 3.2, lane 1) as
reported previously (Robertson and Coombs, 1992). In contrast, Almcpbrn had ne
detectable CP activity (lanc 2). The lower mobility bands with apparent molecular
masses of >60kDa that were present in all the leishmanial samples are due to
proteinases other than CPs, including the surface-located metalloproteinase gp63
(Bouvier ¢f al., 1989). The line Almcpbg2.8 (lane 3) had a single high mobility, high
activity band, which on shorter exposures ciearly had the same mobility as the second
fustest moving of the multiple bands produced by extracts of wild type cells. It also
contained several lower mobility, high activily bands with apparent molecular masses
between 30 and 46 kDa; these activities are not normally seen with wild-type samples
(except when much greater amounts of sample are used), suggesling that processing of
the initial transiation product of Imcepd is less ellecient in this transfectant than in wild
type cells and that precursor forms can be activated in the gel aficr clectrophoresis. Line
Almepbel showed no CP activity toward gelatin (lane 4). Lmcpb nulls transfected with a
7. brucei CP gene (Almcpbth) showed an activity band at around 30 kDa (lanc 8),

similar to the mam CP aclivity found with 7. brucel procyelic forms (lane 6).
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Interestingly, it also had a band of low activity with an apparent molecular mass of
about 50 kDa, an activity not apparent in the extract of wild type 7. brucei. In sumumary.
these results (shown in Figures 3.1 and 3.2) confirmed that the null mutants were indeed
nll for mepb and that genes re-expressed in the null mutants were enzymatically

active.

3.3.1.2. Growth and differentiation of transfected lines

Transfected lines that had been passaged through mice and re-isolated were
studied for growth and morphological characteristics. All the transfected lines grew
readily as promastigotes in vifro and the growth rates were similar to that of wild type L.
mexicana (see Fig. 3.3). However, it was observed thal (he small pulative metacyclic
form typically present in stationary phase cultures of wild type parasites was not evident
with the transfectants (Fig. 3.4). There is still no good biochemical marker for
wdentifying the metacyclic form in L. mexicana, hence wild type and the different
transfectants werc comparced with tespect to their complement sensitivities, cell lengths
and surfice ultrastructure.

Unfortunately, sensitivity to guinea pig complement proved not to be a good test
for mctacyclogenesis in L. mexicana {Table 3.1), since log. phase promastigotes of wild
type parasitcs containing few putative metacyclics did not appear to be more susceptible
to GPS than did stationary phase promastigotes containing many putative metacyclics.
There was also a problem with clumping of cells in the controls containing heat-
inactivated GPS, which were disrupted by passing through a 26G needle. However, the
results obtained (Table 3.1) do suggesl that the nulls were more susceptible to
complement than were wild lype promastigotes.

Measurenient ol the sizes of stationary phasc promastigotces (subpassage 1) also
showed a great difference between the cell lengths of wild type parasitcs and Almepbn
(I'ig. 3.5, A). The median (since data were skewed) lengths were 10 and 7.5 um for
wild type and Almcpbn, respeetively, Wild type cells were seen to increase slightly in
length (to median 12.5 pm) as subpassage number increased (Fig. 3.3, B), whercas the

null mutants stayed much the same (median length 16.3 pm). Transmission electron
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microscopy revealed that the thickening of the surface coat, thought to be indicative of
the metacyclic form in L. major (Pimenta et al., 1989, 1991) and L. mexicana (BBates
and Tetley, 1993), was clear on a high percentage of the stationary phase population of
wild type parasites but could not be seen on any of the Almcpbn sections examined (Fig.
3.6).

The transfected lines of Almcpbr and Almepbg2. 8 could transform to axenic
amastigotes, but grew much more slowly in this form compared to wild type parasites
(Fig. 3.7). The approximate doubling times were 8.0 + 1.5 h for wild type parasites and
38 + 4.0 h for Almcpbn. Axenic amastigotes of AlmepbBL grew similarly to wild type
parasites. The axenic amastigotes of Almecpbn were bigger and more elongated thun
those of the wild type parasite (Fig. 3.8), the mean lengths being 3.8 + 1.4 um compared
with 2.4 + 0.5 pm of the wild type parasite. To provide further information on whether
these cells were really amastigotes, their nucleases were compared using poly(A)
substrate gels as described previously (Bates, 1993). The gel pictured in Figwe 3.9
suggests that the axenic amastigotes of Almcpbn (lane 4) have the 40 kDa nuclease
specific to promastigotes (lane 1, wild type parasites; lane 2, Almcphn) as well as the 31
kDa nuclease specific to amastigotes (lane 3, wild type amastigotes), suggesting that
they are an intermediate form. Transmission electron microscopy (Fig. 3.10, I3) showed
the null mutant axenic amastigotes to have fewer, less dense membrane bound
lysosome-like vesicles, compared with the large dense megasomes typically found in

wild type 7. mexicana amastigotes (Fig, 3.10, A).

3.3.1.3. Infectivity

There was found to be a great difference in infectivity to peritoneal exudate cells
(PECs) between stationary phase promastigotes of wild type L. mexicana and Almepbn
(t) (Table 3.2, A). The null mutants infected some 5 times fewer PECs than did wild
type parasites. Re-expression of lmeppg2. 8 in the null mutants restored infectivity
almost to wild type levels showing complementation of the phenotype, whereas A
Imcpbei () and Almcepbid (1) infected similar numbeis of PECs as did the null mutants

(Table 3.2, A), These data suggest that the survival of the nuil mutants in a small
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percentage of PTICs is due to the characteristics of the PEC subpopulalion rather than
the parasites themselves.

These experiments were repeated several times (Table 3.2, B and ) and
included Almepan and AlmepbBLL as additional controls; these lines were found to be as
infective as wild type parasites to PECs. The phenotype of the double aull Almephbn/A
Imepan was indistinguishable from Almepbn with respect to growth and differentiation
in vitro, including infection of PECs; however re-expression of ¢2.8 in the double null
did not restore infeclivity levels (Table 3.2, B). The number of amastigotes within
infected PECs was significantly different between wild type and Almcpbn in two out of
three experiments (Table 3.2, A and C).

The null mutant parasites produced subcutaneous lesions in BALB/¢ mice (see
section 3.3.2.1); although the lesions resuliing from inoculation of these parasites
appeared considerably later than those due to the wild type parasiies. This was also true
for other (ransfected lines including Almcpbg2.8 (t). It was confirmed by Southern
blotting, gelatin gel analysis and Western blotting that parasitcs obtained from the
lesions in mice resulting from inoculation of Almepbn (t) indeed lacked the /mcph gene,
LmCPb protein (Fig, 3.11, A, lane 3) and the active LmCPb proteinase (Tig. 3.11, B,
lane 4). Parasites isolated from animals infected with Almcpbg2.8 (1) possessed all three,
although LmCPDb activity was at a low level (Fig. 3.11, B, lane 6); levels were restored
by culturing isolated Almcpbg2.8 promastigotes in 500 ug/ml neomyein as before (Fig.
3.11, B, lane 5). Mutant parasites passaged through mice, reisolated, transformed to
promastigotes and used to infect PECs in vitro gave the results presented in Table 3.2 (B
and C) and indeed were the cells used throughout this study unless designated otherwise

by the letter t (as stated in section 3.2.1),

3.3.2. Host-parasite interactions of wild type parasites and transfected lines
3.3.2.1. Kinetics of infectivity to peritoneal exudate cells and BALB/c mice

Having found that the null mutant promastigotes were infective to PRECs, time
course experinents were set up 1o establish whether the null mutant line simply did not

get in to the PECs as readily as the wild type line, or did but was subsequently killed.
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Similar percentages of the PECs were initially infected by wild type and Afmcpbn
stationary phase promastigoles (Figs. 3.12 and 3.13), but between 4 and 24 h there was a
rapid decline in the number of mull mutant-infected PECs such that by 24 h the
pereentage infected was similar to that at 7 days (Fig. 3.12, A). The number of
amastigotes per infected macrophage was similar with both lines up to about 24 h,
whereupon wild type parasites appeared to multiply more quickly (Fig. 3.12, B). This
appedred not to be entircly consistent with the experiment detailed in section 3.3.1.3,
which showed the number of amastigotes/infected PEC was similar with the two lines;
however, perhaps by 7 days Almepbn had 'caught up' somewhat. This experiment was
repeated using log phase promastigotes (as this stage of wild type parasites has very low
CP activity) to see if there was a difference in infectivity between log phase
promastigotes of the two lines (Fig. 3.14). Again both lines initially infected
macrophages to a similar level, but this percentage was about half that seen with
stationary phase promastigotes (Iig. 3.12); there was then a slight decline with both
lines, but by 24 h the number of null mutant-infected PECs was still dropping whercas
with wild type parasites the number had apparently stabilised.

Another experiment was then carried out to assess the effects of increasing the
exposure time of the PECs to the promastigotes and/or increasing the parasite to PLC
ratio. The resulls of one such cxperiment are summarised in Figure 3.15. These show
that increasing the parasite to PEC ratio from 1:1 to 10:1 enabled the null mutants to
infect substantially more PECs, although still significantly less than wild type.
Increasing the cxposure time from 4 h to 8 h also increased the percentage of infected
macrophages.

The infectivity of stationary phasc promastigotes and axenic amasiigotes (o
BALB/c mice was Investigated. Wild {ype parasites produced large lesions by 20 to 25
weeks on each occasion (Fig. 3.16, A-F), with the axenic amastigote form generally
producing bigger lesions more quickly (B, D and F). The results with Almepbn (1)
showed surprisingly that they did infect. Almcphn (1) promastigotes produced lesions 6
months after the wild type but only in one out of the 3 experiments undertaken using

stationary phase promastigotes (Graph E). However, the axenic amastigote form of A
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Imepbun (t) appeared to be more infectious than the promastigote form, producing lesions
in 3 out of 3 experiments (13, D and F); nevertheless these lesions still took between 10
and 16 weeks longer to appear than the wild type lesions, and grew poorly in
comparison. Although the promastigotes of Almcpbg2.8 (t) infected in 1 out of 2
experiments, taking 10 weeks longer to produce lesions than wild type, the axenic
amastigotes of Almcphg2. 8 (t) produced lesions only 3 weeks after wild type on both
occasions and 7-13 weeks before Alnepbn (t) axenic amastigotes (B and D) - suggesting
perhaps some complementation of the phenotype was oceurring. However it should be
noted that the resulting lesions increased in size very slowly, similar Lo those of A
lmepbn. AlmcpbBL (1) promastigotes produced lesions 12 weeks after wild type
parasitcs, more slowly than would have been expected for the single knockout for
Imepb, bul us axenic amastigotes they produced lesions only 4 weeks afier the wild type,
and 8 weeks before Almcepbn () axenic amastigotes. Interestingly, the use of 10-fold
fewer parasites of wild type than the standard dose of 5 x 109 cells (E and F) produced
faster growing lcsions, at least at the early stages of infection. The 'double null' (A
Imepbn/lmepany did not produce lesions at all when tested (E and F).

[t was noted that on excision of lesions the null mutant amastigotes looked
morphologically identical to wild type parasites at the light microscope level (Fig. 3.17),
although TEM showed there to be an ultrastuctural difference, in that the megasomes
were much less dense (Kig 3.18).

As the null mutants did infect animals, the study was extended by using
amastigotes isolated from lesions to infect PECs. The results given in Figure 3.19
indicate the null lesion amastigotes were as infective as wild type amastigotes to PECs,
and that the mulliplication of amastigotes within the macrophages was simiiar with the
two lines.

Lesion amastigotes of the nulls and other transfectants were also used to infect
animals (Fig. 3.20). Again Almcphn produced lesions in animals much more slowly than
did the wild type line, the lesions taking 12 weeks longer to appear, indicating that the
situation in vivo is more complex than that in virro. Almepbg2.8 lesion amastigotes

produced lesions only two weeks afler the wild type; however these lesions grew poorly.
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The lesion amastigotes of AlmepbBL produced lesions four weeks alter wild type; these
lesions did not grow as fast as those of wild type although they grew to be at least 4
times as big as those of the other Imepb transfectants. Almcepan lesions grew in a manner

indistinguishable from wild type lesions (as was presented in Chapler 2).

3.3.2.2. Comparison of parasitophorous vacuole sizes in wild type parasite-infected
and null mutant-infected macrophages

In order 1o establish whether the I/meph CPs contribute to the large
parasitophorous vacuole (PV) size normally observed with L. mexicana-infected
macrophages (Pupkis ef al., 1986), PECs that had been infected with lesion amastigotes
of wild type and Almepbn and incubated for 72 h were fixed, stained and examined
under the light microscope, using an eyepiece graticule 10 measure their PV sizes (Table
3.3). Bolh large and small PVs were observed housing wild type parasites and those of
Almepbn (Fig. 3.21 and Fig. 3.22), and the PV size generally increased as the number of
parasites within increased (Fig. 2.22). However, the results in ‘T'able 3.3. indicate that
the mean PV diameter per amastigote is significantly diflerent between wild type

parasite-infected and null mutant-infected PECs.

3.3.2.3. Analysis of enzymes of infected macrophages

To test the hypothesis that the meph CPs may be involved in the degradation of
host cell lysosomal enzymes, an 'Api Zym' enzyme screening kit was used with
uninfected and wild type parasite-infected macrophages, to see if there were any
differences in hydrolasc activities between them, with a view to extending the
experiment by comparing hydrolase activities in macrophages infected with null
mutants. However, as can be seen from the results in Table 3.4, there was found to be
no difference with any of the 19 enzymes tested, at least 6 of which (e.g. esterase, beta-
galactosidase) are known to be located in macrophage lysosomes.

Wild type parasite-infected and uninfected macrophage lysates were ailso
analysed for proteinase activity using gelatin-SDS-PAGLE (Fig. 3.23), but again

macrophage proteinase activity against gelatin was the same regardless ol whether the
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macrophages were infected with parasites (lane 2) or not (lane 1).

3.3.2.4. Susceptibility of parasites to components of the micrebicidal defence
mechanisms of macrophages

In an aittempt to understand the mechanism by which wild type promastigotes
survive in PICs while the null mutants do not, stationary phase cells of the two lines
were exposed to varying concentrations of H,O, and NO (both known components of
the microbicidal activities of macrophages) and examined under phase confrast at
various lime intervals. The effect of I1,0, appeared to be dose-dependent, as judged by
cell motility, but no difference was seen between the susceptibility of wild type parasites
and Almepbn (Table 3.5, A). The effect of NO appeared also to be dose dependent, but
differed in that non-~motilec cells exposed to NO were not necessatily dead; some
recovery was revealed by subpassaging the exposcd cclls into fresh medium and looking
for motility after 24 h (Table 3.5, B). To investigatc this further, parasites were washed
free of NO after 24 hours exposure and resuspended in fresh medium containing MTT
overnight to asscss the viability of the cells. The results of such experiments arc shown
in Table 3.6. The results suggest that although there is no difference in susceptibility to
NO between wild type parasites and Almcpbr stationary phase promastigotes, NO
affects cell motility without killing and the cytostatic eftect of NO on the cells can be
reversed, depending on the concentration involved.

Promastigotes were used to infect PECs in the presence of L-NRME, an
inhibitor of nitric oxide synthase (James, 1995), to see if this resulted in an increase in
the number of macrophages infected with Almcpbn. However the vesults in Table 3.7
indicate Lhat this did not happen, and in fact there may even have been a decrease in the

numbcer of cells infected with wild type parasites when this inhibitor was present.

3.3.3. Analyses of null mutant lines re-expressing different copies of the /fmceph
array
3.3.3.1. Proteinase activities

In order to compare the CPs encoded by different copies of Imepb, lysates of
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stationary phase promastigotes of null mutants re-expressing genes 1 (g1, the fixst copy),
2.8 (g2.8, an internal copy) and 18 (g8, the penultimate copy) of the array were
analysed on gelatin gels for CP activity and on Western blots for the presence of LmCPb
protein (Fig. 3.24). Two main bands of CP activity are characteristically detected on
gelatin gels with wild type L. mexicana stationary phase promastigote extracts (Fig.
3.24, A, lane 1). These are stage regulated and occur predominantly in this parasite form
(Robertson and Coombs, 1992; Bates ef af., 1994). Lysates of Almcpbg! (€) (lane 2) and
Almepbgl§ (t) (lane 4) had a single CP activity which co-migraled with the lower
mobility band detected in wild type extracts, whercas Almcpbg2.8 (lane 3) had an
activity whose mobility was between those in the wild type ex(racts (as shown in section
3.3.1.1) and similar to the situation with wild type amastigotes (Robertson and Coombs,
1990, 1992). Almcphg2.8 (lanc 3) and to a lesser extent Almcpbgli8 (1) (lane 4) also had
significant activities with much lower mobilities (apparently 30-40 kDa; but it should be
noted that proteins do not migrate strictly according to molecular mass in gelatin SDS-
PAGE). Equivalent activities to these were not readily detected with wild Lype or A
Imepbgl (t) cell extracts.

Western bloiting of wild type stationary phase promastigote extracts with anti-
I.mCPb (group C) antiscrum detecied two mujor proteins (25 and 29 kDa, Fig. 3.24, B,
lane 1). The product of gene 1 was also 25 kDa (lane 2), whereas the main Imepb
products in Almcpbg2.§ and Almcpbgl$ (t) migrated with a molecular weight of 28
kDa. These lines alse contained larger molecular weight proteins {(about 38 kDa)
detected by the antiserum,

The cell lines were also analyscd for thetr ability to hydrolyse two fluorogenic
peptide substrates (Fig. 3.25). BzZFVR-NHMec had previously been shown to be a good
substrate for the type C CPs of the /mepb array, and Sucl.Y-NHMec a good substirate for
the type B CPs (Robertson and Coombs, 1990). Both CP activities detected in wild type
extracts (lane 1) hydrolysed each of the substrates, although the lower mobility activity
showed greater activity towards SucLY-NHMec whereas the reverse was true for the
higher mobility activity. The CP in each of the three cell lines expressing one Imcpb

gene, Almcpbgl (t) (lane 2), Almepbg2.§ (lane 3) and Almepbgl8 (t) (lane 4) were
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equally proficient at hydrolysing BzZFVR-NHMec (Fig. 3.25, A), whereas the CP in A
Imepbgl8 (1) had a significantly higher aclivity towards SucL'Y-NHMec than the CP in
either Almepbgl (1) or Almcpbg2.8 (Fig. 3.25, B).

Stnce wild type cclls undergo stage regulation of their CP activity, different
stages of the re-expressor Almepbg2.8 were analysed by gelatin-SDS-PAGE (Fig. 3.26).
The banding pattern differed between log phase (fane 1), stationary phase (lane 2) and

axenic amastigotes (lane 3), indicating that some stage regulation of activity occurred.

3.3.3.2, Subcellular localisation of CPs using immunogold electron microscopy
Immunogold labeling of wild type L. mexicana axenic amastigotes with anti-
LmCPb antiserum (Fig. 3.27, A) resulled in strong labelling of the large lysosomes
(termed megasomes) as previously reported (Pupkis e al.,, 1986). As expected, no
labelling was detected in the mepd null mutant axenic amastigotes, demonstrating the
specificity of the antiserum used to detect the LmCPb enzymes (Fig. 3.27, B). The
megasomes were also labelled in Almepbg2.& and Almepbgl (t) axenic amastigotes,
indicating that both g2.8 (complete CTE) and g/ (truncated CTE) isoenzymes were
targeted to megasomes (Fig. 3.27, C and D). With each of the 3 cell lines expressing
LmCPb, no significant labelling was detected outside megasomes - indicating that the
trafficking of the proteinase was efficient in these parasites and that thete was no

accumulation of precursors in other compartments of the cell such as the Golgi.

3.3.3.3. Growth and differentiation

It was found that the re-expressors essentially had the same growth and
ditferentiation characteristics as those described for Almepbn and Almepbg2.8 in scetion
3.3.1.2, that is, they did not appear to form metacyclics of typical morphology and did

not grow well as axenic amastigotes.

3.3.3.4. Infectivity
One of the criteria used (section 3.3.1.3) to assess the phenotype of the /mepb

null mutants was their ability to survive in macrophages i vitro. P1XCs were exposed to
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stationary phase promastigotes and assessed for parasite survival after 7 days in culture
{lable 3.8). As before (Table 3.2) the null mutant Almcpbr survived in just a few
macrophages and had a lower number of amastigotes per infected PEC, whereas
expressing g2.8 in the null mulant restored levels of infectivity back to almost wild type
levels. In contrast, expression of g7 or g/8 in the null mutant increased infectivity only
to a minor extent, although the difference was found to be statistically significant with
gi8.

The infectivily of stationary phase promastigotes to animals was also
investigated. Again Almcpbn was much less infective than wild type (Fig. 3.28), the
lesions taking 7 months longer to appear on this occasion, whereas the control lines A
Imepan and Almepb BRI, took, respectively, only one and two weeks longer than wild type
parasites. In this experiment none of the re-expressor lines tested (Almcphgl (t), A

Imcpbg18 (1) and Almepbg2.8) produced lesions within the maximum time permitted for

the experiment; however, since the Almcepbn lesions did not appear until near the end of

the experiment it is not impossible that the re-expressors would have produced lesions

had the experiment been extended beyond 9 months.
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1 2 3 4 b

Figure 3.1. Western blot using anti-LmCPb antibody. Lane 1, wild type parasites:

lane 2, Almcpbn; lane 3, Almcpbg?2.8; lane 4, Almcpbcl. Each lane was loaded with

lysate from 5 x 10° stationary phase promastigotes. AlmcpbTEX gave the same profile as

Almepbn. The bands >42 kD were also produced with the pre-immune serum (lane 5)

Molecular mass markers are shown in kDa.

' ;

1 2 3 4

Figure 3.2. Gelatin-SDS-PAGE analysis
lane 2, Almepbn; lane 3, Almepbg?2.8; lane

or a8

of cell lines. Lane 1, wild type L. mexicana,
4, Almepbel; lane 5, AlmepbTEX: lane 6, 7

brucei procyclics; lane 7, AlmcpbTEX; lane 8, Almcpbtb. All lanes were loaded with

lysates containing 107 stationary phase promastigotes, except lane 6 (107 procyclics)

Molecular mass markers are shown in kDa.
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log cell density

Figure 3.3. Typical in vitro growth curves of transfected promastigote lines.
Cultures of wild type parasites (-®-), Almcpbn (-&-) and Almcpbg2.8 () were initiated
at 5 x 10° cells/ml in HOMEM medium and incubated at 25°C, with cell counts being
performed on consecutive days. The results are the means + SD from 3 independent
cultures for each line; some error bars have been omitted for clarity, and some are
obscured by the data points.

A B

Figure 3.4. Morphology of stationary phase promastigotes. Light micrographs of
stationary phase promastigotes of wild type parasites (A) and Almepbn (B). Cells were
fixed in methanol and stained in 10% Giemsa's stain. There is a clear difference between
the size of cells of the two lines, with the Almcpbn promastigotes (B) being much bigger
than the majority of wild type cells (A). The scale bar represents 10 pm.
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Figure 3.5. The cell lengths of stationary phase promastigotes. (Giemsa-stained
smears of stationary phase promastigotes (see Fig. 3.4) were used to compare the
lengths of promastigotes of the various lines. Measurements were made with a graticule
under 1000x bright field microscopy. At least 100 cells were measured in cach case, to
the ncarest graticule unit (1 graticule unit = 1.25 pum). Results (A) indicate a highly
significant difference between the lengths of wild type (closed bars) and Almepbn (open
bars), at subpassage 1 (z=15.26, greatly exceeding the critical value of 2.58 at P=0.01).
There was also a significant diffcrence at subpassage 7 (figure B, where 2=8.21,
exceeding the critical vaiue of 2.58 at P=0.01), although wild type parasites contained
fewer short promastigotes {putative metacyclics) than at subpassage 1, possibly duc to
adaptation to long term growth in vitro (Bates et ul., 1994).
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cell line % cells intact
log phase wild type 45+7.0
stationary phase wild type 54 +9.3
stationary phase Aimcpbn 19+84

Table 3.1. Complement-mediated lysis of promastigotes. Cells were incubated in
30% (v/v) guinea pig serum at 25°C for 30 minutes, as described in section 3.2.3.2; the
results are the means + SD of 3 independent experiments. The % lysis was calculated by
reference to controls containing heat-inactivated serum. in which there was no
detectable lysis. The % lysis results with both log and stationary phase wild type
promastigotes were significantly different from those with Almepbn (P values of <0.02

and <0.01 respectively) but not from each other.

Figure 3.6. Surface structure of stationary phase promastigotes. Section through the
plasma membrane (scale bar 0.4 pm). 'Surface coat' material is clearly visible with the
wild type cells (A) but not on the null mutant line Almcpbn (B). Micrographs by L.

Tetley, University of Glasgow.
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Figure 3.7. Typical in vitro growth curves of transfected lines as axenic
amastigotes. Cultures were routinely initiated using stationary phase promastigotes at |
x 10¢ cells/ml in complete SDM, pH 5.5, and incubated at 32°. Cell counts revealed a
clear difference in growth rates and final cell density between the different lines, with A

Imcpbn (-&-) and Almepbg?2.8 (-4) growing much more slowly than either wild type (-®-)
or AlmepbBL () axenic amastigotes.

Figure 3.8. Light micrographs of Giemsa-stained axenic amastigotes; (A), wild type
parasites, (B), Almcpbn. There is a difference between the size of the cells of the 2 lines,
with the A/mepbn axenic amastigotes (B) being larger than the majority of wild type cells

(A). Almepbg?2.8 axenic amastigotes were similar in proportions to the null mutants. The
scale bar represents 10 pm.
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Figure 3.9. Analysis of parasite nucleases using poly(A)-SDS-PAGE. Lane 1. wild
type stationary phase promastigotes; lane 2, Almcpbn stationary phase promastigotes;
lane 3, wild type axenic amastigotes: lane 4, Almcpbn axenic amastigotes. Each lane was
loaded with lysate from 107 cells. The positions of molecular weight markers are given

on the left.
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Figure 3.10. Transmission electron micrograph revealing ultrastructure of axenic
amastigotes. (A), wild type parasites; (B), Almcpbn. Megasomes are seen in the wild
type axenic amastigotes (A, arrowed); less dense lysosome-like organelles are evident in
the null mutants (B, arrowed). n, nucleus; mi, mitochondrion. The scale bar represents

0.5 pm. Micrograph by L. Tetley, University of Glasgow.
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A
cell line % infected PECs | amastigotesfinfected PEC

wild type 46 £ 10 38+£02
Almcpbn (1) 92139 26+0.7
Almcpbg2.8 (t) 40+9.0 3.2+0.2
Almepbe1 (t) 12+1.2 4.4+22
Almepbtb (1) 7.2+26 3.0£1.2

B
wild type 50 + 9.4 4.1+1.0
AlmecpbBL 54 110 53+1.0
Almcpbn 3.2+1.1 27+09
Almepbn/Almepan (1) 33x£2.0 26+0.7
Almepbn/almcpaZ2. 8 (f) 24413 23107

C
wild type 36 +8.3 46+13
Almepan 36 + 10 44+12
AlmepbBL 39+6.8 45+16
Almecpbn 16+0.3 1.6+ 0.3
Almepbn/Almepan () 28+2.0 22+18

Table 3.2, Infectivity of transfectants to macrophages. PECs were obtained from
peritoneal lavage of BALB/c mice and infected with stationary phase promastigotes of
the 1. mexicana lines at a ratio of 1:1. After 7 days incubation at 32°C, ceils were fixed,
stained with Giemsa's stain, and parasite load determined by counting 200 PECs. The
values in each of the tables designated A, B and C are means + SD from 4 independent
experiments. Table A: the infection rates with both wild type and Almcepbg2.§ (t) were
significantly different from those for Almcpbn (t), Almcepbel (€ and Almepbtd (%)
parasites (I’ values of <0.01) but not from each other; the mean values for
amastigotes/infected cell with both Almcpbn (1) and Afmepbg2.8 (1) were significantly
different from those with wild typc parasites (P values of <0.02 and <0.01, respectively)
but not from each other. Table B: the infection rates with both wild type and fmepbBL
were significantly differcnt from those with Almepbn, Almcpbn/Almepan (t) and A
ImepbiniAlmepa2. 8 (t) parasites (P values of <0.01) but not from each other; there were
ne significant differences with reference to the number of amastigotes/infected cell.
Table C: the infection rates with both wild type, Almcpan and ImcphBL were
signiticantly differcnt from those with Almcphn and Almcpbn/Almcpan (t) (P values of
<0.01} but not from each other; the mean values for amastigoies/infected cell with both

Almepbn and Imcpbn/Almepan (1) were significantly different from those for wild type,

Almepan and ImcpbBL parasites (P values of <0.02) bul not from each other.
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Figure 3.11. Western blot and gelatin-SDS-PAGE analyses of lesion amastigotes.
(A) Samples containing lysates (equivalent to 5 x 10¢ cells) of lesion amastigotes and
lesion-derived stationary phase promastigotes were electroblotted and probed with anti-
LmCPb (group C) antiserum: wild type amastigotes (lane 1) and promastigotes (lane 2);
Almcpbn amastigotes (lane 3) and promastigotes (lane 4). Lane 5 was probed with pre-
immune serum. (B) Samples containing lysates (equivalent to 107 cells) were analysed by
gelatin-SDS-PAGE: wild type promastigotes (lane 1) and amastigotes (lane 2); Almcpbn
promastigotes (lane 3) and amastigotes (lane 4): Almcpbg?2.8 promastigotes (lane 5) and
amastigotes (lane 6); Almcpbth promastigotes (lane 7) and amastigotes (lane 8). The

usual positions of molecular weight markers are indicated.
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Figure 3.12. The fate of wild type (@) and Almcpbn (&) stationary phase
promastigotes after entry info macrophages in vifro, PECs were obtained from
peritoneal lavage of BALB/c mice and infected with stationary phase promastigotes of
the L. mexicana lines at a ratio of 1:1. After certain incabation times at 32°C, cells were
fixed, stained with Giemsa's stain, and the parasite load of 200 PECs determined by
counting the number of infected PECs (A) and number of parasites per infected cell (B).
The points are means + SI) from 3 independent experiments.
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Figure 3.13. Light micrographs of Leishmania-infected macrophages. PECs were
harvested at the 4 h time point (see Fig. 3.12) and stained with Giemsa's stain.
Intracellular parasites of both wild type (A) and Almcpbn (B) are clearly visible.
Parasites are arrowed; n, nucleus. The scale bar represents 10 um.
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Figure 3.14. The fate of wild type (@) and Almcpbn (£x) log phase promastigotes
after entry into macrophages in vitro. PECs were obtained from peritoneal lavage of
BALB/c mice and infected with log phase promastigotes of the L. mexicana lines at a
ratio of 1:1. After certain incubation times at 32°C, cells were fixed, stained with
Giemsa's stain, and the parasite load determined by counting 200 PECs. The points are
means + SD from 3 independent experiments.
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Figure 3.15. The effects of varying exposure time/ratios of stationmary phliase
promastigotes to PECs on infection rates, A ratio of 1:1 was set up with wild type
parasites (@) and Almepbn (), a ratio of 10:1 with wild type parasites (#) and A
Imepbn (1) was also tested. Exposure of PECs to parasites was either the standard 4 h
(A} or 8 h (13). The results of one experiment are presented.
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Figure 3.16. Infectivity of L. mexicana lines to animals. Subcutancous lesions in the
rumps of female BALB/¢ mice resulting from an inoculum of § x 10% stationary phase
promastigotes (A, C and F) or axenic amastigotes (B, D and F) were measured weekly
using a micrometer, and the mean jesion volume + SD per group (5 mice) calculated
using the equation for the volume of a hemisphere. Lines used in experiments A and B
were as follows: @, wild type; &, Almcphn (1), &, Almepbg2.8 (t); note the 20-fold
(A) and 100-fold (B) dilferences in the two Y axes for cach graph, and that Almcphn (t)
did not produce lesions at all in (A). Experiments C and D: note that Almepbg?. & and &
Imepbn did not produce lesions at all in (C), and the difference in scales of the two Y
axes in graph F. The majority of error bars have been omitted for clarity.
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Figure 3.17. Light micrographs of Giemsa-stained lesion amastigotes. (A) wild type
parasites; (B) Almcpbn. The scale bar represents 10um.
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Figure 3.18, Ultrastructure of lestion amastigotes. Transmission electron micrographs
revealing ultrastructural differences in the lesion amastigotes of (a) wild type (scale bar
0.3 pm) and (b) Almcpbn (scale bar 0.6 pm). Note the difference in densities of the
megasoines of the two lines. Megasomes are arrowed, k, kinetoplast; mi, mitochondrion,
n, nucleus. Micrographs by I.. Tetley, University of Glasgaw.
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Figure 3.19, Infectivity of lesion amastigotes of wild type (-@-) and Aflmcpbn (+x) for

periioneal macrophages. (A) percentage of macrophages infected; (B) number of

parasites per infcoted cell The mumber of intracellular parasites in at least 200

macrophages was counted from each time point. The results arc the means + 8D from 3

experiments.
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Figure 3.20. infectivity of lcsion amastigotes to animals. Subcutancous lesions in the
rumps of female BALB/c mice resulting from an inoculum of 5 x 107 parasites were
measured at weekly intervals using a micrometer, and the mean lesion volume -+ SD per
group of 5 mice calculated using the formula for a half spheroid. @, wild type: &, A
Imcpbu;, -, Almcpbgl. S, Mk, AlmcpbBL,; O, Almepan. Note the difference in scales of
the Y axes. The majority of error bars have been omitted for clarity.
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Figure 3.21. Light micrographs of Leishmania-infected peritoneal macrophages.
Infections were initiated using lesion amastigotes of wild type parasites (A) and A
Imcpbn (B) and the cultures then fixed and stained with Giemsa's stain at the 72 h time
point (see Fig. 3.19). Amastigotes are arrowed: n, nucleus; pv, parasitophorous vacuole.

The scale bar represents 10 um.

line amastigotes/vacuole | vacuole diameter (um) | diameter/amastigote
(pm)
wild type 49+24 17 + 6.5 39+16
Almcepbn 6.4+39 16+ 6.0 30+14

Table 3.3. Parasitophorous vacuole sizes. Macrophages infected with lesion
amastigotes of wild type and Almcpbn were stained with Giemsa's stain after 72 h and
their PVs measured using a graticule. Fifty parasitophorous vacuoles were measured in
each case, and the number of parasites per vacuole was also counted. Figures represent
means + SD, n=50. Results indicate a significant difference between the vacuole
diameter/amastigote with wild type and Almepbn (z=3.18. exceeding the critical value of
2.58 at P=0.01).
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Figure 3.22. Scatter plots of parasitophorous vacuole sizes. PV size (see Table 3.3)
was plotted against the number of parasites within, for wild type (A) and Almcpbn (I3).

Fifty cclls were measured in cach case.
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enzyme

macrophage | infected macrophage

1. control
2. phosphatase alkaline
3. esterase*
4. esterase lipase
5. lipase*
6. leucine arylamidase
7. valine arylamidase
8. cystine arylamidase
9. trypsin
10. chymotrypsin
11. phosphatase acid*
12. phosphohydrolase
13.a galactosidase
14. 3 galactosidase*
15. B glucoronidase™*
16. o glucosidase™*
17. B glucosidase
18. N-acetyl-glucosaminidase
19. @ mannosidase*
20. o fucosidase

O, W_LrO0hhWOUOWUUOOOOW-_~W=-=0
O, W0 WOOUOHUUOOOOW-_W=-=-0

Table 3.4. Analysis of enzyme activities of uninfected and infected macrophages

using the 'Api Zym' colorimetric screening kit. Colour changes ranging from 0 (no

colour, no activity) to 5 (intense orange/violet, high activity) were observed. *Denotes

lysosomal enzyme.

-

Figure 3.23. Gelatin-SDS-PAGE analysis of infected and uninfected peritoneal

macrophages. Lane 1, resident macrophages:; lane 2, L. mexicana-infected macrophages

(40% infection rate). Extracts from 1 x 105 macrophages were loaded in each track.
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A
CELL MOTILITY
time mM H,0,
(h} | 100 50 10 2 04 0.2 004 0.008 0.0016 0.00016
2 - - - - - - + ++ o +++
4 - - - - - - + + 4 ot +44
8 - - - - - - - + ++ ++
24 - - - - - - - + + ++
24 | - - ~ - - - - + + +
B _
CELL MOTILITY
time mVi Na nitrite
(h) 100 50 10 2 0.4 0.2 0.04 0.008 0.0016 000016
2 - - - + ++ A+t A et S
4 - . ~ + B T S S T o S A s & R
8 - - - - -+ + ++ ++ ++ o e
24 ~ - - - - - + + +4 4
124 - - - + + + + ++ + ++

Table 3.5. Effect on ccll motility of hydrogen peroxide (A) and mitric oxide (B).
Stationaty phase promastigotes of wild type and Almepd were exposed to various
concentrations of H,0, and sodium nitrite (a source of nitric oxide at acidic pH) and
examined for motility at different time points. Cell motility was designated as follows:

{-) no motility; (+), if very few cells were observed to be moving; (++), if approximately
half the field of cells were moving; and (++-), if the majority of ceils showed movement,
Adter the 24 h time point cells were subpassaged into fresh medium and examined for
motility after a further 24 h (3:24). The results presented in Tables A and B are from one
cxperiment and are the data for both wild type parasites and Almcpd, since no differences
were found between their relative susceptibilities.
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% MTT REDUCTION
cell line mM sodium nitrite
10 2 1 0.5 0.25 0

wildtype | 41+18 70+11 75+27 81+52 102+10 100
motility - - - - + et

Almepbn | 30+72 56+46 87+30 93+6.7 1089+96 100
mot'“ty - - - - + o

Table 3.6. Dose dependent cffect of cxogenous mitric oxide on | promastigote
viability. Parasites were incubated for 24 h in varying concentrations of sodium nitrite
(a source of nitric oxide at acidic pIl) and their motilies noted, after which cells were
resuspended in medivm containing MTT for 24 h in order to measure cell viability.
Results are the means + S.D. of 3 experiments performed in duplicate, and are expressed
as a % of the control.

cell line + inhibitor { % infected PECs | amastigotes/infected PEC

wild type + L-NRME 24443 6.4 + 0.0 ]
wild type + D-NRME - 32+ 4.2 6.4+ 0.6
Almcpbn + L-NRME 10+1.2 28+186 ?—‘
Almepbn + D-NRME 1.3+0.9 23+18 |

Table 3.7. Effects of a nitric oxide synthase inhibitor on infectivity to PECs. PECs _
were infected using stationary phase promastigotes of wild type and Almcpbn along with : 4‘
the nitric oxide synthase inhibitor N-nitro-L-arginine mcthyl ester (L-NRME) at 0.4
mM. Controls included the non-bicactive D-isomer of the inhibitor. Results give ‘
parasite load after 7 days and are the means * S.D. of 2 experiments performed in
duplicate. B
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Figure 3.24. Analysis of LmCPb isoenzymes expressed in the /mcpb null mutant.
Lysates from 1 x 107 (A) or 5 x 10 (B) stationary phase promastigotes were used for
gelatin-SDS-PAGE (A) and Western blotting using anti-LmCPb antibody (B). Lanes 1.
wild type L. mexicana; lanes 2, Almepbgl (t); lanes 3, Almcpbg?2.8; lanes 4, Almcpbgl8

(t). Molecular mass markers are shown in kDa.

1 2 3 4

Figure 3.25. Substrate specificity differences between LmCPb isoenzymes. Activity
of LmCPb isoenzymes expressed in the /mcpb null mutant towards two peptidyl
amidomethylcoumarin fluorogenic substrates, BZFVR-NHMec (A) and SucLY-NHMec
(B). Lane 1, wild type; lane 2, /mcpbgl (t); lane 3, Imcpbg2.8; lane 4, Imcpbgl§ (t).

Molecular mass markers are shown in kDa.
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Figure 3.26. Gelatin-SDS-PAGE analysis of different stages of the re-expressor A
Imcpbg2.8 cultured in vitro. Lane 1, log phase promastigotes; lane 2, stationary phase
promastigotes; lane 3, axenic amastigotes. Each track was loaded with lysate from 1 x

107 cells. The usual positions of molecular weight markers are indicated.
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Figure 3.27. Localisation of LmCPb to the megasome (large lysosome) by
immunogold labelling. Ultrathin sections of L. mexicana axenic amastigotes labelled
with anti-LmCPb antiserum and goat anti-rabbit/10 nm gold conjugate. (a), wild type
parasites; (b), Almcpbn; (c), Almcpbg2.8; (d), Almcpbgl (t). m, megasome; mi,
mitochondrion; fp, flagellar pocket; n, nucleus; 1, lipid; kp, kinetoplast. Scale bar, 0.5 pm.

Micrographs by L. Tetley, University of Glasgow.
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ceil ling % infected PECs | amastigotes/infected PEC
wild type 38+9.0 52+09
Almepbn 1.5+0.2 1.7+0.2
Almepbg2.8 29+9.2 36+04
Almcpbg1 (1) 356+28 1.8+09
Almepbg18 (1) 46+1.4 2.6+0.4

Table 3.8. Infectivity of transfected lines to peritoneal cxudate cells, PECs wete
obtained from peritoneal lavage of BALB/c mice and infected with stationary phase
promastipotes of the L. mexicana lines at a ratio of 1:1. After 7 days incubation at 32°C,
cells were fixed, stained with Giemsa's stain, and parasite load determined by counting
200 PECs. The values arc the means + SD from three independent experiments
performed in duplicate. The infection rates with wild type and Almcpbg2.8 were highly
significantly different from those of Almepbn, Almepbgl (t) and Almcpbgl8 (t) (P values
of <0.01), but not from cach other; furthermore, the infection rate with Almepbn was
significantly different from that of Almepbg!8 (1) (P value of <0.05) but not from that of
Almepbgl (t). The mean values for amastigotes/infected PEC with wild type and A
Imepbgl.& were significantly different {rom each other (I’ value of <0.05) but also from
those for Almepbn, Almepbg! (1) and Almepbgl8 (t) (P values of <0.01); the number of
amastigotes/infecled PEC was also significanlly different with Almepbn and A
imepbg2. 8.
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Figure 3.28. Infectivity of stationary phase promastigotes to BALB/C mice. Results
show the mean lesion volume + SD per group (3 mice). -@-, wild type; &, Almcphn; .
AlmepbBL; -O-, Almepan. Note that Almepbg2.8, Almepbgl (1), Almepbgl8 (t) and A
Imepbn/Almepan (t) did not produce lesions at all within the 9 month duration of the
experiment. The majority of error bars have been omitted for clarity, while some are so
small they are obscured by the data points,
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3.4. DISCUSSION

Western blot (Fig. 3.1) and gclatin gel (Fig. 3.2) analyses of Almcpbn confirmed
that no LmCPb protcin was present in this cell line, and confirmed the previous
suggestion that all of the high mobility CPs activities are encoded by the /mepb array.
Furthcrmore, LmCPb appears to be the only /. mexicana CP detectable using gelatin-
SDS-PAGE.

Stationary phase promastigotes of the null mutants for Imcpd appeared not 1o
form metacyclics of typical morphology as judged by their cell lengths (Fig. 3.4 and
3.5); this was reminiscent of the morphology displayed by Almcpan (Chapter 2).
Although the nulls were more susceplible (o complement-mediated lysis than wild type
(Table 3.1), the finding that log phase promastigotes of wiid type were not more
susceptible than stationary phasce cells questions the validity of this as a test for
metacyclics of L. mexicana - although it had been used previously (Bates and Tetley,
1993). Increased resistance to complement is a characteristic of L. major metacyclics
(Mallingon and Coombs, 1989b). However in the same study it was found that there was
little difference between the susceptibility of log and stationary phase promastigotes of
L. mexicana (and that heat-inactivated serum agglutinated both stages), which is in
agreement with the results presented in section 3.3.1.2. More reliable, perhaps, are the
transmission electron micrographs, a method previously used to identify metacyelics in
L. mexicana (Bates and Tetley, 1993). Similar studies on the null mutant line and wild
type parasites showed surface coat differences between stationary phase promastigotes
of the two lines (Fig. 3.6). Although the transfectants could be cultured under the
conditions used for axenic amastigotes, they grew very pootly in comparison to wild
type parasites, were bigger, and did not grow in clumps (Fig. 3.7 and 3.8). Furthermore
their nuclease profiles suggested that they were not fully transforming to amastigotes
(Fig. 3.9). Taken together these results point to a role for LmCPb in differentiation to
both metacyclics and o amastigotes. The {inding that re-expression of an internal copy
ol Imepb (g2.8) in the null mulant [ailed to restore the wild type morphology argues that
the morphological changes may not have been caused solely by the deletion of /mcepb,

but perhaps by the transfection procedure or even the antibiotics used (which is
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applicable also to Almcpan, Chapter 2). It is possible, however, that the {ull range of
LmCPb isoenzymes, rather than just one, must be re-expressed to restore wild type
phenoiype.

Since the null mutants will grow under the conditions used for axenic
amastigotcs, albeit morc slowly and with atypical morphology, then it seems likely that
the major role of LmCPb must be in interacting with the host cell. This correlates well
with the observation that inhibitors of LmCPb such as peptidyl diazomethanes, which
enter the parasites and inhibit LmCPb in situ, have little or no effect on the growth of
the wild type lines as axenic amastigotes, but will kill Leishmania in macrophages (see
Chapter 5).

The large reduction in infectivity to PECs resulting from the deletion of the
Imepb array and the reversal of this effect by re-expression of g2.8 (1'able 3.2) suggests
that LmCPb plays an important parl in enabling the parasite 10 survive against the
microbicidal activity of the host cell and so is an important virulence [actor.
Furthermore the complementation of the phenotype by re-expression of g2.8 confirmed
that the infectivity diffcrences between the null mutant and wild type parasiles are
indeed due to deletion of /mcph and not simply attenuation resulting from the
transfection procedure. Tn addition, Almcpan 1s a useful control since it is a double
knockout selected for using the same antibiotic resistance markers as Almepbn, but is
still as infective as wild type parasites to PECs. The same was shown to be the case for
the single knockout for lmcpb, AlmcpbBL (Table 3.2). The lack of enzyme activity for
the Imcpb cDNA (Fig. 3.2, lane 4) may account for its inability to restore virulence.
Unfortunately the number of Almepbn amastigotes per infected cell was found to vary
between experiments, contending my initial conclusion that once the null parasite
becomes established in the macrophage the infection proceeds normally.

One hypothesis aimed at explaining the successful invasion of & smali percentage
of the PLCs by the null mutants is that these PECs were a distinct subpopulation less
able to kill L. mexicana. It has previously been reported that resident peritoneal
macrophages can be separated into 2 functional subsets (mature and immature) based on

a number of criteria related to the state of cell maturity, such as surface antigen
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expression (Plasman and Vray, 1993). In this study, it was attempted to distinguish
different (infected and uninfected) macrophage subpopulations with an antibody to the
F4/80 antigen (a "mature” macrophage marker, Plasman and Vray, 1993) by indirect
immunofluorescence; this method, however, proved unsuccessful (data not shown).

Time course experiments showed that the null mutants initially infect PECs as
successfully as wild type, but are then killed within 24 h {Fig. 3.12). This could be due
to the nulls being less able to transform to amastigotes sufficiently rapidly (see section
3.3.1.2), or being less able to withstand the microbicidal action of the macrophage (sce
section 3.3.2.4), or both. This contrasts with findings using other transfectants, where
dhjfr-ts mutants infected PECs but did not replicate and began to be slowly destroyed
after 48 h (litus ef a/., 1995). A similar result to this was found with gp63-deficient L.
amazonensis variants (MceGwire and Chang, 1994) which started to gradually disappear
from culture 3 - 5 days post-infection; this process was partially delayed by genetic
complementation of the variants.

Bates et al, (1993) found that Jog phase cells initially infected as many
macrophages as did stationary phase promastigotes but most of the log. phase cells were
rapidly killed - a situation very similar, in fact, to the kinetics of infectivity of Almcpbn
to PECs. In contrast, I found that log phase cells initially infected a lowet percentage of
macrophages than did stationary phase promastigotes (Fig. 3.4), although stationary
phase cells were nol tested in parallel in the same experiment. The finding that
increasing the parasite to macrophage ratio and/or exposure time results in more null
mutant-infected macrophages (Fig. 3.15) may be due to the macrophage simply
becoming overloaded and hence unable to kill all the parasites.

An 80% reduction in the number of macrophages infected could possibly
account for the slow appearance of lesions in mice infected with the null mutants (Fig.
3.16). The finding that the nulls grew more slowly as axenic amastigotes (Fig. 3.7} than
wild type, AlmepbBL and Almcpan (see Chapter 2) may also be relevant, but it is
difficult to correlate in vitro growth with in vive. Of interest is the finding that axenic
amastligotes of the transfected lines were more infectious than promastigotes, even

though they differed from wild type with tespect to morphology and growth
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characteristics. It seems therefore that the culture of these cells under the conditions
used for arastigotes e.g. incubation at 32°C may have preadapted them for survival in a
mammalian host. Almcpbg2.8 mutants also produced smaller Iesions in mice (T'ig. 3.16)
although this line consistenily produced lesions several weeks betore those of Almcpbn.
The absence of neomycin selection in mice allowed /mepbg2.8 expression to drop
substantially during lesion formation (Fig. 3.11, lanc 6) which could account for the
resulting smaller lesions. It may, however, be expected that if g2.& was advantageous to
the parasite then these parasites would be selected for naturally without the need for
neomycin pressure. A decrease in expression of pX-gp63 was observed in amastigote
transfectants from macrophages (McGwire and Chang, 1994), although there was little
loss of their plasmids; they suggested that the plasmid genes do not function efficiently
in this form of the parasite (as opposed to promastigotes) to produce gp63, which may
be of some relevance to the episomal expression of g2.& in lesion amastigotes.

LmCPb has been shown to be present at high concentrations in the extracellular
milieu of the mouse lesion, prompting speculation that the proteinases may be involved
in tissue damage associated with lesion formation (llg ¢t al, 1994). The occurrence of
apparently normal lesions, albeit only from gross obscrvations, in infections with lmeph
null mutants argues against an important role for the enzyme in lesion pathogenesis,
although histological examination of lesion tissue may reveal otherwise,

The finding, however, that null lesion amastigotes were as infective as wild type
to PECs (Fig. 3.19) suggests that the deficiency is not in the resistance of amastigotes to
killing, but more likely that the major role of the CPs is in differentiation, or m enabling
the promastigotes themselves to survive. It may be interesting to repeat these
experiments using null mutant axenic amastigotes, since they produced lesions more
quickly than promastigotes, and it may give an indication of how amastigote-tike they
are. However, the discovery that null mutant lesion amastigotes infected mice much
more slowly than did wild type lesion amastigotes (Fig. 3.20) indicates that maore factors
are involved in survival in mice than in macrophages in vitro and that CPs play an
important role. One possibility is in MHC [I processing, as was recently reported (Leao

et al., 1995). It may be interesting to look at amounts of MHC II in null mutant-infected
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macrophages, either by Western blotting or immunofluorescence, to confirm this. It has
also been reporicd that CPs may modulate eytokine responses in a way that is beneficial
to the parasite’s survival (Finkelman and Urban, 1992). Therefore it could be useful to
look at cytokine responses in mice infected with different mutants. There is little
cvidence to suggest that the amastigotes scerete their CPs (Coambs, 1982; Pupkis er af.,
1986); in this study it was attempted to detect circulating LmCPb in serum from infected
mice by Western blotting, and also use infected mouse serum as an antiserum to detect
LmCPb in parasite lysates; both experiments, however, proved unsuccesstul.

It is possible that the parasite may be able to compensate 1o an extent for the loss
of LmCPb with other factors, most likely other proteinases. LmCPa is the most closely
related L. mexicana CP to LmCPb and so appeared to be a good candidate for this role.
The finding that the Imcpa/imepb double null mutant had the same infectivity profile to
macrophages as the /mepd null (Fig 3.2, B and C) shows that if anotber proteinase is
partially compensating for lmcpb it is not Imepa. Interestingly the double null did not
produce lesions in mice within the maximuwm time permitied (or the cxperiment (Fig.
3.16; E and F). This implics that both genes are needed for survival in mice. What is
difficult to cxplain is that the double null re-expressing g2.8 produced an active cnzyme
but did not restore infectivity to PECs. Could this indicate a synergistic role for fmepa in
conjunction with {mcph?

The L. mexicana complex differs from other Leishmania species in that the
amastigotes not only contain numerous megasomes but also reside in very large PVs, the
size increasing as the number of parasites increases (Pupkis ef a/., 1986, Rabonovitch, ef
al., 1986; Antoine ef al.,, 1990). Tt had been postulated that the amastigote CPs are
mainly responsible for this increase in vacuole size, either by releasing amines that
would raise the pH and causc the vacuole to expand due to osmotic stress {(Coombs,
1982), or by degrading PV membrane proteins internalised by the amastigotes (Leao et
al, 1995). However, the data presented in section 3.3.2.2 c¢learly indicate that parasites
lacking the Imcpb-encoded CPs also reside in large PVs, although a significant
difference in mean PV diameter per amastigote was found with wild type and Almcpbn.

This finding is consistent with the report that infected macrophages treated with CP
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inhibitors for 20 h have onily slightly smaller PVs (Leao ef «l., 1995) which also
suggests that indeed the parasite CPs contributc only slightly to the large PV sizes
obscrved with L. mexicana infections, although a longer incubation time with the
inhibitors may reveal a bigger effect.

Infected and uminfected macrophages were compared with respect to their
enzyme activities using an 'Api Zym' enzyme detection kit (Table 3.4) and substrate-
SDS-PAGE (Fig. 3.23), but in agreement with previous findings macrophage lysosomal
enzyme activities were unaffected after infection (Antoine er af, 1987), as were
proteinase activities (Prina ef «/, 1990). It seems unlikely therefore that amastigote CPs
have a role in inactivating host celf lysosomal enzymes.

A major component of the respiratory burst exhibited by macrophages 1s
hydrogen peroxide (Lewis and McGhee, 1992). Previous studies have indicated that
stationary phase promastigotes do trigger a respiratory burst but may be more resistanl
1o its consequences (Mallinson and Coombs, 1989). Stationary phase promastigotes of
wild type parasites and Almcpbn were found to be equally susceptible/resistant to
hydrogen peroxide and so it seems unlikely thal the respiratory burst 18 responsible for
the specific decline in null mutant-infected macrophages over 24 h. It may be expected
that if' the respiratory burst was responsible then the nulls would have been killed
instantly or within a couple of hours (see below). It is possible that dead parasites are
taken up by macrophages and it takes time to digest them. However only parasites that
looked intact i.e. had a distinct nucleus and kinetoplast, were counted (since at early
stages of infection a definite parasite cell membrane was difficult to see).

Aside from reactive oxygen intermediates, it has recently become apparent that
nitric oxide (NQO) also has an important role in the microbicidal activity of macrophages.
NO from activated macrophages has been shown to be cytostatic or cytotoxic for a
variety of pathogens including Leishmania (Liew ef al., 1990) and 7. cruzi (Munoz-
Fernandes et al., 1992). Moreover, immature macrophages have been found to be highly
susceptible to 7. cruzi infeclion, a susceptibility which was associated with a low
production of both NO and TNI-« (Plasman ¢/ af., 1994).

In a study by Assreuy ef o (1994) supcroxide production by activated
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macrophages was found to peak 1-2 h post-stimulation and then sieadily decline. In
contrast NO was not produced unti]l 6 h post-stimulation, increasing rapidly until 24 h
and reaching a plateau by 48 h. The timing of this seemed to correspand to the decline
in null mutant-infected macrophages over 24 h and so the relative susceptibilities of
wild type and Almcpbs stationary phase promastigotes to NO derived trom sodium
nitrite were compared (Table 3.6). Again there was no significant difference in
susceptibilities. The nitric oxide synthase inhibitor L-NRME did not increase the
number of null mutant-infected macrophages (although it was not confirmed that this
enzyme was actually being inhibited). These data suggest that the nulls simply cannot
survive in macrophages rather than are killed by a spccific microbicidal activity; or that
the null mutants' surface coat triggers a different and lethal route of receptor-mediated
phagocytosis compared with the wild type parasites (sce section 1.6.1).

When the individual fmcpb isocnzymes gf, £2.8 and g/8 were re-expressed in
the null mutant, the re-expressed genc products showed activity toward gelatin and
fluorogenic substrates, but the enzymes differed both in their relative activitics toward
the diffcrent subsirates and also their physical characteristics as displayed by the
mobilities on gels. These differences correlated with evidence from biochemical studies
which showed that the isoenzymes have distinct properties (Robertson and Coombs,
1990, 1994). CP activity found in Almepbg! (t) co-migrates on gelatin gels with one of
the 2 major activities characteristically present in stationary phase (metacyclic)
promastigotes of wild type cells (Fig. 3.24, A). The protein also co-migrates on Western
blots with a protein in stationary phase wild type promastigotes (Fig. 3.24, B). The
results correlate with Northern blot data (Appendix B: Mottram et al., 1997)
demonstrating levels of mRNA iranscribed from g? are elevated in stationary phase
promastigotes relative to mulliplicative promastigotes or amastigotes. Taken together
these results suggest that some of the proteinase activity in wild type metacyclic
promastigotes is encoded by gl of the Imcpb array. The differences observed between
the relative activities of wild type and Almcpbgl (t) toward the two fluorogenic
substrates (I'ig. 3.25, lunes 1 and 2) suggest however that the lower mobility activity in

wild typc cells may comprise more than one gene product. It has been shown previously
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that some aclivily bands detected using gelatin gels do indeed represent several
isoenzymes (Robertson and Coombs, 1990). Overall the data indicate that expression of
gl of the array, which is characteriscd by the lack of scquenec encoding a full length
CTE, 1s stage rcgulated and occurs primarily in the infective mctacyclic promastigote.
The stage specific expression of g/ suggests that it plays an important role at this stage
of the life cycle, perhaps involving the interaction of the metacyclic promastigote with
its sandfly vector or the process of differentiation itself. It could also be important for
the early events associated with invasion of a macrophage following inoculation into a
mammal. The finding that Almcpbg! (t) was less able to survive in macrophages than
the wild type cells (Table 3.7) shows that g/ is not able to complement the loss of the
Imepb array under Lhese circumstances and in this way differs from g2.8. this lack of
complementation is not duc to the lack of a CTE as g/8, although apparently expressed
in amastigotes naturally, is also unable to restore wild type-intectivity levels to the null
mutant, although g8 did significanlly increase infectivity of Almepbn. This indicates
that the individual gences of the array indeed perform dilferent functions, a suggestion
supported by the obscrved differences in substrate specificilies. The precise liming of
expression of the different isoenzymes may be an important factor for parasitc invasion
and survival in the macrophage.

Almcpbg2 8 and Almcpbgl8 (1) exhibit a number of lower mobility bands in
gelatin gels (30-40 kDa) and also larger molecular weight species in Western blots
(about 38 kDa) (Fig. 3.24). By contrast, similar larger molecular mass proteins were not
seen with Almcpbgl (1), which exhibited just the fully processed protein., These lower
mobility activities may be precursors of the mature CPs that are aclivated in sifu
following gel electrophoresis. Non-covalent complexes between lysosomal cathepsin B
and its pro-peptide that are formed during autolytic maturation of the precursor have
been deseribed (Mach ef al., 1994). These inactive complexes are believed to keep the
proteinase in an inactive statc until it is sccrcted, when it is activated by local
acidification. It is possible that either the LmCPb pro-region or the CTE (or both) could
be acting as an inhibitory peptide in a similar fashion, and the processing of the gel

subsequent to electrophoresis provides conditions in which the inhibitory peptide is
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removed. The finding that g/ Jacks a full CTE and does not appear to produce these
putative precursor forms that are activated in sifu provides some evidence that it may be
this domain that is important with regard to any such processing events. Indeed
processing of the CTE may be a pre-requisite for correct and efficient processing of the
pro-domain. Previous speculations on the function of the CTE have included a role in
the targeting of the protein to lysosomes, a theory strengthened by the finding that a
trypanosome CP apparently lacks mannose-6-phosphate which therefore cannot play a
role in the enzymes' trafficking (Cazculo er «f., 1990). The finding using
immunoelectron microscopy that the mature LmCPb cnzyme in Almepbgl! (t), which has
a truncated C1E, is located in lysosomes that are typical of the amastigotes of L.
mexicana shows that a full length CTE is not essential {or successful intracellular
trafticking. It is clearly also not essential for the activity of these CPs, as g/ is highly
active toward gelatin (IFig. 3.24, A) and other substrates {Fig. 3.25). This is consistent
with previous reports which demonstrated that recombinant CPs from 7. c¢ruzi and T
brucei lacking the CTE can be expressed as active enzymes (Pamer et af., 1991; Eakin
et af., 1993).

When the mepb cDNA was expressed in the nulf mutant celi line it produced a
protein of the predicted molecular size (section 3.3.1.1, Fig 3.1), indicating correct
processing, but it was inactive toward gelatin under the standard condition tested (Fig.
3.2). This contrasts with the results obtained for the genes g/, g2.8, and g/8 which are
expressed in the null mutant to produce active CPs. The product of the mepb cDNA
expressed in Lscherichia coli had previously been shown to be inactive (Wolfram ef al.,
1995), so it is possible that the scquence dillerences between the products of g7, g2.8,
and g8, and the cDNA, are important in determining enzyme aclivity and/or substrate
speciticity. Overall it appears that the different genes encode not only different mobility
proteinases, but protcinascs with dillerent substrate specificities, and confirms the
warking hypothesis that the different genes of the array encode different enzyme
activities, and that possibly all 18 active isoenzymes perform different roles in the
parasite. The observed stage regulation of enzyme activity seen with Almepbg2.8 (Fig.

3.26) is difficult to explain, but since the g2.&8 copy is being re-expressed on an episome
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then it is possible that different stages of the parasiic vary in their ability to transeribe it
in its unnatural form, giving rise to the apparent stage regulation.

The results presented in this chapter implicate the /mepb CPs as non-essential
virulence factors, involved in both differentiation and intracellular survival within the
mammalian host, They also imply that individual genes of the array encode different
enzyme activities. The very high LmCPb activity in L. mexicana amastigotes in
comparison with promastigotes was suggestive of a crucial role for the enzymes in the
parasite's survival in macrophages and so their suitability as a drug target. Clearly,
however, being stage rcgulated and al high activity is not sufticient evidence to confirm
the suitability of an cnzyme for chemotherapeutic attack. The results of this chapter
show unambiguously that LmCPb is not essential for parasite survival in the BAT.B/c
host (although it may be useful to investigate this in other animals) and therefore that
even very specific inhibitors of LmCPDb are unlikely to be effective as antileishmanial

drugs.
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CHAPTER FOUR
ANALYSIS OF THE CATUEPSIN B-LIKE CYSTEINE PROTEINASE
(LMCPC) OF LEISHMANIA MEXICANA

4.1. INTRODUCTION
4.1.1. The {mcpc gene products

As detailed in Chapter 3, [. mexicana has a number ol stage-regulated CPs
which in terms of their structure and activities are largely similar to the mammalian CP
cathepsin I.. Most CPs of parasitic protozoa have been found to be of this type (see
section 1.2.2.2), although some resembling (in terms of substrate ufilisation) the related
mammalian CP, cathepsin B, have been reported in Entamoeba (Scholze and Schulte,
1990; and references therein). The predicted amino acid sequences of the enzymes
differed significantly, however, from that of cathepsin B (Reed et al., 1993).

In addition to the Imcpa and Imepb gene products, L. mexicana has a distinct
group of CPs designated group D CPs (Robertson and Coombs, 1993). Unlikc the /mcepb
gene products, these enzymes do not hydrolyse gelatin in substrate SDS-PAGE gels and
are characterised by hydroltysing efficiently peptides with the moiety Phe-Val-Arg. The
31 and 33 kDa group D CPs were found to be hydrophobic, indicating that they could be
membrane associated; furthermore the N-terminal amino acid sequence data for the
group D CPs indicated that they are homelogous to mammatian cathepsin B and are
therefore distinct from the products of the two I. mexicana cathepsin L-like CP genes
previously described, {mecpa and Imcpb (Robertson and Coombs, 1993). The group D
CPs appeared to be products of a third class of . mexicana CP gene. Although their
molecular weights differ from those of cathepsin B, it was proposed that this difference
may be related to the hydrophobic nature of the enzymes (Robertson and Coombs,
1993).

The Imcpe genc was recenlly cloned and sequenced (Bart ef «f., 1995). The
amino acid sequence derived from the purified group D enzymes was almost identical to
that predicted from the gene sequence. As Imcpc is a single copy gene, it was suggested

that it was highly likely that /mepc cncodes the group I CPs. The mature domain of
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LmCPc¢ was found to have a high Icvel of homology to the cathepsin B class ot” CPs,
having 53% identity with the Schistosomu mansoni cathepsin B and 52% indentity with
the human homologue. The predicted size of the mature LimCPc¢ enzyme, 27 kDa, was
however, smaller than that determined by SDS-PAGE for the two major group D
enzymes (31 and 33 kDa). As LmCPc does not have a CTIL which could be
differentially proccssed in the 31 and 33 kDa enzymes, the authors suggested
glycosylation as most likely the explanation for both the Jarge molecular masses and the
presence of two products of diffcrent electrophoretic mobilities encoded by the single
copy Imepe gene (Bart ef al., 1995). Although the /mcepe mRNA was present in all life
cycle stages it was found to have elevated expression in the multiplicative promastigote

form.

4.1.2. Aims

In keeping with the rationale of investigaling the roles ol L. mexicana CPs
through targeted gene disruption, this part of my work focussed on analysing the
biclogical phenotype of the null mutants for imepe, which were created by colleagues in
the Wellcome Unit of Molecular Parasitology (WUMP), University of Glasgow
(Appendix B: Bart et al., 1997). The proteinases of these cells were examined, as well
as their ability to navigate the parasite life cycle in vitro, infect explanted peritoneal
macrophages, and form lesions in mice, The results give rise to some intercsting

questions regarding the role of LmCPc¢ in parasite virulence and pathogenicity.
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4.2, MATERIALS AND METHODS
4.2.1. Parasites
4.2.1.1. Transfected cell lines of L.. mexicana

The lines used in this chapter were created by colleagues in WUMP, and are
summarised in Table 4.0. Details of the transfection procedures used can be found in
Appendix I3 (Mottram. ef al., 1996, Bart et al., 1997). All lines used in this study were
parasites derived from a BALB/c mouse lesion subsequent to the transtection procedure,

unless designated otherwise by the letter (1) following the cell line name.

Table 4.0. Transfected lines of I.. mexicana used

cell line gene deletion(s) antibiotic used for
sclection
Almepbn null mutant for limepb hyg/phlea
Almepe null mutant for Zmcpc sat/puro
AlmepePC nuil mutant for mepe re-expressing neo
Imcpe

Abbreviations: hyg, hygromycin; phleo, phleomycin; sat, nourseothricin hydrosulphate;

puro, puromycin; neo, neomycin

4.2.1.2. Cell culture

The three major developmental stages of L. mexicana (MNYC/BZ/62/M379)
were cultured and harvested as described in Chapter 2, section 2.2.1, with the cxeeption
that the foHowing antibiotics were added, singly or in combination as appropriate (sce
Table 4.0), for selection of transfectants: nourscothticin hydrosulphate (Hans-Knoll
Inst., Thuringen, Germany) at 25 ug/ml, puromycin (Sigma) at 10 pg/ml, or neomycin
(Geneticin, BRL) at 25 pg/ml. Doubling times were calculated as in Chapter 3, section
3.2.1.2, and t-lests were used to determine the statistical significance of any observed

differences in doubling times between the different lincs.

125




chapter four methods

4.2.2. Proteinase assays and analyses

Substrate SDS-PAGE and Westein blofting were carried out essentially as
described in Chapter 2, section 2.2.2. The primary antibodies used were 1:500 anti-
LmCPb group C CP (Chapter 3, scction 3.2.2.2) and 1:50 anti-PEP662 antiserum
(Appendix: Bart ef al., 1997).

4.2.3. Infection of peritoneal exudate cells and BALB/c mice
The infectivity of stationary phase promastigotes to PECs and female BALB/c

mice was determined as described in Chapter 2, sections 2.2.4. and 2.2.5. respectively.
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4.3. RESULTS
4.3.1. The phenotype of mutants null for Imcpe
4.3.1. 1. Growth and differentiation

The null mutant lines grew significantly more rapidly than the wild type
parasites as promastigotes in vitro (Fig. 4.1), where the approximate doubling times of
wild type and Almcpen were 11.0 + 2.2 and 6.8 + 1.4 h, respectively (P’ value of <0.1).
In contrast to wild type parasites, few small promasligotes (the putative mctacyclic
stage) were found in stationary phase cultures of Almcpen (Fig. 4.2). Despite this, A
Imcpen successfully transformed to axenic amastigotes which resembled those of wild

type cells in both growth characteristics (Fig. 4.3) and morphology (Fig 4.4).

4.3.1,2. Proteinases

The lack of L.mCPe protein in Almepcen was confirmed by Western bloiting using
anti-PEP662 antiserum, which recognised a major band (30-33 kDa) in lysates of
stationary phase promastigotes of wild type cells (Fig, 4.5, lane 1). Lower loading
coutirmed that this comprised two bands as expected (Robertson and Coombs, 1993).
The null mutant Almepen (1) lacked these proteins (lane 2), whereas a major band was
recognised in lysates of the re-expressor AlntcpcPC (1) (lane 3), which had the same
mobility as the band detected in wild type cells (lane 1), and was at a similar level of
expression.

Analysis of the null mutant by gelatin-SDS-PAGE showed there to be a
significant difference between the proteinase aclivitics detected in lysates of wild type
parasites and Almepen. There was much less high mobility CP activity in Almepen
stationary phase promastigotes ([ig. 4.6, lanc 4) compared with wild type promastigotes
(lane 1}, although activities >60 kDa (not CPs) were similar in the two lines.

Western blot analysis with anti-LmCPb (group C) antiserum (Fig. 4.7) revealed,
in agreement with the gelatin gel analysis, that Almepen stationary phase promastigotes
(lane 3) had comparatively less LmCPb than the same form of wild type parasites (lane
1), especially with regards ta the higher mebility band of the doublet (arrowed). In

contrast Afmcpen axenic amastigotes (lane 4) had a similar amount of LmCPb to wild
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type axenic amastigotes (lane 2).

4.3.1.3. Infectiviiy

A major difference in phenotype was detccted between Almcpen and wild type
cells in that the infectivity of the null mutant to cxplantcd mouse peritonecal cxudate
cells was greatly reduced (Fable 4.1). Re-expression of /mcpe in the null mutaat (A
ImcpcPC), however, increased infectivity to PECs (Table 4.1). This finding suggested
that Almepen (t) would be much less infective to mice than wild type cells. In the two
experiments carried out, however, stationary phase promastigotes of Almcpen produced
lesions one week before (Fig. 4.8, A) und 3 weeks afller (Fig. 4.8, B) the wild type
parasites. Thereafler, however, lesions due to Afmcpen grew more slowly than those due
to wild Lype parasites. Analysis of the parasites isolated trom these lesions contirmed
that the mutants had the same genotype at the /mcepe locus as the inoculated mutants

(Appendix B: Bart ef al., 1997).
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Figure 4.1, Typical in vitro growth curves of L. mexicana promastigotes. Cultures of
wild type (-®) and Almcpen (-0-) were initiated at 5 x 105 cells/ml in complete HOMEM
medium and incubated at 25°C, with cell counts being performed on consecutive days.
The results are the means + SD from 3 independent cultures for each line.
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Figure 4.2. Light micrographs of stationary phase promastigotes. Wild type (A) and
Almepen (B) cells were fixed in methanol and stained in 10% Giemsa's stain. There was a
clear difference in cell size between the two lines, with the A/mcpcn promastigotes (B)
appearing much bigger then the majority of wild type cells (A). The scale bar represents
10 pm.
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Figure 4.3. Typical in vitro growth curves as axenic amastigotes of transfected lines. .
Cultures were routinely initiated using stationary phase promastigotes at 1 x 10¢ cells/ml
in complete SDM, pH 5.5, and incubated at 32° C. Cell counts revealed no difference in
growth rates and final cell density between wild type (-®-) and Almcpcn (-O-) axenic |
amastigotes.

Figure 4.4. Light micrographs of Giemsa-stained axenic amastigotes; (A), wild type
parasites, (B), Almcpen. There was no difference in cell size between the two lines, with
the Almcpen axenic amastigotes (B) appearing morphologically identical to wild type
cells (A). The scale bar represents 10 pm.
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Figure 4.5. Western blot analysis of /mcpc null mutants. Anti-PEP662 antiserum was
used to assess the presence of LmCPc in wild type L. mexicana (lane 1). Almcpen (lane
2) and the re-expressor AlmcepePC (lane 3). To check for protein loading (lower panel),
a duplicate blot was probed with a polyclonal antiserum raised to CRK1 (Mottram er al..
1993). Sizes were derived from Bio-rad molecular weight markers. (Blot by (. Bart,

University of Glasgow).

Figure 4.6. Gelatin-SDS-PAGE analysis of cell lines. Lane 1. wild type L. mexicana;
lane 2, Almcpan; lane 3, Almcpbn; lane 4, Almcpen. Lanes were loaded with lysates
containing 107 stationary phase promastigotes. The positions of molecular weight

markers are indicated in kDa.
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Figure 4.7. Western blot probed with anti-LmCPb antiserwm. Lane 1, wild type
stationary phase promastigotes; lane 2, wild type axenic amastigotes; lane 3, Almepen
stationary phase promastigotes; lane 4, Almcpen axenic amastigotes. An equal number
of cells (5 x 10%) was loaded in each lane. The high mobility LmCPb band (lane 3,
arrowed) was less intense in lysates of Almepen than in those of wild type (lane 1).

ceil line % infected PECs | amastigotes/infected PEC

wild type 38+ 14 59+0.8

Almepbn 20+13 2.9+1.0

Almepen 47+29 40+06
AlmepcPC (t) 20+ M1 52+14

Table 4.1, Infectivity of transfectants to muacrophages. PECs were obtained from

peritoneal lavage of BALB/c mice and infected with stationary phase promastigotes of

the various cell lines at a promastigote to PEC ratio of 1:1. Afler 7 days incubation at
32°C, cells were fixed, stained with Giemsa's stain, and parasite load determined by
counting 200 PECs. The values presented are means + SD from 3 independent
experiments performed in duplicate. The infection rates with Almephir and Almepen
were signiticantly different from those with wild type parasites (P values of <0.02), but
not fram cach other. The infection rate with AlmepcPC () was significantly different
from that with Almcpen (P<0.1), but not significantly different from the wild type
infection rate. Mean values [or amastigotes/PEC with Almepbn and Almepcn were
significantly different from those with wild type parasites (P values of <0.02 and <0.05
respectively), but not from each other.
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Figure 4.8. Infectivity to BALB/c mice. Subcutancous lesions in the rumps ol femalc
BALB/c mice resulting from an inoculum of 5 x 10¢ stationary phase promastigotes ’
were measured at weekly intervals using a micrometer and the mean lesion volume |
SD per group of 3 mice calculated. The lines inoculated were: A. wild type (@) and A

Imepen (1) (<O°); B, wild type (@) and Almepen (-O-). The majority of error bars have :
been omitted for clarity. \
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4.4. DISCUSSION

Stationary phase promastigotes of Almcepen did not form metacyclics of typical
morphology; they were, however, very similar to wild type promastigotes with respect to
differentiation to and growth as axenic amastigotes (it was attempted to examine how
amastigote-like the axenic amastigotes of the /mepe nulls were by examining their
nuclease profiles; however technical difficuities with the nuclease gels meantl that
unfortunately uscful data were not obtained). These results are very similar to those
found with Almcpan (Chapter 2). It has (o be considered, therefore, whether the
formation of atypical metacyclics with Almcpan and Almcpen is a result of the
transfection procedure itself, rather than a direct result of the gene deletions. (It should
be noted that the same morphological diflerences were apparent whether the lines had
been passaged through mice or not, and that the reduced activity of the lmcph
proteinascs in these two lines may be related to the atypical morphology observed).

The results presented in this chapter indicate that LmCPc plays a role in enabling
L. mexicana to live within macrophages in vitro, and in this respect is similar to LmCPb
in being a virulence factor (see Chapter 3). However it differs from LmCPb in that 1t
appears to be less important in aiding survival of the parasite in BALB/c mice. Almcpcn
stationary phase promastigotes were similar to those of Almcpan (Chapter 2) in that they
produced lesions after approximately the same number of weeks post-inoculation as did
wild type parasites in each experiment. This contrasts greatly with the results obtained
with Abncpbn stationary phase promastigotes, which took at least 24 weeks longet to
produce lesions, and in somc cases did not produce any (Chapter 3). Clearly though, the
lesions resulting from inoculation of Almepcen stationary phase promastigotes did not
grow as quickly as those produced by wild type parasites. These results indicate that the
two CPs have different roles in the parasitc and also suggest that the infectivity to PECs
is not a reliable indicator of the infectivity of the mutant lines to animals; perhaps
because more factors are involved in vivo than in vitro. The findings on the relative
infectivity of the /mcpe null mutants (which produced lesions in mice almost as rapidly
as wild type parasitcs) and /mepb null mutants (which produced lesions six months later

than wild type parasites) are consistent with /mcpd having a role in immune evasion, and
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Imepe perhaps not being involved in this respect. The lack of a dramatic difference in
infectivity to mice between Almcpen and wild type parasites does not mean that Imcpe
plays no role in intracellular survival in vive; BALB/e are highly susceptible to infection
with L. mexicana and the inoculation dosc was much higher than that likely to be
delivered by a sand fly. It may be worthwhile comparing the infectivity of Almcper to
less susceptible mouse strains and in lower numbers.

A possible explanation for the observed lack of neccssity in vivo of Imcpe may
be compensalion by other enzymes. The way in which the parasite is able to overcome
this loss of Imcpe, however, is less clear, The decreased activity of the LmCPb CPs
detected using gelatin-SDS-PAGE, in stationary phase promastigotes of the Imepe null
mutants obtained by transformation of the amastigotes isolated from mice (Fig. 4.6)
indicates that these enzymes are not compensating for the loss of Imcpe and moreover
suggests that there could be a role for LmCPc in the maturation of /mepb gene products
lo give active enzymes. The absence of increased activity of >60 kDa proteinases (Fig.
4.6) suggests that if it is these enzymes that arc compensating for the lack of LmCPc
then the wild type levels are sufficient to fulfil the parasite's requirements. There may, of
course, be other proteinases not detected using gelatin-SDS-PAGE that are up-regulated
in the /mepe null mutants and compensating for the absence of LmCPec.

The finding that the /mcpe null mutant infected far fewer macrophages in vitro
than did wild type parasiles confirms that /mcpc plays some part in the mammalian
mfective stages and that it is somehow involved in protecting the parasite from the
microbicidal activity of at least some populations of macrophages, either at the invasion
stage or in maintaining inlection. From the results found with AlmepcPC (Table 4.1), it
would appear thal expression of LmCPc enables the infection of a greater number of
particular sub-populations of macrophages present in the PEC population; this
hypothesis warrants further investigation.

The finding that LmCPc¢ of L. mexicana has some unusual features (Robertson
and Coombs, 1993), indicating that it may be membrane-associated or released, gave
hope that this parasitc CP could be a good drug target. The findings of this study,

however, suggest that specific inhibitors of LmCP¢ would not prevent or cure infection
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with L. mexicana. Some cysteine proteinase inhibitors do have antileishmanial activity
in vitro (see Chapter 5), but it is not known if these inhibitors are acling synergisticatly
on several enzymes to produce their effect or whether they are inhibiting an as yel
unidentified CP (see discussion in Chapter 5). My results, however, demonstrate that
Imcpe is not essential (under the conditions tested) and would appear to be a poor target

for chemotherapeutic exploitation.
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CHAPTER FIVE
CYSTEINE PROTEINASES AS EXPLOITABLE DRUG TARGETS

5.1. INTRODUCTION
5.1.1. Anti-lcishmanial activity of proteinase inhibitors

As was discussed in section 1.3.3.2., inhibitors of CPs c¢an hinder the
development of some protozoan parasites, and there is much interest in developing
proteinase inhibitors as novel chemotherapeutic agents. Inhibition of the food vacuole
CPs of P. falciparum by administration of peptidyl-fluoromethanes led to an
accumulation of undegraded haemoglobin inside the food vacuoles and inhibited the
parasite from multiplying, both in vitro and in vive (Rocket et al., 1990; Rosenthal e/
al., 1991, 1993). Use of specific, irreversible inhibitors of the major CP of 7. cruzi have
shown transformation events of the parasite to be particularly vulnerable, as well as
inhibiting invasion and multiplication of thc parasites in cultured mammalian cells
(Merecilles, et al., 1992; Bonaldo, ez af., 1991; Franke de Cazzulo, ef al,, 1994).

With rcgards to other trypanosomatid species, much less is known about the
cffects of CP inhibitors. Antipain, a known inhibitor of CPs, has been shown to inhibit
both the growth of L. mexicana promastigotes by >50% over 7 days, and the in vitro
transformation of amastigotes to promastigotes by >78% (Coombs ef al., 1982). This
higher susceptibility of amastigotes correlated with their higher CP content, and
suggested that some inhibitors of Leishmania amastigote CPs may have potential as
antileishmanial agents. This suggestion was given credence by the finding that antipain
and leupeptin were found to be potent inhibitors of the growth of L. mexicana
amastigotes in explanted mouse peritoneal macrophages (Coombs and Baxter, 1984).
However, neither of the inhibitors used in the above studies are known to target CPs
specifically, c.g. leupeptin can also inhibit some frypsin-like serine proteinases (North e/
al., 1990).

L. pifanoi, a member of the L. mexicana complex, has 2 developmentally
regulated Type 1 and Type I CP genes Lpcys? and Lpcysi (see section 1.4..2).

Treatment of axenic amastigotes of L. pifanoi with selected cystleine (but not aspartic)
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profcinasc inhibitors, atrested proteolytic processing of Lpcys?2 in vivo and inhibiled
parasitc cell division (Duboise ef al., 1994). Antipain substantially blocked thc
processing of a 40 kDa intermediate and inhibited parasite growth at levels down to less
than 5 uM, although this effect was reversed when parasites were transferred to inhibitor
free medium. The peptidyl-fluoromethanc inhibitor Z-Phe-Ala-CH,F also showed
significant inhibition of Lpcys2 processing and amastigote growth but required a higher
concentration of between 100 and 200 pM. The overall conclusion regarding the effects
of these inhibitors were that they were cytostatic rather than leishmanicidat (Duboise ef

al., 1994),

5.1.2. Amastigote CPs as activators of pro-drugs

Lysosomotropic amino acid and peptide esters such as leucine methyl ester (Leu-
OMe) destroy isolated 7. amazonenesis amastigotes by a mechanism postulated to
mvolve (rapping of the compounds and their breakdown within acidified parasite
organclles (review: Rabinovitch 1989). Amino acid esters kill intracellular Z.
amazonensis at concentrations that allow the survival of the host cells (Rabinovitch e/
al., 1986), a killing that is thought to be dependent on ester hydrolysis by the parasite
proteinases (Alfieri ef i, 1988, 1989; Hunter er «f, 1989) since amastigotes pre-
incubated with the cystelne and and serine -proteinase inhibitors antipain and
chymostatin are protected from Leu-OMe toxicity. The hypothesis that megasomes
could be the target of the esters was supported by the observation that these organelles
are acidified and thus potentiaily able to concentrate the compounds (Antoine ef al.,
1988). Amastigotes of L mexicana arc also susceptible to Leu-OMe since this
compound is rapidly hydrolysed by the low molecular weight CPs that occur in

abundance in the megasomes of this stage (Hunter erf al., 1992),

5.1.3. Aims
Although I have shown that LmCPb is not essential for parasite survival in vitro
or in vivo (Chapter 3), it remained a possibility that other CPs may be, either singly or

collectively with Jmcpb. ''he majority of this chapter focuses therefore on leishmanial
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proteinases as potentially exploitable drug targets, and involves studics on the cffects of
new generations of irreversible CP inhibitors, that permeate into living parasites, on the
CPs themselves and the growth, differentiation and infectivity of L. mexicana.

I also investigated the effects of l.eu-OMe on wild tvpe and transfected lincs of
L. mexicana in order to elucidate the extent of the involvement of LmCPb in the

activation of the pro-drug, and therefore provide more information on the potential of

this compound as a pro-drug against leishmaniasis.
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5.2. MATERIALS AND METHODS
5.2.1. In vifre culture with cysteine proteinase inhibitors

The three wmajor developmental stages of wild twvpe L. mexicana
(MNYC/BZ/62/M379) and the transfected ccll lines were cultured and harvested as
described in Chapters 2 and 3, sections 2.2.1 and 3.2.1, The peptidyl-diazomethanes Z-
LVG-DMK and Z-FA-DMK were made up as 10 mg/ml stock solutions in DMSO, and
included in the appropriate promastigote or axenic amastigote culture medium to give a
final concentration of 10 pg/ml (25 pm). Normally 10 pl of stock inhibitor was
carefully added to 10 ml of medium prior to the addition of the required number of
promastigotes, giving a final concentration of 10 gg/m! inhibitor/0.1% DMSO (v/v).

Stock solutions of the inhibitors were stored at -20°C until further required.

5.2.2. Analyses using gelatin-SDS-PAGE

Substrate-SDS-PAGIEE was camried out essentially as described in Chapter 2,
scction 2.2.2. Where DMK proteinase inhibitors were included, they were added to the
lysates prior to electrophoresis to give a final concentration of 10 pg/inl (~25 pm);
normally 2 pl of 100 pg/ml DMK dissolved in 1% (v/v) DMSO was added to 18 pl of
lvsate and incubated for 10 min on ice. Thercafter the lysatc was diluted 1:1 with 2x

sample buffer and loaded into the well of a gelatin gel.

5.2.3. Use of a biotinylated inhibitor

A stock solution of 0.02 M Biotin-F-A-DMK (Biosyn) in dimethylformamide
(DMF) was stored at -20°C, and diluted to 600 um with DMF immediately prior to use.
Preparation of parasite lysates (omitting the proteinase inhibitors) was carried out as
described in Chapter 2, section 2.2.2.2. Cell lysates were incubated S:1 with the aflinity
label (100 uM final concentration) at 37°C for 30 min, before addition of an cqual
volume of 2x sample buffer and boiling for 10 min. Control samples contained fysate
plus DMT'. Llectrophoresis and electroblotting were carried out as described in Chapter
2, section 2.2.2.2. After blocking overnight at 4°C in TBS-Tween (scction 2,2.2.2), pH

7.6, containing 3% (w/v) bovinc scrum albumin (BSA), detection of cysteinc
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proteinases was achieved by incubating with a 1 in 1000 solution of streptavidin-
alkaline phosphatase (Biosyn), in TBS-Tween, pH 7.6, for 2 hours at ambient
temperature. After 3 x 20 min washes in TBS-Tween, pH 9.5, blots were developed
using the BCIP/NBT development system according to the manufacturers instructions

(Sigma), and rinscd thoroughly with water.

5.2.4. Infection of peritoneal exudate cells in the presence of cysteine proteinase
inhibitors

The infection of peritoneal exudate cells was carried out as described earlier
{Chapter 2, section 2.2.4 and Chapter 3, section 3.2.5) with the following additions.
Stock solutions (10 mg/ml in DMSO) were made up of the CP inhibitors Z-LVG-DMK,
Z-FA-DMK, P87 (Mu-I’he-Homophe-viny! sulfone) and 'KO02' (Mu-1’he-1lomophe-
oxycoumarin) and stored at -20°C until reqguired (gifts from Prof. J. McKerrow,
California, USA). Parasites were resuspended {o the required densily in complete RPMi
medium containing 10 pg/ml (~25 pm) inhibitor and 0.1% DMSO (final concentrations)
and incubated for 15 min at 25°C (promastigotes) or 32°C (amastigotes). Parasites were
then added to the PECs in chamber slides and incubated as appropriate (sections 2.2.4
and 3.2.5), washed 3x in complete RPMI medium, and then incubated for either 72 h or
7 days in complete RPMI medium containing 10 pig/ml inhibitor, after which slides
were fixed and stained as before (section 2.2.4).

Tn certain cases the timing of exposure of the cells to the inhibitor Z-FA-DMK
was varied, such that the parasites were either pre-incubated with the inhibitor at 10
pg/ml (~25 pm) for 15 min before addition to the PECs, and the inhibitor subsequently
included throughout the incubation (as above), or the inhibitor was added (to give the

same final concentration) 4 h or 24 h after the PECs were first exposed to the parasites.

5.2.5. Incubation of axenic parasites with leucine methyl ester
The effect of Leu-OMe (Sigma) on axcnic amastigotes and isolated lesion
amastigotes of wild type and Almcpbn was measured using the quantatative tetrazolium

salt assay (see Chapter 3, section 3.2.8.2) as follows. Bricfly, parasitcs were resuspended
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at a density of 1 x 108 cells/m! in complete HOMEM medium containing Leu-OMe (5
mM final concentration) and incubated at 32°C for one hour. After washing in complete
medium, cells were incubated at the above cell density with MTT (450 pg/ml final
concentration in complete HOMEM) at 32°C for 3 h, after which samples were diluted 1
in 6 with 0.04 M HCl-isopropanol and the absorbances read at 540nm (as in section
3.2.8.2). T-tests were used to determine the statistical significance of any observed

difterences in % MTT reduction between the differnt lines after expasure to T.en-OMe.

5.2.6. Inclusion of leucine methyl ester in parasite-infected peritoneal exudate cell
cultures

‘The infection of peritoneal exudate cells by lesion amastigotes was carried out as
described carlier (Chapter 2, section 2.2.4 and Chapter 3, section 3.2.5). Leu-OMe was
added to the PECs 24 h after first exposure {o the parasiles, to give a [inal concentration
of 5 mM. Parasitc load was determined after a funther 48 h incubation, as described

previously {section 2.2.4).
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5.3. RESULTS
5.3.1. Proteinase inhibitor studies
5.3.1.1. Effects of peptidyl-diazomethanes on transformation and growth of L.
mexicana

Wild type promastigotes (Fig. 5.1, A) and axenic amastigotes (Fig. 5.1, B) grew
well in the presence of 10 pg/ml Z-LVG-DMK. The results suggested that this
proleinase inhibitor does not affect the growth, or transformation to metacyclics (as
judged by morphology), of promastigotes, nor the transformation to and multiplication
of axenic amastigotes, compared to control cultures containing 0.1% DMSO. The other
inhibitor tested in the same set of experiments Z-FA-DMK appeared to slightly inhibit
amastigote multiplication (Fig. 5.1, B), although it had no discernible eifect on
promastigotc growth or transformation to metacyclics or axenic amastigotes as judged
by morphology (Fig. 5.1, A). These cxperiments were repeated using the transfected
lines Almepbn and Almepbg2.8 (Figs. 5.2 and 5.3, respectively). Similar results to those
found with wild type parasiles were obtained, except that the multiplication of A
Imcpbg2.8 axenic amastigotes (Fig. 5.3, B) was affected a little by both inhibitors (note
that these transfected lincs typically grow poorly as axenic amastigotes, as was shown in
Chapter 3). It was also apparent that the 0.1% DMSO in the control promastigote
cultures appeared to produce a lag clfect, and no obvious logarithniic phasc, when
compared with the tvpical growth curves presented in Chapter 3, which was surprising
as cultures of wild type Leishmania cultures are generally considered to be unaffected

by concentrations of up to 0.25% (v/v) DMSO.

5.3.1.2. Effects of peptidyl-diuzomethanes on parasite proteinuases

Gelatin-gcl analyses of stationary phase promastigotes of the wild type parasites
from the experiment deseribed in section 5.3.1.1. were carried out. Lysates of cells that
had been grown in medium with 0.1% DMSO added as a control gave the characteristic
two main bands of high mobility CP activity, between 25 and 20 kDa, (Fig. 5.4, lane 1)
previously confirmed to be encoded by Imcpb (see Chapter 3). Cells grown in the

presence of the inhibitors Z-LVG-DMK and Z-FA-DMK (lanes 2 aud 3, respectively)
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had very little of this high mobility CP activity, whereas the slightly slower moving CP
activities of apparently 35 to 40 kDa, which normally are at very low activily in
promastigotes, were al relatively high activity. The slowest moving activities of 60 kDa
and greater (due to proteinases other than CPs, such as the metalloproteinase gp63) also
appeared to be upregulated in cells grown in the presence of these inhibitors. Control
lysates incubated with 10 pg/ml Z-LVG-DMK (lane 4) or Z-FA-DMK (not shown)
lacked both the high (20-25 kDa) and lower mobility (35-40 kDa) CP activities. This
confirmed that the bands around 40 kDa are inhibitable by these DMKs, although this
did not apparently oceur in the living cell.

Wild type axenic amastigotes grown in the presence of Z-LVG-DMK (Fig. 5.4,
lanc 6) or Z-FA-DMK (Fig. 5.4, lanc 7) lacked the typical high mobility CP activity (as
scen with control axenic amastigotes, Fig. 5.4, lane 5) but the characteristic lower
mobility activities of axenic amastigotes (Bates et af., 1992) approximately 35-40 kDa,
were active. Although these lower mobility activities were not inhibited by Z-LVG-
DMK or Z-FA-DMK in the living cells, they were inhibited when the cells were fysed
with culture medium from day 7 of the above experiment containing Z-FA-DMK (lane
8). This confirmed that the activities were due to CPs, and indicated that the DMK was
still intact and faitly concentrated in the medium from which the cells were harvested.

Although the cclls were washed well during harvesting, it remained a possibility
that inbibitor bound to the cell surface may cause inhibition of the CPs when the cells
were lysed, and that the enzymes were not in fact inhibited in the living cells. However,
analysis on gelatin gels of a mixture of DMK-grown axenic amastigotes plus control
axenic amastigotes showed the control CP activity to be unaffected, indicating that
indeed there was no inhibitor bound to the cell surfaces (data not shown). As was found
with the promastigotes, thete was increased activity of enzymes of around 60 kDa
{apparently predominanily metalloproteinases, since they were fully inhibited by 1 mM
o-phenanthroline added during substrate digestion) in these cells compared with control
axenic amastigotes.

The proteinases of promastigotes of the line Almepbg2.§ grown in the presence

of these inhibitors were also examined. Gelatin gel analysis (Fig. 5.5) revealed results
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similar (in relative terms) to those found with wild type parasites, in that the high
mobility proteinase activity detected in the controls (lane 1) was absent (lanes 2 and 3),

and the lower mobility activities were enhanced.

5.3.1.3. Detection of cathepsin L-like CPs using a biotinylated inhibitor

The possibility that L. mexicana possesses additional CPs that can compensale
for the lack of Imcpa and Imcpb was investigated using biotin-F-A-DMK  to detect
active cathepsin L-like CPs in a Weslern blot (Fig. 5.6). Lysales of stationary phase
promastigotes of wild type cells (lanes 5 and 6), Almcpbn (lanes 3 and 4) and A
Imcpbr/lmepan ‘double null’ (lancs 1 and 2) were incubated with the biotinylated
inhibitor (lanes I, 3 and 5) or not (lanes 2, 4 and 6). This sensitive method detected the
main cathepsin L-like CPs in wild type cells as a broad, dense band at around 24 kDa
(lane 5, arrowed). The staining around 24 kDa was considerably fess in Almcpbn, but 3
faint bands remained (lane 3). These appcared to be due to Imcpa as they were absent
from the double null (lane 1). The only bands detected in this linc were those of higher
molecular mass, some of which were alse present in the control lanes 4 and 2. Lhese
may have been duc to non-gpecific binding; there is likely to be significantly less
autohydrolysis in lysates of the transfected lines, than in those of wild type parasites
{lane 6). These cxperiments indicate that /mcpa and Imcpb may be the only cathepsin L-
like CPs in L mexicana stationary phase promastigotes. A similar result was found using

the above method on axenic amastigote lysates (data not shown).

5.3.1.4. Effects of inhibitors on parasite infection of peritoneal exudate cells

The effects of CP inhibitors on the infectivity of parasites to macrophages was
investigated (Table 5.1). The infectivity of stationary phase promastigotes of wild type
parasites in the absence of inhibitor was found to be 53%. Although it had been shown
lo inhibit the CPs in axenic parasites, Z-LVG-DMK surprisingly did not reduce the
infectivity of promastigotes to macrophages, although these results proved rather
variable (see Discussion, section 5.4). In contrast, Z-FA-DMEK reduced infectivity to

very low levels (7%), in fact to levels similar to those obtained with Almcpbn in the
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absencc of CP inhibitors (Tabie 5.1 and Chapter 3). There also appeared to be a lower
number of amastigotes per infected cell when Z-FA-DMK was present compared with
both wild type parasites and Almepbn. Control cultures with 0.1% DMSO included in
the medium had infectivity levels that were not significantly different from (hose with
wild type parasites, although the number of amastigotes per infected PEC was slightly
lower (P value <0.1).

Having ascertained that Z-FA-IDMK could reduce both parasite infection of
PECs and perhaps intracellular multiplication, experiments were set up to investigate at
which siage in the infcclion process parasitcs were most susceptible to this inhibitor
(Fig. 5.7). Similar results were obtained irrespective of whether the parasites were pre-
incubated with Z-FA-DMK for 15 min, and the inhibitor subsequently included
throughout the incubation, or it was added 4 h or 24 h after infection of the macrophages
with the parasites (Fig. 5.7, A). However, the length of the incubation was found o be
important. The inhibitor had greater anti-parasite effect over 7 days, after which the
number of parasite-infected cells was lound to be less than 10 % of the control, than
when the experiment was stopped after 72 h. The mean number of parasites per infected
macrophage was not affected greatly by the time of initial exposure to the DMK (Fig.
5.7, B); but was reduced more by 7 days than by 3 days.

This approach was pursued using other CP inhibitors known to inhibit the
leishmanial CPs on gelatin gels (Coombs, unpublished) and looking for their effects on
macrophage infections over 72 h and 7 days (Fig. 5.8). Like Z-FA-DMK, the CP
inhibitors P87' and 'KO2' had some anti-parasite effects after 7 days, although they were
not as potent as Z-I'A-DMK after 3 days (Fig. 5.8, A). Furthermore, 'P87' and 'KO2' did
not reduce the number of amastigotes per infected PIIC to as low a level as occurred
with Z-FA-DMK after 7 days (Fig. 5.8, B).

The effect of CP inhibitors on the infectivity of lesion amastigotes to
macrophages was examincd (Fig. 5.9). After 7 days incubation with the inhibitor Z-FA-
DMK, the % infected macrophages was again reduced to a very low level compared
with the control parasites (and, as with promastigotes, this reduction in infectivity was

not as pronounced afler just 72 h); as was the number of amastigotes per macrophage.
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The CP inhibitor Z-LVG-DMK, however, had a lesser eflect.

5.3.2. Susceptibility to the amineo acid ester leucine methyl ester
5.3.2.1. Toxicity for axenic parasites

Toxicity for isolated parasites was mcasured by a quantitative tetrazolium salt
(MTT) assay. After exposure to 5 mM Leu-OMe the reduction of MTT by wild type
axenic amastigotcs was only 23% of that of the control (untreated cells). The MTT
reduction by Almcpbn was 51% of the control (Table 5.2). These results were consistent
with the hypothesis that the lack of T.mCPb would render the Almepbn cells less
susceptible to Leu-OMe. Nevertheless, a substantial proportion of the Almcpdn axenic
amastigotes were still affectcd by the cster. However results using lesion amastigotes of
the 2 lines (Table 5.2) showed that MTT reduction after exposure to the ester was 12%
with wild type parasites and 17% with Almcpbn amastigotes. Although these results are
significantly different, they clearly indicate that the Imcpb proteinases are not the only
ones that hydrolysc the ester, although they may play a large part when they are present.
It is also apparent from these results that axenic amastigotes are not identical to lesion
amastigotes (as they do not appear to be as susceptible as lesion amastigotes) although
cultured amastigote-like forms were previously found 1o be very similar to lesion

amasligotes (Bates ¢f al., 1992)

5.3.2.2. Toxicity for infections of peritoneal exudate cells

PEC cultures infected with either wild type or Almcephn lesion amastigotes were
almost cured of parasites by exposing the cells to Leu-OMe 24 h after infection (Table
5.4). There were no apparent deleterious effects on the host cells, suggesting that amino
acid esters may be effective pro-drugs that are activated specifically by parasite

enzZymes.
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Figure 5.1. Growth of wild type L. mexicana in the presence of peptidyl- ;
diazomethanes. (A) Promastigoies cultured in complete HOMEM containing 10 pg/mi
of the following inlibitors: -@-, control (0.1% DMSO); 1, Z-LVG-DMK, ¥, Z-FA- é
DMK. (B) Axenic amastigote cultures, initiated using stationary phase promastigotes, in
complete SDM containing inhibitors as in (A). Results are the means + SD from 3
mdependent experiments.
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Figure 5.2. Growth of Almicpbn L. mexicana in the presence of peptidyl-
diazomethanes. {A) Promastigotes cultured in complete TOMEM containing 10 pg/ml
of the following inhibitors: -@-, control (0.1% DMSQ); 1+, Z-LVG-DMK;, ¥, Z-FA-
DMK. (B) Axenic amastigote cultures, initiated using stationary phase promastigotes, in

complete SDM contaming inhibitors as in (A). Results are the means + SD from 3
independent experiments.
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Figure 5.3. Growth of Almcpbg2. 8 L. mexicana in the presence of peptidyl-
diazomethanes. (A) Promastigotes cultured in complete HOMEM containmg 10 pg/mni
of the following inhibitors: @-, control (0.1% DMSQ); {F, Z-LVG-DMK, -¥-, Z-FA-
DMK. (B) Axenic amastigote cultures, initiated vsing stationary phase promastigotes, it
completc SDM. containing inhibitors as in (A). Results are the means + SD from 3

independent experiments.
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Figure 5.4. Gelatin-gel analysis of wild type parasites grown in the presence of CP
inhibitors. Wild type cells were harvested on day 7 from the experiment described in
section 5.3.1.1 (Fig. 5.1) and their lysates subjected to gelatin-SDS-PAGE. Lane I.
control stationary phase promastigotes; lanes 2 and 3. promastigotes grown with Z-
LLVG-DMK and Z-FA-DMK respectively; lane 4, control promastigotes lysed with Z-
LVG-DMK. Lanes 5-8: as lanes 1-4 except cells were axenic amastigotes. The positions

of molecular weight markers in kDa are indicated.
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B

Figure 5.5. Gelatin-gel analysis of Almcpbg2.8 grown in the presence of CP
inhibitors. A/mcpbg2.8 promastigotes were harvested on day 7 from the experiment
described in section 5.3.1.1 and their lysates subjected to gelatin-SDS-PAGE. Lane 1.
control stationary phase promastigotes; lanes 2 and 3, promastigotes grown with Z-
LVG-DMK and Z-FA-DMK, respectively. The positions of molecular weight markers

are arrowed.
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Figure 5.6. Western blot analysis of proteinases of /.. mexicana using biotinylated
peptidyl-diazomethane to label enzymes. Lysates of stationary phase promastigotes of
wild type (lanes 5 and 6), Almcpbn (lanes 3 and 4) and Almcpbn Imepan (lanes | and 2)
were incubated with the biotinylated inhibitor (lanes 1, 3 and 5) or not (lanes 2, 4 and 6)

The positions of molecular weight markers are indicated on the left; the position of the
main cathepsin L-like CPs is indicated on the right (large arrowhead).

cell line, inhibitor

% infected PECs

amastigotes/infected PEC

wild type
+ DMSO
+ Z-LVG-DMK
+ Z-FA-DMK
Almepbn

53 +6.1
45 + 11
42 + 24
7.0+87
2.3+ 5.5

48+09
34+07
30+15
1.9+1.3
36 +4.1

Table 5.1. Effect of proteinase inhibitors on the infectivity of wild type stationary
phase promastigotes of L. mexicana to peritoneal exudate cells. Cells were pre-
incubated with the inhibitors for 15 min and constantly exposed to them over the 7 day
duration of the experiment. After 7 days, the cells were fixed, stained with Giemsa's
stain, and parasite load determined by counting 200 PECs. The values given are the
means + SD from 3 independent experiments. Infection rates for wild type, DMSO and
Z-LVG-DMK were significantly different from both Z-FA-DMK and A/mcpbn (P values
of <0.01, 0.01 and 0.1 respectively) but not from each other; infection rates for Z-FA-
DMK and Almcepbn were not significantly different. Values for amastigotes/infected PEC
with + DMSO, Z-LVG-DMK, Z-FA-DMK and Al/mcpbn were all significantly different

from that for wild type (P values of at least <0.1) but not from each other
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Figure 5.7. Effect of the peptidyl-diazomethane proteinase inhibitor Z-FA-DMK
on the infectivity of wild type promastigotes to PECs. The stationary phase }
promastigotes were either pre-incubated for 15 min with 10 pg/ml Z-FA-DMK and
exposed to the inhibitor throughout ( ). or the inhibitor was added 4 h (L] yor24 h
(D) after the PEC's were first exposed to the parasites. Controls (.) contained 0.1% ‘
DMSQ. The % infectivity (A) and amastigotes/infected PEC (B) data are the means :+
SD from 3 independent experiments. Graph A infection rates after 72 h for pre- and 4 h ;
incubations were significantly different from the control (P values of <0.05 and <0.02, ’
respectively) but not from each other; after 7 d infection rates for pre-, 4 h and 24 h '
incubations were atl highty significantly different from the control (P values <0.01}.

Graph B: mean values after 72 h for amastigotes/infected PEC with pre-. 4 h and 24 h )
incubations were all significantly different from the control {* values of <0.02, <0.02 and ‘

<0.05, rvespectively) but not from each other; after 7 d mean values for
amastigotes/infected PEC with pre-, 4 h and 24 h incubations were still significantly [
different from the controf (P values of <0.05, <0.05 and <Q.1, respectively).
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% infected PECs
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no.amastigotes/PEC
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Figure 5.8. The effect of CP inhibitors on the infectivity of wild type stationary
phase promastigotes o PECs. The parasites were pre-incubated for 15 min with the
inhibitors, which were also present in the culture medium for the duration of each
experiment (72 h or 7 days). The inhibitors used (at 10 pg/ml) were as follows: i, z-
FA-DMK: [, z-LvG-DMK; [, p87; E3. k02; I, control (0.1% DMSO). The %
infectivity (A) and amastigotes/infected PHEC (B) data are the means + SD (except for Z-
LVG-DMK) from 3 independent experiments performed in duplicate. Graph A: the
infection rate after 72 h was significantly different from the controf (P value of <0.05)
with Z-FA-DMK, but not with P87 or KO2: after 7 d infection rates with Z-FA-DMK,
P87 and KO2 were all highly significantly different from the control (P values <0.01}, but
not from each other. Graph B: mean values after 72 h for amastigotes/infected PEC with
Z-FA-DMK, P87 and KO2 were all significantly different from the control (P values of
<0.02, <0.05 and <0.05 respectively) but not from each other; after 7 d the mean value
for amastigotes/infected PEC with Z-FA-DMK was significantly different {rom the
control (P value of <0,05), but was not significantly different with P87 or KQ2.
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% infected PECs

72h 7d

time

no. amastigotes/PEC
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Figure 5.9. Effect of CP inhibitors on the infectivity of wild type lesion amastigotes
to PECs. the parasites were pre-incubated for 15 min with the inhibitors, which were
also present in the culture medium at 10 pg/ml for the duration of each experiment (72 h
or 7 days). Key to graphs: [, control (no addition): (. z-LvG-p7vK; [, Z-FA-
DMK . control (0.1% DMSO). The % infectivity (A) and amastigotes/intected PEC
(B) data are the means + SD from 3 independent experiments performed in duplicate.
Graph A: the inlection rates after 72 h with either Z-FA-DMK or Z-1.VG-DMK were
not significantly different [rom the controls; after 7 d the infection rates with the controls
and Z-LVG-DMK were highly significantly different from Z-FA-DMK (P values <10.01),
but not from each other. Graph B: mean vajues after 72 h for amastigotes/infected PEC
with Z-FA-DMK and Z-LVG-DMK were significantly different [rom the controls (P
values of <0.02 and <0.01, respectively) but not from each other; after 7 d the mean
values for amastigotes/infected PEC with Z-FA-DMK and Z-LVG-DMK were still
significantly different from the controls (P values of <0.05 and <0.1, respectively).
Cantrol (no addition} and control (0.1% DMSO) results were not significantly different
i AorB.
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cell line % MTT reduction
wild type lesion amastigotes 12 + 0.1 :
Almcpbn lesion amastigotes - 17 +11
wild type axenic amastigotes 23 +15 :
Almepbn axenic amastigotes 51 + 21 i

Table 5.2. Effect of leucine methyl ester on lines of Leishmania mexicana in vitro.
After exposure to 5 mM Leu-OMe for one hour, cells were incubated with 450 pg/ml
MTT for 3 h in order to assess parasite viability. Values are expressed as a % of the
control {100%) and are the means + S.ID. from 7 independent experiments for axenic

amastigotes, and 3 independent experiments for lesion amastigotes. % MTT reduction by r
wild type axenic amastigotes was significantly different from that of Almepbn axenic
amastigotes (P<0.05); % MTT reduction by wild type lesion amastigotes was highly
significantly different from that of Almcepbn lesion amastigotes (P<0.01), ,
cell line % infected amastigotes/infected PEC

wild type + ester 0.5 3 |

wild type control 24 3.5
Almcpbn + ester 0.5 2 i
Almepbn control 16 4 |

Table 5.3. Effect of the amino acid ester leucine methyl ester on lesion amastigote- ‘
infected macrophages. The ester was added to the macrophages 24 h after they were Ei
infected (final concentration 5 mM) and was not removed for the duration of the
experiment. Results give parasite load at 72 h. ‘
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5.4. DISCUSSION

The peptidyl-diazomethane CP inhibitors Z-FA-DMK and Z-LVG-DMK were
found fo have little effect on parasite growth and differentiation axenically in vitro
(Figs. 5.1-5.3). This was surprising as much of the evidence presented in Chapter 3
pointed toward a major role for the CPs in differentiation, either of promastigotes to
metacyclics or metacyclics to amastigotes. Indeed transformation events, particularly
metacyclogenesis and trypomastigote to amastigote differentiation, have been found to
be the most susceptible to peptidyl-DMKs in the related trypanosomatid 7° cruzi (Franke
de Cazzulo ef of., 1994, and references therein). However, Z-FA-DMK was found not to
inhibil metlacyclic to amastigote transformation of L. mexicana in vitro (Bates et dl.,
1994), in agreement with the resulls presented in this chapter. The finding that the
growth of axenic amastigotces of wild Lype parasites, Almepbn and Almcpbg2.8 were all
equally, albeit very slightly, inhibited by Z-FA-DMK suggests that the inhibitor's effect
was not mediated by /mcpb but perhaps another CP that has a role in this stage. Tt was
interesting that Almcpbg2. 8 axcnic amastigoles were slightly inhibited by both DMKs
whereas wild type were not affected by Z-LVG-DMK; whether or not this relates to
ovez-expression of Incpbg2.8 remains to be elucidated.

Gelatin-SDS-PAGE analyses of wild type cells grown with the DMK inhibitors
revealed that both stationary phase promastigotes and axenic amastigotes were lacking
in high mobility CPs {encoded by /mcpb), but lower mobility proteinases (including
possible pro-enzymes for the major high mobility CPs) were up-regulated (Fig. 5.4).
There are several potential explanations for this. Firstly, that these activities are up-
regulated to compensate for the enzymes that are inhibited. Secondly, that the DMK
inhibitors interfcre with maturation of the enzymes in vivo resulting in a build up of pro-
enzymes which are then activated post-electrophoresis. If, in fact, the inhibited enzymes
are being compensated for, then this may cxplain the lack of an obvious effect of the
inhibitors on parasite growth and wansformation. It is also possible that these lower
mobtlily proteinases are normally degraded in lysates by the high mobility CPs, giving
rise t0 an 'apparent’ upregulation of the low mobility proteinases when the high mobility

proteinases are inhibited.
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The non-inhibition of these 35-40 kDa enzymes in vivo is similar 1o {indings of
other researchers with other peptidyl-diazomethane inhibitors (Pral et al., 1993). They
suggested that in vivo the enzymes are inactivated by endogenous inhibitors, or
predominantly exist as larger molecular weight precursors. It is also possible, but
perhaps less likely, that these lower mobility CPs are in a cell compartment impervious
to the diazomethane CP inhibitors tested.

Since different CPs may compensate {or one another, we were interested in
looking for cathepsin L-like CPs in L. mexicana in addition to LmCPa and LmCPb. To
investigate this, the use of biotinylated inhibitors (o label active CPs (McGinty ef al.,
1993) was attempted. No novel CPs were detected using the biotinylated inhibitor (Fig.
5.6) which is thought to detect primarily cathepsin L-like CPs, suggesting that any other
CPs in L. mexicana must be somewhat different from those already characterised.
Iowever, this method, although fairly sensitive, will only detect enzymes with suitable
substrale seusilivities and so a definite conclusion regarding the existence of other CPs
in L. mexicang cannot be made soley from these results.

Previous studies had shown amastigote growth in macrophages to be hindered by
antipain and lcupeptin (Coombs and Baxter, 1984), although these inhibitors do not
specifically target CPs. The results in this chapter clearly indicate that spectlic peptlidyl-
DMK CP inhibitors are active against L. mexicana growing intracellularly in vitro. Al
the same concentration (10 pg/ml) that had little effect on axenic parasite growth and
differentiation, but abolished all major CP activities, Z-FA-DMK was found to reduce
the infectivity of both wild type promastigotes and lesion amastigotes to PECs by 80%
by day 7 of infection (Table 5.1 and Fig. 5.9). This reduced infectivity to PECs is very
similar to the infectivity level found with Almcpbrn promastigotes (Table 5.1). 1t should
be emphasiscd, howevet, that although Jmcpb is almost certainly inhibited during these
infection cxperiments, it is not necessarily this inhibition that reduces infectivity; other
enzyimes not yet detected may be the key targets. On the other hand, 7Z-FA-DMK may be
less effective against enzymes other than /mepb such as Imepe, which is inactive toward
gelatin, The fact that Z-FA-DMK may have reduced intracellular parasite multiplication

more than the delction of /mcepb appeared to (Table 5.1) also suggests the involvement
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of a crucial CP other than LmCPb as the target of the inhibition (although this difference
was found not to be statistically significant). 7Z-FA-DMK appears to takc up to 7 days to
exert its full effect on the intectivity of the parasites to PECs; this is in dircet contrast to
the reduction in infectivity resulting from the delction of Imepb, where the cclls were
killed rapidly such that the % infectivity at 24 h was the same as that after 7 days
{Chapter 3, section 3.3.2.1). As Z-FA-DMK killed the parasites only slowly over 7 days,
it seems that 7-FA-DMK largets an enzyme involved in the maintenance of intracellular
infection/parasite  mulliplication,  rather  than  initial  cstablishment  of
infection/transformation. Further evidence to support this theory is that when Z-FA-
DMK was administered up to 24 h after infcetion had been initiated it still reduced
infectivity levels at day 7 by more than 80% (Fig. 5.7).

The finding that infections initiated using lesion amastigotes were also affected
by Z-FA-DMK differed from data presented by other researchers (Leao ef af.. 1995);
however, their infections were only maintaincd for 24 h (as opposed to 72 h and 7 days
in this study) and as shown by the data presented in this chapter, an effect would not be
apparent by this time. The finding with amastigotes was surprising considering the
finding in Chapter 3 that the /mepb null lesion amastigotes were fully infective to PECs.
Again this suggests that /mcpb is not the prime target of this inhibitor. Overall the data
regarding 7-FA-DMK suggest that an important enzyme is being targeted by this
inhibitor, but it is not /meph.

It may be interesting to incubate the infected PECs in the presence of Z-FA-
DMK for more than 7 days, as % infectivity may well drop to zero if the experiment was
left longer. An obscrvation worth noting is that the PECs often appeared more 'spiky' in
cuitures exposed to this DMK - could it be that the DMK causes a change in the PECs
themselves, which etther induces them to kill the parasites, or perhaps starves the
parasitc of a particuiar nutrient?

The other CP inhibitors investigated 'P87' and 'K02' were not as potent towards
the parasitic infections, especially with regards to reducing the number of amastigotes
per infected PEC, bLut there arc possible explanations for this such as inhibitor

instability, Z-FA-DMK. appeared to inhibit the CPs (that hydrolyse gelatin} in living
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parasites more fully than did Z-LVG-DMK (Fig. 5.4), and this may be reflecled in the
ability of 7Z-FA-DMK to decrease parasite infectivity to PECs more than Z-LVG-DMK.
It is also possible that the macrophages were able to metabolise Z-L.VG-DMK (but not
Z-FA-DMK), resulting in the lack of effect. Resulis with Z-LVG-DMK were, however,
found to be variable (note the large SDs, Table 5.1}, and in several cascs appearcd to
have killed the PECs; it was felt that there may be a critical level around 10 pg/ml that
the PECs could not withstand.

Another approach that has been adopted (o larget leishmanial CPs is by the use
of amino acid esters as pro-drugs that are activated specifically by the parasite enzymes
(Rabinovitch, 1989). This causes an accumulation of amino acids, leading to osmotic
stress and ultimately parasite rupture. In previous studies low molecular weight CPs,
now known to be the enzymes encoded by /mcph, had been implicated as being the
major enzymes activating Leu-OMe (Rabinoviich et al.. 1986; Rabinovitch, 1989,
Hunter et ¢/, 1992). Purified protcinases rapidly hydrolysed the ester, and this was
prevented by the use of the CP inhibitor E-64 (Hunter ef a/., 1992). Resuits presented in
this chapler of experiments where parasites were cxposed to the amino acid ester and
then their viability assessed by their ability to reduce the tetrazolium salt MTT are not in
complete agreement with the conclusions that arose from previous experiments. At the
same concentration used by previous investigators (Hunter ef al., 1989; Alfieri, et al.,
1989), 1 found that amastigotes were consistently more resistant (by about 10-fold) to
the effects of 5 mM Leu-OMe. Aside from this, the finding that the Imcpb null
amastigotes were also very susceptible (lables 5.2 and 5.3) gives strong evidence that
the /mepb enzymes are not soley responsible for the hydrolysis of the ester, although
they may have greater activity than other enzymes capable of the hydrolysis and so be
the major mediators of the toxicity when they are present.

The results of this part of miy study show that CP inhibitors do have potential as
drugs, but in the case of L. mexicuna these would need 1o be inhibitors of enzymes other
than /mcphb, (hat is, enzymes which are essential, or inhibitors of several enzymes. It has
been suggested that specific inhibitors may also inhibit any patholegical elfects of

released amastigote proteinases (Ilg ef al., 1994). The antilcishmanial activity of these
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inhibitors in vifro ts promising, but whether the compounds will prove as elficacious in

Vivo awaits examination.
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CHAPTER SIX
GENERAL DISCUSSION

This project set out with the principal aims of learning more about the CPs of L.
mexicana and thereby identifying which, if any, were suitable drug targets. T'wo main |
approaches were adopted in order to elucidate the roles that the different CPs play
during the life eycle of 7. mexicana. The first was an investigation of the phenotypes of
mutants deficient in specific CP genes, while the second approach utilised novel CP
inhibitors.

I have analysed the phenotypes of mutant lines of L. mexicana lacking genes
encoding thaee CPs, and in which CP genes have been re-expressed. It would appear
that the null mutants for the /mcpa CP gene have a cryptic phenotype under the
conditions tested. They differed from wild type parasites in that they did not seem to
form metacyclics of typical morphology, but still transformed to and grew as
amastigotes axenically, and infected both macrophages and mice at a rate comparable
with wild type. Although an exact function for the Imepa proteinase has not vet been
demonstrated, it would appear from the infectivity data that LmCPa is not a suitable
drug target since the cnzyme is non-essential in the mammalian host (Souza ¢f al.,
1994).

The main CP activity of 7. cruzi has highest levels in the epimastigote (insect
vector) stage (Campetella e af,, 1990} suggesting a biological role for cruzipain in the
insect host. My finding that the highest levels of LmCPa were not in amastigotes (as
was previously thought) suggested LmCPa may similarly be involved in the insect
stage of the life-cycle. However, more recent studies have shown that the fmepa null
mutants can successfully be passaged through sandflies (Bates, unpublished) which
argues against a crucial role for LmCPa in the sandfly vector.

Mutant promastigotes lacking the /meph gene array did not appear Lo form
metacyclics in vitro cither; however they did not grow well as axenic amastigotes and
infected both macrophages and mice poorly in comparison with wild type parasites.

This was also the case for promastigotes transformed from Icsion amastigotes. These
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resulls suggested that /mepb plays a significant role in differentiation to amastigotes
and survival within macrophages, and should therefore be classed as a virulence factor.
The data from experiments studying the infectivity of Almcpbn to PECs suggested that
the null mutant promastigotes possibly infect only a subpopulation of the cells.
Previous studies have shown that immature macrophages are much more susceptible
than mature macrophages to 7. cruzi infection (Plasman ef af., 1994) and hence it is
not impossiblc that a similar scenario occurs with L. mexicana. The [inding that
increasing the parasite:PEC ratio resulted in a higher percentage of infected cells
could, however, mean that even when low parasite ratios are used, some PECs may
phagocytose several parasites at once and simply be unable to kill all of them. This
would result in the observed proliferation of the null mutants in a small percentage of
cells, but which is not actually a distinct subpopulation.

Further evidence supporting the importance of the /mcpb genes in infection was
demonstrated when expression of an active /mcph gene (¢2.8) in the null mutants for
Imcpb increased their infectivity to macrophages almost to the level seen with wild
type parasites, Howcever, the infectivity was not restored when this gene was re-
cxpressed in the double null. This suggests that perhaps LmCPa does have a role in
infection, either working synergistically with the Jmeph gene products or in activating
Imcpb inactive precursor forms (as indeed Imcepb activity was reduced in Almcpan).

In agrccment with the findings of Assreuy ef al. (1994) (see Chapler 3
Discussion), other researchers have found that the allachment ol Leishmania to
macrophages initiates an oxidative burst within 15 minutes, but no NO production until
at least 6 h later (Bhunia er af., 1996). My observations that Almepbn promastigotes
were rapidly killed between 4 and 24 h post-internalisation strongly suggested an
increased susceplibility of the null mutants to NO. In this study I found that neither
hydrogen peroxide nor NO had increased leishmanicidal activity towards the Imeph nuli
mutant promastigotcs in comparison with wild type parasites. It is worth noting,
however, that some workers have suggested that the toxic activities of NO depend in
part on cooperalion wilh reactive oxygen intermediates (Lin and Chadee, 1992), a

combination that was not examined in this study. Interestingly, cystating have been
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found to upregulate NO release from mouse peritoneal macrophages during infection by
T. cruzi (Verdott er al., 1996), which may possibly indicate a role for the
downregulation of NO by parasite CPs (although the cystatin inhibitory site was thought
not to be involved in the mechanism).

The observations of other researchers have direct relevance to the timing of the
infection kinetics of Almcpbn stationary phase promastigotes to PECs. For example, it
was recently found that PECs infected with Leishmania amastigotes presented little
parasite antigens to CD4+ 'I' cells. This was in cootrast to promastigote-infected
macrophages, which did present parasite molecules, with maximal presentation
occurting within 24 h of infection (Kima ef al., 1996). Thus, it Almepbn promastigotes
are diminished in their ability to transform sulficiently quickly to amastigotes (as they
are in vitro) then it is likely from the above [indings that the number degraded alter
phagocytosis will be substantial, resulting in a low percentage of infected cells. 1t is also
possible that the null mutants trigger a more potent anti-microbial mechanism since the
receptors utilised in entry to macrophages are thought to play a pivotal role in the
pathogenesis of the disease (Zwilling and Eisenstein, 1994) and in this study
ultrastructural differences between the surface coats of wild type and Almcpb stationary
phase promastigotes were shown.

The finding that the /mcpb null mutant promastigotes did still infect cells and
produce lesions, albeit at a lower rate, suggested that /mcph was important but not vital
for infection. However, the discovery that lesion amastigotes of the /mcph null mutants
infected macrophages iz vitro to the same extent as wild type lesion amastigotes
suggested that the major role of the enzymes was either in catalysing the differentiation
to amastigotes (at which stage intracellular parasites may be particularly vulnerable) or
alternatively in the formation of the metacyclic form, which may result in reduced
macrophage activation upon phagocytosis or enhanced transformation to amastigotes.
‘These findings rather contradicted the accepted opinion that, since the enzyme activity
is higbest in amastigotes, then the enzymes' major role must be in that stage of the
parasite, but was supported by evidence that the Imepb null mutants did not transform

to and grow as axenic amastigotes efficiently in vifro.
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Results of the infectivity of Almephn lesion umasligotes te animals were crocial
{o resolving in which stage of the parasite the /mcpd CI’s were most important. If they
praduced lesions as quickly as wild type then it could be concluded that differentiation
was the most important role; if not then more likely their role was in circumventing the
host immune system e.g. in degradation of MHC class [T molecules (as reported by
Leao et al., 1995) or other immune-effector molecules such as cytokines (Finkelman
and Urban, 1992) which would not be of consequence in in vitro macrophage
infections.

CPs of organisms are reported to degrade host proteins such as immunoglobulins
(Bontempi and Cazzullo, 1990} and complement factors (Reed ef af., 1989). They can
modulate cytokine activity either directly (Kapur et ¢/, 1993) or through interaction
with the plasma proteinase inhibitor o:2-macroglobulin (Lamarre et al., 1991). In several
cases they arc suspected to interfere with antigen presentation and processing (Arholdt
and Scharfstein, 1991, Leao ef al., 1995). The discovery that lesion amastigotes of A
Imcpbn took some three months longer to produce lesions than this stage of wild type
parasites indicates that the /mcpb CPs may also be involved in immune evasion, and
play an important but non-essential role in enabling /. mexicana to survive in the
mammalian host tested. It is also possible that the Almcpbn lesion amastigotes do invade
macrophages to the same extent in vivo as they do in vitro, but are reduced in their
capacity to invade other cell types of low phagocytic potential such as Langerhan's cells
and fibroblasts (Blank er ai., 1993, and references therein) which could contribute to the
reduced lesion sizes observed.

It is possible during amimal infections that there is sclection for Imcpd null
mutants which have an alternative means of degradating MHC class Il molecules; it may
be interesting therefore to test whether Iesion amastigotes of Almcpbn can perform this
degradation, al identify which, it any, enzymes are upregulated in this form of the
parasite. It is also worth considering how important this stratcgy of immune evasion is
to the parasite, since Almcpbrn does eventually produce lesions, albeit more slowly.
Moreover, Leishmania amastigotes are [undamentally resistant to the degradative

conditions of the phagolysosome and do not secrete their antigens, which would surely
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result in a basic lack of parasite antigens for complexing with MHC II and presentation
at the host cell surface in natural infections. However it is known that many intracellular
Icsion amastigotes lyse, especially in late infections (Ilg ef ul., 1994), which would
presumably lead to Leishmania antigens being available for immune recognition, and
hence it could be at this stage that MHC I degradation by amastigotes is most
important.

1t has been postulated (McKerrow, 1991) that the CTE of the Typc [ CPs may be
involved in the folding of the nascent protcinasc, may function to inhibit the proteinasc
(until the CIE is removed) or, given the reported absence of mannose-6-phosphate
targeting signals in 70 cruzi and promastigotes of Leishmania (Cazzulo ef al., 1990), to
be responsible for intracellular targeting of the enzymes. Our results using immunogold
labelling of an cnzyme with 4 truncated CTE (g/) were in agreement with other studies,
which revcaled that Lpeysl of L. pifanci, like Lpeys2, is localised to the flagellar pocket
and megasonics, suggesting enzyme sorting to the megasome does not require a CTE
(Duboise ef al., 1994). Further studies on Almcpbn re-expressing different genes of the
Imcpb array confirmed that not only do the genes encode isoenzymes with different
activities, but also that they have different functions. This was clearly demonstrated by
the failure of both g/ and g/8 to restore infectivity to PECs, in dircet contrast with
resulls obtained using 2.8

‘The observation that Almcpbn amastigotes also reside in large PVs typical of the
L. mexicana complex strongly argued against the theory that the Type T CPs contribule
to this phenomenon. Furthermore, a more rvecent study has shown that polyanionic
proteophosphoglycan, which is secreted into the PV by intracellular L. mexicana, is
highly effective in inducing macrophage vacuolisation and is therefore implicated in
causing the expansion of amastigote-containing PVs (Peters et al., 1997).

Studies on the cathepsin-B like CP of L. mexicana using Imepe null mutants
revealed that although this CP appeared to play a role in the infection of PECs, it did not
scem to have as an important role in the infectivity to animals, and in these respects
differs from the roles of both the Type I and Type 1T CPs thal have been implicated in

this study. Similarities between Almcpan and Almepcen, such as a reduction in the Type 1
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CP activitics and unusual morphology of slationary phase promastigotes of both lines,
indicate that thc transfection proccss may be the cause of these features, and that
phenotypic judgements on some criteria should be made with great caution. Cruz ef al.,
{1993) reported the loss of virulence in some, but not all, transfected clones of L. major,
and postulated that this was due to long term culture in vifro. However, other
researchers have found cell morphology to be unaffected after transfection e.g. HEXBP
deletion mutants of L. major were identical to wild type at the light microscope level
{Webb and McMaster, 1994).

In previous studies, peptidyl-diazomethane inhibitors such as Z-Phe-Ala-DMK
have been shown to sclectively inactivate L. amazonensis amastigote CPs (Alfieri ef al.,
1989, 1991) and metacyclic specific CPs of L. mexicana (Bates et al., 1994). In this
investigation it was found that Z-Phe-Ala-DMK inhibited the /mepbd CPs but did not
prevent the growth or transformation of L. mexicana in vitro. However, mutants facking
the /mepd arvay were severcly impeded in these processes. Resulls from experiments
using radioiodinated DMK inhibitors suggesied rapid de nove synthesis or processing off
inactive enzyme precursors in L. amazonenesis (Alfieri et al., 1991), which may account
for the lack of effect on differentiation with inhibitor treated parasites. Also the lack of
upregulation of the lowest mobility proteinases (>60 kDa) in Almcpbn in comparison (o
inhibitor-treated wild type parasites may also have a bearing on the differentiation
process.

Especially promising results were obtained in vitro using Z-Phe-Ala-DMK. This
inhibitor reduced the infection rates of wild type parasites to PECs, although the specific
enzyme(s) targeted was not established, Evidence exists that CPs in B cells aod
macrophages complete the renoval of N terminal Ti (invariant chain) (ragments from
nascent class Il molecules, a process which enables antigenic peptide binding within
MHC compartments before subsequent delivery to the cell surface (Morton ef af., 1995).
Therefore, in the search for new chemotherapeultic agents, it is important that inhibitors
are specific for parasite proleinases and do not interfere with mammalian enzymes,
which could in fact cxaccrbate infections by interfering with host cell antigen

presentation.
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In summary, studies on the null mutants for the three CP genes so far detected in
L. mexicana have revealed that each enzyme type probably has a distinct biological
function, albeil non-essential. Of the three CP genes, Imcpbh would appear to play the
biggest role in virulence under the conditions tested, a finding which is not surprising
considering the multicopy cxistence and high activity of these CPs. Studics on multiple
CP null mutants (e.g. Almepe/imepbn or Almepa/lmepb/imepen) may reveal whether or
not the CPs of L. mexicana have an essential synergistic role. It is also clear from this
investigation that aside from their utilisation in drug target validation, mutants lacking

certain CP genes may have potential as attenuated live vaccines.
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21.25
22.5
23.78
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dimepan measurements (um)

10 16.25

10 16.25

10 18.25

11.25 16.25

11.25 16.25

11.25 16.25

12.5 16.25

12.5 16.25

12.5 16.25

12.5 16.25

12.5 16.25

12.5 16.25

13.75 7.5

13.75 17.5

13.78 17.5

13.75 7.5

13.75 17.5

13.75 17.5

13.75 17.5

13.75 17.5

13.75 17.5

13.75 17.5

15 17.5

16 17.5

15 17.5

15 17.5

15 17.5

15 18.75

15 18.75

15 18.75

15 18.75

15 18.75

16.25 18.75

16.25 18.75

16.28 18.75

) wild type dimcpan
7 0
20 0
24 3
17 3
10 6
7 10
9 10
1 15
2 15
3 13
0 12
0 6
0] 5
0 2

18.76
18.75
18.76
18.75
18.76
20

20

20

20

20

20

20

20

20

20

20

20
21.25
21.25
21.25
21.25
21.26
21.25
225
225
22.5
22,5
22.6
2375
23.75
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Fig. 2.2. {cont)

wild type length dimcpan length

Mean 11.2125 Mean 17.0375
Standard £ 0.269712 Standard E 0.3216
Median 10 Median 17.86
Mode 10 Mode 16.25

Standard C 2.687121 Standard L 3.215998
Variance  7.274463 Variance 10.34265
Kurtosis 0.805135 Kurtosis -0.47931
Skewness 0.862929 Skewness -0.12018

Range 11.25 Range 13.75
Minimum 7.5 Minimum 10
Maximum 18.75 Maximum 23.75
3[um 1121.25 Sum 1703.75
Count 100 Count 100

F-Test: Two-Sample for Variances

wild type dimcpan

Mean 11.21258  17.0375
Variance  7.274463 10.34265
Observatio 100 100
df 98 99
F 1.421774

P(F<=f) on 0.040769
F Criticalo  1.29513

z-Test: Two-Sample for Means

wild type dimepan

Mean 11.2125 17.0378

Known Var 7.3 103

Observatio 100 100

Hypothasiz 0 :
z 13.8848 Since z> the critical value of
P(Z<=z) or 0 2.58 at P=0.01 the difference =
z Critical o1 2.675835 is highly significant.

P(Z<=2) tw 0

z Critical w  2.326342
z Critical tw  1.644853




cppprencliv
Fig 3.5. A
wild type measurements (um) SP1 dimcpbn  measurements (pm) SP1 &
7.5 10 12.5 10 16.25 20
7.5 10 12.5 10 16.25 20
7.5 10 12.5 10 16.25 20
7.5 10 12.5 11.25 16.25 20
7.5 10 125 11.25 17.5 20
7.5 10 12.8 12.5 17.5 20
7.5 10 12.8 12.5 17.5 20
8.75 10 12,6 12.5 17.5 20
8.75 10 13.75 12.5 17.5 20
8.75 10 13.75 13.75 17.5 20
8.75 10 13.75 13.75 17.6 21.25
8.75 10 13.75 13.78 17.5 21.25
8.75 10 13.75 13.75 17.8 2125
8.75 10 13.75 13.75 17.5 21.25
8.76 10 13.786 13.75 17.8 21.25
8.75 10 15 13.75 17.5 21.25
8.75 10 15 13,76 17.5 21.25
8.76 11.25 15 15 17.5 21.25
8.75 11.25 15 18 17.5 21.25
8.75 11.25 15 15 18.75 2125
8.75 11.25 18 15 18.75 2125
8.75 11.25 15 18 18.75 21.25
8.75 11.25 15 15 18.75 21.25
8.75 11.25 15 15 18.75 21.25
B.75 11.25 16.25 15 18.75 225
8.75 11.26 17.5 16.25 18.76 22.5
8.75 11.28 17.5 16.25 18.76 22.5
10 11.25 18.75 18.25 18.75 23.75
10 11.25 18.75 18.25 18.75 2375
10 11.25 18.76 16.25 18.75 23.75
10 11.28 16.25 18.75
10 11.25 16.25 18.75
10 11.25 16.25 18,75
10 12.5 16.25 20
10 12.5 16.25 20
length (um) wild type dimcpbn
7.5 7 0
8.75 20 0
10 24 3
11.28 17 2
12.5 10 4
13.75 7 8
16 g 8
16.25 1 14
17.5 2 15
18.76 3 14 #
20 0 12 >
21.25 0 14
225 0 3
23.75 o 3

206
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Fig. 3.5. A (cont)

wild type length dimcpbn length

Mean 11.2125 Mean 17.8128

Standard E 0.269712 Standard E 0.320341
Median 10 Median 17.5
Mode 10 Mcde 17.5

Standard C 2.687121 Standard L 3.20341
Variance  7.274483 Variance 10.26184
Kurtosis 0.5605135 Kurtosis -0.32923
Skewness 0.862929 Skewness -0.24822

Range 11.25 Range 13.75
Minimum 7.5 Minimum 10
Maximum 18.75 Maximum 23.78
Sum 1121.25 Sum 1761.25
Count 100 Count 100

EF-Test. Two-Sample for Variances

wild type difmcpbn

Mean 11.2126  17.6125
Variance  7.274463 10.26184
Observatio 100 100
df 99 99
F 1.410666

P(F<=f) on 0.044266
F Criticalo  1.29513

z-Test. Two-Sample for Means

wiid type dimepbn

Mean 11.2125 17.6125

Known Var 7.3 10.3

Observatio 100 100 ;
Hypothesiz 0 i
z 15.2554 Since z greatly exceeds the
P({Z<=2z) or 0 critical vaiue of 2.58 at P=0.01

2 Critical or 2.575835 the difference is highly significant.

RP(Z<=z) tw 0

z Critical tw  2.326342




Fig3.5. B

wild type measurements (um) SP7

75 11.26
7.5 11.25
7.5 11.25
7.5 11.25
7.5 11.25
7.5 11.25
7.5 11.25
8.75 11.25
8.75 11.25
8.75 11.25
8.75 11.25
8.75 12.5
8.75 12.6
8.75 12.5
8.75 12.5
8.75 12.5
10 12.5
10 12.5
10 12.5
10 12.5
10 12.6
10 12.6
10 12.5
10 12.8
10 12.5
10 12.5
10 12.5
10 12.5
10 12.6
10 12.5
10 12.5
10 12.5
10 13.76
11.25 13.75
11.25 13.78

13.75
13.75
1375
13.75
13.75
13.75
13.75
15

15

15
15
15

15
15
15
16.25
16.25
16.25
16,28
17.5
17.5
17.8
18.75
18.76
18.75
18.75
18.75
20
21.25
23.75

length {pm)

7.5
8.78
10
11.25
12.6
13.76
15
16.25
17.5
18.75
20
21.25
22.5
23.75

dimepbn

8.78
10

10

10
10
11.26
11.26
11.25
11.28
$1.25
12.5
12.6
12.5
12.5
12.5
12.5
12.5
13.75
13.75
13.75
13.75
13.75
13.75
13,75
13.75
13.75
15

15

15
15
15
15
15

15

15

(appeRdix

measurements (pm) SP?

18

15

15

15

15

15
16.25
16.25
16.28
16.25
16.25
16.26
16.25
16.25
16.25
16.25
16.25
16.25
16.25
16.25
16.25
16.25
16.25
17.5
17.5
17.5
17.5
17.8
17.8
17.5
17.5
17.5
17.6
17.5
17.5

wild type dimepbn

7
)
17
i3
21

—_
(=]

“_— O = =Gl

[ N S
DGO ~NO A O

14
10

17.6
17.5
17.5
17.5
1875
18.75
18.75
18.75
18.75
18.75
18.75
18.75
18.75
18.75
18.75
18.75
18.75
18.75
20

20

20

20

20

20

20

20

20

20
21.25
21.26
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Fig. 3.5. B (cont)

wild type length dimepbn length

Mean 12.4375 Mean 16.025
Standard E 0.330182 Stapdard E 0.286689
Median 12.5 Median 16.25
Maode 12.5 Mode 16.25

Standard L 3.301816 Standard C 2.866891
Variance  10.80199 Variance  8.219066
Kurtosis 0.813064 Kurtosis -0.41698
Skewness 0.867195 Skewness -0.43077

Range 16.25 Range 12.5
Minimum 7.5 Minimum . BYS
Maximum 23.75 Maximum 21.25
Sum 1243.75 Sum 1602.5
Count 100 Count 100

F-Test. Two-Sample for Variances

wild type dimcpbn
Mean 12,4375 16.025
Variance  10.90199 8.219066
Observatio 100 100
df 99 99
F 1.326427
P(F<=f) on 0.080831
F Critical 0 1.394062

z-Test:. Two-Sample for Means

wiid type dimcpbn
Mean 12.4375 16.025
Known Var 10.9 8.2
Observatio 100 100
Hypothesiz 0
pA 8.208716 Since z exceeds the
P{Z<=2) or 5.55E-17 ctitical value of 2,58 at P=0.01
2 Critical or 2.575835 the difference is highly significant.
P(Z==2)tw 1.11E-16
z Criticat tw  2.326342




Table 3.2. A

appendiy

% infected

wild type dimcpbn imepbg2.8

33
44
58
47

46 £ 10

F-Test Two-Sample for Variances

wild type  dimcpbn
Mean 458 8.125
Variance  105.6667 14.72917
Observatic 4 4
df 3 3
F 7.173975

P(F<=f) on 0.069916
F Critical 0 8.276619

F-Test. Two-Sampie for Variances

wild type imcpbg2. 8

Mean 458 40
Variance 105.6667 83.33333
Observatic 4 4
df 3 3
F 1.268

P{F<=f) on 0.424949
F Critical o 9.276619

F-Test: Two-Sample for Variances

dimcpbn imepbg2.8

Mean 9.125 40
Variance  14.72817 83.33333
Ohservatic 4 4
df 3 3
F 5.657708

P(F<=f) on 0.094244
F Critical 0 5.390774

14 29
5 33
10 42
7.5 51

9210 40+9.90

t-Test: Two-Sample Assuming Equal Variances

wild type  dlmcpbn

Mean 45.5 89.125

Variance 105.6667 1472917

Observatic 4 4

Pooled Val 60.19792

Hyoothesiz 0

df 6

t 6.63021 since t~3.707 there is a highly
P(T<=t) on 0.000284 significant difference at P=0.01
t Critical or 1.943181

P(T<=t) tw 0.000568
t Critical tw 2.446914

t-Test: Two-Sample Assuming Equal Variances
wild type Imcpbg2.8

Mean 455 40

Variance 105.6667 83.33333

Observatic 4 4

Pooled Vai 94.5

Hypathesiz 0

df 8

t 0.800132 no significant difference
P{T<=tyon 0.22707

t Critical or 1.543181
P(T<=t) tw 0.454139
t Critical tw 2.446914

t-Test: Two-Sample Assuming Equal Variances
dimepbn imepbg2.8

Mean 8.125 40

Variance 14.72917 83.33333

Observatic 4 4

Pooled Vai 49.03125

Hypothesiz 0

df 6

t £6.235704 since t>3.707 there is a highly
P{T<=t) on 0.000394 significant difference at P=0.01
t Critical or 1.943181

P(T<=t) tw 0.000787
{ Critical tw 2.446914

210
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Table 3.2. A (cont} d
amastigotes/PEC ,

wild type  dimepbn Jimepbgl. 8

4 2.4 3.4
3.9 1.8 3.1
3.7 3.4 3.3
36 2.8 3

3.8x02 26%07 32x02

F-Test. Two-Sample for Variances t-Test: Two-Sampie Assuming Equat Variances
wild type  dimepbn wild type  dimeptn

Mean 3.8 2.6 Mean 3.8 2.6

Variance 0.033333 0.453333 Variance 0.033333 0.453333

Observatic 4 4 Observatic 4 4

df 3 3 Pooled Va: 0.243333

F 13.6 Hypothesiz 0

P{F<=f) on 0.029798 df 6

F Critical 0 5.390774 t 3.440283 since t>3.14 there is a

P(T<=t) on 0.006898 significant difference at P=0.02
t Critical or 1.943181
P(T<=1) tw 0.013796
t Critical ftw 2.446914

F-Test: Two-Sampie for Variances t-Test: Two-Sample Assuming Equal Variances
wild type Imcpbg2.8 wild type Imcpbg2,8 ;

Mean 3.8 3.2 Mean 3.8 3.2

Variance (.033333 0.033333 Variance 0.033333 0.033333 g

Observatic 4 4 Observatic 4 4

df 3 3 Pooled Vai 0.033333

F 1 Hypothesiz 0

P{F<=f) on 0.5 df 6

F Critical 0 9.276619 t 4.64758 since {=3.707 there is a highly

P(T==t) on 0.001756 significant difference at P=0.01
t Critical or 1,.943181
P(T<=t) tw (.003513
t Critical tw 2.446914

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances -
~ dimepbn fmopbg2.8 dimepbn Imepbg2.8

Mean 26 3.2 Mean 2.6 32

Variance 0.453333 0.033333 Variance  0.453333 0.033333 ¢

Observatic 4 4 Observatic 4 4

df 3 3 Pooled Val 0.243333

F 13.6 Hypothesiz 0

P(F<=f) on 0.028798 df 6

F Critical o 9.276618 t 1.720147 no significant difference

P(T<=t) an 0.068098
t Critical or 1.943181
P(T<=t) tw 0.136197
t Critical tw 2.446914




dpnnadix

% infected

glmepbn
dimcpbn  /dimepan dimepbn/dimepag?. 8

Tahis 3.2. 8B
wild type  dimcpb3L
59.6 46
41 42
47.4 €6
62
50+94 34110

F-Test: Two-Sample for Variances
wild type  afmcpbB8L

Mean 49.33333 54
Variance 89.29333 138.9657
Observatic 3 4
af 2 3
F 1.552934

P{F<=f) an 0.414783
¥ Criticai ¢ 9.161795

F-Test: Two-Sample for Variances
wild type  dirncpbn

Mean 4633333 3.233333

Variance 89.29333 1.243333

Observatic 3 3

df 2 2

F 71.81769

P(F<=f)on 0.013733

F Critical ¢ 18.00003

F-Test: Two-Sampie for Variances
dimepbn  dimcpbn/dimcpan

Mean 3.233333 3.3
Varlance  1.243333 4.09
Observatic 3 3
df 2 2
F 3.289544

P{F<=f)on 0.233125
F Critical ¢ 9.000C19

F-Test: Two-Sample for Variancas
dimepbiv/dimepan  dimepbn/dimepaga. 8

Mean 3.3 2.433333
Variance 408 1.773333
QObservatic 3 3
df 2 2
F 2.306391

P{F<=f) on 0.302445
£ Critical ¢ 19.00003

4.5 58 3.3

2.4 1.8 3.1

2.8 2.5 0.8
32+11 33%2 241213

t-Test: Two-Sample Assuming Equal Variancas
’ wild type  dimecpbBL

Mean 49,33333 54
Variance 89.29333 138.6667
Observatic 3 4
Pooled Va 118.9173
tHypothesiz 0

df 5

t 0.56G307 no significant difference
P(T<=t) an 0.298723

t Critical o1 2.015049
P(T<=t) tw 0.598445

t Critical tw 2.5705678

t-Test: Two-Sample Assuming Equal Variances

wild type  dimcpbn

Mean 49.33333 3.233333

Variance 88.29333 1.243333

Observatic J 3

Pooled Va 45.26833

Hypothesi: 4]

df 4

t 8.391687 since t>4,604 there is a highly
P{T<=1) on 0.0C0552 significant difference at P=0.01
t Critical ot 2.131846

P(T<=t) tw 0.001103
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equat Variances
dimepbn  dfmepbn/dimcpan

Mean 3.233333 33

Variance 1.243333 4.09

Observatic 3 3

Pooled Va 2.636567

Hypothesiz ¢

df 4

t 0.05 no significant difference
P({T<=tyon 0.48126

t Critical o1 2.131846

P(T<=t}tw 0.96252
1 Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
dimepbn/dimepan  dimepbn/dimenag?2.8

Mean 3.3 2.433333

Variance 4.08 1.773333

Observatic 3 3

Pooted Va 2.931667

HMypothesi: 0

df 4

t 0.619927 no significant difference

P(T<=t) on 0.284438
t Critical or 2.131646
P{T<=t} tw 0.568876
t Critical tw 2.776451




Tabie 3.2. B (cont} amastigotes/PEC

ofmcpbn
wild iype  dlmcpb8t. dimcpbn  /dimcpan dimecpbn/dimepag2.8
3.5 4.6 1.6 2.75 2.1
3.6 5 3 32 7
5.3 5.2 35 1.8 3
58
41z1 53=1 27+08 26x07 23:07
F-Teat: Two-Sample for Variances t-Test: Two-Sampie Assuming Equal Variances
wild type afmepbBL ’ wild type dimcpbBL
Mean 4.133333 515 Mean 4.133333 5.15
Variance  1.023333 0.25 Variance 1.023333 0.25
Observatic 3 4 Observatic 3 4
df 2 3 Pooled Va 0.559333
F 4.093333 Hypothesi: 0]
P{F==f} on 0.138877 df 5
F Criticat ¢ 9.552082 t 1.7798558 no significant difference

P{T<=tjon 0.03761
t Critical o1 2.015049
P{T<=tytw 0.13522
t Critical tw 2.570578

F-Test. Two-Sample far Variances t-Test: Two-Sample Assuming Equal Variances
wild type  almopbn wild type  dimcpbn

Mean 4.133333 27 Mean 4.133333 2.7

Variance  1.023333 0.97 Variance  1.023333 0.97

Qbservatic 3 3 Observatic 3 3

df 2 2 Paoled Va 0.898667

F 1.054983 Hypothesiz 0

P(F<=f) on 0.488622 df 4

F Criticat ¢ 19.60003 t 1.758401 no significant difference

P(T<=t} on 0.076752
t Critical o 2.131846
P(T<=t) tw 0.153503
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Varances
dimepbn  dimcpbn/dimepan dimcphn  dimepon/dimepan

Mean 2,7 2583333 Mean 2.7 2.583333

Variance 0.87 0.510833 Variance 0.97 0.510833

Observatic 3 2 Observatic 3 3

df 2 2 Pooled Va 0.740417

F 1. 898858 Hypothesi: 0

P{F<=fon 0.344963 df 4

F Critical ¢ 19.000G3 t 0.166056 no significant difference

P(T<=t) on 0.438084
t Critical or 2.131846
P(T<=t) tw 0.876168
t Critical tw 2.776451

F-Test: Two-Sample for Variancas t-Test: Two-Sample Assuming Equal Variances
dimcpbn/dimepan  dimcpbn/dirmepag?. 8 dimepbn/dimepan  dimephn/dimepag?.8

Mean 2883333 2.266667 Mean 2.683333 2.266667

Variance 0.510833 0.443333 Variance 0.510833 0.443333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Va 0.477083

F 1.152256 Hypothesii 0

P(F<=f) on 0.464629 df 4

F Critical ¢ 19.00003 t 0.66150% na significant difference

P{T<=t) on 0.302212
t Critical or 2.131846
P({T<=t) tw 0.604424
t Critical tw 2.776451
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Table 3.2, &

wild type  dimcpan oimcpbBi, dimcpbn dimepb/dimepan

% infected

28
39
30
46

36183

F-Test: Two-Sample for Variances
dimepan

wild type

27
30
40
50

36210

Mean 38.33333

36.75

Variance 64.33333 108.9167

Qbservatic 3
df 2
F 1.693005
P{F<=fon 0.382271
F Critical ¢ 9.161795

F-Test: Two-Sample for Variances

4
3

dimcpan JimcpbBL

Maan 38.75
Variance 108.8167
Observatic 4
df 3
F 2.354955

P(F<=f on 0.250062
F Critical ¢ 9.276619

F-Test. Two-Sample far Variances

39.25
46.25
4
3

dimepbBL.  dimepbn

Mean 39.25
Variance 46.25
Observatic 4
df 3
F 560.6081

PtF<=f) on 0.000127
F Critical ¢ 9.276619

F-Test: Two-Sample for Variances
dimcpbn  dimepbn/dimepan

1.675
0.0825
4

3

Mean 1.575 2.825
Variance 0.0825 4.175B33
Qbservatic 4 4
df 3 3
F 50.61618

P(F<=f) on 0.00455%
F Critical ¢ 5.390774

46
42
39
30

39+6.8

15 Q.4
1.6 4.2
1.9 4.8
1.2 1.8

16+03 28zx2

appendis

t-Test: Two-Sample Assuming Zqual Variances
wild lype  dimcpan

Mean 3575 36.75

Varianca 69.58333 108.9167

Ohservatic 4 4

Pooled Va 89.28

Hypothesi: 0

df 3]

t 0.149686 na significant difference

P({T<=t) on 0.442955
t Critical ot 1.843181
P(T<=t) tw 0.885908
t Critical tw 2.446914

t-Test: Twa-Sample Assuming Equal Variances
dimepan JdimcpbBL

Mean 36.75 39.25

Variance  108.9167 46 28

Observafic 4 4

Pocled Va 77.58333

Hypothesi: 0

df B

4 0.401384 ne significant difference

P(T<=t) or. 0.351018
t Criticai o1 1.943181
P{T<=t) tw 0.702035
t Critical tw 2.446914

t-Test: Two-Sample Assuming Equal Variances
dimcpHBL  dimopbn

Mean 39.28 1.575

Variance 46.256  0.0825

Observatic 4 4

Paoled Va 23.16625

Hypothesiz 0

df 6

H 11.06982 since t>3.707 there is a highly

P({T=<=t) on 1.62E-05 significant difference at P=0.01

t Critical o1 1.943181
P(T<=t) tw 3,24E-05
t Critical tv 2.446914

t-Test: Two-Sampie Assuming Equal Variances

dimepbn  dlmepbn/dimcpan

Mean 1.575 2.825

Variance 0.0825 4.175833

Observatic 4 4

Pooled Va 2129167

Hypothesi: 0

df 6

t 1.211481 no significant difference

P(T<=t) on 0.135626
t Critical a1 1.943181
P(T==t) tw 0.271251
t Crifical tv 2.446914

214




Fable 3.2. C (cont}

amastigotes/PEC
wild type  dimepan
5.1 56 6.3
6 5.1 5.1
3.1 3 3
43 4 3.4

dimcpbBL  dimepbn  dimcpb/dimepan

46+13 £41x12 4516

F-Test: Two-Sampie for Variances

wild type  almcpan
Mean 4,625 4,425
Variance 1.515833 1.349167
Observatic 4 4
df 3 3
F 1.1235633
P(F<=f) on 0.462887
F Critical = 9.276618

F-Test: Two-Sampie for Variances

dimepan  dimcpbBL

Mean 4,425 4.45
Variance  1.348167 2.358
Chservatic 4 4
df 3 3
F 1.741816

P(F<=f) on 0.320883
F Critical ¢ 5.380774

F-Test: Tweo-Sample for Variances
dimepbBL  dimeptin

Mean 4.45 1.625
Variance 2,35 0.089167
Obsarvatic 4 4
df 3 3
F 26.35514

P{F<=f) on 0.011735
F Critical ¢ 9.276619

F-Test: Two-Sampte for Variances
dimepbrv/dimepan  dimepbn

Mean 2.25
Variance 3.29
Observatic 4
df 3
F 36.8972

P(F<=f)an 0.007219
F Critical ¢ 9.276819

1.625
0.089167
4
a

o]
—
wn

2 0
1.7 2
1.3 2.8
1.5 4.4
16%03 22£138

uppendix

t-Test: Two-Sampie Assuming Equai Variances

wild type  dimepan
Mean 4.625 4,425
Varianca  1.575833 1.242167
Observatic 4 4
Pocled Va 1.4325
Hypothesi: 0
df 6
t 0.236318 no significant difference

P(T<=t) on 0.410523
t Critical or 1.943181
P{T<=f) tw 0.821046
t Critical tw 2.446914

t-Test: Twe-Sample Assuming Equal Variances
dimepan  dimepbBL

Mean 4425 4.45

Variance  1.349167 2,35

Observatic 4 4

Pooled Va 1.849583

Hypothesi: 0

df B

t 0.025897 no significant difference

P{T<=t) on 0.490052
t Critical o1 1.943181
P{(T<=tytw 0.980103
t Critical tw 2.446914

t-Test: Two-Sample Assuming Equal Variances

aimephbBL  dimepbn

Mezan 4.45 1.625

Variance 2.35 0.089167

Observatic 4 4

Pooled Va *1.218883

Hypothesiz 0

df 6

1 3.681766 since »3.14 there is a

P(T<=t) on 0.005564 significant difference at P=0.02

i Critical or 1.943181
P(T<=t) tw 0.011128
t Critical tn  2.445914

t-Test: Two-Sample Assuming Eqgual Variances

dimecpbrn/oimepan  dimepbn
Mean 2.25 1.6825
Variance 3.28 0.089167
QObservatic 4 4
Pooled Va 1.689583
Mypothesi: ¢
df 8
t 0.679894 no significant difference

P(T<=t) on 0.260933
t Critical or 1.943181
P(T<=t)w 0.521866
t Critical tw  2.446914




amastigotes/

‘Table 3.3.
wild type

vacuole
vacuole size (um)

5
7.5
10
10
11.25
12.5
12.5
13.75
13.756
17.5
11.25
15
26,25
10
11.25
11.25
13.75
13.75
15
16.28
16.28
16.2%
16.25
17.5
18.76
18.76
20
12.5
13.75
16.25
18.75
8.75
11.26
12.5
18
16.25
17.5
25
27.5
18.76
21.25
26.25
156
20
26.25
37.5
18.75
25
25
32.5

NP OEEENANOOOHOROORCANGARDLAELLAELEDLARNALADRWWENNDROONODNNN

no. amastigotes

Mean 4.9
Standard E 0.3407¢7
Median 4
Mode 4
Standard L 2.40959
Variance  5.806122
Kurtosis 0.323333
Skewness 0.723884
Range 11
Minimum 1
Maximum 12
Sum 245
Count 50

vacuoie size

Mean 16.85
Standard E 0.912107
Median 16.28
Mode 16.25
Standard [ 6.449569
Variance  41.59694
Kurtasis 1.301443
Skewnsss  1.0130%9
Range 32.5
Minimum &
Maximum 37.5
Sum 8425
Count 50

vacuole size/

5
3.75
5
5
5.625
6.25
6.25
6.875
6.875
8.75
3.78
5
8.75
2.5
2.8128
2.8125
3.4375
3.4375
3.75
4.0628
4.0625
4.0626
4.0625
4.375
4.6875
4.6875
5
25
2.75
3.25
3.75
1.458333
1.876
2.083333
2.5
2.708333
2.916667
4,166687
4.583333
2.878571
3.035714
3.75
1.875
2.5
3.28126
4.8875
2.083333
2.777778
258
2.708333

amastigote (pm)

dppeiddix

vac. size/amastigote

Mean
Standard E
Median
Mode
Standard [
Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

3.840883
0.230674
3.75

5
1.63111
2.660519
1.456603
1.149227
7.291867
1.458333
8.75
197.0441
50




Table 3.3.
dimecpbn

amastigotes/
vacugle size (Um)

vacuole

[ G G G G N
0,mmmmwoowmmmﬂﬂmmmmmmmmmmm(.nh.bhh:sAbAhA#AhALAmmNMNMN

20

8.75
10
10

13.76
15

6.25

6.25
5

8.75

11.25

11.25

11.26

12.5

12.5

12.5

13.75

13.75
13.75
15
18

16.26

20
2125
13.75

7.8

12.5

13.75
18
15
18

16.25

17.5

18.75

23.78
31.25

18.75

22,5

12,5
15
20

11.25

16.25

16.25

16,25

23.75
31.26

32.5

17.5

18.75

22.5

no. amastigotes

Mean 6.36
Standard E 0.551628
Median 6
Mode 4
Standard.C 3.800602
Variance  15.21469
Kurtosis 2.465898
Skewness 1.552664
Range 18
Minimum 2
Maximum 20
Sum 318
Count 50
vacuote size
Mean 15.875
Standard £ 0.849827
Median 15
Made 15
Standard T 6.009187
Variance  36.11033
Kurtosis 1.38081
Skewness 0.975357
Range 27.5
Minimum 5
Maximum 32.5
Sum 778.75
Count 50

appendix

vacuole size/
amastigote (um)

4.375
]

5
6.875
7.5
2.083333
2.083333
1.25
2.1875
2.8125
2.8125
2.8128
3.126
3.125
3.125
3.4375
3.4378
34375
3.75
3.76
4.0625
5
5.3125
2.75
1.25
2.083333
2.291687
2.5
2.5
2.5
2.708333
2.816667
3.125
3.958333
5.208333
2.678571
3.214286
1.5625
1.875
2.5
1.25
1.625
1.625
1.354167
1.879167
2.604167
2.5
1.168667
1.171875
1.125

vac. size/amastigote

Mean 2.967545
Standard E 0.200922
Median 2.728167
Mode 2.5
Standard L 1.420738
Variance  2.018481
Kurtosis 1.618483
Skewness 1.169988
Range B.375
Minimum 1.125
Maximum 7.5
sSum 148.3772
Count 50
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Table 3.3. {(conf)

z-Tast: Two-Sample for Means

vacuole sizes {(pm)
wild type dimcpbn

Mean 3.940B83 2.9675458 ;
Known Var 2.661 2.018 -
Observatic 50 50

Hypothesiz 0

z 3.181756

P(Z<=z) or 0.0003€E6
z Critical o1 2.575835%
P(Z<=z) tw 0.000732
z Critical tw  2.326342

Since z exceeds the critical vatue
of 2.58 there is a highly significant
difference at P=0.01.




Table 3.8.

% infected

dappendiv

wild type dimcpbn mepbg2.8 Jimepbgt Iimepbg18

23
46
39

3890

F-Test; Two-Sample for Variances

18
1.6
1.2

wild type dincpbn

37.66667 1.466€867

3
2

Mean

Variance 82.33333 (.053333
Observatic 3

df 2

F 1543.75

P(F=<=f) on 0.000647
F Critical o 18.00003

F-Test: Two-Sample for Variances
wild type fimcpbg2.8

Mean 37.66667
Variance  82.33333
Observatic 3
df 2
F 1.020243
P(F<=f)on 0.49489

F Critical o 9.000019

29
84
3
2

19
37
31

086 5.5
6 29
38 5.4

15202 28x92 3528 46x14

t-Test: Two-Sample Assuming Equat Variances
wild type dimcpbn

Mean 37 66867 1.466667

Variance 82.33333 0.053333

Observatic 3 3

Pooled Var 41.19333

Hypothesiz 0

df 4

t 6.907816 Since t>4.604 there is a highly

P{T<=t} on 0.001152 significant difference at P=0.01
t Critical or 2.131846
P{T<=t) tw 0.002304
t Critical tw 2.776451

t-Test: Two-Sampie Assuming Equal Variances
wild type fimcpbg2.8

Mean 37.66867 28

Variance 82.33333 84

Obssrvatic 3 3

Pooled Var 83.16667

Hypothesiz 0

df 4

t 1.18392 na significant difference

P(T<=t) on 0.154574
t Critical or 2.131846
P(T<=t) tw 0.300148
t Critical tw 2.776451




Table 3.8. (cont)

F-Test. Two-Sample for VVariances
dimcpbn dimepbg1

Mean 1.466667 3.466667
Variance 0.053333 7.373333
Observatic 3 3
df 2 2
F 138.25

P{F<=f) on 0.007181
F Critical o 9.000019

F-Test: Two-Sampie for Variances
dimcpbn Himepbg138

Mean 1.4666867 4.8
Variance 0.053333 217
Observatic 3 3
df 2 2
F 40,6875

P(F<=f) on 0.023988
F Critical 0 9.000018

F-Test: Two-Sample for Variances

dimepbygt iimcpbg?8
Mean 3.466607 4.5
Variance 7.373333 2.17
Observatic 3 3
df 2 2
F 3.3597849

P(F<=f) on 0.227384
F Critical o 19.00003

P

t-Test: Two-Sample Assuming Equal Variances
dimepbn dimcpbgt

Mean 1.466667 3.466667

Variance 0.053333 7.373333

Observatic 3 3

Pooled Var 3.713333

Hypothesiz 0

df 4

t 1.271141 no significant difference

P(T<=t) on 0.136285
t Critical or 2.131846
P(T<=t) tw 0.272569
t Critical ta 2.776451

t-Test: Two-Sample Assuming Equal Variances
dimepbn Jimepbg18

Mean 1.466667 4.8

Variance 0.053333 217

Observatic 3 3

Pooled Val 1.111667

Hypothesiz 0

df 4

t 3.639695 Since t>3.747 there is a highly

P(T<=t} on 0.010985 significant difference at P=0.02
t Critical or 2,131848
P(T<=t) tw 0.021971
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances

d!mcpbgj Hmepbg18
Mean 3.486667 46
Variance 7.373333 2.17
Observatic 3 3
Pooled Val 4.771667
Hypothesiz 0
df 4
f 0.635431 na significant difference

P(T<=t) on 0.279841
t Critical or 2.131846
P(T<=t) tw 0.559682
t Criticat tw 2.776451

£
]
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Table 3.8. (cont)

amastigotes/PEC

cppendix

wild type dimcpbn mecpbqgl.8 dimcpbgi Iiimcpbgld

5.1 2
4.4 1.7
6 1.5

82£09 1.7£02 36=x04

F-Test Two-Sampie for Variances

wild type dimcpbn

Mean 5.166667 1.733333
Variance 0.643333 0.063333
QObservatic 3 3
df 2 2
F 10.15789

P(F<=f} on 0.089623
F Critical o 19.00003

F-Test: Two-Sample for Variances

wild type fimcpbg2.8

Mean 5.166667 3.533333
Variance (0.843333 0.143333

Observatic 3 3
df 2 2
F 4488372

P(F<=f) on 0.182203
 Critical o 18.00003

F-Test: Two-Sampie for Variances

dimepbn fimcpbg2.8

Mean 1.733333 3.533333
Variance 0.063333 0.143333
Observatic 3 3
df 2 2
F 2.263158

P(F<=f) on 0.306452
F Critical o 9.000019

3.1
3.7
3.8

0.9 2.5
2 24
2.6 2.8

1.8£07 26+02

t-Test: Two-Sample Assuming Equal Variances
wild type dimcpbn

Mean 5.166667 1,733333

Variance 0.643333 0.063333

Observatic 3 3

Pooled Var 0.353333

Hypothesiz 0

df 4

t 7.074069 Since t>4.604 there is a highly

P({T<=t} on 0.001054 significant difference at P=0.01
t Criticai or 2.131846
P{T<=t) tw 0.002107
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
wild type fimcpbg2.8

Mean 5.166667 3.533333

Variance 0.643333 0.143333

Observatic 3 3

Pooled Var 0.383333

Hypothesiz 0

df 4

t 3.182628 Since t>2.776 there is a highly

P(T<=t) on 0.016614 significant difference at P=0.05
t Critical or 2.131846
P(T<=t) tw 0.033228
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
dimepbn fimcpbg2.8

Mean 1.733333 3.533333

Variance 0.063333 0.143333

Observatic 3 3

Pooied Va 0.103333

Hypothesiz 0

df 4

t §.858007 Since t>4.604 there is a highly

P(T<=t) on 0.001183 significant difference at P=0.01
t Critical or 2.131848
P(T<=t) tw 0.002367
t Critical ta 2.776451



Tabie 3.8. (cont)

F-Test: Two-Sampie for Variances

dimcpbn dimcphg1

Mean 1.733333 1.833333
Variance 0.063333 0.743333
Observatic 3 3
df 2 2
F 11.73684

P(F<=flon 0.078512
F Critical a 9.000012

F-Test, Two-Sample for Variances

dimepbn :'!mcpbg_‘w

Mean 1.733333 2.566667
Variance 0.063333 (.043333
Observatic 3 3
df 2 2
F 1.461638

P(F<=f)on 0.40625
F Critical o 19.00003

F-Test: Two-Sample for Variances

dimcpbgtiimepby18
Mean 1.833333 2.566667
Variance 0.743333 0.043333
Observatic 3 3
df 2 2
F 17.15385

P(F<=f) on 0.055085
F Critical 0 19.00003

= e

uppendix

t-Test: Two-Sample Assuming Equal Variances
dimcpbn dimepbg1

Mean 1.733333 1.833333
Variance 0.063333 0.743333

Observatic 3 3

Pooled Vai 0.403333

tHypothesiz 0

df 4

t 0.192847 no significant differance

P(T<=t) on 0.428237
t Critical or 2.131848
P(T<=t) tw 0.856474
t Critical tw 2,776451

t-Test: Two-Sample Assuming Equal Variances
dimcpbn Iimcpbyi8

Mean 1.733333 2.5B6667

Variance 0.063333 0.043333

Observatic 3 3

Pooled Vai 0.053333

Hypothesiz 0

df 4

t 4.418417 Since t=3.747 there (s a

P(T<=t) on 0.005758 significant difference at P=0.02
t Critical or 2,131846
P{T<=t) tw 0.011516
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances

dimcepbgt fimepbg18
Mean 1.833333 2.566667
Variance (0.743333 0.043333
Observatic 3 3
Paocled Var 0.393333
Hypothesiz 0
df 4
t 1.432078 no significant difference

P(T<=t) on 0.112694
t Critical or 2.131846
P{T<=t) tw 0.225388
t Critical tw 2.776451



appendiy

Fig. 4.1.
cell line
wild type dimepen
doubling time (h) 8.3 5.3
11 71
12.7 8.1

1120 8.8+14

ety ekl

F-Test: Two-Sample for Variances
wild type  dimcpen

Mean 10.6666667 6.83333333
Variance  4.92333333 2.01333333 ;
Observations 3 3

df 2 2

F 2.44536424

P(F<=f) one~ 0.28024507
F Critical one 19.0000264

t-Test. Two-Sample Assuming Equal Variances
wild type dimecpen

Mean 10.6666667 6.83333333

Variance 482333333 2.01333333
Observations 3 3

Pooled Varia 3.46833333

Hypothesizec 0

df 4

t 2.52083588 since t>2.131 there is a

P(T<=t) ane- 0.03264582 significant difference at P=0.1
t Critical one- 2.13184649
P(T<=t) two-t 0.08529164
t Criticat two- 2.77645086




dimepen  dimepePC

Tabie 4.1. % infected
wild type dimepbn
54 3.5
28 1.4
30 1.2

3B+14 20%13

F-Test: Two-Sample for Variances
wild type dfmepbn

Mean 37.66667 2.033335
variance  200.3333 1.523333
Observatio 3 3
of 2 2
F 1232.4086

P{F<=f) on 0.008038
F Critical 0 19.00C03

significant difference at P=0.01

F-Test: Two-Sample for Variances

dimopbn  dimepen
Mean 2.033333 4.733333
Variance  1.823333 8.583333
Observatio 3 3
df 2 2
F 5.287474

P(F<=f} on 0.159046
F Critical o 9.000018

F-Test: Two-Sample for Variances
dimepen  dimepePC

Mean 4733333 1993333
Variance 8.583333 126.0133
Observatio 3 3
df 2 2
F 14.68117

P(F<=f) on 0.063771
F Critical 0 9.000019

F-Test: Two-Sampie for Variances
wild type dimepePC

1.4 32

6.9 18

5.8 9.8
4729 20+

t-Test: Two-Sample Assuming Equal Variances
wild type  dimcpbn

Mean 37.66667 2.033333
Variance  200.3333 1.623333
QObservatia 3 3
Pooled Vai 100.9783
Hypothesiz 0
df 4

t 4.342982 Since t>3.747 there is a highly
P(T==t) on 0.006112 significant difference at P=0.02
t Critical or 2.131846
B(T<=t) twe 0.012224
t Critical tw 2.776451

t-Test: Two-Sample Assuming Egual Variances

dimepbn  dlmcpen
Mean 2.033333 4.733333
Variance  1.623333 8.583333
Observatio 3 3
Paoled Var 5,103333
Hypothesiz 0
df 4

t 1.483802 no significant difference
P(T<=t) on 0.108546
t Critical or 2.131846
P{T<=t} twe 0.217082
t Critical tw 2.776451

tTest: Two-Sample Assuming Equal Variances
dimcpen  dimepePC

Mean 4733333 19.,93333
Variance  8.583333 126.0133
Observatio 3 3
Pooled Val 67.29833
Hypothesiz ¢
df 4

t ) 2.2609275 Since t>2.131 there is &
P(T<=t) on 0.042898 significant differance at P=0.1
t Critical or 2.131846

P(T<=t) tw« 0.085796

t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Varances
wild type dimcpcPC

Mean 37.66667 19.93333
Variance  200.3333 126.0133
Observatio 3 3
df 2 2
F 1.589779

P(F<=f) on 0.386133
¥ Critical o 19.00603

37.86667 19.93333
200.3333 126.0133
3 3
163.1733
0

Mean
Variance
Observatic
Pooled Va
typothesiz
df

{

P(T<=t) on
t Critical or
P({T<=t) twi
t Critical tw

4
1.700246 no significant difference
0.082154
2.131846
0.164308
2.776451

upendix




Table 4.1. (cont) amastigotes/PEC

wild type dimcpbn dimcpen dimepcPC
5 3.7 33 3.6
6.2 3.2 4 3.6
8.4 1.8 4.8 6.4

59=08 29+10 40x08 52+£13

F-Test: Two-Sample for Variances t-Test: Two-Sampie Assuming Equal Variances
wild type dimcpbn © wildtype dimepbn

Mean 5.866667 2.9 Mean 5.866667 2.9

Variance 0.573333 0.97 Variance  0.573333 0.97

Observatia 3 3 Observatio 3 3

df 2 2 Rooled Var 0.771867

F 1.69186 Hyoothesiz 0

P(F<=ffon 0.37149 df 4

F Critical o 9.000019 t 4,138181 since {»3.747 there is a

P{T<=t) on 0.007211 significant cifference at P=0.02
t Critical or 2.131848
P(T<=t twt 0.014421
t Critfcal tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
dintepbn  dimcepen dimepbn  dimcpen

Mean 2.9 3.986867 Mean 2.9 3.866667

Variance 0.97 0.423333 Variance 0.97 0.423333

Observatio 3 3 Observatio 3 3

df 2 2 Pooled Var 0.686667

F 2.281338 Hypothesiz 0

P(F<=f)on 0.303828 df 4

F Critical o 19.00003 t 1.865171 no significant difference

P{T<=ton 0.006298
t Critical or 2.131846
P{T<=t) twr 0.192596
t Critical tw  2.778451

F-Test: Two-Sample for Variances tTest Two-Samole Assuming Equal Variances
dimepen  dimepePC dimepen dimepePC

Mean 3.966667 5.2 Mean 3.96€667 52

Variance  0.423333 2.08 Variance  (.423333 2.08

Qbservatio 3 3 Qbservatio 3 3

df 2 2 Pooied Val 1.251667

F 4.913386 Hypothesiz )

P{F<=f cn 0.169108 df 4

F Critical 0 9.000019 t 1.350149 no significant difference

P(T=<= on 0.124154
t Critical orr 2.131848
P(T<=t) twi 0.248307
t Critical tw  2.776451

F-Test. Two-Sampie for Variances t-Test: Two-Sampie Assuming Equal Variances
wild type dimcpcePC wild type  dimcperPC

Mean 5860667 52 Mean 5.860667 5.2

Variance 0.573333 2.08 Variance 0.673333 2.08

Observatio 3 3 Observatio 3 3

df 2 2 Pooled Va) 1.326667

F 3.627907 Hypothesiz 0

P{F<=fyon 0.21608 df 4

F Critical o 9.000019 t 0.708881 no significant difference

P{T<=t) on 0.258764
t Critical or 2.131846
P{T<=t) tw« 0.517528
t Critical tw 2.776451

uppendix
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Fig 5.7. A % infected  (2-fa)
72h 1) pre 2} 4h 3).24h 4) control
promastigote 12 20 14 34
21 22 16 29
24 19 36 42
19+6.2 20x158 22+12 351638

F-Test: Two-Sampie for Variances
1) pre 2} 4h

Mean 18.86667 20.33333
Variance 3825333 2.333333
Observatio 3 3
df 2 2
F 16.39429
P({F<=fyon 0.05749

F Critical o 19.00003

F-Test: Two-Sampie for Variances

1) pre 3) 24h
Mean 18.86667 22
Variance  38.25333 148
Qbservatio 3 3
df 2 2
F 3.868944

P(F<=f)on 0.205383
F Critical o 9.000018

F-Test: Two-Sample for Variances
1) pre 4) control

Mean 18.86667 35
Variance 38.25333 43
Observatio 3 3
df 2 2
- 1.124085

P{F<=f) on 0.470791
F Critical o ©.000019

t-Test: Two-Sample Assuming Equal Variances
1) pre 2) 4h

Mean 18.86667 20.33333
Variance 38.25333 2.333333
Observatio 3 3
Pooled Var 20.29333
Hypothesiz 0

df 4

t {.38875 no significant difference
P(T<=t) on 0.355224

t Critical or 2.1318486

P{T==t) tw« 0.710448

t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances

1) pre 3) 24h
Mean 18.86667 22
Variance  38.25333 148
Observatio 3 3
Pooled Var 93.12667
Hypothesiz 0
df 4
t 0.397683 no significant difference
P(T<=t) on 0.355594
t Critical or 2.131846
P(T<=t) tw« 0.711187

t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
1) pre 4) controt

Mean 18.86667 35

Variance  38.25333 43

Observatio 3 3

Pooled Var 40.62667

Hypothesiz 0

df 4

t 3.100017 Since t>2.776 at P=0.05
P(T<=t)on 0.01811 there is a significant difference.
t Critical or 2.131846

P(T<=t) twe 0.03622

t Critical tw 2.776451




Fig §.7. A (cont)

F-Test: Two-Sampie for Variances

2) 4h 4) control

appendix

t-Test: Two-Sample Assuming Equal Variances
2) 4h  4) control

Mean 20.33333
Variance  2.333333
Observatio 3
df 2
F 18.42857

P(F<=f)on 0.051471
F Critical 0 9.000019

F-Test. Two-Sample for Variances

35
43
3
2

3) 24h 4) control

Mean 22
Variance 148
Observatio 3
df 2
F 3.44186

P(F<=f)on 0.225131
F Critical o  18.00003

variances similar

F-Test: Two-Sample for Variances

36
43
3
2

Mean 20.33333 38

Variance  2.333333 43

Qbservatio 3 3

Pooled Var 22.66667

Hypothesiz 0

df 4

t 3.772969 Since t>3.74 at P=0.02

P(T<=t) an 0.008777 there is a significant difference.
t Critical or 2.131846
P{T<=t) twi 0.018584
t Criticat w 2.7768451

t-Test: Twe-Sample Assuming Equal Variances
3) 24h 4) control

2)4h 3} 24h
Mean 20.33333 22
Variance  2.333333 148
Observatio 3 3
df 2 2
F £3.42857

P(F<=fyon 0.015521
F Critical o 9.000019

Mean 22 35

Variance 148 43

Observatio 3 3

Pooled Var 85.5

Hypothesiz 0

df 4

t 1.628248 no significant difference

P(T<=t) on 0.089296
t Critical or 2.131846
P(T<=t) twt 0.178593
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances

2) 4h 3) 24h
Mean 20.33333 22
Variance  2.333333 148
Observatio 3 3
Pooled Var 75.16867
Hypothesiz 8
af 4
t 0.235441 no significant difference

P(T<=t)on 0.412718
t Critical or 2.131846
P(T==t) twe (.825429
t Critical tw 2.776451




Fig5.7. A % infected  (z-fa)

7d 1} pre 2) 4h 3} 24h

promastigote 0 0.5 2.4
2 2.4 33
0 0 0

066+1156 09713 19x1.7

dppendix

4) control

26
33
28

19+36

F-Test: Two-Sample for Variances

1) pra 2) 4h
Mean 0.666667  0.966667
Variance  1.333333 1.603333
Observatio 3 3
df 2 2
F 1,.2025

P{F<=f)on 0.45403
F Critical o 9.000019

F-Test: Two-Sample for Variances
1} pre 3) 24h

Mean 0.666667 1.9
Variance  1.333333 2.91
Observatio 3 3
df 2 2
F 2.1825

P(F<=f)on 0.314218
F Critical 0 9.000019

F-Test: Two-Sample for Variances
1) pre  4) control

Mean 0.666667 29
Variance  1.333333 13
Observatio 3 3
df 2 2
F Q.75

P(F<=f)on 0.083023
F Criticalo 9.000019

t-Test: Twa-Sample Assuming Equal Variances
1) pre 2) 4h

Mean 0.666667 0.966667

Variance  1.333333 1.603333

Observatio 3 3

Poocied Var 1.468333

Hypothesiz g

df 4

t 0.303218 no significant difference

P(T<=tjon 0.38842
t Critical or 2.131845
P(T<=t)twi 0.77684
t Critical tw 2.776451

tTestt Two-Sample Assuming Equal Variances
1) pre 3} 24h

Mean 0.666667 1.9

Variance  1.333333 2.91

Observatio 3 3

Pooled Var 2.121667

Hypothesiz 0

df 4

t 1.037021 no significant difference

P(T<=tyon 0.17915
t Criticai or 2.131846
P{T<=t}twi  0.3583
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equai Variances
1) pre  4) control

Mean 0.666667 29

Variance  1.333333 13

Observatic 3 3

Pooled Var 7.166667

Hypothesiz 0

df 4

1 12.96238 Since t>4.604 at P=0.01

P(T<=f) on 0.000102 there is a highly

t Critical or 2.131848 significant difference.
P(T<=t) twe 0.000204

t Critical tw  2.776481
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Fig. 5.7. A (cont)

F-Test; Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
2} 4h 3) 24h 2) 4h 3) 24h
Mean 0.966667 1.8 Mean 0.966667 1.9
Variance  1.603333 2.91 Variance  1.603333 2.3
Cbservatio 3 3 Observatio 3 3
df 2 2 Pooled Var 2.256667
F 1.8149689 Hypothesiz 0
P(F<=f)on 0.355244 df 4 :
F Critical o 9.000019 t 0.760937 no significant difference

P(T<=t) on 0.244541
t Critical or 2.1318486
P{T<=t) twt 0.489083
t Critical tw  2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

2) 4h_ 4) control 2)4h 4) control
Mean 0.966667 29 Mean 0.866667 29 ]
Variance  1.603333 13 Variance  1.603333 13
Observatio 3 3 Observatio 3 3 .
df 2 2 Pooled Var 7.301667
F £.108108 Hypothesiz 0
P{F<=f)on 0.108782 df 4
F Critical o 8.000019 t 12.70602 Since t>4.604 at P=0.01

P(T<=t)on 0.00011 there is a highly

t Critical or 2.131848 significant difference.
F(T<=t) twe 0.000221

t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test Two-Sampie Assuming Equal Variances
3) 24h  4) control 3) 24h  4) control N

Mean 1.8 29 Mean 1.9 23

Variance 2.91 13 Variance 2.91 13

Observatio 3 3 Observatio 3 3

df 2 2 Pooled Var 7.8585

F 4,467354 Hypothesiz 0

P(F<=fyon 0.182904 df 4

F Critical o 8.000019 t 11.76779 Since t>4.604 at P=0.01

P(T<=t) on 0.000149 there is a highly 4
t Critical or 2.1318486 significant difference.
P(T<=1) twt 0.000298 :
t Critical tw 2.776481
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Figs.7.8 amastigotes/PEC  (z-fa)

72h 1) pre 2) 4h 3) 24h 4} control
promastigote 1.3 1.6 1.5 24
1.7 1.7 1.8 3.2
1.8 1.8 2.2 2.7

1603 174017 18x04 28x04

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1) pre 2) 4h 1) pre 2) 4h

Mean 1.6 1.7 Mean 1.6 1.7

Variance 0.07 0.01 Variance 0.07 0.01

Observatio 3 3 Observatio 3 3

df 2 2 Pooled Var 0.04

F 7 Hypothesiz 0

P(F<=f} on 0.125 df 4

F Critical ¢ 19.00003 t 0.612372 no significant difference

P(T<=t) on 0.286696
t Critical or 2.131846
P(T<=t) twe 0.573382
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1} pre 3) 24h 1) pre 3) 24h

Mean 1.6 1.833333 Mean 1.6 1.833333

Variance 0.07 0.123333 Variance 0.07 0.123333

Observatio 3 3 Observatio 3 3

df 2 2 Pooled Var 0.086667

F 1.761805 Hypothesiz 0

P(F<=f) on 0.362069 df 4

FF Critical 0  9.000019 t 0.919145 no significant difference

P(T<=t)on 0.205016
t Critical or 2.131846
P(T<=t) tw1 0.410031
t Critical tw  2.776451

F-Test. Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1} pre 4) controi 1) pre  4) control

Mean 16 2.766667 Mean 1.6 2.766667

Variance 0.07 0.163333 Variance 0.07 0.163333

Observatio 3 3 Observatio 3 3

df 2 2 Pooled Var 0.116687

F 2.333333 Hypothesiz 0

P{F<=f) on 0.3 df 4

F Critical o 9.000019 t 4.1833 Since t=3.747 at P=0.02

P(T<=t) on 0.006941 there is a highly E
t Critical or 2.131846 significant difference.
P(T<=t) twe 0.013881
t Critical tw 2.776451




upperdix

Fig. 5.7. 8 (cont)

F-Test. Two-Sample for Variances t-Test. Two-Sample Assuming Equal Variances
2) 4h 3) 24h - 2) 4h_ 3) 24h

Mean 1.7 1.833333 Mean 1.7 1.833333

Variance 0.01 0.123333 Variance 0.01 0.123333

Observatio 3 3 OCbservatio 3 3

df 2 2 Pacled Var 0.086667

F 12.33333 Hypothesiz 0

P(F<=f) on 0.075 df 4

F Critical o 8.000018 t 0.632456 no significant difference

P(T<=t} on 0.280719
t Critical or 2.131848
P(T<=t) twe 0.561438
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

2) 4h  4) contral 2) 4h  4) control
Mean 17 2.766667 Mean 1.7 2.766667 g
Variance 0.0t 0.183333 Variance 0.01 0.163333
Observatio 3 3 Observatio 3 3 .
df 2 2 Pooled Var 0.086667
F 16.33333 Hypothesiz 0 P
P(F<=f) on 0.067692 df 4 -
F Critical o 9.000019 1 4.437602 Since t>3.747 at P=0.02 )

P(T<=t) on 0.005877 there is a highly

t Critical or 2.131846 significant difference.
P(T<=t) twr 0.0113565

t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test Two-Sample Assuming Equal Variances
3) 24h 4} control 3) 24h 4) control

Mean 1.833333 2.766667 Mean 1.833335  2.766667

Variance  0.123333 0.163333 Variance  0.123333 0.163333

Cbservatio 3 3 Observatio 3 3

df 2 2 Pooled Var 0.143333

F 1.324324 Hypothesiz 0

P(F<=f)on 0.430233 df 4

F Critical 0 9.000019 t 3.019318 Since t>2.776 at P=0.05

P(T<=t}on 0.019585 there is a significant difference
t Critical or 2.131846
P(T<=t) tw¢  0.03919

]
(FS]
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Fig §,7.B amastigotes/PEC  (z-fa)
7 day 1) pre 20 4h 3) 24h  4) control
promastigote 0 1 1.6 2.8

1.5 1.4 1.7 24

0 0 0 2.2

0.5+£09 0807

F-Test: Two-Sample for Variances

1) pre 2) 4h
Mean 0.5 0.8
Variance 0.75 0.52
Observatio 3 3
df 2 2
F 1.442308

P(F<=f) on 0.409449
F Criticat o 19.00003

F-Test: Two-Sample for Variances

1) pre 3) 24h
Mean 0.5 1.1
Variance 0.75 0.91
OChservatio 3 3
df 2 2
F 1.213333

P(F<=f)on 0.451807
F Critical o 9.000019

F-Test: Two-Sample for Variances
1) pre 4) control

Mean 0.5 2.466667
Variance 0.75 0.093333
Observatio 3 3
df 2 2
F 8.035714

P(F<=f)on 0.110672
F Critical o  18.00003

1.1£09 25+03

t-Test: Two-Sampie Assuming Equal Variances

1) pre 2) 4h
Mean 0.5 0.8
Variancs 0.75 0.52
Observatio 3 3
Pooled Var 0.635
Hypothesiz 0
df 4
t 0.461084 no significant difference

P(T<=t)on 0.334347
t Critical or 2.131846
P(T<=t) tw« 0.688695
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equai Variances

1) pre 3) 24h
Mean 0.5 1.1
Variance 0.75 0.91
Observatio 3 3
Pooied Var 0.83
Hypothesiz 0
df 4
t 0.806889 no significant difference

P(T<=t)on 0.232561
t Critical or 2.131846
P(T<=t) twt 0.465122
t Critical tw 2.776451

i-Test: Two-Sample Assuming Equal Vanances
1) pre  4) control

Mean 0.5 2.466667

Variance 0,78 0.093333

Observatio 3 3

Pooled Var 0.421667

Hypothesiz 0

i 4

t J3.709288 Since t>2.776 at P=0.05
P(T<=t) on 0.010333 there is a significant difference.
t Critical or 2.131846

P{T<=t) twt 0.020667

t Critical tw  2.776451




Fig. 5.7. B (cont)

F-Test: Two-Sample for Variances

2) 4h 3) 24h
Mean 0.8 1.1
Variance 0.52 0.91
Observatio 3 3
df 2 2
F 1.75

P{F<=f)on 0.363636
F Critical o 9.000019

F-Test: Two-Sampie for Variances

2) 4h 4) control

appendix

t-Test: Two-Sample Assuming Equal Variances

Mean 0.8 2.466667
Variance 0.52 0.093333
Observatio 3 3
df 2 2
F 5.571429

P(F<=fyon 0.152174
F Critical o 12.00003

F~-Test: Two-Sample for Variances

3) 24h 4) control

Mean 11 2.466667
Variance 0.81 0.083333
Observatio 3 3
df 2 2
F 9.75

P(F<=flon 0.093023
F Critical o 19.00003

2) 4h 3} 24h
Mean 0.8 1.1
Variance 0.52 0.91
Observatio 3 3
Pooled Vai 0.715
Hypathesiz 0
df 4
t 0.434524 no significant difference

P(T<=t)on (.343161
¢ Critical or 2.131846
P(T<=t) tw¢ 0.686321
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
2)4h 4) control

Mean 0.8 2466667

Variance 0.82 0.083333

Observatio 3 3

Pooled Var 0.3068667

Hypothesiz 0 g
df 4 !
t 3.686049 Since t>2.776 at P=0.05 '

P(T<=t) on 0.010546 there is a significant difference.
t Critical or 2.131846
P(T<=t) twt 0.021092
t Critical tw  2.776451

t-Test: Two-Sample Assuming Equal Variances
3) 24h  4) control

Mean 1.1 2.466667

Variance 0.91 0.003333
Observatio 3 3

Pooled Var 0.501667

Hypothesiz 0

df 4

t 2.363201 Since t>2.132 at P=0.1

P(T<=t) on 0.038896 there is a significant difference.
t Critical or 2.131846
P(T<=t) twt 0.077382
t Critical tw 2.776451
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Fig 5.8. A % infected

72h 1) 2fa 2 P73 KO2 4) control
promastigote 12 28 338 34
206 38 435 29
24 36 17 42

19+£6.0 34+53 20x12 351686

F-Test: Two-Sample for Variances t-Test: Two-Sampie Assuming Equal Variances E
1) 2fa 2) P87 1) zfa 2) P87 :

Mean 18.86667 34 Mean 18.86667 34

Variance  38.25333 28 Variance  38.25333 28

Observatic 3 3 Ohservatic 3 3

df 2 2 Pooled Vai 33.12667

F 1.36619 Hypothesiz 0

P(F<=f)on 042282 . df 4

F Critical 0 19.00003 % 3.220263 since t>2.776 at P=0.05

P{T<=t) on 0.016136 there is a significant difference.
t Critical or 2.131846
P{T<=t) tw 0.032272
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1yzfa  3) KO2 1) zfa  3) KO2

Mean 18.86667 19.83333 Mean 18.86667 19.83333

Variance  38.25333 286.5833 Variance  38.25333 286.5833

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 162.4183

F 7.491722 Hypothesiz g

P{F<=f) on 0.117762 df 4

F Critical o 9.000019 t 0.082898 na significant difference

P(T<=t} on 0.465226
t Critical or 2.131846
P(T<=t) tw 0.930452
t Criticat tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1) zfa 4) control 1) zfa 4) control

Mean 18.86667 36 Mean 18.86667 35

Variance  38.25333 43 Variance  38.25333 43

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 40.62667

F 1,124085 Hypothesiz 0

P(F<=f) on 0.470791 df 4

F Critical ¢ 9.000019 t 3.100017 since t>2.776 at P=0.05

P(T<=t) on 0.01811 there is a significant difference.
t Critical or 2.131846
P{T<=t) tw 0.03622
t Critical tw 2.778451

234
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Fig. 5.8. A {cont)

F-Test. Twa-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

2) P87  3) KO2 2) P87 3) KO2
Mean 34 19.83333 Mean 34 19.83333
Variance 28 286.5833 Variance 28 286.5833 y
QObservatic 3 3 Observatic 3 3 -
df 2 2 Paoled Vai 1567.2917
F 10.23512 Hypothesiz G
P(F<=f) on 0.089007 df 4
F Critical o 9.000019 t 1.38344 no significant difference

P{T<=t) on 0.7119364
t Critical or 2,1318486
P(T<=t) tw 0.238728
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

2) P87 4) controi 2) P87 4) control
Mean 34 35 Mean 34 35
Variance 28 43 Variance 28 43
Observatic 3 3 Observatic 3 3 o
df 2 2 Pooled Va 35.5
F 1.535714 Hypothesiz 0 :
P{F<=f) on 0.394368 df 4
F Critical 0 9.00Q019 t 0.2068557 no significant difference

P(T<=t) on 0.423587
t Critical or 2.131846
P(T=<=t) tw 0.847175
f Critical tw 2.776451

F-Test: Two-Sampie for Variances t-Test; Two-Sample Assuming Equal Variances
3) KO2 4} control 3) KO2 4) control

Mean 19.83333 35 Mean 19.833383 35

Variance  286.5833 43 Variance  286.5833 43

Observatic 3 3 Observatic 3 3

df 2 2 FPooled Val 164.7917

F 6.664729 Hypothesiz 0

P(F<=f)on 0.130468 df 4

F Critical o 19.00003 t 1.446999 no significant difference

P(T<=t) on 0.110724
t Critical or 2.131846
P(T<=t) tw 0.221447
t Critical tw 2.776451




appendix

Fig6.8.A % infected
7d 1) zfa 2) P87  3)KOZ2 4)control :
promastigote 0 1.4 5 26

2 8.9 13 a3

0 1.2 2.9 28

0.7+1.1 38x44 7x53 30225

F-Test. Two-Sample for Variances t-Test: Two-Samuple Assuming Equal Variances
1) zfa 2) P87 1) zfa 2) P87

Mean 0.666€67 3.833333 Mean 0.666667 3.833333

Variance  1.333333 18.26333 Variance  1.333333 19.26333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Val 10.29833

F 14.4475 Hypothesiz 0

P{F<=f) on 0.064735 df 4

F Critical o 8.000018 t 1.20888 no significant difference

P(T<=t) on 0.146696
t Critical or 2.131846
P(T<=t} tw 0.293393
t Critical tw 2.776451

F-Test. Two-Sample for Variances t-Test Two-Sample Assuming Equal Variances
1) zfa 3) KO2 1) zfa 3) KO2

Mean 0.666667 6.966667 Mean 0.666667 6.956667

Variance  1.333333 28.40333 Variance  1.333333 28.40333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Val 14.863833

F 21.3025 Hypothesiz 0

P(F<=f) on 0.044838 df 4

F Critical o 9.000019 1 2.001037 no significant difference

P(T<=tyon 0.05799
t Critical or 2.131846
P(T<=t) tw 0.115979
t Critical ta 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1) zfa 4) control 1) 2fa 4) control
Mean 0.666667 29 Mean 0.666667 29
Variance  1.333333 13 Variance  1.333333 13
Observatic 3 3 Observatic 3 3
df 2 2 Pooled Val 7.166667
F 975 Hypothesiz 0
P(F<=f on 0.093023 df 4
F Critical ¢ 9.000019 t 12.98238 since t>4.804 there is a highly

P{T<=t) on 0.000102 significant difference at P=0.01
t Critical or 2.131846
P{T<=t) tw 0.000204
t Critical tw 2.776451
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Fig. 5.8. A {cont}

F-Test: Two-Sample for Variances t-Test: Two-Sampie Assuming Equai Variances
2) P87  3)KO2 2)P87  3)KO2

Mean 3.833333 6.9686667 Mean 3.833333 6.966667

Variance  19.28333 28.40333 Variance  19.26333 28.40333

Observatic 3 3 QObservatic 3 3

df 2 2 Pooled Vai 23.83333

F 1.474477 Hypothesiz 0

P{F<=f)on 0404126 df 4

F Criticat o 9.000019 t 0.786067 no significant difference

P{T<=t)on 0.23788
t Critical or 2.131848
P{T<=t) tw 0.475781
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Testt Two-Sample Assuming Equal Variances
2y P87 4) control 2) P87 4) controd
Mean 3.833333 29 Mean 3.833333 29
Variance  19.26333 13 Variance 19.26333 13
Observatic 3 3 Observatic 3 3
df 2 2 Pcoled Vai 16.13167
F 1.481795 Hypothesiz 0
P{F<=f) on 0.402934 df 4
F Critical o 19.00003 t 7.674175 since t24.604 there is a highly

P{T<=t) on 0.000775 significant difference at P=0.01
t Critical or 2.131846
P{T<=t) tw 0.00155
t Critical tw 2.776451

F-Test: Two-Sampie for Variances t-Test. Two-Sample Assuming Equal Variances
3) KO2 4) control 3) KO2 4) control
Mean 6.966667 29 Mean 6.966887 28
Variance 28.40333 13 Variance 28.40333 13
Observatic 3 3 Observatic 3 3
df 2 2 Pooled Vai 20.70167
F 2.184872 Hypothesiz 4]
P(F<=f} on 0.313984 df 4
F Critical 0 19.00003 £ 5.930835 since t24.604 there is a highly :
P(T<=t} on 0.002025 significant difference at P=0.01 g

t Criticat or 2.131848
P(T<=t) tw 0.004051
t Critical tw 2.776451




Fig 58.8

72h 1) zfa 2) P87

promastigote 1.3 2
1.7 2.1
1.8 1.9

18£03 20z0.1

F-Test: Twa-Sample for Variances
1) zfa 2) P87

Mean 16 2
Variance 0.07 3.01
Observatic 3 3
df 2 2
F 7

P{F<={) on 0.125
F Critical 0 19.00003

F-Test. Two-Sample for Variances
1)zfa  3)KO2

Mean 1.6 1.933333
Variance 0.07 0.093333
QObservatic 3 3
df 2 2
F 1.333333

P(F<=f) on 0.428571
F Critical © 8.00001¢

F-Test: Two-Sample for Variances
1) zfa 4) control

Mean 1.6 2.766667
Variance 0.07 0.163333
Observatic 3 3
df 2 2
F 2.333333
F(F<=f) on 0.3

F Critical o 9.000019

uppendiy

amastigotes/PEC

3) K@z 4) control

22 2.4
1.8 3.2
2 27

19+£03 28+04

t-Test: Two-Sample Assuming Equal Variances
1) zfa 2) P87

Mean 1.6 2

Variance 0.07 0.01

Observatic 3 3

Pooled Vai 0.04

Hypothesiz 0

df 4

t 2.44949 since t>2.132 there is a

P(T<=t) on 0.035242 significant difference at P=0.1
t Criticat or 2.131848
P(T<={) tw 0.0704B4
t Critical tw 2.776457

t-Test: Two-Sample Assuming Equal Variances
Nzfa 3)KO2

Mean 1.6 1.933333

Variance 0.07 0.083333

Observatic 3 3

Pooled Vai 0.081667

Hypothesiz 0

df 4

t 1.428571 no significant difference

P(T<=t) on 0.113182
t Critical or 2.131846
P(T<=t) tw 0.226325
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
1) zfa 4) control

Mean 1.6 2.766667

Variance 0.07 0.183333

Observatic 3 3

Pocled Vai 0.116667

Hypothesiz g

df 4

t 4.1833 since t>3.747 there is a

P{T<=t) on 0.006941 significant differance at P=0.02
t Critical or 2.131846
P(T<=t) tw- 0.013881
t Critical tw 2,776451

<
]




uppesdiv

Fig. 5.8, B (cont)

F-Test Twa-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
2)P87 3)KO2 2)Pg7  3)KQO2
Mean 2 1.933333 Mean 2 1.833333
Variance 0.01 0.093333 Variance 0.01 0.093333
Observatic 3 3 Chbservatic 3 3
df 2 2 Poolad Var 0.051667
F 9.333333 Hypothesiz 0
P(F<=f) on 0.096774 df 4 fi
F Critical o 9.000019 t 0.3589211 no significant difference I

RP(T<=t) on 0.368799
t Critical or 2.1318406
P(T<=t) tw 0.737587
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Tast: Two-Sample Assuming Equal Variances
2) P87 4) control 2) P87 4) control

Mean 2 2766667 Mean 2 2.766667

Variance 0.01 0.163333 Variance 0.01 0.163333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Val 0.086867

F 16.33333 Hypothesiz o}

P(F<=f) on 0.057692 df 4

F Critical o 9.000018 1 3.189526 since t>2.776 there is a

P(T<=t) on 0.016618 significant difference at P=0.05
t Critical or 2.131846
P(T<=t) tw . 0.033231
t Critical tw 2.776451

F-Test: Two-Sampie for Variances t-Test: Two-Sample Assuming Equal Variances
3) KO2 4) control 3) KO2 4) contral

Mean 1.833333 2.766667 Mean 1.933333 2.766667

Variance 0.093333 (0.183333 Variance 0.083333 0.163333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 0.128333

F 1.76 Hypothesiz 0

P(F<=f} on 0.363636 df 4

F Critical o 9.00001% t 2.849014 since t>2.776 there is a

P{T<=t) on 0.023221 significant difference at P=0.05
t Critical or 2.131848
P(T<=t) tw 0.046442
t Critical tw 2.776451
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Fig5.3.B amastigotes/PEC
7 day 1)zfa 2)P87 3}KO2 4)contro!
promastigote 0 2.7 2.6 2.8
1.5 2 1.9 24
0 1 1 22
05+£09 19+08 18+£08 26x05

F-Test. Two-Sampie for Variances

1)zfa  2) P87
Mean 0.5 1.9
Variance 0.76 0.73
Observatic 3 3
df 2 2
F 1.027397

P(F<=f) on 0.493243
F Critical o 19.00003

F-Test Two-Sampte for Variances

1) zfa 3) KO2
Mean 0.5 1.833333
Variance 0.75 0.643333
Observatic 3 3
df 2 2
F 1.165803

P(F<=f} on 0.461722
F Critical o 19.00002

F-Test. Two-Sample for Variances
1) zfa 4) control

Mean 0.5 2.468667
Variance 0.75 0093333
Obssrvatic 3 3
of 2 2
F 8.035714

P(F<=f)on 0.110672
F Critical 0 19.00003

{-Test: Two-Sample Assuming Equal Variances

1} zfa 2) P87
Mean 0.5 1.9
Variance 0.7% 0.73
Observatic 3 3
Paooied Vai 0.74
Hypothesiz 0
af 4
t 1,893232 no significant difference

P(T<=f) on 0.0585Q9
t Critical or 2.131846
P(T<=t) tw 0.117018
t Critical . 2.776451

t-Test: Two-Sample Assuming Equal Variances

1) zfa 3) KO2
Mean 0.5 1.833333
Variance 0.75 0.643333
Observatic 3 3
Pooled Vai 0.686667
Hypothesi: 0
df 4
t 1.666464 no significant difference
P(T<=t) an 0.061024

t Critical or 2.131848
P(T<=t) tw 0.122049
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variancas
1) zfa 4) control

Mean 0.5 2.466687

Variance 0.75 0.093333

Observatic 3 3

Pooled Val 0.421667

Hypothesiz 0

df 4

t 3.709298 since t>2.776 there is a

P{T<=t) on 0.010333 significant difference at P=0.05
t Critical or 2.1318486
P{T<=t) tw 0.020667
t Critical tw 2.776451
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Pig 6.8. B {cont)

F-Test: Two-Sampie for Variances t-Test: Two-Sample Assuming Equal Variances
2y P87  3)KO2 2)P87  3)KO2

Mean 1.9 1.833333 Mean 1.9 1.833333

Variance 0.73 0.643333 Variance 0.73 0.643333

QObservatic 3 3 Observatic 3 3

df 2 Z Pooled Vai 0.686667

F 1.134715 Hypothesiz 0

P({F<=f) on 0.468447 df 4

F Critical o 18.00003 ¢ 0.098533 no significant difference

P(T<=t) on 0.4631265
t Critical or 2.131848
P({T<=t) tw 0.926248
t Critical tw 2.776451

F-Test. Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
2) P87 4) control 2) P87 4) contro

Mean 1.9 2.466867 Mean 1.9 2.468667

Variance 0.73 0.093333 Variance 0.73 0.093333

Observatic 3 3 Observatic 3 3

df 2 2 Pocled Var 0.411667

F 7.821429 Hypothesiz 0

P(F<=fyon 0.11336 df 4

F Critical o 19.00003 t 1.081684 no significant difference

P(T<=t)on 0.170124
t Critical or 2.131846
P(T<=t) tw 0.340247
t Critical tw 2.776451

F-Test. Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
3) KO2 4) control 3) KO2 4) control

Mean 1.833333 2.466667 Meaan 1.833333 2.486667

Variance 0.643333 0.003333 Variance 0.643333 0.093333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 0.368333

F 6.892857 Hypothesiz 0

P(F<=f} an 0.126697 df 4

F Criticai o 12.00003 t 1.278078 no significant difference

P(T<=t) on 0.135175
t Critical or 2.131846
P(T<=t) tw 0.27035
t Critical tw 2.776451




Fig 5.9. A

72h
lesion amastigotes

ams
30

51

4G + 14

appencdix

% infected

2) zlvg
20

38
45

33412

F-Test: Two-Sample for Variances

2) zlvg

1) ams
Mean
Variance
Qbservatic 2
df 1
F 1.392632

P{F<=f) on 0.359307
F Criticadl 0 18.51276

40.5 33.33333
220.5 158.3333

3
2

F-Test: Two-Sample for Variances

1) ams 3) zfa
Mean 40.5 18.1
Variance 220.5 170.53
Observatic 2 3
df 1 2
F 1.283028

P(F<=f) on 0.373377
F Critical o 18.512786

F-Test. Two-Sample for Variances
1) ams rol {dmso)

Mean 40.5
Variance 220.5
Observatic 2
df 1
F 2.140777

P(F=<=f) on 0.280974
F Critical o 18.61276

31
103
3

2

3y zfa 4} control {dmso)

3.3 22

28 29

23 42
18+13  31+10

t-Test: Two-Sample Assuming Equal Variances

1) ams 2) zivg
Mean 40.6 33.33333
Variance 220.5 168.3333
Cbservatic 2 3
Pocied Var 179.0558
Hypothesiz 0
gf 3
t 0.586697 no significant difference
P(T<=t) on 0.288317
t Critical or 2.353363

P(T<=t) tw 0.588634
t Critical tw 3.182448

t-Test: Two-Sample Assuming Equal Variances

1) ams 3) zfa
Mean 40.5 18.1
Variance 220.5 170.53
Qbservatic 2 3
Pooled Vai 187.1867
Hypothesiz 0
df 3
t 1.793498 no significant difference
P{T<=t) on 0.085394
t Critical ar 2.353363

P(T<=t)tw 0.170789
t Critical tw 3.182449

t-Test: Two-Sample Assuming Equal Variances
1) ams rof (dmso)

Mean 40.5 31

Variance 2205 103

Observatic 2 3

Pooled Val 142.1667

Hypothesiz 0

df 3

t 0.872801 no significant difference
P(T<=t) on (1.223504

t Critical or 2.353363

P(T<=t) tw 0.447007
t Critical tw 3.182449
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Flg5.9. A (cont)

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
2) zivg 3) zfa ) 2) zlvg 3) zfa

Mean 33.33333 18.1 Mean 33.33333 18.1

Variance  158.3333 170.53 Variance  158.3333 170.53

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Val 164.4317

F 1.077032 Hypothesiz 0

P{F<=f) on 0.481456 df 4

F Critical o 9.000019 t 1.454949 no significant difference

P(T<=t) on 0.108688
t Critical or 2.131846
P(T<=t) tw 0.218376
t Critical tw 2.775451

F-Test; Two-Sample for Variances t-Test Two-Sample Assuming Equal Variances
2) zlvg rol (dmso) 2) zlvg rol (dmso)

Mean 33.33333 31 Mean 33.33333 31

Variance 158.3333 103 Variance  158.3333 103

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 130.6667

F 1.637217 Hypothesiz 0

P(F<=f) on 0.394133 df 4

F Critical o 18.00003 t 0.25 no significant difference

P(T<=t) on 0.407451
t Critical or 2.131846
P(T<=t) tw 0.814902
t Critical tw 2.776451

F-Test Two-Sample for Variances t-Test. Two-Sampie Assuming Equal Variances
3) zfa rol (dmso) 3) zfa rol (dmso)

Mean 18.1 31 Mean 18.1 31

Variance 170.53 103 Varfance 170.53 103

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Var  136.765

F 1.655631 Hypothesiz 0

P{F<=f) on 0.376558 df 4

F Critical 0 19.00003 t 1.350977 no significant difference

P(T<=t) on 0.124032
t Critical or 2.131846
P(T<=t) tw 0.248065
t Critical tw 2.776451
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Fig5.9. A % infected

1) ams 2) zlvg 3y zfa ontrol (dmso)
40

7d 0.5 39
lesion amasfigotes 35 0.2 36
42 23 0.5 36
41x14 29+85 04x02 37x20
F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1) ams 2} zlvg 1) ams 2) zlvg
Mean 41 29 Mean 41 29
Variance 2 72 Variance 2 72
Observatic 2 2 Observatic 2 2
df 1 1 Pooled Vai 37
F 36 Hypothesi: 0
P(F<=f) on 0.105137 df 2
F Critical 0 39.86361 i 1.972788 no significant difference
P(T<=t) on 0.093629
t Critical or 2.919987
P(T<=t)tw 0.187257
t Critical tw 4.3028556
F.Test. Two-Sampie for Variances t-Test: Two-Sample Assuming Equal Variances
1) ams 3) zfa 1) ams 3) zfa
Mean 41 0.4 Mean 41 0.4
Variance 2 0.03 Variance 2 0.03
Qbservatic 2 3 Observatic 2 3
df , 1 2 Pooled Var 0.686667
F 66.66667 Mypothesiz 0
P(F<=f) on 0.014671 df 3
£ Criticat o 18.51276 t 53.87149 since t>5.8 there is a highly
P(T<=t) on 7.12E-06 significant difference at P=0.01
t Critical or 2.353363
P(T<=f) tw 1.42E-05
t Critical tw 3.182449
F-Test: Two-Sampie for Variances t-Test: Two-Sample Assuming Egual Variances
1y ams rol (dmso) 1) ams rol {dmso)
Mean 41 36.66667 Mean 41 36,66667
Variance 2 4.333333 Variance 2 4.333333
Observatic 2 3 Observatic 2 3
df 1 2 Pooled Vai 3.555556
F 2.166667 Hypothesiz 0
P(F<=f) on 0.433013 df 3
F Critical o 49.50016 t 2.517439 no significant difference

P(T<=t) on 0.043185
t Critical or 2.353363
P(T<=b) tw 0.086371
t Critical tw 3.182449
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Fig. 5.9. A (cont)

F-Test. Two-Sample for Variances t-Test: Two-Sample Assuming Egual Variances
2) zivg 3) zfa 2) zlvg 3) zfa

Mean 29 0.4 Mean 29 0.4

Variance 72 0.03 Variance 72 0.03

Observatic 2 3 Observatic 2 3

df 1 2 Poaled Va 24 02

F 2400 Hypothesiz 0

P(F<=f) on 0.0004186 df 3

F Critical 0 18.51276 t §.382491 since t>5.8 there is a highiy

P{T<=t} on 0.003878 significant difference at P=0.01
t Critical or 2.363363
P(T<=t) tw 0.007753
t Critical th  3.182445

F-Test. Two-Sample for Variances t-Test Two-Sample Assuming Equal Variances l

2) zlvg (ol (dmso) 2) zivg roi (dmso)
Mean 29 36.66667 Mean 29 36.66667 g
Variance 72 4.333333 Variance 72 4333333 :
Observatic 2 3 Observatic 2 3
df 1 2 Pooled Va; 26.88889 B
F 16.61638 Hypothesiz 0
P{F<=f) on 0.055245 df 3 :
F Critical 0 18.51276 t 1.619611 no significant difference ~

P(T<=t) on 0.101877
t Critical or 2.353363
P(T<=t) tw 0.203755
t Critical ta 3.182448 ‘

F.Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances

3) zfa rol (dmso) 3) zfa rol (dmso)
Mean 0.4 36.66667 Mean 0.4 36686667
Variance 0.03 4.333333 Variance .03 4.333333
Observatic 3 3 Observatic 3 3
df 2 2 Pooled Var 2,181667 :
F 144.4444 Hypothesiz 0 E
P(F<=f) on 0.006875 df 4 ‘
F Critical o 3.000019 t 30.07178 since t>4.604 there is a highly

P(T<=t) on 3.84E-06 significant difference at P=0.01
t Critical or 2,131846
P(T<=t)tw 7.28E-086
t Critical tw 2.776451

VO, SEN R TN



Fig.5.5.B

eppendix

amastigotes/PEC

3 zfa ontrol {dmso)

72h 1} ams
iesion amastigotes 4.4

4.2

43+01 2353x01

F-Test: Two-Sampie for Variances
1) ams 2) zlvg

Mean 4.3 2.566667
Variance 0.02 0.003333
Observatic 2 3
df 1 2
F 6

P(F<=f) on 0.133975
F Criticalo 18.51276

F-Test Two-Sample for Variances
1) ams 3) zfa

Mean 4.3 2.766667
Variance 0.02 0.103333
Observatic 2 3
df 1 2
F 5.166667

P(F<=f) on 0.297044
F Critical o 49.50016

F-Test: Two-Sample for Variances
1)} ams rol (dmso}

Mean 4.3 4
Variance 0.02 0.21
Obsgervatic 2 3
df 1 2
F 10.5

P{F<=f)on 0.213201
F Critical o 49.50016

3 3.5
2.4 4.1
23 4.4

2803 40x04

t-Test; Two-Sampie Assuming Equal Variances
1) ams 2) zlvg

Mean 4.3 2.566667

Variance 0.02 0.003333

Cbservatic 2 3

Pooled Vai 0.008889

Hypaothesiz 0

df 3

t 20.13951 since t»5.8 there is a highly

P(T<=t) on 0.000134 significant differenca at P=0.01
t Critical or 2.353363
P{T<=t) tw 0.000268
t Critical tw 3.182449

t-Test: Two-Sample Assuming Equal Variances

1) ams 3) zfa
Mean 4.3 2.766667
Variance 0.02 0.103333
Observatic 2 3
Poaled Var 0.075556
Hypothesiz 0
df 3
t 6.110743 since t>5.8 there is & highly

P(T<=t) on 0.004403 significant difference at P=0.01
t Criticat or 2.353363
P(T<=t)tw 0.008807
t Critical tw 3.182448

t-Test: Two-Sample Assuming Equal Variances
1} ams rol (dmso})

Mean 4.3 4

Variance 0.02 0.21

Observatic 2 3

Poolad Val 0.146667

Hypothesiz 0

df 3

¢ 0.858116 no significant difference

F(T<=t) on 0.22696
t Critical or 2.353363
P(T<=t) tw 0.453819
t Critical ta  3.182449




Fig. 5.9. B (cont)

F-Test: Two-Sample far Variances
3) zfa

2} zhﬁ

Mean 2.566667 2.766667
Variance (.003333 0.103333

Observatic 3
df 2
F 31

P(F==f)an 0.03125
F Critical o 8.000019

F-Test: Two-Sample for Variances

3
2

2) zlvg ro} (dmso)

tppeidix

t-Test: Two-Sampie Assuming Equal Variances
2} zlvg 3) zfa

Mean 2.566667
Variance 0.003333

Observatic 3
df 2
F 63

P(F<=f) on 0.015625
F Ciitical 0 9.000019

F-Test: Two-Sample for Variances

4
0.21
3
2

3) zfa rol (dmso)

Mean 2.586667 2.766667

Variance 0.003333 0.103333

Observatic 3 3

Pooled Var (.053333

Hypothesiz 0

df 4

t 1.06086 ro significant difference

P(T<=t) on 0.174321
t Critical or 2.131846
P(T<=t) tw 0.348641
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
2) zivg rol (dmso)

Mean 2.766667
Variance 0.103333

Observatic 3
df 2
F 2.032258

P(F<=f) on 0.329787
F Critical 0 9.000019

4
0.21
3
2

Mean 2.566667 4

Variance 0.003333 0.21

Observatic 3 3

Pooled Var 0.106667

Hypothesiz 0

df 4

t 5.375 since t>4.604 there is a highly

P(T<=t) on 0.002894 significant difference at P=0.01
t Critical or 2.131846
P(T<=={) tw 0.005788
t Critical tw 2.776451

t-Test Two-Sample Assuming Equal Variances
3) zfa rol (dmso)

Mean 2.766667 4

Variance 0.103333 0.21

Chservatic 3 3

Pooled Vai 0.156667

Hypothesiz 0

df 4

t 3.816259 since t>3.747 there is a highly

P(T<=t) on 0.008419 significant difference at P=0.02
t Critical or 2.131846
P{T==t) tw 0.018839
t Critical tw 2.776451
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Fig.58.8 amastigotes/PEC

7d 1) ams 2) zivq 3} zfa .ontrol (dmsg)
lesion amastigotes 7.7 1 5.8
2.8 3 4
8.7 2.4 3 3.1

67114 26203 23=x12 43+14

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
1) ams 2) zlvg 1) ams 2) zivg

Mean 6.7 28 Mean 8.7 2.6

Variance 2 0.08 Variance 2 0.08

Observatic 2 2 Observatic 2 2

df 1 1 Pooled Vai 1.04

F 25 Hypothesiz 0

P(F<=f) on 0.12566¢ df 2

F Critical 0 161.4462 t 4.020381 since t~2.91 there is a

P(T<=t) on 0.02833 significant difference at P=0,1 -
t Critical or 2.919987
P(T<=t) tw 0.056661
t Critical tw  4.302656

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Varfances
1) ams 3) zfa 1) ams 3) zfa

Mean 6.7 2.333333 Mean 6.7 2.333333

Variance 2 1.333333 Variance 2 1.333333

Observatic 2 3 Observatic 2 3

df 1 2 Pooled Vai 1.565656

F 1.5 Hypothesiz 0

P(F<=f) on 0.345346 df 3

F Critical o0 18.512786 t 3.835287 since t>3.18 there is a

P(T<=t)on 0.015624 significant difference at P=0.05
t Critical or 2.353363
P(T<=t) tw 0.031249
{ Critical ta 3.182449

F-Test: Two-Sample for Variances I-Test: Two-Sample Assuming Equal Variances
1} ams rol {[dmso) 1) ams rol (dmso)

Mean 6.7 4.3 Mean 8.7 4.3

Variance 2 1.89 Variance 2 1.89

Observatic 2 3 Observatic 2 3

df 1 2 Pooled Vai 1.926667

F 1.058201 Hypothesiz 0

P{F<=f) on 0.411765 df 3

F Criticai o 18.51276 t 1.894081 no significant difference

P(T<=t) on 0.077265
t Critical or 2.353383
P(T<=t} tw 0.154531
t Critical ta 3.182449




uppendis
Fig. 5.8..8B (cont)
F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
2) zlvg 3) zfa 2) zivg 3) zfa
Mean 2.6 2.333333 Mean 2.8 2.333333
Variance C.08 1.333333 Variance .08 1.333333
Observatic 2 3 Observatic 2 3
df 1 2 Pooled Val 0,915556
F 16.66667 Hypothesiz 0
P{F<=f) on 0.170664 df 3
F Critical o 49.50016 t 0.305293 no significant difference
P(T<=t)on  (0.39005
t Critical or 2.353363
P(T<=t) tw 0.780099
t Critical tw 3.182448
F-Test: Two-Sampie for Variances -Test: Two-Sample Assuming Equal Variances ¢
2) zlvg rol (dmso) 2) zlvg rol {dmso)
Mean 2.6 43 Mean 2.5 43 ]
Variance 0.08 1.89 Variance 0.08 1.8G
Observatic 2 3 Chservatic 2 3
df 1 2 Pooled Var 1.286667
F 23.625 Hypothesiz 0
P(F<=f) on 0.143983 df 3
F Critical a 49.50016 i 1.641748 no significant difference
P(T<=t) on 0.099591
t Critical or 2.353363
P(T<=t) tw 0.198181
t Critical tw 3.182449
r-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
3) zfa ral {dmso) 3) zfa ral (dmsao)
Mean 2.333333 4.3 Mean 2.333333 4.3
Variance  1.333333 1.89 Variance  1.333333 1.89
Observatic 3 3 Observatic 3 3
df 2 2 Pooled Valr 1.611667
F 1.4175 Hypothesiz 0
P(F<=fon 0.41365 af 4 i
F Critical o $.000018 t 1.887312 no significant difference

P(T<=t) on 0.065322
t Critical or 2.131846
P{T=<=t) tw 0.130643
t Critical m 2.776451

249
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Table 8.1. cell line, inhibitor
wild type +dmso  +z-vq +z-fa dimcpbn
% 60 57 70 17 11
infected 47 42 32 2 4.3
52 37 25 2 0]

53+6.1 45+11 42224 7.0%87 8£3+£55

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances i
wild type + dmso wild type + dmso y

Mean 53 45.33333 Mean 53 45.33333

Varance 43 108.3333 Variance 43 108.3333

Observatic 3 3 Chservatic 3 3

df 2 2 Pooled Vai 75.66667

F 2.51938 Hypothesiz 0

P(F<=f) on 0.284141 df 4

F Critical o 9.000019 1 1.079443 no significant difference

P(T<=t) on 0.170567
f Critical or 2.131848
P(T<=t) w 0.341133

t Critical tw 2.776451
F-Test: Two-Sample for Variances t-Test Two-Sample Assuming Equal Variances
+dmse  +z-lvg +dmso  +z-lvg
Mean 4533333 42.33333 Mean 45.33333 42.33333
Variance 108.3333 586.3333 Variance 108.3333 586.3333
Chservatic 3 3 Observatic 3 3
df 2 2 Pooled Vai 347.3333
F 5412308 Hypothesiz 0
P(F<=fon 0.15585 df 4
F Critical ¢ 9.000018 t 0.197149 no significant difference

P(T<=t} on (0.426662
t Critical or 2.131848
P(T<=t)tw 0.853324
t Criticai tw 2.776451




appendix

Table 5.1. (cont)

F-Test Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
+ z-lvg + z-fa + z-lvg + z-fa

Mean 42.33333 7 Mean 42.33333 7

Variance 586.3333 75 Variance  586.3333 75

Observatic 3 3 Qbservatic 3 3

df 2 2 Pcoled Var 330.6687

F 7.817778 Hypothesiz 0

P{F<=f) on 0.113407 df 4

F Criticat ¢ 19.00003 t 2.37977 since t22.131 there is a

P(T<=t) on 0.038004 significant difference at P=0.1
t Critical or 2.131846
P(T<=t) tw 0.076008
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test. Two-Sample Assuming Equal Variances
+ dmso + z-fa + dmso +z4a :

Mean 45,33333 7 Mean 45.33333 7

Variance  108.3333 75 Variance  108.3333 75

Cbservatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 91.66667

F 1.444444 Hypothesiz 0

P{F<=f} on 0.409091 df 4

F Critical ¢ 19.00003 t 4.903616 since t>4.604 there is a highly

P(T<=t) on 0.004012 significant difference at P=0.01
t Critical or 2.131846
P(T<=t) tw 0.008023
t Criticad tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
+z-fa dimepbn +z-fa dimcpbn

Mean 7 53 Mean 7 5.3

Variance 75 30.37 Variance 75 30.37

Qbservatic 3 3 Observatic 3 3

df 2 2 Pooled Var  52.685

F 2.469542 Hypothesiz 0

P(F<=f) on 0.288222 df 4

£ Critical 0 198.00003 t 0.286847 no significant difference

P(T<=t)on 0.304237
t Critical or 2.131846 _lé
P(T<=t) tw 0.788474 .
t Critical tw 2.776451
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Table 5.1. cell line, inhibitor
wild type +dmso _+z-lvg +z-fa dimcpbn
5.2 37 47 3.3 3
amastigotes/PEC 5.4 3.9 2.4 0.7 2.8
3.8 2.6 1.8 1.7 0

4808 34x07 3£156 19+13 3641

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
wild type + dmso wild type + dmso

Meaan 4.8 3.4 Mean 4.8 3.4

Variance 0.76 0.48 Variance 0.76 0.48

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 0.625

F 1.85102 Hypothesiz 0

P(F<=f) on 0.362 df 4

F Critical o 19.00003 £ 2.168871 since t>2.131 there is a

P(T<=t) on 0.0479866 significant difference at P=0.1
t Critical or 2,131846
P(T<=t) tw 0.095931
t Critical tw 2.776451

F-Test: Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances
+dmso  +z-lvy +dmso  +z-lvg

Mean 3.4 2066667 Mean 3.4 2.966667

Variance 0.49 2.343333 Variance 0.49 2343333

Observatic 3 3 Observatic 3 3

df 2 2 Pooled Vai 1.416667

F 4782313 Hypothesiz 0

P(F<=f)on 0.172941 df 4

F Critical o $.000018 § 0.445898 no significant difference

P(T<=t)on 0.339372
t Critical or 2.131846
P(T<=t) tw C.678744
t Critical tw 2.776451




Table §.1. {cont)

F-Test: Two-Sample for Variances

+ z-ivg + z-fa
Mean 2.966667 1.9
Variance 2.343333 1.72
Observatic 3 3
df 2 2
F 1.362403

P(F<=f) on 0.423298
F Critical o 19.00003

F-Test: Two-Sample for Variances

+ dmso + z-fa
Mean 3.4 1.9
Variance 0.49 1.72
Cbservatic 3 3
df 2 2
F 3.510204

P{F<=f) on 0.221719
F Criticai o 9.000019

F-Test: Two-Sample for Variances
+2z4ia dimepbn

Mean 1.9 3.6
Variance 1.72 16.48
Observatic 3 3
df 2 2
F 9.581395

P(F<=f) on 0.094505
F Critical 0 9.000019

dpprendiy

t-Test, Two-Sample Assuming Equal Variances

+ Z-ivg + z-fa
Mean 2.968667 19
Variance  2.343333 1.72
Observatic 3 3
Pooled Vai 2.031667
Hypothesiz 0
df 4
1 0.918533 no significant difference

P(T<=t) on 0.205623
t Critical or 2.131846
P(T<=t) tw 0.411246
t Criticat tw 2.776451

t-Test: Two-Sample Assuming Equal Variances

+ dmso + z-fa
Mean 3.4 1.9
Variance 0.49 1.72
Observatic 3 3
Pooled Val 1.105
Hypothesiz G
df 4
H 1.747655 no significant difference

P{T<=t} on 0.077721
t Critical or 2.131848
P{T=<=t) tw 0.155441
t Criticat tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
+ z-fa dimcpbn

Mean 1.9 36

Variance 1.72 16.48

Observatic 3 3

Pooled Vai g.1

Hypothesiz 0

df 4

t 0.690198 no significant difference

P(T<=t) on 0.264014
t Critical or 2.131848
P(T<=t) tw 0.528028
t Critical tw 2.776451




uppendiv

Tabie 5.2. wt lesion null lesion wtaxam null axam
12 26 44 51 g3
% MTT 121 16.4 a1 33 52 57
reduction 12 2 14 44 30
11 28
12 £ 0.1 2315 Hix 21

F-Test: Two-Sample for Variances
wt lesion null lesion

Meart 12.03333 16.8
Variance 0.003333 1.12
Observatic 3 3
df 2 2
F 336

P(F<=f) on 0.002887
F Cntical ¢ 9.00001¢

F-Test: Two-Sample for Variances
wt axam null axam

Mean 23 50.71429

Variance 213.3333 468.8048

Observatic 7 7

df 5] 6

F 2.202679

P{F<=f) cn 0.179644

F Critical 0 3.054552

F-Test. Two-Sample for Variances
wt lesion wt axam

Mean 12.03333 23
Varance 0.003333 213.3333
Qbservatic 3 7
df 2 3
F 64000

P{F<=f) on 1.56E-05
= Critical 0 9.325504

F-Test. Two-Sample for Variances
null iesion nuii axam

Mean 16.8 50.71429
Variance 1.12 469.8048
Observatic 3 7
df 2 B
F 419.5578

P(F<=flon 0.00238
F Critical ¢ 9.325504

17 211

t-Test: Two-Sample Assuming Equal Variances
wt lesion null lesion

Mean 12.02333 16.8

Variance  0.003333 1.12

Observatic 3 3

Pooled Va 0.£61667

Hypothesiz 0

df 4

t 7.789706 since t>4.604 lhere is a highly

P(T<=t) an 0.000732 significart at P = 0.01
t Critical or 2.131848
P(T<st) tw 0.001465
t Critical . 2.776451

t-Test: Two-Sampie Assuming Equal Variances
wtaxam nulf axam

Mean 23 50.71429

Varance 213.3333 469.9048

Observatic 7 7

Pooled Va 341.619

Hypothesi: a

df 12

t 2.805218 since t>2.68 there is a highiy

P{T<=t) on 0.00794£ significant difference at P=0.0Z
t Critical or 1.782287
P{T<=t) tw 0.0158¢
t Critical tw 2.176813

t-Test Two-Sample Assuming Equal Variances
wit lesion wt axam

Mean 12.03333 23

Variance 0.003333 213.3333

Cbservatic 3 7

Pgoled Va 160.0008

Hypothesi: 0

df 8

t 1.256386 no significant diference

P(T<=t) on 0.122211
t Critical or 1.859548
P(T<=t) tw 0.244421
t Critical tw 2.306008

tTest Two-Sample Assuming Equal Variances
null lesion null axam

Mean 16.8 50.71429

Variance 1.12 469.8048

QObservatic 3 7

Pooled Va 352.7086

Hypothesi: 0

df 8

£ 2.816883 since t>2.306 thare is a
P(T<=ton 0.0154 significant difference at P=0.05

t Critical or 1.859548
PT<={) tw 0.030789
t Critical ta 2.306006

254




Tabie 3.1.

F-Test: Two-Sample for Variances

%
cells

intact

1) log wt  2) stat wt

Mean 45
Variance 52
Obssrvatic 3
df 2
F 1.567692

P(F<=f) on 0.300977
F Critical 0 9.000019

F-Test. Two-Sampie for Variances

54
81
3
2

2) stat wt 3) stat nult

Mean 54
Variance 81
Cbservatic 3
df 2
F 1.109689

P(F<=f) an 0.474026
F Critical o 19.00003

F-Test Two-Sample for Variances

19
73
3
2

1) log wt 3) stat nuli

Mean 45
Variance 52
Observatic 3
df 2
F 1.403846
P(F<=f) on 0.416

F Critical o 9.000019

19
73
3
2

lo
43
39
53

wt

45+£7.0

upprendix

cell line
2) stat wt 3) stat null
45 10
54 20
63 27
584+93 19184

t-Test: Two-Sample Assuming Equal Variances
1) log wt  2) stat wi

Mean 45 54

Variance 52 21

Observatic 3 3

Pocled Vai 66.5

Hypothesiz 0

df 4

t 1.351691 no significant difference

P{T<={) on 0.123828
t Critical or 2.1318486
P(T==t) tw 0.247855
t Criticai tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
2} stat wt 3) stat null

Mean 54 19

Variance 81 73

Observatic 3 3

Pooled Val 77

Hypothesiz a

df 4

t 4.885042 since t>4.604 there is a highly

P(T<=t} on 0.004066 significant difference at P=0.01

t Critical or 2.131846
P(T<=t) tw 0.008131
t Critical tw 2.776451

t-Test: Two-Sample Assuming Equal Variances
1) log wt 3) stat null

Mean 45 19

Variance 52 73

Observatic 3 3

Pooled Va 62.5

Hypothesiz 0

df 4

t 4.027903 since t>3.747 there is a
P(T<=t)en 0.00788 significant difference at P=0.02

t Critical or 2.,131846
P(T<=t} tw 0.015761
t Critical tw 2.776451
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