Biochemical Characterization of Toxoplasma gondii
Type Il NADH Dehydrogenases - Physiological
Impact on Mitochondrial Functions

and Energy Metabolism

vorgelegt von
San San Lin
aus

Hong Kong

zur Erlangung des Doktorgrades
der Biologischen Fakultéat
der Georg-August-Universitat Gottingen

2009



Biochemical Characterization of Toxoplasma gondii
Type Il NADH Dehydrogenases - Physiological
Impact on Mitochondrial Functions

and Energy Metabolism

submitted by
San San Lin
from

Hong Kong

for the Degree of Doctor of Philosophy
through the Faculty of Biology

at The Georg-August-Universitat Gottingen

2009



D7

Referent: Prof. Dr. Uwe GroB
Korreferent: Prof. Dr. Gerhard Braus
Tag der mindlichen Prufung:



That is the essence of science: ask an impertosgtion, and you are on the way to
a pertinent answer.

— Jacob Bronowski



Page i

Declaration

| declare that this thesis represents my own wexkept where due acknowledgement
is made, and that it has not been previously ireduid a thesis, dissertation or report
submitted to this University or to any other ingiibn for a degree, diploma or other

gualification.

San San Lin

9" December, 2009, Géttingen



Page ii

Acknowledgements

| would like to thank all of those who have coniriiéd to this study.

Especially | would like to express my deepest grdé to my direct supervisor, Dr.
Wolfgang Bohne, for his supervision, support andoemagement throughout the
years. His invaluable guidance, advice and idedsemay thesis possible here. Thank

you very much for sharing ideas and all the inggiliscussions.

| would like to thank Prof. Uwe Gfbfor accepting me as a PhD candidate and his
support during my study. Thank you for givhg me tpportunity to attend a variety

of conferences. Also thank you for being the fiegeree of my thesis.

| would also like to thank Prof. Gerhard Braus b@ing the second referee of my
thesis. Many thanks to Prof. Botho Bowien, Probd Reussner, Prof. Wilfried Kramer

and Prof. Jorg Stilke for being my examination cotte® members.

| specially thank Croucher Foundation for the ficiah support that enables me to

pursuit my PhD study abroad.

| thank Dr. Stefan Kerscher for his teaching andicaefor the enzymatic analyses.
Many thanks to Karen, Marialice, Diana, Nicole, Aead Malik, Albert, Javid, Britta,
Anna, Kristin, Oliver and Friedrich for their suppdelps and all the good times over
the past years. | also want to thank Prof. Carkteter, Dr. Lugert Raimond for their
support, and all the members of the Institute otildal Microbiology for making such

a nice working atmosphere.

| thank Karen and Rebecca for our friendship, ardbking honest and real. Many
thanks to my incredible family members for theirvdp support, trust and

understanding. You are always on my side.



Table of Contents

Declaration
Acknowledgements
Tables of Contents
List of Figures

List of Tables

List of Abbreviations

CHAPTER | Introduction

1.1 Toxoplasma gondii as a Genetic Model System
1.1.1 The Establishment of Transgenic Pamasite
1.1.2 The Establishment Bbxoplasma Mutants
1.2 T. gondii as a Model System for Apicomplexan Drug Discovery
1.2.1 The Identification of Drug Targets
1.2.2 The Validation of Drug Targets
1.3 Apicomplexan Organelles
1.3.1 Apicoplast and Mitochondrion as prongsidrug Targets
1.3.2 The Apicomplexan Mitochondrial Respirgt@hain
1.3.2.1 Oxidative Phosphorylation
1.3.3 Type Il NADH Dehydrogenases
1.3.3.1 Structural Characteristics of NDH2s
1.3.3.2 Membrane Interaction of NDH2s
1.3.4 Electrophysiology of Mitochondrial Memabe Potential
1.4 Objectives of the Study

CHAPTER Il Materials and Methods

2.1 Materials

2.1.1 Cell Cultures
2.1.1.17T. gondii Strains
2.1.1.2 Mammalian Cell Lines
2.1.1.3Escherichia coli Strains
2.1.1.4Yarrowia lipolytica Strains

2.1.2 Plasmids

2.1.3 Cosmids

2.1.4 Oligonucleotides

2.1.5 Antibodies

Page iii

iii
vii
viii

25

25

25

26

26
26

27

28

28

31



Page iv

2.1.6 Enzymes 31
2.1.7 Kits 32
2.1.8 Molecular Weight Markers 32
2.1.9 Antibiotics 32
2.1.10Fluorescent Probes 33
2.1.11Chemicals for Substrates Complementation 33
2.1.12Standard Media and Buffers 34
2.1.12.1 Mammalian Culture Media arehfents 34
2.1.12.2 Bacterial Culture Media arehBents 35
2.1.12.3 Standard Buffers 35
2.1.13Chemicals 37
2.1.14Apparatus 38
2.2 Methods 39
2.2.1 Bioinformatics 39
2.2.2 Plasmid Construction 39
2.2.2.1 Plasmid Construction Yotipolytica Transformation 39
2.2.2.2 Plasmid Construction for S@KEP Complementation 39
2.2.2.3 Gel Purification 40
2.2.2.4 PCR Cloning 40
2.2.2.5 Restriction Endonuclease Oiigasof DNA 40
2.2.2.6 Alkaline Phosphatase Reaction 41
2.2.2.7 Ligation of DNA 41
2.2.2.8 Preparation of chemically CeteptE. coli Cells 41
2.2.2.9 Cell Transformation 41
2.2.2.1@lasmid Preparation 42
2.2.2.10.1 Screening Clones 42
2.2.2.10.2 Determination of DNA Concentrati 42
2.2.2.10.3 DNA Precipitation 42
2.2.3 Cosmid Recombineering 42
2.2.3.1 Preparation of Electrocompietetis 42
2.2.3.2 Electroporation of Cosmid DNA 43
2.2.3.3 Preparation of SW103 contgr@osmid 43
2.2.3.4 Cosmid Modification 43
2.2.3.5 Cosmid DNA Precipitation 44
2.2.4 Analysis of Gene Expression 44
2.2.4.1 Isolation of Genomic DNA 44
2.2.4.2 Total RNA Isolation 44
2.2.4.3 Reverse Transcription-Polyrser@hain Reaction (RT-PCR) 45
2.2.4.3.1 Synthesis of cDNA 45
2.2.4.3.2 Polymerase Chain Reaction (PCR) 5 4

2.2.4.3.3 Real-time PCR 45



Page v

2.2.4.3.4 Fusion-PCR 46
2.2.5 Cell Cultures 46
2.2.5.1 Cultivation of Human Foreskibroblasts 46
2.2.5.2Invitro Cultivation of T. gondii 46
2.2.5.3Invitro Differentiation of Tachyzoites to Bradyzoites 47
2.2.5.4 Transfection ©f gondii a7
2.2.5.5 Generation of Conditional Kk@ut Mutants 47
2.2.5.6 Cloning of Transgenic Lines 8 4
2.2.5.7 CryopreservationTofgondii 48
2.2.5.8 Immunofluorescence Assay 49
2.2.5.9 Detection afyn,in T. gondii 49
2.2.5.10 Determination of IntracellufarP level 49
2.2.5.11 Time-lapse Microscopy 49
2.2.5.12 Drug Treatment 49
2.2.5.13 Cell Count 50
2.2.5.14 Statistical Method 50
2.2.6 Analysis of Protein Expression 50
2.2.6.1 Growth d. coli Expression Cultures 50
2.2.6.2 Growth of. lipolytica Cultures 50
2.2.6.3 Protein Extraction 50
2.2.6.4 Western Blot Analysis 51
2.2.6.4.1 QuantificatidnRyotein Concentration 51
2.2.6.4.2 Sodium Dodeaylghate-Polyacrylamide Gel
Electropbsis (SDS-PAGE) 51
2.2.6.4.3 ElectroblottiogSDS-PAGE 51
2.2.6.4.4 Blocking, Wagihind Antibody Incubation 51
2.2.6.4.5 Affinity Puriition of Polyclonal Antibodies 52
2.2.6.4.6 Protein Deteatio 52
2.2.6.5 Kinetic Measurements 52
CHAPTER Il Results

3.1 Biochemical Characterization of TgNDH2s asd@ftargets for HDQ 53

3.2 Physiological Consequences of TJNDH2s Inkohiin T. gondii 54
3.3 Functional Analysis of TJNDH2s 55
3.3.1 Elucidating the Orientations of InMatochondrial Membrane-

associated TgNDH2s 55
3.3.1.1 TgNDH2-Il is an Internal Enzgm 55
3.3.1.2 TgNDH2-I is also an Internal Enzyme 56

3.3.2 Phenotypic Analysis of TJNDH2s Dé¢jple Mutants 61



3.3.2.1 Conditional TgNDH2-1 and TgNDH2-1I Kelo-out
Mutants achieved by a cosmid-based Approach

3.3.2.2 TgNDH2-I and TgNDH2-1I are non-essaintdr T. gondii
Replication

3.3.2.3 TgNDH2-I or TJNDH2-1I Depletion doestraffect mMRNA
of the intact Isoform

3.3.2.4 TgNDH2-I or TJNDH2-II Depletion doestraffect Extra-
cellular Viability

3.3.2.5 TgNDH2-1 Depletion Mutant is less sgwns to HDQ Treat-
ment

3.3.2.6 TgNDH2-I or TJNDH2-II Depletion doestraffectAyp,

3.3.2.7 Bradyzoite Differentiation is not infenced iMM\TgNDH2-|
andATgNDH2-II Parasites

CHAPTER IV Discussion

4.1 Both Isoforms of TgNDH2s are Internal Enzymes

4.2 TgNDH2-1 is a Drug Target for HDQ

4.3 TgNDH2-1 and TgNDH2-II are non-essential far@Rcation Growth
4.4 A proposed Model explaining the Importanc@ @NDH2s inT. gondii

Summary
References
Appendix |
Appendix Il
Publications
Curriculum Vitae

Page vi

61

64

64

67

67
70

70

73
75
79
81

84
86
98
106
116
118



CHAPTER |

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

CHAPTER IlI

Figure 3.1

Page vii

List of Figures

Introduction
Genetic manipulation T gondii 5
Organelles and subcellular structuréls gbndii 13
Model of the apicomplexan mitochondrépiratory chain 18
Eukaryotic type Il NADH dehydrogenases 2 2

Results

TgNDH2-1l is oriented internally at inner mitocharel membr-58
ane

Figure 3.2 TgNDH2-I is oriented internally at inmeitochondrial membran&9
Figure 3.3 TgNDH2-I is not an external enzyme 60
Figure 3.4 Cosmid modification by recombineering 62
Figure 3.5 Generation of conditional knock-out nmisafor TgNDH2s 63
Figure 3.6 TgNDH2-I and TgNDH2-1I depletion mutanisplay unaltered
growth rates 65
Figure 3.7 Quantitative RT-PCR for assaying mRNaxscripts of knoclout
mutants 66
Figure 3.8 TgNDH2-I and TgNDH2-1I depletion mutasteow unaltered
extracellular viability 68
Figure 3.9 TgNDH2-I depletion is less sensitivéidQ 69
Figure 3.10 TgNDH2-1 and TgNDH2-II depletion mutaishow normahy,,, 71
Figure 3.11 Depletion of either TgNDH2-1 or TgNDHIZdoes not affect
bradyzoite differentiation 72
CHAPTER IV Discussion
Figure 4.1 A proposed model depicting the imporgaoictype || NADH 83

dehydrogenases in the energy metabolisinh gbndii



List of Tables

Page viii

CHAPTER | Introduction
Table 1.1  Applications of the reporter gene$.igondii 3
Table 1.2  Novel drug targetsfhasmodium andToxoplasma 8
Table 1.3  Functions of the unique organell€s. igondii 13
Table 1.4  Properties of the dehydrogenasdsgondii 17
Table 1.5  Structural and functional propertiethe apicomplexan 19
respiratory complexes
CHAPTER Il Materials and Methods
Table 2.1  Oligonucleotides used for cosmid renioeering 28
Table 2.2  Oligonucleotides used for real-timeérPC 29
Table 2.3  Oligonucleotides used for split GFRptementation 29
Table 2.4  Antibodies used for Western blots (VEBYl immunofluorescence
assays (IFA) 31
Table 2.5  Working concentration used for setecti 32
Table 2.6~ Working concentration used for stagniym in T. gondii 33
Table 2.7  Working concentration used for sulstcamplementation 33



ADP
AMP
AP
APS
ATc
ATP
ATPase
BAG1
BCIP
BLAST
BLE
BSA
CAT
cDNA
CoA
CoQ
CoQH;
Cox
Cytc
CytoC
Cy2
Cy3
DBQ
ddFKBP
ddH,O
DHAP
DHFR-TS
DHOD
DMSO
DNA
dNTP
DPI
DTT
DV

EA
ECL
ENO
ETC
FAD

List of Abbreviations

Adenosine

Ampicillin selection cassette

Alkaline phosphatase

Ammounium peroxodisulfate
Anhydrotetracycline

Adenosine 5’ triphosphate

ATP synthase

Bradyzoite antigen 1
5-Bromo-4-chloro-3-indolylphosphate
Basic Local Alignment Search Tool
Phleomycin resistance gene

Bovine serum albumin
Chloramphenicol acetyl transferase
Complementary DNA

Coenzyme A

Ubiquinone

Ubiquinol (reduced CoQ)
Cytochrome c oxidase

Cytochromec

Putative cytochrome ¢

Carbocyanin

Incocarbocyanin

n-Decylubiquinone
Ligand-regulatable FKBP destabilization domain
Double distilled water
Dihydroxyacetone phosphate
Dihydrogolate reductase-thymidylate synthase
Cihydroorotate dehydrogenase
Dimethyl sulfoxide

Deoxyribonucleic acid

Dinucleotide phophate

Diphenylene iodonium chloride
1,4-Dithiothreit

Aspartic acid and serine

Glutamic acid and Alanine

Enhanced chemiluminescent detection
Enolase

Electron transport chain

Flavin adenine dinucleotide

Page ix



FADH,
FAS
FCS
Fe-S
Fig
FITC
FL
FMN
FNR

GENT
GFP
GRA
GSH
G3P
G3PDH
h

HA
HDQ
HFF
HRP
HSP
HXGPRT
|C‘50
IFA
19G
IMPDH
IPTG
kb
kDa
LacZ
LB

Reduced FAD

fatty acid synthesis

Fetal calf serum

Iron-sulfur

Figure

Fluorescein isothiocyanate
Full-length

Flavin mononucleotide
Feredoxin-NADP reductase
Force of gravity

Gentamycin selection cassette
Green fluorescence protein
Dense-granule proteins

Glutathione

Glycerol-3-phosphate
Glycerol-3-phosphate dehydrogenase
Hour/Hours

Hemagglutinin
1-Hydroxy-2-dodecyl-4(1H)quinolone
Human foreskin fibroblast
Horseradish peroxidase

Heat shock protein

Hypoxanthine- xanthine-guanine phosphoribosyl tienase
Inhibitory concentration 50%
Immunoflurescence assay
Immunoglobulin G

Inosine 5-monophosphate-dehydrogenase
Isopropyl beta-D-thiogalactopyrano-side
Kilo base pair

Kilo dalton

B-galactosidase

Luria Broth

Molar

Microneme protein

Milliliter

Malate:ubiquinone oxidoreductase
Minute

Milligram

Micro Faraday

Microgram

Microliter

Page x



Page xi

pum Micrometer

MRNA Messenger RNA

MT Microtubules

MtDNA Mitochondrial DNA

MyoA Myosin A

NAD"* Nicotinamide adenine dinucletide
NADH Reduced NAD

NADPH Reduced nicotinamide adenine dinucletide and praisph
NAD(P)H Both NADH and NADPH

NBT Nitrotetrazolium blue chloride

NDH2 Type Il NADH dehydrogenase
NDH2-I| NDH2 isoform |

NDH2-I NDH2 isoform I

NUAM Yarrowia mitochondrial complex | targeting sequence
OAA Oxaloacetate

OD Optical density

ORFs Open reading frames

p P value

PAGE Polyacrylamide gel electrophoresis
PBS Phosphate buffered saline

PCR Polymerase chain reaction

Pf P. falciparum

PFA Paraformaldehyde

PKG Cyclic GMP-dependent protein kinase
Q Quinone

QS Glutamine and Serine

RFP Red fluorescence protein

RNA Ribonucleic acid

RNAI RNA interference

ROP Rhoptry protein

rom Revolutions per minute

RT Room temperature

RT-PCR Reverse transcription-polymerase chain reaction
S Second

SC3 Succinyl-CoA synthetase beta subunit
SDS Sodium dodecyl sulphate

Shld1 Shield-1

TATI Transactivator

TC Tissue Culture

TCA Tricarboxylic acid cycle

tet Tetracycline



TetO
TetTA
Tg
TIM
Tm
TMPD
TOM
TUB1

UMP
UPRT
uv

<

WB
X-Gal
YFP

Page xii

Tet operator

Tet-transactivator protein

T. gondii

Translocase of the inner membrane complexes
Annealing temperature
Tetramethyl-phenylene-diamine

Translocase of the outer membrane complexes
a-tubulin

Unit

5’-Monophosphate

Uracil phosphoribosyltransferase

Ultraviolet

Voltage

Volume

Weight

Western blot
5-Bromo-4-Chloro-3-Indoly3-D-Galactopyranoside
Yellow fluorescence protein

Mitochondrial membrane potential



Page 1

CHAPTER |

Introduction

1.1 Toxoplasma gondii as a Genetic Model System

Toxoplasma gondii is a very successful protozoan parasite, infectmge than one
third of the world’s population. Since its discoyen 1908 (Nicolle and Manceaux,
1908; Splendore, 1908), it has been highly impdidain the pathogenesis of
congenital neurological defects in developing fetusnd encephalitis among the
immunocompromised individuals (Luft and Remingtd®892; Montoya and R0sso,
2005). Toxoplasma belongs to the phylum Apicomplexa including otherportant
human and veterinary pathogeRsasmodium, the causative agent of malargsbesia,
Eimeria andCryptosporidium, the enteric pathogens; aNdospora andTheileria, the

systemic veterinary pathogens (Kim and Weiss, 2004)

Among these apicomplexan parasitBsoplasma is much easier to handle for genetic
manipulation. Experimental techniques for both sz forward and reverse genetics
have been well established over the past decades dKd Weiss, 2004). Moreover,
Toxoplasma can be cultivated botim vitro and in mouse animal models without great
difficulty. Thereby, it stands out as a very usdbdl for studying the cell biology of
the apicomplexan parasites. Herein, the detailetetge manipulation approaches

involved in the establishment of transgenic paeasiind mutants will be delineated.

1.1.1 The Establishment of Transgenic Parasites

In order to successfully manipulate thexoplasma genome, several criteria need to
take into consideration, including the efficiendyDINA transfection, the suitability of

the selectable markers, and the relevance of thraqers used for the constructs.

T. gondii was the first apicomplexan parasite to be succigsfansfected (Donald
and Roos, 1993; Kiret al., 1993; Soldati and Boothroyd, 1993). The remdskhigh
transfection efficiency allow$. gondii to be developed as an attractive tool for gene

expression. Since then, an increasing number efrdlegous reporter transgenes has
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been generated. These reporters include greeneflcent protein (GFP), epitope
tagging, and enzymes such as chloramphenicol atetgkferase (CAT) ang@-
galactosidase (LacZ) (Table 1.1; Gubbetsal., 2007). The expansion of this
application onT. gondii has advanced our knowledge in understanding thespa's

intracellular development, protein trafficking amdyanellar targeting.

Beyond the transfection efficiency, the suitabilifythe selectable markers is another
key consideration. Typically a plasmid DNA harbong expression cassettes. The
first one encodes the target gene and the secoadsowith the selectable marker
(Striepen and Soldati, 2007). After electroporatitre plasmid DNA is introduced
into the parasites, mainly tachyzoites, and theresgion of the selectable marker
subsequently enables the transformants to be edleét wide variety of selection
markers is available td. gondii, such as CAT, dihydrogolate reductase-thymidylate
synthase (DHFR-TS), and hypoxanthine- xanthine-mnegaphosphoribosyl transferase
(HXGPRT). The drug selection is very specific fbe tparasites, normally without
causing substantial toxicity to the host cells. étenthe establishment of a stable

transgenic line is reasonably successful and efftan Toxoplasma.

Transcription in Toxoplasma is monocistronic in nature and the transcription
efficiency depends on the promoter elements thatchosely in the proximity to the
transcription start site (Striepen and Soldati,ZJ00he choice of a suitable promoter
for the expression vector is very critical sincaffiects the timing and the expression
of the transgenes (Gubbaeisal., 2007). Despite these concerns, it is generaltyan
obstacle to transgenes establishment. Both cotmstitand regulatable promoters were
designed forToxoplasma expression vector, which may be different in traipsion
strength and can be stage-specific. The commonrdyg uenstitutive promoters are
derived from a-tubulin (TUB1), DHFR, several dense-granule prte(GRAS),
rhoptry protein 1 (ROP1), and microneme proteirV2(Q2). The GRAs and MIC2
promoters are the strongest promoters and the DptBRoter is the weakest one. All
these promoters are specific for the tachyzoitgestahile the bradyzoite antigen 1
(BAG1), heat shock protein 70 (HSP70) and enola@eNXD2) promoters are for the
bradyzoites. For the regulatable promoter, thetgtrycline (tet) repressor system is
the most effective system, also known as ‘tet of6del (Meissnegt al., 2001). In
this system, the promoter is activated once theopetator (TetO) is occupied by the
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Tet-transactivator protein (TetTA). When anhydn@eycline (ATc) is present, TetTA
is displaced from the TetO region. Consequentlg, ghomoter is inactivated and in
turn leads to the gene suppression (Fig. 1.1A; $teiset al., 2007).

Table 1.1 Applications of the reporter gene3.igondii
(summarized from Gubbedsal., 2007)

Reporter gene Examples Applications
Enzyme CAT Enzymatic assay, colorimetric assay or
, bioluminescent assay for drug screening and
luciferase .
growth comparison
LacZ _ . . ,
Bioluminescent imaging
Epitope tagging HA Subcellular localisation
Myc Protein processing
FLAG Immunoprecipitation
Fluorescence GFP Microscopic analysis
YFP Organelle biogenesis
RFP Parasite trafficking
Growth assay
Counter-selection by flow cytometry
Reporters for YFP-YFP Infection process
animal models luciferase  Real-time imaging

Toxoplasmosis and immunological studies

Bioluminescent imaging and two-photon
microscopy
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1.1.2 The Establishment off oxoplasma Mutants

To evaluate the importance of a target gene, ailelétahenotypic analysis on its
knock-out or knock-down depletion mutant can previdformative data regarding its
specific functional roles. This section will brigfdescribe the approaches for the

establishment of mutants i gondii.

Gene knock-out approach Thgondii is based on homologous recombination between
the target locus in the genome and the modifiedidgaresented in the transfected
plasmid. Homologous recombination can be eitheglsiror double (Fig 1.1B;
Striepen and Soldati, 2007). Althoughgondii is haploid organism, the generation of
knock-out mutants is still not an easy task duethte high frequency of non-
homologous recombination. One improved strategyoisncrease the homologous
regions (Donald and Roos, 1994) in order to in@dhe frequency of homologous
recombination. An alternative approach is to introgl a negative selection marker
that can be used to counter-select against thehaorelogous integration (Mazumder
et al., 2006). The latest approach is to use a mutamtsjta strain deficient in end-
joining repair mechanisms for the non-homologousomabination, which can

efficiently achieve gene replacement (Febal., 2009; Huynh and Carruthers, 2009).

In case of studying an essential gené.igondii, a ‘tet-off’ based conditional knock-
out approach is commonly used. First, a parentedsitea line is stably transfected
with an additional copy of the target gene, whien be suppressed by a tetracycline
repressor system (Meissretral., 2002; se&ection 1.1.). Secondly, the endogenous
target gene is knocked out in these parasites. Aesut, the exogenous copy of the
target gene in knock-out mutant can be suppresséidei presence of ATc. Another
approach is using site-specific recombination topgerally knock out the target gene
by using inducible recombinase such as Cre or Rpijch was reported in
Plasmodium (Carvalho et al., 2004). Although the site-specific system was
successfully established ii. gondii (Brecht et al., 1999), a ‘tet-off based

recombination system has not yet established (Merssal., 2007).
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Figure 1.1 Genetic manipulation Th gondii. (A) The ‘tet off’ system. It consists of a
cascade of Tet-Operator (TetO) DNA repeats andréesactivator protein (TetTA),
a fusion ofE. coli Tet-repressor and. gondii transactivating domain. In the absence
of anhydrotetracycline (ATc), the TetTA is boundhe TetO repeat that activates the
promoter and in turn leads to the gene expresdiorthe presence of ATc, the
promoter is inactivated due to the displacemenfTefTA from the TetO repeats
(modified from Meissneet al., 2007). (B) Schematic diagram describing geneckno
out approach through double (left panel) or singdenologous recombination (right
panel). The transfected plasmid (linear plasmideftnpanel; circular plasmid on right
panel) contains a selection cassette CAT and thelogous regions (white boxes) or
even a negative selection marker such as YFP. Asok@r event leads to the
disruption of the endogenous gene locus (adapbed Striepen and Soldati, 2007).
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For gene knock-down, recent studies have adaptdjamd-regulatable FKBP
destabilization domain (ddFKBP) to control the pimt expression both in
Plasmodium and Toxoplasma (Armstrong and Goldberg, 2007; Herm-Gadiz al.,
2007). This system is modified from the originalding (Banaszynsket al., 2006)
that an engineered human FKBP12 was able to beliatabby the binding of a
synthetic ligand, called Shield-1 (Shid1). When BP is fused a target protein, the
destabilization domain causes the degradation ef ftfsion protein. But in the
presence of Shid-1, this domain is stabilized s the fusion protein is able to be
expressed. Accordingly, the parasites expressingKB&-MyoA fusion were
successfully and reversibly regulated in Shid1-ddeet manner within few hours
(Herm-Gotzet al., 2007). Such a rapid protein regulation will lbei@pressive tool in
studying the protein functions in apicomplexan pres.

Another feasible method for gene knock-down isapplication of RNA interference
(RNAI). It has been predicted that thH®@xoplasma but not Plasmodium genome
encodes the necessary proteins for the RNAI pathiudly et al., 2004). Previous
works also have demonstrated that by using hamraéntileozymes and dsRNA could
significantly suppress the target mRNA (Al-Anoutida Ananvoranich, 2002; Al-
Anouti et al., 2003). However, the application of RNAI T gondii is still uncertain
since several groups failed to knock down theiggtigenes by using this approach
(Gubbelset al., 2007). Since RNAI technique is around the coraed has been
successfully applied to different organisms, it agms a considerable alternative for

gene knock-down iif. gondii in the future.

1.2T. gondii as a Model System for Apicomplexan Drug Discovery

In the past decades, the widespread of drug resssthas emerged as a major
impediment to the treatment of parasitic diseabegarticular, malaria resistance to
chloroquine has been increasingly reported throughmny endemic regions (Carlton
et al., 2008; Fidocket al., 2008). Therefore, the development of a novel point
antiparasitic drug is essential. Several emergiogehdrug targets, including the
apicoplast metabolic pathways, the mitochondrialyeres, and the histones involved
in epigenetic regulation, sound promising and etiva (Table 1.2; Donald, 2007,
Fidock et al., 2008). However, it should be noted that the menqilin Apicomplexa
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have their diversity of metabolism. These drugetsgnay not be applicable to all the
members. Therefore, the validation of drug targetnother important topic of drug
discovery. Moreover, it should be emphasized thag desistance can only partly
explain the chemotherapeutic failure. Under thiewnstance, drug validation will
provide critical information for improving the drwfficacy. Although drug resistance
currently seems not a major clinical issue fortileatment ofT. gondii (McFaddenret
al., 2001),T. gondii has been implicated in the discovery of antipacadtiigs as well
as used for the validation of drug targets (Donall)7). Some examples of using
Toxoplasma as a model for drug identification and target \atiion will be delineated

in the following section.

1.2.1 The Identification of Drug Targets

Previous studies have observed that the antibistich as tetracycline, macrolides
and clindamycin could efficiently protect againsveral parasitic infections (Luft and
Remington, 1988; Rooet al., 1999; McFaddert al., 2001). These antibiotics are
known to inhibit bacterial translation, suggestitgt the protozoan parasites may
possess similar prokaryotic translation machingpecifically, one typical example is
the large subunit antibiotics including macrolidge®l lincosamides, which targets the
large subunit of the ribosome in prokaryotes. Whexoplasma andPlasmodium both
were treated with these antibiotics, a delayedicafibn was consistently observed
(Divo et al., 1985; Ficherat al., 1995). Initially, it was thought that the antibcs
targeted at mitochondrial translation. Until thendfication of the non-photosynthetic
plastid-like sequence froflasmodium in late 1990s, it partly explains the inhibitory
effects of these prokaryotic antibiotics. Howeube clear evidence provided actually
was obtained ifoxoplasma indicating that the apicoplast is indeed the tacjehese
antibiotics. First, DNA hybridization analysis prdes direct evidence that the plastid
genome was selectively lost in response to clindamtyeatment (Fichera and Roos,
1997). Secondly, experiment results showed thatcttesolic and mitochondrial
protein syntheses were not affected by these aifitibi (Beckerset al., 1995).
Moreover, the plastid DNA gyrases were identifisdtlae targets for ciprofloxacin, a
fluoroquinolone compound (Ficheehal., 1995). Taken together, gondii has been
used as an important model to identify that thec@past is the target organelle
(Beckerset al., 1995; Fichera and Roos, 1997).
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Table 1.2 Novel drug targets Rlasmodium and Toxoplasma
(summarized from Donald, 2007; Fidoetkal., 2008)

Targets

Specific pathways involved

Apicoplastic metabolism

1-deoxy-D-xylulose 5-phosphate reductase
Lipid metabolism
Protein synthesis and transcription

Cytoskeletal proteins

Tubulin polymerization

Cytosolic pathways

Choline synthesis
Shikimate pathway
Thioredoxin reductase
Vitamine B6 synthesis

Epigenetic regulation

Histone deacetylase and Hratgferase

Mitochondrial enzymes

Dihydroorotate dehydrogenase
Electron transport enzyme complexes

Proteases

Subtilisin-like proteases
Cysteine/aspartic proteases

Protein kinases
(Doeriget al., 2008)

Cyclin-dependent kinases
Caesein kinase 1

Transporters

V-type H+- ATPase
Folate-biopterin transporters
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SinceT. gondii is amenable to genetic manipulation, using comptdation strategy
is another method for target validation. An earliork has shown that a
Cryptosporidium library could complement. gondii HXGPRT-deficient mutant in
the presence of mycophenolic acid, an inosine Seapbosphate-dehydrogenase
(IMPDH) inhibitor that prevents purine salvage pedly. This finding identified that
the IMPDH (Strieperet al., 2002) is as a promising target agai@syptosporidium
parvum. Due to the difficulty ofin vitro propagation ofCryptosporidium, T. gondii is

a useful tool for studying the nucleotide metabuolisf C. parvum (Striepenet al.,
2004). Moreover, Toxoplasma has been used as a model for understanding
apicomplexan lipid metabolism and cytoskeletal #echure. Chemotherapeutic
targets of the fatty acid synthesis (FAS) Il pativaad tubulin polymerization have
been validated ifi. gondii (Donald, 2007).

1.2.2. The Validation of Drug Targets

The mitochondrial complex Il inhibitor atovaquoiseone of the effective antimalaria
drugs. However, the target of atovaquone was ifledtwith the help offoxoplasma.
Atovaquone belongs to the hydroxynapthoquinone @amg@, which is structurally
similar to ubiquinone (CoQ), the electron carrierthe respiratory chain. CoQ can
occupy cytochrome hocomoplex at @ site to accept electrons and ag §lte to
donate electrons. Although biochemical analysis Alasmodium suggests that
atovaquone interferes with ubiquinone by target@hghe cytochrome hccomplex
(Fry and Pudney, 1992), the identification of th®vaquone binding site was
eventually validated ifoxoplasma (McFadderet al., 2000). Two mutation sites were
identified in the Q domain of the cytochrome b gene from the atovaguesistant
mutant (Pfefferkorret al., 1993), suggesting that either of these two narnatwithin
the Q, domain is the key for the drug resistance. Adddity, parasites resistant to
another mitochondrial inhibitor decoquinate weresesged with a similar mutation
within the @ domain (McFadden and Boothroyd, 1999), indicatimat atovaquone
and decoquinate both inhibit the activity of Qomain. Later on, the atovaquone-
resistantPlasmodium was analysed revealing that the mutated residaesistently
were restricted to the ddomain.In vitro drug resistant parasites have become an
important tool to identify and validate drug taget
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Besides,T. gondii was used as a model to validate the drug targebmipound 1 in
Eimeria (Donald et al., 2002; Donald and Lieberator, 2002) regardingoitdogical
similarity. However, the life cycle dimeria cannot be completad vitro, direct drug
validation in Eimeria is very limited. T. gondii was firstly used for heterologous
expression of th&imeria cGMP-dependent protein kinase (PKG) that wasdaibebe
expressed in other systems includiagcoli and yeast (Gurnett al., 2002). When
Eimeria PKG was transfected into PKG-resistance mutamtisgites were resistant to
compound 1, suggesting that PKG is the major tafgiecompound 1. More drug
validation on the other PKG inhibitors and the iifesation of the second targets of
PKG inhibitors were performed ifoxoplasma (Donald, 2007).

1.3 Apicomplexan Organelles

The phylum Apicomplexa is characterized by an dpaanplex of cytoskeletal
structures and secretory organelles (Netlal., 2008). These organelles including the
micronemes, the rhoptries and the dense granul@seakngaged in invasion process
(Carruthers and Sibley, 1997; Black and Boothr@@0). Most of the apicomplexan
parasites also contain the eukaryotic organellesh sas endoplasmic reticulum,
mitochondrion and nucleus. Additionally, a pladtiee organelle, called apicoplast, is
identified in most of the apicomplexa parasitesludmg Toxoplasma and
Plasmodium. The subcellular organelles ifoxoplasma are illustrated in Fig 1.2 and
Table 1.3.

1.3.1 Apicoplast and Mitochondrion as promising Drg Targets

Among these organelles in apicomplexan parasif@spplast and mitochondrion are
considered as the intriguing targets for drug dgwalent. The apicoplast, a non-
photosynthetic plastid-like organelle, is belieedbe the product of a secondary
endosymbiotic event. Genomic analysis indicates tinia apicoplast imfoxoplasma
and Plasmodium is responsible for many essential pathways sucliatg acids,
isoprenoid and heme syntheses (Retcal., 1999; Ralptet al., 2004). Because of its
uniqueness in apicomplexan parasites, it has begarded as a promising organelle
for drug development. More importantly, previousrkghave clearly demonstrated

that the apicoplast was essential for parasitidiaajon and survival (Fichera and
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Roos, 1997; Mazumdaat al., 2006). Moreover, the metabolism taking placehie

apicoplast is more related to the prokaryotic patysv(Kim and Weiss, 2004),
implying that the drugs target very specifically tioe parasites rather than the
mammalian cells. Collectively, these intriguing ebstions have ushered the

apicomplexan apicoplast as a potential candidatthéostrategic drug discovery.

The apicomplexan mitochondrion is considered amathportant antiparasitic target
owing to the significant difference of the energgtabolism adapted in parasites as
compared to their host cells. One of the key mibocinial targets is the respiratory
chain, also known as the electron transport chairC|). It includes the complex lli
inhibitor atovaguone, which has been widely useregPlasmodium (Looareesuwan

et al., 1999) andToxoplasma (McFaddenet al., 2001). The specificity of this
compound acting on the mitochondria has been exgetally validated (Srivastava
et al., 1997; Krungkrai, 2004). Further experimentalutes have revealed the
promising antiparasitic effects from the other roftondrial respiratory inhibitors
(Omuraet al., 2001; Biaginiet al., 2006), suggesting that the enzyme complexes in
the respiratory chain are the promising targetsteMecent, the mitochondrial enzyme
dihydroorotate dehydrogenase (DHOD) has been fiiEhtias a potential target
againstPlasmodium (Painteret al., 2007). DHOD is the fourth enzyme of the essential
pyrimidine de novo biosynthetic pathway that requires ubiquinonelasten acceptor.

It demonstrated that the over-expression of ubijtiimdependent DHOD could resist
to the atovaquone, suggesting that the role of ¢exnipl in Plasmodium is to recycle
ubiquinone for DHOD. This finding once provoked @ahdebate since it suggested
that other mitochondrial dehydrogenases are noenéias in Plasmodium (Vaidya et

al., 2007; Fisheet al., 2007). Because of the urgency of drug-resistameealaria, it
may be too early to exclude other potential targeétscombat the parasitic diseases,
the current challenge is to improve the drug effycand the drug specificity by using

combinatory treatments.

1.3.2The Apicomplexan Mitochondrial Respiratory Chain

The importance of the mitochondrial respiratoryicha the apicomplexan parasites is
evident with the antiparasitic effects by sever@CHnhibitors (Srivastavat al., 1997,

Vercesiet al., 1998; Biaginiet al., 2006). Previous studies demonstrated that using
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this kind of inhibitors led to a dramatic collapst Ay, in Plasmodium and even
caused parasite deaths (Srivastasaal., 1997; Biagini et al., 2006). These
observations clearly indicate that the mitochoridmgpiratory chain is essential to
maintain the mitochondrial functions. However, tingportance of the respiratory
chain inPlasmodium remains controversial since the biochemical datkcates that
the ATP source in the erythrocytic stage is maiiyained from glycolysis rather

than from the respiratory chain (van Doogtal., 2006).

On the other hand, the respiratory chaifdamoplasma seems to play a pivotal role in
energy metabolismToxoplasma harbours the complete sets of enzymes for the
glycolytic pathway and the tricarboxylic acid (TC&ycle (Fleigeet al., 2007, 2008).
Therefore, the respiratory chain is expected tontaai the NADH/NAD' ratio since
the recycled NAD is necessary to make other metabolic pathways tiuihctioned.
Secondly, the complexes of the respiratory chagnr@sponsible for the establishment
of the electrochemical photon gradient that carvigeo the driving force for ATP
synthase (ATPase; Vercesial., 1998).

So far, no direct evidence has been provided atimitmitochondrial activities in
Babesia and Theileria (Seeberet al., 2008). MoreoverCryptosporidium, the much
more evolutionary distant parasite as comparetios@plasma, does not encode the
components for the respiratory chain due to theradss of the typical mitochondrion.
Instead, this parasite possesses an organelledcalltosome, which contains an

alternative terminal oxidase for direct electransfer from ubiquinone to O
Nevertheless, the majority of the apicomplexan §itea possess the components for

the respiratory transport chain. The following &ectwill depict these common

features of the respiratory chain.
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Figure 1.2 Organelles and subcellular structuresTofgondii. (A) Schematic
representation of the organellar arrangement imyteaite stage (adapted from Nishi
al., 2008). (B) Cytoskeletal network ®f gondii. MT, microtubules. (adapted from Hu
et al., 2006)

Table 1.3 Functions of the unique organelle$.igondii
(summarized from Dubest al., 1998; Black and Boothroyd, 2000)

Organelle Functions

Apicoplast (Roost al., 1999) Fatty acid synthesis
Heme biosynthesis
Isoprenoid biosynthesis

Cytoskeleton (Het al., 2006) Including conoid, the polar rings, the miabules
(MT), and the inner membrane complex

To provide the structural integrity
To direct the protein secretion during invasion
For gliding on host cell surfaces

Dense granules Involved in the late invasion preces
Micronemes Host attachment in the early invasiacess
Micropore Acting as the active site of endocytosis
Rhoptries An important role in parasite virulence

Containing proteolytic enzymes for host cell
penetration during invasion process
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1.3.2.1 Oxidation Phosphorylation

The mitochondrial respiratory chain, also knowrtheselectron transport chain, plays
a very significant role in the production of ATRdhbgh the process called oxidation
phosphoryation. This process involves two stepse-release of the free energy
during the electron transport, and the generatibrthe electrochemical photon
gradient that provides the free energy for ATPasee whole process involves the
consumption of oxygen and the catalysis of ADP WPAIt is thus called oxidative
phosphorylation (Scheffler, 2001).

The mechanism of oxidation phosphorylation is desdr as follows. Firstly, the
electron transport starts as the high-energy elestare converted from a hydride ion
(H:-) being removed from NADH or FADHThe electrons next are passed along the
enzyme complexes through a series of oxidationatemlu reaction, where the
ubiquinone and cytochrome c act as mobile cartetsansfer the electrons between
the complexes. The electron transport is enerdbtitavorable so that the electrons
are readily to be passed along the chain. Eventtladl released energy allows the
enzymes complexes Il and IV (also complex | in maatian cells) to pump the H
from the matrix into the intermembrane space. Tsnping action eventually
generates an electrochemical proton gradient actbss inner mitochondrial
membrane, which is composed of a gradient of protorcentration and a membrane
potential. The latter component contributes theamiigj of the electrochemical proton
gradient. Consequently, this gradient drives tbefof H back to the matrix through
ATPase. The ATPase uses the released energy tohesyzg ATP from ADP in the

matrix.

Further information about the reducing equivaleNsDH and FADH, mentioned
above should be described here. They can be gedefedm the TCA cycle in
mitochondrial matrix or transferred from cytosotanmitochondrion by metabolic
glycerol-3-phosphate (G3P) shuttle or/and malgpaldate shuttle. However, it is still
unclear whether these metabolic shuttles exist gntlba apicomplexan parasites. In
Toxoplasma, G3P shuttle is venfikely to be present, which is based on the
identification of the cytosolic localized glycer@iphosphate dehydrogenase (G3PDH;
Fleigeet al., 2007). Also, this shuttle is suggested to be piteseRlasmodium (Fry
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and Beesley, 1991; Uyemueh al., 2004). Experiments have demonstrated that the
addition of exogenous G3P could stimulate the rasmiy chain (Uymerat al., 2004).
Additionally, both NAD'-linked and FAD-linked G3PDH are predicted in the
Plasmodium genome (van Doorest al., 2006). However, no supportive evidence
exists so far for the presence of the malate/asfgashuttle among the apicomplexan
parasites. In spite of this, the reducing equivalddADH or FADH, donate their
high-energy electrons into the respiratory chairhicw is catalyzed by several
dehydrogenases. The details of the other dehydasgsnnT. gondii are summarized

in Table 1.4.

Like the mammalian cells, the apicomplexan parasiteitain the similar components
in the respiratory chain, including the enzyme claxgs, ubiquinone and cytochrome
c (Fig. 1.4; van Doorest al., 2006; Seebett al., 2008). The apicomplexan enzyme
complexes are type Il NADH dehydrogenase (NDH2glsinsubunit), complex Il
(succinate: ubiquinone oxidoreductase), complex (tytochrome bg complex),
complex IV (cytochrome oxidase), and complex V (A%F). Among these enzyme
complexes, the apicomplexan parasites possess NBiAgle subunit) instead of
conventional complex | present in mammalian céllsvertheless, they share similar
function as that in the mammalian cells. Furthéorimation of the respiratory enzyme

complexes is illustrated in Fig 1.3 and Table 1.5.

1.3.3 Type Il NADH Dehydrogenases

NDH2, also known as the alternative complex |, haen described in prokaryotes,
plants, fungi and many apicomplexan parasites, \lig exception in mammals
(Kerscher, 2000; Weinsteigt al., 2005; Biaginiet al., 2006; Salehet al., 2007).

Compared to the conventional NADH dehydrogenasmtex ) and the prokaryotic
sodium pumping NADH dehydrogenases, NDH2 does mssgss any proton or
sodium pumping property due to the absence of greagsducing sites. Our current
knowledge of this atypical NDH2 is still very lired. However, it is generally
accepted that the main function of NDH2 is to gatalthe transfer of the electrons
from NAD(P)H to quinone in the respiratory chaimjiagh in turn contributes to the
production of ATP. Up to now, it remains a mystempy these organisms favor

NDH2 instead of complex | as expressed in mammal&lls, or co-express NDH2
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together with the complex I. The commonly acceptggdothesis for this phenomenon
is to minimize the formation of the reactive oxyggrecies since complex | is one of
the major sources of the superoxide anion radioatsitochondria (Fisheet al., 2007;
Kerscheret al., 2008). Apart from that, an additional advantégethe presence of
NDH2 proposed irfPlasmodium is to balance of the proton gradient in the respiga
chain (Fisheret al., 2007). As suggested, parasites adapted in aoasowphilic
environment may not produce extensive ATP by oxidgbhosphorylation. Therefore,
they have to adjust the proton gradient eitherdducing the protons to be pumped
into the intermembrane space or by modifying thenim@ane components such as the
expression of uncoupling proteins (Uyemeataal., 2004) that allows the re-entry of
protons to the matrix. Because of the non-protommging property of NDH2, this
may be a possible purpose for this enzyme to rethueegroton ‘back-pressure’ in

Plasmodium respiratory chain (Fishet al., 2007).

1.3.3.1 Structural Characteristics of NDH2s

NDH2s are single polypeptides usually with the molar masses of 50-60 kDa. They
possess two characteristic regions called GXGXXGifsidhat consist of th@ap
domain for the binding of NAD(P)H and the cofacftavin adenine dinucleotide
(FAD) or flavin mononucleotide (FMN). The first GXXG motif is located near to
the N-terminus and has been predicted as the neglerd binding site for FAD. This
prediction is based on the X-ray crystallographyadaf the bacterial lipoamide
dehydrogenase, showing that FAD binds to the flie$t domain. A previous study has
suggested that NDH2 and lipoamide dehydrogenaskaateria share a common
ancestry (Bjorklofet al., 2000). Beyond these two motifs, some NDH2s, sagh
Solanum tuberosum andNeurospora crassa, contain an additional GaEF-hand motif,
which is responsible for membrane interaction (Metlal., 2004). According to the
arrangements of the binding motifs, NDH2s can lagifeéd into three groups A, B
and C (Fig. 1.4A; Melcet al., 2004). Group A containing boflup domains can be
found in eukaryotes, bacteria and archeae. Group @milar to group A with an
additional EF-hand maotif, mainly found in eukaryo®ich as plants and fungi. Group
C only conserves a singlgap domain, which is restricted to hyperthermophilic

archeae.
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Table 1.4 Properties of the dehydrogenasés gondii

Dehydrogenase Localization (expected) Properties
Dihydroorotate Mitochondrion dihydroorotate —> ootate
dehydrogenase CoQH2 CoQ
(DHOD)

NAD *-linked Cytosol DHAP  ——~> G3P
glycerol-3-phosphate NADH NAD"
dehydrogenase |

(G3PDH 1)

(Fleigeet al., 2007)

FAD-linked G3PDH  Mitochondrion G3P " DHAP
(putative) FAD FADH:
Isocitrate Mitochondrion isocitrate -~ a-ketoglurtarate
dehydrogenase | (TCA cycle in matrix) NAD* NADH.,

(Fleigeet al., 2008)

o-ketoglutarate Mitochondrion a-ketoglutaratemsuccinyl-CoA
deydrogenase (TCA cycle in matrix) NAD* NADH.
complex

Branched-chaim-keto Mitochondrion R-CHNH3"-COO 77~ R-CO-S-CoA
acid dehydrogenase NAD® NADH.
com_plex end products are branched-chain
(Fleige, 2006) acyl CoAs

Malate dehydrogenaseMitochondrion malate S7axs oxaloacetate
(Fleigeet al., 2008) (TCA cycle in matrix) NAD® NADH
FAD-dependent Mitochondrion Oxidizing  electrons  from
malate:ubiquinone FADH, to CoQ
oxidoreductase

(Fleigeet al., 2008)

Succinate:ubiquinone Mitochondrion succinate qumarate
oxidoreductase (inner membrane) FAD FADH,

(Saleh, 2006)
Oxidizing  electrons  from
FADH, into CoQ

Type Il NADH Inner mitochondrial Oxidizing  electrons  from
dehydrogenases membrane NADH to CoQ

(TgNDH2-I & -II) (orientation is investigated

(Lin et al., 2008) in this study)
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Figure 1.3 Model of the apicomplexan mitochondréspiratory chain. (A) The major
components are enzyme complexes, ubiquinone (Co¢@ochrome c. The enzyme
complexes are type Il NADH dehydrogenase (singleusit; NDH2), complex I
(succinate: ubiquinone oxidoreductase), complex (tytochrome bg complex),
complex IV (cytochrome oxidase), and complex V (&$f) (B) The sequential
electron carriers in the respiratory chain. The yemz complexes may contain
prosthetic group (FMN or FAD) that facilitates tbatalytic reaction, and iron-sulfur
(Fe-S) proteins, where a serial of oxidoreductieaction is taking place. Cy,

cytochorome c¢; CoQ} ubiquinol (reduced CoQ).
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Table 1.5 Structural and functional propertieshef apicomplexan respiratory complexes

(summarized from Saraste, 1999)

Component Structural properties Functions
Type I NADH  One single subunit Transfer electrons from NADH to CoQ
dehydrogenase Containing FAD or FMN A role in maintaining\y,, in Plasmodium
(Biagini et al., 2006)
Complex Il ~ 4 subunits A component in the TCA cycle
(Succinate: Containing one FAD or FMN and severalransfer electrons from FADHo CoQ
ubiquinone iron-sulfur center
oxidoreductase)
Complex 1l ~ 9-10 subunits Transfer electrons from ubiquinol (CoQH

(Cytochrome bg¢

Containing diheme cytochrome cto cytochrome c
cytochrome ¢l and Rieske iron-sulfuProton-pumping property

complex) center Two active sites including Q for the oxidation of
One subunit is encoded by mitochondri@oQH, and release of protons, a@d for reduction
DNA (mtDNA; in mammalian cells ) of CoQ

Complex IV 13 subunits Reduce oxygen to water
3 major subunits are encoded by mtDNAD channel is essential for proton pumping activity

(Cytochrome : :

; Subunits contain Fe/Cu centres

oxidase)

Complex V Fo(a,b,c) and I (a,B,y,0,€) subunits Both ATP synthesis and hydrolysis

(ATPase) (is diverged among the parasites; Seel#ioton-pumping property
et al., 2008) Fo contains proton channel and Eontains catalytic

Two subunits are encoded by mtDNA  component
(in mammalian cells )
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Although the primary structure of the NDH2s seemasy\highly conserved, several
features such as the substrate specificity anatdfector preference are far from our
understanding. First, some NDH2s have been repddee able to oxidize both
NADH and NADPH (Rasmussoé al., 2004; Geisleet al., 2007) substrates. This
kind of substrate specificity seems very diffidaltextract from the primary structures.
Although several prediction models have been pregofor the specificity for
NAD(P)H, it is not widely applied (Bernardt al., 1995; Meloet al., 2004).
Accordingly, the secon@ sheet in the putative NADH binding domain (second
GXGXXG motif) is usually ended with an acidic resgd glutamate or asparate. One
explanation is that these negative charged amiits aall repel the negative charges
of the phosphate group of NADPH, rendering NADHtlas specific substrate. IN.
crassa, the NADH dehydrogenases have conserved acididuesGluAla (EA) or
AspVal (DV), whereas the NADPH dehydrogenases emcaldSer (QS) instead (Fig.
1.5B; Michaleckaet al., 2004). Additional experiments have demonstrateat a
single mutation of aspartate to neutral amino acidADH lactate dehydrogenase and
formate dehydrogenase can modify the enzyme spigifio accept NADPH in
addition to their original substrates (Feemewl., 1990; Gul-Karaguleet al., 2001).
These are striking findings in plant biology sincgng NADPH as substrate may be
advantageous to overcome the oxidative stress @ickaet al., 2004). However,
using primary structure to evaluate the substiageificity is still used a reference, the
ultimate step requires experimental validation. &dmng the identification of the
cofactors associated within NDH2s, it is unliketylde speculated from the primary
structure. The associated cofactors are more liteelye species-dependent and only
experimental results can reveal their interactidth ¥he binding domains in NDH2s.

1.3.3.2 Membrane Interaction of NDH2s

Each single mitochondrion in eukaryotic cells camatwo membrane-bounded
compartments, the internal space, called matrig, tae intermembrane space. These
two compartments are created by the outer andniher imitochondrial membranes,
both are comprised of a lipid bilayer. In particuldne inner mitochondrial membrane
contains most of the proteins that are respongdilehe respiratory chain and for
metabolite exchanges.
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NDH2 is known to be localized to the inner mitoctioal membrane as a component
in the respiratory chain. However, the mechanismolired in the membrane
anchoring in this enzyme remains unclear. Bioinfatios analyses of the primary
structures of the NDH2s from different species ameable to predict any
transmembrane helices (Me#b al., 2004). A widely accepted model is that NDH2
attaches to the membrane using amphipatkielices (Bandeiragt al., 2002; Meloet
al., 2004), where the hydrophobic and hydrophilicidess are situated on the
opposite sides on the helical surface. This kintleices is predicted to be present in
the secondary structures in the majority of the BHMelo et al., 2004). For
instance,Plasmodium NDH2 is predicted with a C-terminal amphipathiehelices
(Fisheret al., 2007). Additionally, the interaction of NDH2 Wwithe membrane seems
very strong based on the observation that the igcttf NDH2 could be increased
with a longer incubation with the lipids (Bjorklef al., 2000; Gomest al., 2001). As
predicted inPlasmodium NDH2, some residues within the amphipathic helzas be
oriented in the bilayer that the headgroups arectly interacted with the membrane.
Under this circumstance, the direct electrostatteraction between NDH2 and the
bilayer can be a reasonable explanation for thertapce of lipid environment for the

enzyme activity.

One major function of NDH2 is to transfer electroinem NADH into quinone
(including ubiquinone) in the respiratory chain.eDw the interesting combination of
electron transfer between the hydrophilic NADH ahd hydrophobic quinone, it is
generally accepted that the quinone (Q) sitesrasefaced at the membrane surface.
To be more specific, the hydrophilic headgroup lé guinone is more likely to
interact with the enzyme since the reduction tangurequires the proton that is in the
aqueous phase. This speculation implies that tiguinmne-binding site in NDH2 is
more specific to the ubquinone headgroup (Eschergiaan, 2005). Although Fisher
and Rich have proposed two types of quinone-bindites (Fischer and Rich, 2000)
in NDH2, which is characterized by a putative coned histidine or tyrosine residues,
it is not widely applicable due to the diversity NDH2s. The quionone-binding
regions still are unpredictable from the primamustures and most of the available

guionone-binding sites are based on the predictibposn comparative modeling
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(Fischer and Rich, 2000). X-ray crystallographyadate crucial to unveil the exact

guinone-binding sites for NDH2s.
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Figure 1.4 Eukaryotic type Il NADH dehydrogenadqdy. Classification of NDH2s is

based on the arrangement of the binding motifsyTre listed as follows: twfa

binding motifs for group A; tw@ap binding motifs and one EF-hand motif for group
B; and oneBaf binding motif for group C (modified from Melet al., 2004). (B)
Comparison of the substrate specificity for NAD(Pjldm the putative NAD(P)H-

binding domain in eukaryotic NAD(P)H dehydrogenadds last two residues at the

secondp sheet showing that NADH dehydrogenases may hawseceed acidic
residue GluAla (EA) or AspVal (DV) but NADPH dehydyenases have a preference
for GInSer (QS) (modified from Michaleclahal., 2004).
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1.3.4 Electrophysiology of Mitochondrial Membrane @tential

As mentioned above, the mitochondrial membrane npiaie (Aym) is the major
component of the electrochemical proton gradieat i built up as a consequence of
proton pumping by the respiratory chain. In mamanralcells, the proton gradient
yields a total energy about 240 mV, containing 8 InV mainly fromAy, and 60
mV from the pH gradient. Although this kind of ddtas not yet been available in
apicomplexan parasites, the physiological impadtshe Ay, are expected to be
similar to that in mammals. One of the physiolobifianctions of theAyn, is to
provide the energy stored in proton gradient fa& ATPase to synthesize ATP, the
energy source. Interestingly, the magnitude ofpfedon gradient can be varied from
different cell types and differentiation stagesmammals. For instance, some cancer
cells and myoblasts can adjust their membrane palermn accordance to their needs
in the differential stages (Chehal., 1988).

Indeed, the regulation of the proton gradient playsimportant role in cellular
functions. It affects the transport of metabolitd® import of the precursor proteins
and mitochondrial protein synthesis. In particulénge importance ofAy, in
mitochondrial trafficking will be addressed hereotein import into mitochondrion
can be achieved by several pathways such as thengonN-terminal presequence,
tail-anchor sequence and internal signal. Mitochiahdmport machinery consists of
the translocase of the outer membrane (TOM) coneglend the translocase of the
inner membrane (TIM) complexes, which processegth&ins targeting beyond the
outer membrane. Specifically, the transport ofghexursor mitochondrial proteins via
the TIM23 and TIM22 requires membrane potential AidP (Truscottet al., 2003).
First, the membrane potential supports the tramspdrthe positively charge
presequences through the complexes pore into netyatharge matrix, Secondly, the
ATP-dependent mitochondrial HSP70 drives the pnotenslocation into the matrix.
These observations clearly implicates the roleAof, in protein trafficking and

mitochondrial function.
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1.4 Objectives of the Study

The uniqueness of type Il NADH dehydrogenases (NEHR the apicomplexan
respiratory chain defines these enzymes as a prgndrug target. However, the
specific roles and the importance of NDH2s (TgNDH&d -II) in Toxoplasma are

still unknown.

The previous study from my current group has shdhat the quinolone-like
compound 1-hydroxy-2-dodecyl-4(1)quinolone (HDQ)ulcb effectively inhibit the
replication ofT. gondii with an impressive low I§ in the nanomolar ranges (Saleth
al., 2007). Although HDQ is first identified as a higffinity inhibitor for Yarrowia
NDH2 (Eschemanet al., 2005), no experimental data so far has beersiigated in
the apicomplexan orthologs. To follow up this obaéion, it is particularly important
to perform biochemical assays to provide the dies@ience showing that TJNDH2s
are indeed the drug targets of HDQ. In this stuldg, detailed enzymatic parameters

including the steady-state kinetics and inhibitkametics will be investigated.

Secondly, the physiological impact of TgNDH2s ire thespiratory chain will be
explored including the mitochondrial membrane pb#tand the parasitic ATP level.
These findings will unveil the important role of NBH2s in the process of oxidative
phosphorylation and their influences in mitochoadfunctions. Additionally, the
mitochondrial physiology between the tachyzoited bradyzoites will be compared
to reveal their differences in energy dependencgrddver, this study will elucidate
the orientations of both TgNDH2 isoforms in order understand their specific
integration in energy metabolism. Furthermore, ttisdy will be in an attempt to
generate conditional TgNDH2s knock-out mutants.nBhgpic differences from the
depletion mutants will answer the questions aboeitessence and the specific roles of
TgNDH2s inT. gondii.

Taken together, | expect this study will reveal iimportant role of TJNDHZ2s in the

respiratory chain and provide the direct evideriad TgNDH2s are promising drug

targets.
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2.1 Materials
2.1.1 Cell Cultures
2.1.1.1T. gondii Strains

RH
RH-TATI

TgATP

TgCox19-GFP1-10

TgCytoC420-GFP1-10

TgCytoC750-GFP1-10
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Wild-type

RH expressing a tetracycline-inducible transactivat
system (Meissnesat al., 2001)

RH-TATi expressingT. gondii ATPase beta subunit
with a C-terminal myc-tagged fusion (Saleh, 200y L
etal., 2009)

RH-TATI expressing a putativeé. gondii cytochrome ¢
oxidase Cox19 (TGME49 054260) fused with a C-
terminal GFP1-10

RH-TATI expressing a putativeé. gondii cytochrome ¢
(TGME49_029420) fused with a C-terminal GFP1-10

RH-TATI expressing a putativeé. gondii cytochrome ¢
(TGME49_019750) fused with a C-terminal GFP1-10

TgCytoC750-GS-GFP1-10RH-TATI expressing TgCyto750 fused with a linker

(GS) to C-terminal GFP1-10

TgCytoC750-LS-GFP1-10 RH-TATI expressing TgCyto750 fused with a linker

TgNDH2-|

TgNDH2-II

ATgNDH2-|
ATgNDH2-II
TgNDH2-1-GFP11

TgNDH2-I-GS-GFP11

TgNDH2-I-LS-GFP11

LS(GGGGS)AA to C-terminal GFP1-10

RH-TATi expressing T. gondii type I NADH
dehydrogenase isoform | with a C-terminal myc-tabge
fusion (Saleh, 2006; Ligt al., 2008)

RH-TATi expressing T. gondii type I NADH
dehydrogenase isoform Il with a C-terminal myc-
tagged fusion (Saleh, 2006; Léhal., 2008)

Conditional TgNDH2-I knock-out mutant
Conditional TgNDH2-II knock-out mutant

RH-TATi expressing TgNDH2-1 fused with a C-
terminal GFP11

RH-TATi expressing TgNDH2-I fused with an
additional linker (GS) to C-terminal GFP11

RH-TATI
additional
GFP11

fused with an
to C-terminal

expressing TgNDH2-|
linker LS(GGGGSAA
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TgNDH2-1390-GFP11

TgNDH2-145-GFP11

TgNDH2-1I-GFP11

TgS9-RFP

TgSCPH-GFP1-10
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RH-TATi expressing truncated TgNDH2-1 whose
residues 1 to 399 are fused with GFP11 at C-tersninu

RH-TATi expressing truncated TgNDH2-1 whose
residues 1 to 487 are fused with GFP11 at C-tersninu

RH-TATi expressing TgNDH2-1I fused with a C-
terminal GFP11

RH-TATi expressing aT. gondii mitochondrial
targeting ribosomal protein S9 fused with a C-texathi
RFP (Linet al., 2009)

RH-TATi expressing T. gondii succinyl-CoA

synthetase beta subunit (Fleigeal., 2008) fused with
a C-terminal GFP1-10

2.1.1.2 Mammalian Cell Lines

HFF
143B

143B/206

Human foreskin fibroblasts (HFF)

Human osteosarcoma cell line (Jacobsbml., 1993;
kindly provided by Dr. MP King)

Mutant 143B cells lacking mitochondrial DNA
(Jacobsonet al., 1993; kindly provided by Dr. MP
King)

2.1.1.3Escherichia coli Strains

BL21 CodonPlus-RIL
DH5a

TOP10

SW103

Chemically competent cells (Strategene)
Chemically competent cells (Invitrogen)
Chemically competent cells (Invitrogen)

Electrocompetent recombineering cells (Warmeghgl .,
2005; provided by NCI-Frederick); Genotype: DY380
(cro-bioA)<>araC-Rap Flpe gal+

2.1.1.4Yarrowia lipolytica Strains

GB 5.2

NDH2 deletion strain (Eschemamhal., 2005; kindly
provided by Dr. S Kerscher); Genotype: Mat b; his-1
leu2-270; ura2; xpr2-322
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2.1.2 Plasmids

pBTG11

pCTG1-10

pDrive
pET-16b-TgNDH2-124

piBG

pTetSag4-ACP-cmyc-
DHFR

ptub-FNR-RFP/sag CAT

ptub-S9-GFP/sag CAT

pUB30

pUB38

pUB30-NUAM-TgNDH2-
| (AA24)

pUB30-NUAM-TgNDH2-
| (AA51)

pUB30-TgNDH2-1 (FL)
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For split GFP complementation — containing a
phleomycin resistance maker used to generate a C-
terminal GFP11 fusion (van Doorehal., 2008; kindly
provided by Dr. B Striepen)

For split GFP complementation — containing a
chloramphenicol resistance marker used to generate
C-terminal GFP1-10 fusion (van Dooretal., 2008;
kindly provided by Dr. B Striepen)

PCR cloning vector (QIAGEN PCR cloning kit)

For recombinant expression ik. coli - encoding
TgNDH2-1 mature peptide fused with A(His-tagged
at N-terminus

For cosmid recombineering — used as a template for
PCR amplification of modification cassettes contajn
both gentamycin and phleomycin resistance markers
(kindly provided by Dr. GG van Dooren)

Expression vector forT. gondii - containing
anhydrotetracycline  (ATc)-regulatable TetO7Sag4
promoter for generating C-terminal myc-tagged
parasite line (Meissnegt al., 2001; kindly provided by
Dr. B Striepen)

Expression vector forT. gondii - encoding an
apicoplast-targeting domain of feredoxin-NADP
reductase (FNR) fused with RFP (Striegeal., 2000)

Expression vector forT. gondii - encoding a
mitochondrial marker S9 ribosomal protein fusedhwit
GFP (DeRochest al., 2000)

Y. lipolytica/lE. coli shuttle vector (Garofanat al.,
2006) forYarrowia transformation

Y. lipolytica/E. coli shuttle vector used as a template for
PCR amplification ofYarrowia mitochondrial targeting
sequence complex | NUAM subunit (Garofaetoal.,
2006)

For Y. lipolytica transformation — encoding NUAM
targeting sequence fused with the™2dmino acid of
TgNDH2-1 mature peptide (Liet al., 2008)

For Y. lipolytica transformation — encoding NUAM
targeting sequence fused with the'5sdmino acid of
TgNDH2-1 mature peptide (Liet al., 2008)

ForY. lipolytica transformation — encoding full-length
TgNDH2-I (Lin et al., 2008)
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pUB30-NUAM-TgNDH2- For Y. lipolytica transformation — encoding NUAM

Il (AAG2)

pUB30-TgNDH2-11 (FL)

2.1.3 Cosmids

PSBLES9

PSBM942

2.1.4 Oligonucleotides

targeting sequence fused with the"6amino acid of
TgNDH2-11 mature peptide (List al., 2008)

ForY. lipolytica transformation — encoding full-length
TgNDH2-1I (Lin et al., 2008)

Containing TgNDHZ2-1 entire genome (kindly provided
by Dr. LD Sibley)

Containing TgNDH2-1I entire genome (kindly provided
by Dr. LD Sibley)

Table 2.1 Oligonucleotides used for cosmid recomdiimg

Primers

Sequences (5> 3)

coseq2-

coseg4<for sequenciny

cosIKO+
cosIKO-
coslIKO+
coslIKO-
CosIRT+
CosIRT-
coslIRT+
coslIRT-
coslsp-
coslisp-
gen+ (or sequenciny

lco+

Ico-

TTCAGCGTGATCGTATGGTC
TGATCTACGTGCAAGCAGATTA
TCCGAACGACTCCGTCAATCCTCT
ACTGAGGATGCAATGCGCGCGGAA
CTCCAAAGACACTGTTTCAAGCTC
GTGCACAAATATGTATGTAAACTC
ATCCTCGTCGACCAGCAAATGAAG
TTCGCGGTCCTGCTCGACGCGGCGACA
GCTCGTTGACCTACCGCAACGG
ACGTGGGAAACTCTGGATGCATGCTT
GCCAAGTAGCGACCTGCCTGCTTC
TTGATGAAATCGGCGAACTCTGCT
ATCGCAGGTTAATTAGTGGAAGA

ATGGCAGGGCAGTGGCTGCGGCTGCTGGCGGG
GGCCTCTGTGCCTATGCTATACGACTCACTATA
GGGCGAATTGG

CGCAAGAAGTTTCACGAACTGCTCCTTTGTCAT
TTGCGTTTGACGCGGCTCCTCGACTACGGCTTC
CATTGGCAAC
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llco+ ATGGCGATGCTCTTCTCCAGCTCAGCAGCAGGC
AGCCTGCCCTCGCGCAGATACGACTCACTATAG
GGCGAATTGG

llco- GGCAGGGCTGCGAGTTCGAAGTTGTTCATCACT
TTCTTCCGGATGGCCATCCTCGACTACGGCTTC
CATTGGCAAC

NDH2-Isp+ GAAGGATCGACTGCCTTTGCGCTCT

NDH2-lIsp+ TCGGCATTCTCTTACTCTCGGTCT

WT-NDH2-|- TGAACGTCTGCGCCAAGTAGC

WT-NDH2-|I- TACGTCCCCAGCAAACGGCTCC

Table 2.2 Oligonucleotides used for real-time PCR

Primers Sequencegs’ — 3)

Bagl+ GACCGGTCGCCTCTCAACAGC
Bagl- CGCGCAAAATAACCGGACACT
Enolasel+ CGAGGGGTGGCTGAAAAAGTATCC
Enolasel- CAGCGAAGGCCCACGACAAG
NDH2-1+ CTCGTCGACCAGCAAATGAAGG
NDH2-|- TGAACGTCTGCGCCAAGTAGC
NDH2-11+ GCCGCCAGGGTGGACATTTCAA
NDH2-II- TACGTCCCCAGCAAACGGCTCC
Tub+ CGCCACGGCCGCTACCTGACT
Tub- TACGCGCCTTCCTCTGCACCC

Table 2.3 Oligonucleotides used for split GFP can@ntation

Primers Sequences (5- 3)

GFPspl10-fér sequencing ~TGAGACTGTGTGAAATGCCACA
GS_seq+fbr sequenciny ACTCGTTCGCCGTCCCTGAC

(GS),-Avrll+ [phos]CTAGGGGCTCTGGATCGGGCTCTGGAAG
[5’phosphate modified] CC

(GSk-Avrll- [phos]CTAGGGCTTCCAGAGCCCGATCCAGAGC
[5’ phosphate modified] CC

LS(GGGGS)AA-Avrll+ [Phos]CTAGGCTCTCTGGCGGAGGCGGATCTGG
[5' phosphate modified] CGGAGGCGGAAGCGCGGCGC
LS(GGGGS)AA-Avrll- [phos] CTAGGCGCCGCGCTTCCGCCTCCGCCAG
[5 phosphate modified] ATCCGCCTCCGCCAGAGAGC
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SG-NDH2-1-Avrll-
SG-NDH2-I-BamHI+

SG-NDH2-kgg-Avrll-

SG-NDH2-hg7-Avrll-

SG-NDH2-11-Avrll-
SG-NDH2-11-Bglll+

SG-SC$-Avrll-
SG-SC$-BamHI+
TgCox19-Auvrll-

TgCox19-Bglll+

TgCytC420-Avrll-

TgCytC420-Bglll+

TgCytC750-Avrll-

TgCytC750-Bglll+
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TACCTAGGCTTGCGTCGGTCGCCGTACACA

TAGGATCCAAAATGGCAGGGCAGTGGCTGCG
GT

TACCTAGGCTGCTGCTGAGCCTCGCGCAGCTC
GG

TACCTAGGCTGCTCCTTTGTCATTTGCGTTTG
AC

TACCTAGGGTGGTTGTAATATTCGTGATCC

TAAGATCTAAAATGGCGATGCTCTTCTCCAGC
TA

TACCTAGGCGGCGCCGAAATGTGAAC
TAGGATCCAAAATGGCGCTCTCAGCCGCT

TACCTAGGCCGGTCTGGCGACCGGAGCGCCC
CT

TAAGATCTAAAATGTCTTCGTTGGCGCTTTAC
CAGT

TACCTAGGCGAATCCTTTTCCGAGGACATGAT
GTCA

TAAAGATCTAAAATGGCGCAGAAACCTGGCT
CCTCA

TACCTAGGTTTGTTGGAGGCATCAACAAGGT
ACG

TAAGATCTAAAATGTCGCGTGCTGAACCTGA
CGTC

All oligonucleotides used for TgNDH2s and. lipolytica cloning are listed in
Supplementary Table S1 (Letal., 2008).
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2.1.5 Antibodies
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Table 2.4 Antibodies used for Western blots (WBJ ammunofluorescence assays

(IFA)

Antibodies (company)

Working dilution (WB; IFA)

Anti-BAG1 (7E5; Bohneet al., 1994)
Anti-c-myc (clone 9E10; Sigma)
Anti-GFP (MBL)

Anti-mouse-IgG AP conjugate
(Jackson ImmunoResearch Lab.)

Anti-rabbit-IgG Cy2 conjugate
(Jackson ImmunoResearch Lab.)

Anti-mouse-lgG Cy3 conjugate
(Jackson ImmunoResearch Lab.)

Anti-mouse-lgG HRP conjugate
(Jackson ImmunoResearch Lab.)

Anti-rabbit-IgG HRP conjugate
(Jackson ImmunoResearch Lab.)

Anti-TgNDH2-1 (Saleh 2006)

FITC-conjugated lectin
(from Doalichos biflorus; Sigma)

IFA 1:500

WB1:500; IFA 1:250
WB 1:1000; IFA 1:250
WB1:3000

IFA 1:300

IFA 1:300

WB 1:5000

WB 1:5000

IFA 1:300
IFA 1:300

2.1.6 Enzymes

Alkaline antarctic phosphatase
DNase |

Finnzymes Phusion high-fidelity DNA
Polymerase

KOD DNA Polymerase

M-MLV (H minus) Reverse Trancriptase
RNase, Point Mutant

Quick T4 DNA Ligase
Restriction Enzymes
RNase A

Taq DNA Polymerase

New England Biolabs
Sigma-Aldrich

Finnzymes

Novagen

Promega

New England Biolabs
New England Biolabs

Sigma-Aldrich

Roche
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2.1.7 Kits

BacTiter-Glo Microbial Cell Viability Assay Promega

BCA Protein Assay Kit Pierce

ECL detection reagent Amersham
GenElute Mammalian Total RNA Kit Sigma

GenElute Plasmid Mini Prep Kit Sigma

GenElute Plasmid Maxi Prep Kit Sigma

GenElute Mammalian Total RNA Kit Sigma

PeqGOLD Tissue DNA Mini Kit Peqglab

QIAGEN PCR Cloning Kit Qiagen

QIAGEN PCR Purification Kit Qiagen

Quick Ligation Kit New England Biolabs

2.1.8 Molecular Weight Markers

GeneRuler 100 bp DNA Ladder MBI Fermentas
GeneRuler 1 kb DNA Ladder MBI Fermentas
PeqGOLD Protein-Marker 1V Peqglab

Prestained Protein Marker, Broad Range New England Biolabs
(6-175 kDa)

2.1.9 Antibiotics

Table 2.5 Working concentration used for selection

Antibiotic (dissolving solvent; company) Working cancentration
Ampicillin (ddH,O; Sigma) 10Qug/ml
Chloramphenicol (ethanol; Sigma) 20 pg/ml

Gentamycin (stock solution from Biochrom)  A@/ml

Phleomycin (ddHO; Sigma) 5Qug/ml
Pyrimethamine (ethanol; Sigma) um
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2.1.10 Fluorescent Probes

Table 2.6 Working concentration used for staimng, in T. gondii

Dye (company) Stock solution Working concentration
DiOCs(3) (Invitrogen) 10QuM in DMSO 5nM
JC-1 Mitochondrial 100x JC-1 Xk JC-1

Membrane Potential
Assay Kit (Cayman
Chemical)

Reduced Mitotracker Red 100 mM in DMSO 0.uM
CM-H2XRos (Invitrogen)

TMEM (Invitrogen) 10uM in DMSO 15 nM

2.1.11 Chemicals for Substrates Complementation

Table 2.7 Working concentration used for substtataplementation

Chemical (company) Stock solution Working concentraon
Atovaquone (Sigma) 5 mM in DMSO LM
Ascorbate (Sigma) 1 M in Ampuwa,B@ 1.5mM
Digitonin (Sigma) 10 mM in DMSO 2uM
Dihydroorotate (Sigma) 10 M in DMSO 10 mM
Glycerol-3-phosphate 1 M in Ampuwa HO 1mM
(Sigma)

HDQ (kindly provided by 20 mM in ethanol 1M
Dr. W Oettmeier)

Malate (Sigma) 10 M in Ampuwa D 10 mM
Oxaloacetate (Sigma) 10 M in Ampuwa®i 10 mM
SuccinatgSigma-Alrich) 10 M in Ampuwa kO 10 mM

Tetramethyl-phenylene- 100 mM in Ampuwa HO 0.2 mM
diamine (TMPD; Sigma)

Uracil (Sigma) 1 Min DMSO 250M
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2.1.12 Standard Media and Buffers

2.1.12.1 Mammalian Culture Media and Reagents

ATP/GSH/Cytomix 12 mg ATP
15.2 mg glutathione (GSH)
in 10 ml cytomix

Cytomix (pH 7.6) 120 mM KCI
150uM CaCl,,
10 mM K,HPO,/ KH,PO, (pH 7.6)
25 mM HEPES
2 mM EDTA
5 mM MgCl,
in 1L Ampuwa HO
(adjust pH with KOH)

1% EDTA/PBS 1% (w/v) EDTA
in 1x PBS (Biochrom)
10%FCS/DMEM 10% (v/v) FCS

1% (v/v) Pen/Strep (Biochrom)
in DMEM (Biochrom)

Freezing medium 20% (v/iv) FCS
20% (v/v) DMSO
in DMEM

pH shift medium (pH 8.3 at 37°C) 50 ml 1< DMEM (NaHCO;-free)
5ml FCS
5 ml 100« Pen/Strep
10 ml 1M Tricine (pH 8.2 at 37°C)
5 ml NgCOs (Biochrom)
5 ml 100« Glutamix (Gibco)
in 500 ml Ampuwa sterile O
(adjust pH with KOH)

0.25% trypsin/PBS 0.25% (w/v) trypsin in £ PBS

All chemicals not explicitly listed above were pliased from Biochrom, Gibco or
Sigma.
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2.1.12.2 Bacterial Culture Media and Reagents

LB (Luria Broth)

LB-plate
(with antibiotics)

TFB1 (pH 5.8)

TEB2 (pH 6.8)

2.1.12.3 Standard Buffers

AP staining solution

BCIP

Blocking solution

Buffer P1 (home-made)

Buffer P2 (home-made)

Buffer P3 (home-made)

Coomassie staining solution

1% (w/v)BactoTrypton (Becton Dickinson)
0.5% (w/v) Bactoyeast exact

0.5% (w/v) NacCl

in ddH,O

2% (w/v) BactoAgar in LB
(working concentration refers to Table 2.5)

100 mM RbCI

50 mM MnCk

30 mM potassium acetate
10 mM CaC}

15% (v/v) glycerol

in ddH,O

10 mM MOPS

10 mM RDCI

75 mM CaC}
15% (v/v) glycerol
in ddH,O

0.05% (v/v) BCIP
0.5% (v/v) NBT
in substrate solution

5% (w/v) 5-bromo-4-chloro-3-indolyl-
phosphate in dd§O

5% (w/v) dry skimmed milk power
0.2% (v/v) Tween 20

0.2% (w/v) NaN

in 1x PBS (pH 7.4)

50 mM Tris-HCI, pH 8.0
10 mM EDTA, pH 8.0
100pg/ml RNAse A

in ddH,O

200 mM NaOH
1% (w/v) SDS
in ddH,O

3 M potassium acetate (pi 5.5

0.025% (w/v) coomassie brilliant blue G
30% (v/v) methanol

10% (v/v) acetic acid

in ddH,O
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Destaining solution

10x DNA loading dye
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30% (v/v) methanol
10% (v/v) acetic acid
in ddH,O

40% (v/v) glycerol
1% (w/v) bromophenol blue
in TE buffer (pH 8.0)

10x Electrode buffer (pH 8.3 - 8.5) 30.3 g Tris

Elution Buffer (pH 2.8)
(for affinity purification)

Moviol ol

NBT

4% PFA/PBS
Resolving gel (10%)

5x sample buffer

Stacking gel (4.4%)

Substrate solution

50x TAE (pH 8.0)

144.41 Glycine

10 g SDS

in 1L of ddH,O

(adjust pH with glycine)

0.2 M Glycine
1 mMEGTA
(adjust pH with 1M Tris, pH 9.84)

2.4 g Moviol 4-88
7.81 ml 87% glycerol
12 ml 0.2 M Tris-HCI, pH 8.5

1% (w/v) nitrotetrazolium blue chloride
in ddH,O

4% (w/v) paraformaldehyde irkIPBS

940ul 0.5 M Tris-HCI (pH 6.8)

100ul 10% SDS

1.67 ml 30% acrylamide/bisacrylamide
20l 10 % (w/iv) APS

10ul TEMED

2.27 ml ddHO

5.7 ml 87% glycerol

19 SDS

3.125 ml 1 M Tris-HCI (pH 6.8)
100pL 0.5 % (w/v) bromophenol blue
0.25gDTT

in 10 ml ddHO

400pl 0.5 M Tris-HCI (pH 6.8)

100l 10% (w/v) SDS

1.45 ml 30% acrylamide/bisacrylamide
12.5ul 10% (w/v) APS

10 ul TEMED

10 ul 1% (w/v) Bromophenol blue
400l ddH,O

200 ml 10% (v/v) diathamolamine (pH 9.6)
20l 5 mM MgCl,
800 ml physiological NaCl (pH 7.4)

242 g Tris
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57.1 ml 98% acetic acid
100 ml 0.5M EDTA (pH 8.0)
in1LddHO

10x TBS (pH 7.6) 24.2 g Tris
80 g NaCl
in1LddHO

10x TE buffer (pH 8.0) 100 mM Tris
10 mM EDTA
in ddH,O

0.25% Triton X-100/PBS 0.25% (v/v) Triton X-100
in 1x PBS

Washing solution 0.05% (v/v) Tween 20
in 1x TBS (pH 7.4)

2.1.13 Chemicals

Acrylamide/bisacrylamide Roth
Adenosine 5’ triphoshpate (ATP) Sigma
Ammounium peroxodisulfate (APS) Merck
Ampuwa sterile water Fresenius kabi
Diethanolamine Sigma-Alrich
1,4-Dithiothreit (DTT) Roth
Glutathione (GSH) Sigma
Manganese Chloride (Mng)l Merck

Moviol 4-88 reagent Fluka
Potassium dihydrogen phosphoate Roth
(KH2POy)

Potassium phosphate monobasic Calbiochem
(K2HPO,)

Rubidium Chloride (RbCI) Sigma-Alrich
Sodium azide (NaB) Sigma
TEMED Roth

Triton X-100 Sigma-Alrich
Tween 20 Sigma-Alrich

All chemicals not explicitly listed above were pliased from Calbiochem, Merck,
Roth or Sigma.
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2.1.14 Apparatus

Acrylamide gel cast
Agarose gel chambers
Cell electrophoration system

Centrifuges

Digital balances

Electrophoresis power supply

Gel documentation system
Gel Electrophoresis
Incubators

Lightcycler

Luminescent image analyzer
Luminometry

Light microscopy

pH Meter

Photometer

Pipette aids

Pipettes

Semi-dry transfer cell
Shaker

Thermocycler
Thermomixer
Time-lapse microscopy
UV-Crosslinker
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Modell Mini Protean 1l (BioRad)
Keutz Labortechnik (Reiskimghe
Electro manipulatdd @BTX)

Megafuge 2.0 (Heraeus)
Megafuge 2.0 RS (Heraeus)
Modell 5417 C (Eppendorf)
Modell 5417 R (Eppendorf)
RC-26 Plus (Sorvall-Kendro)

BP 221 S (Sartorius)
LP 6200 S (Sartorius)

EPS 600 (Amersham Pharmacia Biotech)
Standard Power Pack P25 (Biometra)

BioDoc Il (Biometra)

Modell Mini Protean Il (BioRad
Heraeus
Roche

Image Reader LAS-400i{f)
Wallac 1420 Multilabel Counter (Perlgimer)
Modell DM IL (Leica)
Modell OV5 (Biometra)
Ultraspec 1000 (Pharmacia Biotech)

Pipetboy acu (IBS Integra Biosciences)
Pipetus-akku (Herschman Laborgerate)

Modell Research (Eppendrof)
Transfer-Blot SD cell (BiadR

SM-30 Control (Johanna Otto)
Modell T3 (Biometra)

Modell Compact (Eppendorf)
Axiovert 200 M microscopy i65¢

UVC-500 (Hoefer)
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2.2 Methods

2.2.1 Bioinformatics

The putativeT. gondii cytochrome ¢ (TGME49 019750; TGME49 029420) and
cytochrome c oxidase Cox19 (TGME49 054260) weratifled by BLAST searches

in genomic and/or cDNA sequence data Wip://ToxoDB.org using amino acid
sequences 08 cerevisiae Cycl (NP_012582) and Cox19 (NP_013082) as queries,

respectively. The TMHMM Server v. 2.0 was used gogdiction of transmembrane

helices in proteins Http://www.cbs.dtu.dk/services/ TMHMNI/ Multiple sequence

alignments were done using the ClustalW program taé EMBL-EBI

(http://www.ebi.ac.uk/clustalvy/ Programs including MitoProt

(http://ihg2.helmholtz- muenchen.de/ihg/mitoprot.nkmand SignalP 3.0 Server

(http://cbs.dtu.dk /services/Signa)Ryere used to predict subcellular localisation.

2.2.2 Plasmid Construction

2.2.2.1. Plasmid Construction fory. lipolytica Transformation

Detailed information of plasmid construction fofarrowia transformation was
described previously (Ligt al., 2008).

2.2.2.2 Plasmid Construction for Split GFP Complemetation

The complete open reading frames (ORFs) of Tg8C&id TgNDH2-1I were
amplified from plasmids pTet-sag-SCSb-cmyc-DHFRe(g@ et al., 2008) and pTet-
sag—ndh2-Il-cmyc-DHFR (Liet al., 2008) usind’husion polymerase with the primer
sets SG-SCHEBamHI+ and SG-SOBAvrll-, and SG-NDH2-1I-Bglll+ and SG-
NDH2-1-Avrll-, respectively. The coding sequencdsTgNDH-1, TQNDH2-1399 and
TgNDH2-1457 were amplified from pTet-sag-ndh2-I-cmyc-DHFR (Lgéhal., 2008)
using the sense primer SG-NDH2I-BamH1+ and antesemsmers SG-NDH2-I-
Avrll-, SG-NDH2-1399-Avrll- and SG-NDH2-kg-Avrll-, accordingly. For PCR
amplifying the ORFs of TgCytC750, TgCytC420 and dgC9, cDNA of RH strain
was used as a template. The primer sets used wgyt@750-Bglll+ and
TgCytC750-Avrll- for TgCytC750; TgCytC420-Bglll+ dnTgCytC420-Avrll- for
TgCytC420, and TgCox19-Bglll- and TgCox19-Avrll- rfoaTgCox19. All PCR
fragments were first cloned into pDrive and DNA sexaced. The Bglll/Avrll or
BamHI/Avrll fragments were finally subcloned intdCpG1-10 resulting in a C-
terminal GFP1-10 fusion or into pBTG11 resultingailC-terminal GFP11 fusion (van
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Dooren et al., 2008). For some fusion constructs, an additicietible linker
consisting of (GS) residues or LS(GGGGZAA residues (Araiet al., 2001) was
inserted into the Avrll site of the fusion constsjcwhich was derived from self-
annealing oligonucleotides from primer sets (&&8)rll+/- and LS(GGGGS)AA-
Avrll+/-, respectively. All constructs were veriflefor correct sequences and
orientations. All oligonucleotides mentioned abawve listed in Table 2.8 Section
214

2.2.2.3 Gel Purification

DNA was extracted from agarose gel using QIAGEN HRIRfication Kit according
to the manufacturer’s protocol. In brief, DNA wassolved on a ~1 % agarose gel
with 0.5 mg/ml ethidium bromide inxX1TAE. Each of the observed bands was
visualized and excised with a scalpel under ulti@tilight. Three volumes of Buffer
QG were added to 1 volume of the excised gel. Gad wompletely dissolved by
shaking at 50°C for 5-10 min and then mixed thohtyigvith 1 gel volume of
isopropanol. The mixture was applied to a QIAqusghn column placed in a 2-ml
collection tube. DNA was bound by centrifugation18,000xg for 1 min andnext
washed with 75Qu of Buffer PE. Finally, DNA was eluted by addin@ 8l of pre-
warmed ddHO to the centre of the column and collected byrdegation.

2.2.2.4 PCR Cloning
The purified PCR fragments were subcloned into p®wector according to the
manufacturer’s protocol (QIAGERCR Cloning Kit). PCR products were added with

a molar ratio of 5 times more than pDrive cloniregtor (50 ng) for ligation.

2.2.2.5 Restriction Endonuclease Digestion of DNA

Restriction endonuclease digestion for subclonirags ywerformed in 2@l ddH,O
containing 2ug of plasmid DNA, ¥ NEB buffer, X BSA (optional), and 2 U of
restriction endonucleases. The reaction mixture veasally incubated at 37°C (55°C
for Sfil; 25°C for Apal) for 3 h. For screening oks, reaction was done in a total
volume of 10ul ddH,O containing lug of plasmid or cosmid DNA,XNEB buffer,
1x BSA (optional), and 1 U of restriction endonuckEsmRestriction enzyme digestion

was normally incubated at 37°C for 1 h.
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2.2.2.6 Alkaline Phosphatase Reaction

Vectors followed by restriction endonuclease diges{20 ul) were added with 21l
(instead of 4ul) of 10x alkaline phosphatase buffer, 2 U of alkaline phaspse, and
leveled up with ddHO to 40 pul. The reaction was kept at 37°C for 15 min and
inactivated at 65°C for 5 min.

2.2.2.7 Ligation of DNA

Ligation reaction was performed in a ghDreaction volume containing gel-purified
inserts with a molar ratio of 5 times more thantee¢100 ng), ¥ ligation buffer and
1 U of T4 DNA ligase. The ligation reaction was kep RT (25°C) for 30 min or
incubated overnight at 16°C.

2.2.2.8 Preparation of chemically Competenit. coli Cells

A single colony ofE. coli cell was inoculated into 5 ml LB without antibicdi and
grown overnight at 37°C with vigorous shaking. Ongint culture (2 ml) was added
into 100 ml pre-warmed LB medium and grown at 37fi@il an Oy of 0.5 was
reached. The culture was transferred into 50-mésudnd cooled on ice for 15 min.
Cells were collected after centrifugation at 46@0for 10 min at 4°C. The cell pellet
was gently resuspended in 30 ml ice-cold TFB1 budfed incubated on ice for 30
min. Cells then were pelleted by centrifugationdascribed above, resuspended in 4
ml ice-cold TFB2 buffer, and incubated on ice foot#ner 30 min. Competent cells

(100 ul) were aliquoted in pre-chilled 1.5-ml tubes anmdriediately frozen at -80°C.

2.2.2.9 Cell Transformation

Transformation of plasmid DNA was performed usin@PILO or DH& chemically
competent cells. Competent cells were first thaaedce for 3-5 min. Total amount
of 5 ul from ligation-reaction mixture was slowly addeda the cells without any
vortexing. Cells were further incubated on ice 30rmin. After that, cells were heat-
shocked in a 42°C water bath for 45 s followed byi incubation on ice. Nine
hundredul of LB was added to the cells and kept shakin@7&C for 1 h at 250 rpm.
Finally cells were plated on an LB-ampicillin agadate (100ug/ml ampicillin). For
white-blue colony selection, 44 of X-gal (40 mg/ml) and 4@l of IPTG (1 M) were
added onto the plate. Plates were incubated ovdratg37°C.
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2.2.2.10 Plasmid Preparation

2.2.2.10.1 Screening Clones

The selected single colony was inoculated into 3 Bhasupplemented with antibiotics
and grown overnight at 37°C with vigorous shakipsmid DNA was isolated from
overnight culture (3 ml) using GenElute Plasmid Mirep Kit according to the
manufacturer’s instructions. Purified plasmid DNAasvdigested with restriction
endonucleases to screen the expected DNA inserA §8duencing was performed in

commercial company Seqlabwyw.seqglab.d®¢ Large scale of plasmid preparation

was purified by GenElute Plasmid Maxi Prep Kit.

2.2.2.10.2 Determination of DNA Concentration
DNA concentration was determined photometricallyd acalculated from the
absorbance at 260 nm as follows: DNA concentraigiml) = absorbance 50 x

dilution factor of the measured samples.

2.2.2.10.3 DNA Precipitation

Dissolved DNA (typically in HO, TE buffer or Tris-HCI, pH 7.5-8.0) was addedtwit
1/10 volume of 3 M sodium acetate (pH 5.2) andvalbimes of 100% ethanol. The
sample was mixed by inverting the tube 6 times iacdbated at -20°C for 30 min.
Supernatant was removed from the tube after cagatfon at 14,000 rpm for 20 min.
DNA was once with 1 ml of 70% ethanol and centrfdggain. After removing the
ethanol, DNA pellet was air-dried under laminarwiidhood for 5-10 min and
resuspended with 50 of ddH,O. Plasmid or cosmid DNA used for electroporation

was resuspended with 4bof cytomix.

2.2.3. Cosmid Recombineering

2.2.3.1. Preparation of Electrocompetent Cells

SW103 { prophage deficient. coli strain was inoculated into 5 ml LB without
antibiotics and grown overnight at 30°C with vigasoshaking. Two ml of the
overnight culture was added into 100 ml pre-warr(@@fC) LB and grown at 30°C
until an ODyo0 Of 0.4 was reached. The culture was cooled offioic20 min swirling
every 5 min. After that, the culture was transferrgo 50-ml tubes and centrifuged at
4,000 rpm for 10 min at 4°C. The cell pellet wasuspended in 50 ml ice-cold dgl&l
followed by centrifugation as described above. €Thk pellet then was sequentially
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washed once with 50 ml, 20 ml and 3 ml of ice-aiddH,O. Finally the cell pellet was
resuspended with 6Q0 of 10% (v/v) glycerol. Competent cells were aled in ice-

cold 1.5-ml microfuge tubes (50 per tube) and frozen immediately at -80°C.

2.2.3.2. Electroporation of Cosmid DNA

Electrocompetent SW103 cells were thawed on ic&fmin. Cosmid DNA (200 ng)
was added into the competent cells with slightigriag by pipette tip and incubated
on ice for 1 min. Cells were transferred into ae-told 2 mm gap cuvette and
electrophorated at 1.75 kV, 28D, and 25uF. A total of 1 ml LB was immediately
added into cuvette and mixed thoroughly with thédsceSubsequently cells were
transferred from cuvette into a 1.5-ml tube. Celge shaken at 30°C for 1.5 h. An
aliquot of 100ul from the culture was spread onto an agar plaspamed with
antibiotics (it depends on the vector backbone; iaithp is used for selection of
cosmids PSBLE59 and PSBM942). Several colonies wereened for the targeted
genes by PCR. Selected clones were kept as glysteiaks at -80°C.

2.2.3.3. Preparation of SW103 containing Cosmid

Glycerol stock of SW103 containing cosmid was fyshoculated into 5 ml LB
supplemented with 10Qg/ml ampicillin and grown overnight at 30°C withgerous
shaking. Two ml of overnight culture was added ih@® ml LB and grown at 30°C
until ODggp reached at 0.4. Induction of expression of recowanfiti proteins was done
on 43°C water bath with a gentle shaking at ~108 fpr 20 min. Afterwards the
culture was cooled in wet ice for 20 min swirlingeey 5 min. Finally competent cells

were prepared as the same procedures descrilg®tion2.2.3.1

2.2.3.4. Cosmid Modification

Cosmid recombineering was referred to previousiphbt protocol (Leet al. 2001).
Modification cassettes containing gentamycin andeghycin resistance markers
were amplified from plasmids piBG using primer siasking with 50 bp of gene-
specific sequences (TgNDH2s). Primer sets Ico+laadg and lico+ and llco- were
respectively used for recombineering PSBLE59 anBN#®B12 cosmids, as tabulated
in Section 2.1.4 PCR products were purified and introduced intdlscéy
electroporation and selected on plates supplemeavitadLO0ug/ml ampicillin and 10

ug/ml gentamycin. Modified cosmids were screened A§R using primers that
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amplify the flanking regions of the targeting cassePrimer pairs used for confirming
modified cosmids were NDH2-I-sp+/coseq4- and gevsi&p- for PSBLES9,
designated as primer Set A and B (see Figure 3e3pectively; and NDH2-II-
spt/coseq2- (Set A) and gen+/coslisp- (Set B) 18BM942. Selected clones were
kept as glycerol stocks at -80°C and further coméid by DNA sequencing.

2.2.3.5. Cosmid DNA Preparation

A single colony was inoculated into 5 ml LB suppé&ted with antibiotics and grown
overnight at 30°C. Overnight culture (3 ml) waslgeld and lysed with 300l of
Buffer P1 containing RNAse A. Then 3@0 of Buffer P2 and P3 was sequentially
added into the lysate, mixed gently and incubate®Tafor 5 min each. The mixture
was centrifuged at RT for 10 min. Supernatant thas transferred into a new 1.5-ml
tube and mixed thoroughly with 0.7 volume of isqmapol (630ul). After that, the
mixture was incubated on ice for 5 min and the ipitted DNA was pelleted after
centrifugation at 4°C for 30 min. The DNA pellet svavashed with 1 ml of 70%
ethanol and centrifuged at RT for 5 min. Finalljpswmatant was discarded, DNA
pellet was air-dried and resuspended irubUE buffer. Cosmid DNA was stored at -
20°C.

2.2.4 Analysis of Gene Expression

2.2.4.1 Isolation of Genomic DNA

Extracellular parasites were collected from theesogtant after centrifugation at 34
xg for 5 min to remove host cell debris. Parasites twere pelleted at 1,3%4 for 10
min at RT. Genomic DNA isolation was prepared ustegiGOLD Tissue DNA Mini
Kit according to the manufacturer’s protocol.

2.2.4.2. Total RNA Isolation

Total RNA was isolated by usin@enElute Mammalian Total RNA Kit according to
the manufacturer’s protocol. Intracellular parasiteere firstly lysed by adding 5Q0

of lysis solution containing 1% (v/v) of 2-mercagtivanol. Cell lysates then were
transferred into a blue filtration column placed @ 2-ml collection tube and
centrifuged at 14,00&g for 2 min. Equal volume of 70 % ethanol (500 were
added to the filtrate and thoroughly mixed. Nexd thixture was transferred into a
clear binding column and centrifuged at 14,6@0for 15 s. Afterwards flow-through
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was discarded, the column was washed once withub@® Wash solution 1, twice
with 500 ul of Wash solution 2 containing ethanol, and cémnged for 15 s each.
Additional 1-min centrifugation at 14,008y was done to remove residual ethanol
from the washing solutions. Finally, total RNA walated from the column by adding
50 ul of RNase-free HO and stored at -80°C until used.

2.2.4.3 Reverse Transcription — Polymerase Chain Retion (RT-PCR)

2.2.4.3.1 Synthesis of cDNA

First-strand cDNA was reverse-transcribed in aubORNase-free HO reaction
containing 5ug of total RNA, X M-ML RT buffer, 1uM oligo(dT) primer, 0.5 mM
dNTP, and 5 U of M-MLV reverse transcriptase at@7r 1.5 h. The cDNA was
diluted by adding 10@l of RNase-free HO and ready for conventional PCR or real-

time PCR. Samples were stored at -20°C.

2.2.4.3.2 Polymerase Chain Reaction (PCR)

PCR conditions were adjusted in accordance toviatig parameters: properties of
DNA polymerases and templates, Tm of primer setd,sdze of the PCR products. In
general, PCR amplification was performed in auP%eaction for 28-30 cycles. Each
PCR reaction contained 50-100 ng of DNALN of each upstream and downstream
primer, 0.25 mM dNTP, 2 PCR reaction buffer, and 0.25 U of DNA polymerases
The PCR primer sets used are summarizeseiction 2.1.4For PCR cloning, cDNA
was firstly purified by QIAquick PCR Purificationikand PCR reaction was done in
50 ul reaction volume for 25-28 cycles. All PCR produetere analyzed on a ~1 %
agarose gel with ethidium bromide and were visedlizinder ultraviolet light. In
order to check the size of the PCR products, GeleeRlb or 100 bp DNA Ladder

was run along with the PCR products.

2.2.4.3.3 Real-time PCR

Real-time PCR was performed using Lightcycler adowy to the manufacturer’s
instructions. PCR amplification was carried outngsthese parameters: 10 min at
95°C followed by 40 cycles of denaturation (95°C,s), annealing (60°C, 15 s), and

extension (72°C, 20 s). All samples were testedfOoR amplification efficiencies as
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described previously (Liet al., 2009). Cp values from PCR amplification wereduse

for relative quantificationg-tubulin mMRNA transcripts were used for normaliaati

2.2.4.3.4 Fusion-PCR
Fusion-PCR amplification was firstly performed in@ume of 5Qul containing 50 ng
of each purified DNA fragment with 5 cycles of P@Rthe absence of primers with

following parameters: denaturation (98°C, 10 sheating (55°C, 10 s), and extension

(72°C, 30 ¥ The PCR reaction was continued for another 7esyelfter adding the

primer sets.

2.2.5 Cell Cultures

2.2.5.1 Cultivation of Human Foreskin Fibroblasts

HFF cells were maintained in DMEM supplemented Wi@i§% FCS and 1% Pen/Strep
at a 5% CQ humidified atmosphere. Cells were cultivated it7% cnf cell culture
flask for 10 days to reach a confluent monolayarnfttient cells then were split to
lower cell density by re-cultivated in 175 &n25 cnf (T25) cell culture flasks or
plates. Cells were split as follows. The culturedam was aspired by suction and
washed once with 10 ml of 1% EDTA/PBS. Then cellsravadded with 5 ml of
0.25% trypsin/PBS and removed most of the solusitiar tilting the flask several
times. Monolayer cells were detached after incoipa@t 37°C for 1-2 min and
resuspended with the same culture medium.

Human osteosarcoma 143B/206 cells, which lack maadrial DNA (Jacobsost al.,
1993), and the parental 143B cell line were manadiin DMEM supplemented with
10% FCS, 1% Pen/Strep, 1% glutamine, sodium pyeu(&tOug/ml) and uridine (50

ug/ml).

2.2.5.2In vitro Cultivation of T. gondii

Parasites were propagated in HFF cells as preyialescribed (Roost al., 1994). In
brief, tachyzoites were inoculated on a confluefiFHmonolayer grown on cell
culture flasks or plates with DMEM supplementedwifo FCS and 1% Pen/Strep at
37°C in a 5% CQ@ humidified atmosphere. Extracellular parasiteseweteased from
lysed host cells after 2-3 days of post-infecti®arasites were maintained by re-

infection.
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2.2.5.3In vitro Differentiation of Tachyzoites to Bradyzoites

Bradyzoite differentiation was induced by alkalipél-shift (Soeteet al., 1994).
Tachyzoites were freshly released by syringe passayl 310* parasites were
inoculated onto a confluent HFF monolayer grown arglass-bottomed 24-well
imaging plate or plastic plate. Cell cultures wdedly changed with a fresh pH-shift
medium to remove the extracellular parasites anthtaia a constant culture pH.
Bradyzoite differentiation was achieved after 3-dagubation of pH-shift medium

and the differentiation rate was verified by immflmorescence assay.

2.2.5.4 Transfection ofT. gondii

Freshly lysed tachyzoites were harvested by sangpjpom the HFF (~60% of lysis)
monolayer and released by syringe passage. ThesddhFF cells was pelleted by
centrifugation at 34xg for 5 min. Supernatant containing the parasitexew
transferred into a new 50-ml tube and centrifuged,al4xg for 10 min. Parasites
were washed once with 5 ml cytomix and centrifuged,314xg for 10 min. Parasites
were resuspended in filtered ATP/GSH/cytomix witfirel concentration of 810’
parasites/ml. A 1.5-ml tube containing linearizéasmid DNA (50ug of DNA and 50
U of restriction endonuclease in B cytomix) was added with 350l of parasite
suspension and gently mixed. Total volume of 40®f the mixture was carefully
transferred into a 2 mm gap cuvette without causgay bubbles inside and
electroporation was done by using a BTX electroimaator 600 with a setting at 1.5
kV, 25Q and 25uF. After 15-min incubation at RT, the electropodaparasites were
transferred into a T25 cell culture flask and imm&gly put under drug selection by
chloramphenicol or pyrimethamine. Drug selection fijleomycin was done on
extracelluar parasites for 4 h. Indicated drug eatr@ation is shown in Table 2.5 in
Section 2.1.9

2.2.5.5. Generation of Conditional Knock-out Mutans

Transgenic lines TgNDH2-1 and TgNDH2-1I each expreg an inducible copy of

TgNDH2-I or -II were firstly subcloned. Modified smids PSBLE59 and PSBM942
were electroporated into the parental clonal lifengc-tagged TgNDH2-1 and

TgNDHZ2-Il, respectively. After three rounds of drsglection, parasite lines were

subcloned into 96-well plate and the isolated @ngéaques were first screened for the
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disruption of endogenous gene locus by PCR usimgeprsets of cosIRT+/WT-
NDH2-1- (Set 1), and cosIKO+/- for TJNDH2-I (Set; 2and coslIRT+/WT-NDH2-1-

(Set 1) and coslIKO+/- (Set 2) for TgNDH2-II, respeely. Restriction digestion and
RT-PCR and were further applied to the selectediedoto confirm the knock-out
pattern. Primer pairs used for RT-PCR analysis wasefollows: cosIRT+/ - for
TgNDH2-I; and coslIRT+/- for TJNDH2-11.

2.2.5.6. Cloning of Transgenic Lines

Medium in confluent HFF monolayer grown on 96-welates was changed with
DMEM supplemented with 1% FCS, 1% Pen/Strep andctieh drugs (10Qul per
well). Extracellular parasites were harvested axidleed inSection 2.2.5.4Parasites
were counted and diluted to 100 parasites per mé lundredil was added into each
well in the first and seventh vertical columns o®&well plate. Serial dilution was
started from left to right by using a multi-chanpgbetor. The parasites were mixed
well by pipetting several times and were transteri®@0 pul into next column. The
medium was discarded after mixing column 6 andTh2 plates were incubated for 7
days without disturbing the cultures. Individualllweobserved with a single plaque
were marked and parasites of these clones wergferaed into T25 flasks.

For subcloning the knock-out parasites, single ygagobtained on the 96-well plates
were transferred into 12-well plates. After 5-6 slagll the clones after infecting 24-
well plates, were harvested for genomic DNA isolatand subjected to PCR for

knock-out screening.

2.2.5.7 Cryopreservation ofT. gondii

Intracellular parasites were detached as desciib&ection 2.2.5.1Detached cells
were suspended in 10 ml of 10%FCS/DMEM and cergeiflat 400xg for 5 min.
Supernatants then were discarded and the cellt pedie added with 1 ml of ice-cold
10%FCS/DMEM and quickly mixed with 1 ml of freezingedium. Cells (1 ml) were
aliquoted in 2-ml cryotubes and kept in liquid agen for long-term storage. For re-
cultivating frozen cells, a cryotube was thawea i87°C water bath and the cells were
immediately transferred into a cell culture flasishly changed with 1%FCS/DMEM.
Cells were incubated at 37°C in a 5% L@midified atmosphere and replaced with

new medium after 12 h to remove the residual DMSO.
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2.2.5.8 Immunofluorescence Assay

Samples were firstly fixed with 500 of 4% PFA/PBS and permeabilized with 500
of 0.25% Triton X-100/PBS for 15 min each. Afterotking with 300ul of 1%

BSA/PBS for 1 h, samples were incubated with primantibodies followed by
secondary antibodies for 1 h each. Working coneéiotr of staining solution is

summarized in Table 2i4 Section 2.1.5.

2.2.5.9 Detection oA¥Ym

The T. gondii A¥Ym was monitored after staining with fluorophorestditiacker or
DiOCg(3) as described previously (Ligt al., 2009). Working concentration of
staining solution is summarized in Table Bx%ection 2.1.10.

2.2.5.10 Determination of Intracellular ATP Level
Parasitic ATP level was determined by using the TBac-Glo Microbial Cell
Viability assay. Preparation, measurement and dfiation of intracellular ATP

level were performed as described previously étial., 2009).

2.2.5.11 Time-lapse Microscopy

Live imaging ofT. gondii AYm was performed with an inverted Zeiss Axiovert 200
microscopy equipped with a XL-3 incubator and atingaunit (PeCon). Images were
captured by an AxioCam MRm camera and processdtAsitovision 4.6.3 software.
All live imaging experiments were performed on adi glass-bottomed 24-well
imaging plate and kept at 37°C. In brief, confluétftF monolayer seeded on an
imaging plate were 16-18 h post-infected with X33 parasites per well. After
DiOCg(3) staining, the plate was transferred into thenidified chamber and drugs

were added to the wells at the indicated conceotrsit

2.2.5.12 Drug Treatment
Parasites (3-6L0°) were inoculated onto confluent HFF monolayer @#avell plate
in correspondent to different time intervals. Drugere added with the indicated

concentrations and time intervals.
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2.2.5.13 Cell Count
Parasites were 5-fold diluted withx IPBS and counted using a hemocytometer.

Parasites per ml = (average counted numié&rs 10%)/ml.

2.2.5.14 Statistical Method
Statistical analysis was performed by Studenttsst. Differences were considered

statistically significant whep values were less that of 0.05.

2.2.6. Analysis of Protein Expression

2.2.6.1. Growth ofE. coli Expression Cultures

A selected positive colony was inoculated into 5LBlsupplemented with 100g/ml
ampicillin and 25ug/ml chloramphenicol and grown overnight at 37°@hwiigorous
shaking. One ml of overnight cultures was resuseend 30 ml of the same pre-
warmed culture medium and grown at 37°C until ans§0f 0.6 was reached. Protein
expression was induced for 1 h by adding IPTGfata concentration of 1 mM. Cell
cultures were centrifuged at 4,580 for 15 min at 4°C and cell pellet was stored at -
20°C.

2.2.6.2 Growth ofY. lipolytica Cultures
The protocol of transformation and preparation afoohondrial membranes was
described previously (Eschemagtral., 2005; Linet al., 2008).

2.2.6.3 Protein Extraction

Protein fractionation for transgenic line TJATPgsis-described in detail in Liet al.,
2009. For extraction of recombinant protein expedsm E. coli, the harvested cell
pellet was resuspended in buffer B (pH 8.0; 50 il gram wet weight) containing
100 mM NaHPOy, 10 mM Tris-HCI, 8 M urea. The cells were lysed aytexing
and stirred by a rotary at 4°C for 1 h. Supernasoluble protein) was collected after
centrifugation at 8,00&g for 20 min at 4°C. Proteins were loaded with sample
buffer ready for SDS-PAGE analysis.
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2.2.6.4 Western Blot analysis
2.2.6.4.1 Quantification of Protein Concentration
Protein concentration was determined by BCA proissay kit according to the

manufacturer’s protocol.

2.2.6.4.2 Sodium Dodecyl Sulphate — Polyarcylamid@el Electrophoresis (SDS-
PAGE)

Separation of proteins was performed by SDS-PAGte. dcrylamide gel cast was set
up by laying two spacers sandwiched between twiamgglar glass plates. Separating
gel (10% or 12.5%) was pipetted into the space.nUgie polymerization of the
separating gel, a comb was inserted in the sandplaties. Stacking gel (4.4%) was
filled on top of separating gel and waited for difyiing. Equal amount of protein

samples were mixed wittxzample buffeand were boiled for 5 min. In the presence

of 1x electrode buffer, electrophoresis was performet wonstant current 0.3 mA.

2.2.6.4.3 Electroblotting of SDS-PAGE

The polyacrylamide gel was electroblotted usingemidry blot system onto a
nitrocellulose membrane assembled in the followorder: starting at anode direction
with 6 Whatman filter papers soaked with 0.3 mMsIHCI (pH 10.4) and 20%

methanol; 3 Whatman filter papers soaked with 25 fimd-HCI (pH 10.4) and 20%

methanol; Hybond nitrocellulose membrane (AmersBamsciences); SDS-PAGE gel
and 9 Whatman filter papers soaked with 40 mM 6Graxxapronic acid (pH 7.6) and
20% methanol followed by cathode direction. Prcteivere transferred at RT with

constant current 0.3 mA for 1.5 h.

2.2.6.4.4 Blocking, Washing and Antibody Incubation

The electroblotted nitrocellulose membrane wag fivsubated with blocking solution
at RT for 1 h to reduce non-specific binding ofibody. After the blocking step, the
membrane was washed once with washing solutiorbfomnin. Bound proteins on
membrane was probed with primary antibody overnagh4°C. On the second day,
membrane was washed for 30 min and washing solut@as changed every 5 min.
Next, the membrane was incubated with secondampay at RT for 1.5 h. The
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membrane finally was washed again as describedeabidve working dilution and
sources of antibodies are summarized in Tabler2S&ction 2.1.5

2.2.6.4.5 Affinity Purification of Polyclonal Antibodies

His-tagged recombinant proteins (~5@) were resolved by SDS-PAGE and
transferred onto nitrocellulose membranes. Prowipression was visualized by
Ponceau S staining and the membrane strip congathim expected protein was cut
out. The membrane strip was blocked with 5% (wkinsned milk at RT for 1 h and
incubated overnight with 2 ml of 0.1% Trition X-1/@BS containing 4@l of raised
serum at 4°C. On the next day, the membrane stp washed 4 times with 0.1%
Triton X-100/PBS every 5 min. Afterwards the menm&astrip was incubated with
150 mM NacCl at RT for 20 min and washed as desdrdimve. The membrane strip
then was put into a 2-ml tube and sequentially ghdrwith 90Qul elution buffer (pH
3.5, pH 3.0 and pH 2.5) at RT for 10 min each. lynaach elution fraction was
diluted to 1:300 by adding 1Q0 of 10x PBS, 10ul of 2% sodium azide (0.02%), and
100l of 10% BSA.

2.2.6.4.6 Protein Detection

Methods including ECL chemiluminescent detection atkaline phosphatase (AP)
staining were used for membrane development. Fdr &ection, an equal volume

of detection solution 1 and 2 were mixed. The wdshembrane was drained with the
mixtures at RT for 1 min. The chemiluminescent algwas recorded by Image
Reader. While using AP staining, the waskheeimbrane was first incubated with 10
ml pre-warmed substrate solution at RT for 2 maipfved by 10 ml pre-warmed AP

staining solution containing BCIP and NBT.

2.2.6.5 Kinetic Measurements

Measurement and analysis of enzymatic parameterdescribed in Liret al., 2008.
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CHAPTER Il

Results

3.1Biochemical Characterization of TJNDH2s as Drug Tagets for HDQ

Results of this section have been described prelidlin et al., 2008; seé\ppendix I). A summary

of the findings is depicted as follows.

The quinolone-like compound HDQ, known as a higm#y inhibitor for the yeasy.
lipolytica NDH2 (Eschemanmt al., 2005), has been shown to effectively inhibit the
replication rate ofT. gondii in vitro (Salehet al., 2007). Thus, it is crucial to
biochemically characteriz&. gondii NDH2s to reveal whether these two isoforms,
TgNDH2-1 and TgNDHZ2-11, are indeed enzyme targetdH®Q. Given the fact that
both isoforms of TgNDH2s are constitutively co-eegsed in tachyzoite and
bradyzoite stages, a direct biochemistry analykisdividual enzyme parameters for
TgNDH2s was instead performed on recombinant prstby usingy. lipolytica as a
surrogate model. AY. lipolytica NDH deletion strain was used to heterologously
express both enzymes fused withvarowia mitochondrial NUAM import protein.
Both TgNDH2-I and TgNDH2-11 were able to displayidareductase activities by
using NADH andn-decylubiquinone (DBQ) as substrates. AdditionallgNDH2-I
could rescue the loss of complex | activity, implyithat TgJNDH2-1 is functionally
expressed in the yeast as an internal enzyme. dfartie, TQNDH2-1 activity was
effectively inhibited by HDQ with an I§ in the nanomolar range, indicating that
HDQ is a high affinity inhibitor for TJNDH2-I. Stely-state kinetics are in accordance
with a ping-pong reaction mechanism for TgNDH2-l.ondover, the mode of
inhibition of HDQ on TgNDH2-1 was analyzed indigagi that HDQ is a non-
competitive inhibitor for the NADH-binding site. Bher studies on inhibition kinetics
of the quinolone-like compounds showed that thévd@ves with longer alkyl chains,
such as & (HDQ) and G4, are high affinity inhibitors for TgNDH2-1, whergdhe
derivatives with shorter side chainsg @nd G, yielded higher 1G, values in the
micromolar ranges. Collectively, this study prowddevidence that type II NADH
dehydrogenase isoform | is a target enzyme of HDTQ gondii.
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3.2Physiological Consequences of TJNDH2s Inhibition ifi. gondii

Results for this section have been described pusiydLin et al., 2009; seéppendix I1). A summary

of the findings is depicted as follows.

The physiological influences of TgNDH2s inhibition mitochondrial functions were
explored in this study, particularly focusing omet subject of oxidative
phosphorylation. Firstly the impact of high affinitgNDH2 inhibitor HDQ (Linet al.,
2008; seeSection 3.1 on AYm in T. gondii was determined by using the cationic
fluorescent probes Mitotracker and Dig{B). Observations assayed by both dyes on
intracellular parasites being exposed to HDQ showigdificantly depolarization of
A¥Ym in T. gondii, implying that the interferences of TJNDH2 actyvattributed to
HDQ inhibition directly affect oxidative phosphoayion. Intriguingly, real-time
imaging revealed that intracellular parasites emged by HDQ at nanomolar
concentrations led to a dramatically collapsa®m within minutes. Additionally, the
collapse ofAYm mediated by HDQ was decreased in the presend&-afTPase
inhibitor oligomycin, suggesting that gondii may possess a conventional-likg- F
ATPase that can be inhibited by oligomycin. As asamuence, proton translocation
was prevented from entering the mitochondrial maand therebywWYm was able to
be stabilized. Following that, subcellular fraction of the lysates from a transgenic
line expressing an epitope-tagged TgATPRsa-subunit of ATPase, revealed that
TgATPaseB was explicitly found on membrane fraction, indisgta mitochondrial-
associated fATPase inT. gondii. This finding suggests thatyl-ATPase inT.
gondii is conventional-like instead of possessing a deltp-ATPase as proposed in
P. falciparum (Painteret al., 2007). The influence of HDQ on intracellular ATerel
was further assessed. Intracellular parasitesetleatith HDQ for 1 h showed a
significant ATP depletion of 30%, which increased’0% after 24 h. Taken together,
these data strongly indicate that HDQ inhibitioads a fast collapse &¥m and
eventually results in ATP depletion.

Moreover, the mode of inhibitory actions of HDQ amdmplex Il inhibitor

atovaquone were compared. HDQ-mediated but notagtmne-mediatedA¥m
depolarization was stabilized in the presence ofesx substrates for the
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dehydrogenases including succinate dehydrogenase alaterubiquinone
oxidoreductase and dihydroorotate dehydrogenaseserénzymes are localized in the
respiratory chain upstream of complex I, implyingat additional electrons
contributed from the oxidoreductase activities &eatron these dehydrogenases can
feed into the ubiquinol pool and partly compensidiie HDQ inhibitory effect on
TgNDH2, preventing a collapse of¥m. Finally, the long-term HDQ treatment on
tachyzoites was examined showing that bradyzoiteerdntiation was induced as
verified by quantitative RT-PCR. Interestingly, thyaoites induced by alkaline pH-
shift were detected with a lower percentage oftp@siA¥m staining, suggesting that
the importance of oxidation phosphorylation in yaates is different from that in

tachyzoites.

3.3Functional Analysis of TgNDH2s

3.3.1 Elucidating the Orientations of Inner Mitochondrial Membrane-
associated TgNDH2s

3.3.1.1TgNDH2-11 is an Internal Enzyme

To investigate the orientations of both inner niitmedrial membrane-associated
TgNDH2s, engineered self-assembling split GFP cemphtation was used
(Cabantoust al., 2005). In this approach, C-terminal fragmpydtrand 1-10 of GFP
(GFP1-10) ang3-strand 11 of GFP (GFP11) were expressed separdiéign both
molecules are localized to the same compartmemsethtwo engineered GFP
fragments are able to reconstitute GFP folding fimokesce. A transgenic parasite
line expressing a mitochondrial matrix protein TG fused with GFP1-10
(TgSCP-GFP1-10) was first generated and the correct indodrial targeting was
verified by co-localization with Mitotracker asuBtrated in Fig. 3.1A. To test whether
TgNDH2-GFP11 fusions are oriented as internal foreosistructs TQNDH2-I-GFP11
and TgNDH2-II-GFP11 were transfected into Tg8&&X-P1-10 line. Living parasites
from TgSC$-GFP1-10 line transfected with TgNDH2-1I-GFP11, mdt that with
TgNDH2-I-GFP11, were able to fluoresce and revealed typical tubular
mitochondrial pattern under time-lapse microscaogservation, indicating that the
two C-terminal GFP fragments contributed from TgSC&nd TgNDH2-II closely
interacted and reconstituted a functional GFP nuderesulting in fluorescence (Fig.

Chapter 11l Results



Page 56

3.1B). This observation was confirmed on fixed sk®p(Fig. 3.1C). To further
demonstrate that the fluorescence observed inipesas indeed due to the interaction
of TgSCSPB and TgNDH2-11, individual parasite lines TgSESFP1-10, TJNDH2-I-
GFP11 and TgNDH-1I-GFP11 were monitored. These gi@® by themselves were
unable to fluoresce (Fig. 3.1D). Thus, this findswggests TgNDH2-II possessing an
internal orientation that interacts with mitochaomtirmatrix protein TgSC$- and

reconstitutes GFP fluorescence.

3.3.1.2TgNDH2-1 is also an Internal Enzyme

One possible reason that TgSE&FP1-10 line transfected with TgNDH2-1-GFP11
did not fluoresce can be attributed to the inaabédgg of GFP11 that hinders a
correct folding with GFP1-10. The possibility of togchondrial mis-targeting of
TgNDH2-I-GFP11 construct was ruled out, since thealization of GFP11 fusion
protein at mitochondria was confirmed by IFA (F&2A). Interestingly, a previous
study has predicted that type Il NADH dehydrogenade falciparum might possess
an amphipathic helix C-terminus which penetratés the lipid bilayer (Fisheet al.,
2007). If this is similar inT. gondii, the internal inner mitochondrial membrane
proteins with C-terminal GFP11 fusion would be ted by split GFP
complementation approach by interacting with a omtomdrial matrix protein. To
preclude this possibility, we generated two truadatonstructs TQNDH2:do-GFP11
and TgNDH2-ks-GFP11, where hydrophilic C-termini were fused wBRP11 (Fig.
3.2B). In addition, two constructs TgQNDH2-1-GS-GHAPand TgNDH2-1-LS-GFP11
(Fig 3.2B) were generated, which were fused withPGEF domain with extended
linkers to prevent self-aggregation or to optimihe orientation of the fusions in
space that brings GFP fragments into close proyifitemy and Michnick, 2004).
The constructs were transfected into Tg3Cl8e and tested whether mitochondrial
GFP fluorescence was observed. Strikingly, Tg$QiBe transfected with TgNDH2-
l39s-GFP11land TgNDH2-ks-GFP11 both resulted in GFP fluorescence as shawn i
fixed samples (Fig. 3.2C) and confirmed in livingrasites (Fig. 3.2D). In contrast,
TgNDH2-I-GFP11 even fused with additional linkerigl dhot reveal fluorescence.
Collectively, these data indicate that C-terminagfR&1 of truncated TgNDH2-I
constructs were able to closely interact with Tg§C® reconstitute the GFP
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molecules, suggesting an internal version of typdADH dehydrogenase isoform |

that might have a lipid bilayer oriented C-terminus

To further exclude that TJNDH2-I acts as an exteemzyme, identifying a protein
localized at the intermembrane space was priodtiBy using sequences of Cycl and
Cox19 from S cerevisae as queries, which are well-known to be localized a
intermembrane spada S cerevisiae (Lutz et al., 2003), several putative proteins
including cytochrome ¢ (TGME49 019750, E-valuee®’; TGME49 029420, E-
value: xe?) and Cox19 (TGME49 054260; E-valuexe?') in T. gondii were
predicted with high E-value. Parasite lines exprgsgach of putative cytochrome ¢
(TgCytC750-GFP1-10; TgCytC420-GFP1-10) and Cox1§Qdx19-GFP1-10) were
generated. All constructs were fused with GFP1l-E¥entually parasite line
TgCytC750-LS-GFP1-10, which includes an additiomaker LS(GGGGS)AA
between the encoding protein and GFP1-10, wastetge the mitochondrion as
detected by IFA (Fig. 3.3A). Construct TgNDH2-I-GHPwas transfected into this
line. As expected, resulting parasites were unteblguoresce in fixed samples (Fig.
3.3B), suggesting TgNDH2-1 does not interact witltermembrane space protein

TgCytC750 and is thus not an external enzyme.
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Figure 3.1 TgNDH2-II is oriented internally at innmitochondrial membrane. (A)
Mitochondrial localization of TgSOBGFP1-10 fusion was detected by IFA using
anti-GFP antibody and confirmed by co-localizatwath Mitotracker in fixed samples.
(B) TgNDH2-II-GFP11 transfected in TgSE&FP1-10 line results GFP
fluorescence in living parasites. TgSESFP1-10 line was stably transfected with
TgNDH2-I-GFP1-10 (upper panel) and TgNDH2-II-GFP({dwer panel). Living
parasites from each line were observed under tapsel microscopy. (C) Parasites
from TgSC$-GFP1-10 line being transfected with TgNDH2-1I-GAPWere co-
localized with Mitotracker in fixed sample. (D) lndlual living parasites from
TgSCP-GFP1-10, TgNDH2-1-GFP11 or TgNDH2-II-GFP11 lineddiot reveal GFP

fluorescence. Scale baruh.
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Figure 3.2TgNDH2-1 is oriented internally at inner mitochoradrmembrane. (A)
Mitochondrial localization of TgND2H-I-GFP11 fusiomas detected by IFA using
affinity-purified anti-TgNDH2-1 antibody. (B) Scheatic diagrams depicting the
truncated constructs TgNDH2¢-GFP11 and TgNDH2:5-GFP11, and the
constructs with additional amino acid residues (G&)d LS(GGGGSAA linking
the C-terminus of TgNDH2-1 and GFP11 fragment. Gjochondrial localization of
the parasites from TgSBS5FP1-10 line being transfected with TgNDHRBotGFP11
and TgNDH2-ks-GFP11 were verified with the co-localization withitotracker in

fixed samples and (D) in living cultures. Scale, ligrm.
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Figure 3.3 TgNDH2-1 is not an external enzyme. [A)CytoC750-GFP1-10 fusion
was localized at mitochondria. Parasites were aedlyy IFA by staining with anti-

GFP antibody. (B) TgCytoC750-GFP1-10 line tranddatith TgNDH2-I-GFP11 did
not fluoresce. Scale bar um.
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3.3.2 Phenotypic Analysis of TgNDH2s Depletion Mutants
3.3.2.1Conditional TgNDH2-I and TgNDH2-II Knock-out Mutant s achieved by a
cosmid-based Approach

To study the phenotypes of parasites which lack oinghe TgNDH2s, a logical
strategy is to generate conditional TJNDH2s knogk-mutants (Meissneet al.,
2001), given the possibility that loss of eitheofegm of TgNDH2s might be
deleterious for the parasites. Available approacbkegyene disruption based on
homologous recombination are not very efficienti€pen and Soldati, 2007) due to
the high frequency of non-homologous recombinatidrerefore, a new approach by
using long flanking sequences from cosmid (~ 40 Wi} applied to increase the
frequency of homologous recombination (Broeksl., 2009). Fig. 3.4A has outlined
the scheme of the adapted recombineering @tet., 2001) for cosmid modification
by introducing a selection cassette that enablese g#eletions. Cosmid clones
PSBLE59 and PSBM942 including TgNDH2 genomic regwere identified (via
www.toxoDB). Modified cosmids PSBLE59 and PSBM942 were acidevand
verified by PCR (Fig. 3.4B), and the insertion sitanking the cassettes were
confirmed by sequencing. To generate conditionalckrout mutants, the modified
cosmids PSBLES9 and PSBM942 then were respectivahgfected into myc-tagged
TgNDH2-1 and TgNDH2-1I lines, which encode an aduhl copy of the target gene
regulated by an ATc-dependent transactivator prem@leissnekt al., 2001). Clonal
lines were tested for successful gene displacentsn®BCR, as shown in Fig. 3.5B.
Representative knock-out clones compared to wibéd-tgontrols were detected with
the expected PCR product sizes and further confirbyerestriction digestion on PCR
products (Fig. 3.5C). Specific restriction sitedted at selection cassette or at targeted
TgNDH2s genes were used to confirm the disruptibnermdogenous gene loci.
Additionally, gene disruptions of TgNDH2s in depdet mutants (designated as
ATgNDH2-1 and ATgNDH2-1) at mRNA transcripts were confirmed by fCR
analysis (Fig. 3.5D).
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Figure 3.4 Cosmid modification by recombineerird). chematic diagram of cosmid
modification. Cosmids PSBLE59 and PSBM942 were finedliby lambda Red-
mediated homologous recombination in SW103 usindrR R€oducts containing a
modification cassette with both gentamycin and @migcin resistance markers. The
primers used for PCR amplification flank with 50 diphomology to the target genes
TgNDH2s (targeting TgNDH2-1 in PSBLES59 and TgNDHZA PSBM942) for site-
directed recombination. (B) PCR amplification foeriying cosmid modification.
Isolated cosmid DNA from a representative clone a@gected to PCR assay using
two primer sets (Set A, primers PA+/-; Set B, pnsn®B+/-). Resistance markers:
GENT, gentamycin; BLE, phleomycin; and AMP, ampigil P, parental cosmid; M:

modified cosmid.
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Figure 3.5 Generation of conditional knock-out nmigafor TJNDH2s. (A) Schematic

diagram describing a single homologous recombinatient inToxoplasma genome
that allows the deletion of the endogenous copie=aoh targeted TgNDH2 gene by
using long flanking sequences of modified cosmi8) Representative knock-out
clones for TQNDH2-1 (24 out of 35 are positive) ahgNDH2-11 (38 out of 51 are
positive). (C) Analysis of knock-out mutant by P@Rd restriction digestion in a
representative clone. Genomic DNA samples from réq@esentative clones were
assayed by PCR using primer Set 1 and 2. PCR piodmaplified by using primer
Set 2 [P2+/- shown in (A)] were analyzed by resioit digestion. (D) Analysis of
knock-out mutants by RT-PCR. cDNA samples from tbpresentative knock-out
clones were subjected to PCR amplificatiprtubulin was used as an internal control.
All analysis includes samples (genomic DNA or cDNBOm wild-type strain. KO,

knock-out; WT, wild-type.
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3.3.2.2TgNDH2-1 and TgNDH2-1I are non-essential forT. gondii Replication

Having confirmed the disruption of the endogenoaseglocus in each conditional
knock-out mutant ATgNDH2-1 and ATgNDH2-1l, the tetracycline-inducible
transactivator system was first tested in thesagi@s. A representative clonal line
from ATgNDH2-1 andATgNDH2-11 was cultivated either in the presenceabsence
of ATc (xATc) for 72 h, and the exogenous copiesnofc-tagged TgNDH2-1 and
TgNDH2-1l were effectively suppressed as shownig B.6A detected by IFA. Next,
the growth rates oATgNDH2-I andATgNDH2-1l parasites + ATc were compared
after two rounds of passages in order to furthéutelithe residual expression of
TgNDH2s from the additional ectopic copies (FigoB. Additionally, the growth
rates of the parental myc-tagged TgNDH2-1 and TgIRBH parasites + ATc were
also determined for comparison. These findings shbthat the depletion of either
TgNDH2-I (Fig. 3.6B, left panel) or TgNDH2-11 (Fig.6B, right panel) did not affect
the intracellular replication rate, suggesting tadher TgNDH2-1 or TgNDH2-I1 is
non-essential for parasite growth.

3.3.2.3TgNDH2-1 or TgNDH2-II Depletion does not affect mMRNA Transcripts of

the intact Isoform

In order to investigate whether the depletion dhesi TgNDH2-1 or TgNDH2-1I
affects the mRNA transcript levels of the intaabfsm, the steady-state mRNA
transcript levels of TJNDH2-II iMTgNDH2-1 and its parental myc-tagged TgNDH2-
| parasites, and TgNDH2-I inTgNDH2-II and its parental myc-tagged TgNDH2-II
parasites were compared + ATc and quantified by-tnee RT-PCR. These data
revealed that the relative mRNA transcript level§ gNDH2-II in ATgNDH2-1, and
TgNDH2-I in ATgNDH2-11 were unchanged (~ 1-1.4 fold of inductriATc) when
compared to their parental controls (Fig. 3.7)jaating the depletion of one TgNDH2

isoform does not significantly affect the mRNA tsanpt level of the intact isoform.
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Figure 3.6 TgNDH2-1 and TgNDH2-1l depletion mutants displayaltered growth
rates. (A) Functional ATc-regulated repression ofcftagged TgNDH2-I and
TgNDH2-1l. Conditional ATgQNDH2-1 and ATgNDH2-1l parasites were cultivated
either in the presence or absence of ATc (x AT@ fhal concentration of M for
72 h. Expression levels of exogenous copies of tagged TgNDH2-1 and TgNDH2-
Il were analyzed by IFA using anti-myc antibody) Bomparison of the growth rates
of ATgNDH2-1 andATgNDH2-Il. ATgNDH2-I (left panel) andATgNDH2-11 (right
panel) parasites and their parental controls were/ig two rounds (£ ATc). Parasites
(~1x10°) from each clonal line were inoculated onto HFRfeent monolayer + ATc.
Duplicate samples were fixed after 24 h and theamge number of tachyzoites per
vacuole was determined. At least 100 vacuoles vessamined for each sample.

Results were expressed as means = S.D. from assmpagive experiment, N=3.
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Figure 3.7 Quantitative RT-PCR for assaying mRNsscripts of (A) TgNDH2-11 in
ATgNDH-I1, and (B) TgNDH2-1 irATgNDH-1I conditional knock-out mutants. cDNA
samples from parental amdrgNDHs parasites cultivated + ATc were subjected to
real-time PCRf-tubulin was used as an internal control. Resulés expressed as

means = S.D. of the duplicate samples from a reptasive experiment.
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3.3.2.4TgNDH2-1 or TgNDH2-II Depletion does not affect Extacellular Viability

The effects of either TgNDH2-1 or TgNDH2-Il depleti on the parasite’s
extracellular viability were further examined. Hibsreleased extracellular parasites
from ATgNDH2-I and ATgNDH2-II, and the parental myc-tagged TgNDH2-I and
TgNDH2-1l lines cultivated + ATc were immediatelpfected on HFF confluent
monolayer £ ATc at 0 h or infected at 7 h that paes were completely incubated
without host cells. Samples were fixed after 24hktpnfection. Extracellular viability
of the parasites was assessed by comparing thetivitie of parasites at 7 h after
normalization with that at 0 h. As shown in Fig8,3ATgNDH2-1 or ATgNDH2-II
mutant and their parental controls infected at Wdre observed with unaltered
extracellular viability £ ATc (~75-85%), implyindnat either TJNDH2-1 or TgNDH2-

Il does not play an important role in maintainingracellular viability.

3.3.2.5TgNDH2-I Depletion Mutant is less sensitive to HDQ@ reatment

Since HDQ acts as a high affinity inhibitor fdoxoplasma NDH2-I in enzymatic
assays (Linet al., 2008) and also inhibits the growth ®f gondii effectively in
nanomolar concentrations (Salethal., 2007). It was interesting to investigate whether
the conditional knock-out mutants display differesénsitivities against HDQ
treatment. The susceptibility afTgNDH2-1 andATgNDHZ2-11 as well as the parental
parasites to HDQ was compared + ATc (Fig. 38)gNDH2-Il parasites + ATc
showed an unchanged sensitivity to HDQ treatmeatfatal concentration of 10 nM.
Interestingly,ATgNDH2-1 parasites were slightly less sensitiveHidQ at 10 nM in
the presence of ATc (Fig. 3.9A; bar 4). Further Igsia on the sensitivity of
ATgNDH2-1 mutant in response to different HDQ corications (Fig. 3.9C)
confirmed that the depletion of TJNDHZ2-1 is renagriparasites slightly less sensitive
to HDQ treatment.
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Figure 3.8TgNDH2-1 and TgNDHZ2-1l depletion mutants show uead#id extracellular
viability. IntracellularATgNDH2-1 andATgNDH2-1l, and its parental controls were

mechanically released by syringe passage, follobsednfection (~%10°) on HFF

confluent monolayer at 0 h and 7 h. Samples werefafter 24 h post-infection and

the average numbers of vacuoles were calculaten #ofields from each slide.

Extracellular viability was determined by normatipa the average numbers of

vacuoles infected at 7 h with that calculated &t Results are expressed as means *

S.D. from duplicate samples from a representatypeement.
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Figure 3.9TgNDH2-1 depletion is less sensitive to HD®he growth rates of (A)
ATgNDH2-1 and (B)ATgNDH2-1l £+ ATc treated with HDQ was compared. Kkec
out mutants and its parental controls were gronmrunds + ATc. Infection (=310°)
from each clonal line were inoculated onto HFF agsrit monolayer + ATc exposed
to HDQ at a final concentration of 10 nMC) Comparing the growth rates of
ATgNDH2-1 £ ATc treated with HDQ at a final conceation of 100 nM, 10 nM, 1
nM or 0.1 nM. Allsamples were duplicated, fixed after 24 h, andatrerage number
of tachyzoites per vacuole was determined. At |&é@ét vacuoles were examined for

each sample. Results were represented as meabs + S.

Chapter 11l Results



Page 70

3.3.2.6TgNDH2-1 or TgNDH2-II Depletion does not affectAy,

The impact of TJNDH2s depletion on the mitochondneembrane potentialA{ym)
was further investigated based on our previousrehtien that TgNDH2s inhibition
collapsesAyr, in T. gondii (Lin et al., 2009). LivingATgNDH2-1 andATgNDH2-II
parasites cultivated + ATc were stained with catiatye DiOC6(3), and\y,, of the
parasites were determined (Fig. 3.10). Our datavedlano significant differences of
Ay in ATgQNDH2-1 or ATgNDH2-11 mutants + ATc, indicating that the depdet of
either TgNDH2 isoform does not affect parasites niaintaining mitochondrial

membrane potential.

3.3.2.7 Bradyzoite Differentiation is not influenced in ATgNDH2-1 and
ATgNDH2-1l Parasites

Moreover, we tested the influence of TgNDH2-I amgNDH2-II depletion on
bradyzoite differentiationATgNDH2-1, ATgNDH2-1I and the parental parasites were
cultivated = ATc and bradyzoite differentiation wiaduced by alkaline pH-shift. The
differentiation rate of the parasites was comparediTc (Fig. 3.11) after 3 days of
post-infection verified by IFA using bradyzoite-sge anti-BAG1 antibody as a
differentiation marker (Bohnest al., 1995). The fraction of bradyzoite-positive
parasites (~5-10%) was similar XKTgNDH2-I or ATgNDH2-1I as well as those in
parental controls £ ATc. This finding suggests tlepletion of either TJNDH2-1 or
TgNDH2-1l appearing to have no influence on thediyemite differentiation.
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Figure 3.10TgNDH2-I and TgNDH2-11 depletion mutants show notm& . Ay, of
living (A) ATgNDH2-I and (B) ATgNDH2-II parasites (+ ATc) was compared.
Intracellular parasites after 24 h post-infectiorergv immediately stained with
DiOCgs(3) and the numbers of vacuoles, which possess satiygA¥Ym were
determined by fluorescence microscopy from at ¥} vacuoles. Results were
represented as means + S.D. from duplicate wells fa representative experiment,
N=2.
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Figure 3.11Depletion ofeither TJNDH2-1 or TgNDH2-II does not affect bradyzoite
differentiation. The differentiation rate of (A\TgNDH2-I and (B)ATgNDH2-1I +
ATc was compared with parental parasites + ATcaeteby IFA using bradyzoite-
specific anti-BAG1 antibody. Bradyzoite differeritan was induced by alkaline pH-
shift (pH 8.3) for 72 h. Results are expressed eans + S.D. from duplicate samples

from a representative experiment, N=2.
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CHAPTER IV

Discussion

4.1 Both Isoforms of TJNDHZ2s are Internal Enzymes

A comparative genomic study in Apicomplexa has aée@ that most of the members
possess type Il NADH dehydrogenases instead of nbe@locomplex | in their
respiratory chains (Saleh, 2006). Although the omasfor such a preference are
unclear, it is generally accepted that the crumé of NDH2 is to maintain NADH
turnover and ultimately to contribute to the praitut of ATP (Meloet al., 2004).
Toxoplasma encodes two isoforms of NDH2 instead of one sirggaee, as in other
species such aBlasmodium, Theileria, Cryptosporidium, Eimeria and Babesia. The
expression of NDH2 is not confined to Apicomplekat also described in bacteria,
plants and fungi, however, it seems exclusivelyeabsn mammals. Due to the
absence, NDH2 has been considered as a potentigltairget (Biaginiet al., 2006;
Salehet al., 2007; Linet al., 2008) for the apicomplexan parasites.

Type 1l NADH dehydrogenase, known as inner mitodr@t-associated membrane
protein, can be oriented as external or internakiga. And it is getting more
complicated inToxoplasma owing to the co-existence of two isoforms. Thexcad
understanding the orientations of TgNDH2s is toaiinthe precise functions of each
isoform, which should help to interpret their roles energy metabolism. More
specifically, an external orientation implies thanly cytosolic NADH, mainly
produced by glycolytic enzymes, can enter the madransport chain. In the case of
an internal enzyme, the reducing equivalents aye fthe matrix NADH, which is
mainly contributed from the TCA cycle. At the begimg of this study, the
orientations of both TgNDH2s were unknown. The expental data obtained by
GFP complementation presented in this study forfitis¢ time clearly indicate that
both isoforms of TJNDHZ2s are more likely to be m@ enzymes (Fig. 3.1 and 3.2).
These data are in contrast with previous suggesiioriavor of external orientations
(Saleh, 2006). However, it is worth to emphasizg darlier predictions are primarily
based on bioinformatics approaches using phylogeaatlysis among the orthologs
from apicomplexan parasites and plants. It was shiov?lasmodium that exogenous
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NAD(P)H, which is presumably impermeable to innetochondrial membrane, could
stimulate electron transport (Fry and Beesley, 128/&muraet al., 2004; Biaginiet
al., 2006). These observations would be in agreemvéhtan external orientation of
the single PINDH2. In contrast, the direct evidepoavided fromT. gondii supports
the internal enzymes for TQNDH2s, implying thatueidig equivalents from matrix
NADH but not cytosolic NADH are directly utilized/ihese enzymes. These findings
are not unexpected and correlate with the earldantification of a cytosolic
glyceraldehyde 3-phosphate dehydrogenaseT.ingondii (Fleige et al., 2007),
suggesting the presence of a glycerol phosphatitlestior the transport of electrons
from cytosolic NADH to mitochondrial carrier FAD.aken together, both reducing
powers from cytosolic and matrix NADH ultimately ncaenter the oxidative
phosphorylation pathways. Interestingly, the obagons of internal TJNDH2s are in
line with the earlier study ifarrowia (Kerschert al., 2001) demonstrating that in the
absence of essential complex |, only the interndl ot externalyarrowia NDH2

could rescue the growth defect.

A striking property but also challenging feature MNDH2s is the complexity of
membrane anchoring. Again, although they are wabvn to be membrane-
associated, extensive hydropathy analysis is unabpgedict any transmembrane
helices (Meloet al., 2004; Fisheet al., 2007). The ongoing question is how these
enzymes interact with membranes that allows efficieelectron transfer
simultaneously among the hydrophilic NAD(P)H anddtoprobic ubiquinone
substrates as well as the putative cofactors ssdfiviN and FAD. Available models
of membrane anchoring for NDH2s are based on hagygboediction and are still a
matter of controversy (Melet al., 2004; Fisheket al., 2007; Kerscheet al., 2008).
But in general, it is believed that the membrariachiment is highly relied on certain
amphiphathica-helices (Meloet al., 2004), where hydrophilic headgroups and
hydroprobic tails are along tleehelices with opposite sites. Such a predictioal$®
proposed inP. falciparum suggesting that a C-terminal amphiphathihelice is
oriented in the membrane lipid bilayer (Fistetral., 2007). Surprisingly, by using
GFP complementation, the truncated TgNDHg-GFP11 and TgNDH2,5-GFP11
but not full-length TgNDH2-I-GFP11 are able to resttute GFP molecules with
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TgSCP-GFP1-10 line (Fig. 3.2), suggesting that the @teus of TgNDH2-1 may

penetrate into the lipid bilayer.

Another pressing point is the identification of igome-binding sites (ubiquinone Tn
gondii) for NDH2s following the observations that sevetalmpounds targeting at
guinone-quinol cycle have been considered as patairug targets (Weinsteigt al.,
2004; Eschemane al., 2005; Yancet al., 2006; Biaginiet al., 2008). The elucidation
of the quinone-binding sites would definitely illumate invaluable information for
drug design and for improving drug efficacy. Howeube quinone-binding sites are
unpredictable by primary structures and the majaftthe structural models in hand
have not yet been validated. Nevertheless, ther@ c®nsensus that the quinone-
binding regions including the interactive sitesesfzymes for hydrophilic quinone
headgroups and hydrophobic tails, are interfacédeamembrane surface (Medbal.,
2004; Fisheret al., 2007; Kerscheet al., 2008). For ping-pong mechanisms as
described foryarrowia NDH2 and TgNDH2-1 (Eschemanret al., 2005; Linet al.,
2008), a puzzling question raised is how the hyditap NADH and hydrophobic
ubiquinone interact with the enzyme in a commonding pocket. Despite the
concerns, this kind of interaction is possible sirtce active site for ubiquinone is
mainly at the hydrophilic headgroup rather thantts hydrophobic tail that is
presumably buried at the bilayer (Fishetral., 2007). However, the exact quinone-
binding sites of each individual NDH2s are variabled further analysis on X-ray
structures of NDH2s together with valid substrasesecessary to draw a convincing

model.

4.2 TgNDH2-I is a Drug Target for HDQ

HDQ was first identified as a high affinity inhibit for Yarrowia type 1l NADH
dehydrogenase in enzymatic assays (Escherstiah, 2005). A subsequent work
clearly showed that HDQ effectively inhibited theplication rates of. gondii andP.
falciparum in vitro with remarkable low Ig values in nanomolar (Salehal., 2007)
ranges. By linking these observations, it seemgdbgo deduce that HDQ may target
at the same enzymes Tioxoplasma and Plasmodium. However, without experimental

validation, the drug targets of HDQ iioxoplasma and Plasmodium remain
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guestionable. Here, enzyme kinetics studies onviedal recombinant enzymes
TgNDH2-1 and TgNDH2-1I being heterologously expredsin Yarrowia NDH2
deletion strain provide solid evidence that TgNDH2-a drug target of HDQ (Liet
al., 2008; se&ection 3.). Further comparing the Kgvalues obtained in recombinant
enzyme TgNDH2-1 and irvarrowia NDH2 reveals that the Kg are within similar
nanomolar ranges (Eschemagtnal., 2005; Linet al., 2008), identifying HDQ as a
high affinity inhibitor. A concern is the discremanof ICsy values for TgNDH2-I
determined in enzyme kinetics (~300 nM) anditro (2-4 nM) (also se®iscussion
described in Liret al., 2008). A key consideration is the efficiencytloé interaction
between the hydrophobic compound HDQ and the enZgiNDH2-1. Since NDH2
requires a hydrophobic environment for its actiiByorklof et al., 2000; Meloet al.,
2004; seésection 4.), HDQ needs to interface along the membrane seifaorder
to contact with NDH2-1, as proposed earlier (letral., 2008). In enzymatic analyses,
TgNDH2-I recombinant proteins were incubated witBD® for 5 minutes and the
inhibition effect was analyzed based on electrandgfer activity. Forn vitro studies,
intracellular parasites were incubated with HDQ 2drhours and the inhibition effect
was analyzed based on replication rate. By comparef these two experimental
settings, the longer incubation of HDQ with theatitenzyme inside the parasites
achieves a better inhibitory effect. This couldtiyaexplain why a much lower I§g

was obtained imn vitro studies.

A noticeable issue about the discrepancy mentioakdve is the presence of
additional drug targets of HDQ, which cannot be ptately excluded. These enzymes
include succinate dehydrogenase, isocitrate delygiase, dihydrooroate
dehydrogenase, glycerol-3-phosphate dehydrogenasel analate:ubiquinone
oxidoreductase as well as TgNDH2-II. All of thene aipstream of complex Il in the
respiratory chain. Although so far no direct evickemT. gondii can conclude that the
captioned enzymes are additional targets of HDQis itlear that HDQ targets
differently from complex Il inhibitor atovaquonklDQ is highly probable interfering
with the process of ubiquinone reduction based oavipus observations from
substrate supplementation experiments (&inal. 2009; seeSection 3.2. Results
showed that HDQ-mediated but not complex Il intobi atovaguone-mediated
collapse of Ay,, was partly stabilized with excess substrates foe wther
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dehydrogenases, indicating that TJNDH2 inhibitisnpartly rescued by additional
electrons to compensate the ubiquinol pool @ial., 2009; se&ection 3.2. A more
recent study inPlasmodium has demonstrated that diphenylene iodonium chdorid
(DPI) and HDQ inhibited recombinant PfDHOD instezd”fNDH2 usingE. coli for
heterologous expression (Dorgy al., 2009). For DPI, this finding is slightly
unexpected since previous work (Biagiai al., 2006) demonstrated that DPI
decreased the activity &f. falciparum NDH2, even though a very high micromolar
dosage was applied. However, several hiding pamas well-mentioned on both
studies need to take into consideration such apuhiées of PINDH2 described in
both assay systems, the stabilities of the PfNDH2the absence of membrane
environment (Donget al., 2009) that is important for NDH2 activity (Bjddf et al.,
2000), and the specificity of DPI to PINDH2. Withooarrowing the disparities of
these noticeable points, further evidence is reguio make a conclusive statement.
To follow up the observation of HDQ targeting aDPOD instead of PfNDH2, one
may over-simplify that HDQ may also target at DH@DToxoplasma. Up to now, it

is unlikely to support this claim unless direct dance from functional assays on
TgDHOD reveals the specificity of HDQ i gondii. Moreover, it should be noted
that the importance of mitochondrial enzymesPlasmodium and Toxoplasma are
different (van Dooremt al., 2006; Painteet al., 2007; Seebest al., 2008). By simply
shuttling the observations &asmodium and Toxoplasma one another can distort the

understanding of the complete stories of energyabwdism in each parasite.

Despite, there were recently debates about thelityalof NDH2s as a drug target,
especially inPlasmodium (Fisheret al., 2007; Vaidyeet al., 2007). Previous findings
(Biagini et al., 2006) demonstrated that low affinity inhibitdos PINDH2 strongly
decreased the activity of ti@asmodium ortholog, followed by the collapse &y,
and finally lead to parasite death, suggesting sserdial role of PINDH2. On the
contrary, another study showed that over-expressidgpe 1S. cerevisiae ubiquinol
independent DHOD irP. falciparum made parasites completely resistant to the
complex 1l inhibitor atovaquone (Paintet al., 2007). This finding argues the
importance of PINDH2 in the respiratory chain (Bragt al, 2006), suggesting that
the function ofP. falciparum complex Il is to regenerate the electron accefuothe
endogenous DHOD, which is the fourth enzyme ofmpigine biosynthetic pathway.
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However, it is still early to conclude that NDH2 danother mitochondrial
dehydrogenases are non-essential (Fighed., 2008). To give an example, in the
absence of essential complex | activity Warrowia, NDH2 activity in the
mitochondrial matrix is essential for survival (Iseheret al., 2001). Discussion is still
ongoing, but it is pertinent to point out that eweithin the phylum Apicomplexa, the
importance of mitochondrial enzymes including NDIi® a large extent can be
species-dependent, just considering that ATP pamalstributed from oxidative
phosphorylation foPlasmodium in intraerythrocytic stage compared witbxoplasma

in parasitophorous vacuoles are very different i§8est al., 2008).

Now, more than ever, DHOD has drawn the most attergamong the mitochondrial
dehydrogenases (Gutteridge al., 1979; Vaidyaet al., 2007) in Apicomplexa.
Preliminary findings (Naujoks, 2008; Sternisek, 2D Toxoplasma demonstrated
that a uracil phosphoribosyltransferase (UPRT)edigiit mutant was more sensitive to
HDQ compared with wild-type RH strain in long-tetmeatments as defined by an
exposure with HDQ for 48 h up to 96 h, suggestirag HDQ may target pyrimidine
de novo biosynthetic pathway. Although these emerging datan interesting, it is not
well-supported. Uracil supplementation experimesttswed that it did not lead to an
increased growth rate (Ligt al, 2009; Sternisek, 2009), indicating that HDQ gfowt
inhibition is unlikely targeting at pyrimidine station. Uracil can rescue parasites
deficient inde novo pyrimidine biosynthesis as shown in earlier st(idgx and Bzik,
2000) since it is converted by the parasitic UPBB’tmonophosphate (UMP), and
UMP is further processed into nucleotides. As @ raf openness, it cannot be
completely excluded that this pathway is also teddy HDQ. However, previous
postulation that DHOD is a possible target for HBGtill unclear since no evidence
has been provided. But at a circumstance, it isetstdndable since DHOD is the
fourth enzyme inde novo pyrimidine biosynthetic pathway, which links toeth
respiratory chain concerning its role in ubiquinaeeycling (Fox and Bzik, 2000).
Nevertheless, much more works need to be doneweiluhe underlying mechanism
involved. However, without reliable data mentionitihgg equivalent powers actually
contributed from other dehydrogenases and morécalht the efficiency of the
electrons from other dehydrogenases indeed fed ETtG, it may be too early to
overestimate the contribution of electrons from eothdehydrogenases and/or
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underestimate the importance of TgNDH2s in theiragpy chain. Nevertheless, it is
still a question mark about the putative drug tegdger HDQ. Definitive evidence that
no other targets contribute to the HDQ-mediatedvgnoinhibition will require an
analysis of resistant determinants, as describetkiail previously (McFaddest al.,
2000).

4.3 TgNDH2-1 and TgNDH-2-11 are non-essential for Rplication Growth

It is becoming obvious that oxidation phosphorgatin T. gondii plays a pivotal role
in energy production (Vercest al., 1998; Linet al., 2009). The importance of this
process relies on electron transport system exesteda panel of mitochondrial
enzyme complexes. Of interest, this study spedifiexplores the functional roles of
mitochondrial TJNDHZ2s, which have been shown asnmsmg drug targets (Saleh
al., 2007; Linet al., 2008, 2009). NADH dehydrogenases in all aerobganisms are
known as the main entry site for reducing equividldrom the metabolism to the
respiratory chain. However, the question about #ssence of TgNDH2s in
Toxoplasma has not yet been answered. To assess this pemtzdnditional knock-
out mutants TgNDH2-1 and TgNDH2-1I were firstly geated based on homologous
recombination by using recombineered cosmids (Fif; 3ee et al., 2001).
Unexpectedly, phenotypic analyses of these two TigRIDand TgNDH2-11 depletion
mutants showed that the growth rates of both ise$owere identical to parental
parasites, indicating that either TgNDH2-I or TgNBH is non-essential for

intracellular replication in tachyzoite stage (RB%).

Furthermore, phenotypic studies including extradatl viability (Fig. 3.8) Ay, (Fig.
3.10) and bradyzoite differentiation (Fig. 3.11) each depletion mutant and their
parental strains did not reveal any differencescsfating that the endogenous
isoform may be redundant and can compensate tlsedbshe second isoform to
maintain their metabolic roles. Regarding to thiggestion, one criterion is that both
isoforms need to be oriented with the same siderder to transfer electrons from
either cytosolic or mitochondrial NADH. Noticeablyesults from split GFP
complementation provides clear evidence that betfiorms are oriented as internal
enzymes with their active sites facing towardsrth®chondrial matrix, which fulfils
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this crucial criterion. Although it cannot direatope that a redundancy indeed exists
between these two isoforms, it indicates that tiggested scenario is appropriate for
TgNDH2s. In an attempt to test this hypothesis, gansons of the transcript levels of
endogenous isoforms in each knock-out mutant wraeneed by quantitative RT-
PCR. However, no significant up-regulation of eacidogenous TgNDH2 isoforms
was observed in knock-out mutants, which indiredtigicates that the demand of
endogenous TgNDH2 transcript levels (Fig. 3.7) seamchanged. Whether a
functional redundancy is seen between these tworiss or not seems impossible to
be predicted by sequence analyses. Very littleshamé derived from bioinformatics
studies, which reveal that both isoforms are ne&®6 amino acid identical and can
be originated from a gene duplication event (SaRb06), similar to what was
proposed inS. cerevisae (Kerscher, 2000). Remarkably,. gondii is the only
organism in Apicomplexa possessing two isoformBIDH2. Nevertheless, a detailed
phenotypic analysis on the double knock-out mutanTgNDH2s in the near future is

the solution to answer this interesting question.

So far, the only phenotypic difference is the diébecof a slightly lower susceptibility
to HDQ in the conditional TgJNDH2-1 knock-out mutantthe presence of ATc (Fig.
3.9). The decreased sensitivity to HDQ in condalomgNDH2-1 knock-out mutant
was consistently observed in a varied range of HibQrentrations in the presence of
ATc compared to those, which were cultivated in #ifssence of ATc. However, it
needs to be stressed that the decreased sensitsiy the average number of
parasites per parasitophorous vacuole for compeisoonly a slight difference. This
indicates that, even without TgNDH2-I activity, HD® still able to inhibit the
intracellular replication, suggesting HDQ may haglitional targets. At this stage,
these additional targets are still unknown, howeagea logical speculation, TgNDH2-
I might be the possible target due to the samermal orientation and similar function.
Both enzymes were able to transfer electrons frakbN to DBQ as demonstrated in
enzymatic studies (Liet al., 2008). Meanwhile, an additional interpretatiam the
decreased sensitivity would imply that the endogenbgNDH2-II and also additional
other possible drug targets probably possess arlaffi@ity for HDQ. In the near
future, one feasible study is to compare the affiof TJNDH2-1 and TgNDH2-11
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enzyme activities to HDQ usinfpxoplamsa lysates isolated from knock-out mutant,

parental and wild-type parasites.

Using conditional knock-out mutants is an importapproach to validate essential
genes (Meissneat al, 2002; Mitalet al., 2005). One major technical concern is how
effective the additional copy of exogenous gene lmamepressed in the tetracycline-
regulatable expression system in the knock-out mufdthough the inducible system
is functional in both TgNDH2-I and TgNDH2-II mutanas shown by the suppression
of exogenous copies in the presence of ATc (Fig), 3t is very difficult to rule out
that the residual transcript levels are sufficientomplement the loss of the knock-
out genes. One possible solution to deal with tdcfinical issue is to generate clean
TgNDH2-1 and TgNDH2-1l knock-out mutants and congére phenotypes.

4.4. A proposed Model explaining the Importance oTgNDH2s in T. gondii

This study explores the importance of TgNDH2s ie #nergy metabolism Of.
gondii. Here for the first time, direct evidence fromis@FP complementation has
revealed that both isoforms are internal enzymas @1 and 3.2). It is this becoming
clear that these two enzymes utilize the reducimgeos from matrix NADH but not
from cytosolic NADH and the oxidized electrons au#imately fed into the
respiratory chain. In addition, this study stronglyggests thaf. gondii possesses a
conventional-like ATPase as supported by the laatibn of a membrane associated-
ATPase-k  subunit (Linet al., 2009), which is in contrast with the proposellisie
ATPase Fk in P. falciparum (Painteret al., 2007). Importantly, the identification of
this typical-like ATPase id. gondii reflects that oxidative phosphorylation may play
a critical role in ATP production. Remarkably, atfaollapse of mitochondrial inner-
membrane potential within minutes followed by aiaes depletion of parasitic ATP
level was observed with HDQ treatment (lghal., 2009; see below). This directly
reveals the physiological impact of TJNDH2 inhibition mitochondrial functions —
type I NADH dehydrogenases are indispensably ingmr for oxidation
phosphorylation in the replicative tachyzoite stdgarther investigation on they, in
bradyzoites revealed a significant lower frequenafy Ay-positive parasites
suggesting that oxidation phosphorylation in thedyroite stage may be less
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important compared to tachyzoites. Collectivelyesth important findings have
advanced the understanding of the complete pictiutlee electron transport chainTn
gondii (Fig. 4.1). Overall, a model depicting the impade of type 1l NADH
dehydrogenase$. gondii is proposed (Fig. 4.1). Internal enzymes TgNDH&xd
TgNDH2-1I are oxidizing electrons from matrix NADHThe donated electrons
including from other dehydrogenases are acceptedbiyuinone to give a reduced
form ubiquinol. Electrons then are donated fromquimol to complex lll, further
passed to cytochrome ¢ and complex IV. The enezfpased from electron transfer
steps are used by complex Il and IV to pump pretisom matrix to intermembrane
space and generated an electrochemical gradiebte§uently ATP is produced by

the action of ATPase using the potential energmftbe proton gradient.

Type Il NADH dehydrogenases h gondii have been considered as promising drug
targets due to the absence in mammalian cells l{S#tlal., 2007). The enzymatic
analyses presented here have provided clear e@dbat TJNDHZ2-1 is indeed a drug
target for HDQ (Linet al., 2008). The quinolone-like compound HDQ was first
identified as a high affinity inhibitor fovarrowia NDH2. Strikingly, an impressive
ICso for TJNDH2-1 is determined in nanomolar rangesplymg that HDQ is a high
affinity inhibitor for this enzyme. Bisubstrate kiics analysis suggests a ping-pong
mechanism for TJNDH2-1 enzyme activity. Inhibitikanetics analysis indicates that
hydrophobic HDQ is both competitive and non-comtpegiinhibitor for hydrophobic
ubiquinone in a ping-pong mechanism. Further commpas on the mode of action of
HDQ with complex Il inhibitor atovaquone in sulst supplementation experiments
(Lin et al., 2009) in intracellular parasites suggests thBXQHis targeting at the
ubiquinone reduction level, which is different fraatovaguone. Taken together, the
impact of TJNDH2s inhibition in the respiratory @ stepwise described (Fig. 4.1).
First, the hydrophobic compound HDQ is reachinthatmembrane interface, where it
can interact with TgNDH2-1. As a ping-pong mechani®r TgNDH2-1 (Lin et al.,
2008) activity, HDQ interferes with TgNDH2-1 actiyiin several ways. HDQ can
affect catalytic activity of TgNDH2-I by binding wictly to the enzyme (non-
competitive for NADH and ubiquinone) and it can quete with ubiquinone for the
binding site as a competitive inhibitor. As a résol HDQ inhibition, ubiquinol

turnover is reduced, eventually causing a collayysey, and depletion of ATP level.
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Figure 4.1 A proposed model depicting the importanaf type 1l NADH
dehydrogenases in the energy metabolismTofgondii (A) Internal enzymes
TgNDH2-1 and TgNDH2-II transfer electrons from natrNADH entering the
respiratory chain. ATP is synthesised by the aatiba conventional-like ATPase h
gondii. (B) Physiological consequences of type Il NADHgdrogenases inhibition
by HDQ. It comprises following steps: 1. Partitiaf hydrophobic quinone-like
compound HDQ at membrane interface; 2. Ping-ponghiam@sm of TgNDH2-I
electron transfer activity; 3. HDQ targeting at ToiN2-1; 4. Collapse oAy ,; and 5.

ATP depletionG3PDH, glycerol-3-phosphate dehydrogenase; DH#Rdroxyacetone phosphate;

G-3P, glycerol-3-phosphate; NDH2, type 1l NADH ddhggenase; MDH, malate:ubiquinone
oxidoreductase; OAA, oxaloacetate; DHOD, dihydrd¢at® dehydrogenase; Cytcytochromec; CoQ:
ubiquinone; CoQHl, ubiquinol.
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Summary

The single subunit mitochondrial type 1l NADH delhgdenases (NDH2s) in
apicomplexan parasites have been considered astipbtdrug targets due to the
absence in mammalian cell$oxoplasma gondii encodes two isoforms of NDH2s,
TgNDH2-I1 and TgNDH2-II, whose functions are not kmo Therefore, this study is
explicitly focusing on drug target validation ofefe enzymes as well as revealing

their specific roles in both mitochondrial functeoand energy metabolismTngondii.

The validity of TgNDH2s as putative targets wastfr addressed in this study.
Previously, the quinolone-like compound 1-hydroxgRyl-4(1)quinolone (HDQ),
known as a high affinity inhibitor fovarrowia lipolytica NDH2, has been shown to
effectively inhibit the replication ofl. gondii. To obtain biochemical evidence that
TgNDH2s are the targets for HDQ, both TgNDH2 isoferwere heterologously
expressed in aarrowia NDH2 deletion strain. TQNDH2-1 was able to display
oxidoreductase activities by using NADH amddecylubiquinone as substrates.
Additionally, TgNDH2-I could rescue the loss of golex | activity in Yarrowia,
indicating that TJNDH2-I is expressed as an aactineyme. Furthermore, TQNDH2-I
activity was effectively inhibited by HDQ with ai€4, at nanomolar concentration.
Steady-state kinetics analyses for TgNDH2-I areaatordance with a ping-pong
mechanism. Moreover, the mode of inhibition of HBQ TgNDH2-I revealed that
HDQ is a non-competitive inhibitor for NADH. Colliaeely, these biochemical data
provide direct evidence that TJNDH2-I is a targetyame of HDQ inT. gondii.

Having validated TgNDH2 activity as a target of HDQe physiological impact of
HDQ activity on mitochondrial functions was examidneext. Intracellular parasites
exposed to HDQ displayed a significant collapsetha mitochondrial membrane
potential Ay ). Strikingly, Ay, in living parasites was depolarized within minutes,
recorded by time-lapse microscopy. The effect wiasridshed by adding substrates
for mitochondrial dehydrogenases located downstrgatine respiratory chain, which
is in agreement with a specific inhibition of TgNRHactivity by HDQ. Further
experiments demonstrated thag, in the presence of HDQ was stabilized with the

Fo-ATPase inhibitor oligomycin, indicating that. gondii is likely to possess a
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conventional-like mitochondrialdF;-ATPase. Additional subcellular localization of a
membrane-associated -ATPase3 subunit strongly supports this location, which is
different to the location previously suggestedRi@asmodium as a soluble matrix
protein. Moreover, the collapse &fy, mediated by HDQ is followed by a significant
depletion of the intracellular parasitic ATP levd@laken together, these findings
indicate that HDQ is an effective inhibitor of oaid/e phosphorylation in tachyzoites.
Interestingly, the percentage aiyn,,-positive bradyzoites is significantly lower as
compared to tachyzoites, implying that the imparéanf oxidative phosphorylation

varies in these two stages.

Moreover, the integration of TgNDH2s in the paiasinergy metabolism was
explored. A split GFP complementation approach wssd in order to determine
whether the active sites of the TgNDH2 isoforms fa@ng to the mitochondrial
matrix or to the intermembrane space. A parasite éxpressing a matrix-localized
succinyl-CoA synthetase beta subunit (TgBESFP1-10 fusion protein was
generated and transfected with TgNDH2-I-GFP11 oNDH2-lI-GFP11 fusion

constructs. Full-length constructs of TJNDH2-II angincated versions of TgNDH2-
were able to reconstitute GFP fluorescence, suigpgesh internal, matrix-oriented
localization of both enzymes. This indicates thathbenzymes are specifically using
NADH contributed from the matrix but not from thgt@sol. Further investigations on
the specific functional roles of TJNDH2s were foedson phenotypic analyses of
conditional TgNDH2-1 and TgNDH2-1I depletion mutant Unexpectedly, the
phenotypic studies on these mutants showed thHagreiigNDH2-1 or TgNDH2II is

non-essential for replication, suggesting that T¢B® may be highly functional

redundant and in turn complement each other.
The mode of action of HDQ together with the bioclehand molecular findings on

TgNDH2s presented here may contribute to the omgsirategic drug development to

combat the emerging drug resistance of apicomplpgaasites.
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1. Initreducdian

HADH obiominone codoredomae, abo imowm as RADH defry
drogetass corvanne one of the elecmon enay poimis mio the
respiratory chain, coadimmgz MADH and gerersimg whiqumol In
eukaryomes, this chs of engymes & divided mw Do major
sublmibies, which can be discommaed on the bk of codictar
coment and semeRnAy wwards roenome o fpe-l NADH dely
dregenase; (comples 1) and sype-l NADH debypdrogenaess (N DHE)
{1} Proson-pumpmg comple | & 2 naarly ublqurogs emcyme hat
ceaples the roenone-tm sitve tande of dectrars fmm NADH o
i quimone . with the arfwe transport of protons aooss: the mner
i bondrial membmne 2] Barteril compdex | sopcally coms s of
{ooreen sdbumin that are homologeess 0 the saven mooch ondrialy
coded and the seven mocear coded “eentmal” sumnis of e
sakargoese anzyme Althorzh e karpose comples | con S a varkble
numier of soecafled acressory sabamis, witha totof 4% 5 dhamdts and

A ewan WP Birnan fireckn Abmh bt HOG, | -rhd a2 Do o4 1)
Cunoioe, K, 1-Fhdtagi- Ao S Qe WG, 1-pd miop 2P 4
{1 H e 1 TCL T ke -2 Tiotsad i 1 IR o0 Hvm

* G g a1 G 551 EISHE. o 480 B4 2B L

Erraei ke - whoine® paakgd e 1A, Babee|

Q=205 = e ot it © 3008 Baevar 8.5, A fde e,
dor 103018 . bhaban (56 (3004

4 madecalar mass of roaghly 1 MIn m mammaks, the bicenergtic
Funczon and the orerdll smocmre am conmerved | 24)

In commam to complex |, fype-B SADH detydrogenaees are non-
PETRS <Y LT T, Mot one- maTEntee, single polypeqtides, Ther
aozve ste can fee either to the opoend (evermal exeymes) themby
o ing cyiosadic NADH, or o the miochondrial mazx | miemal
mzyme) therely codiang mschondridl NADH Sewen NN
imoforme are exprassad in Amibldopss, three of tem are dentified
& ernal et ymes, wheraas the ather four are exernal [4). In e
chiromyess cemvinae meochondna bding camples | one miernal
and zwo external eneymis have been desoribed (6]

Type-ll NADH debydrogenices have been desoied m plns,
fang, proccena and bacteria (17 Bar appear w0 be absemt i
mammaly, which gquafifies them a5 atmache drog tangets The
o e e e Pl rmartiven kv and Toonglerme ol
which are the cgmime agents of mabina and weoplemoss
espectively, both bk complex | Inetead, the genome of £ jinid
parum i pradicied to enoode 2 sngle MO of onimown onentaion,
while the T gomdil penome enoodes two MiH 2 i odorme. Treament of

B jcponem wath mcmmolar concemrarons of diphenylens odo-
mimm chioride, 2 low affinity inhibror of MDHZ nedied moan
mhiigon of PMDHI actviy, m 2 oollpes of the parasine’s
mtochon dridl membmne poeemial and finally in paraie death [£]
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The qumnolomefike compound 1+ ydnooy-2-dodecyl-41 1 jguinalone
{{ M) wa s demcribed ax the first highaffinfsy inbibfor of type-l MADH
defrpdrogenses that mhibes MO actety m measchondridl mem-
Eranes of the yeast Yormwis Bpodgtinn with an 10y, of 200 nbd [9]. We
hawe recently shown tha: HIX) & highly effecine agaims: T gonds and
in ot pamsite replication with an iy, m the nanomolar range | 18]
Moreceer, 3 combined meatment of HDD with the complex Wl
inhobitor atcragquone resuliad in synengism [ 1K)

To further shucdate the suntabdlisy of gype-ll MADH debydro-
gemsadrtghlgﬁtumdhdﬁmlﬂrh:ﬂddﬁhi‘m
pathogen orthologs and © determine ther mtemcdon with
putattee mhiwors. We here report fmctional expression of
TgMDHE2-] in the yext | bpolytin. This allowed s to sdy the
lonetics of this ezyme and to demorsmie that 1-hydnooys2.aligd-
d(ljquinclones with long aliy]l side chaine are high affinmy
inhibdtors for TrMDH2-L

L Materials and meethaods

21, Gemome dmin minsmy o saquee amaiEes

Prediminary genomic and|or oA saquence data were aoneweed via
It TeneD org ersiom 360)] 1] andjer beep: rigearg et gonei
Lo da s were provdded by the Instieae for Can camie Remzarch (WM
grant #AIDS0EY), and by the Sanger Cemer (Wellome Tros:) E5T
sequerces were genemied by Wos hingion lh"rmil;'ﬂll Fant
F1R0AINLSEOG0141 ), Bioinformascs progams Mra®rat Il
0{ ey g cegmopr v o gl 3.0 b o

dedkfeereices Rign allPf) were used to pradict subcedhiler kexion
Tigadthed and Tmab?ell.

2.2 Deirrmimation of bhe AT iuitishion mdoes

An m-frame stop oodon 5 present at TEY and 8 ot opsTeam of
the presumed mifinion ATC codors of tgmab?) and gl
respeciivedy. The deduced ammo arid sequences ooded by thess
regions have o other m-frame mesh ionine resid ues and no gmilriy
to WOHs nor to other protedns when Blsed osng NOB) BLAST Far
tgmahi?el the next methionine m<idue & located 177 ot downs meam
of the first one However only the amino aod ssquence deduoed
from the first ATC has characteristics of 2 mitachondrial tangeting
sequence. For grdhll, 2 patte second stant ATG & located 6 mt
downsteam of the firt.

23 ENA extmction, BT-FCR omd fedion- AR

Tetal BA was tsolated wsing the GenBoe Mammalian Tatal BdA
Ht(Ma'lmdueIdnitHLnl(h;nul Feweree transcripdon
{ BT was dome on 5 pgof wotal RAA, Oigold T) primer | $4gma } and M-
MLV rewerse mansoiptase (RMee H minws, Sigma) acoording to the
mamufacturer's insmodions. for AR amplification, the reacson
mixiue wa cydled i a thermal oycler. Fosion-PR amplifiagan
was firstdy pedformed in a wolome of 50 pl con@aming 50 ng of each
prarfiad DMA fragmen t{ Qliquick PR podficason o Qlagen) with &
cycles of PCR i the absence of primers. The PR racion was
contimoed for another T cydles after adding the primer se= (Bam -
HUAM-Fosgon = with NDH2-A.- or NDH2-I-FL-).

2.4, Renl-gime PR

Light cycer PR (Roche) was performed oo amplify cDMA of
tgmah?ed, tgdbi®dl and |-t fin with the fallowing primer sex KT-
ANDI[1+and -, FT-AMDE! 1= and 2-, and RT-Tub/ 3= and 4-, x listed
in Supplementary Table 1. A comtmol sample withou? reverss
iran soriptze was incobated i paraliel The thres hold cocs cing-point
walues of gt and byl wene nommalized tothat of f-sbubin

25, mmofioresenre mic

Samples wer fced with £2 paraformalde fpd el PRS for 10 mn and

zed with 029 Triton X-100F8% for 15 min After blocking

for | hwch 15 BSA)PRS, samples weere incubated with a 1250 dikrion

of anti-myc mAb 910 (Sigma)) fallvwed by incubagon with a 1:500

dikrion of Cyd-confugated ans-moase Igt ([Mancva) i 15 BEAPES
for 1 b each.

26 T gomdll cinmivs, rultwrhion awd in vilne singe coveroio

Para s were propagated in nman foesion fbroales (HFF) as
presdon shy desoribed [13] A clomallisol ate of the BH srainwasusad for
invitrosiage comversion and preparation of DA for real time KT-RCR
analyds. Transaciaior sqpressng T gomdil of sirain K4 TATED [13]
were: beind by proveided By D [ Soldrd and Dr M Medzmer and uzed
for mandection experimens. Bradyrodtes obtained by in witn stage
cofeersion were preparad as follows. T goncs mfecied HEFs were
firstly culfvated m 15 FOSIDMEM for 3 b at 37 °C in 2 52 OO
tramidified amm The medmm was replaced with
pH-shif: mediam (pH 83) o ndoce bradwone differntiason |14]
and the culiure were incobated a2 37 *Cwithoum: C0:. The madium
wE changed daily with fresh pHeshift medium @ emoe e
evradhlr paostes and manain a constant calare ph Afer 4-
dayinoabation, cells wer detarhed and harvested for B4 solition.

27, Gemeradion of myo-dngged Tymdb?) omd Tymalbi2d) for expression in
full-fic i

Thiee ooam plete copen readi ng fomes (OR ) of Tamath! and Tgmdheed
were amplified fmm cDMA of the BH smim using B polymerse
{Promega)with the primer sets ANDIORF=_Aflll and ANDIJORF2-_
Aurll, and ANDZJORF1+_ Ml and ANDZORF2_ A, respecively. The
PR fragmens wer doned imio pER40-TOPD | Imvimogen) and DM
wequenced. The Afllljfsrll and Medliferll fragmens were finally
subcloned imto pTedTiagd-acy] carrier potsn (ACE-omye DHFR
wertor (iandly prodded by Dr. B, Smiepen), therey replacing the ACP
OFF with the Tgndh?d and Tgedb2dl ORFe The final comsomuces
plefagd-ndhit-l-omyc-DHFR and pTetTEagd -ndh 2l -omye-DHFR
oomsisted of the anhydrotetracycline (Ax)-egalble Tead7agd
promocter e ement [15], which commals the expeson of the comples
Tyrdh 2l and Tgmdh?-¥ OFFs with 2 Ctermind mye-tag, and
additiomally inchodes 2 pyrimethamine resietanoe cametie for seleo
gon | 5], Parasites (2=10") were elcmoporated with 20 g of Mod-
fineanzed consiracs @ previcasly described | 12] Mot | (2% U] was
added o the cyiomix before Jtam in order o moease te
frequency of stable ransfecants [17] %tably sarsdeded parasies
were selecied with 1 i pymimeshamine.

28 Plowd comctruntion owd ¥ Bpolption iraeglormrtion

Thie MU= Tgmath?s fogon oomeimcts wene genented ax trams b
donal fasions comprising the V. Mpodgion mitcchondnal argsting
sequence o the comples | BWUAM sobu gt [15] and the oomesp onding
Temdh2d or Tgmdk2-l mature pepades. The MUAM DNA fapmens
were amplified by PR fom plismid plEEE | 8] oeng prood-neading
Phogion DMA polymerase (Finreymes Phusion high-fidelny DA
polymerass, MEB ] with seree primer BamH |- 50UAM-Fogon = and the
o puonicingg ams sen s primiers YLeMDHEb2d-, YL-MDH)51-and
YL MDHE- D)2 (Sapplementary Table 51} For obtaining DA frag-
ments for the masie pars of the Tudbd- b (A4 fylﬂ!‘-l-l:M!i'l
and Tymathdedh(A467) commimaos, cDMA Bdated from the BH sTaim
wE wed & a emplhte for PR amplificason with the
primer sets: Yl-MDHZb24= and NDH20F-, YLWDH2k31+ and
NDHZ-FL, and Yi-MDH2-D-i2e and NDH2-I-Fl-, respeciively. The
NUAM - Tgmah? fosions were achiewed by foson AR To aeate the

Appendix |
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Tgmtids fa bk lengh comeiracs, pramer ses MO 20 FL- and WD 23

F=- for Tpmdk?d, and NDHEDFs and MDHERD-F- for Tgmdhid
were end 25 shown in Sapplemerany Table 51 Al MR fragmens
were Cioned into plhwre vecior { B doning it Qlagen) according o
the manoiaciares poiool, and then sobcbmed mio the BamHland
Froli mes of the ¥ bpodghica®. coll shuile vecior plilsa | &),
behind the pPO  promoter ANl clomes were sequenced and
confirmed with comec omemation. ¥, Spefyiio haploid SO
dedeamn sTam GHERE || was osed for transiirmation with pUE30
comm oy enosdm g Tl and T DiE-1 fall-lengsh, ar MUK

Tl and NUAM-TgNDHEA fiion commocs. Tandonmants
were grown m rich glacos mediom m the presence of 100 pgiml
Hygrommgan i

2.9 Preoarstion of mxachondnisl menbeomes

Wi inch cndiria | membranes were molied 2 presiooshy d ecmbed
4| In bried, cells were harestad and resependad m ioe-cold bafar
comuming G0 mM sogoee, B mid MatiMops, pH T4, 1 md EOTA,
and 2 mM phemyl-medhyis oy fucnde, and dismupied by gles
beads. Mitnchondnal membranes were coliced fom the saper
naantand farrher homogentred, shock-frozen and stomd 2t -50°C
fampls were aliquaed for bmedc measremens and proem
determinason.

LTI Mo e e

Bl DB condored unase adviy of munchondnial membrans
fom ¥ Ypaldpion exprssng fpuihsf and Tt dl was meaemed ai
30 *C m a reactiom mivwre comimning S0 mAd Ma“ops (pH 74 )
S0 mivi Ball i KES, 00 i NADE G0 M DB, and 100 sziml
mzochondrial membranesm thepesence of 27k compi e inhibor
ey The reaiction was inftiaed by adding 080 and moniored using a
plie reader specirophoiometer (SPECTRAmax ALUS 324 Molecalar
[Devices) Enzyme acmwizses were recorded i temms: of ooty (v,
i pvmin ' mg Y. The apphied DB comcenasgans wee in the
ramge fom 2 5300 phd {2 100 p\ MADH}and the MADH concenima
o were in e range from K100 pM (2t 60 g DBGL Data were
anafgmed aocomimg o the equtoms detailed i 4] Determi nrton of
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et Wi B afmiin Radys e tn alkelae el of pHE S B wh brsdyde
ehffler it sl A, wos s bt frien B i a8 24 b et inlic B e B
brachy dntins a8 Sdays pnt-infermn g oyl ACR wan peeformind Bnen plify s
of TR and TgNDER, b in was inal a6 e e el coneml. sadus i
mgnmind (0 e of 2ad newie in e oM Bnasgs of TR anad
WML i1 bidyaadn mdces] @ B rebaatn @ o mddeinn B
Pt lin ol A o o p. Raelts av of e i st 50 of £l dughess widla
of Ban el il e

Mbchaelic-Menten parameens wi by direct it nsing the EOFITTER
software package | Hosoff, Cambodge ) HIX) and MO andingaes wer
fondly proveded by Dr. W, Oezmeisr and wee dissohed W tsmoe
calture grade IS0 S igma |

21 Nurlsobide seqence oreecsion membey of il oo T2l
s

Sequence data of Tgmdiohd and fpaahled wers shmiteed 1o
CenBank with acesson numbers DRI and DOREESST
By

1 Resulhts
1 ¥ padd oprecs e miiscoedrid SOH? i s but m
ey |

Haeed on LT bomaology seawhes, the genome of T gomdl

pedhiced io enoode oogven Somal respirasony chain compomens, with
the ewepion of the mid-sbuni, profoniransiocring MADH

Ndh2-l-cmye

Mdhn2-fl-cmyec

i 1. M b i [ i ol s e 1ML Famud TgMOELY- 1 i pas it W] s W i

S4:GFP

| wah ™

th [Tl gl ML -

DR, Rt g Be oo ite OO of TRMORLH, e TR I Tha are-Sisend Arim aadnm mdrmld hvlnmnﬂu.lﬂl.m:.ﬁl:n;uum AR mAd ET
Fer cordimtion exgeimen, shaly findfincted paseitel semnng tw admie NEEL s G PERLHY g weer o - vkl AT 500, which e @

etk trpetal COFF Bnion
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defrydrogens e mown & compex L ineread, tan oomags) T, S
and TOL #84390) weh high similirties to type-ll BADH detrydro
genses were idemified i the ToonDd. The complee opm reading
fames of both gen e wee am plified, sobcioned and saquenced from T
pomill BH smain cDdW. The mwo genes enoodmg the grpel] MATH
dietrydrogenos e were decmaned a5 fgeaiihd (aoresiomdt; DO =)
amd gt ancesiont: [EFE4EF), They encod e precarsor polypep
tides of 619 and 57 amino aods with predioed mases of 571 and
711 ldba, resperovely. infommanion on gene sruohes & given
Supplementary g 31 The deduced primary smacsare of bath procens
mcindes M erminal metochomdnia | ragemg sagaences & prediced by

Mptadno § and Bipnalf 20 To oty the mno hondral kocao oo of
T D and g OH AL, we pedformed epitope Ogzing experimens
The compile4e apen raadmg frames (ORF jof both genes were Fredwa &
emmunadly kocaded comc eprope and The rew Iang Sgpresion plsmnds
(pTend gt MO 3 4 D-cepe- DHIRG were mimdoced moo K4 siain
pamsies of the TARE fme by secroporation. immmonoflocmssenoes
anahysrs of stably Tanslried parasie popo btms rewealed that bah
moforms were targeted o the smgle T goacdd minchondrion as
confimed by codocaiimdon with the mmochendrial marker 300
21| that had been oo mandacied mmo NIH 2 myc expreang paraes
(¥ig 1), We saminad gihldand et trarsenpt vl mthe mao

A
A — TohDH2 | I FURIA- T DHE- | Ahg)
it
LR
B [ Tk | e A oM (AR
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dmason for B meiee g of T MOPE and g MORGHL. BN dmmia sead P ey (8] Otddor edactise ismaEy was i (o dresSon misey o o nkcmeg 100 jgimi
mibehond e nenitman eafrom 1. Spodetions iain G 2 conba o BT gMDEL - TRMEELT o oo ol gUERD B, 10101 PAALC L o B0 A 080 s bk e oo o
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parastic sages | achyooies ad badyzores) which are presmntin the
homan hos by quantiagve red time KR, Both genss displaped
comparabile mis ek in the andiyaed Sages (Fig 2] soggesang tha
they wene commitrney expressad rather than stage speaficlly
regarrd

2.2 Punctionad axpression of TgNDH2d i ¥ Bpolytin

The weast . Ypolption evpresses a single, extemnal, non-eseenial
HEHE and has been s ablished axa mods organism for studymng the
biochemisiry of afemagve NADH detydrogenaces (32| and of
respiratory cham comples | 23], We gsed ¥ Syt smam CBADL
m which the external SMIHY was deleterd, for heternbogoms sqpesmom
of TghdinHi-] and Tghilgd AL bk notlnereen whether 2 mitoch omidrial
mmpor: sequence from 3 © gowddl profein is soffident for aocurate
wrgedng mto ¥ Moohitinn mmechondria Tiew, m addiden m fall
bemgth T gomoll oorstrocs, we ako emploged fogons of e X
temminal part of the V. i mnchondrial MUAM proem and
mamre verdons of TPDHDd ad ThDELL The pediced ctan
posizon for marore Ty & 2t amino aod 34 and for matare
T2l ar amimo aod &2 Bz 4] The pradiced pressqoence for
TRlH 2] & reatredy shom and after 3 mamaa] ssquence dignment
with TgNDHZEM, a wecond, aithough dex Hedly staw position for
mature FghllH 2] was identified ot posmon 5 and meed for MMM
fusion. It b been demon erated peviousdy that the addiion of the
MUAM mizachondrial import signal fo the scernal ¥, Ipadysior NDHZ
i sofficient to convers thiss emoyme o an internad, ermymaticlly
actve reoform | 12]_ Al com sToc s wene plared ander the comirolof the
PAOOC promooor i the repficative wecior pUBI0 | 19). Mmchondrial
membrane preparagons of ¥ pelytion tran shormanis were anabyzed
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for WADH d siydrogenas & ATy M an e Zymatic & sty aem g DG as
seciron aocepior. The MUAM-TgNDHE] fxioms displiged secron
Tareder ardvices that were 10-40d (oonmmoe & AAEA) and Sfinld
{comemue 8: ARST) higher than condods, demonsimaing that this
tsadorm can be spessed a5 anamrve eneyme m ¥ Smdption (B 381
HBoth TrMOHE-11 con srocs displayed slecron monder xgvites tha
wee [ems than 2odold abore comtrols, and the aovity of foll-lengeh
TrllEr-1 was less than 25-{old aboe commals.

Complex §, the prooom -Tamsloctmg muls-saban BADH o sy
dragerase of the minchondrial espinory dam & esmmad for
grorth of ¥ Bealydinn. The abality of the fiwe expmes gion con srucs To
compen site for the bows of comples lacimy wasdsedma ¥ lps
Ut proewth assay on'YPD agr platesin the presance of the comple |
intdntor DA of TgiDHE] & MNUKM fagen proteins
oomfered DA regstance By 3} m fme with the resolxs obimed
fromn the enzyme iy asay This demonsraad e bodh MUAM
TrDi-] fraons were sxpresed 25 funcgonal, ol enzymes
with their amive sie oriemted towards the min: hondrial matme
PRS- fpNIDHCE -] prpresoad from comemoie A which diplyed the
highest acdaty and was weed in all kometic assys and & ermed
TyDHE i che follvwing.

33 TgNDHN activity b effoively intsbiiedby 1-tnromp. 2l 1H)
il

The gainclone- e componmd WG & a poten: inhdior of ¥ lpelp
ey MOHZ 9] and our recent findings . hawe shown that HIG. could
efiertaely inhibd: T et eplicagon |10 We drs mmestgated e
mhibiory effert of M) on the MADH debypdmgense acniy of
TeHDHE m omeealed ¥ Mpalpiing mitochondrial membmnes. Usng

A B
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80 a5 2 e, mhdoton of MUUHDmgamen e oxdaredusae A 5

aciy by HIX wa dose dependent with 1 concentmon ragained for / i
- maxma  imbirion (5, of aboor 300 nii (Fig 44) A Thydnooy a-""ff

Tealigl-4 1 H)gqumolan e campommd with 1 &4 alid =de chain (HTD
Fig. 48} disphyed 3 smilr iy & HD (G2}, whis derraies with
shirter 2yl side chams |Gy HPG and G HBG) were b pfisciive
with gpnificanthy hgher K sabom of sboat 00 0M and 2300 b,
respecvely (g 4C, 1,

3.4, Ty Bodwhine imstice ngees o piey-poy rantion
mechmEsn

Mmechomdrial membmne preparazons from V. Spolpin evpres
sing Tl wene meed o detesnime bisubrezate iinetios for MADH
and DB, Ky, walnes of 76 phd for NADH and 4 pM for DRQ) wee
obtained. In 2 Hanes plot | [5]iw over [5]) of the ionedc dag, the
obrained lines oomed clowe m the paxis (Hg. 5} which 5
accoranoe with 4 ping-pong reaction mechanism for fsieH (9]
A (random or ordened ) seguential merhan fem cooldbe endaded sincee
m thatcase the fines would mossin the foarth quadrare, Thes resal
suggess that the enpyme forms binary compleses with each of the
suTaes, i & anaok o form a emay omples wih both
summars Mos fiksy, both sbsirates imemac weh a common
bdmding =re im a mamally e osve {xhion

1.5 HIN] atsibition ol i1 mon-comeeiihive patterm for bodh = isinmies

To demmine the mode of nhdation of HDD on TIHE in
e hamdrial mem brame e para Sor from ¥ Bnatydog, we pedamed
seady-stae inhibition lonetics for both MADH and DBQ Doubile
reciprocal plors of she idnetic daz cbeamed m the presence of 0, 6
and 300 oM MDD are dmpiced m Fig & With momsng HDG
conErEIms, the siops nmesed and the Ines miersaced dioe
to the paxk Similiras foumd with ¥, Bpalyiior MOHE 9], thess resmiits
fomaly fodlow the patemn of noncompestie inhiion for both
subeTaes and simolar wakes for de wo inbibiEon omans (se
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supplementary g 520 Using Boear secomdary o of the s bopes and
Faxts mtenceps of the fmes in B & agaime the H D0 concentrations
s, T viies for th e it iom commants oo b be deaeed drom
thejpom = of frersscdon with the paxs | see Sapplementary Fig 231
Secomcary pios of the shopes this g@ve s 753 oM and K=252 oM,
and seoomdary plois of the imeneepe gave & 334 o and €= B o
‘withen exparimenzal amor thee rewls ae I exelent agreament
with the direcdy detemmimed K wakoe for HIN) on Tgi[H Hand with
the assampoon that & egmls &

i Mz sian

Im this sdy we have detemined szymatic parameters from
hesrralopoady speed, fancionaliy acgve T gomdtl NOH2-l and
ool sherw thar 1-Bydrooy2-alioy)-4 1 jgenolones wich long iyl
chams 2w high affmey mhibstos for this enzyme. T gonddl Lidks
complex | bt postecses fawo miinchondrial sepe-H MADH detrpd o
genzes. Boch dre commiimgvely expremed, hampenng direc deter
mn ation of mdrvidaal enzymatic pramesers in T gondiiysmes Thas,
o e wimoyich arar s iza thom, wee h e expeaned TpNDRGE-] m a sram of
the ymam ¥ Hpolplico that Lidk endogencos abemaiee SADH
delydrogerase xovity. Fonoonod expression of TgsbHEd & an
miernal MADH defydrogenass, capable of dedron fmrsfe from
maimx BADH o membmne boomd uhiquinone, was achiewed by
foang the Tghbidd open reading frame withom: the endogenoms
muachondridl fargean g sequence 10 the M-t pan of e MUAM
saivm iz of ¥, Epoditing miachondrial complex L Drec evidence for i
wro fmciion of TgNDHE was prowided by the obeemation that
epreszicn of the mamegene dlloeed cells of ¥, Spalytior 1o sunviee in
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the prasence of the complex | mhibror DA Thus we were able to
achieve heterologos expression of a protoeoan type-ll MADH
detydrogenzes in an acdve form. Fonotonal sqpression of prosozoan
typedl MADH detpd rogenases i ¥, Epayhion shou bd facilzate fatre
comparaifve studies of apicomplecan arbologs. In addition, expres
miom of prtazoan ype-1 enzymes in ¥ Spedpion could beused for the
dewelopment of 2 sceening 2wy toidenSfy noved, specific in hidhom
forthes dass of ereymes

The sirad yestate inhibition binetios of Tgh DHE-] for the quin olone
derreative H D wer found to be wery similar oo thoee of ¥ Sl
NDHE 9] and formally follow the pastern of non-competitive
im hibtiom fior boch subestrates, MADH and DB, In the cse of a ping
pong reaction mechan ism, this mhibddon pastern & predicted when
the midbdor blodes both the enzyme, here TphDHS-FAD and the
miermediate form, here Tgh DHH-FADH; [34] As with ¥ Epolption
MOHE [9], cur data thos suppont 2 moded m which the inhibdor can
mietat with a complex consisting of the enzyme and ome of i
wbsrates, prevomably MADH, a5 depiced in Sopplementary Fig 52

Bimbeme nets mvelsd that de NADHDB) oodoreducas:
aceity of TgDHA fallowed a ping-pong =acdan machardem, 3 maode
of antion that was abso shown for the ¥ Epodtion orthabg (9] and
proposed for the S ceewoine and T bmaoed enzymes [5556] The
deermined K, (MADH) of % pM was sgnificandy higher than the & of
mos other eularntic amymes, for sample fom 5. wberonm, A
oromy o 5. cenewisier, wihi ch were in the ongeaf 1122 ph | 7). Only
the T brure eneyme with 12350 pM displayed a higher & than the T
ol eatholog | 26, Also, the My, (DB) of 14pM cbeered for TRDHE
was higher than the Ky, (D80} of 70 pM for ¥ Epalytionn NDHZ 9]
Howeser, differences in K walkes hawe to be inerpreted with crution,
s e diffewnt elecirn accepiors wer needin these stodies an dspeofic
reaction conditins & the wolame of the bipid phase could inflomnce
aoTeities tince the actidty of TrNDHA wasaboo 4-o0d braer than the
acTwity of MDH2, the scemmal alemnaie MADH debydmgenze of ¥
Epotytin pammal srams, we had oo double the amoure of toal
miochondrial protemused in the ey Loser effscive oncentmSons
of DB i the Hpid phase wao bl sopliin the desated £ ([DBG) walos
obmereed in the pressmt smdy In oonmast, the &, (MADH) & not
expactad o depend on the wolame of thelipd phaee.

The Iy, wakoe of bt 300 nib oftam ed for H ) indicases that this
compound & a high affinity inhibtor for TgMDHE-L The only other
MIOHZ ermyme for which the 1y waloe for HOG & mown i the Hr
roriy omth odogue, wihich with 300 nM & m the me range 9], In the
fome, & owill be mporant o detemine Ky vales for farther
orthologues from pachogenic and non-pathogenic microcganisms, in
order to cassify HIE) & a broad speomm MDHE mhisor or a5 an
mhidtor wih a sslaed mbddtory poemial An sample for a
respiratory chain b ior with 2 seecad inhimory pateril & the
chmically approved ammmalima drog alcagoone. Ths drag & a
complex Il i hibdtar that interferes with the obdquimal odd 2tan site
of thecytochmme boy comp bex by acting a5 a competire nbibd sor for
b aimal. Ao quome pos Semses an Smidobilal acTeTy agains: cerian
apicomplewan parasites such as Mleemedtim and Tooopleama and the
opporanisic fungal pathogen Prewmecystis o, wheres the
haman and bond ne cytochnome by oom plenes ane s sigve iowands
anoraquome [17).

For D, the inwitng Ky of »300nM for inhdbiSon of TyhiDii
aciiwity i significantly higher than the e wivi Ks; of 24 nb forstasc
efiects on T gome parasres, detemined in tiese culeare afera2dh
treasmen: period |10) Apramn: diffsences in 1y waloes shoald o
be overinterpreted since these are strongly dependent on the
fracgional sobmme of the bpid phaxe Assoming that a highly
hrydrophobic subsance Hee HO) will parstion to the bydrophobic
phae, the effergwe HI) ooncentmdon for menoion with typell
BMADH debydrogenaee may well differ by two omders of magniude
between the two amay systems. Howewer, we can not exclode at
pe=ent that HI) mhkdx other ubiquinome dependert MADH

addomduciases much a5 sucamte debydropene, ditydroorote
dednd mgenase, ghcenolk-d-phisp hate defpdrogendse and the malre:
quainone ond doradu ctzee, in addition i sype-1 MADHd sydrogens e

A lomg allicg] side cham of €3 or €4 at posidon 2 i cmtical for the
inhiiition of MADH:DB oodoeducase aohiy. Compounds with
shart eyl side chaimes of O ( HAQ) and G (HBG) with 3700 nM and
F00nM displayed significandy higher Ksq vl & compound swith
lomg alicy] side chains of Cp (HIX, Ko 30 nM] and Cy (HITQ
g 300 mA . m the bocks of smocfun] Smilirites, & & tampEng to
speculae that N-hydmm g -al i -4 1Hjqunolones are liely o
compete with obiquin cne for the wame binding st A long alind ==
chain leads 1o a higher hydrophokicry and & Hkely o render the
pivysioochemical properdes and the smoctre of 1-hpd mog--alingl-4
{1H jguinclones more smilar to ubiqunone, Another aspec & the
partition of the compounds between aquecos and membrane fipid
phase. Highly hydmphobic 1-hydnoogs2-alind -4 1H}quinolones as
HIE) and HIY), m conTast fo those wih smaller alil sde chams,
cam beexperied i pandtion almost quanStageely into the membane
lipid phase. The oorre ation besseen Kap wkoes and length of the
aley] side chain mimored the i vi-efficiency of thess drogs to
inhiiit parasie rephicaion: HAQ i) did noe show amy imhidory
effect at 10 mM, while parasiie growth was educed to mom than 502
by HDO and HTG &t this comcentmtion | 1), A mewlaton of the
efficency of HH () (Cz) to nhibd T g rep rason yielded an |6y, of
0 i for HHQ ( Gz, which &5 mare than 50-fald higher than the iy
for M) idata mot shown ). Together, theme data reveal that omly 1
Irydiraey-2-aliod -4 1H}quinokomes with bong alkyl s chaims are
effecve Tghl D] mhimors and antiparasic drugs
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Type I NADH Dehydrogenase Inhibitor 1-Hydroxy-2-Dodecyl-
4 1H)Ouinolone Leads to Collapse of Mitochondrial Inner-
Membrane Potential and ATP Depletion in

Towoplasma gﬂndﬂﬁ
San San Lin, Uhwe Grof, and Wolfgang Bohne®
Trstite of Madival Micebivlegy, University of (ndttiogen, Kreaohergring 57, DARTS Gaviiegen, Govesmeny

Receied 4 Diecamber 2008/ Acceprad 2 March 2009

The apicemplemn parasite Tavaplasma gowdii cxpresses npe [ NAD dehydragennses (NDH2s) instead of
canonical complex [ at the inner mitechondrial membrane. These nen-proton-pumping enzpmes are consid erel
to he promizing drug targes doe ta their absence in mammalian cells. We recenily shewed by inhibirion
kinetics that T ii MIVHZ is o target of the quinolone-like compaand 1-bydroxg-2-dadecl-di LT quinolone
{HIMY. which inhibits T. gendii replication in the nancmolar range. [n this stndy. the cationic fluerescent
probes Micorracker and Di0C 030 (A Y dihexpleonenrbocy mnine ioding) were nged to monitor the influence of
HI¥} an the mitochondrial inner membrane patential (A%mi in T, pandi. Real Lime imaging revealed that
nanomelar HIN) concenirations led to o 4%m collapse within minotes, which is followed by severe ATP
depletions of 30% after | b and 7% after 24 b AFm depolarization was attenoated when subseraies for ather
dehydrogenases that can donate dectrons to vhiquinane were added to digioninpermenhilized cells or when
infected coltures were treated with the ¥ -ATPas: inhibitar aligemyrin. A prolenged treatment with sublechal
cancentrations of HIM) induced diferentiation inta bradyvzaites. This dormant stage is likely to he less
dependent on the &P'm, snce S9m-positive parasites were found ot o significancly lower frequency in
alkaline-pH-inducel bradyzoites than in fachyzoites. Together, our gudies reveal that exidative phosphory-
latiom is essential for maint@ining the ATT leel in the fast-growing mdnzeite stage and that HIM} interferes

with this paitmay by inhibiting the eleceron transport chain at the level of obigninene reduction.

The apicomplexan parasite Tovoplasma geedd contains a
single mitochondrion of an elongated twbular sructore (23,

424, which shows several significant metabolic differences from
the mammalian coonterpart (see references 24 and 33 far
review). Although the T. geedi mitochondion hamors the
complete sei of ermymes for the tricarboogdic acid cpcle (153, it
lacks the prruvabe defydrogensss complex (7, 14, 18), »hich is
iypically a central enzyme in carbohydrate metabolism that
catahyzes the decarboogdation from prruvate to acetyl coene
oyme A Other mitochondrial patheays for mitochandrial
acetyl coenzyme A generation, such as the 2-methycitraie oy-
cle, are corrently under imvestigation (33) The T peedii pe-
nome predicts the presence of all companents necessary for a
respiratory chain. Biachemical evidence far caddative phosphor-
yhaticn wes provided by extracellular T poed il tachyzoites that
were permeabilzed with dgitonin (3% However, the overall
coniribution of cadative phosphorylation to energy produc-
tion in relation to other ATP.generating patheays ha oot
been stisfactarily clarified for intracellular T poedd so far.
Afurdamental dfference of the T poedil and abo the Flas
modisr frlciparie electron transport chaive (ETCs) as op-
posed ta the mamrmalian ETC is the lack of multsubonit com.
ple= 1. which couples the trarsfer of elecirons from NADH to

* Corresponding author. Mailing address: Instimie of KMedial Ki-
crabiclagy, Un fersiy of Garingsn, Krauzhergring 57, 037075 G-
lingen, Germany. Phane: 41551- 05360, Fix 40-551-%585). E-mal:
whohn e, e

* published ahead of print on 13 March 2000,

vbiquincne with the tandecation of protons (6). Instead, P,
Sfaloiparaen expresses one isoform (1) and T poedi expresses
ten isaforms (22) of sowalled “alternative” or type [I HADH
dehydrogenases (MDHZs). These single-mbunit enzymes do
rot ransport protons across the membrane, and ihey are, in
cantrag to the MADH-cadizing activity of complar L ot
rodenone senstive (21, 275 MOHSs can accur in reo topokag-
ical crientations with respect to the inner mitochondrial mer-
brane. Internal ereymes are facing with their active ste toward
the mitochondrial mairix and vse muitochordrial HADFH as
the electron domor, while external eneymes use cyicsolic
HADFIH. Up to now, the crientation of the apicomplxan
isaforms is unknown

Drue i their absence in the mammalian bost, NDH2s were
proposed 1o be promising drng targeis against Mwoebaciarim
dfiberciesis (40). Their suitahility 2 3 drug target in Faeme-
diwen is controversial and has been the subject of discussion
{16, 17, 38). Previcushy, it was demorstrated that lowafinity
MI*H inhihitars in micrormalar concentrations were able 1o
inhikit the activity of the P foljpeoes MOH2 and led o a
collapss of the mitachendrial mernbranes podential (A%m) {23
The cnby high-affimity MOH2 inhibitors described so far are
1-bydremy-2-alkey]-21 1 jquinolones with long alkyl-site chaires,
for example, 1-bydrogy-2-dodecy 40 LH quinolone  (HDCY)
(Tl which possesses stroctural similarity to ubigquinone.
These compounds were shown to inhibit the activities of ¥ar-
v Spoliica NDH2 (130 and T gosalid NIXH2-T {220 with
50¢% inhibitory concentrations of betwsen 200 and 300 nhi
HDW} wes alsa shown o effectively inhibit T gondid and P
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finlciparern replication in nanomolar concentrations in tesue
cultures (31

We demorsirate in this sindy that HDO) treatment in nano-
malar concentrations leads to a depolarization of the T peaddl
Am within moinuies. The subsequent lack of cxidative phes-
phorylation leads to a =70% reduction of the intracellular
ATP level within 24 b, This saggests an indispensable roke of
MIH2 activity in the maintenance of the A¥m and in energy
metabolian in the tachyraite stage.

SIATERLALS ANI METHODRS

T. gowai califraiisn, in wiirs singe con and celllinesn. wpin
propogaied in homoa [oeakn Beobbois (HFF) a0 previowdy describad (4.
Bradyzoite dilfreniistion wan induesd by an abalire-pH shill (33 In briel,
tecbpzaibes were freshily relcased by syinge pogs, and 3 0 10F panasicn were
nesulaied enie 3 enluent HFF mensbyer gews on 0 22l inaging phis.
The pH ahilk mediun [pH £3) was exchongad daily i mainbin s consbnt pH.
1 £330 ok, which beck: i mchondiial DA D), and the parenial 1230
I weiw manhined in Dulbeccc’s modiied Eagle's madum [DMEM) sup-
plemanied with 105 Gaial call serum [FCE), pericilln {100 Ujal}, sirepie-
rpcin (180 pg/ml), 1% glitsming, sodun provais (110 ugiml i, and ridine
{50 pg/ml).

Chemicals. HDW) wan kindy prosvided by W. Oiimsiar and wan dissobeed i
dimaibyd sulloaide or sibonel. Oligomyen, aiovaquons, inmeibgd-ephard-
arediuni | TMPLY), malsia, mucci dyard-2phophais, dhy-
dreorchiie, caloacwlaie, wecl, and digionin were parchas d lom Sigm.

Plismids, Agmid iob-S0FFPleag-CAT wo consiracied by mpleing ihe
FHE fragraeni lron Bglll on 1l-dgesied plub-FIR-RFP g CAT (36 with o
Balll fertl] 50 fragreni from plub-S00FPagCAT (). For mmniing
et THag STATP fcorpe-DH P, e compleis opn reading lame (ORF) of
i T, gerald ATPw P mbusii (TgATP) (CenPank sccemion numba
D2 B0} vmcn an plifia d Treom BLH e D0 using P po et e [Promsga ik
ik priman st conmring of primen 5 TARTOCATAAAATOGOTICTOOCG
CACTC { Mail j and 3WTACCTAGOCTTTOCOCTCOOOOCTTOCTG fAsedl).
Thee PCR fragreni was clonsed inio pCRAGCTOPD {Tovimogen), and ik DINA
wan sequerend. Frully, ik Malfoll agment s nbdoned nic wedon
pletOT g & ACPcye-DHF R { kindly prowidad by B Sitka e ) tharehy reple-
ng ibe =yl e predsin ORF with ik ATP-p ORF. The inl coming
compiel iheanbpdimizinggdi labe ToiO7 S promeier slomeni (215),
whichcont icds ihe exprmioncd the compleie ToA TP OBRF with 3 Ceberminal
oy tag, ard sdditiomlly ilada 5 primsthaning midaes cmsii o -

Ceneration of ramsgenic prasis, The trasdsiion of T, gona? sieain BH
TATHL [36) wan carriedd oul based o0 previcuwly reparied protomb (30, 15,
Sabk inmgenic pndis I opredng TgATP-B and Bled lucrecen
pretein {FFF) worw selecied wiih 1 g pirsthanies aad 20 oM chlom
T p——

Diizciisn of A% in T. pwale. The T genall &0 wan monioned afier
siaining wiih ibe fucrophors Milciradoar or THOCG L) (31 diberd oacarbe-
cyanie icding; Imiimgen). Both Fucresmnt dpes weie diooked i e
megiade dirwibyl sulioxids. For Mi bt , ihee simin lation wa pre-
pared by sdding the dye io 190 FCS-EHEH ab o fnal concanitation of 05 gk,
For 3%m 4 o ol i 1l i 1 HFFu in = 1&avell plai
wars incubabed with staining nll.lmnl 1ol per well) @i 370 for £5 min Al
wards, samp ke were wadhed with 10 FCS—DHEH fixed wiih &% paralonmal-
dehrpde- pheca pholedulfered saline [PRS) Er 10 nin, ard meanied with kovial,
In expriments wing 123006 cells, panies wem mechanically rakoeed by
spinge pamag before Mildicker saining. Frably wlosd parssiies wore
harmuked and immadiaiely slained in supereionwith Mikcioedr shtion (s
ko), napplenenizd with 25 mM HEPES (pH 7.5, for &8 min & T7C Pan-
sl wrs Frved wiih & parafo ol delry de- PGS [on 10 min afier wabing, and o
104l aliquoi of ik puiadie nepemon wo d@r died on 3 glas slide and
micuniud wih Mesvicl. TN 3) siaining wox applied for bea insging of ihe T
el . The sisining wolulion comipi of 1% FCS-DMEM wiith 3 il
eomentiiien of 5o D003 Adiar incubation ai 270 ke 31 min, sanples
wars teady kot raal-ime 8% m meniioring.

Time-bipar micromeopy, Live amoging of the T, poead! 8% m ww perermad
with an ireatied Zeiw Amioven 30 M nirasops equippsd wilh s XL-2
ncubaior and 5 hesting i (PeCon|. Imagen wore caplared by IIII,!_ n .'!I.'D:l-
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ing expeiimeni e parkmed on 3 Hack gles-bobicmed 28wl imsging phie
[Creiner Pic-CUna i kept ai 370, In baisl, conflumi HFFy sseded onio an
imaging plaie were infecied wiih I 10F o 3 % 10" parmibes par wall Afier
CROCH ) simining, the phiv wa baekiced o ik undiled coanksr, ad
drug ware sdeked io L welbe i the indicaked cononirations.

Digiwnin permeakdiztisn, Subsirake mppkmeaiation wa pafomea on dig-
|hnr|-pn'rul|:-||u:r:| minolby | g 3 ion of & previcusky

ad | jhosd o ik ] ot lluar parasizn [37). Various
mmlllll:m.l! o i k) d'dgiurln waiw lwvied on initecellular parsis,
ard 3 il conominbion of 2 oM wan mhcied, which did ol caam HFF
debechment and ki the nkasiy of DIOCG Y sisining. nkeci over a Lime paicsd
of 35 ke 25 min DiOCy Viubinad intracslubr parasies wers digiicnin peime-
ahilized and mcabaied with HIX) o1 sievaquens gihar akorm o1 in eambination
with difereal subwir ok, For 15 12 25 min o the indicaked concenirad ban Sam-
Hen were sk d by Quseecmcs nicrarsopy, and ik parosniage of par wile
g 3 detextable 8Fm wan datermined from dupleaie.

Deiermirstisn of the iniracelubie ATF level. The parwite ATF kvl wa
deieimnined by wing ihe BeTikrOk mioohial ool viakiliy sy § Promegs).
Samples woie prepas d m folows, Infvced HFFs won wabed once with PRS
wippkmanizd with proisses inkkdicn § prodsas ichbior cockiaik Reche) in
remers eairwcellular porwiies Parmiiiced oolb wers than revaspendad in 5 ol of
195 FCE-D EM § pheec] 1ed fresjsupplarenicd wiih ibe mins prokess inkib-
icrmand Irenbly ra koo by spiinge paage. Alireands, s ceniriugation siep =
Mo powan pifonmed noordar lo mmove heat cell dobe, Parmites in ik
wipsrnalaniwere harvesied by cerirfagation and renppeaded in 150l of 1%
FCE-DMEM. An aliquet of 20 ol of parmies wa used ot coniing, and ik
remining parmis wek immedinkly o in Bquid niegen o later mes-
wiremenl. ATF levels from sach sample wore measied ax daplicakes in s -
brticared Deaell plake. O hundbeed micreliben of the porwile nuperdon,
wenbining £ % KF i, wan mised thercughly wiih ik s wolume o
BeTiierdo raageni and incuhaied s com iempaniuk (o 5 mn. Lumine-
e wn delwcied wing liminonsiy [Walbe 1830; Porbin-Elmer| amd quan-
lifid an phedon couniy par second. The ielaites parasiiic ATP kvab o exch
mnphk wers sormalined wiih the sunbam of pamvien comied previcusky.

lmmmsfusrescener sy, Sanples wore il froed with €% panlorml de-
brpde-FBE lot 10 i and iken peimssbilad wiih 0259 Thikon X-100-PHS k4
aneciber 15 min, Altar blecking with 1% bovine srun abamin-PS o 1 b,
wnples worw incubaked with an anbi-ops meeeckonal antibody (MAE) [tlom
TEN; Sgera) |1:20), Tl boved bry 0 Oyl conjugaied snbi-mews mmamsglcbulin
0 {1gdy anibesdy [1:2900; Diancava) For 1 b gach. To deiset bradyaiizs, 3 b
dymciig-spacie anti-BACH WAk [TET) {15000 () and 2 Cypl-onjugaed anii-
e g antbedy (1130 Disgeva) wew ased muizad, Leciin siainiag s
peikrmd wilh the moe promdare by wing 3 fecrasmin boibicoynie-
cenpagied lestin from Dt bforar 1:3900; Sigmal

RNA cirstin and moldime FOL Toial BNA wae belibed wing ik
GenEluie sammalin okl ENA B Figma), and reses nmeiplicn s dos
wing 5 pgef kotal FENA, alige(dl) primeer (Signalh, and Meloney nurie leu-
kemia v reveran braestipb [RNam H mimiy Siga) scconding i i
mamifaciurar’s dsiraciion. Rekime FOR wan porborned adng LightCpder
PR {Feche) to amplify cDMA ko i mBNA inmeip kevels of the bady
wike-apeciic geres anolase 1 and begl anwell an f-iubalin. Tha primer svis usd
for <DNA anplification wers SUCOACOOOTOOCTOAAMAATTATCCY
and 5 A COCAAGOOC CADTRCAAT B enclue 1, §'0A0CGOTCS
OCTCOICANCACC.Y and SCOCOCAAANTAACCOOACACT To kgl
ared 5 O00C ACGOOC QCTAC CTOACT" aad 5 TACGCGOCTTOCTCTG
CAOCC.T" for pedubulin recly. PCR ampl waw cartied cul wing
the Ellowing parameiers: K min s T Tollowed by 20 cpden of demaiuration
(050 Fer 10wy mrmaling (807 For 5 o), and exerion (720 ke 15 0). ALl
wmples wera lsuked o PCR amplificalion sfid ey secording ko namlxiar-
ar'y protocb and wlivare (Feche), Serial diluticns of DA wei nibfeiad 1o
reaHirs PCR ampliication in daplicakes wing ik B-ubalin primer pair, Croos-
ing ok wers pletied sginl ik kg of <DHA dilatior, ard anplification
eliciancies { E] ware cakuliied fiom ihe slopes of the chizined T by ik
[ollorsing, Fonmuls: E = 10V The difeience of anplification shcendn
[AE} of HIXbireaied samphe anmd the unimaied conire] was kew iban 006
[T rErrm—r L e pa— | BT E
poini valeas from PCR ampliicaiion eould ibus b wed Earabive quandibcs-
tion. f<Tubulin mBNA lew b were ased ot ibe noimoliosiion of eclass 1 and
bapl iranscripl kevely i HDO-ireied aned -uniresied svnples.

Freizin fraciionaticn ol inmunchlsiiing, Protzin sxirsds were propaned s
T (hrmaghet. Exivellabar tachyaciies (3 5107 1o 8 o0 10 jachyacibe) fiem
astabk iraegenic i expressing TpATPase-favers harvenied and rens perded

l:lrnMP.rl-:lmumdF\mlld-nIh" igon 4 6.3 software. Al I g

in K P containing protesss mbibicr, Parasies wers lpeed by repstitis

Appendix I



Wil &, 200

Tase-ared-torw slop and eonicated fres times o0 10 0 wach, Subsequenily, ihe
bk wars mpminked aftei coninlugstion al 1300 % ¢ For &5 min, The supi-
natani comprwing ke membnne kb Tnction s celkoted, pleapibied by
tchleromsiie wid ad renspaded in 25 wdum dedagyl ndlate (EDE)-
pokpayhinide g2l akcirephoress [PAGE) sanple bulfer contsinigg 007 M
Tl {pH &.8), 00 gheered, 2% S0 0020 bromophenc] Hue, ard 101 M
dithicthriid, The pelbeil ction wan abo 1 dod in the pane bulfar.
Prcisin fiiions weix 1eeched G- pobyserpbunida gel andsleirchlo thed
onie s Hybad witiecslluloss manbram (Anehan Bk, Bound pre-
kims e probad with an antimge MAL (LA, Elleed by 3 seondary
ardibsdy wih geat anti-mews 100 couphd & alkalie prophatas (120
Diawcra), Reactivs protein wers debscind by alkalise phosphabos slaining
anhiiien containing LY hieame-2chlore-Zindelyl pheaphube ard 030 ni-
trak:due tettazaliun [Higna) s sobiislos,

RESULTS

FLT)Y preatment eads o o collapse of the A'Fm. The indo-
ence of the high-affimity MDHZ inhibitor HD {13, 22) o the
Afm wag imvestigated with the aid of the cationic fluorescent
dve Mitotracker, When moock controls wers stained with Mi
totracker at different tine points from 7 o 32 h postindection,
T5 o B0 of all intracellolar parodies showed the bpical
intense gaining of the single T. powed i mitochondrion (Fig. LA
and were thus categorieed as being APm positive. The fre-
quencies of AY'm.posiive parasies wers gimilar in all smples
and wrelated 1o the size of the paragiophorous vacwales,
suggesting thar the majority of tachyacites poesess a AT'm
itrooghont their iniacellolar life span. In coniras, mitochon.
drial daining was absent in more than 55% of the parasiles
when coltures were incobated with 100 nb HOCH  Fig, 1A and
Hi for the last & b In the reraining paresives, which were
chssified as being AY'm potive, the intersity of the slaining
appeaned o be lee than that for the untreated controk. This
suggests that HOWD treatroent leads to g collapse of the A'Fm.
Furtherroare. it indicates thai the susceptibility o mernbrane
depolarization is independent from the dze of the parasito-
pharoms vacnole

Real-time monitoring of the T, ponadii 40 m. Mitotracker
comprises a chloromethyl moisty thal forms covalent bonds
with the SH groops of rmitochondrial membrane proteine
which alloos the fixation of the stained sxmples before oricre-
soopic onalyss. & drawback af this featore & that Mitorracker
canniot be refiably used 1o monitor changes in the A%m in
living cells, snce ihe thiol bond formation is nonreversible. [n
order to determine the kinetios of an HDOumediated A'Fm
collapse in intracellular T gevalid, we fird searched for 8 AT m-
senaiive dye that allovs real-iime imaging of the T goedil
APm. We compared the cationic fnomphores TMEE § fetra.
methylthodamine etbsl estery. JC.1 15,5 tetraeihylbenz mid.
izckarbocyaning jodinel, and DNCCw3) for their abilities to
specitically stain the mitochandrion of intracellular tachynites
with mo or onoly weak stoining of the plamna membrane.
CHOC, 30 was found to be the mom suitable dye for this por-
poss, dnce it resulied in on intenss and specific mitechandrial
staining pattern, which perfecily colocalized with & mitochon.
drially targeled BFF (3%EFF) (Fig 241 When intracellular
paragieswere treated with 100k of the wellestablished com-
plec I inhibitor atovagquone (11, the intensity of the DNOC3)
staining decreased gradually over time, lsading 1o a complete
depalarization of the A%m within 40 min in =60% of the
porasites (Fig. 2B ond ) These resulis ave. conssient with
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FIG. 1. (A1 HDO resment decreases the &4m of nrracelular
parsies. HEFs were nfemad with BH srrain mchymobes and meated
ot the indicasd ime poims wih 100 o HD0O fora pedod of 6 b,
follcowsd. b W ioimcker s1ain ing and foation. Dnig-untreated conimaly
were mmined in pamlld ai the same time poins, The framion of
vacunls conmaming &¥m-positive parsiies v devermined by fuo
rescenoe midasoopy of & 10 vy oles, Resulis are spresed as
means * simiand deviaions (S0 of dam from duplicaee slides fram
a regersmmin experimant (s = 21 (B) Comparion of the ki
tracker saining patems from a mmpls in which the &h HDO rear-
ment period was smmed 16 b |Joui:i.-ai:|1 (1o o those from an
unireaied coniral {banom). Saale bars, 5 pm

previously reported observations of the mitechondrial mem-
brane depalarization effect of aiovaquone in T, gendd 139) and
thoe demarsirabs the suitability of DiCW3) staiming for real-
time &% imoging The dve coukd he used far up to 1.5 b in
real-time imaging, with o resdmum of 10 bo 15 scposares faken
within ihis time. Higher oumbers of expomires resulied in a
sgnificant hleaching effect, and at incubarion times korger than
15 b, the dye shooed @ bendency to loss (he equal dstribution
ocross the mitochondrial membrane ond saried io accumulate
at o single location, We used DH0C ) 3)-based real-time imag-
ing in the following. experimenis 0 monitor the kinetics of
HO e mmediated A% m depolarization

Kimeties of HIM)-medinted A'0'm collapse, DO 03 -based
real-time imuging of the A%Tm for parasies ireabed with 10
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nhl, 100 nhd, and 1 pb HIDO led to & dosedependent depo-
larization of the T, geadé# mitochondrial membrans (Fig 2B
and Ci. At 1 phd HDO, the mitechondrial memibrane from
more than 753% of the parasies was completely depolarized
within ihe fist 5 min, demonstrating a fast mode of action of
the drog (Fig. 2C4 The depolarzation kinetics of 10 nhk{ HDO
were similar to those of 10 nb atovagquone. A combination of
10k HOWC) with 10 6M atovaqoone resulted in a significantly
faster collapse of the A%m than treatreent =ith 10 nb of the
individoal drugs, which is in agreement with a spoergistic mods
of action beteeen HO and atovagquons (31

Snbstrates for uhiquinone-reducing engymes lead o 3497m
gahilization. Asde from the two fype 11 NADH dehydroge-
nases, I, goendid possesses a furiher four encymes that can feed
electrons into the ubiquinol pool. namely, saccinate dehvdro.
genase, malate:quinone ovidorsductase, dity droorotate dehy-
dogenase (DHODH), and ghosmal-3-phosphate dehydrage-
nase. We investigated whether an excess of substrates for thess
enzymes could compensate for an HDO-mediated depolariza-
tion of the A¥m. Cellswere treatsd for this purpos: with 2 p
digitonin, a concentration which was shoen previosly 1o se-
lectively permzabilize the parasie’s plema membrane for me-
tabolites withont distorbing the function of the respiratory
chain (3%). The &%Fm of living. intracellular paras tes was mon-
itored by DROC,13) saining. In dovg-untreated comtrols, more
than &% of the parmsites displaved a strong A'Fm. confirming
that the digitomin treatment itself did not affect the A'Fm (Fig.
A Treatment with TMPI.ascorbate, a combination which is
cammonly used to feed slecirons into complex IV, led o a
strongly attenuated A¥m depolarization after HEO) ireat-
menl, indicating that HDO inhibits the ETC vpaream of com-
pl=e IV, The addition of dihydroorotate, gheoeral-3-phasphate,
malate, or succinate did not prevent an atovagquone -mediated
Afm collapse. Thiswas the expected result, ance atovaqnone,
26 @ complex 111 inhibitar, blocks the ETC doonsream of
ubiquinome reduction. However, sach of the four mbstrates
significantly increassd the nomber of A¥Fm-positive parasiies
in the preseoce of HOO (Fig. 33 The highest number of
Am-positive parasites in HIM0-ireated culiores was achieved
when all four sabstrates were added smultaneoushy. Cralac.
state wis used s a control and did not result in an increassd
frequency of AFm-postive parasies Togeiher, these remulis
suggest that HOW) possesses a different mode of action com-
pared o that of alovaquone and inhibits the ETC upstream of
complex 111 at the level of ubiquinone reduction.

Oligenmyein-medinted inhibition of the T. gondi FF)-
AlTn=e attermates HOQ-medinted A% m depolarization. We
next imvestigated whether the Am can be sahilized in HDO-
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treaibed parasites by an inhibition of the putative T. pesdli
FF,-ATFase. The inner mitochondrial membrane is imper-
roeable to protors, and the ool possibility for protons o
reenter the mitochondrial matr & through the B, proton
channel, =hich can be inhibited by oligonmyein. The T, pondi
genome contains all genes far the five parts (2, B, 3, & and &)
that form the F, subunit However, the parasie appears io
possess an unesual Fy subonit, snce from the thirss proteins
i{F-a. F b, and F <) that typically form the E, subunit, abwvi-
cus hornalogues for E_-a and F_-b are lacking (23). This indi-
cales either a high degree of divergence in the lacking parts or
o wnsual compesition of the F, sbunit. In Plossodie,
which is lacking all three Foforming proteirs. a mairix local-
ization of the F, sabunit wes previosly proposed, which im-
plies that the proton gradient cannot be used for AT syothesis
(299, In erder to discriminate betvesn a matrix and a mem-
brane asscciation of the F, subunit. we examined the lecaliza-
tion of the F-ATPas in parasites, which expresssd an
epitope-tagged vemion of ATPase-p (TgATPRL which is a
part of the F-ATPase. Myc-tmgged TgATP-R of stably trans-
fected parasies was targeied to the mitcchondrion, as shown
by the colocalzation with the Mitatracker sgmal (Fig 440
Afver fractionation of the T, peweaii [ysate, ATPase-was found
exclosively in the membrane fraction and was absent in the
soluble fraction, soggesting that T gowadil possesses a ypical
moembraneassociated mitochondrial Fy-ATPae (Fig. 4B

Th effect of ligormyeinmediated FF -ATPase inhibition wos
further icrestigated by usng 1438260 cells & hest cells for T
peendid This cell line lacks a fonctional mitochondrial respiratony
chain {20, which exclodes the possbility that oligomyein has an
indirect effect on T geedd wia an inbibition of hog cell ATF
wynthesis The fraction of parasites with podtie hitorracker
staining was determined vsng 43R0 hosd cells after HDO
treatment with and withoot the addition of cligormein, Oligormy-
cin treatment remlted in o stong inmesss i levels of AFm.
positive parasites (Fig 400 saggesting that the HDCume dated
A%m depolirization mn be attenmated by preventing protorns
from resmiering the mitcchondnial matric

HIM} ereatment leads to o decreased ATT level. We further
examined the influence of HDOmediated A% collapse on
the parastic ATP level. Infected culinres were incubated with
1 phd HDY, and intracellular parasives were mechanically re-
lzased from host cells by syringe passage at 1, 3, & and 24 h
after the addition of HDOL The AT level of the harvesied
parasiles was determined usng a luminescence assay, and the
chitsined values were normalized for parassite numbers An
cligormycin-treated sample was included in order to quantify
ATP levels in parasites in =hich FF-ATPase activity was

FIG, 2. Fed-time imaging of the 77 gowdl? A%m by DH0C,(3) maining, (A0 Parasites expressing the mivechondnial marker 55-RFP werzsained
with the catienic fluarophore DiOC( ) o different tme poinis postinfecion and malyzed by Auorescence lve-cell imagimg, D0, spacificaly
sained the micchondria of the parmives md ol the host cell michondrio, which appear 1w be less niensely mained chan the 70 i
mitchondia, Scale bars, 5 wm. (B) Kinetics showing the influmce of 10 nk complex I mhibitor amvaquone (AT 0) and 10 nkd, 100 oM, and
1 pM MOH2 inhibitor HDG on the &49'm of ndividud paresis. The infsored ailrures were sainsd immediady befare drug reament wih
D0, (%0, Scake bars, 5 wm. (T Quantification of mitochondrial membrane depolrization kinetics after remen: with 10 o, 100 nM, and 1
pMl HOCE 10 nkd atoragquons (ATV); md a combination of 10 nkd HDG mnd 100k aromagquone, The infened ailures were sained immediay
befiore drug rrearment with 00T, 3, and the Fraction af vacuoles conmining A'F'm-posiive parasiteswas detarmined by flucrescence miora
of ar keag 1 wacucles a the ndicaisd time pericds. The diagram shmnlshe means * 50 of daa from duplicars wells from o repressniative
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FIiG. 3. Subsirate supplemeniation in pzmeabilized parsiss panly decremes HoQwmatiaed A'm depolaimion. DioCgi3 Haained nacdlulr
parasies were digionin permeabilized ond created with 1t HDG (4) of 1M aicenquone (ATO) B either alons or in combinarion wih 10 mi
makie 1AL 10 mbd succinane (SUC); 10 mM ditwéroorome: (DEO); 1 mi gleerol-3-phosphare ( G-2FE 10 mM oakocms (0A4A); 2 miure
of make, mecinae, ditpirooromes, and glhead-3-phosphare i; md 0.2 mk TMFD-LS mM ascorbare (TMFDASCL peEmime of
il -pesitive parsies was determingd from piourss mken by Aucrescence miccscopy afier o 15 10 2imin incubation pericd a0 37C, Results are
apresed m mems S0 of dan from duplicas simples from o represeniacive sxperiment o= 21 7, F < Q00 & P LIS o0, P 003 0s, P
002 &, P < 001 &F, P < 0000 idesmined by o Sudenc's ¢ o) (AL +, P < 0003 (derrmined by a Sndents ¢ e (Bl

inhibited The kinetics revealed that HO) leads to a gradual  complete inhibition of FJF,-ATPass activity using 1 pb oli-
decrezss of the parasite’s total ATP level, resulting in a —30%  gommyin.

reduction after 1 b and a —70% reduction after 24 h (Fig 5). HID} growih inhihition is not meliated by pyrimidine sir-
A TG decrease inthe ATP level was also cbserved after the wtion. HDO) possesses siruciaral smilarities to ubiquine] and
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FIG. 7. HDO creament upregulass rrarscnpt level of the brady-
zaile markersig! and enobse 1. HFFs wers intered with mehyzaites
and culivared in the pressnice of 100 oM and 1 M HDG for 72 h
Enclass 1 and fagd mBENA rramserips wers derermined by real-time
PCR. B-Tubilin was wssd for nomalizarion. The disgram shows =na-
bse 1 and wranscript levels of HOOurearad mmples relaive o
tha of a meck-infecied conirnl jarbirarly defined as 1), which was
harvesied 24 h postinfeciion. Resulis ar: expressed a5 means + S0 of
dai From dupd kare samples from a represemarive expeiment. «, P <
DT+, P2 00002 wersis mock oonenod (deremined bya Sudenn’s
I e,

The frequency of AFm{positive parasites decreases during
bradvzaite differentiation. There are several indications that
the energy metaholism of bradyzoites is different from that of
tachyzoites (12, 41, and it v thus of intereat to compare the
frequencies of Afrm-positive parasites in both stages. Brady.
zoite differentiation =as induced by an alkalice-pH shift, and
the percentage of AYm-positve parasies was determined af-
ter DRONC ;1 3) staining in living cultures at 24 b, 48 h and T2 h
postinfection. The rate of bradyzoite differemtiation was dever-
mined vsng the same samples after fimiion ard staining with
a bradyzoite-gpecific anti-BAG] antibody, which detects a op-
tesolic small heat sheck protein, and with a flucrescein sathic-
cranate-comjugated Dalichos bifors lectin, which detects a
carbohypdrate structure on the emerging oyst wall (Fg §A)

The fraction of AFm-pesitive parastes gradually decreased
fram —85% after 24 b to 209 after T2 h, whils the scpresson
af the bradyzaite markems increased to 70 w0 0% (Fig SH).
This maggesis that a fraction of parasites ks the Am doring
bradyzoite differentiation. A polative concern was that the
emerging opst wall acts as a difuson barrier and prevents the
access of DICC,0%) to the bradyroites. To exclude this possi-
bility, = verified the resulis vsrg freshly harvesed extracel
lular bradyzoites, which were released from their parasiopho-
roes vacuoles and the emerging oyst wall by extersive syringe
passage. Mitotracker staining was applied for the relemsed par-
asites, followed by fration, permeabilization, and BAG] siain-
ing. The frequency of Mitotracker-pesitve parasites in the
BAG]-positive population was less than 10%, compared to
— 3% Mitotracker-positve parasites in freshly released exira-
cellular tachpzoites (Fig. 2C). These results are in agresment
with the data cbiained from intracel lular parasites and confirm
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the strong decrease in lavels of AV'm-positive parasites during
bradvaniie differentiation.

DISCUSSHON

We demonsiraie in this sindy that the treatment of intracel-
Inlar tachyzoites with HEW, a quinolone-like compound that
was previoushy shoen o inhibit TgRDH20 (220 leads toa fas,
dose-dependent collapse of the Am and subsequently o a
decrease in the intracellolar ATP level. The mode of action of
HO in T powdil is thus an inhikition of cxdative phosphoar-
ylation. The abserved synergism of 10 nb HDC in combina-
tion with 10 okl atevaguone on ATm depolarzation & in
agreement with the srnergism of these drugs toinhibit parasive
replication in vitro {313y The addition of succinate, dibpdro.
oratite, ghoetol-3-phosphate, or malate to digitonin-perme-
abilized cells gahbilzed the A%Pm in the pressnce of HDO,
whereas these subsirates did not infloence atovaqoone - medi.
ated depolarization. This observation clearly indicates that
HO) acts as an ETC inhikitor upstream of the alevagquons
target. which is complex 111 at the level of nhiguinane redue.
tion. The attenuation of HOW i medaied A¥m depolarzation
it the presence of high substrats concenirations of vhigninone-
reducing enzymes is in agresment with HIDC acting as an
MWIH? inhikitor and a replenishment of the obiquinal pool by
an increased kevel of activity of the corresponding enzpmes
awcinate dehydrogenase, DHODH, ghyceral-3phosphats de.
hydrogenas:, and malate:quinone oxidereductase. Since phys
inlogical substrate comcentrations in non-digi tonin-treated
cells are not mficient to compensate for the HOO mediated
& depalarization, a major rode of NDH2 activity in provid-
ing the ETC with reduction squivalenis can be mamesd ander
the assumiption that HDCY is not afecting amy other targets of
the ETC. Although we have no indications for potential ather
targets of HD}) in T genalél, we cannot cornpletely rule out the
possbility that HEX) alsa everts an inhibitary effect on one or
mare of the above-mentioned whiquinone-rsducing enmymes
Hewever, we ecluded the peossibility that pyrimidine starva-
ticn is the mode of action by which HEED) inhibits T goeedli
replication. A recent sudy reparted that HIO inhibis
DHODH of P falcpares (10, This ubiguinone-dependent
ereyme catabzes the debvdmgenation of dihydroarotate to
orotate, an essential sep for de novo pyrimidine bicspuihess
I contrast to Plomadiven, T, peedii possesses o pyrimidine
smlvage pathway, and parasites deficient in d= novo pyrimidine
synthess can be rescoed with high wracil concentrations {19
Since uracil supplementation did pot rescoe parasite replica-
ticn in HD*O-treated cultores, we coold exclude that pyricni-
dine starvation is the major mode of inkibition of HOW in T
pondii

F.F,-ATFases use the proton motive force acress the inner
mitochondrial membrane for coupling proton translecation
through a membrane-bound, oligomycin-sensitre Fy sabumit
with ATP synthesis at the F, sobunit. The F, subunit is opi-
vally compesed of three proteivs (Fy-, F.-b, and F); howe-
ever, the T, pordid genome has no cbvious homologues for the
Fg-a ard E_-b proteins (235 [twas thus onclear whether the T
peedii Fy subumit is indeed associabed with a poiative mern-
brane-tound F, sbunit or if this enzgyme is localzed in the
mitochondrial mairix, as propesed previowsly for Plassedizm
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FIG. 8 Lom of 2'm during brodyzoire diferenitiion. Brdymoite difsrarinion wos indoced by an alkaline-pH dhifi |'|JH 3. AL h, & h,
and 72 h postinfection, living sanples wer: sminsd with DiOCS 3) and amlyzed by immunofluorescence microscopy, followed by famtion and
BAGL and Deidins hiloma lectin maining, (A Fluorescence images from a 72-h sample shoming a THOCH 3 knegi e BAG L-pasitvedsin-
posit e vacuale r_mlj:-'u e a vacucls that is weakly DNOT) posivive ibovem . ( B) Kineis showing the decrease of Do) -positive vacuoles
and the increse of BAG-pasiive and lsciin-positive vacuoles during brodyzaie difsreniion, (O Exrocellubr parasiss wers obmined afer
Thge pessage from o 72-h brodyzoi e aulturs and o 24-h @dyzoite aulure, The diogram shows the fracvion of Mivccracker fositive parmsis in

& BAG-pastive papubition ibradvzobes) in comparizon o Mirotmcker-pasitive parastes from the mchyzoiee culiurs. BMars than 100 exia.
cellular pamsivs wers amlyzed for each smple. Resuhs are spressed as meare + mandird erors of the mems for dota from two ndependen
STmEnis.

(29}, which & lacking all three paris of the F, mibunit. The  asscciated F, or Fo-like subimit. A comventional function of
latter wanld inaphy that the proton motive force comnot be ased  the T goenddl FUF-ATPase in coupling the proton gradient with
for ATF synihesis. W showed by subcellolar froctionation thai. ATP srothesis & consistent with cor chservation ihat (i) on
ihe F; sobunit & ssocialed exclusvely with the membrane  HDOumediated depolarization of the inner mitochondrial
fraction, which suggesis an interaction of F, with a membrane-  membrane leads (0 a —30% reduction of ibe ATF level within
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1 band to a —70% reduction within 24 h. (i) treatment with
the F,, sabunit inhibitor cligomyein leads to a =709% reduction
of the ATP level, and (iii) oligonmein lads to a sahilization of
the &%m in the presence of HDW. These resulis are in agree-
ment with data from previous biochemical analyses in which
the level of O conmmption of digitanin-treated extracel lular
1. gowdii was shown to be increased in the presence of ADP
and decreassd in the presence of the By mbunit inhibitar
aligomycin |39,

The relative contribution of codative phospharylation to
potal ATP synthesis is still 2 matier of debate for T gend, as
it i for other apicomplexan parmsites (24, 33). Our sindies
sugges that oxddative phosphorglation is indispensable for suf-
ficient ATF generation in the growing-tachyzoite sage and
that other ATP.generating pathways such as ghyeolyss cannot
fully compensate for its loss, The HDC-mediated depolariza-
tion of the A% eccurs within minotes, while the onset of the
ATP decreces started with a delayof —30min. Itis conceivable
that a reserve enengy system of limnited capacity contributes to
a gable ATF amcunt within the first minotes after the inhibi
tion of cocidative phosphordation. A likely candidate for sich
an energy buffer system is the adenylate kinase reaction, =hich
comverts two ADP molecoles into ATP and AMP in a revers
ible reaction. A common resporse o the inhibition of coidative
phospharylation, which might ako oocor in T gosdld, is an
increased metabolic flue through other energy-generating
pathways. like gheolyss High subsirate concentrations at the
beginming of the inhibition provess, for example, of gluooss-
phiasphate, might aka comtribute ta a timely, limited stibiliza.
tion of the ATF level until these rescurces are reduced in
comeentration.

The fraction of parasites »ith a detectable 2Pm is not con-
stant throughout the life cycle but is strongly decreased duaring
tachyzoite-ta-bradyzaite comversion. This i in agreement =ith
the conmcepl that T. powdlii adapis its metabalism during the
tramsition from tachymoites 10 lorg-term pemistent bradyvzoibes,
which ane believed to possess a reduced metabolismi(4, 12, 41).
The close link beteeen energy metabalian and stage comver-
siom is furthermore sapported by our observation that long
perm treatment with HECO) for 3 days leads to an upregulation
aof mBMA rarscripts far bradyzoite markers. This is in agres-
ment with previouwsly reporied ohssrations that inhibitors of
the respiratary chain and of cadative phosphordation lead to
an inducticn of bradyzcite differentiation (4, 37). The parasite
appeams o respond in a siloation of energy sarvation with a
diferentiation into the darmant sage
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