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Summary

Summary

Malaria caused by the most letffdhsmodiunspeciesP. falciparum remains a major
global health problem to almost half the world’gpptation. With the lack of a vaccine and
the emergence of both drug and insecticide resistahe identification of novel drug targets
and the development of rationally effective comboratherapies are urgently required. To
contribute to the efficient control or the elimiimat of malaria, three approaches to support
novel drug discovery strategies were explored imttesis.

First, the role of the glutathione redox poten{igtsy) in the mechanism of drug
action and resistance in malaria parasites wasersgdically studied. TheEgsy in P.
falciparum influences drug action and resistance by detatificn of reactive oxygen and
nitrogen species. However, real-time determinatibthe compartmentalization &ssy has
been limited so far because conventional approadisespt sub-cellular integrity. Using a
Ecsn biosensor, comprising human glutaredoxin-1 linkied a redox sensitive green
fluorescent protein (hGrx1-roGFP2), the basal mftoEssy as well as the antimalarial drug-
induced changes iBgsy were determined in drug-sensitive (3D7) and rasis{Dd2) strains
of P. falciparum By confocal microscopy, the ability of hGrx1-roGER rapidly react to
changes inEgsy due to oxidative and nitrosative stress was detratesl. Importantly, the
cytosolic basaEgsy of 3D7 and Dd2 strains was found to be -314.21mMY and -313.9 £
3.4 mV, respectively, which is suggestive of a higleducing cytosol. Among the tested
antimalarial drugs, only methylene blue (MB) rapjdign scale of minutes, oxidized
glutathione (GSH). In contrast, quinoline and aitann based drugs required 24 h to
significantly change thégsy thus suggesting downstream effects on GSH metaboli
Notably, following 24 h incubation at 4-fold 4¢; artemisinin derivatives exerted, by far, the
strongest impact okgsy. In accordance with the higher levels of reduc&HGn Dd2 than
3D7 parasites, the effects &asy were more pronounced in the 3D7 than in the Dd&rst
which indicates a role of GSH in drug action ansigince. In conclusion, for the first time,
the applicability of a highly specifiEssy biosensor for spatiotemponadeasurement of the
intracellularEgsy, in real time, inP. falciparumwas establishedlustrating its feasibility for
the use in other parasites and pathogens (Kasatj 2012 submitted).

Secondly, the mechanism of uptake of host humaoxpedoxin 2 (hPrx2) intd.
falciparumand its inhibition were investigated in order dentify new drug targets. During
its erythrocytic cycleP. falciparumimports several host proteins to play crucial rakes
specific processes of parasite biochemistry, plggig and antioxidant defense. However,
the molecular mechanism of the uptake of host evgiftic proteins remains elusive. By
bioinformatic analysis of host proteins (~ 30) $ligantly abundant in parasite protein lysates
that exhibited specific abundance profiles acrdss ihtraerythrocytic cycle, 4 endocytic
vesicle associated motifs were identified includitige sorting and internalization signal
(SIS), the tyrosine-based sorting signal (TSS), ttethrin box motif (Clat) and the
WXXXY|F motif. Surprisingly, TSS was found 3-5 tismieand in contrast SIS and Clat
occurred on average 1-2 times in nearly all pratewith the exception of superoxide
dismutase. Additionally, the WXXXY|F motif was idéred in the 3-subunit of hemoglobin,
biliverdin reductase B, and carbonic anhydrase dtally, hPrx2 had all three endocytic
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vesicle associated motifs namely SIS™ADEALRL™), TSS {yvvL*
yGVLM1BI2YRGLY), and Clat ¥° LFIID™®). To validate the role of endocytic vesicle
associated motifs in uptake of proteins to differemmpartments/organelles, several mutants
of hPrx2 were generated. By deletion mutagenediS, &d Clat mutants of hPrx2 were
constructed. By site directed mutagenesis, aciteensutants as well as N- and C-terminal
deletion mutants of hPrx2 were generated. NextRtk2 mutants were heterologously over-
expressed ifE. coliand added to cultures &% falciparum Notably, these endocytic vesicle
associated motifs may have differential effectstib@ uptake of hPrx2. Furthermore, by
Western blot analysis of parasite lysates afteh 2dcubation at a concentration of 4 x4C
actin inhibitors [cytochalasin D (CTD) and jasplaiide (JAS)], alkalizing agents [monensin
(MNS) and ammonium chloride (NBI)], brefeldin A (BFA), paraquat (PQT), and the ATP
depleting agent sodium azide (NaNwvere found to differentially inhibit the uptaké hPrx2
into P. falciparum The 1Go values of CTD, JAS, MNS, Ni€I, NaNs;, BFA, and PQT
against the 3D7 strain were determined to be 18,143.5 nM, 1.01 nM, 2050 nM, 209 nM,
1310 nM and 45 uM, respectively. After 24 h of ihation MQ, ART, CTD, JAS, DYN,
PQT MNS, CQ and Naiinhibited uptake and digestion of host hPrx2. Bystrast, NECI
increased uptake of hPrx2 while BFA had no effecintmbition of hPrx2 uptake. Together
the evaluation of endocytic vesicle associated fisiatiay lead to the development of novel
drugs that inhibit uptake of proteins irfo falciparum

Thirdly, the in vitro gametocytocidal activity of MB was evaluated. Tanahate
malaria, clinical studies and mathematical modelediot that artemisinin combination
therapies (ACT) must incorporate a drug with gamgdtmidal activity to block the
transmission oP. falciparum Until now, ACTs have efficacy against young budune no or
only moderate inhibition of mature gametocytes.diot, the 1Gy (95% confidence intervalyf
MB against young (stage II-1ll) and mature (stageM)/gametocytes was found to be 33.8
(32.1-35.7) nM and 59.5 (37.3-94.8) nM, respecyivaéhdicating that MB has significant
activity against all stages of gametocyte develagmeEo eliminate malaria, incorporation of
MB into currently used ACTs would reduce transmissidrP. falciparum(Kasoziet al,
2011) In addition, a simple, rapid SYBR green-1 fluoreseebhased gametocytocidal assay
was developed which should speed up the charaatierzof transmission blocking drugs or
drug candidates.
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Zusammenfassung

ZUSAMMENFASSUNG

Malaria stellt eine Gefahr fur fast die Halfte dgeltbevolkerung dar. Die schwerste
Form der Malaria,Malaria tropica, wird durch Plasmodium falciparumverursacht. Da
Malariaparasiten zunehmend Resistenzen gegen vergigidedikamente entwickeln und
bisher keine effektive Vakzine zur Verfigung stelWerden neue Medikamente dringend
benétigt. Im Rahmen dieser Arbeit wurden drei Fregjlesigen untersucht, die fiur die
Entwicklung von neuen Therapieansétzen von gruediégr Bedeutung sind.

Der erste Schwerpunkt dieser Arbeit beschéaftigth smit der systematischen
Untersuchung der Rolle des Redoxpotentials von GlistatEssy) fur die Wirkung von und
der Resistenz gegenuber Antimalariamedikamenten.PInfalciparum beeinflusst das
Redoxpotential von Glutathion die Effektivitat vonelkamenten sowie Resistenzen durch
die Detoxifikation von reaktiven Sauerstoff- undicBstoffspezies. Bisher war es nicht
moglich, Ecsy in verschiedenen Kompartimenten des Malariaersegar Echtzeit zu
untersuchen, da konventionelle Experimente mitresimestorung der subzellularen Integritat
einhergehen. Durch den Einsatz eiigsi-Biosensors bestehend aus humanem Glutaredoxin
1 und einem redox-sensitivagreen fluorescent proteithGrx1-roGFP2) konnten wir das
basale zytosolischEgsy untersuchen. AulRerdem haben wir die AnderungerEgdgs nach
der Behandlung von sensitiven (3D7) und resisten(Ba2) Malariaparasiten mit
Antimalariamedikamenten analysiert. Mittels konfigka Lasermikroskopie konnten wir
zeigen, dass hGrx1-roGFP2 Anderungenkgs; als Antwort auf oxidativen und nitrosativen
Stress schnell detektiert. Das badalgy im Cytosol dePlasmodiurnStamme 3D7 und Dd2
betragt -314.2 + 3.1 mV und -313.9 + 3.4 mV, wab stark reduzierende Bedingungen im
Cytosol hinweist. Von den getesteten Antimalariaikeahienten induzierte nur Methylenblau
innerhalb weniger Minute eine Oxidation von Glutath Quinolin und Artemisinin fuhrten
nach 24 Stunden zu einer Anderungen Besy, was aufDownstrearrEffekte auf den
Glutathionmetabolismus zurlckzufihren sein konmigeressanterweise zeigten sich die
starksten Effekte auf daBgsy nach einer 24-stindigen Inkubation mit Artemisinin
Ubereinstimmung mit héheren Konzentrationen an zedtem Glutathion in denP.
falciparum Stamm Dd2 im Vergleich zu 3D7 waren auch die Audswigen der
Medikamente auf daBgsy im Stamm 3D7 starker ausgepragt als im Stamm D@3, auf
eine Rolle von Glutathion fir die Wirkung der Medikante hinweist. Im Rahmen dieser
Arbeit konnten wir zum ersten Mal die Anwendbarkeihes hochspezifischeBgs+
Biosensors zur Messung des intrazellularen Redoxpalenn P. falciparum aufzeigen
(Kasoziet al, 2012, eingereicht).

Im zweiten Schwerpunkt dieser Arbeit wurde der Alfmemechanismus sowie
dessen Hemmung von humanem Peroxiredoxin 2 (hPrx2p. falciparum untersucht.
Wahrend der intraerythrozytdren Phase imporiertalciparumverschiedene Wirtsproteine,
die spezifische Funktionen fir die Biochemie, Pblggjie, und die antioxidative Abwehr des
Parasiten haben. Allerdings ist bisher nicht bekawre diese humanen Proteine durch den
Malariaparasiten aus dem Erythrozyten aufgenommemndem. Durch bioinformatische
Analysen der importierten Wirtsproteine wurden vistotive identifiziert, die mit
endozytischen Vesikeln assoziiert sind: das Sertied Internalisierungssignal (SIS), das
Tyrosinbasierte Sortierungssignal (TSS), das Claltlat-Motiv (Clat) und das WXXXV/F-
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Motiv. Interessanterweise enthalt hPrx2 drei det emdozytischen Vesikeln assoziierten
Motive: SIS *DEALRL™9, TSS fyvvL®, MyGvL™® 2%yRGL™% und Clat t*°
LFIID®3. Um die Funktion dieser Motive fiir die AufnahmenvProteinen in verschiedenen
Kompartimente zu untersuchen, wurden hPrx2 Mutaoteme SIS bzw. Clat-Motiv, sowie
Mutanten mit verandertem aktiven Zentrum oder Nd terminalen Deletionen erstellt, in
E.coli heterolog Uberexprimiert, und zu denfalciparumKulturen dazugegeben. So konnte
die Funktion der Motive auf die Aufnahme von hPir2die Parasiten untersucht werden.
AulBerdem wurde gezeigt, dass Inhibitoren von Adtytochalasin D, Jasplakinolide),
alkylierende Verbindungen (Monensin, Ammoniumchdyri Brefeldin A, Paraquat, und
Natriumazid die Aufnahme von hPrx2 nh falciparumhemmen. Die Untersuchung der mit
endozytischen Vesikeln assoziierten Motive ist flie Entwicklung von Medikamenten,
welche die Aufnahme von Wirtsproteinen duRlasmodiumhemmen, von grol3em Interesse.
Der dritte Schwerpunkt dieser Arbeit beschéftigthsimit der Wirkung von
Methylenblau auf Gametozyten. Klinische Studien orathematische Modelle schlagen vor,
dass Artemisinin in Kombination mit einem auf Gaozgten wirkenden Medikament die
Transmission vorP. falciparumblockieren konnte. Methylenblau hemmt junge (Stadil-
[ll) und reife (Stadium IV-V) Gametozyten mit einel@sy von 33.8 nM und 59.5 nM.
Methylenblau zeigt daher eine signifikante Aktivitgegen alle Entwicklungsstadien der
Gametozyten. Die Verwendung von Artemisinin in Konattion mit Methylenblau kdonnte
daher die Transmission voR. falciparum effektiv reduzieren (Kasozet al, 2011)
AulRerdem wurde ein schneller SYBR green-1 Fluoreshasierter Assay entwickelt, der die
Untersuchung von Wirkstoffen zur Hemmung der Trassmon vereinfacht.

XIX



Introduction

1 INTRODUCTION
1.1 Malaria

1.1.1 The burden of malaria

Malaria is currently a major disease burden in @@6ntries, causing an estimated 225
million cases and 781,000 deaths each year incabpnd sub-tropical regions (WHO, 2010).
Globally, 90% of the burden occurs in Africa, atfeg mainly children (<5 years) and
pregnant women (Snowt al, 2005; Prudhommet al, 2010). Yet malaria is an ancient,
preventable, and treatable disease. Historicalhgiemt records indicate that malaria-like
illnesses have been reported since Hippocratesvassf associated with swamps and marshes
(Meshnick and Dobson 2001). Indeed, the term “nellas derived from the Italian words
“mal’ aria” meaning “bad air.” Subsequently, betwe880 and 1890, Alphonse Laveran,
Ronald Ross, Bassitista Grassi and others identifiedrialaria parasite and its transmission
through mosquitoes. For thousands of years, twoahéreatments namely, cinchona bark and
ginghao, the sources of quinine (QN) and arterms{ART), respectively, were used to treat
malaria-like illnesses. Malaria was also widespreatemperate regions until the middle of
the 2" century but was wiped out after the global malaridication program between 1955
and 1969 (Hayet al, 2004). Despite successes in temperate regioshdagnre in tropical
regions, global eradication was abandoned in 191 td the emergence &flasmodium
parasites resistant to chloroquine (CQ) and DDTstast Anophelesmosquitoes (Brito,
2001). Since then, the burden of malaria incre&s8dold in the 1980s (Trape, 2001), due to
rapid emergence of. falciparum parasites resistant t€Q (CQR) and its first-line
replacement sulfadoxine-pyrimethamine (SP, Fangidar

. Control 1

D Preslimination & f‘&

D Elimination
Preventson of reintroduction

D Certifed malaria-free andfor no ongoing local transmission for over a decade

Figure 1.1: World malaria map (WHO 2009)
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In response to this dreadful situation, in 1998 4889 three programs were set up
namely the Roll Back Malaria, the Malaria Vaccinéi&tive and the Medicines for Malaria
Venture to coordinate efforts to control malariaté&bly, the Roll Back Malaria initiative was
launched in order to deliver more effective intemens such as artemisinin drug
combinations (ACTs) and anti-vector control tools @result, remarkable progress (Figure
1.1) has been reported throughout tropical aredsding Africa, raising a new call for global
eradication (Bhattaraet al, 2007; WHO, 2009; Kappet al, 2011). Nevertheless, despite
advances in understanding the biology, many chgdlerremain; strains d?. falciparum
virtually resistant to all antimalarial drugs hayeen reporte@hile the, mechanisms of action
and resistance remain incompletely understoodaaratcine remains elusive.

1.1.2 Life cycle ofPlasmodium falciparum

Malaria is caused by protozoan parasites of theigBtasmodiumfrom the phylum
Apicomplexa Although the five speciesicluding P. vivax, P. ovale, P. malariaand P.
knowlesii (Singh et al, 2004) cause human malari&. falciparumis the most lethalP.
falciparumhas a complex life cycle with different stages iitiag multiple cell types not
only in the vertebrate host (human) but also inrntsertebrate Anophelesnosquito) vector
(Figure 1.2). Infection with malaria begins followi a bite by an anopheline mosquito
containing sporozoites. Thereafter the sporozodiesulate and invade the hepatocytes,
initiating liver stage development (the pre-erytiytic phase). After a few weeks, merozoites
are released into circulation, rapidly invading t#dod cells and thus beginning the asexual
blood stage development (erythrocytic phase), whghresponsible for all the clinical
manifestations of malaria. In order to transmit amnal parasites develop into
macrogametocytes (female) and microgametocytesjmdlich are ingested by mosquitoes.

Sporozoites | - . ]
released i
b ring ekdn : l : Liver stage development

°-10" . --104-105

Mosquito salivary 10 -0 prabing Liver
Schizont
@ Maturing releasing

merozoites
Dormant P. v vaax schizont

Y Invadin hypnozoite

i sporozoite ©——'
& Immature

( . Trophozoite schlznnt

gland infection / 7 ‘/‘}y :
_/
'4’( Salivary gland 1
Hemolymph ’ sporozoites

f
Salivary gland invasion’

Midgut oocy:
releasing sporozoites

Mosquito
midgut
infection

Figure 1.2: Life cycle ofP. falciparum Adapted from Kappe et al. (2011)
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In the mosquito midgut, gametocytes form gametas filrther develop into ookinetes. The
ookinetes undergo oocyst development, maturingral&sing sporozoites into the salivary
gland. Subsequently, a bite by mosquitoes deligpozoites into the circulatory system,
thus completing the life cycle.

1.1.1 Control of malaria

Malaria control strategies face several challenBesides the lack of a vaccine, drug
resistance by the malaria paradtefalciparumandinsecticide resistance by the mosquito
vectors make sustainable control let alone eraditan elusive goal.

1.1.3.1 Progress towards a malaria vaccine

A safe, effective and an affordable malaria vacowvmuld play a leading role in
malaria control. The clinical development of cardel malaria vaccines has been reviewed
(Ballou et al, 2004; The malERA Consultative Group on Vaccin@4,12. Recently, progress
into vaccine development has accelerated with tentification of candidates targeting
different life cycle stages (Figure 1.3). Pre-ergtlytic vaccines targeting sporozoites or
schizont-infected liver cells would prevent theeede of primary merozoites from infected
hepatocytes. Initial protection in rodents by rédiaattenuated sporozoites (Hoffmanakt
2010; Pindert al, 2010) lead to optimism that candidates suchirasirasporozoite (CSP)
and thrombospondin-related adhesive proteins woplegvent infection altogether.
Furthermore, the exported antigen 1 and liver staggens would act on hepatocyte stages.
Indeed RTS, a promising vaccine candidate, is aesipglypeptide chain corresponding to
amino acids 207-395 of the CSP fused to the amimuines of the hepatitis B surface
antigen (Bojanget al, 2001).

Sporozoite vaccineg Liver stage vaccine
csp CSP (RTS.5)
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\ o Trophozoite

0 -~ Schizont
PISERAS
a PISERAGT
T i : ! Gametocyte !
waccine SERAS (SE36), MSP-3,
Pfs25, Pfs28, Pfs230 AMA-1, GLURP etc

Figure 1.3: Vaccine candidates targeting differentife cycle stagesCandidates include circum-
sporozoite protein (CSP), serine repeat antigerSBRAS5), merozoite stage protein 3 (MSP-3),
glutamate-rich protein (GLURP) and apical membrantigen 1 (AMA-1). Adapted from Palacpat
al. (2011).
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Alternatively, the development of a malaria vaccagainst the asexual stage (blood
stage) of the parasite has raised profound pronB#mod stage vaccine candidates have
included merozoite surface protein 1 (MSP-1), MSIRA3P-3, and apical membrane antigen
1 (AMA-1). Recently, antibodies to MSP-3 were repdrto offer protection in a new mouse
model ofP. falciparummalaria. Furthermore, transmission-blocking vaesimcluding Pfs25
would be antigens capable of preventing the devedspt of infectious sporozoites in the
salivary glands ofAnophelesmosquitoes. Notably, several vaccine candidatesehaRTS,
S/ASO02A (Bojanget al, 2001; Alonsoet al, 2004) RTS,S/AS02D (Apontet al, 2007;
Abdulla et al, 2008), RTS S/ASO1E (Bejoet al, 2008) MVA-ME TRAP (Bejonet al,
2007), and MSP-1/AS02A), SERAS (Palacpetcal, 2011) have been studied in clinical
settings. Despite recent progress, malaria vaabavelopment remains as complex as ever,
and thus chemotherapy remains the only tool irfigie against malaria.

1.1.3.2 Chemotherapeutic control of malaria

Despite the identification of several drug targétappe et al, 2011) and lead
compounds, antimalarial chemotherapy is limitedatbew classes of drugs: artemisinins,
quinolines, antifolates, methylene blue (MB), ansl dterivatives. Despite advances, the
mechanisms of action (Figure 1.4) are yet to blg fuiderstood.
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Figure 1.4: Sites of antimalarial drug action.After decades of research, our understanding of the
site of action of antimalarial drugs has increasedarkably. However, how drugs interact with a few
identified target(s) in one or multiple organellasd how parasite death occurs remains elusive
Adapted from Fidoclet al (2004).

To date ACTs are the mainstay of malaria control @QYI2010). Currently, the ACTs widely

used include artemether (ATM)-lumefantrine, artegaramodiaquine (ATS-AQ), artesunate-
mefloquine (ATS-MQ) and artesunate-sulfadoxineqmgthamine (ATS-SP). To a large
extent ACTs have over 90% clinical efficacy (WHO 12D despite emergence of straindof
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falciparumresistant to artemisinins in southeast Asia (Dopa@o al, 2009; Andersomet al,
2010). Although characterized by rapid action arehd spectrum, the mechanism of action
of ART and its derivates including ATS, ATM, arteethand dihyro-artemisinin (Figure 1.5)
remain incompletely understood. Current evidenceyssig that the endoperoxide bridge is
cleaved, leading to the formation of reactive carlradicals that subsequently alkylate
essential biomolecule(@’NeiI and Posner, 2004)
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Figure 1.5: Artemisinin is isolated from Artemisia annua— a sweet wormwoodDue to a short
plasma half-life, limited bioavailability, and poosolubility, several derivatives including
dihydroartemisinin, artemether, arteether, andwudartesunate have been synthesized. 8 and 9 are
trifluoromethyl - and phenoxy- derivatives of arieate and artemether respectively. Adapted from
Magueuret al. (2004).

Before adoption of ACT, quinoline antimalarial drugsgure 1.6) including CQ, AQ, QN,
MQ, lumefantrine (LF) and halofantrine (HF) played#ey role in antimalarial chemotherapy.
Although mechanisms of action remain unclear, guieoantimalarial drugs have been
reported bind to heme and inhibit heme detoxifarain the food vacuole (Foley and Tilley,
1998; Fitch, 2004).
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Figure 1.6: Quinoline antimalarial drugs.
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Despite differences in chemical structure, the s&namesporters namelgfcrt (Fidock et al,
2000),pfmdrl(Reedet al, 2000) angfmrp (Raj et al, 2009) have been reported to mediate
resistance to multiple antimalarial drugs fh falciparum including drugs to which the
parasite has never been exposed (Sarethalz 2010). The role of transporters (Figure 1.7) in
drug resistance d?. falciparumwas reviewed recently (Sanchezal, 2010). Fidoclket al
(2000) identified PfCRT by analysis of a genetic srbstween a CQR Dd2 and CQS HB3
strains of P. falciparum.PfCRT is a protein of 424 amino acids and is loealiat the
membrane of the parasite’s food vacuole (Figurg 1.7

Table 1.1: Polymorphisms in PfCRT and PfMDR1

PEMDRT haplotype (86

PFCRT haplotype (72-371] 1245)
Transfection
Linae Parent Plasmid 72 T4 TS TA 2I02F1 ADE 350 354 371 A4 184 1034 1042 1244
D7 C M M K A O N C i R N Y o5 4 [
DT 307 pESD-GCOZ C M N K A O N cC I R N Y 5 M [+
IDFEEE 30y pa5s0-7G8 5 M M T 5 0O o C L R N ¥4 N o
D10 C M N K A 0O M c 1 R ] Y 5 LT [+
D10 0 EESD-GO0Z C M M K A O ) C 1 R N Y 5 Y o
D10™ 2 oo pESD-TGA £ M HN T 5 0 (v} C L R N Y 5 M D
GEO3 C M M K A 0 . ol - M Y 5 O o
GCO3" GCOZ  pRSD-GEOZ € M M K A O M C I R N Y 5 (=} [
GCO3™ T Gons PESD-TGE 5 M N T 5 O [ & L R ] ¥ & D D
758 5 M N T 5§ Q =] € L R ] F © =] )
G224 5 M N T 5 0 [+ C L R N F 5 o w
H209 5 M N T 5 0O [+ R L R N F 5 [s] ¥
HB2 C M N K A Q M C 1 R N Y 5 D o
Dz cC I E T 5 E 5 C T 1 Y Y 5 [ o

Since then, several mutations (Table 1.1) have beggorted but only the key codon mutation,
replacing a lysine at position 76 by a threoniseconserved amongst the different mutant
pfcrt alleles (Fidocket al, 2000). Although the function of PfCRT remains uokn,
evidence suggests that it may transport drugs dimadu CQ, AQ, QN, quinidine, MQ,
primaquine, amantadine, and quinacrine (QC) ouhefdigestive vacuole where these drugs
accumulate (Sanchezt al, 2010). Verapamil (Ver) blocks PfCRT-mediated dttamsport.
Recently, PICRT homologs were identified in chloropla&embranes in a model plant
Arabidopsis thaliana(Maughanet al, 2010). A. thaliana strains lacking these PfCRT
homologs were glutathione (GSH)-deficient and pbdpaunable to export they-
glutamylcysteine, which is exclusively producedhe plastid, into the cytoplasm where it is
converted to GSH.
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Figure 1.7: Structure and function of major transporters involved in drug resistance.

Plasmodium falciparunthloroquine resistance transporter (PfCRAIB), Plasmodium falciparum
multi-drug resistance transporter 1 (PfMDR1,D), Plasmodium falciparunmulti-drug resistance-
associated protein (PfMRPE,F). PfCRT may transport drugs out of the digestiaeuole where
these drugs accumulate while PfMDR1 pumps compquindkiding fluorochromes (Fluo-4, Fluo-4
AM), into the digestive vacuole and PfMRP1 seemsptomp glutathione (GSH), glutathione
conjugates and the antimalarial drugs. Chloroq(€@), quinine (QN), and artemisinin (ART) out of
the parasite’s cytoplasm. AQ is amodiaquine; QDnigine; MQ, mefloquine; PQ, primaquine; AM,
amantadine; and QC, quinacrine. Verapamil (Ver)ckdo PfCRT-mediated drug transport. HF,
halofantrine; ONT-093 and XR-9576 block PIMDR1-nadd transport. Adapted from Sancle¢al
(2010).
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Indeed, heterologous expressionXienopus laevisocytes confirmed that the PfCRT
homologs facilitate thiol transport (Maughanal, 2010). Notably, th®. falciparumgenome
encodes at least 16 ATP-binding cassette (ABC) pret@Kavisheet al, 2009), including
PfMDR1 and PfMRP which are located on food vacudteedet al, 2000) and parasite
plasma membrane (Rej al, 2009) respectively. Interestingly, polymorphisat@mino acids
86, 184, 1034, 1042, and 1246 of PfMDR1 (Table Icah also influencen vitro
susceptibility to antimalarial drugs including QNF, MQ, and ART ( Reeet al, 2000;
Sidhuet al, 2005), probably by pumping compounds, includingrochromes (Rohrbacét
al., 2006), into the digestive vacuole. Remarkably BfMDR1 86N, 184F, and 1246D
alleles were selected after treatment with ATM-LEt ot after ATS-AQ or AQ-SP
(Baliraine and Rosenthal 2011). Although the exaciction remains unknown, PfIMRP1
seems to pump GSH, GSH conjugates, and antimathugk such as CQ, QN, and ART out
of the parasite’s cytoplasm (Ret al, 2009; Sancheet al, 2010). Remarkably, the transport
of antimalarial drugs between different sub-celuldampartments by PfCRT, PfMDR1, and
PfMRP1 may have significant implications on GSH rhetsm inP. falciparum
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Figure 1.8: Antifolate antimalarial drugs. Pyrimethamine, trimethoprim, cycloguanil, and
WR99210 inhibit dihydrofolate reductase. Sulfadexamd dapsone inhibit dihydropteroate.

Mutations in thedhfr anddhpsgenes ofP. falciparumparasites have been associated
with decreased parasite sensitivity to SP bithivo andin vitro. Nevertheless, several new
antifolate drugs that are in development includaqgdap and WR99210 are active agafst
falciparumstrains with mutations idhfr anddhpsgenes. Thus understanding the mechanism
of action and resistance to this class of drugs w@gn up avenues for development of
antifolate compounds that circumvent resistance.

MB (Guttamann and Ehrlich, 1891; Yayen al., 1984; Schirmeet al, 2011) is the
oldest known synthetic antimalarial drug. MB andaite&logs (Figure 1.9), including azure A
(AZA) and B (AZB), thionin (TH), celestine blue (CBphenosaphranin and pyocyanin
(PYO) (Kasoziet al, 2011) show antimalarial activity by inducing dative stress (Farbet
al., 1998) and inhibiting hemozoin formation.
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Figure 1.9: Methylene blue and its analogs.

Due to antifolate and quinoline drug resistancesraghis renewed interest in MB as a
combination therapy (Zoungraret al, 2008) supported by its gametocytocidal activity
vivo (Coulibalyet al, 2009) andn vitro (Kasoziet al, 2011). However, the mechanism of
action and possible resistance remain incompletetierstood. Recently, Panstrana-Meha
al. (2010) and Buchholet al (2010) found that wild type and glutathione redse (GR) null
P. bergheihad the same susceptibility to MB, suggesting @Rtmay not be the major target
for MB.

1.2 Rationale of the study

The challenges encountered to sustainable contratoatainment and ultimately
eradication of malaria strongly suggest that a haowaltifactorial approach is urgently
required. With the lack of a vaccine and the emmrgeof both drug and insecticide
resistance, never before has the identificatioprofising targets been more greatly needed.
Beginning with CQ (Trape, 2001), then SP (WHO, 20G86)d now delayed clinical and
parasitological response to ART (Noedlal, 2008; Dondropet al, 2009) strains resistant to
almost all antimalarial drugs have been reporteslaAesponse to this dire situation and in
order to contribute to the fight against malarfageé novel projects were explored. First the
role of the GSH redox system in the mechanism tba@nd resistance to antimalarial drugs
was characterized by real time imaging of &y using hGrx1-roGFP2. Secondly, the
mechanism of uptake and inhibition of host humamoxieedoxin 2 (hPrx2) intoP.
falciparum was investigated to identify new targets for chdmodpy Thirdly, the
gametocytocidal activity of MB was characterizedd aam novel, rapid microfluorimetric
(SYBR green 1 based) method to evaluate drug actagfainst gametocyte stages ff
falciparum was developed in order to aid drug discovery. Anroduction to the
aforementioned projects is given below.

1.2.1 Redox and antioxidant systems @f. falciparum

Cells have several redox systems including the GB8éH thioredoxin systems that
maintain normal redox homeostasis. However, thedex systems are subject to independent
regulation and perform distinct regulatory and opbyrtially overlapping functions (Jones,
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2006). Notably, intracellular redox changes maglbert or long-lived and unique to different
sub-cellular compartments or organelles. Generaity, eukaryotic cells, the cytosol,
mitochondria and nucleus have reducing milieu,ibwtontrast the endoplasmic reticulum is
oxidizing. Yet, these organelles are embedded iacareous phase, the cytosol. Interestingly,
the cytosol is not just a reducing compartmentaurding organelles with high oxidative
activity but also a milieu for regulation of thedoe status of more than one compartment.

Despite advances in redox biology, the lack of muasive tools with high specificity
to defined redox couples in different sub-cellldampartments remains a major limitation to
understanding redox metabolism in the malarial gseaP. falciparum Moreover, P.
falciparum is exposed exogenously and endogenously to ox&laid nitrosative stress
(Maller et al, 2003; Beckeret al, 2004). Notably, the stress arises from reactixggen
species (ROS) including hydrogen peroxide}), superoxide radicals, hydroxyl radicals,
and reactive nitrogen species (RNS) comprisingcndride and peroxynitrite. Indeed®b
and superoxide radicals were detected in erythescyifected withP. berghei(Etkin and
Eaton, 1975) andP. falciparum (Hunt and Stocker, 1990) respectively. Besides hbst
Immune system, stress also arises from spontar®adation and degradation (Figure 1.10)
of ingested hemoglobin in the food vacuole (Atarand Ginsburg, 1993; Muller, 2004).

Polymerization into HbO-Fe™ 0,
haemozoin Digestion by
\ Proteases SOD |
/ FP IX(Fe"/Fe" ) s¢—— MetHb-Fe'™ O H.O, + O,
Release into cytosol - Y

'Membrane damage/Redox active 0, +'OH + OH

Thioredoxin
Lipid peroxidation Peroxidases

ROOH \ /—- RH

Fenton reaction

O; + Fe"—* 0, + Fe” 'Chain reaction A4
Fe” + H,0,—> Fe"+*OH + OH™ | ROO.? - H.0
0,

Figure 1.10: Sources of reactive oxygen speciesRnfalciparum.

Following the digestion of host hemoglobin in tlwd vacuole, most of the released free heme (FP
IX) is biomineralized to hemozoin. However, someeff~P X exits the food vacuole to the cytosol,
causing membrane damage and redox reactions thatagje superoxide anions. Superoxide anions
either are detoxified by superoxide dismutase (SQI®@Jding HO,, or theyspontaneously react with
H,O, or iron via the Fenton reaction, forming hydroratlicals. These radicals are highly reactive and
cause lipid peroxidation. The .8, generated by the SOD reaction is detoxified toewdty
thioredoxin peroxidases. Adapted from Mueller (2004

To counteract oxidative stred3, falciparumpossesses its own defense (Beakeal, 2004)
comprising a GSH redox system, thioredoxin systesuperoxide dismutases, and
thioredoxin-dependent peroxidases (Figure 1.11ppr&ingly, P. falciparumlacks a catalase
and glutathione peroxidases (Sztageal, 2001).
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Figure 1.11: A schematic representation of the antikidant defense in aPlasmodiuminfected
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1.2.1.1 The glutathione redox system iR. falciparum

P. falciparumhas a fully functional antioxidative GSH systenmguising NADPH,
GSSG/2GSH, and GR, (Farbet al, 1996; Meierjohanret al, 2002). Furthermore, other
GSH-dependent proteins including glyoxalase, dghibaie-dependent peroxidase (GPx),
glutaredoxin, and glutathion&transferase contribute to essential functions. Tiegor
sources of NADPH are glucose-6-phosphate dehydesgemand glutamate dehydrogenase
(Werneret al, 2005).

In Plasmodiunparasites, GSH is synthesized in the cytoplasm-gtamylcysteine
synthetaseytGCS) and GSH synthetase (GS), the two enzymesdbpéctively catalyze the
ligation of glutamate and cysteine followed by #dlition of glycine (Luersest al, 1999;
Meierjohannet al, 2002). In principle as a drug target, inhibitiof y-GCS by D,L-
buthionine-S,R-sulfoximine (BSO) killB. falciparumdue to the depletion of GSH (Luersen
et al, 2000). Surprisingly, Vega-Rodriguetzal (2009) showed that GCS was essential for
the oocyte rather than blood stage$oberghej suggesting thate novoGSH synthesis may
not be limiting for erythrocytic malaria parasites.

Additionally, P. falciparum has PfGR that reduces GSSG (oxidized) to GSH
(reduced). The primary structure of PfGR (Saretaal, 2003) contains parasite-specific
insertions in the FAD domain (residues 123-134),déntral domain (residues 314-347), and
the interface domain (residues 496—-499). As a thget (Schirmeet al, 1995), PfGR may
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be one of the molecular targets of MB (Farbeial, 1998), the first synthetic antimalarial
compound (Guttmann and Ehrlich, 1891) and PYO (elog of MB) (Kasozet al, 2011).

GSH is a major low-molecular-weight, thiol redoxffien in almost all aerobic cells
(Schafer and Buettner, 2001). As a result of ithhigncentrations (1-11 mM), GSH is not
only considered a major indicator of the cellukdax status but also an indicator of oxidative
stress (Schafer and Buettner 2001). In the cytdBelratio of GSH to GSSG is maintained
between 30:1 and 300:1, suggesting a highly reducompartment (Miguett al., 2007). In
the trophozoite stage &f. falciparum total estimates of 2.39 mM GSH and @M GSSG
were reported (Atamna and Ginsburg, 1997). Notathlg, GSH responsible for this highly
reducing cytosolic compartment is maintaineddeynovasynthesis (Griffith, 1999), action of
PfGR and efflux of GSSG (Rat al, 2009).The glutathione redox potentigtdsy) of the
GSSG/2GSH system at pH 7.0, physiologic ionic gifienand 25°C was reported to be - 240
mV (Schafer and Buettner, 2001). The redox potediglends not only on the ratio [reduced
form]/[oxidized form], as it is in the case of redaouples such as NADPH/NADP or
Trx(SH)/TrxS,, but also on the absolute concentration of GSHn@QE, changes ikgsn
appear to correlate with the biological status loé tcell (Schafer and Buettner 2001)
including: proliferation Egsy = -240 mV); differentiation Egsy = -220 mV) and apoptosis
(EGSH: -170 mV)

Despite accompanying several vital cellular proesdsssy changes have rarely been
measured accurately in real time and at the sitehefr occurrence in organelles or
compartments oP. falciparum Using data from Atamna and Ginsburg (1997),Ege, for
the cytosol in the trophozoite stageRoffalciparumat pH 7.2 and 37°C has been estimated to
be -265 mV (Beckeet al, 2003). However, thed&;sy estimates are inaccurate, because cell
disruption methods were used in measurements of &@RBHGSSG. Notably, disruption of
cellular integrity leads to mixing of GSH and GS8Gm different compartments including
those that are reducing such as cytosol, mitocharahrd nucleus, and oxidizing such as the
endoplasmic reticulum. Furthermore, cell disruptimethods inherently involve oxidative
stress. By far, the major source of error is thiemaination of GSSG concentration, because
this species is at low abundance yet is measurlgdafter complete removal of GSH, which
is highly susceptible to oxidation.

1.2.1.1.2 Glutathione metabolism and antimalarial dig resistance

Despite difficulties in accurate quantification, B3as been shown to influence
mechanisms of action or resistance to some antirahtirugs. Besides MB, an inhibitor of
PfGR, the role of GSH in the mechanism of actiomesistance to quinoline and ART drugs
remains incompletely understood. With regard toghmolines only CQ and AQ but not QN
nor MQ were reported to interfere with the GSH-defmt degradation of
ferriprotoporphyrin (Famiret al, 1999). Furthermore, a possible role for oxidathress as
part of the mechanism of action of CQ suggested dyalet al (1999) and Gravest al
(2002) has been questigMonti et al, 2002). Hence, the role of ROS in the GSH-mediated
destruction of FP remains unclear. Apart from C(, thechanisms of resistance to other
quinoline drugs remain elusive. Evidence suggesfwimary role for mutations impfcrt
(Fidock et al, 2000) and to a less extent thosgimdrl (Reedet al, 2000). Additionally,
Ginsburget al (1998) suggested increased GSH levels may coidrio COR.
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Figure 1.12 : The GSH-dependent mechanism of hemetdxification

Following uptake [1] and digestion [2] of hemoglophon-polymerized heme exits the food vacuole
into the cytosol, were it is degraded by GSH. Thkased iron (F§ enters into redox cycling
producing a superoxide that dismutates t®H[4]. H,O; is reduced by catalase and glutathione
peroxidases (GPx) while oxidizing GSH to GSSG {BFSG is reduced back to GSH by glutathione
reductase (GR) using NADPH as a reducing cofa@prllhen NADP is reduced back to NADPH by
the hexose monophosphate shunt (HMS) [7]. GSH tsankee synthesized de novo from Glu, Cys and
Gly [8]. CQ or AQ accumulate in the food vacuoleldarma complex with heme (FP) inhibitibg its
polymerization [9]. Heme is degraded by GSH indkmosol a process inhibited by CQ and AQ [10].
Heme then accumulates in the membrane and permealihem to cations disturbing hemoestastis
[11] leading to parasite death. Adapted from Gimglet al (1998).

Consistent with Ginsburgt al (1998) CQR inP. falciparum (Meierjohannet al,
2002) andP. berghei(Duboiset al, 1995) was found to correlate with increased G&Sidls.
Interestingly, the regulation of GSH in CQS (3Drast) and CQR (Dd2 strain) were reported
to differ depending on PfGR ami@ novosynthesis, respectively (Meierjohaenal., 2002).

In contrast to quinolines, especially CQ, the rdl&8H in the mode of action of ART-based

drugs is less characterized. Although the molecoiachanism of action remains debatable
(O'Neill and Posner, 2004; Stockst al, 2007), current evidence suggests that ART
derivatives act through a free radical mediated haeism (Meshnick and Dobson, 2002).

ART derivatives accumulate in the cytosol, a higlgglucing environment, and are activated
via reductive cleavage of the peroxide bond byac#tular Fe(ll) iron or heme generating,

oxygen-centered radicals and subsequently carboteresl free radicals (Figure 1.13) The
free radicals may alkylate vital cellular comporseiricluding GSH (Wang and Wu, 2000)

leading to parasite death.

13



Introduction

Fe(lll

C3-c4
cleavage
—_—

epoxide
opening

Heme or
Fe(ll) source

Figure 1.13: Mechanism of action of artemisinin dewatives. Adapted from Muraleedharan and
Avery (2009).

Notably, consistent with this finding, ART activitig potentiated by oxygen and
oxidizing agents and attenuated by reducing agéidtangkrai and Yuthavong 1987).
However, Ittaratet al (2003) reported no change in the GSSG level & ghesence of
dihydroartemisinin, the active metabolite of ART,twith significant reduction in GSH
which could be due to export of GSSG (Atamma anaskirg, 1997) or formation of GSH
ART adducts (Mukanganyamat al 2001). Recently, reduction in susceptibility Bf
falciparumto ART-based drugs or ACTs has been reported (Netedl, 2008; Dondorpet
al., 2009). Moreover stable and transmittable ARTstasice was induced in a related species,
P. chabaudi chabaudiet no association with SNPs or copy numbersiéndandidate genes
atp6 (encoding the SERCA-type CaRATPase) tctp (encoding a translationally controlled
tumor protein, TCTR)mdrl, crt, and pfubp-{ubiquitin-specific protease-1) was found (Hunt
et al, 2007) Despite intensive research efforts, unravelingrtte of GSH redox systems in
antimalarial drug action or resistance remainsiedus

1.2.1.1.3 Redox-sensitive green fluorescent protein

Although highly specific and reproducible, GSH aas including enzymatic or
HPLC-based assays suffer a major disadvantage aesuat of cell disruption that
inadvertently creates oxidation artifacts, limityndmic measurements, and hence the
computed redox potentials lack defined sub-celloddevance. This is critically vital foe.
falciparuminfected erythrocytes, since both the parasitepatments and the host cell have
GSH. Alternatively, redox-sensitive fluorescent slymve been used; however, these interact
with multiple oxidants, are not dynamic, and canpettargeted to specific compartments or
organelles. Genetically encoded biosensors, edjyecredox-sensitive green fluorescent
proteins (roGFPs) overcome limitations of convamdioredox measurements. Similarly,
pHluorin (Kuhnet al, 2007) and Cé-sensitive GFP-derivative (Billkeet al, 2004) were
used to measure sub-cellular pH and calcium coreténs, respectively . falciparum

14



Introduction

These genetically encoded biosensors are dynamit Gam be targeted to specific
compartments or organelles of cells. Redox-sersgneen fluorescent proteins were created
starting from either wild type GFP or Enhanced GE&FP), respectively, where two
cysteines were engineered into the positions ShdQ204, which are located @rstrands 7
and 10. The resulting redox probes were called RIGRvhich is based on wild type GFP,
and roGFP2, which is derived from EGFP (Figure 1.T3ue to the diversity in redox
environments, several probes with different midapopotentials have been engineered
(Dooley et al, 2004). In physiologically reducing compartmestsh as the cytosol and
mitochondria, roGFP1 (GFP with mutations C48S, S14a Q204C) and roGFP2 (the
same plus S65T) have been used in Hela cells (Hagtsal, 2004),Arabidopsis(Jianget
al., 2006; Meyeret al, 2007) andnammalian cells (Doolegt al, 2004) to determine redox
potentials. However, the S65T mutation in roGFP2dess its fluorescence pH-sensitive
(Elsligeret al, 1999) and thus is suitable for pH values froft6.8.0. Nevertheless, roGFP2
is brighter and offers a larger dynamic ratio betwéully oxidized and fully reduced probes
than roGFP1 for excitation wavelengths 405 and #88 frequently used on confocal
microscopes (Meyer, 2007). Additionally, roGFP3 awd>FP4 differ from roGFP1 and
roGFP2, respectively, by the presence of a dislflitidge in position C149/C204.
Furthermore, roGFP5 and roGFP6 contain all foutesges and thus can potentially form two
internal disulfide bridges (Meyer and Dick, 201Dgspite their prospective potential, roGFPs
(3-6) have not been investigated in detail. To fxidizing environments such as the
endoplasmic reticulum, Lohman and Remington (2008yetbped a new subfamily of
roGFP1-iX, (where ‘X’ denominates the insertionddferent single amino acids infastrand

7, adjacent to C147) including roGFP1_iE and roGHRIThe mid-point potential of roGFP
1 and 2 are shown in Table 1.2.
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Figure 1.14: Genetically engineered redox-sensitifuorescent proteins.

The redox-sensitive, yellow fluorescent proteinsY{fP) were created by introducing the T203Y
mutation converting EGFP to YFP, resulting in a-sbifted GFP variant with an excitation maximum
at 513 nm and emission at 527 nm (Ostergaaral., 2001). However, rxYFPs are not ratiometric,
which limits their use as effective redox biosessAdapted from Meyer and Dick (2010).
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Typically, the dynamic reversibility of the cytosobr mitochondrial roGFP response
was demonstrated by sequential incubation withottidizing agents such as diamide;(4
or aldrithiol (2,2-dipyridyl disulfide) and reduoti with DTT (Dooley et al, 2004).
Formation of a disulfide bridge between C204 and Cdliits onep-strand relative to the
other, causing a slight relocation of H148 (neighbof C147 on strand 7) and S205
(neighbor of C204 on strand 10); the resulting iafice changes the Y66 protonation state
(Figure 1.15, Wolfet al, 2008). These changes explain the ratiometriit shthe excitation
spectrum.

Table 1.2: Properties of roGFP1 and roGFP2

Redox probe | Engineered amino Disulfide Standard Midpoint| Dynamic
acids bond potential E*' (mV) range
roGFP1 C48S Q80R S147QC147-C204 -288 (DTZJ/DTTo) 2.58
Q204C -294 (BMES./BMES,,) (405/488)*
-291 (consensus) 6.1
(400/475)**
roGFP2 C48S S65T Q80RC147-C204 -272 (DTIJ/DTT) 9.23
S147C Q204C -287 (BMES./BMES,,) (405/488)
-280 (consensus) 5.8
(400/490)**

Data from Schwarzlandet al. (2009),** Hansoret al. (2004), Dooleyet al (2004)* and Meyer and
Dick (2010).

Figure 1.15: Reduced and oxidized forms of roGFPAdapated from Wolét al. (2008).

These roGFPs have two excitation maxima40 nm for the A-band (main peak in roGFP1)
and 475-490 nm for the B-band (main peak in roGFeajrespondingly, oxidation results in
an increase in the ~400 nm peak and a decreadeeid5-490 nm peak and an inverse
behavior under reducing conditions (Figure 1.18hwn isosbestic point a425 nm (Meyer
and Dick, 2010).

16



Introduction

A-Band B-Band

-
N
o
o

488 nm

Fluorescence Intensity (arb. Units)

0 ] ] ] ) I )
300 320 340 360 380 400 420 440 460 480 500

Excitation Wavelength (nm)
Figure 1.16: Excitation spectrum of roGFP2.0Oxidation increases the excitation peak at 405 nm
and decreases the peak at 488 nm, and vice vedsa reducing conditions. Adapted from Meyer and
Dick (2010).

1.2.1.1.4 hGrx1-roGFP2 as a biosensor for the glutaone redox potential

Although roGFP2 interacts with the GSH systemratponse was slow due to limited
availability of endogenous glutaredoxin for enfagcirapid equilibration. Consequently,
Gutscheret al (2008) fused human glutaredoxin-1 to roGFP2 (HGpGFP2), resulting in a
catalytically self-sufficient biosensor capable s#curing rapid and efficient equilibration
under all circumstances. Interestingly, hGrx1-ro@RFas reported to detect nanomolar
changes in GSSG against a backdrop of millimolaceatrations of reduced GSH on a scale
of seconds to minutes (Gutschetr al., 2008). Importantly, hGrx1-roGFP2 was used for
dynamic live imaging of th&gsy in different cellular compartments with high seingy and
temporal resolution. The response properties of 1GoGFP2 are based on the well-
established monothiol mechanism of glutaredoxinguie 1.17).

@u@u "J_u

GSH GSH
Figure 1.17: Molecular mechanism of the hGrx1-roGFR biosensor.Each individual step of the
three-step thiol-disulfide exchange cascade iy felVersible. Adapted from Meyer and Dick (2010).
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In the oxidative response, the nucleophilic cyse@23 of Grx1 specifically reacts
with GSSG to form a mixed Grx1-GSSG intermediatee Tatter reacts with one of the two
thiols on roGFP2, which, as a consequence, bec8&gkgathionylated.

In this thesis, hGrx1-roGFP2 was used to detech@gbs in theEgsy not only in
presence of classical redox agents such #3,Hliamide, and DTT, but more importantly
following treatment with antimalarial drugs incladi GSH biosynthetic inhibitors, quinolines
and ART derivatives.

1.2.1.2 Thioredoxin system irP. falciparum

P. falciparum has a fully functional thioredoxin system comprisithioredoxin
reductase, thioredoxins (Rahks$ al., 2002) and thioredoxin-dependent peroxidases (Rahlfs
and Becker, 2001). Thé. falciparum thioredoxin reductase (PfTrxR) is a 55 kDa
homodimeric FAD-dependent oxidoreductase (Muteal, 1995), which as demonstrated by
knockout studies is essential for erythrocytic eta(Krnajskiet al, 2002). Interestingly, the
C-terminal active site motif (CGGGKC) of PfTrxR diffeir®dm human TrxR (Cys-Sec), and
hence it was suggested as a suitable drug targekéBet al, 2000). Davioud-Charvedt al
(1999) synthesized and evaluated 5, 5-dithiobisi{@benzamides) as inhibitors against
PfTrxR. However, recently it was demonstrated tHaiR is not essential for the various
developmental stages Bfasmodiunparasites (Bucholet al, 2008)

P. falciparumhas a 13 kDa typical thioredoxin (PfTrx1) with lassical active site
motif WCGPCK (Kanzolket al, 2000) that provides reducing equivalents to yieases and
ribonucleotide reductase and is reduced by PfTrx&l(fRet al, 2002). Furthermore, a non-
enzymatic reduction of GSSG (Kanzek al, 2000), HO,, t-butylhydroperoxide (TBHP),
and cumene hydroperoxide (Rahdtsal, 2003) has been reported by PfTrx1. Besides PfTrx1
three other thioredoxin-like proteins have beenected inP. falciparum Additionally,
plasmoredoxin, a member of the thioredoxin supeifjaraxclusively found in malaria
parasites that is reduced faster by thioredoxin glutiaredoxin than by GSH, has been
reported (Beckeet al, 2003). However, Buchokt al (2008) reported that plasmoredoxin in
P. bergheiplayed a non-essential role for life cycle progi@s. The redox potential of
thioredoxin/thioredoxin disulfide [Trx(SH)/Trx(8)couples in the cytosol d?. falciparum
remains unknown. Previously, the standard pote9| of the active site dithiol/disulfide
couple of human Trx1 was estimated to be -230 m\at@ahet al, 2003). Moreover, the
human Trx1 and GSH/GSSG redox couples in the cytoplwere reported not to be in
equilibrium. Nevertheless in thioredoxin and GSeldax systems . falciparummay be
linked by the reduction of GSSG via thioredoxin (Kek et al, 2000). Indeed, the human
Trx1 and GSH/GSSG couples were found to vary indeeetly during growth transitions
(Nkabyo et al, 2002), redox signaling (Halvegt al, 2005), and metal-induced toxicity
(Hanseret al, 2006). Thus, studies suggest that the majorxregistems consisting of Trx1
and GSH are distinct both between and within cotnpamts however this remains to be
elucidated irP. falciparum

1.2.1.3 Peroxiredoxin system if. falciparum

Peroxiredoxins (Prx) contribute significantly toetperoxide-detoxifying capacity of
cells (Woodet al, 2003). This protein family comprises differembamilies (Figure 1.18):
the typical 2-Cys peroxiredoxins, the atypical 2sCperoxiredoxins and the 1-Cys
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peroxiredoxins (Wooet al, 2003). Recently, Prx in parasites have beenwadgGretest
al., 2011) and an informative systematic nomenclagreposed. For clarity, the new
nomenclature has been adopted and the old nameas arackets.P. falciparumhas five
Prxs: two from the Prx1 subfamily (Prxla and Prxlamd one from each of PrxQ, Prx5, and
Prx6 subfamilies (Gretest al, 2011).P. falciparumPrxla (Prx-1, Px2, TPx1, TPx-2, Trx-
Px1) and Prx6 (1-Cys-Prx, Prx2, TPx-1) are locatethe cytosol (Kehet al, 2010), Prx1m
(TPx2) to the mitochondrion (Yaret al, 2005), and Prx5 (Antioxidant protein, AOP) te th
apicoplast (Sarmat al, 2005) and PrxQ (MCOL1, nPrx) is exclusively lozatl to the
nucleus.

Typical 2-Cys Prx

¥s F‘rx/ A—— 2-Cys F’nt ROH
"1E.H

2 RSH 2-C
Disulfide
reductase
H
RS5R 2-Cys F‘rx ROOH

H
Atypical 2-Cys Prx
SF. SPOH
2RSH Atypical Prx | QLMypmal F’r:-c ROH
Disulfide RH
reductase
SPH
R3SSK Atypical P'rx ROOCH
SPH
1-Cys P
ys SPDH

2 RSH 1-Cys F" ROH
Thiol-containing
reductant
RSSR + HOH 1-Cys F'rx/ ROCH

Figure 1.18: The mechanisms of peroxiredoxin classe

In the case-typical 2-Cys Prxs, the peroxidatidaiye (black SP) and resolving cysteine (pink SR)
originate from different subunits and condenseotanfan inter-subunit disulfide bond (black and pink
striped bar). Reduction of typical and atypical ¥sCPrxs involves one flavoprotein disulfide
reductase and at least one additional protein oradto containing a CXXC motif, which is oxidized
from a dithiol (2 RSH) to a disulfide (RSSR) staliering Prx reduction. Reductants of 1-Cys Prxs
include low molecular weight thiols, but physiologi partners are as yet unidentified (adapted from
Woodet al, 2003).

The PfPrxla is thioredoxin-dependent and efficiently @i HO, in vitro and
probablyin vivo (Akerman and Miiller, 2003). Importantl?fPrx1a is transcribed not only in
the erythrocytic stages but also to a lesser extegametocyte and sporozoite stage$ of
falciparum (Le Rochet al, 2003). However, despite transcription RiPrxla, knockout of
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this gene resulted in only a slight increase ircepsbility to oxidative and nitrosative stress
compared to wild-type parasites (Komaki-Yasetial, 2003). Furthermore, althoudtPrx6

is transcribed (Rockt al, 2003) and expressed in erythrocytic stagesplesin antioxidant
defense is still uncertain. InterestingR, falciparumhas been reported to import the human
redox-active protein peroxiredoxin 2 (hPrx2) forgade-detoxifying functions (Koncarevic
et al, 2009). However, the inhibition and mechanismuptake of hPrx2 remains to be
elucidated.

1.2.2 Trafficking in a P. falciparuminfected red blood cell
1.2.2.1 Trafficking pathways within and from P. falciparum

During the asexual stage of its life cycle, the anal parasité?. falciparuminvades
and grows within the RBC of its host (Figure 1.19).develop, merozoites import and export
a wide range of host substances for different pgepo However, the host RBC has no
trafficking pathways for the transport of solutesdamacromolecules for the rapidly
developing parasitP. falciparum.As a result the parasite remodels its host ceigbéishing
routes not only to import but also to export maooteoules crossing the parasitophorous
vacuole (PV), the parasite membrane (PPM), andRIBBE membrane destined to different
organelles in order to perform different functioN®tably, proteins may be imported not only
from the external medium but also from the hostrepcyte.
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Figure 1.19: Development oP. falciparumin host human red blood cells.
The merozoites invade host red blood cells durfirgdsexual stage. To develop, merozoites import
and export a wide range of host substances crossingnly the parasitophorous vacuole but also the

parasite membrane destined to different organailesder to perform different functions (Maiet
al., 2009).

Comparatively, proteins are exported not only tcaordles but also into the host erythrocyte
cytosol and the erythrocyte membrane. Since puimicaof the P. falciparum genome
sequence, signal sequences responsible for taggeiarasite-synthesized proteins to
organelles and to host erythrocytes have been gteediand intensely investigated.
Nevertheless, import and export trafficking pathsvegmain incompletely understood.

P. falciparumsynthesizes nuclear encoded proteins and tatgens to the organelles
and the host cell compartment (Figure 1.20). liytianost secreted proteins require a signal
peptide (SP) that is later cleaved off in ordeemder the endoplasmic reticulum (ER). Some
proteins such as thBf BIP (binding immunoglobin protein) anBf ERC (endoplasmic
reticulum resident protein) that possess the KDEfjugnce are retained in the endoplasmic
reticulum (Kulzeret al, 2009). The apicoplast has four membranes anteauencoded
proteins require a signal and a transit peptidee@orect targeting to the apicoplast (Wakkr
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al., 2000). Protein traffic to the apicoplast ocdlw®ugh the secretory pathway but it is likely
that they do not pass through the Golgi.
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Figure 1.20 Trafficking pathways within and from P. falciparum
P. falciparumsynthesizes several proteins that are targetedniptto different organelles but also to
the host cell compartment. Adapted from Przyboaskl Lanzer (2005).

After entry into the secretory pathway, the trapsiptide mediates the remaining steps
to the apicoplast. Transit peptides are identiéa} a predominance of hydrophilic and basic
amino acids and a corresponding lack of acidicdre=s (Ralptet al, 2004). Traffic to the
food vacuole is achieved by a variety of mechanjsamssproteins may be nuclear-encoded or
imported from the host cytosol or even the medilmdeed, two nuclear encoded proteases
have an N-terminal signal but are targeted to dloel fvacuole but via different routes (Tonkin
et al, 2006). Plasmepsin Il, an aspartic proteasegelsathrough the ER and is delivered
initially to the cytostome and from there to thedovacuole via an unknown mechanism
(Klembaet al, 2004a). In contrast, the protease dipeptide apaptidase 1 accumulates in
the PV before transport to the food vacuole (Klemabal., 2004b). Trafficking of nuclear-
encoded proteins has been extensively reviewedjéllimch and Przyborskt al, 2006). To
traffic proteins to the host cell compartment asribee PVM, a pentapeptide at the N-terminus
of the protein, referred to as tRéasmodiumExport Element (PEXEL) (Martt al, 2004) or
vacuolar translocation signal (VTS) (Hillet al, 2004) is required-lowever, it is not clear at
which point of the pathway PEXEL/VTS acts in orttedetermine the fate of the protein.

Subsequently, some proteins translocate across dhghrocyte cytoplasm,
accumulating in the Maurers clefts (MC), and sone then trafficked to the erythrocyte
membrane independently of PEXEL (Charpian and Pmaiipo2008). It is still unclear what
sequences are required to export proteins beyoadM@ to the erythrocyte membrane.
Different export pathways have been proposed far fiifferent integral membrane proteins.
Two of the proteins, STEVOR and PfEMP1, have a PEXeQuence, while the others
including REX2 and SBP1 do not. Sam-Yellowe (200@ently reviewed the role of MC in
targeting proteins. It remains to be elucidated tivaethe MC not only play a role in the
export but also import of proteins info falciparum
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1.2.2.2 Transport of solutes intd”. falciparum

Due to the increased permeability of the host melmbrane, early studies suggested
the presence of new permeation pathwagaufeister et al, 201Q. Although still
controversial, several models have been put forwWkigure 1.21).Pouvelleet al (1991)
suggestedhe parasitophorous duct model, in which the P\yasmanently fused with the
erythrocyte membrane, thereby allowing access m@felanolecules directly to the parasite.
Furthermore, Lauest al (1997)suggested the metabolic window model a modificatibthe
parasitophorous duct model by hypothesizing thas ia temporal rather than permanent
contact of PVM with the erythrocyte membrane. Adially, Kirk (2001) suggested the
sequential uptake model. By the sequential upta&detn solutes gain access to the parasite
first through transport proteins in the erythrocytembrane and then followed by passage via
non-selective pores in the PVIdubsequently, several transport proteins and sedegbres
have been identified in the erythrocyte membrartkRMM (Nyalwidheet al, 2002).

Parasite
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de o .2-5. %
G Mit Golgi?
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Figure 1.21: Import trafficking pathways.

(A) P. falciparumis surrounded by the parasitophorous vacuole (Bfjveen its parasite plasma
membrane (PPM) and the parasitophorous vacuole naemlfPVM). B) Several models including
the sequential uptake model (Kirk, 200k)the parasitophorous duct model (Pouvelleal, 1991),
and c the metabolic window model (Lauet al, 1997) have been put forward to explain hew
falciparumacquires macromolecules. Adapted from Baumeédtat (2010).

1.2.2.3 Transport of host proteins intd”. falciparum

To develop, merozoites import a wide range of Isofistances crossing not only the
PV but also the PPM destined to different orgasette perform different functions. Indeed,
the uptake of low molecular weight substances oholy glucose, amino acids, vitamins,
nucleosides, and drugs through anion-selective reklan non-specific ion pores, and an
interconnected network of tubovesicular membrahébl( et al, 1997; Lauert al, 1997,
Kirk, 2001, Haldaret al, 2003) has been recognized. However, traffickiathways between
the host red blood cell arfél falciparumremain complex and poorly understood. Moreover,
macromolecular import of host proteins into differerganelles remains controversial (Dive
et al, 2003) partly due to limitations in organelle aegiion techniques. Even with
fluorescence labeling, it is very difficult to elsiah whether the macromolecular proteins or
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released dye is responsible for the level of flacesce in the parasite (Hibbs al, 1997).
Furthermore, import of proteins from medium has rbaeported. Using fluorescent
macromolecules, Pouvelié al. (1991) reported the import of dextran, protein Adan IgG2
antibody into P. falciparum. Additionally, Tahir et al (2003) showed the uptake of
polypeptides ranging from 45 to 206 kDa iftofalciparum Bondayet al (2000) showed the
uptake of different recombinant fragments ®f— aminonlevulinate dehydratase info
falciparum Interestingly, several host proteins includingniam superoxide (Fairfieldt al,
1981), aminolevulinic acid dehydratase (Bondagl, 2000), ferrochelatase (Varadharagan
al., 2004), and human peroxiredoxin (Koncaregical, 2009) have been reported to be
imported into the cytosol while others such as hgloton (Lazaruset al.,2008; Elliottet al,
2008) and catalase (Clarebattal, 1998) are imported into the food vacuole. RegeRibth
et al (2011) identified 24 human proteins which wergngicantly abundant in parasite
protein lysates and exhibited specific abundancdiles across the intra erythrocytic cycle.
Except for hemoglobin, neither the mechanisms dbke nor the inhibition of other host
proteins have been thoroughly investigated. Althougpt entirely clear, current models
(Lazaruset al., 2008) and evidence suggests that hemoglobin maymperted by four
distinct pathways (Figure 1.22) including the “Bigl®’ that occurs between 6 to 30 h, small
hemoglobin vacuoles (throughout the life cycle)damt 30 h by both endocytosis via
cytostomal tubes and phagotrophy (Ellietial, 2008).
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Figure 1.22: Hemoglobin uptake.

(A) A model of hemoglobin uptake (Lazaretsal.,2008) andB) the four distinct but related ways of
importing hemoglobin int®. falciparum(Elliott et al, 2008).

However, molecular mechanisms that mediate andlatgweither endocytosis or
phagocytosis or pinocytosis irP. falciparum remain unknown. Receptor-mediated
endocytosis results in the internalization of eséthular ligands bound to specific receptors
via clathrin-coated pits and vesicles (Kirchhaus2@800). By contrastjn phagocytosis,
exogenous particulate substances are encapsutatedmbrane vesicles or vacuoles derived
from the plasma membrane. Additionally, pmocytosis, soluble extracellular markers are
internalized in membrane bound pinosoraed eventually delivered either to the lysosomes
or back to the plasma membraRe falciparumis a eukaryote and as a result has similarities
with trafficking in mammalian cells (Figure 1.23). mammalian cells this process involves a
set of proteins, including the coat proteins COPI,PG0Oand clathrin, and carries out a
programmed set of sequential interactions that teatie budding of vesicles. Despite being
the best studied, the molecular trafficking meckiansi even in mammalian cells remain
complex. Several proteins are involved in vesialatcformation including its initiation,
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propagation, vesicle budding, and uncoating (Fidu2d), including Rho family GTPases and
signaling cascades triggered by external stimuleddrgang and Chavrier, 2004). Indeed,
Kappeet al (2004) have reported that actin and myosin moaoesrequired for motility by
merozoites for host cell penetration and are pteiseother asexual stages. The role of actin
has been demonstrated in endocytic traffickingeyhbglobin inP. falciparum(Elliott et al,
2008; Lazaruet al, 2008; Smythet al, 2008). Furthermore, the role of actin was euvaldia
using two well-characterized actin toxins (Figure25), cytochalasin D (CTD) and
jasplakinolide (JAS) (Smythet al, 2008). CTD prevents actin elongation and promttes
dispersion of existing actin filaments, and JASb#itzes actin filaments, thus enhancing
polymerization (Smythest al, 2008). Furthermore, latrunculin A is reported disrupt
microfilament polymerization due to a one-to-onediag with monomeric G-actin but has no
effect on microtubular structurddditionally, P. falciparumexpresses three members of the
Rab5 family (Quevillongt al. 2003), the prototypic marker associated with earlgosome
formation and transport in other eukaryotes (SeahdaCoudrier, 2004).
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Figure 1.23: Traffic pathways in eukaryotic cells.In the endocytic pathway, macromolecules are
internalized at the plasma membrane and forwardezhtly endosomes, from where they are either
recycled to the plasma membrane through recyclipgomes or forwarded towards degradation in
late endosomes and lysosomes or sorted to differganelles (Kirchhausen, 2000).
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Figure 1.24: Network of proteins involved in clathin coat formation.
Various proteins are involved in clathrin coat fation including actin, clathrin, syndapin, intersec

dynamin, endophilin, and adaptor proteins (AP-18®;2), among others. Adapted from Kirchhausen,
(2000).
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Figure 1.25: Inhibitors of actin and dynamin.Cytochalasin D, jasplakinolidégtrunculin A,
and dynasore have been shown to influence uptakernbglobin.

Dynamin super-family members are conserved GTPasteips existing in many
eukaryotic cells from yeast to mammals. RecentlypuwZbt al. (2009) reported that the
genome of thd>. falciparumparasite encodes two dynamin-like proteins, nandglyamin-
like protein 1 (PfDYN1) and dynamin-like protein 2fDYNZ2). By using a dynamin
inhibitor, dynasore (DYN) the role PfDYNL1 in thetake of hemoglobin was showed. For
decades, vesicles have been known to have an gdidaf 4.8-5.2 that can be increased by
the addition of weak bases including ML and the antimalarial drugs CQ, QN, and MQ to
the medium (Krogstadt al, 1985). Previously, both ART and MQ were repotigdnhibit
phagocytosis in immune cells (Wenisehal, 1997), while the 8-aminoquinoline primaquine
interferes with the endosome behavior in Hep-GB& ¢&lan Weeret al, 2000). Indeed, ART
and the quinoline drugs CQ and MQ were shown tobiblendocytosis inP. falciparum
(Hoppeet al, 2004). Besides CQ, ionophores such as monensirSjMINd nigericin were
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also shown to alkalinize the food vacuole and iithigsosomal protein degradation
(Adovelande and Schrevel, 1996; Hopgeal, 2004). Endocytosis requires energy and thus
sodium azide (Na}y treatment was reported to deplete ATP leveB.ifalciparum(Haldaret

al., 2002) and inhibit protein uptake (Takiral, 2003).Nevertheless it remains unclear how
P. falciparumsorts host-acquired proteins to different orgasels reported to the cytosol
and food vacuole. Identification of species-speafrting mechanisms may yield novel drug
targets.

1.2.3 Development of a rapid method for gametocytaal activity

Sustainable control or eradication of malaria wabjuire not only treatment of asexual
stages but also targeting of transmissible stagést¢, 2008). Transmission &f. falciparum
malaria from the infected vertebrate host to thedie Anophelesmosquito vector, thus
ensuring continuity of the life cycle, is undertakdy gametocytesP. falciparum
gametocytes develop from blood stage parasitesstiogt asexual multiplication, diverting
into the sexual differentiation pathway (Figure@).2However, a small population of asexual
parasites commits to sexual development, iandtro isolates in continuous culture tend to
produce fewer gametocytes over time (Grasteal., 1984). Hence, difficulties in producing
large amounts oP. falciparum gametocyteshave restricted research in development of
transmission-blocking drugs. As a result, severathmds including the continuous flow
method, the suspension culture system (Ifediba\4uderberg, 1981), and tipper system
(Ponnudurakt al, 1982) have been developed for the productioviadfle gametocytes. Yet
the molecular mechanisms involved in the commitnwdmarasites to sexual differentiation
still remain obscure (Silvestriet al, 2005).
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Figure 1.26: Stages of gametocyte developmenidapted from Alano (2007).

To produce gametocytes, a culture with a low symobus asexual parasitemia and
high hematocrit is set up. Without the additionnafw erythrocytes, a high parasitemia is
attained while the medium is changed daily untéd fharasites become visibly stressed (a
noticeable medium color change to yellow). The heoré# is then lowered by increasing the
medium volume to stimulate gametocyte productiéed{ba and Vanderberg, 1981).
Furthermore, Williams (1999) suggested that spanagite-conditioned medium may contain
factors that enhance sexual differentiation. Intkast, a sudden increase in the hematocrit of
a fast-growing ring stage culture in the preserfggastially spent medium stimulates sexual
differentiation. Thus, gametocyte production may be triggered byditimms negatively
affecting asexual multiplication such as stresedifa and Vanderberg, 1981) or drug
treatment with CQ or SP (Bucklingt al, 1999), two inhibitors of the enzyme cAMP
phosphodiesterase, caffeine (Brockelman 1982), amd®o cAMP (Trager and Gill, 1989),
and the polypeptide cholera toxin (Dyer and DayQ30 although no single molecule has
been so far conclusively shown to act as an indudéactor. Nevertheless, none of these
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methods eliminates the limitations associated wtk production of low gametocyte
numbers. A few parasite lines such as NF54, 3D7B3A] and P2G12 are reported to have a
high sexual conversion rate especially when lowspgs isolates are used (Fivelnetral,
2007). Improvements in culturing methods coupledhwenrichment by use of MACS®
magnetic affinity columns (Ribawtt al, 2007; Fivelmanet al, 2007) has allowed the
availability of synchronous gametocytes suitabledimg development assays.

Not surprisingly, few significant advances in teicjues used for assessing drug
susceptibility of gametocytes have been undertaBesides ART derivatives (Benoit-Vical
et al, 2007) and primaquine (White, 2008) mature ganyé&s, especially stages IV and V
rather than stages I, I, and Ill, are resistanbtteer antimalarial drugs including quinolines
(Benoit-Vical et al, 2007) and antifolates. However, primaquine @&ctive underin vitro
conditions yet it is transformed into an active abetite in the mammalian host (White 2008).
Nearly all methods depend on microscopic countifigg@ametocytes (counts per 10,000
erythrocytes on thin film), which is an extremeipé¢-consuming and laborious process. Due
to the tedious nature of microscopic examinatioryesal methods based orfH]-
hypoxanthine incorporation (Desjardies al, 1979), enzyme-linked immunosorbent assay
using monoclonal antibodies to plasmodial lactakydrogenase (Maklaat al, 1993), and
histidine-rich protein Il (Noedkt al, 2001) were developed in order to determine drug
susceptibility against asexual stages. Recently, newradioactive methods have been
reported that use DNA stains including SYBR GreerSinilkstein et al, 2004) DAPI
(Banieckiet al, 2007), PicoGreen (Corbedt al, 2004), and as a reporter to measure asexual
parasite growth. Remarkably, the use of DNA stainddtect parasite DNA has significantly
simplified drug susceptibility testing of asexutges.

Due to the huge reliance on hypoxanthine for grogftigametocytes and in order to
avoid safety and disposal problems associated wg¢hof radioactive materials, GFP - based
methods have also been developed for sexual st&prently, Dixonet al (2008) and
Buchholzet al (2011) developed an assay utilizing a GFP fusegit sexual protein Pfs16.
Pfs16 is the earliest known gametocyte marker tatéx 30 h post-invasion of a sexually
committed parasite (Alan@t al, 1991). Despite variations, this marker is exgees
throughout and only in sexual stage parasites. &tpression of the chimeric Pfs16-GFP
allows for the analysis of parasite cultures byorfescence-activated cell sorting (FACS),
enabling the accurate identification of gametocyes| before they are morphologically
distinguishable from asexual stage parasites. $hgsificantly reduces assay times and
eliminates the possibility of operator bias asgedawith morphological identification of
gametocytes in standard gametocyte assays. Howewader to maintain GFP fluorescence,
parasites are treated with antifolate selectioma@éR92210 and thus may not be suitable for
assay against other antimalarial drugs. Moreovwer,proportion of gametocytes produced is
in such assays still very small compared to asegagdsites while both are exposed to the
drug, but the GFP signal is exclusively from aséxaaasites. Above all, GFP fluorescence
has been reported to reduce over long gametocytdafanent periods.

To overcome limitations of low gametocyte productend eliminate asexual stages,
modifications to current protocols were undertaken.order to eliminate asexual stages
(trophozoites and schizonts), two sorbitol treatteest 12 and 31 h following the first
treatment were carried out as described by 8aal (1990). In order to enrich gametocytes
and eliminate ring asexual stages and non-infeRBLs, a MACS® magnetic affinity

27



Introduction

column (Ribautet al, 2007; Fivelmanet al, 2007) was used. After drug exposure in
microtitre plates, the gametocytes were frozer8&®C and thawed before the SYBR1 assay
as described (Smilkstet al, 2004). To support clinical trials of MB based donations,
the gametocytocidal activity of MB was determinathng with that of its analog PYO and
CQ as control. Furthermore, a novel, simple, andpgeasive fluorescence-based technique
for determining activity of antimalarial drugs agsti gametocytes was developed.

1.3 Objectives of the study

The overall strategic objective of my thesis wasdatribute to the fight against drug-
resistant malaria through an improved understandinthe mechanism of drug action and
resistance in order to rationally design new drddss thesis explores the role of thesy in
antimalarial action and resistance, evaluates ftiake of host hPrx2 intB. falciparumand
its inhibition as well as the gametocytocidal aityiwf MB and its analogs. In order to do this,
the following objectives with respect to each pcojwere drawn.

1.3.1 SPECIFIC OBJECTIVES

1.3.1.1 Glutathione system

1. To establish a redox sensitive green fluorescemerx(l-roGFP2) protein-based
method for real time imaging of th&;sy in P. falciparum

2. By real time imaging of hGrx1-roGFP2 in the cytgst determine the effect of
classical redox-active agents and antimalarial sinmgluding MB and its analogs,
quinolines, and ART derivatives on thgsy in sensitive (3D7) and resistant (Dd2)
strains ofP. falciparum

3. To characterize the direct interaction of recombindGrx1-roGFP2 with the
antimalarial drugs MB and its analogs, quinolirees] ART derivatives.

1.3.1.2 Uptake of host human peroxiredoxin 2 (hPrY2nto P. falciparum

1. To identify protein sequence motifs required foe timport of hPrx2 intoP.
falciparum.

2. To clone, overexpress and purify recombinant pnoteutants of hPrx2.

3. To characterize the uptake of recombinant hPrx2anfrbypotonically dialyzed
erythrocytes intd°. falciparumby Western blotting and confocal microscopy.

4. To evaluate the effect of inhibitors of endocytosis the uptake of hPrx2 intB.
falciparum

1.3.1.3 Gametocytocidal activity of methylene bluand its analogs
1. To determine the gametocytocidal activity of MB arsdanalog PYO.
2. To develop a novel rapid assay to evaluate theigcof antimalarial drugs against
gametocytes dP. falciparum
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2 MATERIALS AND METHODS

2.1 Materials

All materials used were of the highest purity anerevobtained from the sources indicated
below.

2.1.1 Chemicals

Chemical Source

Acetic acid Roth, Karlsruhe
Acrylamide solution BioRad, Miinchen
Albumax Gibco, Karlsruhe
Ammonium persulphate Merck, Darmstadt
Ammonium chloride Sigma, Steinheim
Bacto-Agar Roth, Karlsruhe
Boric acid Roth, Karlsruhe
Bovine serum albumin Roth, Karlsruhe
Bromophenol blue Sigma, Steinheim
Coomassie brilliant blue R250 Sigma, Steinheim
Diamide Sigma, Steinheim
Ethylenediaminetetraacetate Roth, Karlsruhe
Ethidium bromide Sigma, Steinheim
Hydrogen peroxide Sigma, Steinheim
Glucose Merck, Darmstadt
Hypoxanthine Sigma, Steinheim
Imidazole Roth, Karlsruhe
Isopropanol Roth, Karlsruhe
Isopropylthiogalactoside Roth, Karlsruhe
Magnesium chloride Roth, Karlsruhe
Menadione Sigma, Steinheim
Milk powder BioRad, Muinchen
Nickel-nitrilotriacetic acid Qiagen, Hilden
Paraquat Sigma, Steinheim
Saponin Roth, Karlsruhe
Sodium azide Roth, Karlsruhe
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Sodium dodecyl sulphate Merck, Darmstadt
Sodium nitroprusside Sigma, Steinheim
Sorbitol Roth, Karlsruhe
TEMED Sigma, Steinheim
Tris base Roth, Karlsruhe
Trypton Roth, Karlsruhe
Tween-20 Merck, Darmstadt
Yeast extract Oxoid LTD, U.K

2.1.2 Enzymes

Enzyme Source

DNA ligase New England Biolabs, U.K
DNase | Roche, Mannheim
Lysozyme Sigma, Steinheim
Pfupolymerase Promega, Mannheim
Restriction enzymes FermentasSt. Leon-Rot

2.1.3 Antibodies

Antibody Source

Mouse anti-histidine tag antibody Qiagen, Hilden

Anti-mouse antibody Pierce Rockford

Anti-rabbit antibody Pierce Rockford

Anti-GFP antibody Roche, Mannheim
Rabbit-anti-hPrx-2 Axxora.com

Anti-rabbit antibody conjugated to Cy3 Dr. J. Fyayski, Marburg University
Anti-mouse antibody conjugated to Cy5 Dr. J. Przgkn Marburg University

2.1.4 Antibiotics

Antibiotic Source Stock Working
concentration concentration

Carbenicillin Roth, Karlsruhe 50 mg/mlin 50%  100ug/mi
ethanol

Kanamycin Roth, Karlsruhe 25 mg/ml in water 50 pg/ml

Gentamycin Gibco, Karlsruhe 50 mg/ml 22ug/mi

sulphate
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2.1.5 Kits

Kit

Source

Bradford kit
QIA prep spin mini prep kit
QIA quick PCR purification kit

Biorad, Minchen
Qiagen, Hilden
Qiagen, Hilden

Western blot chemiluminescence reagent Perkin Elmer, Boston, U.S.A.

2.1.6 Protease Inhibitors

Inhibitor Source Stock solution Working
concentration
Cystatin Roth, 40 uM in US 10l /20 mlUS
Karlsruhe buffer buffer
Pepstatin A Sigma, 0.3 mM in DMSO 5ul /10 mlUS
Steinheim buffer
Phenylmethylsulphonylfluoride Sigma, 100 mM in 10l /20 mlUS
(PMSF) Steinheim ethanol buffer
Protease Inhibitor Cocktalil Roche, 100 mM in 1 tablet in 50 ml
Tablets Mannheim phosphate buffer,

pH 7.0

2.1.7 Antimalarial drugs and inhibitors

Drug / inhibitor Source

Amodiaquine
Artemisinin
Artemether
Artesunate

Brefeldin A
L-Buthionine sulphoximine
Chloroquine
Cytochalasin D
Dynasore
Jasplankinolide
Mefloquine
Methylene blue
Monensin sodium salt
Latrunculin A
Paraquat
Pyrimethamine
Pyocyanin

Sigma, Steinheim
Sigma, Steinheim
Sigma, Steinheim
Sigma, Steinheim
Sigma, Steinheim
Sigma, Steinheim
Sigma, Steinheim
Merck, Darmstadt
Sigma, Steinheim
Sigma, Steinheim
Roche, Mannheim
Roth, Karlsruhe
Sigma, Steinheim
Merck, Darmstadt
Sigma, Steinheim
Sigma, Steinheim
Cayman Chemical, USA
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2.1.8Plasmodium falciparumstrains

P. falciparumstrain Origin Source

3D7 (Chloroquine-sensitive) Netherlands AG Prof. Lanzer,
Heidelberg University

Dd2 (Chloroquine-resistant) Indochina AG Prof. Lanzer,
Heidelberg University

2.1.9Escherichia colicells

E. colistrain Genotype Source

XL1-Blue recAl, endAl, gyrA96, thi-1, Stratagene, LaJolla, USA
hsd-r17,supE44, relAl, lac,
[F' pro AB, laclgZ M15,
Tn10, (Tetr)]

M15 [pREP4] nalS, StrS, rifS, KmR, lac -, Qiagen, Hilden
ara -, gal -, mtl -,F -, recA +,
uvr +

2.1.10 Plasmids

Plasmids Antibiotic resistance Source

pQE 30 Carbenicillin Qiagen, Hilden

pREP Kanamycin Qiagen, Hilden

pSK Carbenicillin Stratagen

pPARL-1la+[hGrx1-roGFP2] WR99210* AG Prof. Meyer, Bonn
University

* Antifolate selection agent against human dihydet®reductaselffr) resistance gene
provided by Jacobus Pharmaceuticals, Princeton, NJ.

2.1.11 Medium forE. coli culture

Medium Composition

Luria-Bertani (LB) 5 g/l Trypton, 10 g/l yeast extract, 5 g/l NaCl
2xYT 16 g/l Trypton, 10 g/l yeast extract, 5 g/l NaCl

2.1.12 Solutions and buffers
2.1.12.1 DNA agarose gel electrophoresis

Buffer Composition

10 x TBE 1 M Tris, 1 M boric acid, 20 mM EDTA, pH 8.0 witltetic acid
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2.1.12.2 SDS-polyacrylamide gel electrophoresis Bafs and solutions

Buffer Composition

Sample buffer 62.5 mM Tris-HCI, 25% glycerin, 2% SDS, 0.01% brornepol
blue, 5% mercaptoethanol

Electrophoresis buffer 1.5 M Tris-HCI pH 8.8

Coomassie staining  0.5% Coomassie brillant blue R250, 10% acetic aclé 2-
solution propanol

Coomassie destaining 10% acetic acid, 40% methanol
solution

2.1.12.3 Western blot analysis

Buffer / solution Composition

Anode buffer | 300 mM Tris (36.3 g/1000 ml dgB®)

Anode buffer I 25 mM Tris (3.03 g/1000 ml de®l)

Cathode buffer 40 mM 6-aminohexanoic acid (2.6 g/500 ml d@yi

TBS buffer 10 mM Tris, 155 mM NacCl, pH 8.0 with HCI

TBST buffer 0.05% Tween 20 make up to 1,000 ml with TBS buffer
Blocking buffer 5% Milk powder in TBST buffer (1 g/20 ml TBST)
Ponceau staining 1% Ponceau S, 1% acetic acid

solution

Ponceau destaining 1% Acetic acid

solution

Luminol 1.25 mM luminol, 0.0093% D, 0.1 M Tris HCI pH 8.6

(10 mg/40 ml, in 0.1 M Tris HCI pH 8.6 plus 12.4qi130% HO,
store in the dark at 4°C)

2.1.12.4 Cell culture buffers

Buffer Composition

Saponin lysis buffer  0.15% saponin, 10 mM NaRQ,, 10 mM NaHPQ,, 145 mM
NaCl, 3 mM KCI, pH 7.2 with protease inhibitor coaktet

Freezing medium 28% glycerol, 3% sorbitol, 0.65%Na

Ringer solution 122.5 mM NaCl, 5.4 mM KCI, 1.2 mM Cg@.8 mM MgC}, 11
mM D-glucose, 25 mM Hepes,1 mM NgPO,, pH 7.4

Cytomix 120 mM KCI, 0.15 mM Cagl2 mM EGTA, 5 mM MgCj, 10 mM

K>2HPOy/KH,PQ,, 25 mM Hepes pH 7.6
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2.1.13 Primers

Primer Nucleotide sequence

S-TTCACTTTTGTGAGCCCCACCGAGAT-3
5-ATCTCGGTGGGGWACAAAAGTGAA-3
5’AGCCAGCGGACTAACTTCCCCAT-3'

S’ ATGGGGAAGTTAGTCCCGCGCTGGCT-3¢

hPrx2 C51s
hPrx2 C51as
hPrx2 C172s
hPrx2 C172as

hPrx2 Clats 5'-GGCAAGGGTGTCCTTCGCCA-3'

hPrx2 Clatas 5-GCCCCTGTAGGCAATGCCCT-3

hPrx2 SISs 5-CACGGAGCGTCCCACAGGCA-3’

hPrx2 SiSas 5- CAGGCCTTCCAGTACACAGAC-3'

OhPrx2 N 5’- GCGCGGATCGCCTCC GGTA ACGCGCGCATC- &
OhPrx2 N15 5'- GCGCGGATCTICAAGGCCACAGCGGTGG- 3

OhPrx2 K177as 5'- CGCGAAGCTITACTTCCAGCCAGCGGGACAA- 3
OhPrx2 H168as 5'- CGCGAAGCTITAATGCTCGTCTGTGTACTGGAA-3

OhPrx2 C 5'- CGCGAAGCTTTAATTGTGTTTGGAGAAATATTCC- 3

TheBamH1(GGATCC) andHindlll (AAGCTT) restriction sites are underlined

2.1.14 Equipment

Equipment Source

AKTA/Unicorn- FPLC system Amershan Pharmacia Biotech

Analytical balance Scaltec Instruments, Géttingen

Beckmann spectrophotometer DU® 650
Biophotometer

Confocal microscope TCS SP5

Hitachi spectrophotometer U-2001
Infinite M200 multiplate reader
Incubator shaker

Beckman, Minchen
Eppendorf, Hamburg
Leica, Wetzlar
Hitachi Ltd, Tokyo
Tecan, Mannedorf
Thermo Life Sciences, Egelsbach

Gene pulser electroporator with capacitancéio-Rad, Minchen

extender

Megafuge 1.0 R

Mini-spin table centrifuge
Microscope axiostar

OptimaTM TLX ultracentrifuge

PCR — normal and — gradient cyclers
pH-meter

Sonicator

Sorvall centrifuge RC5C

Heraus Instruments, Hanau
Eppendorf, Hamburg

Zeiss, Jena
Beckman, Minchen
Eppendorf, Hamburg
Beckman, Minchen
Bandelin Electronics, Berlin
Du Pont Company, Wilmington

34



Materials and methods

2.2 METHODS
2.2.1 Cell culture methods

2.2.1.1P. falciparumcell culture

The 3D7 and Dd2 strains &. falciparumwere cultured according to Trager and
Jensen (1976) with slight modifications. The staiwere propagated in RBC (A+) in
complete medium (RPMI 1640 medium supplemented @if% Albumax, 9 mM glucose,
0.2 mM hypoxanthine, 2.1 mM L-glutamine, and 22milggentamycin) at 3.3% haematocrit
and at 37°C in a gaseous mixture consisting of 3%8% CQ and 95% M. On a daily basis,
parasite growth was monitored by use of Giemsaaththin blood films (10% Giemsa, 20
min).

2.2.1.2 Synchronisation

Synchronisation oP. falciparumparasites was carried out with 5% (w/v) sorbit®l a
described (Lambros and Vanderberg, 1979). Brieflgek culture (5% hematocrit, 10 ml)
with predominantly ring stages was centrifuged 2ffm, 3 min) to obtain a pellet of 500 pl
of parasitised RBC. Then the pellet was re-suspemd&aril of 5% (w/v) sterile sorbitol (pre-
warmed to 37°C) and incubated for 10 min at roompienature. The parasites were then
centrifuged (2,100 rpm for 3 min at room tempem}uo spin down the parasitised RBC. The
sorbitol was then aspirated and the pellet waskddetby re-suspending it in complete
medium, after which the parasites were returnecutture. The procedure was repeated after
4 h to attain a more synchronised culture.

2.2.1.3 Cryopreservation ofP. falciparum strains

P. falciparumstrains were frozen and stored in liquid nitrogendescribed (Trager
and Jensen, 1976) with minor modifications. Brieflyjing stage culture (5-8% parasitaemia,
5% haematocrit) was centrifuged (800 x g, 5 minpadet the cells, and the supernatant was
aspirated. The pellet (~500 pl) was mixed with p00f freezing medium (28% glycerol, 3%
sorbitol, 0.65% NaCl) and transferred into a crgb¥Nunc). The vial was frozen at -70 °C
for 24 h and transferred to liquid nitrogen fordeterm storage.

2.2.1.4 Thawing of cryopreservedP. falciparumstrains

The cryopreserveB. falciparumstrains were thawed as described (Trager and dense
1976) with minor modifications. Briefly, the cryoViawas removed from its storage in liquid
nitrogen and thawed (37°C, 2 min). Next, the paeasit1 ml) were transferred into a 50 ml
tube, and 100 pl of 12% NaCl was slowly added wihieetube was shaken gently. The tube
was left to stand for 5 min. Then, 10 ml of 1.6%0Naas added slowly, drop-wise while
shaking the tube and centrifuged (800 x g, 5 nTihge supernatant was aspirated and 10 ml of
complete RPMI 1640 medium was added slowly and drige- while shaking the tube. The
supernatant was again aspirated, and the pelletwsaked two times with complete RPMI
1640 medium. The pellet volume was measured anelcéssary additional RBCs were added
to the final pellet volume of 500 pl. Finally, alitwe (haematocrit 5%, 10 ml) was transferred
to an incubator at 37°C with a gaseous mixture stingi of 3% Q, 3% CQ and 95% M.
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2.2.1.5 Purification of trophozoite stagé®. falciparumby magnetic separation

Trophozoite stages dP. falciparum were purified and concentrated by magnetic
separation as described (Ribeatal, 2008). Accordingly, magnetic separation remawveg
stages and non-infected RBCs that do not contain he@moln contrast, trophozoites,
schizonts, and gametocytes that have haemozion bindhe column. Initially the
QuadroMACSM separation system was attached to a multi-staedt, dn LS column was
placed in a QuadroMACY separation system (Miltengiotec, Germany) and connected to
a 26 G flow resistor through a 3-way stopcock. ldumns have a capacity of 1 x ®10
magnetically labelled cells from 2 x %fotal cells. Prior to purification, the LS columwsre
filled with warmed (37°C), complete RPMI 1640 medjuamd the flow rate was adjusted.
Next, a culture oP. falciparuminfected erythrocytes was harvested by centrifogat?, 100
rpm, 3 minutes)and re-suspended to 5% haematocrit. Subsequentipl df the cell
suspension was deposited on the top of the colurdriteen washed with 2 ml of pre-warmed
(37°C) culture medium until the flow through the med was apparently free of red blood
cells. This step was repeated until column capafoty magnetically labelled cells was
reached. After this, the column was removed from rilegnetic support, a further 4 ml of
culture medium was added, and the trophozoitescfest to 80-90%) were eluated. A similar
procedure was followed for the purification and camtration ofP. falciparumgametocytes
except that prior to separation the cell culture waated with 5% sorbitol as described (Saul
et al, 1990).

2.2.1.6 Determination of parasite counts using thideubauer haemocytometer

Following MACs (Miltenyi Biotec, Germany), trophozoite stages Raf falciparum
parasites were counted using the improved Neubaaemocytometer. Briefly, the parasite
pellet was re-suspended in an appropriate volunmwiplete RPMI medium (usually 10 ml)
and 10 pl were placed on the improved Neubauer begiometer.

B100mm [ coverslip
dietece | @ oo eendiad
Frntunguui

0.008#S mum”
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gria </ 4 G
4 load cell N\
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T L /
y imm
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has 25 squares

16 small squares

Figure 2.1: Counting of parasites/ml using the impoved Neubauer haemocytometer
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Using the 10x objective of the light microscope teamtral large square (number 3) with 25
squares was detected. Next the cells in one sqahtke 25 squares) were counted under the
light microscope using the x40 objective. Subsetiyethe average of 5 squares was used for
calculation of the number of parasites/ml. The i@rgquare (Figure 2.1) of the grid is ruled
into 25 groups of 16 smaller squares (area of sawdler square is 0.0025 Mnwith each
group separated by triple lines, the middle onevbich is the boundary. The area of the
central square is: 25 x 16 x 0.0025 = 1 and the volume is: 1 nfix 0.1 mm = 0.1mrhor

0.1 pl (1 ml = 1000 mi. The number of parasites counted per ml = nurobeells counted
per square mm x dilution x 10,000.

2.2.1.7In vitro P. falciparumdrug susceptibility assays

The PH]-hypoxanthine incorporation assay (Desjardetsal, 1979) was used to
determine the susceptibility of the parasites tuhbitors or antimalarial drugs. In order to
investigate the effect oxidants and antimalariaigdr onEgsy, their 1Ges on 3D7 and Dd2
were first determined. Stock solutions of MB, CQ, R\B30, PQT, and SNP were dissolved
in sterile ddHO, while AQ, QN, MQ, ART, ATM, and ATS were dissotyen DMSO.
Dilutions were prepared in hypoxanthine-free medi@®rial double dilutions (100 ul) of the
compounds were carried out in 96 well microtitratps (Figure 2.2). Synchronised ring-stage
parasites in hypoxanthine-free complete medium (uiQ)Owere added to each well to a
volume of 200 ul (0.5% parasitaemia and 2% haemgtodhe negative control wells
contained only Normal RBC (NRBC), while the positive cohtvells contained parasitised
RBC (PRBC).

1 2 3 4 5 6 7 8 9 10 11 12

A Positive control Negative control
B

C

D

E Drug 1 Drug 2 Drug 3 Drug 4 Drug 5 Drug 6
F

G

H

Figure 2.2: Plate diagram for the fH]-hypoxanthine incorporation assay.

Arrangement of compounds on a 96 well microtitrdl yaéate. A1-A7: Parasitised red blood cells
(positive control, PRBC), A9-A12: Red blood cellsedative control, NRBC), B(1-12) to H(1-12)
serial drug dilutions (1:1) of compounds in dupi&a

After a 48-h incubation period at 37°C in a gasewmiure (3%Q, 3% CQ, and 95% I,

50 ul (final concentration of 0.5 uCi/well) oH]-hypoxanthine was added per well, and the
plate was further incubated for 24 h. Followingubation (total of 72 h), the plates were
frozen at -80°C for at least 1 h. Plates were themwed, each well was harvested on a glass
fibre filter (Perkin-Elmer, Rodgau-Jigesheim, Gerpanried, and radioactivity in counts
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per minute (cpm) from each well was measured antsidered to be proportional to the
respective growth oP. falciparumin the well in comparison to NRBC and PRBC. The 50%
inhibitory concentrations (l§g) were determined by curve-fitting the percentagewth
inhibition (in relation to controls) against logudr concentration with a variable-slope
sigmoidal function (Prism 4.0 GraphPad Softwarey Baego, CA). A similar procedure was
used to determine the 4€of compounds which were investigated to inhibit thake of
hPrx2 intoP. falciparum To inhibit the uptake of hPrx2 int. falciparum stock solutions of
CTD (in DMSO), JAS (in DMSO), MNS (in ethanol), BF& (methanol), NHCI (in ddH0),
NaN;s (in ddH0), and DYN (in DMSO) in respective solvents weregared (Table 2.2).

2.2.2 hGrx1-roGFP2 methods

2.2.2.1 Preparation of hGrx1-roGFP2 plasmid DNA

The pARL-1a+[hGrx1-roGFP2] plasmid (Appendix 4) vkasdly provided by Prof. A
Meyer, Bonn University. The plasmid DNA (pARL-1a+ &roGFP2) for transfection éf.
falciparumwas prepared according to the plasmid Maxipreg@iaigen, Hilden) following
the manufacturer’s instructions. Transformationtteg hGrx1-roGFP2 plasmid into the XL
Blue E. coli cells was carried out as described below. To peeptaxiprep Plasmid DNA a
250 ml LB medium (with 100 pg/ml carbenicillin) wasoculated with 10 ml of starter
culture and grown overnight (at 37°C for 12-16 hhwiigorous shaking). The culture was
harvested by centrifugation (6,00@or 20 min at 4°C) and completely suspended in 10 m
of Buffer P1 (RNAse A and Lysosensor blue had beeledd Then 10 ml of Buffer P2 were
added and mixed gently but thoroughly by inverth® times and then incubated (room
temperature, 5 min). Following incubatiohQ) ml of chilled Buffer P3 were added, mixed
immediately but gently by inverting 4-6 times, @rghsferred to a QIlAfilter tip and incubated
for 5 min. The supernatant was filtered into a @getlibrated QIAGEN-tip (by applying 10
ml of Buffer QBT), and the column was allowed to eynpy gravity flow. The QIAGEN-tip
was then washed with Buffer QC (2 x 30 ml) and theADNuted with Buffer QF (15 ml).
The DNA was precipitated by adding 10.5 ml roomftenature isopropanol to the eluted
DNA. The precipitated DNA mixture was filtered thugh a smaller tip and then washed twice
with 70% ethanol, before being eluted with 1 mbofible distilled water. This DNA solution
was re-precipitated with sodium acetate (3% withaebl) for 1 h at -20°C. Following
centrifugation (1,300 rpm, 15 min), the DNA peNeas washed twice with 70% ethanol, air
dried, and dissolved in sterile TE Buffer (50-10 ul

2.2.2.2 Transfection ofP. falciparum

Briefly, a 5 ml culture (ring stage 8-10 h, 5-8% gmtaemia, 5% haematocrit) was
centrifuged (1,500 x g, 5 min), and the supernatas aspirated. The parasite pellet (250 pl)
was mixed with 150 ug of purified plasmid (pARL-1aErx1-roGFP2]) in 400 ul of cytomix
and then electroporated at 0.310 kV and @60 Gene pulser, Bio-Rad) as described (Crabb
et al, 2004). The resulting time constant was betweamd 12 s. The electroplated sample
was returned to a 10 ml culture with 5% final hatjoat. To select for transfectants, six
hours post transfection, 2 nM WR99210 was addetecatlture and later increased, usually
after 3-4 weeks [after appearance of 3D7 (BD7"°° "% and Dd2 (Dd¥™°¢FF2) strains
expressing hGrx1-roGFP2], to 5 nM (Fidock and Wmale 1997). The complete RPMI
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medium (with 2 nM WR99210) was changed every dayX@lul of fresh RBC were added
every week.

2.2.2.3 Determination of the glutathione redox potgtial in P. falciparum using hGrx1-
roGFP2

To determine the effect of drugs on tagsy in P. falciparum short term (time series /
course for 5 or 10 min), 4 and 24 h incubation expents were carried out. For the short
term experiments, the classical oxidants diamideO,H 3-morpholinosydnonimine
hydrochloride (SIN1), the reducing agent DTT antimalarial drugs (Table 2.1) were added
to magnetically enriched trophozoite stage parasi{#6-30 h) of the 30'F™*°¢FP2 and
Dd2h(3rx1-roGFP28trairls

Table 2.1: Redox agents and antimalarial drugs testfor their effect on the glutathione
redox potential.

Drugs Abbreviation IC 5o for 3D7 |Cso for Dd2
Inhibitors of glutathione

synthesis

Methylene blue MB* 3.24 nM 5.24 nM
Pyocyanin PYO** 58 nM 194.0 nM
L-buthionine sulphoximine BSO 26.3 uM 58 uM
Menadione MNA NA NA

ROS inducers

Diamide DMD NA NA
Hydrogen peroxide b0, NA NA
Paraquat PQT 45 uM 21.0 uM
RNS inducers

Sodium nitroprusside SNP 6 uM 7.4 uM
3-Morpholinosydnonimine | SIN1 NA NA
hydrochloride

Quinoline drugs

Chloroquine CQ* 8.6 nM 90.2 nM
Amodiaquine AQ* 18.6 nM 7.2nM
Quinine QN* 210 nM 136 nM
Mefloquine MQ 8 nM 19.5 nM
Artemisinin derivatives

Artemisinin ART* 17.3nM 20.4 nM
Artesunate ATS* 4.35 nM 5.2 nM
Artemether ATM* 5.8 nM 8.4 nM

NA- Not applicable * Akoacheet al (2005) ** Kasozet al (2011)

The parasites were monitored for 4 or 9 min aftenid of basal measurements (10 or 20 s /
image). For 4 h incubation experiments, after émnient of 3D7°™*°¢FP2and Ddde™-1ocFP2
trophozoite stage parasites (26-30 h), the pamasitere allowed to recover for 2 h under
standard culture conditions and then treated witimalarial drugs at concentrations ranging
from ~ 1 X 1Go to 100 x IGo for 4 h. Each drug concentration had 5 ml with.6 % 16
trophozoites/ul. For 24 h experiments, a 10 miurel(2.5% haematocrit, 3-4% parasitaemia)
of ring stage 3DP™°CFP2and DG FP2strains were treated with antimalarial drugs at
4 x 1Cso. Following incubation, cultures were treated wath mM N-ethylmaleimide(NEM)
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for 30 min and then enriched by magnetic separafdiditionally, all experiments included a
negative control (no drug treatment) and a positimetrol (treated with 1 mM diamide), and
all measurements were done immediately after intaaAll experiments were carried out
within 3 and 4 weeks for D42*°¢FP2and 3D ™06 P2 parasites, respectively.

2.2.2.4 Confocal live cell imaging of hGrx1-roGFP P. falciparum

The 3DTC™°CFP2 gnd DAIC™"°FP2 trophozoite stage parasites (26-30 h) were
washed three times with pre-warmed (37 °C) ringartism (122.5 mM NaCl, 5.4 mM KCl,
1.2 mM CaCl, 0.8 mM MgC}, 11 mM D-glucose, 25 mM Hepes, 1 mM N&@y, pH 7.4,
Rohrbachet al, 2005) and seeded on poly-L-lysin-coated p-sideéibidi) (Figure 2.3). A
Leica confocal system TCS SP5 inverted microscopippqd the objective (HCX PL APO
63.0x1.30 GLYC 37 °C UVand 37C temperature chamber was used. The argon laser powe
was set to 20%. The smart gain and smart offsee v@&0.0 V and -0.9% respectively.
Scanning was performed at 400 Hz frequency. Foeg 8eries, images acquired every 10 s or
20 s for 5 or 10 min respectively in a frame sig&t2 x 512. By a sequential scan, the 405
nm (15% laser intensity) and 488 nm (2% laser sitghwere excited and emissions in the
green channel (500-530 nm) were detected. File® waved as Leica lif files and also
exported as tiff files with and without overlay.

| I L1
= 9 +

A

B Cc

Figure 2.3: Confocal imaging of glutathione redox ptential. (A) Following 4 and 24 h incubation
with antimalarial drugs or redox agen®s,falciparumparasites were washed with Ringer solution and
seeded into poly-L-lysin-coated p-slides VI (Ibjdif)en confocal imaging was carried out. For time
course experiments, cell&\ were seeded into poly-L-lysin-coated p-slides (Widi), allowed to
adhere for 30 min, and then washed with RingertewluB). Series were started with images taken
every 10 s or 20 s, and after 1 min of basal measents, redox agents or antimalarial drugs were
added C). Adapted and modified from Markvicheeaal (2011).

2.2.2.5 Image analysis

A redox ratio analysis suite (kindly provided byoRrA. Meyer, Bonn University),
Image J and the Leica software were used to an#iigselata. The region of interest was a
well defined cytosol compartment and only parasigk intact food vacuoles were analysed.
It has been previously reported thatfalciparumis sensitive to photo toxicity accompanied
by rupture of the food vacuolé\ssing et al, 2002) Image analysis using the Image J
software (www.macbiophotonics.ca) was carried autdascribed (Morgamet al, 2011).
Briefly, to export images into Image J softwarepklér of overlay tiff images was dragged
and dropped onto the Image J software (Click ‘Yesbpen as a stack). First, the channels
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were separated (Image color— split channels. Close the blue channel). Then 0
(green) and 488 nm (red) stacks were converte@ foit3Image— type— 32 bit). Next, the
threshold for both 405 nm and 488 nm channels wiasseed (Image—~Adjust —threshold.
Check dark background, click ‘apply’. Set backgroyixkels to NaN (not a number) click
‘OK’ and then ‘Yes’ to process all images). To detme the ratio (405/488 nm), the 405 nm
stack was divided (operation) by 488 nm stack. ¢€se- image calculator» 405 nm image
(green) divide by 488 nm (red). Click ‘OK’ and th&fes’ to process all images). The Image
J look up table ‘Fire’ was used for creating fatedor ratio images. To obtain the ratio (405/
488 nm) (Image— stacks— Plot Z-axis profile) was used and then the exeghdile was
saved. To color the resultant gray ratio image Wiihe’, (Image— Lookup table— Fire)
was used. The calibration bar was inserted usimglyae — tools — calibration bar).
Following conversion to RGB color (Imagetype —RGB color), tiff mages were saved as
sequence (File» save as— image sequence). Indicate the number of imageslaid' OK’

to save the tiff images. The graphs were plottedgu&raphPad Prism 4 software (San Diego
CA USA)

2.2.2.6 Computation of basal redox potentials

The basal intracelluléEssy were calculated from fluorescence intensity measents
as described (Gutschet al, 2008; Schwarzlandet al, 2008). To calibrate the experiment,
the minimal (100% sensor reduction) and maximalofaOsensor oxidation) fluorescence
ratios were determined by reduction with 10 mM Dafd oxidation with 1 mM diamide
respectively. The degree of oxidation of roGFP2ethels orEssy. The corresponding degree
of sensor oxidationdxD;.crp2) Was calculated from this equation (1).

B R— Ri‘gd
OxD, ey = J488min |

— (R _—R)+(R-R_
14881113}1L o =R+ red)

Where

R: refers to the basal ratio of excitation at 405/488

Rred : refers to ratio of completely reduced roGFP2 withmM DTT.

Rox :refers to the ratio of completely oxidized roGFR#hwvL mM diamide.

| 488min: refers to the fluorescence intensity measwvith excitation at 488 nm for
fully oxidized roGFP2.

| 488max: refers to the fluorescence intensity megswith excitation at 488 nm for
fully reduced roGFP2.
Then the intracellular sensor redox potentiaddrr2)was calculated frofdxDrocrr2 using the
Nernst equation.

E‘ o 1:E0I q_Ehl(l_(}\‘DruGsz)
roGFP2 roGFP2 oF OxD -

Where
R: is the gas constant (8.315 Jriol™).
T: is the absolute temperature (298.15 K).
F: is the Faraday constant (96,485 C Mol
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2: is the number of transferred electrons.

E° e = -280 mV (Hansoret al, 2004) is the average consensus midpoint redox
potential of roGFP2.
Yet roGFP2 (sensor) and the glutathione redox @((BEH/GSSG) are in equilibrium, thus
Ees= E.eree Glutaredoxin (Grx1) mediates the exchange of edastbetween roGFP2 and
glutathione, resulting in redox equilibrium. Hertbes redox equilibrium is described by the
equation

ﬁn[GSH]z_ o RT | [roGFP2,,] _
cFO[GSSG] P -F [reGFP2,]

o
EG.SH = EGSH - roGFP2

WhereE’... is the standard redox potential of glutathionptt7, which is -240 m\(Schafer
and Buettner 2001). Thus the sensor reports theceitularEcsy.

2.2.2.7 Heterologous overexpression of hGrx1-roGFR&otein

The recombinant hGrx1-roGFP2 protein was overeggesis described (Gutscletr
al., 2008) with modifications. Briefly, thE. coli M15 strain (Qiagen) was transformed with
PQEG6O[hGrx1-roGFP2] plasmid (kindly provided by PrA. Meyer, Bonn University). The
hGrx1-roGFP2 protein was expressed in 2YT mediuth@rified via hexahistidine affinity
chromatography, concentrated and desalted (CenitriZp columns, Princeton Separations
Inc.) and stored at -80°C. Briefly, a pre-cultureL& medium (3 ml containing 104g/mi
carbenicillin and 5Qug/ml kanamycin) was inoculated with a colony andvgr for 8 h at
37°C with vigorous shaking. Then 100 ml of 2YT maediucontaining 100ug/ml
carbenicillin and 5Qug/ml kanamycin) were inoculated with 3 ml culturedagrown at 37°C
overnight. The overnight culture (~20-30 ml) wasledlto 1,000 ml 2YT medium (containing
100 pg/ml carbenicillin and 5@g/ml kanamycin) up to an OD = 0.1 and grown unid ©
0.6 before induction with 1 mM isopropgtD-1-thiogalactopyranoside (IPTG). Following
induction, the culture was grown overnight at 2590d the cells were harvested by
centrifugation (8,000 g for 15 min at 4°C). Then thellet was re-suspended in 50 mM
sodium phosphate, 300 mM NaCl, pH 8.0 buffer (1 tegé ml buffer) and mixed with
protease inhibitors namely 150 nM pepstatin, 40 eydtatin and 100 uM PMSF and then
stored at -20°C. The recombinant hGrx1-roGFP2 pnoteis purified as described for hPrx2
mutants below.

2.2.2.8In vitro interaction of antimalarial drugs with the hGrx1-r oGFP2 protein

Stock solutions of CQ, MB, BSO, PQT, GSSG, diamid\1Sand SNP were
dissolved in distilled bD while AQ, QN, MQ, ART, ATS, and ATM were dissolveal
DSMO. MNA and PYO were dissolved in methanol antaebl respectively. T-butyl
hydroperoxide (THBP), kD, and all drugs were diluted with a standard reachioffer (100
mM potassium phosphate, 1 mM EDTA, pH 7.0; $dturated) and used immediately.
Initially, the reaction buffer (100 ml) was degas$er 1 h and then saturated with fér 2 h
on ice. To calibrate the assay, all experimentuded 1 mM diamide or 10 mMJ@, and 20
mM DTT as controls to achieve maximum oxidation aaduction respectively. The purified
hGrx1-roGFP2 protein was reduced with 20 mM DTT 48rmin on ice, desalinated (Zeba
Desalt spin columns, Pierce), and diluted in reachbuffer to a final concentration of 1.25
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MM. The 5 fold drug dilution (50 pl) was mixed w200 pl of 1.25 pM hGrx1-roGFP2 in 96
well plate (black, pClear TC Greiner). The emissiérh@rx1-roGFP2 (505-515 nm) after
excitation at 405 and 488 nm in a plate reader (Jd@can) was measured with optimal read
setting. Then the ratio of the emission (405/488 was calculated and plotted it against time
or concentration of antimalarial drugs. An excaatspectrum was scanned from 340-512 nm
with emission at 530-540 nm.

2.2.3 hPrx2 methods
2.2.3.1 Vector construction for hPrx2 mutants

2.2.3.1.1 Site-directed mutagenesis of hPrx2

Site-directed mutagenesis as described by the Qaik@H#® site-directed mutagenesis
kit (Stratagene, La Jolla, CA) was carried out witbdifications. This method was used to
mutate the active site cysteine (C51) to serine X, S&lthe resolving cysteine (C172) to a
serine (S172) generating the pQE30[hBXS] and pQE30[hPr&'™?%] plasmids,
respectively, using the pQE30[hPI¥2"""] as template (Figure 2.4). The forward and
reverse primers were phosphorylated at the 5’ €hd.forward primer and the reverse primer
used to construct pQE30[hPIXZ] were hPrx2C51s and hPrx2C51las respectively. The
forward primer and the reverse primer used for p@QEBrx2“1"5] were hPrx2C172s and
hPrx2C172as respectively. The nucleotide sequeridbe primers are in section 2.1.13.

hPrx2C172s
A——
hPrx) Eull-length) w 597 bp
d
bEp_QC 172s
hPrx2(C518)
w 597 bp
a
(C1728)
hPrx2 C51 S172 597 bp
BPr2(CS1A7) 597 bp

Figure 2.4: Site-directed mutagenesis of hPrxZ'he active site (C51) and resolving (C172) cysteine
were mutated to serine residues using overlappiimgeps. To mutate C51 to S51 a pair of forward
(hPrx2C51s) and reverse (hPrx2C51 as) primers wad to amplify and mutate the hPrx2 full-length
gene cloned into the pQE30 vector. Similarly, taahelC172 to S172 a pair of forward (hPrx2C172s)
and reverse (hPrx2C172 as) primers was used.

To generate the double mutant pQE30[hBTX372% plasmid, the pQE30[hPr&Z)
plasmid was used as a template with the forwarthgrihPrx2C172s and reverse primer
hPrx2C172as. The reaction conditions were as folldvatlowing PCR, the template was
digested wittDpn1restriction enzyme, ligated, and transformed asrileed below.
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PCR mixture PCR programme

Volume (ul) | Programme Time (min)
Template 1 (50 ng) Initial denaturatigr®5°C for 5 min
100 puM forward primer 1 Denaturation 95°C for 1 min
100 uM reverse primer 1 Annealing 52°C for 1 mjn
2 mM dNTPs 5 Extension 68°C for 8 min
10 x Pfu buffer 5 Cycles 18 cycles
DMSO 2.5 Final extension 68°C for 15 min
Pfu polymerase 1
ddH,0O 33.5
Total 50

2.2.3.1.3Dpn 1 digestion and ligation of hPrx2 mutants

The pQE30[hPrx2] mutant PCR products were purifiethgushe QIAquick PCR
purification kit and the templates digested wibpnl and then purified again using the
QIAquick PCR purification kit. The conditions f@pnl digestion (at 37°C for 3 h) and
plasmid ligation were as follows. Following ligatiothe plasmids were transformed into XL
BlueE. colicells as described below.

Dpn 1 digestion* Ligation reaction**
Volume (pl) Volume (ul)
pQE30[hPrx2] mutant plasmid| 30 pQE30[hPrx2] mutdasmid | 3.5
10 x tango buffer 5 10 x4Tligase buffer 3
Dpn 1(10 U/pl) 2.5 T, ligase 3
ddH,0O 12.5 ddHO 20.5
Total 50 Total 30

* At 37°C for 3 h. ** At 4°C overnight

Subsequently, a colony was inoculated into LB medi(Bnml containing 100ug/ml
carbenicillin) and grown overnight (~16 h) with etent shaking at 37°C. Next,
PQE30[hPrx2] mutant plasmid DNA (~1Q@/ml) was prepared using the Minprep plasmid
kit (Qiagen Hilden) following the manufacturer’sstructions. To confirm the presence of the
mutation, the plasmid DNA was sequenced, and seggewere compared with those in the
databases.

2.2.3.2.4 Purification of plasmid DNA

For cloning purposes, plasmid DNA was preparedsiggithe QIAprep spin minprep
kit (Qiagen Hilden) following the manufacturer’sstructions. Briefly, 1.5 ml of overnight
culture (~16 h) was centrifuged (8,000 rpm, 3 niinpellet the cells, and the supernatant was
discarded. Next the pellet was re-suspended inu2%sd buffer P1 (supplemented with Dnase
1 and lysosensor blue) by pipetting up and dowwootexing. Then it was mixed with 250 pl
of buffer P2 by inverting 4-6 times until the sadut was homogenously blue. Next, 350 pl of
buffer N3 was added and mixed 4-6 times until thiet®on was colourless again. Following
centrifugation (13,000 rpm, 10 min) the supernataas transferred to the QlAprep spin
column and centrifuged (13,000 rpm, 1 min). The REp spin column was washed by
adding 500 pl of buffer PB and centrifuged (13,0t 1 min), and the flow-through was
discarded. Furthermore, the QIAprep spin column washed by adding 750 pl of buffer PE
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and centrifuged (13,000 rpm, 1 min), and flow tlglouwas discarded. Following an
additional centrifugation (13,000 rpm, 1 min) toneve residual buffer PE, the DNA was
eluted by adding 5@l of water to the centre of each QIAprep spin calutimen left to stand
for 1 min and centrifuged for 1 min.

2.2.3.2.5 Deletion mutagenesis of hPrx2

Deletion mutagenesis (Williamst al, 2007) was used to delete internal sequences:
the clathrin sequencé® LFIID**}) and the sorting and internalisation sigriaf YDEALRL
1% to generate the pQE30[hPIX&%13) and pQE30[hPrE'S™1%)  mutants,
respectively, using pQE30[hP&2"*"9"™) plasmid as a template. The nucleotide sequerfces o
the primers are in section 2.1.13. The forward mveérse primers were phosphorylated at the
5" end.

OhPrx2 Clats
—

PQE30[hPXE* 129157 V=T I - |,
OhPrx2 Clatas
—

OhPrx2 SIS
DQE30[MPrx&'S!5+159 I/ NY - - bp

OhPrx2 Slgas
Figure 2.5: Deletion mutagenesis of hPrx2.
To delete the clathrin sequeneepairof forward (OhPrx2 Clats) and reverse (OhPrx2 Glapsimers
that start at the opposite ends of the desired tardee deleted were used to amplify all sequences
except those to be deleted. Similarly, in ordeddtete the sorting and internalisation signal, ia gia
forward (OhPrx2 Siss ) and reverse (OhPrx2 Sisag)eps that start at the opposite ends of the
desired area to be deleted were used.

The forward primer and the reverse primer usedotosttuct pQE30[hPr¥9212%133 were
hPrx2Clats and hPrx2Clatas respectively. The forvgaider and the reverse primer used to
construct pQE30[hPrk251%41%9 were hPrx2SISs and hPrx2SISas respectively. €hetion
conditions were as follows.

PCR mixture PCR programme

Volume (ul) | Programme Time (min)
Template 2 (50 ng) Initial denaturatior®5°C for 5 min
100 uM Forward primef 1 Denaturation 95°C for 1 min
100 uM Reverse primey 1 Annealing 50°C for 1 min
2 mM dNTPs 5 Extension 68°C for 8 mim
10x Pfu buffer 5 Cycles 18 cycles
DMSO 5 Final extension 68°C for 15 min
Pfu polymerase 1
ddH,O 30
Total 50

Similarly, the pQE30[hPrx2] mutant PCR product wasanoked using the QIAquick PCR
purification kit, and the template was digestechviipnlrestriction enzyme and then purified
again using the QIAquick PCR. The conditions Bpnl digestion (at 37°C for 3 h) and
plasmid ligation were as described above. Followigagtion, the plasmids were transformed
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into XL Blue E. colicells as described below. Subsequently, a colas/inoculated into LB
medium (3 ml containing 100g/ml carbenicillin) and grown overnight (~18 h) witonstant
shaking at 37°C. Then, plasmid DNA (~10@/ml) was prepared using the Mini plasmid kit
(Qiagen Hilden) following the manufacturer’s ingtions. Next, the plasmid DNA was
digested withBamHL andHind Il restriction enzymes in order to check for ttheletion. In
order to confirm the presence of the deletion, pleesmid DNA was sequenced, and the
sequences were compared to those in the databases.

2.2.3.2.4 Cloning oAN, AC and ANC terminal end deletion hPrx2 mutants

The AN andAC terminal end deletion mutants of hPrx2 were geadray amplifying
the flanking regions using the hPrx2 (full lengti®ne as the template (Figure 2.6) and
cloning then into theBamHL (underlined in forward primers) artdind Il (underlined in
reverse primers) sites of the pQE30 vector (Appe6lli

Cs1 C172

1 l

PQESO[NPIXE "] N 507 b

OhPrx2 N15
ey
PQE30[hPrx2 ] 533bp
OhPrx2 C
OhPrx2 N

PQE30[hPrx2 C177) N 530 bp

OhPrx2 K177as
—

OhPrx2 N
PQE30[Prx2°0-1) I 503 b
OhPrx2 H 168as

OhPrx2 N15

PQE0[NPrx2"°(5177) I /57 bp
OhPrx2 K177as

OhPrx2 N15

DQE30[hPrx2NCas165) I /G0 b)
OhPrx2 H 168as

Figure 2.6: Cloning of N- and C-terminal deletion nutants of hPrx2 Different pairs of forward
(OhPrx2 and OhPrx2 N15) and reverse (OhPrx2H168&Rrx2K177as, OhPrx2C) primers were
used to amplify flanking sequence fragments of BPfdl-length genes and were cloned into the
pQE30 vector.

The forward primers OhPrx2 N, OhPrx2 N15 and rexgnsmers OhPrx2 K 177as, OhPrx2
H 168as, OhPrx2 C were used to generate the PCR psodRrx2N51%®) with 533 bp,
hPrx2NCUS 1D with 487 bp, hPrx8'1518) with 460 bp, hPrx¥F*1") with 530 bp and
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hPrx2*“1%8)with 503 bp. The nucleotide sequences of the psraee in section 2.1.13. The

PCR reaction conditions were as follows:

PCR mixture The PCR programme
Volume (ul) | Programme Time (min)

Template 1 (10 ng) Initial denaturatip®4°C for 2 min
100 pM forward primer 1 Denaturation 94°C for 30 seconds
100 pM reverse primer 1 Annealing 58°C for 30 seksq
2 mM dNTPs 5 Extension 72°C for 1 min
10x Pfu buffer 5 Cycles 35 cycles
Pfu polymerase 1 Final extension 72°C for 5 min
ddH,O 36
Total 50

The PCR products were cleaned using the QIAquick PGRigation kit and digested with
BamHL andHind Il restriction enzymes and then purified agaimgsthe QIAquick PCR.
The conditions for digestion (at 37°C for 1 h) atasmid ligation were as follows.

BamH1 andHind Il digestion Ligation reaction
Volume (L) Volume (L)

PCR product or pQE30 vector 15 pQE30 (digested) 2 2.
BamH1 Buffer 4 PCR product (3:1 ratio) 2.2
BamH1 1 10x T, ligase buffer 3
Hind Il 1.5 T, ligase 3
ddH,0 18.5 ddHO 19.6
Total 40 Total 30

Following ligation, the plasmids were transformetbi XL Blue E. coli cells as described
below. Subsequently, a colony was inoculated irBorhedium (3 ml containing 100g/ml
carbenicillin) and grown overnight (~18 h) with stant shaking at 37°C. Next, plasmid
DNA (~100 pg/ml) was prepared using the Min plasmid kit (Qradd¢ilden) following the
manufacturer’s instructions. Next, the plasmid DWAs digested witlBamHL andHind Il
restriction enzymes in order to check for the pneseof the insert. To confirm the presence of
the insert, the plasmid DNA was sequenced, andefjaences were compared to those in the
databases.

2.2.3.3 Over-expression of hPrx2 mutants
2.2.3.3.1 Transformation ofE. coli cells

To 125l of competentE. coli cells (M15 cells or XL-1 blue cells), bl of the
pPQE30[hPrx2] mutant plasmid was added, mixed thginby and left to stand on ice for 30
min. Then heat shock was carried out for 90 s &4 a heat block, and the cells were then
placed on ice again for 2 min. LB medium (40Pwas added, and cells were incubated (1 h
at 37°C). Following the incubation, cells were piaten LB agar plates containing the
appropriate antibiotic. The plates were incubate@rmight at 37°C, and colonies were
observed the following day.
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2.2.3.3.2 Heterologous overexpression of hPrx2 muis

The hPrx2 mutant proteins were expressed.incoli M15 cells transformed with
PQE30/ hPrx2 mutant plasmid. A pre-culture of LB med (3 ml containing 10Qug/ml
carbenicillin and 5Qug/ml kanamycin) was inoculated with a colony andvgr for 8 h at
37°C with vigorous shaking. For expression of hBX2 hPrx3c172S) hprxg©s1sic172s)
hPrx2“17" " and hPrx2 ) mutant proteins, LB medium was used. Then 100 nilBof
culture (containing 10@g/ml carbenicillin and 5@g/ml kanamycin) were inoculated with 3
ml culture and grown at 37°C overnight. The overhighiture (~ 20-30 ml ) was added to
1,000 ml LB medium (containing 1Q@y/ml carbenicillin and 5@g/ml kanamycin) up to an
OD = 0.1, and grown until an OD = 0.6 before indwctwith 1 mM IPTG. Following
induction, the culture was grown for additional 4 and the cells were harvested by
centrifugation (8,000 g for 15 min at 4°C). Then thellet was re-suspended in 50 mM
sodium phosphate, 300 mM NaCl, pH 8.0 buffer (1 tedd ml buffer) and mixed with
protease inhibitors namely 150 nM pepstatin, 40 eydtatin, and 100 uM PMSF and then
stored at -20°C. A similar protocol was used forregpion of hPrx3\(519) hppxANCIS-177)
hPrx2NI5168) |y ppy gClati2s-133) gnd hprx$'S1%41%9except that 2YT medium was used, and
following induction the culture was grown overnigt25°C.

2.2.3.3.3 Purification of hPrx2 mutants

Protein pellets were thawed and lysozyme (1 mgltetpeas well as DNase | were
added and then stirred on ice for 1 h. The cellseve®nicated (4 times for 30 s each) at
maximum power (60%) and centrifuged (16,000 g fdr &in at 4°C). Following
centrifugation, the clear supernatant was theniegpd a 1 ml Ni-NTA column, washed with
10 column volumes (CV) of US buffer (50 mM sodiunopphate buffer, 300 mM NacCl, pH
8.0), and 10 CV of US buffer containing 10 mM imidkz Finally, the hPrx2 mutants were
eluted using a stepwise imidazole concentratioB\{(2f 75 mM, 5 CV of 200 mM and 5 CV
of 500 mM) gradient. Thereafter, the pellet, floowvaugh, wash, and elution fractions were
run on an SDS gel.

2.2.3.3.4 SDS-polyacrylamide gel electrophoresis

SDS-PAGE of hPrx2 mutants was carried out as desgtr{Laemmli, 1970). Protein
samples (flow through, wash, and elution fractidingin the purifications of hPrx2 mutants
were mixed in 4x reducing SDS sample buffer andeldoat 95°C for 5 min in order to
denature the proteins. The denatured samples werat200 V on 15% SDS-PAGE gels in a
Bio-Rad Mini PROTEAN Il electrophoresis apparatus. The 15% precastageisisted of a
collecting gel (Tris buffer pH 6.8, 4% acrylamidé&p SDS) containing pockets on which the
samples were loaded and a separating gel (TrietbpH 8.8, 7.5-15% acrylamide, 10% SDS)
on which the proteins were separated accordingdo tnolecular weight. After the run, the
gel was stained with Coomassie blue and de-staimhdd@omassie de-staining solution until
protein bands were clearly visible. However, geksant for Western blot were immediately
placed in a cathode buffer rather than stainednMar protocol was used for parasite pellets
from P. falciparumcell culture except that the pellets were heatad10 minutes in 1x
reducing SDS sample buffer and loaded at 3"xph@asites/lane.
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2.2.3.3.5 Western blotting

The semi-dry Western blot method (Towbat al., 1979) was used to confirm
expression and evaluate the uptake of recombirRntZhmutants and assess the uptake host
hPrx2 intoP. falciparumafter inhibition with different compounds. To begwith, 5 filter
papers and the SDS-PAGE gel, 2 filter papers aadP¥DF membrane (first activated for 30
s in methanol), and 3 filter papers were soakedlfBd5 min in the cathode buffer, anode
buffer 2, and anode buffer 1, respectively. In ortte transblot the separated proteins, a
sandwich (Figure 2.7) between the anode and catwadeset up consisting of 5 filter papers
and the SDS-PAGE gel, followed by a PVDF membrame 2 filter papers (from anode 2)
and 3 filter papers (from anode 1).

Anode
|
3 Filter papers from anode buffer | 1
2 Filter papers from anode buffer Il {
PVDF membrane from from anode buffer 1™
SDS gel from cathode buffer >
5 Filter papers from cathode buffer
|
Cathode

Figure 2.7: Semi-dry Western blot Analysis
Arrangement of the 5 filter papers (from cathoddd), the SDS-PAGE gel, PVDF membrane, 2
filter papers (from anode buffer II) and 3 filteaigeers (from anode buffer I).

The transfer process was carried out at 0.8 mAkingel for 55 min. To view the efficiency
of the transfer process, the PVDF membrane wasestavith Ponceau solution (for 30 s) and
immediately de-stained with 1% acetic acid thenhedswith TBST until the protein bands
became invisible. The non-protein-bound sites e RIVDF membrane were blocked by
incubation in blocking buffer (5% milk powder in TBBovernight at 4°C ( foP. falciparum
parasite lysates) or 1 h at room temperature wihtlg shaking ( for recombinant hPrx2
proteins). Then the PVDF membrane was washed (3mn) in TBST and incubated in the
primary antibody (mouse anti-His tag at 1:50,008% BSA or rabbit anti-hPrx2 at 1:10,000
in 5% milk buffer) for 1 h with gentle shaking atom temperature. Following another wash
in TBST (3 x 5 min), the membrane was incubated seeondary antibody (anti-mouse at
1:10,000 or anti-rabbit at 1:10,000) for 1 h atmotemperature with gentle shaking. After
another wash with TBST (3 x 5 min), the proteins evédentified with an enhanced
chemiluminescence (ECL)-Kit in a dark room. The meank was incubated in luminol (for
30 s) and wrapped in a plastic foil and then exgdeean x-ray film for periods of about 30 s
to 10 min. The exposure time is dependent on tieagth of the signals obtained.
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2.2.3.3.6 Concentration of hPrx2 mutant proteins

Following SDS-PAGE of hPrx2 mutants, elution fraos containing clean proteins of
interest were combined and concentrated. Proteactitms were concentrated using a
centriprep tube (3,000 MWCO, Amicon, Beverly, USA) ¢gntrifugation (3,500 rpm for 45
min at 4°C) until a desired volume was obtained.s8ghently, the protein concentration was
determined by the Bradford method (Biorad Protein Kit

2.2.3.3.7 Determination of protein concentration

To determine protein concentration, the Bradfordhoetwas used (Bradford 1979,
Noble and Bailey, 2009). Protein concentration deieation was carried out with the
Bradford Kit (Bio-Rad, Munich) following the manufacéu’s instructions. This colorimetric
protein assay is based on the detection of a lleuation that results from an absorbance
shift of the red dye Coomassie Brilliant Blue G-25®mbinding to a protein. A standard
curve was determined by plotting known concentreti@f BSA against their OD at a
wavelength of 595 nm. The concentrations of diffiérePrx2 mutants were determined by
interpolation on the standard curve using their @5

2.2.3.3.8 Specific Binding of hPrx2 mutants to the. falciparum membrane

Binding of hPrx2 mutants to thfé falciparummembrane was evaluated as described
(Bondayet al, 2000) with modifications. BrieflyP. falciparumparasites were isolated from
red blood cells by saponin lysis as described abblie parasites were then lysed in 20 mM
Tris-HCI buffer (pH 7.5) containing 0.2% Triton X-Q0for 1 h at 4°C. The lysate was
centrifuged (12,000 x for 30 min), and the pellet was washed five timath PBS. The
membrane pellet was suspended in 20 mM Tris-HClebffH 7.5) containing 0.5% Triton
X-100, and an aliquot (20@g of protein) was incubated with hPrx2 mutants (& at room
temperature for 1 h with gentle shaking. Followthg incubations, the membrane fractions
were re-isolated by centrifugation and washed repawith PBS, and the pellet was then
subjected to SDS-PAGE (10% gels) followed by Westaralysis with anti-His tag antibody
as described.

2.2.3.3.9 Immunofluorescence assays of hPrx2fh falciparum

Immunofluorescence assay (IFA) experiments werdechout as described (Tonkin
et al, 2004) with minor modifications. To localise thest hPrx2 inP. falciparum
trophozoite stage parasites (100 ul pellet, 6% Sii@raia) were washed (three times with
PBS) then fixed in a fixing solution (4% paraformetigde and 0.0075% glutaraldehyde in
PBS) for 30 min. The fixed cells were washed onceéB$ and then permeabilised with 0.1%
Triton X-100/PBS for 10 min. Cells were then washgdia in PBS and then treated with 100
mM glycine/PBS for 10 min to reduce any free aldehgploups. Following another PBS
wash, cells were blocked in 3% BSA/PBS for 1 h amhtimcubated overnight at 4°C with
the first antibody (rabbit anti-hPrx2 (1:100 in PBSA axxora). Cells were washed three
times in PBS for 10 min each to remove excess pyinaatibody. Then Cy3 anti-rabbit
secondary antibody (Dianova) was added at 1:2Q@iakl (in 3% BSA/PBS) for 1 h. The
cells were further washed (three times in PBS fomi0 each), then treated withpuhy/ml
Hoechst nuclear stain, washed again, and mountedaosiide with the cover slip.
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2.2.3.3.10 Encapsulation of hPrx2 into human erythroytes

Human erythrocytes of blood group A+ were washedehimes (2100 rpm, 3 min)
with cold isotonic PBS supplemented with 20 mM gkeoSubsequently the erythrocytes
were re-suspended to a haematocrit of 70% andah ¢oncentration of 40 uM of hPrx2
mutants in cold PBS supplemented with 20 mM gluc8smM reduced GSH, 2 mM ATP
(final pH 7.4). Next samples were chilled on icel a@mlysed with stirring against 50 volumes
of ice cold hypotonic solution (5 mMXKPQO, supplemented with 3 mM reduced GSH, 2 mM
ATP, 20 mM glucose, pH 7.4) for 1 h at 4°C. Dialy@tsgure 2.8) was undertaken in pre-
wetted 3.5 kDa molecular weight cut off slide A dyzdialysis cassettes (Piece
Biotechnology). ATP and reduced glutathione wereeddd order to preserve cellular energy
and maintain a reduced environment, respectiveliterévards, an annealing step was
introduced by dialysis against the isotonic PBS1f@min at 37°C. Resealing the erythrocytes
was achieved by dialysis against a hypertonic by volumes of 10x concentrated PBS
containing 50 mM glucose) for 30 min at 37°C. Inartb remove external non-encapsulated
hPrx2, resealed erythrocytes were washed three fj&@ x g, 10 min, 4°C) with incomplete
RPMI 1640. These loaded erythrocytes were then tedewith enriched trophozoites and
cultured for 48 h to the trophozoite stage (8% gitmamia).

Dialysis (3.5 kDa MWCO) Resealing

50% Hct In test tube Wash to complete

Hypotonic buffer + 1 mM ATP for 1 hr at 4°C 1 hrat37°C resealing and remove
excess cargo/Hb

o

.'- Ool &) ] é;;
P oot 0
. _ Buffer: K+, RPMI x 3
%070 0 ot acetate, ATP, cRBPMI x 1
hPrx2 mutants GTP, DTT, MgCl,

Figure 2.8: Hypotonic dialysis for loading of eryhrocytes with hPrx-2 mutants.
Erythrocytes were mixed with hPrx2 mutants to antmecrit of 50% and then dialysed against a

hypotonic buffer at 4°C for 1 h. Following an anineg step (at 37°C for 1 h), erythrocytes were
washed in order to complete resealing and removerread hPrx2 mutant proteins (Murpley al,
2006).

In order to assess the uptake of hPrx2 mutantsy akll culture the trophozoite stage
parasites were enriched by magnetic-assisted agling (MACS, Miltenyi Biotech,
Germany). The parasites were then lysed by thetiadddf saponin (0.15% in PBS, pH 7.2
for 1 min) and washed extensively (5 times) to reenextracellular haemoglobin and hPrx2
mutant protein. The parasite pellets were prep&vedVestern blotting as described above.
For localisation of hPrx2 mutants iR. falciparum immunofluorescence assay (IFA)
experiments were carried out as described above.

51



Materials and methods

2.2.3.1.1 Inhibition of the uptake of hPrx2 intoP. falciparum

Inhibitors at 4 x 1Gy (Table 2.2) were added to synchronized ring stagesite
cultures (~6 h) for 24 h and harvested at the waphe stage (~32-36 h) by magnetic
separation. The parasite cultures consisted of 4&Pasitemia at 2.5% haematocrit (1.25 ml
packed cell volume, 50 ml complete RPMI 1640 mediuRgllowing magnetic separation,
parasites (~80-90% trophozoites) were lysed in ®i@p(0.15% in PBS for 1 min). The
released parasites were pelleted at (1,58@ax 5 min) and washed five times in cold PBS to
remove excess haemoglobin. The parasite pellets wither stored at -70°C or immediately
processed for Western blot analysis.

Table 2.2 Inhibitors tested for effects on uptake ofiPrx2 in P. falciparum.

Inhibitors Abbreviation Solvent IC 50 for 3D7
Actin inhibitors

Cytochalasin D CTD DSMO 13.1 nM
Jasplankinolide JAS DSMO 73.5nM
Dynamin inhibitor

Dynasore DYN DMSO 1.34 uM
Alkalising agents

Monensin sodium salt MNS Ethanol 1.00 nM
Ammonium chloride NHCI ddH,0 2.05 mM
ATP depleting agent

Sodium azide NapN ddH,0 210 nM
Antimalarial drugs

Chloroquine CQ ddpO 8.6 nM
Mefloquine MQ DMSO 8 nM
Artemisinin ART DMSO 17.3nM
Others

Brefeldin A BFA Methanol 1310 nM
Paraquat PQT ddi@ 45 uM

The parasite pellet was solubilised in reducing 3DS-PAGE sample buffer and loaded at
3x10 parasites/lane for Western blot analysis. Altewsdyi, theparasite pellet was lysed by
freezing and thawing, followed by ultrasonication @e. Subsequently, the lysate was
centrifuged (12,000 x g for 30 min, 4°C) and theesmatant (the total parasite lysate) after
centrifugation (23,000 x g for 30 min) was loadé8@ pg/lane for Western blot analysis.
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2.2.4.1In vitro P. falciparum gametocytes susceptibility assay

P. falciparum (strain 3D7) gametocytes were cultured as deatripeediba and
Vanderberg 1981; Fivelmanret al, 2007) with modifications. Briefly, following
synchronisation with 5% sorbitol (Lambros and Vaheéeg 1979), a ringtage culture was
set up (day 1) with 1.5-2% parasitaemia at 6% hameriawith fresh A+ erythrocytes; no
further erythrocytes were used during the expertm@&ametocytes were cultured in RPMI
1640 medium (Gibco) supplemented with A+ human reefl0%), 1.96 g/l glucose, 50 mg/I
hypoxanthine, and 22 pg/ml gentamycin. Cultures Wwepd under 3% € 3% CQ, and 94%
N, at 37°C. The medium was changed daily and Gienssaest slidesvere prepared for
monitoring gametocyte development. On day 3 theuoes were dilutedrom 6% to 3%
haematocrit. To inhibit further asexual parasitewgh (Fivelmanret al, 2007), cultures were
supplemented with 50 mMN-acetylglucosamine (Sigma) from day 5 onwards &meht
treated with 5% sorbitol on day 8 as described [(8aal, 1990). To remove haemozoin, the
cultures were washed and centrifuged (at 750 gl@min) four times. To eliminate ring
stages and enrich the gametocytes, the cultures passed through a magnetically mounted
MACSP® LS separation column fitted with a 21G flow resigiMiltenyi Biotech, Germany) as
described (Ribauét al, 2008). Cultures were continued at a 2% gameteay and 3%
haematocrit until day 9 (stages Il and 1ll) or di8/ (stages IV and V) when drug treatment
started. Activity of PYO, MB, and CQ against gamgtes was assessed as described
(Chutmongkonkulet al., 1992) with modifications. Briefly, stock solution$ 6Q and MB
were freshly dissolved in distilled water while P¥@s dissolved in DMSO. The drugs (50
ul) were added to 450 pl of gametocytes -culturena(fi haematocrit ~2.0%, 2%
gametocytaemia) to each well in 24-well plates.eAfR4 h, solvent-containing media
(controls) and drug-containing media were replackfter 48 h all wells received fresh
medium without drugs for an additional 2 days. @iy d4 (for immature gametocytes) and
day 18 (for mature gametocytes) thin blood filmsevprepared, then Giemsa-stained, and
gametocytes were counted per 10,000 erythrocytes.50% inhibitory concentrations @&
were determined by curve-fitting the percentagegaimetocyte inhibition (in relation to
control) against log drug concentration with a abke-slope sigmoidal function and
compared using the F-test (GraphPad Software R¥i8npSan Diego, CA).

2.2.4.2In vitro gametocyte SYBR green I-based fluorescence assay
P. falciparum(strain 3D7) gametocytes were cultured as destrdimve, and thian

vitro gametocytedrug sensitivitymethod was modified and adapted so that inhibitdn
gametocyte growth was determined by measuring therescence of SYBR green |.
Following the drug assay, the multi-well plates evérozen at -70°C. Next, the multi-well
plates were thawed and 100 pl from each well wassterred into black 96-well plates for
fluorescence analysis. Then, 100 ul of lysis buffZd mM Tris, 5 mM EDTA, 0.008%
saponin, and 0.08% Triton X-100 pH 7.5) contain8gBR green | (0.2 ul of 10,000x/ml
buffer Molecular Probes/Invitrogen) were addeddolewell. After 4 h of incubation at 37°C
in the dark, the fluorescence was determined itage peader (M200, Tecan) with excitation
and emission wavelengths of 485 and 535 nm, respéct(Smilkstein et al, 2004).
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3 RESULTS

3.1 Real time imaging of the glutathione redox potsial
3.1.1 hGrx1-roGFP2 in different life cycle stagesfd®. falciparum

To gain insights into the redox-sensing propenielsGrx1-roGFP2 irP. falciparum the
hGrx1-roGFP2 gene (Figure 3.1A) cloned in the pARi+Iexpression vector (Craldd al,
2004) was transfected into the CQS 3D7 and the CQR db@ihs. Following 3-4 weeks of
selection with 2 nM WR99210, the transfectants slibaestrong hGrx1-roGFPfuorescence
signal in the parasite’s cytosol when visualizedcbgfocal live cell microscopy (Figure 3.1B).

A
+1 +10 +1 +30 +2 +238

N C

DIC ro-GFP Hoechst Merge Overlay

a3D7 Dd2

RO e —

Figure 3.1: Sub-cellular localisation of hGrx1-roG=P2 in P. falciparum

(A) A schematic drawing of the hGrx1-roGFP2 fusiomtein showing human glutaredoxin (hGrx1,
black) fused to N-terminal of roGFP2 (green) thioaglinker (Red) comprising a 30-amino-acid spacer,
(Gly-Gly-Ser-Gly-Gly). (B) Confocal live cell images of 3D7 and Dd2 showaxpression of hGrx1-
roGFP2 (green) exclusively localized within theasyl. (C) Western blot analysis of hGrx1-roGFP2 in
parasite lysates of 307" F%and DA% F4strains ofP. falciparumshowing the predicted hGrx1-
roGFP2 fusion protein band of 47 kDa.

Furthermore, the expression of the full length duashGrx1-roGFP2 protein in the parasite
lysates of 3D7"C™I10CFP2 gpng DI ICFP2 parasites was confirmed by Western blotting

54



Results

showing a single band of predicted size of 47 kBguyre 3.1C). Notably, the hGrx1-roGFP2
fluorescence was excitable at both the 405 nm &8 n not only in all the asexual stages
(Figure 3.2A, B) but also in gametocytes (FigureC3.2

3D7 Dd2 _
A
488 nm 488 nm
B
488 nm 488 nm

C
405 nm 488 nm 488 nm

Figure 3.2: Expression of hGrx1-roGFP2 in differet stages ofP. falciparum
Images show the trophozoitd) schizont B) and gametocyteQ) stages of. falciparumexpressing
hGrx1-roGFP2.

However, during the development d?. falciparum organelles and intracellular
compartments have been reported to change shapenthyofrom ring, to trophozoites and to
schizonts (Van Doreeet al, 2005) but also into gametocytes. To maintairefinéd region of
interest, all measurements were carried out on thielfrophozoite stage (26-30 h post invasions)
that has a single fully enlarged cytosol (Figur2A3.excluding the haemozoin containing food
vacuole. These data suggest that hGrx1-roGFP2eaisdd to monitor thEssy across different
life cycle stages dP. falciparum

3.1.2In vivo excitation spectra of hGrx1-roGFP2 inP. falciparum
P. falciparuminfected erythrocytes contain large amounts oft@lactive compounds

including haem, hemozoin and haemoglobin that mégrfiere with ratiometric hGrx1-roGFP2
spectra by shifting the isosbestic point of a fastrrome (Takahaskt al, 1999; Rohrbaclet

al., 2005; Kuhret al, 2007) or quenching the fluorescence signalsaddress these concerns, a
lambda scan was carried out to determine the dixwitespectrum of hGrx1-roGFP2 iR.
falciparum As shown in Figure 3.3A, the spectrum has twataton maxima at 405 nm and
490 nm. This spectrum is characteristic of roGF®praviously reported (Hansat al, 2004).
Furthermore, due to differences in the strengthhef intensities at 405 nm and 488 nm, the
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intensity from both channels was balanced and fitedaproportionally in the reduced state
(Figure 3.3B) and upon oxidation (Figure 3.3C, D).
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Figure 3.3: In vivo spectra of hGrx1-roGFP2 inP. falciparum

(A) Spectrum of hGrx1-roGFP2 . falciparumhas the characteristic excitation maxima at 405anuoh
488 nm. Variation of the 405 nm channel (green) 488 nm channel (red) during the reduced staje (
and upon oxidationQ, D) during live cell imaging oP. falciparumparasites expressing hGrx1-roGFP2.

3.1.3 hGrx1-roGFP2 is a dynamic redox biosensor iR. falciparum

To validate the use of hGrx1-roGFP2 in imaghgsy changesP. falciparuminfected
erythrocytes were treated with 1 mM diamide antbfeéd 4 min later by 10 mM DTT. Unlike
the natural oxidant GSSG that is impervious toscellamide is a membrane permeable and
powerful oxidizing agent (Kosower and Kosower, 1P8iiitially, different concentrationg- 0
to 1 mM)of diamide were evaluated and it was establishatdthmM diamide caused maximum
oxidation in the trophozoite stages of both 387#°°F"4(Figure 3.4) and DdZ™* " P%(Figure
3.5) parasites. The kinetics of oxidation were dej@t on the concentration of diamide with
higher concentrations causing faster oxidation V"™ "°*P?(Figure 3.4B) and Dd3®™"
"°GFP2(Figure 3.5B).
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A: Merge images
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Figure 3.4: Effect of diamide on the glutathione rdox potential in the 3D7 strain ofP. falciparum.

(A) Merge (405/488 nm) images at different time poamsl concentrations ranging from 0 - 1 mM are
shown. Diamide was added after 1 min of basal nreasents and 307> "°""?parasites were followed
for 4 min. B) Kinetic analysis of cellular oxidation of hGrx@@®FP2 by selected concentrations of
diamide. Each data point comprises 3 trophozaif@sConcentration response curves.

Similar to the trophozoite stages, 1 mM diamideo dlslly oxidized schizont (Figure
3.6A) and gametocyte stages of both the 3D7 (Figub8) and the Dd2 strain (Figure 3.6C)
expressing hGrx1-roGFP2. Furthermore, as exped®dmM DTT reduced the cytosol of
trophozoite stages d¥. falciparum(Figure 3.7) Next 3D7"¢™°GFP2ang Dd2nci0cFP2yere
sequentially treated with 1 mM diamide and 4 miedavith 10 mM DTT.
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A: Merge images
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Figure 3.5: Effect of diamide on the glutathione edox potential in the Dd2 strain ofP. falciparum.
Different concentrations of diamide (~ 0 to 1 mMgre evaluated to establish the concentration that
caused maximum oxidation. One millimolar concemrat(l mM) of diamide was found to cause
maximum oxidation.A) Merge of 405 nm and 488 nm images for Dd2 stohiR. falciparumexpressing
hGrx1-roGFP2 treated with different concentratiohsliamide. B) After 60s, the parasites were treated
with different concentrations of diamide and moretbfor 4 min. The ratio of emissions after exaiat

at 405 and 488 nm was computed and plotted ag#imst For each concentration, data from 3
trophozoites was analyzed)(A plot of maximum ratio against concentrationgl@mide.
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Addition of Diamide
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Figure 3.6: Effect of diamide on the glutathione rdox potential in schizont and gametocyte stages
of P. falciparum. A concentration of 1 mM diamide was found to camaximum oxidation. Confocal
images of schizont®y) and gametocyte stages of 3B) @nd Dd2 C). The 405 nm, 488 nm and merge
(405/488 nm) images at different time points ar@sh
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Addition of DTT
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Figure 3.7: Effect of DTT on the glutathione redoxpotential of P. falciparum.

A concentration of 10 mM DTT caused maximum reducif hGrx1-roGFP2 ifP. falciparum.Merge
and ratio (405/488 nm) images at different timenpoare shown for DJ8™"°¢F*?parasites treated with
10 mM DTT.
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Figure 3.8: hGrx1-roGFP2 imaging of intracellular redox changes in 3D7 strains oP. falciparum.
3D7"C I OGFP2harasites were excited at 405 and 488 nm andatiee af emissions in the green channel
(500-530 nm) was calculated. After 60 s, cells ierated with 1 mM diamide and followed 4 min later
by 10 mM DTT. @A) The 405 nm, 488 nm, merge (405/488 nm) and fedder ratio images at different
time points are showr(B) Kinetic analysis of cellular oxidation and redoat of hGrx1-roGFP2 by 1
mM diamide and 10 mM DTT. Each point in the grapmprises 5 trophozoites.
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Figure 3.9: hGrx1-roGFP2 imaging of intracellular redox changes in the Dd2 strain ofP.
falciparum. Dd2"®™"°¢FP2n5rasites were excited at 405 and 488 nm andatie of emissions in the
green channel (500-530 nm) was calculated. Afteis66ells were treated with 1 mM diamide and
followed 4 min later by 10 mM DTTA) The 405 nm, 488 nm, merge (405/488 nm) and fadéer ratio
images at different time points are shoWB) Kinetic analysis of cellular oxidation and redoat of
hGrx1-roGFP2 by 1 mM diamide and 10 mM DHach point in the graph comprises 5 trophozoites.

Within 20 s after addition of 1 mM diamide, thedhescence ratio 405/488 nm increased
from 0.50 + 0.02 and 0.37 + 0.01 to 1.79 + 0.04 &r® + 0.03 in 3D 7™ P2and D"
"°GFP2 raspectively indicating oxidation of hGrx1-roGFHEgures 3.8 and 3.9). Subsequently,
following addition of 10 mM DTT, the fluorescencatio 405/488 nm decreased to 0.34 + 0.01
and 0.26 + 0.01 in 307™"°CFP2and DA™ FP2respectively indicating reduction of hGrx1-
roGFP2 (Figures 3.8 and 3.9). In accordance widvipus studies (Gutschet al, 2008), the
rapid, dynamic and ratiometric response of hGnGHFB2 to oxidation with diamide and
reduction by DTT confirms its applicability, &snbiosensor irP. falciparum.

3.1.5 Glutathione protectsP. falciparumagainst oxidative stress.

GSH is known to play a central role in anti-oxigatidefense (Schafer and Buettner,
2001) inP. falciparum(Beckeret al, 2003). However, real time monitoring of the paive
effects of GSH have been limited. Although dianodedizes GSH, excess GSH has been shown
to protect against oxidation by diamide (Kuhn, 200k investigate whether hGrx1-roGFP2
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would detect protection d®. falciparumagainst oxidative stress, D2 "¢ P?parasitesvere
incubated with 1 mM diamide and 1 mM diamide wiither 2.5 mM or 5 mM GSH and 1 mM
diamide for 24 h. Initially, it was demonstratea@tt20 mM NEM as previously shown (Gutscher
et al, 2008), would facilitate instant clamping of redstate of using the D49**"°FP(Figure
3.10A). Following incubation, the fluorescence of hGrx1-F2 at 405 and 488 nm was
determined and the ratio was computed. As showkigare 3.10B, the ratio of 405 /488 nm of
parasites treated with diamide only, and diamidé wither 2.5 mM or 5 mM GSH were 2.38 +
0.11 (n =28), 0.52 + 0.03 (n = 28) and 0.53 = QM@Z 28) respectively. As expected, parasites
treated with diamide only as compared to untredteadtrol) parasites and those treated with
both diamide with either 2.5 mM or 5 mM GSH wergrsiicantly different (P = 0.01). In
contrast, untreated parasites (control) and pasasitated with both diamide with either 2.5 mM
(P =0.01) or 5 mM GSH were significantly not driat (P = 0.05).
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Figure 3.10: Protection of P. falciparum by glutathione against oxidation by diamide.
(A) A 20 mM concentration oN-ethylmaleimide (NEM) facilitates instant clampiof redox state of
hGrx1-roGFP2 in Dd2 R) Protection oP. falciparumagainst oxidative stress.

These data not only confirm that hGrx1-roGFP2 redpao changes in intracellular GSH but
also detects protection Bf falciparumfrom oxidation by oxidants like diamide.

3.1.6 The cytosolic basal glutathione redox potentigs highly reducing in P. falciparum

To determine the basBksy in the cytosol othe trophozoite stage d?. falciparum the
degree of oxidation (Oxksrp) Was computed from the fluorescence intensity mneasin 3D7
hGx110GFP2a g DJAC™ 1 0CFP24t the resting state (basal), maximal oxidatidtetdareatment with
1 mM diamide) and full reduction (after treatmeritwlO mM DTT). Interestingly, the basal
fluorescence ratio remained constant in 7 ¢ %(Figure 3.11A) and DdZ™"°¢P%(Figure
3.11B) strains but differed between béthfalciparumstrains (Figure 3.11C). The fluorescence
ratio 405/488 nm values of 0.59 + 0.03 (n = 30) &P + 0.01 (n = 30) for 307" "2and
Dd2"¢™°GFPavere significantly different (P < 0.01). The diféerce in basal fluorescence ratio
405/488 nm might be explained by the fact that@®&H concentrations in the Dd2 strain are
twice that in the 3D7 strain (Meierjohamt al, 2002). Next, the bas&ssy was computed as
described (Gutschest al, 2008) using a midpoint redox potential of roGF§2-280 mV
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(Dooleyet al, 2004), a consensus cytoplasmic pH = 7.20 (SalitubKirk, 1999; Hayaslst al,
2000; Kuhnet al, 2007), at 37.0 °C and the 10 mM DTT minimal anaiMl diamide maximal
fluorescence ratios.
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Figure 3.11: Basal hGrx1-roGFP2 fluorescence ratitn the cytosol ofP. falciparum strains.

Merge (405/488 nm) and false-color ratio imagedifiérent time points are indicated for tB®7 (A)
and the Dd2B) strain ofP. falciparum (C) Basal hGrx1-roGFP2 fluorescence ratio as funatibtime.
The ratio remained constant for over 10 min.

2yspae

Ratio 405/488 nm

In previous studies, no significant cytosolic pHfefiences were found between sensitive
and resistant strains & falciparum The consensus cytoplasmic pH value of 7.2 wasdas
previous determinations using fluorescein isothao@te [(6.85 £ 0.08 for FCR3TC strain)
(Yayon et al, 1984); BCECF (27'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescejii)29 +
0.01 for CQR FAF-6 strain (Saliba and Kirk, 1999) &ngil + 0.02 for FCR-3 strain (HayaHi
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al., 2000)]; pHluorin [7.03 + 0.09 for HB3 and 7.200#6 for Dd2 (Kuhret al, 2007)] and
SNARF-5F [7.09 + 0.11 for HB3 and 7.13+ 0.04 for O#@2hn et al.,2007)].

Notably, the basdtssy of the cytosol of 3D7 and Dd2 was found to be -31#43.1 mV
and - 313.9 + 3.4 mV respectively, thus suggestiiaghly reducing redox state in the cytosol
which does not differ significantly (P = 0.841) Wwetn drug resistant and sensitive parasites.

3.1.7 The dynamic range of hGrx1-roGFP2 in cytosobf P. falciparum.

Previously, the dynamic range of roGFP2 has beported to differ within different
compartments irabidopsis(Schwarzlandeet al, 2008) and yeast cells (Morgahal, 2011).
To determine the dynamic range of hGrx1-roGFPAhedytosol ofP. falciparum the average
highest fluorescence ratio of the diamide time setin 3D7°™*"°FP%Figure 3.8) and DdZ™"
"°GFP2 (Figure 3.9) was divided by the average lowesirfiscence ratio in the DTT time course
of both strains. The dynamic range of hGrx1-roGHP3D7 and Dd2 strains d?. falciparum
were 6.36 £ 0.73 and 5.29 + 0.49 respectively. iBresly, a dynamic range of 4.4 (Gutscleer
al., 2008) and 4 to 8 (Morgeet al, 2011) have been reported for hGrx1-roGFP2. Gledrk
dynamic range of hGrx1-roGFP2 in both 3D7 and Dulairss is in agreement with previously
reported data. These data suggest, as expectedhéhpresence of higher GSH levels confer
greater redox buffering capacity in Dd2 compareth&o3D7 strain.

3.1.8 hGrx1-roGFP2 facilitates imaging of oxidativeand nitrosative stress

Typically, treatment of cells with ¥D, is a common tool for probing the sensitivity of
biosensors such as hGrx1-roGHRZivoto oxidative stress. Despite the importance oflative
and nitrosative stress, the effects of ROS and RNShenGSH redox system have been
immensely difficult to measure in real time kh falciparum To investigate the effects of
oxidative stressP. falciparumstrains expressing hGrx1-roGFP2 were treated With,, TBHP
and PQT (a superoxide donor). Frequently, THBP éslusstead of kD, as an inducer of ROS
since it is not a substrate for catalase. Notaditer treatment of 307 °¢FP2(Figure 3.12)
and Dd26™°FP2(Eigure 3.13) with millimolar concentrations of,®b, rapid increases in
fluorescence ratio 405/488 nm (on a scale of sexjomeere observed but much higher
concentrations (50 mM) were required to attain fokidation. In both 3DF™"°C P2 gnd
Dd2"¢™11°GFP2 harasites, the minimal concentration 0fQGH required to induce immediate
increase in the fluorescence ratio 405/488 nm wasM. As expected, at the same
concentration of kD, (such as 10 mM D,) a stronger oxidation was observed in 357"
"°GFP2 (Figure 3.12C) than DJZ™*™C P2(Figure 3.13C) reflected by increase in fluoreseen
ratio 405/488 nm to 1.70 = 0.02 and 0.69 * 0.0lpeestvely with in 1 min. This data is
explained by the facts that the hGrx1-roGFP2 senisomot sensitive to micromolar
concentrations of KD, and that HO, is detoxified by host erythrocytic GSH and anti@ad
enzymes such as catalase.Similar tsOH treatment of the DA™ 2 with millimolar
concentrations of THBP resulted in rapid increasefiuorescence ratio 405/488 nm within 5
min indicating oxidation of hGrx1-roGFP2 (Figurel8). As expected, a stronger oxidation was
observed with THBP compared to that caused by expradentrations of HD,. For instance, 4
min after addition of 10 mM THBP (Figure 3.14) an@ inM HO, (Figure 3.13), the
fluorescence ratio 405/488 nm increased to 0.876% @nd 0.69 + 0.01 in Dd¥™!oCFP2
respectively. Surprisingly, PQT failed to rapidlwithin 5-10 min) elicit any increase
fluorescence ratio 405/488 nm changes (Figure 3.168D7"¢™ " Pharasites.
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Figure 3.12Effect of H,O, on the glutathioneredox potential of the 3D7 strain ofP. falciparum P.
falciparumcells expressing hGrx1-roGFP2 were treated witfier@int concentrations of J,. After 60 s,
cells were treated with 4@, for 4 min. @) Merge (405/488 nm) and] false-color ratio images at
different time points are showrfC) Kinetic analysis of the cellular oxidation of hGrroGFP2 by
different concentrations of J,. Each point in the graph comprises 3 trophozoites.

65



Results

A: Merge images
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Figure 3.13: Effect of H,O,on the glutathioneredox potential of the Dd2 strain ofP. falciparum.

Dd2 "erx1eGFP2narasites were treated with different concentrstiof HO,. After 60 s, parasites were
treated with HO, and monitored for 4 minA) Merge (405/488 nm) andJ false-color ratio images at
different time points are showiC) Kinetic analysis of the cellular oxidation of hGrroGFP2 by
different concentrations of .. Each concentration in the graph comprises 3 tropites.
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A : Merge images
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Figure 3.14. Effect of t-butyl hydroperoxide on theglutathione redox potential in P. falciparum
(Dd2). Dd2"™°FP2harasitesvere treated with different concentrations of TBHfRter 60 s, cells were
treated with TBHP and monitored for 4 m{A) Merge (405/488 nm) and] false-color ratio images at
different time points are shownC) Kinetic analysis of the cellular oxidation of hGrrdGFP2 by
different concentrations of TBHFEach point in the graph comprises 3 trophozoites.

P. falciparumhas been reported to be susceptible to nitrosatiess (Komaki-Yasudat al,
2003). To induce nitrosative stress, SNP (a nitside generator) and SIN-1 (a peroxynitrite
generator) were used. Interestingly, SIN1 causpdlriacreases in the fluorescence ratio 405/
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488 nm (Figure 3.15). At 1 mM concentration of SN®y fluorescence ratio 405/488 nm
changes were observed (Figure 3.16B).
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Figure 3.15: Effect of 3-morpholinosydnonimine hydochloride on the glutathione redox potential
in P. falciparum (Dd2). P. falciparum cells expressing hGrx1-roGFP2 were treated witffierdint
concentrations of SIN-1. After 60 s, cells wereateel with SIN-1 and monitored for 4 mirA)(Merge
(405/488 nm) andB) false-color ratio images at different time poiate shown.@) Kinetic analysis of
the cellular oxidation of hGrx1-roGFP2 by differesincentrations of SINI-or each concentration 3
trophozoites were analyzed.
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Figure 3.16: Effect of SNP and PQTon the glutathioneredox potential in P. falciparum. After 60 s,
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false-color ratio images at different time pointe ahown.P. falciparumcells of 3D7 and Dd2 strains
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expressing hGrx1-roGFP2 were treated at ring aghtvzoite stage for 24 &) at a concentration of 4 x
ICso and for 4 h C,D) at concentrations ranging from ~ 1 xs4d@ 100 x 1G,. Each data point i&, B
andC comprises 8-10 trophoziotdsor each drugK) data are representative of 10-15 (3D7) and 25-30
(Dd2) trophozoites. Control: untreated sample. Datanean + SEM. The mean fluorescence ratio
405/488 nm for 3D7 strain was significantly diffetdrom that of the Dd2 strain as indicated (*, p <
0.001).

In Dd2'6™1°CFP2 harasites, the lowest concentration of SIN1 reglito induce immediate
increase in the fluorescence ratio 405/488 nm 2&anM. In Dd2"¢™°CFPparasites, 4 min
after addition of 20 mM SIN1 (Figure 3.15), theditascence ratio 405/488 nm increased to 1.10
+ 0.01 indicating oxidation of hGrx1-roGFP2.

To evaluate the effects of SNP and PQT, initialg susceptibility of 3D7 and Dd2
strains to PQT and SNP was determined using the ig@topic assay (Desjardies al, 1979).
The 1Go values of PQT and SNP against 3D7 were 45.4 uMeah@M respectively as well as
21.1 pM and 7.4 pM against Dd2. Next, ring and hagwite stage 307> "°¢FP2and Dddc™*
"°GFP2 harasites were treated for 24 h with a conceomatiof 4 x IGo and for 4 h with
concentrations ranging from ~ 1 x50 100 x 1Go. As a control, following 24 h incubation
with 1 mM diamide, the fluorescence ratio 405/488 values for 3D7™*7°¢FP2 gnd DdHe™*-
"°GFPZ\were 2.92 + 0.13 (n = 15) and 2.05 + 0.08 (n = @Bpectively and were significantly
different (P < 0.01). Following 4 and 24 h incubatistronger oxidation was observed with SNP
than PQT (Figure 3.16 C-E). Similar ta®, oxidation was stronger for 3872 2han for
Dd2 "GPP Eigure 3.16 C-E).

3.1.9 Depletion of glutathione causes oxidation tiie cytosol ofP. falciparum

To investigate whether hGrx1-roGFP2 is responsovalépletion of GSHn situ, P.
falciparum strains expressing hGrx1-roGFP2 were treated wmlfibitors of de novo GSH
biosynthesis and reduction of GSSG. To inhjpCS, BSO was used and for PfGR both MB
and PYO. First, it was tested whether MB, PYO and B&fild rapidly oxidize the cytosol.
Interestingly, following treatment with differenticnomolar drug concentrations, only MB [for
3D7 (Figure 3.17) and for Dd2 (Figure 3.18)] and@P{Figure 3.20) rapidly (with in 5 min)
caused increases in fluorescence ratio 405/488 hrhGox1-roGFP2. However, the PYO
concentrations required to deplete GSH in 5 minenE fold higher than those of MB. For
instance, 4 min after addition of 50 uM MB (Figl8d.8) and 500 uM PYO (Figure 3.20), the
fluorescence ratio 405/488 nm increased to 1.2118 @nd 0.97 + 0.03 in DdZ™!1ocFP2
respectively.

In Dd2'C™1°CFP2 harasites, the minimal concentration of PYO regglitto induce
immediate increase in the fluorescence ratio 4@/MB was 250 M. In Dd3C™1oGFP2
parasites, 4 min after addition of 1 mM PYO (Fig@t20), the fluorescence ratio 405/488 nm
increased to 1.44 * 0.04 indicating oxidation ofxGroGFP2.

In contrast, even at concentrations of 1 mM, BSOmditrapidly (within 5 min) oxidize
the cytosol of both 30'7™**"°°FP{Figure 3.19A) and DdZ™*"°°FP4Figure 3.19B) parasites.

Nevertheless, the concentrations of MB and PYO reduio rapidly deplete GSH in the
cytosol of P. falciparum were significantly higher than the concentratioriswdiich these
compounds exhibiin vitro antimalarial activity. Thus, ring and trophozastageP. falciparum
strains expressing hGrx1-roGFP2 were incubate@4dr at concentration of 4 x 4gand for 4 h
at concentrations ranging from ~ 1 xs6@ 100 x 1Gy, respectively.
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Figure 3.17: Effect of methylene blue on the glutéione redox potential in the 3D7 strain ofP.
falciparum. 3D7'°™"°¢P?parasites were treated with different concentratiohmethylene blue (MB).
After 60s, cells were treated with MB and monitofed4 min. @) Merge (405/488 nm) andj false-
color ratio images at different time points arewsho(C) Kinetic analysis of the cellular oxidation of
hGrx1-roGFP2 by different concentrations of MB. E@oint in the graph comprise 3 trophozoaites

Previously, using the 72 h isotopic assay (Degjareli al, 1979; Akoacheret al, 2005)
the 1G values of MB against the strains 3D7 and Dd2 weterdhined to be 3.26 £ 0.57 nM
and 5.24 + 0.18 nM respectively (Akoacheteal, 2005). Additionally, the 16§ values of PYO
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against the strains 3D7 and Dd2 were determinedet®6 nM and 194.7 nM, respectively
(Kasoziet al,, 2011).
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Figure 3.18: Effect of methylene blue on the glutathioneedox potential in P. falciparum.
Dd2'™10CFP2narasites were treated with different concentratioh methylene blue (MB). After 60s,
cells were treated with MB and monitored for 4 n{#y) Merge (405/488 nm) andB] false-color ratio
images at different time points are show®) Kinetic analysis of the cellular oxidation of hGrroGFP2

by different concentrations of MB. Each point ie tifraph comprise 3 trophozoites
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Furthermore, the 1§ values of BSO against the 3D7 and Dd2 strain®.ofalciparumwere
reported to be 26.3 uM and 58.9 uM, respectivelgi@vjohanret al, 2002).

Following 4 h (Figure 3.21A) and 24 h (Figure 3.21Dcubation with MB, the
fluorescence ratio 405/488 nm increased signiflgait 3D7"°""°¢"P2\when compared to
Dd2"¢™°CFP2 narasites indicating stronger oxidation of hGrxGE®2 in the 3D7 strain.
Similar to MB and PYO, after 4 and 24 h of incubati®SO exerted stronger oxidation on
3D7"™°%FPihan on DA™ Pharasites (Figure 3.21).
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Figure 3.19: Effect of BSO on the glutathioneredox potential in P. falciparum. After 60s, cells were
treated with 1 mMvbuthionine sulfoximine ESO) and monitored for 4 min. Merge (405/488 nmj an
false-color ratio images at different time points shown for 3D7°™"°¢FP2(A) and D2 ¢ P4(B).

Besides inhibiting PfGR, MB and PYO are redox cycléte menadione (MNA), a
naphthoquinone generally utilized as a model fodisig oxidative damage. Additionally, MNA
derivatives are lead compounds in antimalarial diegelopment as suicide substrates of PfGR
(Baueret al, 2006). Similar to MB and PYO, MNA induced a sgen oxidation of hGrx1-
roGFP2 in 3D7™°FP2Eigure 3.22) than DAZ™ "¢ P2(Figure 3.23), parasites suggesting
fast depletion of GSH. For instance, 4 min aftadigon of 500 uM MNA the fluorescence ratio
405/488 nm increased to 1.85 + 0.01 (Figure 3.22) @95 + 0.02 in 30P""°¢FP2and Dd2
hGx1-10GFP2 (Figure 3.23) parasites, respectively.
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Figure 3.20: Effect of pyocyanin on the glutathioneredox potential in P. falciparum. Dd2"¢™ 7062

parasites were treated with different concentratiohpyocyanin (PYO). After 60 s, cells were trelate
with PYO and monitored for 4 minAj Merge (405/488 nm) andB] false-color ratio images at different
time points are shownCj Kinetic analysis of the cellular oxidation of hGrroGFP2 by different
concentrations of PYO. Each point in the graph agse@ trophozoites.
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Figure 3.21: Effect of MB, PYO and BSO on the glutathioneredox potential in P. falciparum. P.
falciparumcells of 3D7 and Dd2 strains expressing hGrx1-ie&Bere treated at ring and trophozoite
stage for 24 h¥) at a concentration of 4 x §g£and for 4 h A-C) at concentrations ranging from ~ 1 x
ICso to 100 x I1Go. Each data point iA, B andC comprises 8-10 trophoziotdsor each drugl¥) data are
representative of 10-15 (3D7) and 25-30 (Dd2) tozuiites. Data is mean + SEM. The fluorescence ratio
405/488 values for 3D7 strain was significantlyfeliént from that of the Dd2 strain as indicated <
0.001).

Furthermore,P. falciparum parasites were treated with 1-chloro-2, 4-dinigiaene
(CDNB) an electrophilic xenobiotic compound that e&takified by conjugation to GSH (At
al., 1998). In 3D °CFP2parasites, the minimal concentration of CDNB reglir@ induce
immediate increase in the fluorescence ratio 4@G5M® was 1.25 mM. Within 1.5 min after
addition of 5 mM CDNB, the fluorescence ratio 40%48n increased from 0.47 + 0.03 to 0.89
+ 0.14 in 3D FP2ndicating depletion of GSH (Figure 3.24). Depetiof GSH by CDNB
was rapidly detected by hGrx1-roGFP2 although tkeerg of oxidation was much lower
compared to inhibitors of PIGR (Figure 3.24). Thevdo level of oxidation of hGrx1-roGFP2
may be due to the fact that CDNB reacts with theeiye residues of roGFP2. As previously
reported (Meyeret al, 2007), although CDNB rapidly depletes GSH, cysealkylation of
roGFP2 would block disulfide bridge formation.
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Figure 3.22: Effect of menadione on the glutathioneredox potential of the 3D7 strain of P.
falciparum. P. falciparum parasites of the 3D7 strain expressing hGrx1-rdGRKRre treated with
different concentrations of menadione (MNA). Af&l s, cells were treated with MNA and monitored
for 4 min. @A) Merge (405/488 nm) and] false-color ratio images at different time poiate shown.
(C) Kinetic analysis of the cellular oxidation of hGrroGFP2 by different concentrations of MNBach
point in the graph comprises 3 trophozoites.
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Figure 3.23: Effect of menadione on the glutathioneedox potential in P. falciparum. Dd2"®”* "¢

parasites were treated with different concentratiohmenadione (MNA). After 60 s, cells were trelate
with MNA and monitored for 4 minA) Merge (405/488 nm) andB) false-color ratio images at different
time points are shownCj Kinetic analysis of the cellular oxidation of hGrroGFP2 by different
concentrations of MNAEach point in the graph comprise 3 trophozoites.
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Figure 3.24: Effect of CDNB on the glutathione redx potential in P. falciparum.3D7"C™*!"°GFP2

parasites were treated with different concentratioirchloro-2, 4-dinitrobenzene (CDNBAfter 60
s, cells were treated with CDNB and monitored fonid. (A) Merge (405/488 nm) andB) false-color
ratio images at different time points are shov@). Kinetic analysis of the cellular oxidation of hGr
roGFP2 by different concentrations of CDNB. Eacinpm the graph comprise 3 trophozoites.
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3.1.10 Glutathione redox potential changes inducdaly artemisinin derivatives

Although the molecular mechanism of action remalebatable (O’Neil and Posner,
2004), current evidence suggests that ART derivattare activated via reductive cleavage of the
peroxide bond by intracellular Fe(ll) iron or haayanerating carbon centered free radicals
(Stockset al, 2007) with the potential to alkylate vital cédu components including GSH
(Mukanganyamaet al, 2001) leading to parasite death. Surprisinglyshort term experiments
(within 5 min), and in contrast to MB, ART derivatssdailed to oxidize the cytosol d?.
falciparumexpressing hGrx1-roGFP2 even at concentratiorts 40 uM (Figure 3.25).
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Figure 3.25: Effect of artemisinin derivatives on the glutathisme redox potential in P. falciparum.
After 60 s,P. falciparumparasites expressing hGrx1-roGFP2 were treatdd 160 uM of artemisinin
(ART, A), artesunate (ATB) and artemether (ATMZ) and monitored for 4 mirMerge (405/488 nm)
and false-color ratio images at different time p®@re shown.
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Nevertheless, ART derivatives are active againstanal parasites at 10,000 lower
concentrations (Akoachert al, 2005). Next, ART derivatives were tested at catregions at
which they exert antimalarial activity but with lger incubation times. Prior studies indicated
that the 1Gyof ART, ATS and ATM were 17.29 + 1.53 nM, 4.35 +92M and 5.87 + 0.45 nM
against 3D7 and 20.36 + 2.09 nM, 5.22 + 0.40 nM &dd + 1.63 nM against Dd2 (Akoachere
et al, 2005). To investigate whether hGrx1-roGFP2 i @b detectEssy changes induced by
ART, ATS and ATM, ring and trophozoite - stage of BI5™ " P2and DA™ P2parasites
were incubated for 24 h at concentrations of 4 3¢ BDd 4 h at concentrations ranging from ~ 1
X ICs to 100 X 1Go.
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Figure 3.26: Effect of 4 and 24 h incubation with gemisinin derivatives on the glutathione redox
potential in P. falciparum. P. falciparumparasites expressing hGrx1-roGFP2 were treatemhgtand
trophozoite stage for 24 ID) at a concentration of 4 x §¢and for 4 h A-C) at concentrations ranging
from ~ 1 x IGo to 100 x 1Go. ART: artemisinin, ATS: Artesunate, ATM: artemathBach data point in

A, B andC comprises 8-10 trophoziotes:or (D) each drug data are representative of 10-15 (3D7)
and 25-30 (Dd2) trophozoiteSontrol: untreated sampl®ata is mean + SEM. The fluorescence
ratio 405/488 values for 3D7 strain was signifitamifferent from that of the Dd2 strain as

indicated (*, p < 0.001).
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Following 4 h incubation (Figure 3.26 A-C), a strengxidation was observed with 3857
GFP2than DA2C™ " FP2harasites by ATS and ATM but not ART. However, afdr h of
incubation, all ART derivatives induced significanstronger oxidation in 307™**%F"2han in
Dd2"C™ 106 Postrains (Figure 3.26D). Importantly, all ART derivass after 24 h of incubation
at concentrations of 4 x kginduced stronger oxidation than any other drugetesTogether,
these data suggest that ART, ATM and ATS induce lhigignificant but down stream effects
on theEGSH.

3.1.11 Glutathione redox potential changes inducdaly quinoline drugs

Conflicting findings have been reported on the afl@xidative stress in the mechanism
of action of CQ. Previously, Loriat al (1999) and Gravest al (2002) provided support for a
possible role for CQ-FP induced oxidative strespas of the mechanism of action of CQ,
however this has been questioned (Memtal, 2002). Furthermore, although initially suggested
(Ginsburget al,1998) the contribution of GSH levels in the methkm of resistance to CQ and
AQ remains incomplete since principal roles for atains inpfcrt (Fidock et al, 2000) and
possibly pfmdrl (Reedet al, 2000) have been demonstrated. The activity of @ffers
significantly (~10 fold) between 3D7 (= 8.6 nM) and Dd2 strains (= 90.2 nM)
(Akoachereet al, 2005). By contrast, AQ has been reported to ltaveparable activity on the
3D7 strain (IGe= 18.6 nM) and the Dd2 strain @&= 7.2 nM). Similar to AQ, QN has been
reported to have comparable activity on the 3D&istfiGs= 210 nM) and the Dd2 strain (6=
136 nM). Furthermore, the activity of MQ on 3D7adétr (IG= 8 nM) was two times that of the
Dd2 strain (1Go= 19.5 nM).

To clarify the role of GSH in the mode of actiordaresistance to CQ and explore its role
for AQ, QN and MQ, ring and trophozoite stage 387# ¢ ?and Dd2¢™"°C P?parasites were
treated for 5 min with 100 uM, for 24 h at 4 x¢@nd for 4 h at concentrations ranging from ~ 1
X ICs0 to 100 x IGo respectively. In short term experiments (withim), in contrast to MB,
qguinoline antimalarial drugs failed to oxidize thgtosol of P. falciparumexpressing hGrx1-
roGFP2 even at concentrations up to 100 uM (Fi§w2&). Following 4 h incubation, oxidation
induced by CQ, MQ, and QN but not AQ was strongeBD¥'¢" " P2than pgdc™1-1oGFP2
(Figure 3.28A-C). In contrast to the 4 h incubat{®igure 3.28B), the oxidative effect of AQ
after 24 h of incubation (Figure 3.28E) was morenpunced than that of CQ in the 3D7 strain
suggesting that despite similarities in structurgggesting that 4- aminoquinolines exert
differential effects orEgsn. Furthermore, MQ and QN have been reported naitesfere with
GSH-mediated ferriprotoporphyrin IX (FIX) degradeti (Ginsburget al, 1998). Interestingly,
both after 4 h (Figure 3.28C,D) and 24 h (Figure8B)2of incubation, the oxidative effects of
MQ and QN were stronger than that of CQ or AQ. lhtall quinoline drugs CQ, AQ, MQ and
QN elicited more pronounceBgsy changes in the 307 °°FP2than in the DdZ™!CFP2
strain.
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Addition of CQ
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Figure 3.27: Effect of quinoline antimalarial drugs glutathione redox potential inP. falciparum.
After 60 s,P. falciparumparasites expressing hGrx1-roGFP2 were treatdd 100 uM of chloroquine
(CQ, A), amodiaquine (AQB), quinine (QN,C) and mefloquine (MQD) and monitored for 4 min
Merge (405/488 nm) and false-color ratio imagedifférent time points are shown.

82




Results

A 1.5+ B 0.9- =4=3D7 =~H=Dd2
=ge= 3D7 ~=@e=Dd2
£ I £ 0.8
[ [
o 1.0+ T o]
X l X 0.7
o) ]
o o
< ~ 0.64
© 0.54 St cegfecaas °
E ! L | - o "i E 1
x o 0.59
0.0 T T T T 1 0.4 T T T T 1
0 25 50 75 100 125 0 25 50 &) 100 125
[CQ] Fold ICx, [AQ] Fold IC,
C D
3 3
=4=3D7 =-8=Dd2 —=3D7 -m-Dd2
= £
c [
0 24 o 24
2 E:
Lo )
g =
O 11 O 1+
e -l----l-.-.“_. e olececgecaccccas x
% - o r-r
C L) L) L) L) L} C L) L) L) L}
0 25 50 6 100 125 0 25 50 75 100 125
[QN] Fold IC5, [MQ]Fold ICs
E
] EEE307 I pd2
g 1.5
o0}
[ee]
N
D 1.0
<
©
T 0.5+
04
0.0

Control

Q

MQ

Figure 3.28: Effect of quinoline drugson the glutathione redox potential inP. falciparum.

P. falciparumparasites expressing hGrx1-roGFP2 were treatddgaaind trophozoite—stage for 24 1) (
at a concentration of 4 x {gfor 4 h @A-D) at concentrations ranging from ~ 1 xs4@o 100 x 1Gq
concentrations respectively, CQ: Chloroquine, M@fldiquine, QN: QuinineFor each drug data are
representative of 10-15 (3D7) and 25-30 (Dd2) toxulites.Control: untreated sampleData is
mean £ SEM. The fluorescence ratio 405/488 value3fa7 strain was significantly different

from that of the Dd2 strain as indicated (*, p €dL).
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-i]erl-roGFPZ

Table 3.1 summaries the oxidative effects of arane drugs on 3D and

Dd2"¢™ P arasites.

Table 3.1Effect of antimalarial drugs on the glutathione redo potential in P. falciparum.

Drugs Fluorescence ratio 405/488 nm
3D7 Dd2

Incubation 5-10 | ICs0 |24 h at 4 x 1G 10 ICso | 24 hat 4 X 1Go

min | ("M) | Ratio Fold* | min | ("M) | Ratio Fold

*

Inhibitors of GSH
synthesis
Methylene blue + 1324 | 1.19+0.08| 3.5 + |5.24 | 0.40+0.07| 2.67
(MB) *
Pyocyanin (PYO) **| + |58 1.18 +0.11 | 3.47 + | 194 | 0.31+0.02 | 2.16
Menadione (MNA) + | NA | NA + | NA |NA
L-buthionine - 126.3 |1.361+0.08| 4.0 - |58 0.33+0.03 | 2.2
sulphoximine (BSO) UM UM
*%k%
Artemisinin
derivatives*
Artemisinin (ART) - 17.3 | 2.62+0.36| 7.70 - 1204 ] 0.17+0.01 | 1.13
Artesunate (ATS) - 435 | 2.09+0.19|6.14 - |52 |1024+£001| 1.6
Artemether (ATM) - |58 |160+0.11|4.71 - 184 |023+x0.19| 15
Quinoline drugs*
Chloroquine (CQ) - |86 |1.11+0.07]3.26 - 190.2 | 0.17+0.01| 1.13
Amodiaquine (AQ) - 18.6 | 1.28+0.14| 3.76 - | 7.2 0.20+0.01| 1.33
Quinine (QN) - |210 | 1.58+£0.16 | 4.64 - 1136 | 0.23+0.01| 1.53
Mefloquine (MQ) - |8 1.57 +0.09 | 4.61 - 1195] 0.21+0.02| 1.4

+ Oxidation and - No Oxidation. NA- Not applicable.* I1Cso from [34]. ** ICso from [31].

*** |C 50 from [33]. *Fold change in fluorescence ratio = Ratio 405/488 nrh®Gfxl-roGFP2
after incubation with compound /Ratio 405/488 nmeafuced hGrx1-roGFP2. The fluorescence
ratio 405/488 nm for fully reduced hGrx1-roGFP2 @6r34 + 0.01 and 0.15 + 0.01 in 3677
"GFP2and DA2'C™CFP2 regpectively.
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3.1.12Effect of antimalarial drugs on recombinant hGrx1-roGFP2

3.1.12.1 Effect of oxidants on the recombinant hGrxtoGFP2 protein

Additionally, the direct irvitro interaction of recombinant hGrx1-roGFP2 proteithva
antimalarial drugs including MB, quinolines (CQ, AQN and MQ) and ART derivatives (ART,
ATM and ATS) was characterized. First, the effeatsll oxidants on recombinant hGrx1-
roGFP2 protein were investigated. Figure 3.29 shthespurification of hGrx1-roGFP2 from
M15 E.coli cells and confirmation of overexpression by Westdot analysis.
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Figure 3.29: Overexpression of hGrx1-roGFP2 protei.

(A) Coomassie stained-SDS gel for the purificatiorh@irx1-roGFP2 protein. M — marker; F - flow
through; 1x - wash ; 1- 5 represent 10, 75, 10@ &0d 500 mM immidazole eluation fractior®) (
Western blot of recombinant hGrx1-roGFP2 usingathie-His tag antibody.

Previously Dooleyet al (2004) reported that GSSG required longer readiimes and
higher concentrations to partially oxidize roGFR@tlfout hGrx1). As recently reported by
Gutscheret al (2008), it was demonstrated that fusion of hGixXoGFP2 led to a rapid full
oxidation (on a scale of seconds) of the hGrx1-e&Figure 3.30A). The dynamic range in
presence of 10 pM GSSG was 6.478 + 0.020 and desmida 6.199 + 0.010, 5.744 + 0.0037,
5.256 + 0.008 and 4.451 + 0.103 with increase iH@®ncentration from 1 mM, 2.5 mM, 5
mM and to 10 mM (Figure 3.30B) respectively. HoweveSSG is cell impermeable hence
additional powerful cell permeable oxidants suchdasmide, HO, and THBP were tested.
Notably, the concentration of GSSG that was requie attain maximum oxidation on the
recombinant hGrx1-roGFP2 was comparable to thatliamide (Figure 3.30D) and hence
diamide was used as a positive control.

Previously Dooleyet al (2004) reported that 4@, required longer reaction times (> 30
minutes) and higher concentrations to fully oxidim&sFP2 (without hGrx1). As previously
reported (Gutscheet al, 2008), the fusion of hGrx1 to roGFP2 resultedapid increase in
fluorescence ratio (on a scale of seconds) aftditiad of H,O, (Figure 3.30A) although still
high concentrations (10 mM) were required to atfailh oxidation compared to diamide and
GSSG (Figure 3.30C). Frequently, THBP is used insté&t}O, as ROS inducer since it is not a
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substrate for catalase. Surprisingly, THBP evebCamM did not cause any changes in hGrx1-
roGFP2 fluorescence ratio.
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Figure 3.30: Effect of oxidants on recombinant hGx1-roGFP2 protein.

To produce a superoxide anion, PQT an oxidant pusly reported to induce oxidative
stress inP. falciparum (Komaki-Yasudaet al, 2003) was used. Surprisingly, PQT at 1 mM
failed to induce an increase in the hGrx1l-roGFP2or#scence ratio (Figure 3.30A,D).
Furthermore to produce a peroxyl radical, 2, 2'aa®l(2-amidinopropane) dihydrochloride
(AAPH) was used. In contrast to PQT, AAPH at 1 mdused an increase in the fluorescence
ratio of hGrx1-roGFP2 (Figure 3.30D).

P. falciparumhas been reported to be susceptible to nitrosatress (Komaki-Yasudat
al., 2003). Killing of P. falciparumin vitro by nitric oxide derivatives has been demonstrated
(Rockettet al, 1991). To evaluate if hGrx1-roGFP2 would resptmaitrosative stress, SIN-1
(a peroxynitrite generator) and SNP (a nitric oxidenerator) were initially tested on
recombinant hGrx1-roGFP2. Interestingly both SIRig@re 3.30D) and SNP (Figure 3.30A, D)
at 1 mM slowly caused changes in fluorescence ofxh®GFP2. However, SNP was a
stronger oxidizing agent that SIN1. As shown inurg3.30D after 24 h incubation, SNP but not
SIN1 fully oxidized hGrx1-roGFP2.
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3.1.12.1 Spectral changes of the hGrx1-roGFP2 prateupon exposure to oxidants

Next the spectral changes of recombinant hGrx1-R&kpon exposure to several
oxidants were evaluated (Figure 3.31).
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Figure 3.31: Spectral changes of the recombinant h&1-roGFP2 upon exposure to redox active
agents. GSSG: glutathione disulfide, SIN1: 3-morpholinosgdimine hydrochloride and AAPH: 2,
2'azobios (2-amidinopropane) dihydrochloride.
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The excitation spectrum was scanned from 340-512witim emission at 530 + 10 nm. All
oxidants induced changes in the hGrx1-roGFP2 flkamece spectra at the two distinct
excitation maxima at 400 nm and 490 nm. Upon irgirgp concentrations of oxidants the
excitation maxima at 400 nm increases while thdt9& nm decreases. For the rapidly oxidizing
agents such as GSSG;®4 and diamide, spectra were determined after 10imeubation while
for AAPH and SIN-1 after 1 h and 24 h, respectivélg shown in Figure 3.31 the spectra were
determined at different concentrations. The hGoGHFP2 spectra were similar to those for
roGFP2 (Dooleyet al, 2004). This suggests that the fusion of hGrxfo®FP2 did not have any
effect on the spectral characteristics of roGFP2.

3.1.12.3 Effect of methylene blue on recombinant h@GL-roGFP2 protein
Next different classes of antimalarial drugs wepeareined for direct effects on
recombinant hGrx1-roGFP2. Of note MB, PYO and MNA active as redox cycling agents.
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Figure 3.32: In vitro interaction of hGrx1-roGFP2 protein with methyleneblue.
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Notably among the antimalarial drugs tested, onlyB Matiometrically caused
fluorescence ratio (Figure 3.32A) and spectral geanafter 24 h (Figure 3.32B) with
recombinant hGrx1-roGFP2 although the changes wlerger than observed for GSSG;(4
and diamide (Figure 3.31). Within 15 min after agdi of 1 mM MB (Figure 3.32A), the
fluorescence ratio increased from 0.48 + 0.01 84 % 0.02 indicating progressive oxidation of
recombinant hGrx1-roGFP2. Like MB, PYO slowly caugkobrescence ratio (Figure 3.32A)
and spectral changes after 24 h (Figure 3.32D) thghhGrx1-roGFP protein (Figure 3.32A,C).
Compared to MB, the fluorescence ratio 15 min aftigliteon of PYO increased to 1.23 + 0.04
indicating a slower oxidation of the recombinantrktGroGFP2. However, MNA was unable to
fully oxidize hGrx1-roGFP2 even after 24 h of inatibn (Figure 3.32C). In contrast, BSO
caused no increase in fluorescence ratio of hGoxdFP2 even after 24 h of incubation (Figure
3.32C). Importantly, this study reveals the supésicof MB and PYO over MNA as oxidizing
agents.

3.1.12.4 Effect of quinolines and artemisinin deriviives on the hGrx1-roGFP2 protein

Quinoline antimalarial drugs do not produce anyiagald. ART derivatives produce
carbon centered free radicals unlike classical ansl that release oxygen free radicals (O’Neil
and Ponser, 2004).
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Figure 3.33: Effect of quinoline drugs and artemigiin derivatives on hGrx1-roGFP2.
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Furthermore, unlike most oxidant drugs such as MBTAannot be cyclically oxidized
and reduced. Therefore, only one free radical eanlt from one drug molecule. In contrast to
MB, both quinoline antimalarial drugs including CQ{Mr QN (Figure 3.33 A and B) and ART
derivatives such as ART, ATS and ATM (Figure 3.33nd ®) even at 100 uM were unable to
cause any spectral and fluorescence ratio charnge 2¢ h of incubation suggesting that their
effects on P. falciparum strains expressing hGrx1-roGFP2 would be due tactiee
intermediates. Table 3.2 summaries the effecta@Btantimalarial drugs and 11 oxidants tested
on recombinant hGrx1-roGFP2.

Table 3.2 Effect of antimalarial drugs and redox compunds on recombinant hGrx1-
roGFP2 protein

Drugs or redox | Abbreviation | concentration | Incubation Fold change
compounds (h) in ratio
(405/488 nm)*

Diamide (Control) DMD 1 mM 5 min 6.24

ROS inducers

Glutathione disulfide GSSG 1 mM 5 min 6.54

Hydrogen peroxide D, 10 mM 5 min 6.56

tert-butyl hydroperoxide THBP 10 mM 5 min 1.16

2,2'-azobis-2-methyl- AAPH 10 mM 1lh 3.36

propanimidamide,

dihydrochloride

Paraquat PQT 10 mM 5 min 1.09

RNS inducers

Sodium nitroprusside SNP 1 mM 10 min 3.36

3-morpholinosydnonimine SIN 10 mM 10 min 3.11

hydrochloride

Inhibitors of GSH synthesis

Methylene blue MB 1 mM 15 min , 3.44
24 h 7.35

Pyocyanin PYO 1 mM 24 h 6.39

Menadione MNA 1 mM 15 min 2.10
,24h 2.58

L-buthionine sulphoximine BSO 1 mM 24 h 1.01

Quinoline drugs

Chloroquine CQ 100 uM 24 h 1.19

Amodiaquine AQ 100 uM 24 h 1.01

Quinine QN 100 uM 24 h 1.23

Mefloguine MQ 100 uM 24 h 1.01

Artemisinin derivatives

Artemisinin ART 100 uM 24 h 1.39

Artesunate ATS 100 uM 24 h 1.29

Artemether ATM 100 uM 24 h 1.42

*Fold change in fluorescence ratio = Ratio 405/4880f hGrxI-roGFP2 after incubation with compound
/Ratio 405/488 nm of reduced recombinant hGrx1-1e&F0.49 + 0.01).
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3.2 Uptake of host hPrx2 intoP. falciparum
3.2.1 Mechanism of uptake of hPrx2 intd°. falciparum
3.2.1.1 Identification of endocytosis associated Hifs in imported proteins

Previous studies strongly suggest that humandrggtrocytic proteins are imported into
P. falciparum to play crucial roles in specific processes incigdparasite biochemistry,
physiology (Fothet al.,2011) and antioxidant defense (Koncareati@al, 2009). Notably, some
of the imported proteins, have been reported tosdmted to specific organelles, mainly the
cytosol and food vacuole which strongly suggesas Bh falciparummay be able to traffic host
proteins to different locations. However, the metsia of import of host erythrocytic proteins
into different sub-cellular compartmentsRnfalciparumremains poorly understood. To identify
novel sorting motifs in host proteins reported &ilmported inP. falciparum a bioinformatics
analysis of their protein sequences (~30) was adrout. Using the Eukaryotic Linear Motif
(ELM, www. expasy.org) resource for functional site proteins, 4 endocytic vesicle associated
motifs including: the tyrosine-based sorting sigfieS), sorting and internalisation signal (SIS)
and clathrin box motif (Clat) were identified. Tipesitions of endocytic vesicle associated
motifs in all the human erythrocytic proteins repdrto be imported in significant quantities in
P. falciparumare shown inTable 3.3. Figure 3.34 shows the multiple sequesdgnment
(kalign, www.ebi.ac.ukpf a selection of proteins reported to be impoited P. falciparum.
The consensus sequences of TSS were ([Y..[LMVIE)S ([DER]...L[LVI]) and Clat
(L[IVLMF].[IVLMF][DE). Surprisingly, with exception of superoxide dismutase, endocytic
vesicle associated motifs were identified in dfiestimported proteins.

Interestingly, the TSS that is responsible forititeraction with the subunit of Adaptor
Protein (AP) complex was found on average 2-5 timesearly all proteins. By contrast, the SIS
that targets proteins from the Trans Golgi Netwtwrkhe lysosomal-endosomal-melanosomal
compartments was found on average 1-2 times imprallieins except calpain and calreticulin
Interestingly, the SIS sequence was present in98iamino-acid smallest fragment (ALAD-
ANC) of host delta-aminolevulinate dehydratase thas wnported intd®. falciparum(Bonday
et al, 2000). Unexpectedly, the Clat motif that is founmdcargo adaptor proteins and it interacts
with the beta propeller structure located at theefdinus of the clathrin heavy chain was found
on average 1-2 times in fewer proteins (Table B\@uding hPrx2. Notably, very few proteins
(Table 3.3) including hPrx2 had all three endoagtessociated motifs namely the TSS, SIS and
Clat. Although less frequently encountered, seviatakesting motifs (Table A1 and A2 in the
Appendix section) that may play a role in proteaffic were identified.

Additionally, the WXXXY|F motif that is part of thperoxisomal matrix protein import
system was identified in the beta subunit of hemioigl, biliverdin reductase B and carbonic
anhydrase |. Interestingly, plasmepsin Il a paeasncoded protein reported to be exported to
the food vacuole (Klembat al, 2004) had TSS but not SIS and Clat (Table 3.Bhl& to
plasmpesin Il, parasite proteins exported to host RBEh as PfEMP1 and KAHRP also had
TSS but not SIS and Clat (Table 3.3). However, thle of these motifs in the uptake of
erythrocytic proteins int®. falciparumremains unknown. The role of SIS and Clat in hRva2
investigated.
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Table 3.3: Endocytic vesicle associated motifs imyhrocytic proteins imported into P. falciparum.

Human Protein Sorting and | Tyrosine-based Clathrin box motif Peroxisomal matrix
internalize- | sorting signal protein import system
tion signal

Reference [DER]...L[L Y..[LMVIF] (L[IVLMF]. W...[FY]
VI] [IVLMF][DE)
Peroxiredoxin 2 (hPrx2)] Koncarevicet P32119 154-159 37-40 129-133
al. (2009) 115-118
126-129

Hemoglobin subunit betal azaruset al. P68871.2 102-107 131-134 38-42

(Hb) (2008)

Aminolevulinate, delta-,| Bondayet al | CAH70099.3 103-108 33-36

dehydratase(LAD) (2000) 205-208

257-260

Ferrochelatase Varadharajan | CAB65962.1 327-332 123-126

(FC) et al (2004) 160-163

210-213
297-300
352-355

Tyr3/Trp5- Fothet al. NP_003397.1 2-7 19-22

monooxygenase (2011) 39-44 48-51

activation protein 96-101 118-121

126-129
178-181 179-182
Annexin | Fothet al. NP_000691.1 133-138 39-42
(2011) 292-297 230-233
315-318
335-338

Biliverdin reductase B | Fothet al. NP_000704.1 29-34 146-149

(BRLB) (2011)

Carbonic anhydrase | | Fothet al. NP_001729.1 181-186 89-92 17-21

(2011) 129-132
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205-208
Calpain, small subunit 1] Fothet al. NP_001740.1 87-90 233-237 174-178
(2011) 178-181
210-213
Calreticulin Fothet al. NP_004334.1 109-112
(2011) 128-131
172-175
308-311
Catalase (CAT) Fairfieldet al | NP_001743.1 47-52 370-373
(1983) 447-450
84-87
231-234
280-283
308-311
Glyceraldehyde-3- Fothet al. NP_002037.2 13-18 255-258
phosphate (2011) 63-68
dehydrogenase
(GAPDH)
Heat shock 70 kDa Fothet al. NP_006588.1 69-74 15-18 391-395
protein 8 isoform 1 (2011) 46-51 41-44
192-197 288-291
294-297
Lactoferrin Fothet al. NP_002334.2 656-661 111-114 592-596
(2011) 244-249 246-249
398-403 454-457
Mitochondrial ATP Fothet al. NP_001677.2 91-96 395-398 302-306
synthase beta subunit | (2011) 179-184 499-502 230-233
precursor 317-322 247-250
269-272
431-434
Mitochondrial HSP60 | Fothet al. NP_002147.2 241-246 90-93
(2011) 353-358 243-246
503-506
Paraoxonase 1 (PAR) | Fothet al. NP_000437.3 149-154 71-74
(2011) 263-268 197-200

93




Results

352-355; 128-131
234-237
Protein disulfide- Clareboutet NP_005304.3 250-255 264-267; 100-103 47-51
isomerase A3 precursor| gl. (1998 416-419
Rho GDP dissociation | Fothet al. NP_001166.3 41-46 153-156
inhibitor (GDI) beta (2011)
Selenium binding Fothet al. NP_003935.2 305-310 56-59 248-252
protein 1 (2011) 414-417 314-318
Superoxide dismutase 1 Fairfieldet al | NP_000445.1
(SOX) (1983)
Erythrocyte band 7 Fothet al. NP_004090.4 123-126
(2011)
Triosephosphate Fothet al. NP_000356.1 105-110 48-51
isomerase 1isoform 1 | (2011) 165-168
Food vacuole proteins
Plasmepsin Il Klembaet al PF14_0077 281-284
(2004) 224-2217,
308-311, 316-319,
369-372
433-436
Parasite proteins in
host RBC
PIEMP2 Przyborski and | PFE0040c 1358-1361
lanzer (2005)
KAHRP Przyborski and| PFB0100c 343-346
lanzer (2005)
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Figure 3.34: Multiple sequence alignment of proteis imported into P. falciparum.The sorting
and internalization motif (SIS) as well as the §in@ based sorting signal (TSS) are indicated.ilBeta
of proteins are shown in table 3.3.
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3.2.1.2 Identification of structural and functional motifs in hPrx2
To thoroughly investigate the trafficking of hPnigto P. falciparum from the host

Feature # Sequence: PRDXEZ HUMARMIPIEZ119
FhosphoELR
SMARTAFfam domain | [ 1 |
GlobPlot

Disorder |
0.5

IUFRED .
Order W
Secondary Structurs T T T

CLY_MDR_MDR_1 3
CLV_PCSK_SKI1_1 4
LIG_&ctin_wWH2z_2 1
LIG_BIR_II_1 1
LIG_Clathr_ClatBox_1 1
LIG_CYCLIN_T 1
LIG_FH&_1 3
LIG_FH&_2 1
LIG_MAPK_1 1
LIG_SCF_FEW7_Z 1 5]
1
3
1
1
1
1
1
1
1
3
1

LIG_SHz_PTRPZ
LIG_SHe_STATS
LIG_Sin3_3
rOD_CDk_1
RACID_PIkE_1
MOD_PRA_T
MOD_PRA_Z
RACOD_PLE
MOD_TYRE_ITIR
TRG_EMDOCYTIC_Z
TRG_LysEnd_aPsAaclL_1
Scale 1 101 1495

KEY

DOrAINS: |:| Smart/Pfam domain gl Signal peptide (pred.) = Low-complexity region == Coiled- coil {pred.) .TM heli= {pred.)
GLOBPLOT: [ ]| lokDom mmm Dizorder

2D STRUCT: [] Strand [] Helix flLoop [l 3110 Helix

MOTIFS: | Favourable Context [1 sparseSmart filtared H neutral annotated: §TP OFP DTN PN B<D<0 ﬁgrsnigg%c;by
COMNSCCRE: [] low Conservation [] medium Conservation [ high Conservation

Phaospho.ELM: Tphosphorylated Serine phosphorylated Threanine Tphosphorylated Tyrosine

Figure 3.35: Functional motifs in hPrx2.

The details of these functional short sequence fsatie shown in the Tables A1 and A2 in the
appendix section. Clathrin box (LIG_ Clathr_ Clatho sorting and internalisation signal
(TRG_ENDOCYTIC_2), tyrosine-based sorting signdR@LYSEND_APSACLL_1).

erythrocyte cytosol, the hPrx2 sequence (hTPxIx-2Ptniprot Accession Number P32119)
was further searched and several structural anctiural domains and motifs which may be
involved in the uptake process were identified (iFég 3.35) using the Simple modular
architecture research tool (SMART, http://smart.eddd| Letunicet al, 2009). Overall, the
hPrx2 protein comprises a redoxin domain of 153anaicids (starts at 7 and ends at position
158), an AhpC-TSA domain of 134 amino acids (alkytroperoxide reductase and thiol
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specific antioxidant starts at 8 and ends at posili4l) and 1-CysPrx_C domain (starts at
161 and ends at position 196). Additionally hPreatains short functional sequence motifs
(Figure 3.35). The details of these functional slsequence motifs are shown in the Tables
Al and A2 in the appendix section.

BB A

M J" \ N -
NSGN' RIGKPAPDFKATAVVDGAFKEVK  SDYKGKY FPDTVCPE
B 10 5 20 25 30 Y R R
H3 A H4 HS5 A, H6 0
N S [ —RF—

, .
AEDIRKL S DSQFTH KEG LGP N DVTRRI. ED KTD
62 70 75 80 85 90 95 100 105 110 115 120
5 B

— ) —lﬁ —m
EGIAYR IDGRGV PAGWKPGSD
122 130 135 140 145 150 155 160 165 170 175 180

- H8

[ K NVDDSKEYI SKH
182 190 195

Figure 3.36: Structural and functional motifs in hPrx2.
Selected domains and motifs of hPrx2. hPrx2(1-188)zs (2-5), Clat (129-133), SIS (154-159),1-
CysPrx_C (161-196), redoxin domain (7-158), AhpCAT8-141).

Figure 3.36 shows the selected structural domaihehvwere identified. Several
studies report that structural domains play impurt@les in uptake of proteins into cells
(Morris et al, 2011). Morriset al (2011) demonstrated that thé helix of the C-terminal
domain of human glutathione transferase was uialt§ uptake into L929 cells. A total of 8
a helices and P strands were identified in hPrx2. Tadelices were H1 (31-34), H2 (52-60),
H3 (62-67), H4 (79-88), H5 (90-94), H6 (109-115), 151-169) and H8 (186-198).

3.2.2 Heterologous over-expression of hPrx2 mutants
3.2.2.2 N- and C-terminal deletion mutants of hPrx2

Usually proteins destined for transport to orglsekcontain signal sequences which
may be located at the N-terminal or C-terminal erida protein. However, the signal
sequences that direct proteins from the host ergthes cytosol int®. falciparumare poorly
understood. To identify motifs involved in sortirseries of N- and C-terminal end deletion
constructs of hPrx2 were generated. Figure 3.3Wshschematiadiagrams of N- and C-
terminal end deletion protein mutants of hPrx2. Rdland C-terminal end deletion mutants
were cloned in the pQE30 vector and overexpregsédli5 E.coli cells. Figure 3.38 shows
SDS PAGE analysis of the purification of N- and &datinal deletion mutants and their
confirmation by Western blot analysis. The chanasties of the N- and C- terminal end
deletion mutants of hPrx2 are shown in Table 3lthdAigh there was variation in expression
level and solubility of the hPrx2 mutants, all wetecessfully expressed and purified.
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+1 +51 +172 +198
hP gl length) i
23.1 kDa
+15 +51 +172
hPrxgNes1ee 4 i § 21.8 kDa
+1 +51 +172 +177
hPrx2*“77) i @_ ______________ | 20.8kDa
+1 +51 +168
n—— i
+15 +51 +172+177
hPrx2NC(s177) :__ i @_ ______________ | 19.4kDa
+15 +51 +168
hPrxNC(15-168) :' i """" '; 18.5 kDa

Figure 3.37: N- and C- terminal hPrx2 deletion muants.
Schematicdiagrams of N- and C- terminal end deletion proteintants of hPrx2The numbers

indicate the positions of relevant amino acid reesd

Table 3.4: Properties of the N- and C-terminal delebn mutants of hPrx2

hPrx2 mutant Delet- Molecular Amino Isolectric  Characteristic feature
ion mass (Da) acid point (pl)
number
hPrx ™! fenat) Full 23159.2 209 6.53 Has all signal motifs
length
hPrx2*N 15-19) AN 217926 195 6.32 Lacks the first 14 amino acids

which include the glycosamino
glycan attachment site

hPrx2\c-177) AC 20798.6 188 6.77 Lacks the C-terminal end which
includes the last 21 amino acids
hPrx22¢(1-168) AC 19870.6 179 6.77 Lacks the C-terminal end which

includes the last 30 amino acids
with the resolving cysteine

hPrx2NC @17 ANC 194321 174 6.47 Lacks the N-terminal with first 14
amino acids and C-terminal end
which includes the last 21 amino
acids

hPrx2NC(5168)  ANC ~ 18504.0 165 6.47 Lacks the N-terminal end with
first 14 amino acids and C-
terminal end which includes the
last 30 amino acids
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A: hPrx2 AN(15198, B: hPrx2 ACd-177.
ka M F x 1 2 3 4 5 kba Fo1X 1 9 3 4 5 6
-y . 160 .
1 e o B 662w ==
150 e NS - 450 == o
8
i T - — 250 -
| -
gt 184 W
184 o
4 ‘- 144 P G e
C: hPrx2 Ac(-168, D: hPrx2 ANC(S177
kDa
0 F o1IX 1 2 3 4 5 kba M F 11X 1 2 3 4 5 ¢
T Vs e — 116.0
66.2 .- - 66.2
‘ 5 .
450 é |
350 -
35.0 s B
- B -
25.0
184 — —
184 104 o -
144
E: hPrx2 AC(15-168;
' F
kDa
- m F X 1 2 3 4 5 \@@@ " o \\9\««\ P
- \L\
662 = ?‘*} q‘*} ?‘ﬁ' Qd‘} U
== T
50 - -
b
30w S
B0 o . —
- ..
184 © —euy
144 B - e
’ — e ———

Figure 3.38: SDS PAGE and Western blot analysis dfi- and C- terminal deletion mutants of
hPrx2. (A-E) SDS PAGE of hPrx2 N-and C-terminal end deletiomtants.M — marker; F - flow
through; 1x - wash ; 1-5 represent 10 mM, 20 mM, &, 200 mM and 500 mM immidazole
eluation fractions, respectivelyF) Confirmation of expression by Western blot anialyssing a
hexahistidyl-tag monoclonal antibady
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As compared to the full length recombinant hPrx2 (8g/l), the N-terminal end deletion
mutants had lower expression levels with 1.1 n&8, mg/l and 0.75 mg/l for hPr¥>1%)
hPrx2NCUSIN) and hPrx2NC15168) respectively. Although better expression levelsrav
achieved with the C-terminal end deletion mutavits 27 mg/l and 18.3 mg/l for hPr¥&*

17 and hPrx2N1%®) respectively, they were also unstable in US buffempared to
hPrXqu” length)

3.2.2.3 Deletion mutant of the clathrin box motifm hPrx2

The identified Clat sequencE{LFIID**% was deleted in hPrx2 to examine its effect
on the uptake of hPrx2 int®. falciparum Figure 3.39 shows a sequence alignment of the
clathrin box in hPrx2 with other imported proteins.

+1 +51 +129 +133 +172

§ 22.6 kDa

h PrXZCIat129-133)

hFPr=2

Lactoferrin

Calpain
Protein disnonlfi -

Seleniom bindin- - -L
Heat =shock prot 1
Consistency 4 48 5 ]

Unconserved llll 4 567 ll. Conserved

Figure 3.39: Multiple sequence alignment of the ctlarin box in hPrx2 with other proteins.
Sequence alignment illustrating the clathrin boxirnmported proteins. The numbers indicate the
positions of relevant amino acid residues. It goréed that these proteins bind to the amino-teainin
domain of clathrin. The hPrx2 protein has this ptg clathrin-binding motif at residué®’ LFIID**

20 I = =

The Clat deletion mutant [hPr&#"2°1%3 was overexpressed and purified (Figure 3.40). The
hPrx2129 133 mytant has 204 amino acids, a molar mass of 22# &l an isoelectric
point (pl) of 6.82. As compared to the recombinaRtx2™" '*"9M (32 mg/l), the hPr&2"2*-

133) a had lower expression level with 0.35 mgl/l.
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B

kba M F 1X 1 2 3 4 hPrx2 (Clat129-133)
116.0 s
B6.2 e — .
450 :

h—
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184w
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Figure 3.40: SDS PAGE and Western blot analysid the Clathrin deletion mutant of hPrx2.

(A) Purification of the clathrin deletion mutartPix2©12°133) The hprx2“2*13% has a molecular
mass of 22.5kDa. M - marker; F - flow through; 1wash ; 1-5 represent 10 mM, 20 mM, 75 mM,
200 mM and 500 mM immidazole eluation fractionspexctively. B) Confirmation of expression by
Western blot analysis using a hexahistidyl-tag netommal antibody

3.2.2.4 Deletion mutant of the sorting and internaktation signal of hPrx2

To evaluate its effect on the uptake of hPrx2 Pitdalciparum,the identified SIS
motif (°* VDEALRLV 9 in hPrx2 was deleted by deletion mutagenesis liaitik et al,
2007) and overexpressed in ME5coli cells. Figure 3.41 shows a sequence alignmeriteof t
SIS motif in hPrx2 with other imported proteins.

+1 +51 +154 +159 +172 +198

hPrx2s!S154-159) 22.3 kDa

hPrx2 EAL

aminolevulinate — — EAT
-Hemoglobin ENF
ferrochelatase ENI
catalase_ RGP

Consistency 644

Unconserved -4 567 -

Figure 3.41: Multiple sequence alignment of the sting and internalization signal motifs.
Sequence alignment illustrating sorting and intézadon signal motifs (SIS) in hPrx2 with other
proteins. The numbers indicate the positions @vaht amino acid residues. The hPrx2 protein has
this SIS motif at residués'VDEALRL ***.

‘onserved

The SIS deletion mutant [nPIRZP****%) was overexpressed and purified (Figure 3.42) and
confirmed by Western blot analysis (Figure 3.42)e hPrx®S**1*)mutant has 202 amino
acids, a molar mass of 22.36 kDa and an isoelgaiiitt (pl) of 6.82. As compared to the full
length recombinant hPrx2 (32 mg/l), the hF¥%2>****mutant had a lower expression levels
with 0.56 mg/I.
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kba M F 1X 1 2 3 4 5

116.0 hPrx2 (S1S154-159)
o
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Figure 3.42: SDS PAGE and Western blot analysis dhe sorting and internalization signal
deletion mutant of hPrx2 The sorting and internalization signal deletiontamt (hPrx2 sis) has a
molecular mass of 22.36 kDaA) Purification of the hPr{§S*****9mutant. M — marker; F - flow
through; 1x - wash ; 1-5 represent 10 mM, 20 mi&,mM, 200 mM and 500 mM immidazole
eluation fractions respectivelyB) Confirmation of expression by Western blot anialyssing a
hexahistidyl-tag monoclonal antibady

3.2.2.5 Active site mutants of hPrx2

Frequently, proteins are sorted to different cormpants to perform specific
functions. Koncareviet al (2009) demonstrated the uptake of hPrx2 tdalciparumfor
antioxidant functions. To investigate whether uptak hPrx2 is dependant on function, three
mutants of hPrx2 were generated by site directethgemesis of either the active site cysteine
(C51) or the resolving cysteine (C172) and bothderane amino acid (Figure 3.43).

+1 +51 +172 +198
hPerf“” length) i g 231 kDa
+1 +51 +172 +198
hPrx2“*t®) i § 23.1 kDa
+1 +51 +172 +198
hPrx2“729) i 23.1 kDa
+1 +51 +172 +198
hPrx2“5H1729) i 23.1kDa

Figure 3.43: Active site mutants of hPrx2.Schematicdiagrams of cysteine to serine mutants
either at active site C51 [hP&Z ] or resolving cysteine C172 [hPf%¥>®)] or both [hPrx2
(C311729) The numbers indicate the positions of relevant araiid residues.
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Figure 3.44: SDS PAGE and Western blot analysis @ictive site mutants of hPrx2 All mutants
have the same molecular weigth of 23.1 k2aXY) Purification of the active site mutants of hPrk2.
— marker; F - flow through; 1x - wash; 1-5 représ&® mM , 20 mM, 75 mM, 200 mM and 500 mM

immidazole eluation fractionsEJ Confirmation of expression by Western blot anialyssing a
hexahistidyl-tag monoclonal antibady
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The mutants hPr%S) hPrx2“1’?®) and the double mutant hPfxZ1%9)  were
overexpressed and purified (Figure 3.44). All theeé mutants hPr{2*S) hPrx2“1"2%) and
hPrx2(®5¥1729)have the same molar mass of 23.1 kDa, with 209@@mcid and an isoelectric
point (pl) of 6.53. Except for the hPik®">> mutant (0.93 mg/l), as compared to hPfX2
'ength) (32 mg/l), high expression levels were observed the hPrx&°® (50 mg/l) and
hPrx2“°¥1729) (45 mg/l). Figure A4 (Appendix) shows a multiplegsence alignment
illustrating differences between all mutants oftfPas compared to the hPr 'e"9™).

3.2.2.6 Western blot analysis of the uptake of hP&mutants into P. falciparum

Following expression and purification, the uptafenPrx2 mutants int®. falciparum
was investigated. Previously, Bondetyal, (2000), evaluated the uptaked®&minolevulinate
dehydratase by incubation of 5 uM of protein fragtaan P. falciparumculture. Similar to
Bondayet al (2000), 5 uM of hPrx2 mutants were incubated Wittalciparumfrom the ring
stage (~ 6 hour post invasion) for 24 h to the hogwite stage (~ 30 h post invasion). The
uptake of the hPrx2 mutants was determined by Weslet analysis using a hexahistidyl-tag
monoclonal antibody (antibody against the 6x Hgprtas the primary antibody and an anti-
mouse secondary antibody. Similar to host hPrxgurfé 3.45 shows that all recombinant
hPrx2 mutants were taken up but hFfX®) hPrx3°1725) hprxd©SY1729)  hprygclart2o-139)
hPrx2*51%® and hPrx8 1" were digested. This data suggests that recombifam® mutants
follow the same route of uptake as the host hRr@the food vacuole.

AN ,0@,
\5‘:"&9@ & a0 \N_,@‘f:-\ -ﬂ’\“eﬂ A A
o g ¥ < ¥
25 kDa = &° < N\ T\ ~
——— ——

18.4 KDa=—»>

Figure 3.45: Uptake of hPrx2 mutants intoP. falciparum Western blot analysis of hPrx2 mutants
was carried out using a hexahistidyl-tag monoclamtibody. All hPrx2 mutants were taken up but
hPrx2©%S) hPrx3©172%) hprx 3511729 hpry 329133 hpry 315198 gnd hprx81"" were digested. All

samples were run at 3 x 1farasites/ lane.
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3.2.3 Inhibition of the uptake of hPrx2 intoP. falciparum
3.2.3.1 Localisation of hPrx2 inP. falciparum

Previously, Koncareviet al (2009) demonstrated the enhanced uptake of fygRh
into the cytosol ofP. falciparumafter treatment with CQ. In addition, not only wdrk-2
reported to run in 3 bands at 15, 17, and 22 kDalso the C-terminus was never identified
(Koncarevicet al, 2009). Of note the C-terminal end contains #solving cysteine (C172)
that plays an important catalytic role. Furthermdtethet al (2011) recently reported that
the abundance of hPrx2 peaks in ring stage pasagitel6 h post invasion) drastically
reducing thereafter probably due to degradation pibgteases or limitation in import
transporters. Thus, to identify whether the 15 aidkDa proteins were conformations or
digestion products, the protein sequence of hPrag searched for protease cleavage sites.
First, three falcipain-2 and falcipain-3 cleavagess (Figure 3.45) previously reported by
Sijwali et al (2001) and Subramaniaat al (2009) were identified to be present in hPrx2.
Interestingly, as shown in Figure 3.45, besideslth&Da and 17 kDa digestion products an
additional 13 kDa protein fragment was predicted.

Full length hPrx2 Protein (22 kDa)

MASGNARI GKPAPDFKATA SDYKCGKYVVLFFYPLDFTFVCPTEI | AFSNRA
EDFRKLGCEVLGVSVDSQFTHLAW NTPRKEGGELGPLNI PLLADVTRRLSEDYGVLKTDEG
AYRGLFI | DGKGVLRQ TVNDL PVGRSVDEAL RL VQAFQYTDEHGEVCPAGWNKPGSDTI KPN
VDDSKEYFSKHN

hPrx2 fragment (13 kDa)

MASGNARI GKPAPDFKATAVVDGAFKEVKL SDYKCGKYVWWVLFFYPLDFTFVCPTEI | AFSNRA
EDFRKLGCEVLGVSVDSQF THLAW NTPRKEGGLGPLNI PLLADVTRRLSEDYGVL

hPrx2 fragment (15 kDa)

MASGNARI GKPAPDFKATAVVDGAFKEVKL SDYKCGKYVVLFFYPLDFTFVCPTEI | AFSNRA
EDFRKLGCEVLGVSVDSQF THLAW NTPRKEGGLGPLNI PLLADVTRRLSEDYGVLKTDEGQ
AYRGLFI | DGKGVL

hPrx2 fragment (17.1 kDa)

MASGNARI GKPAPDFKATAVVDGAFKEVKL SDYKCKYVVLFFYPLDFTFVCPTEI | AFSNRA
EDFRKLGCEVLGVSVDSQF THLAW NTPRKEGGLGPLNI PLLADVTRRLSEDYGVLKTDEGQ
AYRGLFI | DGKGVLRQ TVNDLPVGRSVDEAL

Figure 3.45: Falcipain-2 and falcipain-3 cleavagsites in hPrx2.Cleavage at the predicated sites
would result in the 13 kDa, 15 kDa and 17 kDa pgrofeagments. The falcipain -2 and -3 cleavage
sites are underlined in the full length sequendpvéd et al, 2001, Subramaniagt al, 2009).The
antibodies recognizing the peptides®.ADVTRRLSED"* ( in blue, Axxora), C-terminaf®*
KPNVDDSKEYFSKHN"8(in red, Sigma)and*® VVDGAFKEVKL * (in green, Dianova) were used
for Western bloting or immunofluorescence.

Next the localization of hPrx2 iR. falciparumby sub-cellular fractionation of cytosol and
food vacuole was re-examined. As shown in FigudéA, the 17 kDa and 15 kDa digestion
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products of hPrx2 initially identified in the totplrasite lysate were only located in food
vacuole fraction (Figure 3.46C) using an antibodgcognizing the peptides
L% ADVTRRLSED™* (Axxora). To confirm these digestion products atitody directed
against the C-terminal sequertt&KPNVDDSKEYFSKHN8(Sigma) were used.
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Figure 3.46: Western blot analysis of hPrx2 ifP. falciparum

Western blots with antibody against °’LADVTRRLSED** (A) and C-terminal end
¥ PNVDDSKEYFSKHN"® (B) showing digestion of hPrx2. The two antibodiesoggtizing the
peptides E®L ADVTRRLSED™ (in blue, Axxora) and C-terminat* KPNVDDSKEYFSKHN*(in

red, Sigma) are indicated in figure 3.48}) (Sub-cellular analysis of cytosol and food vacu®l¥)
fractions. hPrx2, SL and TPL are the full lengtbambinant hPrx2, saponin lysate and total parasite
lysate, respectively. All samples were run at Dkgarasites/ lane.

As expected, the C-termindl* KPNVDDSKEYFSKHN"® (Sigma) recognised only the full
length 22 kDa (Figure 3.46B) whilef*LADVTRRLSED* (Axxora) recognised all proteins
including the digestion products 15 kDa and 17 kBigure 3.46 A, C). Clearly, the presence
of digestion products agrees with the presenceRuk2 in the food vacuole that contains
falcipain cleavage enzymes (Sijwali al, 2001, Subramaniaet al, 2009) rather than the
cytosol. Next by confocal microscopy the sub-cellubcalization of hPrx2 ife. falciparum
was re-examined. Surprisingly, hPrx2 was locatetihénfood vacuole (Figure 3.47A and B).
To further confirm the presence of hPrx2 in the dfoeacuole,P. falciparum parasites
expressing hGrx1-roGFP2 in the cytosol were usedd@calisation (Figure 3.1). As shown
in Figure 3.47 C-F, hPrx2 was confirmed to be |Iaeliin the food vacuole. Taken together,
the confocal microscopy and Western blot analyata de-affirm the uptake of hPrx2 info
falciparumbut also reveal its degradation in the food vaeu®his is in clear agreement with
Foth et al (2011) that the abundance of hPrx2 peaks in siage parasites (< 16 h post
invasion) dramatically reducing thereafter duermtgolytic degradation.
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DIC Hoechst hPrx2 Merge Overlay

DIC Hoechst hPrx2 Merge Overlay

DIC Hoechst roGRP hPrx2 Merge Overla

DIC Hoechst roGFP2

hPrx2 Merge Overlay

DIC Hoechst roGFP2 hPrx2 Merge Overlay

DIC Hoechst roGFP2 hPrx2 Merge Overlay

Figure 3.47: Confocal microscopy of host hPrx2 if. falciparum.

Host human peroxiredoxin 2 (hPrx2) is located ia thod vacuole. The two antibodies recognizing
the peptides " LADVTRRLSED"* (in blue, Axxora) and®*VVDGAFKEVKL *(in green, Dianova)
are indicated in Figure 3.45 and were used for @sédq C, D andB, E, F respectively. DIC is bright
field while the Hoechst stain is used to locatephrasite nucleus.
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3.2.3.2 Susceptibility ofP. falciparumto inhibitors of endocytosis

Inhibition of endocytosis of protein uptake iRofalciparumis a potential drug target
(Hoppeet al, 2004). To investigate the effect of 12 inhibstaf endocytosis on the uptake of
hPrx2 intoP. falciparum(Koncarevicet al, 2009) initially the activity (16) of inhibitors on
the 3D7 strain was determined by isotopic assajédainset al, 1979). Figures 3.48 and
3.49 show the dose response curves of CTD, JAS, MWSCI, BFA, NaNs, MQ and [AlR]
.The IGo values of CTD, JAS, MNS and N8I, on the 3D7 strain were determined to be
13.1 nM, 73.5 nM, 1.01 nM and 2050 nM respectivadlge |G, values of BFA, Nak MQ
and [AlR]" against the 3D7 strain were determined to be 20M01310 nM, 16.8 nM and

2330 nM respectively.
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Figure 3.48: Dose response curves of actin inhibit®and alkalizing agents.

The susceptibility of 3D7 strain d®. falciparumagainst cytochalasin D (CTD), jasplakinolide
(JAS, B) monensin (MNSC) and ammonium chloride (NI, D) was determined using the 72 h
isotopic assay (Desjardites al, 1979).

The 1Go value of PQT against the 3D7 strain was determiodzk 45uM. Besides inhibiting

hemozion formation antimalarials including CQ MQ aA®RT were reported to block
endocytosis irP. falciparum(Hoppeet al, 2004). Previously, the kKgvalues of CQ and ART
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against the 3D7 strain were determined to be 80644+nM and 17.3 + 1.5 nM respectively
(Akoachereet al,, 2005).
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Figure 3.49: Dose response curves of inhibitors ehdocytosis.

The susceptibility of 3D7 strain &f. falciparumagainst brefeldin A (BFAA), sodium azide (NaiN
B), mefloquine (MQ,C) and aluminum tetrafluoriddAlF4]" , D) was determined using the 72 h
isotopic assay (Desjardimes al, 1979).

3.2.3.3 Effect of inhibitors of endocytosis on theptake of hPrx2
To examine whether inhibitors of endocytosis wobldck the uptake of hPrx2,

synchronized ring stage. falciparumparasites were incubated with 4 x4@©f CTD, JAS,
MNS, NH,CI, AlF4;, CQ, MQ, ART for 24 h. Following incubation, tropluiiz stageP.
falciparum parasites were enriched by magnetic separatior9(Q86) and then lysed by
saponin and washed to remove extracellular prat€inemassie-stained gels showed uniform
protein levels and no change in the 22 kDa hPre2epr band in treated samples (Figure 3.50
A, B). The inhibition of the uptake of hPrx2 ino falciparumwas evaluated by Western blot
analysis. As shown in Figure 3.50, all samplesépk BFA) were run in duplicate. After 24
h of incubation MQ, ART, CTD, JAS, DYN, PQT, MNS, CQdaNaN; inhibited uptake and
digestion of host hPrx2. By constrast, MH increased uptake of hPrx2 while BFA had very
minimal effect of inhibition of hPrx2 uptake.
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Figure 3.50: Effect of actin inhibitors and alkalizng agents on the uptake of hPrx2.

(A) Coomassie stained SDS PAGE with M the moleculaightemarker, chloroquine (CQ),
mefloquine (MQ), artemisinin (ART)¢ytochalasin D (CTD), jasplakinolide (JAS) monensi
(MNS) and ammonium chloride (NBI) brefeldin A (BFA), sodium azide (NaN mefloquine (MQ)
and aluminum tetrafluoride[AlF 4]") (B) Western blot analysis was done in duplicate ughey
antibody recognizing the peptideSfLADVTRRLSED" (Axxora). All samples were run at 3
x 10 parasites/ lane. Samples included a control (CDihasore (DYN) and paraquat (PQT).
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3.3 Susceptibility of gametocytes d?. falciparumto antimalarial drugs
3.3.1In vitro activity of methylene blue against gametocytes &f. falciparum.

Previously, a clinical study by Coulibagt al (2009) revealed that MB in combination
with AS or AQ had strong gametocytocidal activigamst both existing and developifg
falciparum gametocytes. However, the vitro gametocytocidal activity of MB had never
been determined. To complement the clinical stugdZbulibalyet al (2009), the activity of
MB on P. falciparumgametocytesn vitro was systematically investigated. Additionally, the
activity of PYO and CQ (as a control) &n falciparumgametocytes vitro was investigated.
Figure 3.51 and Table 3.5 show the dose respongesand the I§-values, respectively, of
day 9 (stages Il & Ill) and day 13 (stages IV & &fainst MB, PYO and CQ. Notably only
MB had activity across all stages of gametocyte lbgweent. Interestingly, MB, PYO and
CQ were found to be 2, 3 and 50 times respectivabye active against day 9 (stages Il &
[ll) than day 13 (stages IV & V) gametocytes of tefalciparumstrain 3D7. Collectively,
these data reveal that MB is a potent inhibitorlo$tages (11-V) of gametocyte development.
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Figure 3.51: Dose response curves for activity ofnimalarial drugs against gametocytes oP.
falciparum. Methylene blue (MBA) had activity against both day 9 (young, stagend I11) and day
13 (mature, stage IV and V) gametocytes unlike pgoo (PYO,B) and chloroquine (CQZ). Dose
response curves were generated by GraphPad prism.
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Table 3.5: Sensitivity ofP. falciparum gametocytes to methylene blue

IC50(95% CI)? [nM]

Compound

Day 9 gametocytes
(stages Il & 111)

Day 13 gametocytes
(stages IV & V)

Methylene blue

33.8 (32.1-35.7)

59.5 (37.3-94.8)

Pyocyanin

178 (147-21%)

557 (262-1190)

Chloroquine

8.60 (3.02-24.7)

487 (278-854)

%95% Confidence interval. The 46 between early (day 9, stages Il & 1ll) and latey( 13, stage IV
& V) gametocyte stages were significantly differémt all compounds: MB (P = 0.001), PYO (P =
0.002) and CQ (P = 0.01).

3.3.2In vitro gametocyte assay based on SYBR green | fluorescence
To identify novel agents that can kill gametocytssnple, rapid and robust drug

susceptibility assays are required (Adjaletyal, 2011). In this thesis, after drug exposure in
microtiter plates, the gametocytes were frozer8at°C and thawed before the SYBR1 assay
as described (Smilksteat al, 2004) was carried out.

Table 3.6: Comparison of SYBR green I-based and mioscopic drug susceptibility
assays oP. falciparum gametocytes.

IC50(95% ClI) ["M]

Day 9 gametocyteg
(stages Il & 11I)

Day 13 gametocytes
(stages IV & V)

Chloroquine

Microscopy 8.60 (3.02-24.7) 487 (278-854)

SYBR green I-based 11.26 214.0

Figure 3.52 and Table 3.6 show the dose responsesand the I§-values of day 9 (stages

II & Ill) and day 13 (stages IV & V) against CQ.Agpected, CQ was active against day 9
(stage II-111) but not day 13 (stage IV-V) gamettey validating microscopic methods.

Although, further optimization of this assay may te#uired, the use of SYBR green-I

fluorescence results in an assay suitable foraph&rand robust evaluation of susceptibility of
gametocytes dP. falciparumto antimalarial drug.
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Figure 3.52: Dose response curves for SYBR greerHiorescence gametocytocidal assay.
Following treatment with chloroquine (CQ) in midtet plates, the gametocytes were frozen

at -80 °C and thawed before the SYBR1 assay as dedcf@milksteinet al, 2004) was
carried out.
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4. DISCUSSION

4.1 Real time imaging of the glutathione redox potsial

In this thesis, for the first time, the rapid, dymic and quantitative real time imaging of
changes in th&gsy in the cytosol of. falciparumwas demonstrated, thereby offering novel
spatiotemporal insights into the role of GSH melisbo in the mechanisms of drug action
and resistance. Importantly, the cytosolic b&sgly of Dd2 and 3D7 strains was found to be -
313.9 + 3.4 mV and -314.2 + 3.1 mV respectively gasgiive of a highly reducing
compartment. Previously, the useful reporting raoigeGFP2 at pH 7.2 was ~ -312 mV to -
256 mV (Schwarzlandest al, 2008). Thus, the determined cytosddigsy are in the reporting
range for roGFP2. The cytosolic bag&aky in P. falciparum are consistent with those of the
cytosol of other organisms determined using roG&sed probes such as -325 mV in HelLa
cells (Dooleyet al, 2004), -318 mV irArabidopsis thaliangBraunet al, 2010) and -310 to -
320 mV inSaccharomyces cerevisi@glorganet al, 2011; Brauret al, 2010). Previously,
using global values (2.39 mM GSH; 8 GSSG, Atamna and Ginsburg, 1997) to represent
the cytosol of trophozoite stage Pf falciparum the basaEssy was estimated to be -265 mV
at 37°C and pH 7.2 (Becket al, 2003). However, different concentrations of tdksH
ranging from 0.4 mM to 2.3 mM in total parasitediss taken to represent the cytosoPof
falciparum have been reported (Buchhadt al, 2008). Yet,Essy depends not only on the
ratio of GSH to GSSG but also on the concentratib®&SH (Schafer and Buettner, 2001;
Becker ¢ al., 2003). These discrepancies may be due to thefusell disruptive methods
which not only result in loss but also in mixing @SH or GSSG from different
compartments and oxidation of GSH to GSSG. Compavid estimates using global
cytosolic values, Ecsy measurements determined using roGFP2 based methods
improvements of 2 to 3 orders of magnitude (Morgdnal, 2011). Here using a non-
disruptive genetically encoded biosensor (hGrx1FB@), a more reliable estimate thie
Ecsn in the cytosol oP. falciparumis provided

Notably, data in this thesis show that MB rapidigplbtes cytosolic GSH but in

contrast, other antimalarial drugs including quine$ and ART derivatives most likely have
down stream effects okgsy. A model (Figure 4.1) explains the differentialaciges in
cytosolicEgsy induced by antimalarial drugs. B falciparum the cytosol is the site of GSH
biosynthesis. GSH metabolism is differentially rieded in the drug resistant (Dd2) and
sensitive (3D7) strains mainly byGCS, PfGR and GSSG efflux (Meierjohaenal, 2002).
Indeed the GSH concentration in Dd2 was reportetbetatwice that in 3D7 ang-GCS
activity was 36 % higher in Dd2 compared to 3DA ibucontrast, GR activity was 1.5 fold
higher in 3D7 than in Dd2 (Meierjohamt al, 2002). Interestingly, only upon drug treatment,
the GSSG efflux is more reduced in Dd2 (by 20 %ntln 3D7 (by 10 %). Furthermore,
transporters including PfCRT (Fidoek al, 2000) and PfMDR1 (Reeet al, 2000) on the
food vacuole as well as PIMRP1 in the plasma mengbrdaj et al, 2009) mediate
accumulation of drugs between the cytosol and wiffe organelles (Sanchet al, 2010),
thereby influencing changes in cytosdligsy. Mutant PfCRT in Dd2 may transport CQ, AQ,
QN and MQ out of the food vacuole where these daggsimulate (Sanchet al, 2010). In
contrast PfIMDR1 may pump CQ, QN MQ ART into the foatwole. PIMRP1 may pump
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GSH, GSH- conjugates, CQ, QN, and ART out of the g8'a cytoplasm (Ragt al, 2009;
Sanchezt al, 2010).

MB is the oldest synthetic antimalarial drug (Guttmand Ehrlich, 1891; Schirmet
al., 2011) and has been shown to be active agaiestiakstages (Akoacheet al, 2005) and
against gametocytes bathvitro (Kasoziet al, 2011) and in clinical studies (Coulibayal,
2009). Recently, due to reduced susceptibilityPoffalciparumstrains to ART derivatives,
there is a renewed interest in MB-based combinatimrapies (Zoungranat al, 2008;
Schirmeret al, 2011). Pharmacokinetically, MB is characterized High bioavailability
accumulating to concentrations up to 30 uM in bl¢g8dhirmeret al, 2011; Kasozet al,
2011). Remarkably, MB rapidly depleted GSH from tlyosol of both resistant (Dd2) and
sensitive (3D7) strains d?. falciparumat micromolar concentrations comparable to those
observed in blood. MB botim vitro andin vivo oxidizes GSH with or without the formation
of H,O, (Kelner and Alexander, 1985). MB inhibits flavingadent disulfide reductases
PfGR, thioredoxin reductase (TrxR) and other enzyn\B. is rapidly converted to its
reduced conjugate leucomethylene blue (LMB) by eedogs flavin reductases. Then LMB
Is rapidly re-oxidized by oxygen to MB with concoamt generation of ROS that overwhelm
the parasite redox defence processes (Kelner aexbAtier 1985; Buchhokt al, 2010).In
vivo MB can directly accept electrons from reducing agesuch as NADH, NADPH, and
GSH which are then transferred to oxygen to geaeRM®S such as J,. Prior studies
indicate that MB inhibits PfGR (Farbet al, 1998) however wild type and GR knockout of
P.bergheiblood stages parasites had the same susceptitaliMB (Pastrana-Menat al,
2010; Buchholzt al, 2010) suggesting that GR may not be a primayetaf-urthermore,
MB exhibited comparable susceptibility against masis and sensitive strains d?.
falciparumsuggesting that its activity is unaffected by niotes in PfCRT and PfIMDR1. MB
has also been reported to inhibit hemozion formatiieereby ensuring that none polymerized
heme exits into the cytosol exerting oxidative sdréFigure 4.1). Interestingly, after 4 h
incubation at concentrations ranging from ~ 1 %0 100 x 1Go and 24 h at a concentration
of 4 x 1Gso, oxidation by MB was stronger in sensitive (3D7)nth&sistant (Dd2) strain.
These results are in accordance with observatioaisthe resistant Dd2 contains twice the
GSH concentration when compared to the sensitnans(3D7) (Meierjohanret al, 2002).
Taken together, the fact that MB depletes GSH frbm dytosol ofP. falciparumthereby
highlights the significance of the GSH redox systena drug target.

PYO is an analog of MB with antiplasmodial activiagainst asexual blood stage
parasites as well as young gametocytes (Kastoali, 2011). Concentrations of up to 100 uM
PYO have been detected in the sputdséudomonas aeruginosanfected cystic fibrosis
patients (Wilsoret al, 1988). Oxidation of hGrx1-roGFP2 by PYO may Bkplained by fact
that PYO is a redox cycing agent and exhibits paolant activity. Like MB, PYO can
directly accept electrons from reducing agents ascNADH, NADPH, and GSH. Electrons
are then transferred to oxygen to generate ROS ascHO, and singlet oxygen at the
expense of host antioxidant capacity.

MNA derivatives as suicide inhibitors of PfGR aradeantimalarial drugs (Bauet
al., 2006) that have shown activity & yoeliiin mice models (Arora and Srivastava, 2005).
Previously, MNA has been used in roGFP-based studi¢leLa cells (Doolegt al, 2004),
Arabidopsis(Schwarzlandeet al, 2009) and in cardiomyocytes (Loetral, 2010) to induce
ROS through redox cycling. Like MB and PYO, MNA aladuces oxidative stress by redox
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cycling. In addition to oxidizing GSH to give GSSB;0, and superoxide (Wendel, 1981;
Rosset al, 2003), MNA forms a 2-methyl-3- S-glutathionyl4-naphthoquinone (thiodione)
conjugate (Akerboonet al, 1988). More importantly, MB exhibited stronger @duction
capacity than MNA.

ART and its derivatives ATS and ATM are the mairysthantimalarial treatment as
major partners in ACT (Eastman and Fidock, 2009). AlRTivatives are characterized by a
broad activity across asexual stages including, irggphozoite and schizont stage as well as
against young gametocytes (White, 2008).Hn falciparum using afluorescent dansyl
trioxane derivative (Hartwigt al, 2009) and the pH-sensitive probe LysoSensor Bleé
Pilar Crespeet al, 2008), ART has been shown to initially accumulat¢he food vacuole
(Figure 4.1). Although the mode of action remaimknown (O’Neill and Posner, 2004),
current evidence suggests that ART and its derigatgenerate carbon centered radicals that
potentially may alkylate vital target cellular coomgnts such as GSH (Mukanganyaghal,
2001) leading to parasite death (Stoeksl, 2007). Surprisingly, in short term experiments
(5 min), ART and its derivatives failed to oxidizetb the recombinant hGrx1-roGFP2
protein andP. falciparumexpressing hGrx1-roGFP2 even at concentratiorte 190 pM. In
agreement with these data, ART derivatives have lbeparted not to act like truly pro-
oxidant drugs (Meschnick and Dobson, 2001). Indged;oxidant end products have been
observed at high concentrations (>100 uM) (Mes¢haid Dobson, 2001), whereas the drug
is effective at 10,000-fold lower concentrationsk@achereet al, 2005). Interestingly,
following 24 h incubation at a concentration of 4l1G@so, ART derivatives induced the
strongest oxidation and stronger in the sensitB7] than in the resistant (Dd2) strain.
Nevertheless, limited changes Hxsy were observed in the Dd2 strain. This result is
consistent with apparently no changes in the GE5@E Hdespite reduction in GSH levels after
exposure oP. falciparumto dihydroartemisinin which may be explained bfjuaf of GSSG
or adducts of GSH-ART by PfMRP (Ra&t al, 2009) (Figure 4.1). Furthermore, the
susceptibility of sensitive (3D7) and resistant 2pdtrains against ART and its derivatives
were comparable (Akoacheet al, 2005) despite reported differences in GSH cotmagons
(Meierjohanret al, 2002). Taken together, our data show that ARTi@nderivatives exhibit
significant but delayed effects on GSH metabolisim explain these results, it is
hypothesized that ART derivatives (Figure 4.1) phdpaccumulate and directly act on other
target(s) both in the cytosol and the food vacubé lead to the production of ROS which
ultimately but later significantly affect cytosol8SH levels. Putative targets of alkylation
such as the PfATP6 - a SERCA-type’Ca ATPase (Pandegt al, 1999), translationally
controlled tumor protein (Bhisutthibhaet al, 1998), heme (Kannagt al, 2002), reduced
GSH (Mukanganyamat al, 2001) and the cysteine proteases (Pardey, 1999), proteins
of the electron transport chain (&t al, 2005), mitochondrial membrane (del Pilar Crespo
al., 2008) have been reported. In addition, ART dékrea have been reported to disrupt the
redox homeostasis within the malaria parasite, bgtloxidizing FADH in parasite GR or
other parasite flavoenzymes, and by initiating =migtation of the dihydroflavin by oxygen
with generation of ROS (Haynesal, 2011).

Before adoption of ACT, quinoline antimalarial drugsluding CQ, AQ, QN, MQ,
played a key role in antimalarial chemotherapy {Bas and Fidock, 2009). Currently due to
high resistance, CQ was abandoned but AQ and MQ mlpr roles as partner drugs in
ACT. Furthermore, QN is recommended for severe naaldAchan et al, 2011).
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Significantly, mutations mainly ipfcrt (Fidock et al, 2000)and pfmdrl (Reedet al, 2000)
differentially influence quinoline drug action anesistance. Nevertheless, an additional role
for GSH in mode of action and resistance to CQ waggessted (Ginsburgt al, 1998).
Evidence suggests that quinoline antimalarialshimtiocrystallization of ferriptoroporphyrin
IX (FP) into hemozoin in the food vacuole. Howeviege FP exits from the food vacuole into
the parasite’s cytosol where it can be degradedsByi. Yet, FP degradation by GSH is
reported to be effectively inhibited by CQ and At not by QN or MQ (Ginsburgt al,
1998). Furthermore, support for a possible roleGQ-FP induced oxidative stress (Logt
al., 1999; Graveet al, 2002) as part of the mechanism of action of C® been provided
however this has been questioned (Maattial, 2002). Suprisingly, none of the quinoline
drugs CQ, AQ, ON and MQ caused increases in thedfoence ratio 405/488 nm of the
recombinant hGrx1-roGFP2 protein, thereby sugggdimat reactive intermediates may be
responsible for the oxidative effects of quinolideugs in the parasité®. falciparum
Furthermore, unlike MB, none of the quinoline druggidly (within 5 min) caused increases
in the fluorescence ratio 405/488 nm in short expents even at concentrations up to 100
HM. Interestingly, in both 4 and 24 h incubatiorpesments all drugs caused changes in the
fluorescence ratio 405/488 nm which was greatethen sensitive (3D7) than the resistant
(Dd2) strain. Surprisingly, MQ and QN elicited stger oxidation than CQ or AQ. These data
are consistent with previous reports suggesting ttie primary mode of action of MQ and
probably QN may be outside the food vacuole (Figudg§ probably in the cytosol including
targeting PIMDR1 (Sancheet al, 2010). Conceivably, inhibition of GSH-mediateddan
H,O.,-mediated FP destruction by quinoline antimaladialgs leads to a build up of FP and
H,O, exacerbating oxidative stress. Although quinolirgis not release free radicals,
presumably FP may exert cytotoxicity via free-ratlilependent mechanism.

Endogenously, kD, is formed during the conversion of oxyhemoglobio t
methemoglobin in the food vacuole (Atamna and Gingb 1993). Indeed it has been
reported that when an endocytic vesicle contai@@gnM hemoglobin fuses with the food
vacuole at pH 5, oxyhemoglobin undergoes spontanaato-oxidation leading to production
of superoxide anions that dismutate to severdimdlar concentrations of D, (Atamna
and Ginsburg, 1993). Interestingly, data here shthvas hGrx1-roGFP2 irP. falciparum
responded to millimolar concentrations 0§Q4 comparable to those achievable within the
parasite food vacuole. As already shownOKH would diffuse rapidly into the cytosol.
Alternatively, genetically encoded biosensors ideig roGFP2-Orpl (Gutschet al, 2009)
and Hyper-2 (Markvichevat al, 2011) that are sensitive to micromolar conceiana of
H>O,would be targeted to tHe. falciparumcytosol.

Finally, previous studies suggest that depletionG&H is not a prerequisite for
parasite death (Ittarat al, 2003). Clearly, this study shows that there wasenparasite
death in the drug sensitive strain (3D7) which loager GSH levels than the drug resistant
strain (Dd2) that has higher GSH levels. Nonetlsld®e GSH levels in the Dd2 strain were
also depleted by diamide but without significantrgsite death. Collectively, these data
suggest that depletion of GSH may increase theegptibdity of P. falciparumto death
caused by antimalarial drugs due to disruptiontbéovital cellular processes.
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Figure 4.1: Model for glutathione redox potential

Methylene blue (MB), Artemisinin (ART), Artesunaf&TS), Artemether (ATM), Chloroquine (CQ),
Amodiaquine (AQ), Quinine (QN) and Mefloquine (M@3 well as compounds including Buthionine
sulfoximine (BSO) and Pyocyanin (PYO) accumulate in the fooduwbe and the cytosol of.
falciparum. Following its uptake hemoglobin is digested to hgffeX) and globin. MB, ART, ATS
ATM [3], CQ, AQ, QN and MQ inhibit the formation dfemozion (HZ). Then non-polymerized
heme exits the food vacuole into the cytosol, weig degraded by GSH. CQ and AQ but not QN or
MQ inhibit GSH-mediated degradation of free hemmhibiition of GSH-FP destruction leads to a
build up of HO, and FP exacerbating oxidative stress MB and P¥Jdwathermore redox cyclers and
directly oxidize GSH which may explain their rapattions onEgsy. Furthermore, transporters
including PfCRT and PfMDR1 on the food vacuole aallvas PfMRP1 in the plasma membrane
mediate accumulation of drugs between the cytosdl different organelles [8], thereby influencing
changes in cytosolic glutathione redox potentizk(). Mutant PfCRT in Dd2 may transport CQ, AQ,
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QN and MQ out of the food vacuole where these daggimulate [5]. In contrast PIMDR1 may
pump CQ, QN, MQ, ART into the food vacuole [6]. MBRP1 may pump GSH, GSH- conjugates, CQ,
QN, and ART out of the parasite’s cytoplasm [7]rtRermore, other factors also explain differences
in Egsy. Glutathione metabolism is differentially regulatiedthe drug resistant (Dd2) and sensitive
(3D7) strains mainly by-GCS, PfGR and GSSG efflux. The GSH concentratio®d2 has been
reported to be twice that in 3D7 whileGCS activity was 36 % higher in Dd2 compared t& 3but

in contrast, GR activity was 1.5 fold higher in 3fh&an in Dd2 [16]. Interestingly, only upon drug
treatment, the GSSG efflux is more reduced in D220 %) than in 3D7 (by 10 %).

Indeed oxidative and nitrosative stress are knowen promote protein-S-
glutathionylation (Townsend, 2007) adversely aiffegtcellular physiological processes
including energy metabolism, protein folding, catoi homeostasis, redox regulation and,
redox and signaling proteins -mainly kinases andsphatases. Recently, 493 targets of
protein-S-glutathionylation were identified B. falciparum (Kehr et al, 2011). Of these,
enzymes involved especially in energy metabolisciuning glyceraldehyde 3-phosphate
dehydrogenase and pyruvate kinase were shown torelersibly inhibited by S-
glutathionylation.

In summary, the applicability of a highly specifmosensor hGrx1-roGFP2 for
measuring the intracelluldssy, in real time, inP. falciparumhas been demonstrated. This
biosensor should be particularly useful in elugitathe roles of oxidative stress not only in
the mechanism of action of a wide range of antimalladrug candidates, but also for
investigating the effects of immunity, includingetloxidative burst in immune cells, which
plays a majorole in destroying parasites/pathogens.

4.2 Uptake of host hPrx2 intoP. falciparum

Endocytosis has been suggested as an essenti@dmudecular uptake mechanism
of host cytosol proteins intB. falciparum(Hoppeet al, 2004). Using electron microscopy,
Elliott et al (2008) reported that hemoglobin, the best studiedtein, is taken up
additionally, by the “big gulp”, via cytostomal te® and phagotrophy. Indeed several
conflicting models to explain the uptake of progelmave been suggested (Baumeisteal,
2010). To date, besides hemoglobin, several hg#trecytic proteins (~30, Table 3.3) have
been reported to be imported inf. falciparum to perform crucial roles in parasite
physiology (Bondaet al, 2000; Varadharajaet al, 2004; Fottet al.,2011) and antioxidant
defense (Fairfield and Meshnick, 1983; Koncaretial, 2009). Interestingly, some proteins
have been reported to be imported to different aonpents or organelles, in particular, the
cytosol and food vacuole suggesting that the médeawptake mechanism may involve novel
sorting motifs. In this thesis, four endocytosisasated motifs namely: the sorting and
internalization signal (SIS), tyrosine-based sgrtignal (TSS) and clathrin box motif (Clat)
and the WXXXY|F motif which are differentially digtuted in imported erythrocytic proteins
were identified. Surprisingly, few proteins (7) limding hPrx2 contained SIS°{VDEALRL
159 1TSS 7 YVVL % My GVyLE 12YRGLYY) and Clat ¥¥° LFIID*®¥). By evaluation of the
uptake of SIS, Clat, active site as well as N- ande@ninal deletion mutants of hPrx2, it has
been shown that the endocytosis associated motifsPrx2 may mediate its uptake into
different compartments ifP. falciparum Similar to host hPrx2, all recombinant hPrx2
mutants were taken up but hP{x25 hPrxd©172S) hprxCSYL72S)  hpryCiatizo-133) pppy 315
198) and hPrx8 " were digestedNevertheless, these aspects need to be investifyatelr,
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to encompass more imported proteins that perforfferdnt functions. This data is in
agreement with that of Bondagt al. (2000) on the uptake of recombinant mutants-of
aminolevulinate dehydratase. Although not iderdifeg that time, here it is shown that the
smallest 93-amino-acid fragment &faminolevulinate dehydratase that was proved to be
imported into the cytosol d®. falciparumcontained SIS'PEAIHLLR ). These data are in
agreement with the reported abundance profile Rax® where hPrx2 peaks in ring stages (<
16 h post invasion) followed by decline probablyedw degradation by protease®ne
possible model to explain these results is basetti@nole of big gulp and endocytic vesicles
in uptake of erythrocytic proteins (Elliogt al, 2008). The big gulp occurs in the ring stages
while endocytic vesicles take place throughoutehgre life cycle. The big gulp is formed
through invagination of the parasite vacuole memér@VM) and parasite membrane (PM)
enclosing host proteins giving rise to the fooduae. Several proteins along with hPrx2 may
be imported via this route and subsequently some beadigested like hemoglobin (Lazarus
et al.,2008) and catalase (Clarebatital, 1998). However, others such&aminolevulinate
dehydratase (Bondagt al., 2000) may escape degradation by binding to foocueia
membrane proteins and using the endocytosis matiftranslocate to the cytosol.
Alternatively, after the big gulp, endocytosis metmay play a major role in determining
which proteins are taken up in the endocytic vesiclHere it is shown that hPrx2 is imported
into the food vacuole and digested but presumatotyesof the fragments may translocate, as
earlier reported to the cytosol (Koncareeical, 2009). Even after the big gulp, hPrx2 may
continue to be taken up in endocytic vesicles tgadentification using endocytosis motifs.

Although the 15 kDa and 17 kDa digestion produdtsiPrx2 were observed in this
thesis and by Koncarevet al (2009), hPrx2 here is reported in the food vaeuelconstrast
to cytosol (Koncareviet al, 2009). The difference in location of hPrx2 maydxplained by
sample fixation step used in the immunofluorescenethods. Here 4% paraformaldehye and
0.00075% glutaraldehyde were used as describedkifT@n al, 2004) while Koncareviet
al. (2009) used 5% methanol and 95 % acetone for Ieafiyation. Sample fixation is a
crucial step in preservation of cell morphology. riealdehyde prepared from
paraformaldehyde is the fixative of choice to examsubcellualar localization as it acts as a
mild cross linker. By contrast, cold methanol acdtane work by precipitating proteins and
carbohydrates and hence do not maintain integffitynembranes and organnelles during
localization (Tonkinet al, 2004). Hence it may be that the presence of hilkrthe cytosol
was due to the rupture of the food vacoule membr@mailarly, Chuet al (2011) found that
PfPV1 localised solely to the parasitophorous veecwdhen using the method described by
Tonkin et al (2004) in contrast to the parasitophorous vacaalk the Maurer’s clefts when
using methanol/ acetone meth¢Nyalwidhe and Lingelbach, 2006). Taken togethehis
thesis further evidence is provided for the usdoofmaldehyde (Tonkiret al, 2004) as a
method of choice for subcellular localisation of otgins in P. falciparum by
immunofluorescence.

Previous studies suggest that quinoline drugs, ABvdtives (Hoppeet al, 2004),
actin inhibitors (Smytheet al, 2008) and alkalinizing agents (Hoppe al, 2004) inhibit
endocytosis inP. falciparum By Western blot analysis d?. falciparumfollowing a 24 h
incubation at a concentration of 4 xsb(t was found that CQ, MQ, ART, CTD, JAS, DYN,
BFA, NaNs, MNS, NH,CI and PQT differentially inhibited not only endoagis but also
digestion of hPrx2. Among the tested antimalariaigd, ART and MQ inhibited both

120



Discussion

endocytosis and digestion of hPrx2 greater than &i@Qilarly, these data are in agreement
with reported effects of ART, MQ and CQ on endocigobkloppeet al. (2004) reported that
MQ and ART inhibited endocytosis of hemoglobin but ©Qly disrupted the fusion of
transport vesicle with food vacuole. Indeed, relgerlonis et al (2011) reported that the
activity of ART againstP. falciparumrequired not only the uptake but also digestion of
hemoglobin. Indeed treatment of either falciparum (Hoppeet al, 2004) orP. berghei
(Fitch, 2004) with CQ has been shown to lead toatt®@imulation of transport vesicles in the
parasite cytoplasm. Consistent with this data, Koegea et al (2009) demonstrated the
enhanced uptake of host hPrx2 into the cytos®l.délciparumafter treatment with CQ.

Contradictory effects between the actin inhibitoA& Jand CTD were reported on the
endocytosis of hemoglobin inf®. falciparum(Smytheet al, 2008). By constrast, here it is
also shown that JAS and CTD had similar effects hen uptake of hPrx2. JAS the actin
stabilization and polymerization agent reduced kgtaf hPrx2 significantly greater than
CTD a depolymerization agent. These data suggest dbpolymerization of actin was
stronger than stabilization and polymerization nhibiting endocytosis. Additionally, both
JAS and CTD inhibited digestion of hPrx2. Consistgith hemoglobin (Zhotet al, 2009),
DYN inhibited endocytosis of hPrx2 highlighting theportance of dynamin in the uptake of
proteins including hPrx2.

Compared with CQ, alkalinizing agents such as MNS MHGC| have been reported
to cause the accumulation of transport vesiclegesttye of a blockage in food vacuole-
vesicle fusion (Hoppet al, 2004). Here it is shown that similar to CQ, MN®& &NH,Cl had
less inhibitory effect on endocytosis of hPrx2 iRtofalciparum Indeed NHCI significantly
enhanced hPrx2 uptake. More importantly it was chétbat MNS was highly active agairiat
falciparum (ICso = 1.0 nM) suggesting that this class of compoun@s/ be good lead
antimalarial agents. As expected Naldn ATP depleting agent, inhibited uptake of hPrx2
since endocytosis is an energy dependant procgssorrast, BFA did not have any impact
on the uptake of hPrx2 int®. falciparum In conclusion, the understanding of the
mechanisms of uptake of host proteins may yiel@émal not only drug targets but also lead
antimalarial candidates.

4.31In vitro activity of methylene blue against gametocytes &f. falciparum

Suitable control, elimination or eradication of laxa will require drugs that not only
target the blood stages but also transmissibleestige gametocytes (Adjalley al, 2011).
Most antimalarial drugs including CQ and QN as wsIlART (Benoit-Vicakt al,, 2007) Kill
Immature gametocytes (stages 1-111). However, theng gametocytes (stages I-11l) that are
drug susceptible are sequestered while makuréalciparumgametocytes are significantly
more drug resistant and affected only by a few slregch as 8-aminoquinolines (White,
2008). Despite being an ancient antimalarial driuthe 1890s (Guttmann and Ehrlich, 1891),
thein vitro activity of MB onP. falciparumgametocytes had never been shown. In this thesis,
thein vitro activity of MB on gametocytes was demonstratedcdntrast to CQ and PYO,
MB was highly active against all stages of gametgyh the nanomolar range. Notably, the
ICs0 (95% confidence intervalpf MB against young (stage llI-Ill) and mature (&dy-V)
gametocytes was found to be 33.8 (32.1-35.7) nM 5308 (37.3-94.8) nM, respectively
(Kasoziet al, 2011). These data by Kasatial (2011) were reproduced in a later study by
Adjalley et al (2011). Consistent with previous reports (Benottalet al, 2007), CQ was
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only active against young (day 9, stages Il andblit not mature gametocytes (day 13, stages
IV and V). Interestingly, MB was more effective thBNO, which may be due to the fact that
MB is a stronger inhibitor of PfGR than PYO (Kasetial, 2011). In accordance with
clinical studies, Coulibalgt al. (2009) found strong gametocytocidal effects ial$riof MB-
based combination therapy against falciparum nel&totably, MB has been shown to have
prooxidant properties and to interfere with thetbdoxin and GSH system (Buchheizal,
2008). As mentioned above, MB vivo oxidizes GSH with or without the formation of®b
(Kelner and Alexander 1985n vivo MB can directly accept electrons from reducing agen
such as NADH, NADPH, and GSH which are then tramsteto oxygen to generate ROS
such as KO,. Indeed, knock out of either GR (Panstrana -nmetrel, 2010; Buchholzt al,
2010) ory-GCS (Vega-Rodrigrueert al., 2009) fromP. bergheithough not essential for
asexual stages were critical for sexual stagescpkatly oocyte development. Furthermore,
the activity of MB may be explained by the enhaneegbression of its target proteins
including glyoxalases, glutaredoxin, and 2-Cys pgeesloxin which are involved in
protection against oxidative stress in mature gaoy¢s (Le Roclet al, 2003). The fact that
MB nevertheless retains great potency against mganeetocytes supports its inclusion in
ACT or the development of MB based combination thiesap

The lack of rapid quantitative assays for meagutie gametocytidal activity
of existing and lead antimalarial drugs has presfudhe identification of transmission
blocking drugs. Most prior data on thea vitro gametocytocidal activity of existing
antimalarial drugs was obtained by microscopic me@shinvolving counting of gametocytes
(counts per 10,000 erythrocytes on thin film) whishan extremely time consuming and
laborious process. Recently, assays utilizing Gikd#®® been developed (Dixat al, 2008;
Buchholzet al, 2011; Adjalleyet al, 2011). Assays developed by Dixehal (2008) and
Buchholzet al (2011) depend on episomally replicating plasnadd as a result selection
agents mainly WR99210 are continuously added tg#meetocytes to maintain fluorescence.
Additionally Adjalleyet al (2011), developed an assay based on stable atiwyrof GFP —
luciferase reporter. Serious questions remain asviiether transgenic gametocytes are
metabolically similar and susceptible as normal gimtytes. Moreover, promoter activity for
pfslg pfs48/45and mal8pl.16used in these GFP- based methods is so varialslagdu
gametocyte development. Furthermore, the peridihw from transfection to appearance of
transfectants may take at least 3-4 weeks or ewashrfonger for stable integration. More
importantly, here the SYBR1 green fluorescence methyp®milksteinet al (2004) was
adapted, giving rise to a simple, rapid and inespen fluorescence-based technique for
determining activity of antimalarial drugs agaigametocytes.
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6. APPENDIX

1M A QEFVNTCKI QP GIKVVVEIl K

1 ATGGCTCAAGAGTTTGTGAACT GCAAAAT CCAGCCT GGGAAGGT GGTTGTGTTCATCAAG
2P T CPYCRRAOQEILSOQLUPI KO

61 CCCACCTGCCCGTACT GCAGGAGGGCCCAAGAGAT CCT CAGT CAATTGCCCATCAAACAA
416 L L EF VDI TATNHTNTETLI QDY

121 GGGCTTCTGGAATTTGTCGATATCACAGCCACCAACCACACT AACGAGATTCAAGATTAT
1L Q QL T GARTVPRVTF FI GKDC I

181 TTGCAACAGCTCACGGGAGCAAGAACGGTGCCTCGAGTCTTTATTGGTAAAGATTGTATA
816 G C S DLV SLQQSGETLTLTR RTLK

241 GGCGGATGCAGTGATCTAGTCTCTTTGCAACAGAGT GGGGAACT GCTGACGCGGCTAAAG
1001 1 GA L QT SGGSGGGGSGGG G

301 CAGATTGGAGCTCTGCAGACTAGTGGT GGTTCAGGT GGT GGTGGT TCAGGT GGTGGTGGT
121S G G G G S GG G GS G GGG GS G GEF

361 TCAGGTGGAGGAGGAT CAGGAGGAGGAGGAT CAGGAGGAGGAGGAT CAGGAGGAGAATTC
141V S K G E E L FTGVVPI LVETLTDG

421 GTGAGCAAGGGCGAGGAGCTGTTCACCGRGGT GGT GCCCATCCTGGT CGAGCT GGACGGC
161D V N GH K F SV S GEGTETGDA AT Y G

481 GACGTAAACGGCCACAAGT TCAGCGT GTCCGGCGAGGGCGAGGGCGAT GCCACCTACGGC
181K L T L K FI1 S TTGKTLZPVPWPTIL

541 AAGCTGACCCTGAAGT TCATCTCCACCACCGGCAAGCT GCCCGT GCCCT GGCCCACCCTC
200V T T L TY GV QCFSRYUPDUHMEKDOQ

601 GTGACCACCCTGACCTACGGCGT GCAGT GCTTCAGCCGCTACCCCGACCACATGAAGCAG
221lHDFFKSAMPTEGYVQETRTI FF

661 CACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT CCAGGAGCGCACCATCTTCTTC
241K D D G NY KTRAEVIKTFEFEGDTTL V

721 AAGGACGACGGCAACT ACAAGACCCGCGCCGAGGT GAAGT TCGAGGGCGACACCCTGGTG
261N R 1 E L K G 1 DF KEDGNI L GHK

781 AACCGCATCGAGCT GAAGGGCATCGACT TCAAGGAGGACGGCAACAT CCT GGGGCACAAG
260lL E Y NY NCHNV Y|l MADTZKTO QTZ KNG

841 CTGGAGTACAACTACAACTGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGEC
3011 KV NFIKI RHNI EDGSVOQLATD

901 ATCAAGGTGAACTTCAAGATCCGCCACAACAT CGAGGACGGCAGCGT GCAGCTCGCCGAC
3lHY Q Q NT PI GDGPVLLPDNHY

961 CACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT GCTGCTGCCCGACAACCACTAC
31L S T C S AL SKDZPNETZKTR RDUHMVL
1021 CTGAGCACCTGCTCCGCCCT GAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
31L EFVTAAGI TLGMDETL Y K *
1081 CTGGAGTTCGTGACCGCCGCCGGGAT CACT CTCGGCAT GGACGAGCT GTACAAGTAA

Figure Al: DNA and protein sequence of hGrx1-roGFP240.9 kDa). The human glutaredoxin
(hGrx1, DNA sequence in black) is fused to the Nriaal end of roGFP2 (DNA sequence in green)
through a linker (DNA sequence in red) comprisir@8paamino-acid spacer, (Gly-Gly-Ser-Gly-Gly)
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Figure A 2: The pARL-1a+ hGrx1-roGFP2 plasmid.
The restriction sites in the pARL-1a+ hGrx1-roGRR&smid (kindly provided by Prof. A. Meyer,
Bonn University) are indicated.

1M ASGNARI GKPAPDUFIKATAYV
1 ATGGCCTCCGGTAACGCCCGCAT CGGAAAGCCAGCCCCTGACT TCAAGGCCACAGCEGT G
22v D G A F K EVKULSDY K GK Y V VL
61 GITGATGGCGCCT TCAAAGAGGT GAAGCT GT CGGACTACAAAGGGAAGTACGT GGTCCTC
41 F F Y P L DFTFVCWPTEI I A F SN
121 TTTTTCTACCCTCTGGACTTCACTTTTGIGTGCCCCACCGAGATCATCGCGI TCAGCAAC
61 R A E D FRKUL GCEVL GV SV DS Q
181 CGTGCAGAGGACT TCCCCAAGCT GEECT GTGAAGT GCTGGEECGT CTCGGT GGACTCTCAG
81F T HL AWI NTWPRIKIE GG GL GP L N
241 TTCACCCACCTGGCTTGGATCAACACCCCCCGGAAAGAGEGAGECT TGEGECCCCCTGAAC
1011 P L L ADVTWRWRLSEDYGVLKT
301 ATCCCCCTGCTTGCTGACGT GACCAGACGCTTGTI CTGAGGAT TACGECGT GCTGAAAACA
122 b E GI AYRGLF I I DGIKGVL RQ
361 GATGAGGGCATTGCCTACAGGGEECCTCTTTATCATCGATGGCAAGGEGT GTCCTTCGCCAG
1411 T V ND L PV GR SV DEA AL RL V Q
421 ATCACTGITAATGATTTGCCT GT GGGACCCT CCGT GGAT GAGGECT CTGCGECTGGTCCAG
161 A F Q Y T b EHGEVCZPAGWKP G S
481 GCCTTCCAGTACACAGACGAGCATGCEGAAGT TTGT CCCACT GECT GGAAGCCT GGCAGT
181D T I K P NV DD S K EY F S K H N *

541 GACACGATTAAGCCCAACGT GGATGACAGCAAGGAATATTTCTCCAAACACAATTAG

Figure A 3: DNA and protein sequence of hPrx2The hPrx2 gene is located on chromosome 19
(NC_000019.9) with 597 nucleotides and 198 amindsaia the protein (P32119.5).
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Figure A 4: Multiple sequence alignment illustrating differences between the mutants of hPrx2
as compared to the full length protein.
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Figure A 5: pQE vectors for N-terminal 6xHis tag onstructs.

ColET

PT5: T5 promoterjac O: lac operatorRBS: ribosome-binding siteATG: start codon6xHis: 6xHis
tag sequenc@/CS: multiple cloning site with restriction sites imdied,Stop Codons stop codons in
all three reading frame§ol E1: Col Elorigin of replicationAmpicillin : ampicillin resistance gene,

laclq, laclg repressor gene.
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Table A 1. Results of a eukaryotic linear motif seath of hPrx2. These structural and
functional motifs were identified using the simpd@dular architecture research tool (SMART,
http://smart.embl.de/,Letungt al, 2009)

Elm Name Matched | Position | Elm Cell Pattern
Sequence| s Description Compartment

CLV_NDR_NDR_1 | FRK 65-67 N-Arg dibasic | extracellular, (.RK)|
PRK 90-92 | convertase Golgi apparatus,| (RR["KR])
RRL 109-111| cleavage site | cell surface

CLV_PCSK_SKI1_ | KGVLR 135-139 | subtilisin/kexin endoplasmic [RK].

1 isozyme-1 reticulum lumen,| [AILMFV]
endoplasmic [LTKF].
reticulum,

Golgi apparatus
LIG BIR_Il_1 MASGN | 1-5 motif binds mitochondrion, | M{0,1}[AS]...
specifically to | cytosol,
type Il BIR cytoplasm
domains
LIG_ FHA 1 DVTRRL | 106-112 | phospho- nucleus (T)..[ILV].
S threonine motif
LIG_FHA_2 QITVND | 140-146| phospho- nucleus, ..(T)..[DE].
L threonine motif| replication fork
LIG_MAPK 1 KGKYVV | 34-42 MAPK- nucleus, [KRKO,2}[K
LFF interacting cytosol R].{0,2}[KR].
molecules {2,4}ILVM].
LIG_SCF_FBW7_2| INTPRKE 87-93 The TPxxXE | nucleus, [LIVMP].{0,2
phospho- cytosol HTP..E
dependent
degron binds
the FBW7 F
box proteins of
the SCF.
MOD_CDK_1 WINTPR | 86-92 substrate motif cytosol .([ST)P.[KR
K for
phosphoryla-
tion by CDK
MOD_PIKK_1 SVDSQF | 76-82 (ST)Q motif | nucleus ([ST)Q..
T phosphorylated
by PIKK
family
members
MOD_PKA 1 RRLSED | 109-115| cAMP- cytosol, [RK][RK].([S
Y dependent nucleus TD[P]..
protein kinase
complex
MOD_PLK LDFTFV | 45-51 Site nucleus, IDEL([STDII
C phosphorylated cytosol LFWMVA]..

by the polo-like

kinase
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Table A 2: Results of a eukaryotic linear motif seach of hPrx2. List of motifs falling inside

the SMART/PFAM domains but scoring poorly with thirustural filter.

EIm Name Positions | EIm Description | Cell Pattern
Compartment
CLV_PCSK_SKI1_1 | 26-30 subtilisin/kexin endoplasmic [RK].
127-131 | isozyme-1 reticulum [AILMFV]
lumen, [LTKF].
endoplasmic
139-143 reticulum,
Golgi apparatus
LIG_Actin_WH2_2 125-141 The WH2 motif iscytosol [*R]..
of variable length (CIILMVF))|
(16-19 amino ([ILMVF].))
acids) binding to ["P]["P][ILV
the hydrophobic M].
cleft formed by {4,7}
actin's L(([KR].)
subdomains 1 and |(NK))
3. [VATIGS]
LIG_Clathr_ClatBox_1] 129-133 Clathrin box Golgi apparatus| L[IVLMF]
motif cytoskeleton, [IVLMF][DE]
clathrin-coated
endocytic
vesicle,
Golgi trans-face
cytosol
LIG_CYCLIN_1 127-131 substrate nucleus, [RK].L.{0,1}
recognition site | cytosol [FYLIVMP]
that interacts with
cyclin
LIG_FHA_1 16-22 phospho- nucleus (T)..[ILV].
51-57 threonine motif
LIG_SH2_PTP2 37-40 SH-PTP2 and | cytosol ()[IV].[VILP
phospholipase C-
gamma Src
homology 2
(SH2) domains
binding motif.
LIG_SH2_STAT5 37-40 STATS Src cytosol (Y)[VLTFIC].
164-167 | homology 2 )
(SH2) domain
193-196 | hinging motif
LIG_Sin3_3 17-24 Motif interacts | nucleus [FA].[LA]
with PAH2 [LV][LVI]
domain. .JAM]
MOD_PKA 2 109-115 PKA-type AGC | cytosol, R.([STD[P]..
kinase nucleus,
phosphorylation | cAMP-
dependent

protein kinase

140




Appendix

complex
MOD_TYR_ITIM 124-129 iImmunoreceptor | cytosol [ILV].(Y)
tyrosine-based [ILV]
inhibitory motif
TRG_ENDOCYTIC 2 | 37-40 tyrosine-based | plasma Y..[LMVIF]
115-118 | sorting signal membrane,
clathrin-coated
endocytic
126-129 vesicle,
cytosol
TRG_LysEnd_APsAcl 154-159 sorting and cytosol, [DER]...L[LVI
L1 internalization endocytic D
signal vesicle
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