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ABSTRACT

Malaria continues to be a devastating diseBesmodium falciparuns the most

lethal human malaria parasjteesponsible for the majority of the hundreds of

millions of cases of malaria and approximaté§b,000 thousandeathsn 2010.
Understanding theiblogy of the parasite is vital in identifying potential drug

targets necessary to develop novel treatments to combat the disease. During every
48-hour asexuaintra-erythrocyticreplication cycle, a single parasite can produce

up to 32 progeny. This extsiwe proliferation implies that parasites require
substantial amounts of lipid precursorGlycerol kinase (GK) is a highly

conserved enzyme that functions at the interface of lipid synthesis and
carbohydrate metabolism. GK catalyzes the AlERendent ph@horylation of

glycerol to glyceroi3-phosphate, a major phospholipid precursor. In this study,

the full length 1506bpP. falciparumglycerol kinasgPfGK) genewas cloned and

expressed as a glutathionetr@nsferase (GST) fusion protein B coli. The
recombinanPfGK (rPfGK) enzyme was predominantly expressed as an insoluble
aggregatehowever ~3ug soluble PIGK was purified from an 800ml induced

culture. SDSPAGE analysis showed that the protein migrated78kDa andits

enzyme activity was verifiedising anADP-coupled spectrophotometric assay

The kinetic parametergor rPfGK were K, = 15 M f or gl ymc=er ol an
15.%M for ATP. To evaluatethe role of the enzymein asexual bloogtage
development,P{GK was disrupted using double crossover homologous DNA
recombination to generate a gl RiGK.r ol kin
Southernhybridization andPfGK mRNA expression analysis verified that the

gene had bee nPGKigowthratésevdre evalutédausing thiazole

orange, a DNA staining dye, coupled to flow cytometry analysis for improved
sensitivity. Highly synchronized rinstage parasites were monitored over one 48

hour devel opment al cycl e Pf@k drowthevasu | t s st
significantly reduced to 56.5 1.8% when compared to wild type parasifEsis
reduced pr ol iHAGKrkaotkoub parasitds sugdgestsapPfGK is

requiredfor optimal proliferation during the blood stagdsut is not essential for

viability and therefore, not a potential drug targetowever, PIGK mRNA

\Y,



expressionis markedly elevated in gametocytes and sporozoitegs suggests
that PfGK may play a significant role in the mosquitand liverstage parasites,
with implications for a potential transmissibitocking targetThus, using a novel
bioinformatics nethod, Evolutionary Patterningn combination with structural
modelling, three patential drug target sites that were different to the human GK
orthologue and less likely to develop resistance to compounds were identified
Further studies in the mosqustageswill provide insight into the role dPfGK in

the lifecycle ofP. falciparum parasites.
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Chapter 1: Introduction

1.1 Malaria

Malaria is the most deadly vectbornedisease in the worldApproximatelyhalf
of t h e popuwation (3.8 Ellion peoplg are at risk for the diseasenost
living in tropical countries in Africa, central and south America eaakral, south
and southeasAsia (Figurel). The World Health OrganizatiofWwWHO) estimate
that the number ofmalaria casesincreased from 233 million in 2000 to 244
million in 2005 in line with populationgrowth In 2010 however the number of
casegdecrease to 216 million and the numbeof estimateddeathswas reduced
from 985,000 in 2000 t665000 in 240 due to malaria contrggrogrammesn
the 106 malari@ndemic countrie$WWHO, 2011b) Most of thedeaths occur in
third-world and resourcepoor countries, especially those in stéharan Africa
(~90% of casesyvhere malaria i®speciallysevere in children under the age of
five years Malaria is caused bylasmodiumparasitesand togetherwith the
expansiorof other infectious ibeases such as HIV/AIDS and tuberculasithe
last decadeco-infectionhas resulted in an overaficreasd risk of mortality and
morbidity for each diseas having a significant negative impacin humankind
(Hurtley et al, 2010)

Several effortshave been mad® ensure global coveragd malaria treatment
and prevention programmes andtigtivesintroducedto curb theburden ofthe
disease Funding has increasedsignificantly from US$®00 million in 2004 to
US® billion in 2011, and although this is still short of the US$5 billion per
annum necessary to achieve universal coverage for all populations at risk, current
fundinghas enabled the WHO and its partners to distribute insectredeed nets
(ITNs) to 73% of the 800 millionpeople at risk for malarien subSaharan Africa
and perform millions of residual indoor insecticide spraying for vector control, all
geared towards th&/HO Millennium Development Goal opreventing global
deahsdue to malaridy the end 02015 (WHO, 2011b) Several successes have
beenachievedduring thelastfour years wherea decrease in malaria burden was
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observed in all WHO regions amdalariaeffectively eliminated in Morocco and
Turkmenistarin 2010 (WHO, 2010b)and Armenia in 201{WHO, 2011b)

a)
.
B Countries or areas where malaria transmission occur:
Countries or areas with limitedsk of malaria
transmission
b) Z w%ﬁgfg

200 W
D

. N 4
Incidence perthousand

Figure 1: The global distribution and incidenceof malaria.
(&) An illustration of areas with malariaansmission {lue) or with a limited risk of
transmission|{ ) (WHO, 2011b) (b) the estimded incidence ofmalaria per 00

people(WHO, 2007)



There was evidence of amexpectedncrease irthe number bmalaria cases in
three countries (Rwanda, Sao Tome and Princiged Zambia)in 2009. The
specific reasons for resurgence in those areasuacéear; however, they do
highlight the fragility of malaria control and the need for sustaingtgrammes
Indeed, # the gains achievedn controlling malariamay soon be in vain
Mosquito resistance tiie sngle class of insecticidgpyrethroids)used in ITNs

has emerged in 41 countriesice 2010 anthe emergence of drug resistance to
artemisininbased mnootherapies on theTharCambodian borderin 2009
(Dondorpet al, 2009, Moket al, 2011)threatens the lifespan of artemisinin
based combinational therapies (ACTdhe current gold standard tfeatment.
There is currey no malaria vaccingWHO, 2011b, WHO, 2010a)Phaselll
results of the current leading RTS,S/AS01 vaccine candidate, a fusion protein
betweena region of the circumsporozoite malaria antigen and a hepatitis B
surface antigenin combination wit a potent adjuvant, will be released in 2014,
However, he first set of three resultsonductedat 11 sites acrossevensub
Saharan African countries, showeidat following a third dose, the vaccine
reduced the incidence of clinical malaria %% in 6,000 children between the
ages 517 months over a tthonth period/Agnandjiet al, 2011) Several other
promising vaccine candidates in Phase | and Il clinical trials are currently being
explored(WHO, 2011a) however, these are a furthefl8 years behind that of
the RTS,S/AS01 vaccine.

Thereforethelack of an effectivemalaria vaccinewidespreagharasiteresistance
to anti-malarial drugs, vector resistance to insecticidesd the sociaand
economic burden emphasi#ee needo identify novel drug targets amdevelop

alternative tratmentstrategies to combat the disease.

1.1.1 The Plasmodiumlife cycle

Plasmodiumis classified as: Superkingdom: Eukaryota with rank Alveolata;
Phylum: Apicomplexa; ClassAconoidasida Order: Haemosporid and Genus:
PlasmodiumPhanet al, 2003) Other animal pathogensuch asloxoplasmand
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Theileriag, fall unde the Apicomplexagrouping.Nearly 200 Plasmodiunmspecies
are known tanfect mammals, birds and reptiléRich and Ayala, 2006)ive of
which are responsible for diseasehomans.The most prevalent andethal is
Plasmodium falciparupresponsibldor ~90% of deaths due to malaria in humans
P. vivax(the most widespread of the malaria parasijt®s)malariag P. ovaleand
morerecentlyP. knowles(Singhet al, 2004)cause less copticated forms of the
disease. The host specificity Bf knowlesis not restricted to humans, as it also
infectsmonkeys.

Malaria parasites exhibit a complemultistagelife cycle involving a vertebrate
(human) andan invertebrate Anophelesnosquito)host During its lifecycle the
parasite undergoes 10 morphological tiamss in five different tissues,
proliferates asexually ithreeof these tissues and propagates sexudallgwing

transferfrom the human to the mosquitéigure2 andFigure3).

Sporozoites e Infection
‘-
Liver
S Oocyst
/P &
Merozoites ) / (N /'
Gut :

% = @ Red blood ( *** Ookinete
cells =

‘ )’ %% Zygote

o ~— o Y Transmission {

Asexual & "270 \.g to mosquito 1 Ganetes

Y WS
? Fertilization and
Gametocytogenesis oocyst generation

cycle

Figure 2: The life cycle ofPlasmodium

The development oPlasmodiumparasites in the humarneft) and mosquito r{ght).
Three distinct stages with different parasite formgstexiuring development: the
mosquitestage, and exerythrocytic liver stage and an asexual irgrgthrocytic stage
(Pasvol, 201Q)
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Figure 3: Population of Plasmodiumparasites at each developmental stage.

The number of malaria parasites during growth and proliferation within each host.
Parasites can range from less than five ookinetes in the mosquito to trillions in the human
bloodstrean{Vogel, 2010)

When a female mosquito takes a blood meal, spites from its salivary glands

are transmitted to the subcutaneous tissue of the human host. The sporozoites
travel rapidly to the liver and invade hepatocytes where they develop into-an exo
erythrocytic stage calletiepatic or tissueschizonts. After 6l0 days, schizonts
undergo schizogony, multiplying via mitosis until they rupture the infected
hepatocyte and release thousands of merozoites into the bloodstream. Merozoites
invade erythrocytesand after a single 4&our asexual developmentand
replication cycle (72 hours in the case dP. malariae and 24 hours for

P. knowles, a single merozoitroduce 16-32 daughter merozoites. Progeny
merozoites subsequently invade other erythrocytes and it is this stage of the
parasite life cycle that is respongbfor the clinical features of thelisease
including fever,anaemiaand cerebral malarigd small poportionof merozoites

do not multiplyfollowing invasion but instead differentiate into sexyadrasite
forms termed gametocytes. When gametocytes gesiad by a mosquito during

a subsequent blood meanvironmentalconditionssuch as(i) the presence of
organic chemical signaléncludingxanthurenic acidBillk er et al, 1998) (ii) an
approximately5°C decrease in temperat|ii®) an increase in pH from 7.2 to 8.0
(Billker et al, 1997) (iv) a decrease iglucose concentration arfd) an increase

in Na" as well asa HCO;/Cl" ion exchange shuttleinitiate ganetogenesis
(Kawamoto et al, 1992, Alano and Billker, 2005) Both the male
microgametocyte and female macrogametojiféerentiate into gametes and
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egress fronthe envelomg human erythrocytevithin 10 minutes posactivation.

The male microgames exflagellatesand undergoeghree rounds of mitos to
form eight haploid microgametes.Fertilization occurs Wwhin the next hour
resulting in the formation of aygote. This brief diploid stage allows for sexual
recombination of genetic material, including those genes responsible for drug
resistance.During the next 24 hours, the zygote differentiates into a motile
ookinete which, over 3848 hours, traverses across thenosquito midgut
epithelium and lodgebeneath the basal lamina facing the mosquito body cavity
(haemocoel). During the next I days, okinetes differentiate into mature
oocyss, eachproducingthousands of gorozoites Upon oocyst rupturepocyst
derived sporozoiteare released into the haemocwodiere theymigrate toand
invademosquito salivary glandsSporozoites are injected backara human host
during anotherblood meal completing thePlasmodiunlife cycle (Moreiraet al,
2004)

1.1.2 Drug-resistant malaria

Plasmodiund sesistance to antimalarials is a major obstacle in the fight against
malaria.Several factors including) high mutation rates of the pasite,(ii) low
fitness cost associated with resistance mutat{onsstrength of drug selectign
which accelerates the spread of the dmgjstant parasites whilst decreasing the
prevalence of the competing sensitive wige strain,and (iv) nontreament
compliance have led to the emergence of dagjstant parasitg®eterseret al,
2011) Since the 1940sfastacting and inexpensivantimalarials such as
chloroquine (CQ successfullycontrolled the disease. Worldwide drug wsel
selective pressuréhough, led to theemergenceand spread of drugesistant
parasites.History, therefore, shows thdhe introduction of drug treatmemd
usuallyfollowed by parasite resistance to the dragth some cases momapid
than othersKigure 4). P. falciparumresistance to pyrimethamuseilfadoxineor

to atovaquone, for example, developed in the same year that the derg
introduced.Quinine one of the oldesantimalarialcompoundshas beemusedto
treat malariasince the 17 century Resistance to quinindeveloped sporadically
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first in Brazil in 1908(Clyde, 1972)and in ®utheast Asian 1965(Hyde, 2005)
The short haHife (8-10 hours) of quinine probably limited the widpread of
resistance to the dru@eterseretal., 2011) Therefore, ginine can still be used
and is reserved in combination with antibioticsas asecondine treatmentin

severe cases of mala(d/HO, 2010a)

ca PGR PyrR QR Art Met MefR Ato Ato-PGR
HalR AtoR
T T T T T T T T T T T T T T
1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
CQR
(S.E. Asia, S. America) Pyr—SDX LD
PG Pyr Pyr-SDXR CQR (E. Africa) Hal Art—comb Ato-PG LDR

Figure 4: Timeline of anti-malarial drug introduction and resistance.

Approximate dates (1948005) from tle introduction of antmalarial drug compounds

until observed treatment failure. Resistance to artemisinin has emerged in Western
Cambodia in 2009Dondorpet al, 2009) Abbreviations: chloroquine (CQ), proguanil
(PG), pyrimethamine (Pyr), sulfadoxine (SDX), quinine (Q), artemisinin (Art),
mefloquine (Mef), halofantrine (Hal), atovaquone (Ato), LapDap (LD) and resistance (R)
(Hyde, 2005)

CQ (a synthetic derivative of quininédgether with vector contreheasuresvas

the cornerstone of the malaria eradication campaign in the @@50s efficacy,
affordability and safety madeQ the gold standard of treatment for several years.
CQisinvolved in the haem detoxification pathw@rjih et al, 1994, Mitaet al,
2009) whereby parasites digest the red cell haemoglobin and polymerize the toxic
haem moiety into inert biocrystals &awvn as haemozoirfEgan, 2008) CQ-
resistant strainshowever,emergedl0-15 years latem southeast Asia and south
Americaand ty 1978, hadspread to AfricdMita et al, 2009) CQ is the firstline
treatment forP. vivaxanddespite widespread resistancanstill be used to treat

P. falciparumin countries where the drug is stdffective (WHO, 2010a)
Interestingly, the withdrawal d€Q in some cantrieshas led to the remergence

of the wildtypeCQs ensi tive strains. Mal awi 6s
CQto ACTs in 1993. Thirteen years lat€Q treatmentvas observed to have a
99% curative rate in children with uncomplicated maldkiaufer et al, 2006)

The mechanism oemergencef the CQ-sensitive phenotypis unclearbut it is
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thought to restore théitness of the parasitan the absence ofirug selection

pressure

The antifolate drugs interfere with nucleotide synthesis and include the sulfa drugs
(sulfadoxine and dapsone) wh inhibit the dihydropteroate synthaseenzyme

and pyrimethamine and proguanil which inhibit the dihydrofolegductase
(PIDHFR) moiety of the bifunctional dihydrofolate reductase/thymidylate
synthase RIDHFR/TS) enzyme(Yuvaniyamaet al, 2003) The sulfadoxine
pyrimethaminedrug combination was introduced following the emergence of CQ
resistant parasites. However, mutationdath target enzyme®nderedhe drug
ineffective Sulfadoxinepyrimethamine is now used intermittentpreventative
treatmen({WHO, 2010b)

The WHOhasrecommendd artemisininbased combination therapies as the-first
line treatment of uncoplicated malariasince 2001 However, resistance to
artesunatemonotherapy has now emerged on theThatCambodian border
(Dondorpet al, 2009)and because the three artemisinin derivatives (artesunate,
artemether and dihydroartemisinin) are chemically closely related, resistance to

one compound is likely to lead to parasite resistance to all.

Although increased funding has renewed interest for academics and
pharmaceutical companies in thmlariafield, generally,the drug déscovery and

development pipelings along, complex and costlprocesghat can take up to51

years and cost in excess of USHiillion (Paulet al, 2010) Despite advanaein

molecular and computational biology and expansion of chemically diverse
compound librariesa success rate &6 O6-fnict ass6 new mol ecul a
(i.e. smallmolecule drugs containing an active ingredient withea ror unique

mechanism of aatn that elicits a specific response upon the danget

interaction, and that has not been previously approved) per arawoss the
pharmaceutical industrgnd for all diseasess poor (Paulet al, 2010) Indeed,

recent éta from a survey ofine large pharmaceuticalompanies showethat



only two compounds were approved by the FDA in 2010, a poor return from an

investment of approximately US$60 billigBunnage, 2011)

Severalthousandromisingantimalarialcompoundsaverecentlybeen identified
(Gamoet al, 2011, Guiguemdet al, 2011)andafew otherlead compoundare

in the pipeling(Fidock, 2011) However nondnave reache@hase | clinical trials

and it will be several years before novel antimalarials are introduced into the
market.Whetherthey will be effective againstresistant strains (cross resistance)
or whethemewresistanstrainswill emerge, and how rapidly, remaito beseen
While the development d a fully protective malaria vaccinemains elusivedrug
therapyis currently key to controlling malaria andf the current generation of
ACTs fail, no solidcontingencyplans are in place.

1.2 P. falciparumgenome andoroteome

The P. falciparumnucleargenome was published in 200Gardneret al, 2002)
and consists o4 chromosomesanging in size from 0.643kfor chromosome
oneto 3.29Mbfor chromosome 14. The B53,764bp (~23Mb) nuclear genome
IS comparable in size to othdétlasmodiumgenomes and encodes for 5,268
predicted open reading frames (ORFsyjenesatan average gene density of one
per 4,338bpThe A+T content of the genome is 80.6%, the highest sempeeto
date andthat rises to ~90%n introns and intergenic regions. The mean gene
length is 2,283bp, significantly larger thdme averagel,300-1,600bp in other
organisms. There is no clear explanation of the increased gene. Istogéhthan
60% (3,28) of ORFsidentified by the malaria genome sequencing consortium
lack similarity to genes from any other known organigkscribing putative roles
tothese6 hy pot h et irctleelabsgnceaforeology setainsa challenging
task however their uniquenature isimportant inunderstanding parasite biology
and identifyingPlasmodiurrspecific pathways and proteins that may represent
targets for bothvaccine or antimalarial chemotheeaic strategiesintrons are
present in 53.9% of genes and there is@grage of 2.39 exons per gene, with a

mean length of 939bp and 76.3% A+T content. No transposable elements or
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retrotransposons have been identifidtich suggest that mobile genetic elements

have not had any profounmnpactonP . f a | cgenpraer u mo s

P. falciparum also containstwo nonnuclear genomes(i) a 6kb linear
mitochondrial genome encodirtigree proteins(cytochromeb and subunits | and
Il of cytochromec) and ribosomal RNAand (ii) a 35kb circular plastilike or
apicoplast genome encoding 30ofains that arenvolved in various metabolic
processes including fatty acid (FA) synthesimem and isoprenoid biosynthesis
(Gardneret al, 2002) The plastid is bmologousto chloroplasts of plastand
algae andhought to originate via aecondaryendosymbiotic evenfLim and
McFadden, 2010, Moorest al, 2008) Approximately 551 nucleagncoded
proteins are podtanslationally targeted to the apicoplastodl of the proteins
encoded by the plastid genome are of prokaryotic origin, making them attractive
drug targets. Indeed, inhibitors against plaadociated isoprenoid biosynthesis,
DNA replication and translain have been shown to kill parasitesd clear
infection in mice demonstrating the essential nature of the plg§iichera and
Roos, 1997, Jomaat al., 1999) Sixty genes, including those which code for
proteins involved inthe tricarboxylic cycle (TCA) and oxidative damage
protectionwere identified as being of probable mitochonlidaggin (Gardneret
al., 2002)

Of the 5,268 predicted proteins, 733 were identified as enzymes, of which only
435 (or ~8% of proteinswere assigned Enzyme Commission (H@jmbers.
These are significantly fewer than the-2%%6 genes in bacterial and archael
genomes that can be mapped to Klyeto Encyclopedia of Genes and Genomes
(KEGG) pathway diagrams or the 17% 8f cerevisiaeproteins that have been
assigned EC numberslowever, thedata siggest that eithe() P. falciparum
devotes a smaller proportion of its genome to enzyfiiggnzymes could not be
identified through homologpased methods d@ii) a few genes escaped detection

in smaller regions/gaps of the genome that renuamesolved(Gardneret al,
2002)
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1.3 Carbon metabolism inP. falciparum

Genomic, transcriptomic and proteomic analysis during the last decade has
assisted greatly towards understanding energy and carbon nstabiol
Plasmodium parasites. During intraerythrocytic development,Plasmodium
parasites are secluded within a parasitophorous vacuole (PV) of which its
membrane (PVM) is derived from both the host dood cell (RBC) and the
parasite. Though this comparentalization shelters the parasite from host defence
mechanisms, the parasite has to develop strategiasctss hoshutrientsand

expel waste productsP. falciparum acquires metabolitegshrough active
modification of the infected RBC (iRBOnembraneand the expression ch
variety of transportersn the surface of t#se cellsThe export of parasite proteins

to the RBC surfaceand theinduction of new permeation pathways (NPP)
dramatically changéhe properties of the plasma membrafAetivation of NPP
resulsin the import of metabolites essential for parasite growth (ions, sugars and
peptides) as well as the export of waste products, such as lactate from glycolysis
(Kirk, 2001) More than 2.5% of the. falciparumgenomeis dedicatedo genes
coding forchannels and transporters, however, only a small proportion have been
characterize@Martin et al, 2009)

Most of thecentral carbon metabolismork has focused othe intraerythrocytic
stage of P. falciparumparasite developmenCollectively, studiessuggest that
the cae components of metabolism &ieglycolysis, (ii) the pentose phosphate
pathway (iii ) glycosylation and aminosugaisv) aspects of TCA metabolisand
(v) lipid biosynthesis (Figure 5) (Olszewski and Llinas, 2010)Glycerol
metabolism, boxed imed in Figure 5, is the central theme of this thesisdas
discussed in sectioh5.

1.3.1Glycolysis

In vitro studies shoed that Plasmodiumparasites are voraciouwnsumersof

glucose. Uninfected, mature red blood cells consume glucose at aofrate
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5¢ mo | / Z2RBCs, with h 0% glucose to lactate conversion. However, upon
Plasmodium invasion, glucose consumption is increased up to-fa@D
particularly in the metabolically active trophozoite and schizonts stdgeth,
1990)
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Figure 5: Carbon metabolism inP. falciparum

Arrows represent the pposed direction of net metabolite flux. Text in circles represents
major biomass components. The circled question mark indicates uncertainty about the
existence of the enzyme transaldolase. Cofastach asATP andNADH are not shown

for clarity. Abbreviations: Glc, glucose;G6P, glucosé-phosphate; F6P, fructoge
phosphate; F1,6BP, fructedes-bisphosphate; DHAP, dihydroxyacetone phosphate;
GADP, glyceraldehyde3-phosphate; ,BBPG, 1,3bisphosphoglycerate; 3PG, - 3
phosphoglycerate; 2PG;pghosphoglyceit®; PEP, phosphoenolpyruvate; Pyr, pyruvate;
Lac, lactate; AeCoA, acetylcoenzyme AAc-R, acetate or acet@loA; GlycP, glycerol
3-phosphate; Gly; glycerol; Man6P, mannogephosphate; ManlP, manneke
phosphate; GD®an, GDRmannose; GIcN6P, glucosareii-phosphate; GICNAC6P,
N-acetytglucosamines-phosphate;  GIcNAcl1lP, ddcetylglucosaminel-phosphate;
UDP-GIcNAC, UDPN-acetytglucosaming 6PGL, 6phosphoglaonci-lactone;6PGa,
6-phosphogluconate; Ru5P, ribules@hosphate; R5P, ribodgephosphate; XB,
xylulose5-phosphate; S7P, sedoheptuldsghosphate; E4P, erythredephosphate;
Asp, aspartate; GIn, glutamine; Glu, glutamate; 20Gx&@lutarate; ICT, isocitrate; Cit,
citrate; OAA, oxaloacetate; Mal, malate; SDoA, succinyiCoA; Suc, succinaterum,
fumarate; GPI, glycophosphatidylinosi{f@Iszewski and Llinas, 2010)
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The glucose to lactate conversion in parasitized RBEB(Q), however, is
reduced to 6/0%. This reflects the commitment of glucose to nucleic acid, lipid
and protein biomass. Only a small proportion of glucose is completely oxidized
into carbon dioxide. This correlates with the lack of a fully functional T@Aer

the anaerobic intrarythrocytic growth conditian(Olszewski and Llinas, 2010)

P. falciparumacquires glucose(and fructoseyia an essential hexose transporter
(PfHT) and rodent modelfiave shown that the P. berghei HT is expressed
throughout parasite developméd®iavic et al, 2010) All the enzymes necessary
for a fully functional glycolytic pathway have been identifiedAn falciparum
(Gardneret al, 2002)and are expressed during the blstdgeqBozdechet al,
2003)

Plasmodiumparasites camtilize alternative carbon sourceB; falciparumcan
survive on fructosén vitro, albeit at a reduckproliferation rat§\Woodrowet al,

2000) P. falciparumparasiteshowever, lackiructose bisphgshatase, implying

that gluconeogenesis is absefinzymes involved in the synthesis of trehalose,
glycogen or other carbohydrate stores were also not identified i fladciparum
genome(Gardneret al, 2002) Ultimately, Plasmodiumparasites depend on the
fermentation of a constant and abundant supply of glucose, irrespective of

alternative energy sources.

1.3.2Pentose phosphate pathway

The pentose phosphate pathwd?PP is an essentialconserved pathway
composed of twanterconnected brancheBigure5): (i) the oxidative arm, where
glucose6-phosphate is oxidized to ribeSephosphate (R5P) to generate the
nucleic acid rilbse backbone and NADPH afig the noroxidative arm, where
R5P is recycled back into glycag when NADPH is requiretb maintain redox
balancewithin the cell inresponse to oxidative streBozdech and Ginsburg,
2005) Genes forll enzymes in the conventional PPP have been identified, with

the exception of transaldola@@ardneret al, 2002)
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1.3.3Glycosylation and aminosugars

The malaria parasite expresses a variety of glycoconjugated proteins, several of
which are present in the intexythrocytic stage andre involved in parasite
invasion and pathogenesis tife diseaseFor example, the meroite surface
proteins MSPL and MSP2 comprise ~67% of the total membraassociated
surface coatThe glycosylation machinery present in tiRtasmodiumgenome
appears to be restricted to thiesynthesis oflycophosphatidylinositol§GPIs), a
class of glgolipids that anchar proteins to the plasma membrankhe GPI
biosynthetic pathway occurs ithe endoplasmic reticulufER) and utilizes a
variety of sources wmluding hexose sugars, inositoglycerot3-phosphate,
ethanolamine and lipid$igure5) (Olszewski and Llinas, 2010, von ltzstehal,
2008)

1.3.4Tricarboxylic acid metabolism

In most eukaryotesthe mitochondrion is a versatileentral hub of carbon
metabolism in which carbon derived from glycolysis is fully oxidizeda
unidirectional pathwayto produce energy by oxidative phosphorylatidrhe
pyruvate generated from glycolysis enters the mitochondria where it is converted
to acetyl coenzyme AAcetyl-CoA) and carbon dioxide. AcetyToA enters the

TCA cycle, wherefollowing a series of enzymmediated reactions, citrate is
convered to oxaloacetate The movement of protenand electrons across the
inner mitochondrial membrane éithe electron transport chain drives the multi
protein complex §-ATP synthase to produce ATFhis process produce3b

molecules of ATHrom aone molecule of glucose

A complete set of genes encodiiCA enzymes ha been identified in the

P. falcipaum nucleargenome(Gardneret al, 2002) (Figure 5) and apart from
malate dehydrogenase, they also possess mitochondrial signal sequences
However, the minimal oxygen consumption, rapid fermentation of glucose and the

presence of a single mitochondrion with minimalistae impy that the
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contribution of oxidative phosphorylationduring intra-erythrocytic parasite
developmentis uncertain In addition, Plasmodiumhas dispensedith several
functionsthat utilize ATP fromthe TCA cycle, suclasthe de novoamino acid
biosynth¢ic pathway andinstead acquies amino acid precursorgirough

scavenging from the host serum or haemoglobin catab@lignet al, 2006)

Proteomic profiling suggestthat the TCA cycle is more prominent in the
mosquitestages rather than the blesthges(Lasonderet al, 2008) However,
enzymes involved in TCA metabolism are upregulateder starvation conditions
during in vivo intra-erythrocytic developmen{Daily et al, 2007) Labelling
studies have shown th#&. falciparum utilizes glutamate andlutamine in an
unusual branchedCA cycle to generate ATP andcetylCoA (Figure 5)
(Olszewskiet al, 2010) It appears that the TCA cycle i falciparumparasites
consists of an oxidative pathway that generates sueCiofl essential for haem
biosynthesis and a reductive pathway to generate citréggestingly, the Acetyl
CoA generated in the TCK targeted to the nucleus for theetylation of histone
proteins; whereaslgcosederived acetyiCoA in the apicoplasts used in the
synthesis of amino sugars in ti€R. Thus, the parasite appears to generate
functionally distinct acetyCoA from alternatecarbon sourcefOlszewskiet al,
2010, Ginsburg, 2011)

1.3.5Phospholipid synthesis

Throughout their life cyclePlasmodiumparasites repeatedly undergo rapid cell
growth and division, necessitating lipid acquisition and membrane biogenesis.
Lipids are among the most criticalbmponents of the parasite and there is
substantibevidence supporting their role (i) synthesis ofnembransthat serve

as permeability barriers between the parasite and its(fipstembrane networks

in the cytoplasm of pRBCs anii) lipid-derived signaling molecules that
regulate parasite devgment during growth and proliferatioRlasmodiumlipid
content, lipid acquisition as well as the enzyraad pathwaysnvolved in lipid
biogenesis heae been studied in severBlasmodiunspecies, however, mostly at
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the intraerythrocytic stages of develment ofinfected humanR. falciparun),
primate P. knowlesi and rodentR. bergheiandP. yoell) RBCs Although there

are differences phospholipid (PL) metabolic pathways between rodent and non
rodent malaria parasites (Dechamps et al, 2010a) such as theserine
decarboxylas@hosphoethanolamine  methyltransferase  (SDPM)  pathway
discussed lateit is expeotd that the broad outline of PL metabolism should be

conserved among tiasmodiunspecies due to similarities in their life cycle.

PLs, in particular, glycerophospholipids (GPLs), are the main constituents of
parasite  membranesduring bloodstage develpment, where extensive
proliferationis acconpanied bya marked increase in phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol
(PI), fatty acids, as well as the diacylglycerol (DAG) and triacylglyceralQ)
neutral lipid contentThe increase in DAG and TAG is significant when expressed
as a percentage, howevéris low in relation to the GPL4d.ittle is known about

lipid acquisition during nowrythrocytic stages, however, extensive proliferation
during exocerythrocytic development and during sporozoite formation within
oocysts implya need formassiveamounts oflipids at thee stagegVial and
Mamoun, 2005, Dechampes al, 2010b)

In uninfected red cells, PLs and cholesterol are the major components of red cell
membranes, cexisting at a molar ratio of approximatelyO0 (Maguire and
Sherman, 1990, Vial and Mamoun, 200BLC, PE, sphingomyelin (SM) and PS
are the main PLs. Other phospholipids, such as PI, phositaticid (PA),
cardiolipin (CL) and lyseéPLs account for lesthan 36 of the total PLsand
neutral lipidsand fatty acidsre scarcely detectablMaguire and Sherman, 1990,
Vial and Mamoun, 2005)Upon Plasmodiuminfection, a 56-fold increase(Vial

and Mamoun, 2005)n erythrocyte PL content, specifically PC, PE and PI, is
observed(Figure 6). There is no substantial modification to the host membrane
with respect to lipid content and class distributidial and Mamoun, 2005%)
althoughobservations of doss in SM content has been report@daguire and
Sherman, 1990and the two FA molecules attachieto the GPL backbone are
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modifiedin both chain length and degree of saturafknshnegowda and Gowda,
2003)

Cholesterol

Jitia o ea g
Total PLs |

GPLs

M / 10" cells
1

a 5 10 15 20 23

non-infected erythrocytes [l infected erythrocytes

SM
12%
LysoPC

Total PLs

Figure 6: Cholesterol and phospholipid composition in norinfected and

P. falciparum-infected erythrocytes.

(@) The fold-increase in phospholipid (PL) content of pRBCs &byl the molar
percentage in phospholipid content of sofected and pRBCs are indicated.
Abbreviations: GPLs, glyceropbspholipids; LysoPC, lysophosghylcholine; PC,
phosphatidylcholine PE, phosphoethanolamine; PI, phosphatidylinositol and SM,
sphingomyelin(Vial and Ancelin, 1992, Dechamps al, 2010b)

Metabolic labelling and gas chromatography studies showedPthticiparum
parasites (i) efficiently incorporated G218, C16:1 C18:1 and C18:2 FAs into
the PL backbone, but could not incorporate very {ohgin unsaturated FAs such

as arachidonic acid (C20:4), (ii) preferentially incorporated saturated and
unsaturated FAs at tren1 andsn2 positions of the PL backbone, respesly

(Krishnegowda and Gowda, 200&)d (iii)) have some capacity to desaturate and
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elongate serurderived FAs, although he parasitedés FAs are s
the serum(Mi-Ichi et al, 2006) The FA composition is similar to those in

parasite PLs, suggesting thRlasmodiumis capable of fine modulation of the

host membrane and indicates dynamic PL traffic between the host and parasite
membrangVial et al, 2003) In addition, while PSs present on the inner leaflet

of the plasma membrane in RBCs, pRBCs display PS on the outer leaflet, which
contributesto the cytoadherence of the infected ¢&tla and Sherman, 2002)
Parasitanemlyanes contain predominantBC (4050%), PE (3%5%) and PI (4

11%),with SM and PS accounting for <5%he PE content is unusually high for

a eukaryotic organismVial and Mamoun, 2005)In maked contrast to

erythrocytes, there is hardly any cholesterolparasite membranes due ttoe
parasiteds inabi (Holz,i97) o synt hesize sterol

The major PLs are synthesized via several pathways, summarizegie 7: (i)
an ancient CDHRliacylglycerol (CDPDAG)-dependent pathwawhich utilizes
PA precursors to form Pl and PS, with the latter being decarboxylated (& E
and Mamoun, 2005)ii) eukaryoticde novocytidine diphosphate (CDRholine
and CDPethanolamine pathways (Kennedyathways), which incorporate
exogenous choline and ethanolamine into lipid compon@fitd and Mamoun,
2005)and (iii)) an additionaplantlike SDPM pathway irP. falciparumparasites
that synthesizes PC frogerine anagthandéamine(Pessiet al, 2004)

Formation of phosphatidic acid

In most organisms,lgcerolipid metabolism begins wvitthe acylation at then1
position of glyceroi3-phosphate (G3P) to produce lysophosphatidic acid (LPA).
The formation of LPArepresents the commient to GPL biosynthesis and is
catalyzed by glycereB-phosphate acyltransferase (GPAT). In
P. falciparum GPAT is located in the ER and is developmentally regulated, with
activity highest duringrophozoite development, the stage of active PL synthesis
(Santiageet al, 2004)
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Figure 7: Overview of glycerophospholipid biosynthesis irPlasmodium(Dechamps

et al, 2010b)

GPL pathways are described in the text. Metabdliptake via the parasitophorous
vacuole membrane (PVM) afwi the parasite plasma membrane (PPM) ac¢
distinguishedColours shapes and symbols representing metabolites, genes and proteins
are defined in the keybbreviations: FV, food vacuole; Hg, haemoglobikletabolites

CDP, cytidine diphosphate; CMP, cytidine monophosphate; CTP, cytidine pipdtes

Cho, choline; CL, cardiolipin; CoA, coenzyme A; DAG, diacylglycerol; Etn,
ethanolamine; FA, fatty acid; Glu, glucose; @GlB, glucosé-phosphate; G3P, glycerol
3-phosphate; Ino, mymositol; Ino-3P, myainositol3-phosphate; IB, inositol 1,4,5
triphosphate; FCho, phosphocholine; -Btn, phosphoethanolamine; PA, phosphatidic
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
PGP, phosphatidylglycerophosphate; PI, phosphatidylinositol; PI3P,-ghlosphate;
P14P, Pl 4-phosphate; PI(4,5% Pl 4,5bisphosphate; Pi, inorganic phosphate; PPi,
pyrophosphate; Pghosphatidylserine; Ser, seriffiéansportersHT, hexose transporter
OCT, organiecation transporter (genes not identifie€nzymes involves in PL and
neutal lipid synthesis are summarizedliable1 (Dechampt al., 2010b)
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Table 1. Enzymes involved inP. falciparum GPL synthesis(Dechampset al, 2010b)

Enzyme Enzyme Name P. falciparum PlasmoDB ID
abbreviation gends)
PfACS1a, PF14 0761,
PfACS1b, PfACS2,| PF14 0751, PFCO@s,
PfACSS3, PfACS4, | PFL2570w, MAL13P1.485,
ACS Acyl-CoA synthetase PfACS5, PfACSS, PFO07 0129, PFD0085c,
PfACS7, PfACSS, PFLO035c, PFB0695c,
PfACS9, PfACS10,] PFB0685c, PFE1250w,
PfACS11,PfACS12 PFL1880w, PFF0945c
AGPAT 1-Acyl-G3P acyltransferasg PfPIsC PF14 0421
ccT fyi‘:;'}';‘;fgﬁi{;?:;i PfCCT MAL13P1.86
CDS CDP-DAG synthase PfCDS PF14 0097
CEPT Choline/ethanolamine PICEPT PEF1375¢
phosphotransferase
CK Choline kinase PfCK PF14 0020
CLS CL synthase PfCLS PFF0465c
Ethanolaminephosph
ECT t c?/tigyallyltraer?sfgfgs: te PIECT PF13_0253
EK Ethanolamine kinase PfEK PF11 0257
. PF0290w, PF11_0344,
ELO Long-chain FA elogase PEI0980W
GPAT G3P acyltransferase PfGAT, PfPIsB PFL0620c, PF13_0010
HK Hexokinase PfHK PFF1155w
IMP Inositol monophosphatase PfIMP PF0O7_0024
Inisitol-3-phosphate
IPS Sym‘;asep PfIPS PFEO0585¢
PAP PA phosphatase PfPAP2, PfPAP2a| PFF1210w, MAL8P1.202
PEMT PEN-methyltransferase NI-BA
PLMT PL N-methyltransferase NI-BA
PGPPase PGP phosphatase NI
PGPS PGP synthase NI (PfPSSY
PIS Pl synthase PfPIS MAL13P1.82
PI3K PI3-kinase PfPI3K PFEO795w
Pl14K Pl4-kinase PFE0485w
P14P5K Pl4-phosphate Kkinase PfPIP5K/NCS PFA0515w
PMT Pho;g?ﬁ;{?;:;ﬁl? PIPMT MAL13P1.214
PSD PS decarboxylase PfPSD PFI1370c
PSS = Sy”;ggg‘;(;ﬁ?m' PiPSS MAL8P1.58
PSSE PS synthase via exchang PfPSSE
scD StearoytC o A - 9 PfSCD PFEO555w
desaturase
SD Serine decarboxylase NI-BA

1PlasmoDB gene ideryi
NI = not identified
BA = Biochemical activity reported

Regions shaded in grey = established gameyme relationship
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A second acylatiostep catalyzed byl-acyFG3R transferase (AGPATatthesn

2 positionof the glycerol backboneproduces PA, an important structural and
regulatory metabolite that serves as a substrate (ifjorphosphatidic acid
phosphatase (PAP) to produce DAGd TAGs or (ii) for CDP-DAG synthase to
produce CDPDAG.

The CDRDAG dependent pathways

In prokaryotes, CDIDAG is the major precursor for PG, CL, PS (weakly
represented) and Pke. the entireGPL pool. In eukaryotesPA is partitioned
between CDFDAG and DAG. The CDRDAG dependent pathway cduacts
synthesis oPG, CL, Pl as well asPSwhen requiredDAG is a precursor for the
de novosynthesis of PC and PE from Ci2Roline and CDfethanolamine
respectively (the Kennedy pathwayBS decarboxylatioto form PE occurs in all
eukaryotes whereasmethylation of PE into PC isbsentin some eukaryotes
(Kent, 1995, Dowhan, 1997)

Plasmodiumparasites synthesize PLs similar to eukaryotdthough they have
retainedthe prokaryote system of synthesizing PS from D& (Vial and
Ancelin, 1998)Figure?). In P. falciparumandP. knowlesi serine is incorporated

into PS, PE and to a lesser extent, PC. In rodent parasites, however, serine is not
incorporated into P@Dechampset al, 2010a) which highlights a difference in

lipid metabolism between the malaria parasites. Althoi®ghis present at
relatively low levels, synthesis is increasedoll uponP. falciparum infection

(Figure 6) and it is a key metabolite in the synthesis of(PEbbadiet al, 1997)

Pl is alsosynthesized vidhe CDRDAG dependent pathwagndis increased 14
fold, the highest relative PL increadellowing parasite infectionKigure 6). PI
synthase (PISactivity, for the gnthesisof Pl from CDRDAG and inositol has
beenobserved irnthe mature bloodstageP. falciparumparasitegElabbadiet al,
1994) at the time ofactivemembrane biogenesishe Pl inositol head group can
be phosphorylated by specifiti3- and Pl4kinasesto producephosphoinositide
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(Figure7) thatplay key roles in &everalcellular processesuch adrafficking of
haemoglobin to the food vacuole ®f falciparumparasitegVaid et al, 2010)and
the signalevents involved in the activation & bergheigametocytegRaabeet
al., 2011) PG and CL are barely detected in pRBCs.

In P. falciparum DAG enters the Kennedy pathways for synthesis of PC and PE
and also serves as a substrate for the synthesis of TAGs via DAG acyltransferases
(Vielemeyeret al, 2004) TAGs areusually contained in lipid droplets within the

cell. They are present throughout the irgrgthrocytic stage of parasite
development, though enriched during trophozoite formation. Their specific role is
unclear; however, TAGs are thought to provide acylugs for lipid synthesis

when resources are limit¢Balacpaet al, 2004)

The CDRCholine and CDREthanolamine pathways

The de novo Kennedy pathwaysinvolve two distinct kinases, CTP
cytidylyltransferases and a common choline/ethanolamine phosphotransferase
(CEPT) to produce PC and PE, the PL species that constitu@s5%% of the
parasite membran@=igure 7). These enzymesare expressed throughout mature
blood-stage parasite developméAtbergeet al, 2010, Aurrecoechest al, 2009,

Dechampst al, 2010b) during active membrane biogenesis

Choline enters the rethlood cell via the erythrocytic choline carrier atite NPP

of the parasite via an efficient orgafuation transporter (OCT(Lehaneet al,
2004) The p adime Kinasee (€)phosphorylags choline to produce
phosphocholine #ho), the first commitment step in the CBRo pathwayThe
P-Cho intermediate can also be ab&l from sphingomyelin via phospholipase C
and n some Plasmodium parasites from the direct methylation of
phosphethanolamindgP-Etn) via phosphoethanolamine methyltransferase (PMT)
(Dechampset al, 2010a, Pesset al, 2004) P-Cho is coupled to CTP by a
chdine-phosphatecytidylyltransferase (CCTpnd further converted to PC by
CEPT in the presence of DAG.

22



A similar de novopathway exists for the synthesis of PE. Ethanolamine enters the
parasite via passive diffusion, is phosphorylated by ethanolamineekiB&3 to
produce PEtn, coupled to CTP by ethanolamipbosphatecytidylyltransferase
(ECT) and converted to PE by CEPT in the presence of .DM&abolic studies
using radiolabelled ethanolamisbowed that PE canalsobe methylated to form
PCin P. falciparumandP. knowlesparasitegElabbadiet al, 1997, Dechampst

al., 2010a) The reaction is @gssibly catalyzedvia PE methyltransferase (PEMT),
although Plasmodim PEMT genes havenot yet been identified.In some
Plasmodium parasites e¢hanolamine can also bgenerated fromthe SDPM

pathway.

The SDPM pathway

Serine and ethanolamine radiolabelling studies slgbthat P. knowlesiand

P. falciparumpossess an alteative pathway for the synthesis of PC from nhon
choline precursoréElabbadiet al, 1997, Pesstt al, 2004) Ethanolamine can be
generated from serine,itleer transported from the host or via haemoglobin
degradation. Serine is decarboxylated via seroecarboxylase(SD) in

P. falciparumand P. knowlesito form ethanolamine which can then enter the
Kennedy pathwayg¢Elabbadiet al, 1997) (Figure 7). The SD gene is widely
represented in plants and alghewever SD genelsave not yet been identified
(Dechampset al, 2010a) This is possibly due to lowsequence homologies of
PlasmodiumSDs to known orthologue®. falciparum P. vivaxandP. knowlesi
parasites can convert-Btn to RCho via PMT to ultimatedly produce PC
(Dechampset al, 2010a) The SDPM pathway is present in plants,ickhlack
phosphatidylserine decarboxylases (P$®form PE from PS. This pathway is

absent in mammal&onteinet al, 2001)
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1.4 Targeting Plasmodiumphospholipid synthesis

1.4.1The Kennedy pathways

Enzymes involved in the Keedy pathways (PbCK, PbCCT, PbECT and
PbCEPT)are refractory to genetic disruptionfn bergheiparasitegDechampst
al., 2010c) This implies that the pathway may be essentiahira-erythrocytic
development of tbrodent parasitedowever, theirsignificance inP. falciparum
parasitesieeds to bexplored wheredifferences such as the connection between
the CDRCho and CDFEtn pathways via PMT activity exisin vitro analysis
showed tha PfCK and PfEK enzymeswere selectively inhibited by theholine
analogie hemicholinium3, and the ethanolamine analeg 2-amino1-butano)
respectively, howevemrt nonphysiological concentrations with 46 in the

millimolar range(Albergeet al, 2010)

1.4.2The SDPM pathway

PMT otthologues have been identified iR. falciparum P. vivax andP. knowlesi
parasites and the absence of PMT activity in mammalian cells has male it
attractivedrug target candidat@vamounet al, 2010) Wild type and transgenic

P. falciparumanalysis shoedthatPfPMT wasnegatively regulated bgholinein

a dosedependent manneand ty P-Cho. The finding that PMTwasinhibited by

its product suggested that PMT may be inhibited bgh® analogs; indeed
recombinantPfPMT activity wasi nhi bi ted by 50% in t
hexadecylphosphocholine afd falciparumparasite proliferationvasreducedat

an 1Goa 8 Oire itto (Pessiet al, 2004) PfPMT knockout parasites dikyed
altered DNA repliction, reduced multiplication rates, delayed parasite growth and
increased cell deathln addition, PPMT knockout parasitesbolished the
incorporation of ethanolamine into P@hich suggest thatPfPMT mayalsohave
PEMT activity since PE was not methydtinto PC The gene though, is not
essential for development due to the availability of choliewever a 16fold
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increase in thehysiologicalconcentration o€holine dd not complemenparasite
growth in PfPMT knockout parasites, suggesting that BMTG& function is not
redundant{Witola et al, 2008)

1.4.3PC synthesis

Compounds that mimic the structure of membrane precursors such as choline,
ethanolamine, serine and FAs are able to inhibit parasite proliferation wjgh 1C
values in the lowmicromolar range. Biochemical analysis shedvthat these
analogs are transported to the pRBC aae incorporated into parasite
membraneshowever, there theylramatically alter the lipid composition and
physicchemical properties dhe membrane, leading to parasite dedthe most
promising of these anthalarial compounds are those that block/interfere with

choline transport to the paras{iéial andAncelin, 1992)

Rationally designed ammonium compounds, analogous to chohagge
demonstrated penht antimalarial activity with 1@y values in the low nanomolar
range (Ancelin et d., 2003) The bis-quaternary ammonium compoun@z25
[1.16-hexadecamethylenebiémethylpyrrolidnium) dibromide] was effective
against both sensitive and drug resisnfalciparumparasiteswith ICsy values
between 15.3nM andwas1000fold less toxe in mammalian cells<525 was able
to clear infection irP. falciparum andP. cynomolginfectedAotusmonkeyswith

no recrudescence after 60 da@@5 alscexhibiteda crossspecies specificitand
was able to cleaP. vivaxinfected rhesusmonkeyswith ICso values and 50%
effective doses comparable to thatPoffalciparum(Wengelniket al, 2002) An
interesting feature of the choline dogue was its ability to accumulate several
hundredfold, and into the millimolar range, tmpRBCs and notininfectedRBCs.
This accumulation also occedi n t he parasiteds food
quaternary ammonium compounds integdctwith haem, nterfering with
haemozoin formation and enhancing their -amilarial effect(Biagini et al,
2003) This probablycortributes to the compouiGsl potency, specificity and low
toxicity. Biochemical analysis slwed that the mode of action of the choline
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analogs is at the level of choline uptakehe de novoPC biosynthetic pathway
(Biagini et d., 2004)andis specific to the trophozoite stage of inegythrocytic
development.

Choline uptake alone, however, cannot account for thenzadtirial activity of the
choline analogs since choline is not essential for parasite development.
Transcriptonal analysis of parasites treated with thechédline analoge showed

cell cycle arrest and general induction of genes involved in gametocytogenesis,
with no apparent changes in genes involved in PC biosynthesis, prbiEomic
analysisdisplayeda decease inrPfCEPT(Le Rochet al, 2008) The possibility of
choline analogs having multiple targets, howeigegnadvantageCurrently,one
bis-thiazolium salt,T3/SAR97276 is under Phase Il clinical trials for parenteral

cure of severe malar{@lbergeet al, 2010)

1.4.4Fatty acid synthesis

FAs are the building units of GPLs and their distribution atsihé andsn2
positions of the G3P backbone determines the physical properties and function of
the lipid bilayer.Radiolabelling studies have shkio that the polar head groups of
PLs, as well aEAs, are taken up from the host ser@fnishnegowda and Gowda,
2003, Vial and Ancelin, 1992)arasitse though,do have the capacity fate novo

type Il Fatty Acid synthesigFAS Il) (Gardneret al, 2002) FA chain extension is
catalyzed byfour key enzymes: FabB/F fketoacytACP-synthase /1) FabG( b
ketoacy!ACP-reductase)Fabl (enoytACP-reductasepnd FabZ( fydroxyacyt
ACP-dehydrase), each attached to an acyl carrier protein (ACP). The enasanes

of bacterial originand the pathway is different to the FABathway in humans

making theePlasmodiunenzymesttractive drug target candidates.

The upregulation of FAS Il transcripts and enzymes in the-$itage ofP. yoelli
parasite developmerduggested that FAS Il may be importatthat stage of
proliferation (Tarunet al, 2008) Indeed,targeted disruptiomf the FabB/F and
FabZ enzymes iP. yoelli parasitesdemonstrated their essential naturdiver-
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stageproliferation Intra-erythrocytic,mosquitestage developmemind the ability
to invade hepatocytes FabB/F and FabZ knockout parasitesr&unaffeded,
however, knockout parasites failed to form @gthrocytic parasite®/aughanet
al., 2009) Similar results were seen in FabldakoutP. bergheiparasitegYu et
al., 2008) FAS Il enzymes are highly conserved amdtigsmodiumparasites
and Fabl knockouP. falciparumparasitesshowed no reduction inn vitro blood
stage developmenfpossibly furthersupporting its critical role in livestage
developmentVaughanet al, 2009) In vivo analysis however suggestdthat FA
synthesis may beequiredin intra-erythrocytic stagegjuring starvation(Daily et
al., 2007) SeveralP. falciparumFAS Il inhibitors have been reported, withs$C
values in the low mi@molar ranggLee et al, 2009, Luet al, 2005) However,
the search for inhibitorgs typically focused on the bloestagesand with the
inhibitor selection process, where potent inhibitarg further evaluated for
activity against culture®. falciparumparasites, a pool of compounds capaiile

inhibiting parasites vivo, during liverstage developmentay havebeen lost.

1.4.5Sphingomyelin synthesis

SM is the most abundant of tlsphinglipids (SLs), another class of membrane
components, in mammals amsl widely distributed in eukaryotes. Almost all
metabolites involved in IS biosynthesis or degradation have important roles in
cell growth, differentiation, apoptosis and cell signalifitannun and Obeid,
2008) The pathway is poorly understood Rtasmodiumhoweverit is thought
that the breakdown of host SM into ceramide may be uséd todulate cell
cycle progressin of intraerythrocytic parasites or(ii) supply parasite
sphingomyelinase (SMase) a substrate for synthesis of padasited SM
(Hanadeet al, 2000) Evidence for the latter includes an up to 47% degradation of
the host SM(Maguire and Sherman, 1998hd theupregulation ofPlasmodium
SMase transcripts during trophozoite and erythrocytic schizonts Jlleayesr et

al., 2001) Inhibitor-based studies shad that Plasmodiumparasites lack ae
novo ceramide biosynthesis pathwélyauer et al, 2001, Gerold and Schwarz,

2001) However, P. falciparum trophozoite maturation into schizontsas
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impaired and proliferation blockedwhen treated with the mammalian SMase

inhibitor, scyphostatin(iICsp & 3 ¢ ARPMP and PDMP sphingolipid analogues
alsoblocked parasite proliferation (IEa 6 & M) suggesting that
PlasmodiumSM biosynthes may be explored as possible lead compounds
(Hanadeet al, 2002)

1.5 Glycerol metabolism

Glycerol is known to play fundamental roles in several physiological processes.
Glucosedeprived bacteria, for example, have a measured growth rate in glycerol
of approximately74% that achieved on glucofidolms, 1996)andS. cerevisiae

can use glycerol as the sole carbon source under aerobic con{ienwsgt and
Stahl, 1997)

All PLs have a glycerdbackbone an&PL biosynthesis is initiated when two FA
molecules are transferred from a dono6G&P, whichfunctionsat the interface of

lipid and carbohydrate metaboligiinin, 1977) In PlasmodiumG3P is thought to

be produced primarily from the glycolytic intermediate, dihydroxyacetone
phosphate (DHAP)Dechampset al, 2010b) since glucose consumption is
dramatically increased in pRBCs. Glycolysis then is thought to supply the
parasiteds energy as wel ¢tlaballg sRuties me e d s .

P. knowlesshowed that glycerol is also incorporated into BRsck, 1971)

Glycerol kinase (GK ATP: phosphotransferase, EC 2.7.3.38 a highly
conserved enzym#hat catalyzes the AFBependant phosphorylation of glycerol
to G3P (Zwaig et al, 1970) A P. falciparumGK (PfGK) orthologie has been
annotated in th&lasmodiumdatabasgPlasmoDB gene ID PF13_0268hd its

proposed role in glycerolipid synthesis and glycolysis is summarizEgjune 8.
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1.5.1P. falciparumglycerol kinase

DNA seqience analysis available PlasmoDBshows that thePfGK gene is a
single 1506bp exon (Appendix Al) located between nucleotide positions
2,051,5472,053,052 on chromosome (Bene ID: PF13_0269)

Glucose
Serum/erythrocyte .{ APHT1
/ Parasite J 1‘ \
|\ ADP
1)
|
| ~ATP

Glucose-6-phosphate

l

Fructose-6-bisphosphate
HxADP

TA

|/ ~ATP
Fructose-1,6-bisphosphate

Dihydrox;/acetone'z:,‘ ,,,,WGcheral\dehyde

phosphate ~ 7 3-phosphate
|‘/NAD’
|"“NADH
GcheroINAQH 1,3-bisphosphoglycerate
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dehydrogenase | J ADP
NAD" | “aTP
Phosphoenolpyruvate
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Glycerol Glycerol ~ 3-phosphate || “ATP
PAAQP  kinase Pyruvate
- NAD*
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Glycerolipid \/ " NADH
\ Synthesis ' /
Lactate

Figure 8: The propose role of P. falciparumglycerol kinase(PfGK).

Glycerol enters the parasite via tRe falciparumaquaglyceroporin facilitatorPfAQP).
Glycerol kinase PfGK) thencatalyzes an AT#lependant phosphorylation of glycerol to
glycerol3-phosphate, a precursdor glycerolipid synthesis and glycolysidmage
modified from Hanseet al (2002)

The A+T composition of thePfGK gene is 70%, lower than both the average
80.6% A+T content of the. falciparumgenome and 76.3% of the average exon
(Gardneret al,, 2002)
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Protein family domain analysivia the Pfam databasehtp://pfam.sanger.ac.gk/

shows thatthe 501 amino aci®PfGK protein consists oftwo structurally related
N- (amino acids 253) and G (amino acids 25861) terminal domains
belonging to the FGGY family afarbohydrat&inasegFigure9).

PF13_0z69

1 1
100 200 300 400 BG0
P. falciparun lifecycle stage proteonics data

P, falciparum Herozoite Hass Spec Peptides {Leiden Halaria Group}

. falciparun Hosquito Docyst, Oocyst-derived Sporozoite, and Salivary Gland Sporozoites
P, falci H ito O éLF 0 t-derived 5 it d Sali Gland 5 :;t

F. falciparun Blood Staﬁe Froteone (tr‘uEhS, gct I/7TI, got ‘.l'}_

F. falciparum 42748 hours post infection

InterPro Domains

SEFE3067 PFOZ752
]

0042565 Actin-like ATPaze domain FGGY_C FGGY family of carbohudrate kinases, C-terminal
PFOG370

s |
FGGY_M FGGY family of carbohudrate kinazes. N-terminal domain
SSFE306ET

0042555 Actin-like ATPase domain
Signal Peptide

Transmenbrane Domains

Predicted Protein Export Domains

HydropathyPlot

Kute-Ooolittle hudropathy plokb 4.5
L 4.
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helix: —- gtrand: —

Low Complexity Regions

Figure 9: Primary structural analysis of the PfGK gene.

Analysis of thePfGK primary structure predicts that tl¥GK protein has structurally
related Actinlike ATPase and FGGY domains at both theahdd Gterminus and a 10
residue low complexity region between amino acids -49G. Eighteen mass
spectrometry peptides were identified, two in early gametocytes (luc), 14 in late
gametocytesréd) and four in mosquito salivary gland sporozoites/|(). The PIGK
PlasmoDB gene ID (PF13_0269) and the number of amino acids, in increments of 100,
are indicated(Aurrecoecheat al, 2009)

The FGGY domain adopts a ribonucleasékd fold. PfGK is dso member of the
ATPase superfamilgndsh ar es a common CCCUCUCU terti a
hexokinase and heat shock protéh (Hsp70)YKabsch and Holmes, 1995, Hurley,
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1996) Although these proteins are dissimilar in amino acid sequence and function,
the ATRbinding siteand catalytic mechanismre highly conserved withithis

actinlike ATPase domainHigure10).

Hexokinase B

Figure 10: The actin ATPasedomain.

The architecture of the actiTPasecore domainrgd) in unrelated proteins (actin, heat
shock proteif70, hexokinase and glycerol kinase) that interadth ATP and Mg or
Ccd" (Kabsch and Holmes, 1995)

Massspectrometry analysis Figure 9) identified two peptides in early
gametocytes, 14 peptides in late gametocy(&dvestrini et al, 2010,
Aurrecoecheaet al, 2009) and four peptides in the mosquito salivary gland

sporozoitegLasondeet al, 2008, Aurrecoechest al., 2009)

A low complexity region (LCR) is located between aminoids 477486
(KMDDKKRKKK; Figure9). LCRs have no definite structure and their function

is unclear. LCRs are (i) thought to be highly evolving regions that expanded from

31



DNA replication slippage and unequal crogsorecombination even{®ePristo

et al, 2006) (ii) characteristically composed of a limited set of amino acids, often
repeats of one or more amino acids, notably lysine and aspar@inrze and
Frontali, 2001) (iii) largely depend on genomic A+T contegpdue and Forsdyke,
2003, DePristoet al, 2006) (iv) exist as surfacexposed and predominantly
hydrophilic disordered coilfWootton, 1994, Aravinct al, 2003)and (v) may
not interfere with the functioning of the molec(@eRisto et al, 2006)

No protein export or transmembrane domains were identified.

1.5.2Structure of E. coli glycerol kinase

The E. coli glycerol kinase EcGK) enzyme has been well characterizeshder
physiological conditionsEcGK exists inan equilibrium of functionaldimers and
inactive tetramers(Ormo et al, 1998) each composed of identical monomers
designated, X, Y and Z(Figurel1a).

Each monomer consists of two major domains (I and Il) separated bgpa de
active site cleftEcGK contains six subdomains, each unique and defined in the
enzymeds st r ucSubdoneinsalh ahd itAarm thé AT®ase core
and subdomain IB forms the glycefwhding site. The dimer () interface is
formed viainteradions betweersubdomains 1IB and IIC whereas the tetramer (O

X) interface is formed via subdomains IA and IC.

EcGK is independently and nerompetitively inhibited by two allosteric
effectors: () IIAC, a component from thephosphoenolpyruvate:glycose
phosphotransferase system (P&syl (ii) the glycolytic intermediate fructosk6-
bisphosphate (FBP)Ormo et al, 1998) The orthophosphate (or FB®jinding
site is a glycingich region between residues3®2236 andis formed by

subdomain IC
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Figure 11: The E. coli glycerol kinasestructure.

lllustration of the(a) ECGK monomer. The ATPase coselldomairs (IA and 1lA) are

shown ingrey; 1B, 1IB, IC and IIC subdomainswhich are part of the ATPase core

domain,are labdled and shown ined The extra b strands that c
cor e bin ssbdanainsdC and IIC are shownialow. The orthophosphaté-BP)

and IIA ®*¢ binding regions are indicated. Bound ADP and glycerol are shown as stick

and ball structures(b) EcGK tetraner in complex withllA®® and with FBP The

structure of IAC, which binds to subdomain 1IC, wasmitted for clarity Each

monomer (O, X, Y, Z) is designated with a differentour (Ormo et al, 1998, Feeset

al., 1998)

The phaphocarrier protein 118 -binding site (residues 47281) is part of
subdomain 1IG(Hurley et al, 1993) 1A binding changes the conformation of
the ECGK tetramer, however, the catalytic site is unaffected since the inhibitor
binds 3R from and distal to the catalytic domaifihe mechanism oflA ®-©
inhibition is unclear. The FBP binding site is created wWBe@K dimers interact

to form a tetramer Higure 11b). FBP binds to and stabilizes the tetramer,

rendering it inactivéOrmoet al, 1998)

1.5.3Structure of PfGK

High resolution structures d?fGK, the firstof a eukaryotic GKhaverecently
been resolvedSchnicket al, 2009) The enzymestructure in complex with its

substrates, glycerol and ADRPfGK-glycerol andPfGK-ADP), was solved by
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molecular replacement usingcGK as a search modelRfGK is topologically

identicalto theEcGK orthologue and shaseommon catalytic residues. The 501

amino acid polypeptide consists wfo domains separated by a deep cleft and as
predicted each domain is constructed aroundgh€ CUCUCU ATPase cor e

PfGK exists as a dime(Figure 12) with the majority ofan otherwise 1750A
accessible area buried by dirforming segments in domain [The orientation

and features of the loogrscture at the dimedimer interface implies that FBP
may not be an inhibitor d?fGK. The loop is orientated towards the catalytic core
and lacks the glycinéch *>GGKGGTR™® signature sequence. Similarly, the
structure and sequence of the SHA binding site in EcGK is significantly
different inPfGK and suggestthat IIA®® may alsonot be an allosteric inhibitor

of PfGK. An interesting observation is that the domain opening is 27°, much
larger than the 7° of orthologous proteins. This may be exgldie selective
inhibitor design should the enzyme prove to be important for parasite
developmen{Schnicket al, 2009)

A\

Figure 12: The P. falciparum glycerol kinase structure.

A ribbon representation of the crystalliz&IGK protein. PfGK exits as functional
dimers. Each monomer contains 2 domaiseparated by a catalytic clefGlycerol
binding residues arpresent in domain | and ahéghlightedred ADP-binding residues
are located in domain Il arate highlightedn blue ThePfGK monomer is topologically
identical to theEcGK monomei(Schnicket al, 2009)
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1.5.4Glycerol acquisition in Plasmodiumparasites

Aquaporins (AQB) are a family of small membrane spanning water and solute
channels. They are divided intawo groups: (i) the orthodox aquaporins, which
are waterspecific channels and (ii) thaquaglyceroporisy which are highly
permeable to glycerol and other physgtal solutes such as urea, and are
variably permeable to wat€Agre et al, 2002) Orthodox AQPs are thought to
maintain homeosts in the cell whereas aquaglyceroporins are involved in

nutrient uptake during metabolism.

Erythrocytes are known to be highly permeable to glycerol and in humans, AQP3
is the major glycerol facilitatoiRed blood cells cannot metabolize glycerol and
the physiological significance of glycerol in the cell is unclgan, 1977) but it

may play a role in osmoregulati¢Brissonet al, 2001) In P. falciparuminfected
RBCs, AQP3 is recruited to the PVM, during or soon after invasion, in an
oligomeric state (possibly dimerized AQP3) that is absent in uninfected red cells
(Bietz et al, 2009) Its role in the PVM stilhas to be evaluated, however, the
internalized AQP3 may facilitate nutrient transport (glycerol) from the RBC
cytoplasm to the parasiteP. falciparum contains a single Hunctional
aquaglyceroporinHfAQP; PlasmoDB ID PF11_0338with permeability to bth
water and glycerol. It i50.4%similar to theE. coliglycerol facilitator(Hanseret

al., 2002) (ECAQPZ; UniProtkB ID P60844), 47.9% similar tithe human
orthologue HSAQP3; UniProtKB ID Q92482)(Bietz et al, 2009) and is
expressed on the parasite membrane throughout Stage developmer{Beitz

et al, 2004)
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1.6 Aims and objectives

Glycerol kinase isa key enzymehat functionsat the interface of carbohydrate
and lipid metabolismThe aim of this study i evaluate the role dhe enzyme
during intraerythrocytic blood stagelevelopment ofP. falciparum parasites

More ecifically, theobjectivesareto:

Perform bioinformatic and phylogenetic analysis of @K gene.
Perform molecular modiéhg and structural analysis of tREGK protein.

Clone, express and purify recombin&iGK.

= =4 =4 -4

Examine the catalytic and biochemical properties of the recombinant
enzyme andts behaviouiin the presence gfossibleinhibitors.

1 Generate a glycerol kinase knockout parasite Vilredouble crossover
homologousrecombination and evaluate its growth duringvitro blood

stage development.

Results fromthese studiesill enhance ourcurrent knowledge of the basic

biology of the malaria parasite
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Chapter 2: Materials and Methods

2.1 Bioinformatic analysis of P. falciparum glycerol kinase

2.1.1P. falciparum glycerol kinasesequencend structure analysis

A putative PfGK gene was annotated during tRéasmodiumgenome project
(Gardneret al, 2002) PfGK nucleotide and amino acid sequen@&spendix AL),
as well as transcriptional profiles were obtained from PlasmoDB
(www.plasmodb.orjy(Bahl et al, 2002, Aurrecoecheet al, 2009)versiors 4.4

7.2 Primary sequence analysis was performed using algorithms availaliteeon

European Bioinformatics Institute (EBhttp://www.ebi.ac.uk/ and ExPASy

http://www.expasy.org/websitesTertiary structure analysisagperformed using

the putative human GK (HsGK) protein structure based on the characterized
EcGK crystal structure, and the recently crystalli®f &K 3D structurs (Protein
Data Bank PDB, identification numbes 2w40 and2w41; (Schnicket al, 2009)
available at the USCS Genome Bioinformatie:/genome.ucsc.eduand PDB

(http://www.rcsb.org/ databases respectively.

2.1.2Evolutionary analysis ofPfGK

The evolutionaryrelationshig betweenGK proteins were analyzed aseviously
describedDurandet al, 2008) with slight modificationsBriefly, 27 orthologous
GK protein and DNA coding sequences, with laboratory or bioinformatic
evidence, were retrieved from the UniprotkB database

(http://www.uniprot.org/uniprof/ Appendix A2). Protein multiple sequence

alignments (MSAs) were performed usingMUSCLE (multiple sequence
comparison byog expectatiopn(Edgar, 2004)with default parametersnsertions
and deletions in the lgnment weremanually removed using BioEdit, version
7.0.9.0(Hall, 1999)and ghylogenetic analysesete performedusingthe PAUP*

version 4.0bl0software (Swofford, 2002) Parsimonyinformative amino acids
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were used to generate amweighted parsimonyree. Parsimonynalyses were
performed by heuristic search withe tree bisectiorreconnection (TBR) branch
swapping algorithm to generate a single mpEsimonious tree (MPT)The
phylogenetic signal (glgonsistency (Cland retation indices(RI) were usedo
assesshefit-of-character data to phylogenetiees. The glstatistic differentiates
random noise from information regarding the evolutionary history of the taxa.
Data sets with a phylogenetic sigm@oduce tree length distributions that are
skewed, whereas data sets with a high degree of random noise produce
distributions that areloser tosymmetrical(Hillis and Huelsenbeck, 1992The

Cl is theratio of theminimum pasible number of steps for a data set in atee
the actual number of steps achiewd issimply a measuref homoplasy(traits

that were derived independently and not present in their common angéesior)
data setFor example, if there aré&Zharaters, the minimum possible number of
steps is 8; i.e. each character has to change at least once. No tree, however, will
allow for the absolute minimum as some characters will change more than once
by way of convergence or reversald values closer to.Q0 therefore suggesto
homoplay in the tree.Cl does, howeveiincrease with addition aininformative
data For example, if the shasttree for a 25 informative character data set is 50
steps, then the C1 25+ 50 =0.5. An addition of 15uninformatve characters will
generate the same tree, however, thecldnges to(25 + 15) + 50 = 0.8,
suggesting a better {faf-charactedatato a treeThe rescaled ClI, which takes RI
into consideration, was used to validate the (Fegris, 1989)TheRI is the ratio

of the numberof extrasteps achieved to the maximum number of extra steps
possiblefor a particular character on a given {reeother wordsa measure of the
proportion of similarities on a treeRl is sensitive to both the number of
informative characters and theimber of taxa ands insensitive to addition of
autgpomorphieqa distinctly derived trait present only in one member of a clade)
in the dataRlI values closer to.0 reflect the degree to which similarities apparent
in the data can be retained as homaegn a treeMaximum parsimonynalyses
were performed with ,000 bodstrap(Felsenstein, 1985gplicates TREEVIEW
version 1.6.6(Page, 1996)vas used to view the treeBoGK was used as the
outgroup(AppendixA2).
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2.1.3ldentification of potential PfGK drug target sites

A maximum likelihood substitution matriwas usedo estimate the ratio of nen
synonymous to synonymous substitutions at individual codoti®eirtsK coding
sequencégDurandet al, 2008) PAML (Yang, 1997)and SLR (Massingham and
Goldman, 2005)analysison protozoa,Apicomplexa metazoan and vertebrate
groups from phylogenetic analysis of 28 orthologous GK nucleotide and amino
acid sequencesvas usd to determine thevolutionary rateat individualcodors
within the GK gene(Durand et al, 2008) Using PIGK amd HSGK as
representatives of thgrotozoan and metazoan cladespectivelyjt was possible

to identify evolutionary conserved codons thetdifferent to the human enzyme
and may represent potential drug target sites (DTS) irPt6& orthologue. A
paiwise alignment of the two protein sequences was performed with the
Needleman and Wunsch algorithifNeedleman and Wunsch, 1970Jhe
coordinates for evolutionary conserved residues differetitetduman orthologue
were mapped onPfG K 6 ertiary structure and visualized using Pymol
(http://www.delsci.com/rel/09%/

2.2 Parasite culture

The 3D7 P. falciparumparasite strain @s cultured as described byrdgerand
Jensen(1976) with slight modifications.All relevant work was performed in a
Labote® Bio Flow laminar hood(Labotec, Midrand, South Africand serility

was maintainedy aseptic technique<Cultures were maintained at &7 in a

Nuai r e E | R waterfaakdtedincwbator( Nuai r e E, Pl.ymout h,
Spent medium was aspirated using a Savant VP100 2 Stage vacuum pump (Savant
Instruments, Inc.England. Centrifuge tubesPasteur pipettes, pipette tips and
phosphate buffered salifBS; Appendix A3) were sterilizedusing the Speedy
Autoclave (Merck Chemicals (Pty) Ltd Johannesburg, South Africaj 120C,

1kg/cnf. Culture nedium and reagents were sterilized by filtration through
0.22umMillex®-GP Syringe DriverFilter Units (Millipor e Corporation, Bedford,

USA). Milli -Q water wascollected from the DireeD® 3 UV system (Millipore
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SAS, Molsheim, Frangdeandused for the preparation of all reagents anliure

medum.

2.2.1Preparation of parasite cultures from frozen stocks

Cryotubes (Nun ¢ E , Ros ki | )l econtainibge imia froken 3D7

P. falciparumparasite culturesvere removed from liquid nitrogen storage and
thawed in a preheatedauda B/MA6 water bath(Lauda, LaudaKonigshofen
Germany)at 37C. Onetenth wlume (10Cl) 12% (w/v) NaCl (Saarchem (Pty)
Ltd., Wadeville, South Africajvas added dromise to the tubeswhilst swirling,
and incubated fofive minutes at room temperature. Suspensions were transferred
to sterile 15micentrifugetubes(Greing Bio-One GmbH,BadenWiirttemberg
Germany)and 10 volumes(10ml) 1.6% NaClwereadded.The tubes were gently
inverted and centrifuged in aBppendorf 5702R centrifugéEppendorf AG,
Hamburg, Germany)at 30g for five minutes at room temperature. The
supernatant was aspirated and the p@rgsellets resuspended @0 volumes
(20ml) incompleteRPMI culture medium supplemented with 2088 plasmaor
1% Albumax Il (Appendix A3). The tubes were centrifuged &00g for five
minutes at room temperature and freshly wasb@® erythrocyte suspensia
(Appendix A3) wasadded to theell pellet to a final volume of 7%0. Incomplete
RPMI culture medium supplemented with 20% AB plasma or 1% Albumax II
(Appendix A3)wasprewarmed at 37C and 4.25miwas added drop wise to the
cells. The culturewas transferred to a sterile52m?® small tissue culture flask
(NuncE, RDBesnkark) gassed for 30 seconds with a 93% 5% CQand
2% O, gas mixture(African Oxygen Ltd, Johannesburg, South Africa)ghtly
closed and incubated at“87(Haeggstrom and Schlichtherle, 2004)

2.2.2Continuous parasite culture

Cultureswith 5% haematocrit were incubated af@7n 25cn?, 80cn? or 175cnf
sterile tissue culture flaskN u n c E , Ro s ki)l Spent meDieamwaa r k
gently removed from the cultures, without disturbing the layarnmfifected and
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parasitizecerythrocytesandreplaced daily wittbml (25cm? small cultureflask),
20ml (80cmi medium culture flask) or &ml (175cnt large culture flask)
incomplete RPMI culture medium supplemented with 10% AB plasma or 0.5%
Albumax Il (complete RPMI culture mediumAppendix A3). Cultures were
gassedwith 93% N, 5% CQ and 2% Q for 30 seconds (&nt small culture
flask), two minutes(80cnf mediumculture flask) or 3.5 minutes(175cnf large
cultureflask). Parasitaemia was monitored daily wécroscopic analysis of blood
smearsstained with aRapid Haematology Stai(Diagnostic Media Products,
NHLS, Sandringham, South Afric#ppendk A3). Erythrocyteswere added to
maintaincultures at &% haematocrit and pasaaemiaat 6% (Haeggstronet al.,
2004)

2.2.3Freezing parasite cultures

Predominantly ring stag@arasiteswere frozen when cultureseached>5%
parasitaemiaCultures wererainsferred to sterile 50ndentrifugetubes(Greiner
Bio-One GmbH, BadenWdurttemberg Germany) and centrifuged using an
Eppendorf 302R centrifuge at ;000g at room temperature fiive minutes.The
supernatant was aspirated ahe cell pellet resuspendéd a 40%haematocrit
with RPMI either containing10% plasma 05% AlbumaxIl. For example, 374
mediumwas added to the 2fDcell pellet from a 5ml cultureAn equal volume
of sterile freezing solution(Appendix A3) was added dropwise, while gently
swirling, and Iml of the mixture was aliquoted into sterile cryotubes stored in

liquid nitrogen(Haeggstrom and Schlichtherle, 2004)

2.2.4Synchronization of parasite cultures

Parasites were synchronized usiDgsorbitol, which lyses trophozoitafected

red blood cells (Fernandez, 2004, Lambros and Vanderberg, 1979)
Synchronization was performed during the fsigge of parasite development.
Cultureswere transferred to sterile 50ml tubes and centrifugeah Eppendorf
5702R centrifuge at ;000g forfive minutes at room temperature. The supernatant
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was aspiratedand the pellet resuspended 20 volumes of5% D-sorbitol
(Appendix A3). The sispensionwas incubated at room temperature fifr
minutes,with gentle shaking everg-3 minutes,and centrifuged at,Q00g forfive
minutes at room temperature. The supernatant was aspirated acell thellet
washed once isomplete RPMI culturenediumor PBS(Appendix A3). Pelleted
cells were resuspendeih complete RPMI culturanediumand he suspension

transferred to aultureflask, gasse@nd incubated at 3C.

2.2.5Culturing gametocytes

Exposure to certain stressful conditions induces the formation of garrestany
the 3D7 strain of. falciparum An increase in parasitaemiafeducedsurface
areaandno addition of fresh erythrocytes aeme of thdactors thattan induce
the formation of gametocyan vitro. Five millilitre cultures were initiated at a
parasitaemia of 2% and a haematocrit of 5% ir25en? tissue culture flask
Parasites wer@repared from stock cultures that had been recently thaaged,
gametocyte conversion rate decreaséh time in prolongedcultures. Flasks
wereincubatedin an uprigh position to reduce the surface area available to the
parasites. The medium was replaced daily, but dnly medium was removed
each day tavoid aspirating cultured cell$he final volume of the medium was
increased to 7.5mk3% haematocritwhen theparasitaemiaeached %. Culture
flasks were gassedaily for 30 seconds. Microscopic analysis waerformed
every alternate dayor 1418 days (Bhattacharyya and Kumar, 2008, Careal,
1993)
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2.3 SubcloningPfGK DNA into pGEXT -4T-2 and
pTriEx -3 vectors

2.3.1P. falciparum DNA extraction and analysis

3D7 parasite DNA was extracted as descrili®d Schlichtherle and Wahigren
(2004) with slight modifications.Using an Eppendorf 5702R centrifuge, cells
from a 20ml culture with >5% parasitaemia(predominantly mature stage
parasitesyvere pelletedit 1,000g forfive minutes at 4°CCells were washed once
with 50ml PBS and pelletedt 1,000g for five minutes at 4°C. Cells were
resuspendetb a final volume oml with PBS and the retdlood cells lysed with
40ul 0.5% saponin(final concentration of 0.0194JSB Corporation, Cleveland,
USA) for five minutes at room temperature. Parasites were pelleted via
centrifugation at ,D00g forfive minutes at 4°CSaponin lysis wasepeated to
lyse residual redblood cells. Parasites were pelleted and wasttegdetimes with
50ml PBS. The parasites were resuspended in 1mlbysier (40mM TrisHCI,

pH 8.0, 80mM EDTA, pH 8.0, 2% SDSupplementedith 0.1mg/ml Proteinase
K (Roche Dagnostics Gmbh, Mannheim, Germangnd incubated at 37°C for
threehours, with occasional mixinddNA was purified usingtandard methods of
phenol/chloroform extraction and ethanol precipita{idppendixA4). The DNA
pellet was audried and resuspended 20-50ul nucleaseree water(Fermentas
International Inc., Burlington, Canad&NA quantity and quality were evaluated
using spectrophotometricand agarose gelanalysis with the Fermentas
MassRulel™ DNA Ladder Mix as a referencéermentas Internati@l Inc.,

Burlington, CanadaAppendixAb).

2.3.2Polymerase chairreaction (PCR)amplification of the PfGK
gene

The 1,506bpfull length PIGK genewas amplified via PCR using synthesized
oligonucleotides (primer set PfKO3/PfK04; Inqgaba Biotechnical Industries

Pretoria, South Africagontaining appropriate restriction enzyme sites to facilitate
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the inframe cloning of the gene into the pGEX-2 expression vector
(Amersham Biosciencdstd., Buckinghamshire, UKAppendix A6). A 1,503bp
PIGK* fragment without tle stop codon was amplified (primer set PfKO8/PfKO06)
and used for cloning into thElriEx-3 expression vectgiNovagen, Inc., Madison,
USA; Appendix A6). The stop codon was removemenableranslation of the €
terminal 8histidine residues(His-tag) necesary for protein purification. A
guanidine nucleotide was added downstredrthe BanH| restriction site in the
PfKO8 forward primer for irframe translation of the recombinant proteiach
50l amplification reaction mixture consisted of 100Rg falciparumgenomic
DNA, 0.2M of each primer, 206M each of the four deoxynucleotide
triphosphates (ANTPs2.5U Roche Expand High Fidelityaqpolymeras€Roche
Diagnostics Gmbh, Mannheim, Germamgnd its reaction bufferPIGK was
amplified using PCR conditions as summarizeth Table 2 and using an
Eppendorf Mastercyclr Gradient thermocycler (Eppendorf AG, Hamburg,
Germany) A two-step PCR proceedure was used: i) &3mealing temperature
was usedor the firstfive amplification cycles to allow the complement&iGK
primer sequenceto bind to thePfGK genefollowed by i) a 55C annealing
temperaturefor amplification of the full lenth PfGK genei ncl udi ng
BanHI a nxhd rgdiriction sites. Amplicons were analysedia agarose gel
electrophoresiswith the FermentaMassRulel DNA Ladder Mix as a reference
(Appendix 55).

Table 2: PCR cycling conditions for the amplification of PfGK.

Segment Cycles Temperature Time
1 1 94°C 2 min
94°C 1 min
2 1-5 35°C 1 min
72C 2 min
94°C 1 min
3 5-30 55°C 1 min
72C 2 min
4 1 72°C 10 min
5 1 15°C Hold
PfGK PCR product sizes
Cloning into pGEX4T-2 1,518bp
Cloning into pTriEx3 1,516bp
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2.3.3Plasmidvector preparation

Plasmid DNA extraction waperformedusing the alkaline lysis method which
relies on the selective denaturation of high molecular weight bacterial DNA
(Birnboim, 1983) Two milliliters Luria Bertani(LB; Appendix A7) medium
supplementedvith 10Qug/ml ampicillin (Roche Diagnostics Gmbh, Mannheim,
Germany, were inoculated witha single pGEX-4T-2 or pTriEx-3 transformed
D H 5 &) colicolorny and cells were grown iaLabote® Orbital Shaker (Labotec,
Midrand, South Africajat 250rpm at 37C for 16-18 hoursE. coli cultures were
pelleted at 16,100g for one minute using an Eppendorf 5415R centrifuge
(Eppendorf AG, Hamburg, €@many)and the supernatant aspiratecll€ were
resuspended in 1Q0 ice-cold resuspensiorbuffer (25mM TrisHCI pH 8.0,
10mM EDTA, 50mM Dglucose) and incubated at room temperaturefifar
minutes.Two hundred microlitres direshly preparé 0.2M NaOHL1% SDS was
addedandthe solutiongently mixed by inversiomo lyse the cellsOne hundred
and fifty microlitres ice-cold freshly prepared 3.3M acetic a¢ierck Chemicals
(Pty) Ltd., Johannesburg, South Africand 1.6M potassium acetafaarchem
(Pty) Ltd., Wadeville, South Africajolution (two volumes 5M acetic acid dn
one volume 5M potassium acetatpH 4.8 was added to the lysate attd
suspension incubated ace water for 15 minuteg.he solution was centrifuged at
16,1009 forfive minutes at 4C to pellet cell debrisDNA in the supernatant was
extracted using phenahloroform and purified using ethanol precipitation
(Appendix Ad). The DNA was resuspended in J00E buffer (L00mM TrisHCI,
1mM EDTA, pH 8.0) containing 1ug DNasefree RNasA (Fermentas
International Inc., Burlington, Canadahd incubated at 3T for 30 minutes.
DNA was extracted and purified usinghenoichloroform and ethanol
precipitation.The DNA pellet was aidried and resuspended20-50ul nuclease

free water.

For rapidplasmid DNA extraction fronkE. coli, a commercially available silica
membrane and spin column format, kite SigmaGenEluté" Plasmid Miniprep
Kit (SigmaAldrich Corporation, St. Louis, USA)was used. Plasmid DNA was
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extracted from transformeel. colice | | s as per manufacturer 6s
pelletedcells from 15ml cultures were resuspended in an RNase solution and
lysed using a alkalineSDS lysis buffer fofive minutes at room temperature. A
neutralization solution was added to precipitegédl debris, protein, lipids, SDS

and chromosomal DNA. The precipitate was pelleted via centrifugation at
16,1009 for 10 minutes at 4°C and the DNA in the supernatant transferred to the
column assemblyrollowing centrifugation at 1800g foroneminute at4°C, and

in the presence d high salt concentrationhé DNA was absorbecdand trapped
within the silica membraneA washspin step with absolute ethanol was used to
remove residual salt contaminants and the DNA was eluted from the column with

50ul nucleasefree water.

DNA quality and quantity wre determinedvia spectrophotometric analysis and
agarose gel electrophoregfsppendix ). DNA wasstoredi n 50 ¢ | aliquot
concentratia-B0°Cof 100ng/ ¢l

2.3.4Preparation of PfGK gene insert and vector for ligation

PfGK and PfGK* DNA amplicors were purified using ethanol precipitation
(Appertix A4), the QAquick® PCR Purification Kit (Qiagen GmbH, Hilde,
Germany) or the QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden,
Germany) as per manufactured sinstruction. The QIAquick® nucleic acid
purification system utilizes spincolumn technology to trap DNA in a silica
membranea wash stepwith ethanol to @move impurities, andn eluton step
with nucleasdree water to recover DNAOne microgranPfGK, P{GK*, pGEX-
4T-2 and pTriEx3 were each digestedin a 20ul reaction containingpne
FastDigest unit (FDU, 1ul) FastDigest Fermentas BanH! (Fermentas
Interndional Inc., Burlington, Canadand 1FDU FastDige&txhd (Fermentas
International Inc., Burlington, Canadagstriction enzymes in 1x FastDig®st
buffer at 37C for 10 minutesOneunit (1pl) FastAP™ Thermosensitive Alkaline
Phosphatas@~ermentas Inteational Inc., Burlington, Canada)as added tohe
plasmiddigest reactiontod e p h 0 s p h o r-gntl antipecvent plasmid @
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circularizationduring the ligation reactioigested products were purified with a
QIAquick® PCR Purification Kit and the quality and quantity of the purified
digested products were determined spgttovanetrically and with agarose gel
electrophoresisThe SynGene GeneGeniugel documentation system with the
GeneSnap ersion 7.04GeneToolsversion 4.0 analysisoftware (Syngere,
Cambridge, UK)was used t@uantitate DNA using the FermentstassRulel
DNA Ladder Mix as a referend@dppendixAb).

2.3.5Cloning PfGK into pGEX-4T-2 and pTriEx-3 vectors

PfGK was ligated into the BanHI/Xhd restriction sites downstream of the

Glutathbne Stransferase (GST) gene sequenoethe pGEX4T-2 plasmidto

generatea recombinant pGEXT-2-PfGK plasmid constructand PIGK* was

ligatedinto theBanH|/Xhd restriction sitesupstreanof the 8xHis tagsequence

in the pTriEx-3 plasmid to generatea recombinant priEx-3-PfGK* plasmid
construct(Appendix A6). Ligation reactions werassembledusing the Roche

Rapid DNA Ligation Kit(Roche Diagnostics Gmbh, Mannheim, Gernjaawsy per

manuf act ur e Briely, digestedvactare werecombined wih a 3fold

molar exces®f digestedPfGK insert to a maximum of 200ng total DNAThe

DNA was resuspended IXDNA di |l uti on buffer and the v
with nucleasdree water Ten microlitres2x T4 Ligase buffer and 1pl T4 DNA

Ligase vereadded to the mixturand the ligation reaction was performed at 16°C

for 30 minutesTo transform DH® E. coli (Invitrogen Ltd., California, USA)

50ul of competent cellsvere inoculated w t h 5¢l of t amce |l i gat
incubaedon ice for 30 minuteCellswereheatshocked for 30 seconds at 42°C,

incubated on ice fotwo minutes andadded to0.5ml LB medium.Cells were

incubated at 37°C foone hour, with shaking,and 50-100ul of the culturewas

spreadon LB agarplatessupplemented with 1Q@/ml ampicillin (Appendix A7).

Plates were incubated at°&7overnight(16-18 hours) and transformed colonies

were verified with PCR, plasmid extraction, restriction eneydigestion and

DNA sequencing analysis
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Gene and vectorspecific PCR

An initial PCR screen fotransformedE. coli colonies was performed prior to
plasmid extraction and restrictioanalysis. Ten random colonies were each
resuspended in L0 Milli -Q water. Two milliliters LB, supplemented with
10Ceg/ml ampicillin, was inoculated witheb of the baterial solution and cultures
were incubated at 3 overnight forsubsequenplasmid DNA extraction. The
remaining $ul suspensionwas incubated at 9€°for five minutes to lyse the
bacteria denature bacterial protanand release bacteriahd plasmidDNA.
Colonies were screened for t@&K insers usingPCR withpGEX-4T-2/pTriEx-3
vector specific primersr GK genespecific primergAppendixA6 andAppendix
A1l7). PCR reagbnswere assembled in a final volume of 20ul containing 10ul 2x
PCR Master MixPranega Corporation, Madison, USA).2uM each primer and
100ng DNA under PCR conditionas summarized iffable 3. Amplicons were
analysed using agarose gel electrophoregippéndix A5). Plasmid DNA
extractions wergerformed only o colonies containing either the pGENX-2-
PfGK or pTriEx3-PfGK* recombinant plasmids.

Table 3: Colony PCR cycling conditionsfor the detection of PfGK in transformed
bacteria.

Segment Cycles Temperature Time
1 1 94°C 2 min
94°C 1 min
2 1-29 55°C 1 min
72C 2 min
3 1 72°C 10min
4 1 15°C Hold
Template Primers PCR product sizes
PGEX-4T-2 SEpGEX-F/ISEpGEX-R 174bp
pGEX-4T-2-PfGK SEpPGEX-F/ISEpGEX-R 1,661bp
pTriEx-3 SEpTHEX-F/SEpPTriEX-R 496bp
pTriEX-3-PfGK* SEpTrEX-F/SEpPTrEX-R 1,88bp
PIGK/PfGK* PfK11/PfKO5 PfK16/PfK17* 150bp
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Restriction enzyme analysis

One microgrampurified pGEX-4T-2-PfGK or pTrEx3-PfGK* recombinant
plasmids were digestad a 20ul reactiorwith BanHl and Xhd (section2.3.9),
separating thd>fGK insert from the plasmid backbon@igested products were
analyzed using agarose gel electrophoresis @8% agarose ggAppendix 55).
Digested pGEX4T-2 or pTriEx-3 vectorswithout insers were used as negative

controls.

DNA sequencing analysis

Recombinant plasmids were either sentirigaba Biotechnical Industries (Pty)
Ltd for automated sequencing analysis or sequenced usifgiHeRISM® 3100
Genetic Analyzer(Applera Corporation, Foster City, USAnd the Aplied
Biosystems Big Dy® Terminator v1.1/3.1 sequencing Kitife Technologies
Corporation, California, USA)Ten microlitres BigDye terminator sequencing
reactionswere assembled by adding 500ng recombinant plasmid DN2uito
Ready Reaction Premixlul BigDye sequencing buffer and 3.2pmol primer
(either ector or PIGK genespecific). Sequencing reactions were performed

underconditionsas summarized iflable4.

Table 4: Sequencing cycling conditions fothe detection ofPfGK in transformed
bacteria.

Segment Cycles Temperature Time
1 1 96°C 1 min
96°C 10 sec
2 1-25 55°C 5 sec
60°C 4 min
3 1 4°C Hold

Unincorporated dye terminators were removed usthgnol/EDTA precipitation
as per manufactured s i n,withrslight tnadibcations Briefly, 5ul 125mM
EDTA pH 8.0 and 6l 100% ethanol wreadded to thd0ul sequencing reaction

and incubated at room temperature for 15 minutes. The DNA was pelleted via
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centrifugation at 1400g for 30 minutesat 4°C and the supernatamspirated
Sixty microliters70% ethanol was added to the DNA petietremove residual
salts and unincorporated termioa dyes. The DNA was pelleted via
centrifugation at 18009 forfive minutes at 4°C and adried for 15 mimites at
room temperaturen the dark DNA wassent to the HIV genotyping laboratary
the Department of Molecular Medicine and Haematololgy sequence

determination.

2.4 Expression of recombinant GSTP{fGK (r PfGK) in
E. coli

A statistical model was used fredict the expression of soluble recombinant
proteins inkE. coli (http://www.biotech.ou.edlW/Rosetta2 (DE3E. coli(Novagen,
Inc., Madison, USA)were transformed with the pGEXT-2-PfGK construct.

RosettaADES3) cells were designed to enhance expression of eukaryotic proteins
that contain codons rarely used HEn coli (Appendix A8). The strainexpresses
sevenraretRNAs for arginine (AGG, AGA and CGG), isoleucinalyA), leucine
(CUA and CCQ and glycine (GGA) on a pRARE plasmid containing a

chloramphenicalesistance cassettdovagen, 2009a User Protocol TB009)

PIGK was expressed as a fusigmotein with an Nterminal GST following

induction with the inducing agentisopropytb-D-thiogdactgpyranoside(IPTG,

Pramega Corporation, Madison, USA)r theOv er ni ght ExpressE |
Medium (Novagen, Inc., Madison, USAppendix Al0). Over ni ght Expres
medium is a modified terrific broth that allows the bacteria to autoinduce in the

presene of a secondry energy sourcdactose once theprimary glucose energy

sourcehas been depletgtovagen, 2005 User Protocol TB383, Novagen, 2009b

User Protocol TB526)Proteins were expressedder conditions as reawed by

Sorensen and Mortensg2005b) where the expression of soluble recombinant

proteins may be improved following induction at high cell densitiesaafaver

temperatures.
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Two millilitres LB medium supplemented with J0§/ml ampicillinand 5Qg/ml
chloramphenico(SigmaAldrich Corporation, St. Louis, USAAppendix A7) was
inoculated with transformed coloniasdallowed to growto a cell density wittan

optical absorbance &@00nm (Asoonm) Of greater thanl.0 by incubaton in a

Labote® Orbital Shakemt 250rpmovernight(16-18 hours)at 37C. In all cases,

a 1:10 (v/v) dilution was used to measure the density of the cultud€ (v/v,

2 5 0 of theantibioticselectectulture was addedo 25ml LB without antibiotics

in a 125ml flaskand allowed to grow toraAgeonm cell densitybetween 0.8L.0

(typically 68 hours) in the Labote® Orbital Shaker at250rpm at 37C.
Recombinan protein expression was induced wil-1mM IPTG, with shaking

onaRed Rotor PR7230V shaker (Hoefer Scientific Instruments, San Francisco,
USA) at 250rpmfor 16-18 hours at room temperaturBor optimal aeration,

cultures were grown in flasks atratio of one volume culture t&5 v ol umes
culture vessel.Alternatively, Over ni ght ExpressE Il nstant
inoculated with 1100 (v/v) of an antibiotiselected culturandincubatedon the

Red Rotor PR7@30V shaker at 250rprfor 20-24 hoursat room temperature.

Final cell suspaesions had an &o.mVvalue between 4:8.0.

Cells were pelleted at,0g for 10 minutes at°€ using an Eppendorf 5702R
centrifugeand resuspended iml BugBustef HT Protein Extraction Reagent
(Novagen, Inc.,Madison, USA) supplemented with [# Proteae Inhibitor
Cocktail Set 1l (100mM 42-Aminoethyl) benzenesulphonyl fluoride
hydrochloride, 80uM Aprotinin, 5mM Bestatin; 1.5mM-@&; 2mM Leupeptin,
1mM Pepstatin A; Calbiochétn San Diego, USA)Suspensions were incubated
for 20 minutes, with shakingn a Red Rotor PR7@230V shakerOne hundred
and fifty microlitres of the suspension was collecéad solubilized for analysis
of the total protein fractionAppendix A10). The lysate was centrifegl at
16,1009 for 20 minutes at°€ using an Eppendorf 5415€entrifugeto separate
the soluble protein fraction in the supernataont theinsoluble proteinin the
pellet One hundred and fifty microlitres of the soluble protein fraction was
collectedfor analysis.The pellet was resuspended in 1.8528S (the original

volume prior to separation of the soluble and insoluble protein fractemd)
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15Qul was collected for analysis of the insoluble protein fract&®imilarly, rGST
was expressed froRosetta2 (DE3E. colitransformed with the pGEXT-2. The
total, ®luble and insoluble protein fractions fraeachclone wereanalyed using
SDSPAGE and immunoblot analysisith a 1:50000 Anti-GST-HRP Conjugateé
antibody (Amersham Biosciences, Ltd., Buckinghamshire; Appendix All).

Five microlitressolublerGSTwasused as a contrah the immunoblot analysis.

2.4.1Large scaler PfGK protein expression

Two millilitres (1:100, v/v) of trarsformed cellswith an Agoonm greater than 1.0
was added t@00mILB or Overnight Expres¥', in a 1L flask,without antibiotics
Recombnant protein expression wasduced with IPTGor the Overnight

Express" system, as described (sectid).

Cells expressingPfGK were lysed usingonication.Cells were resuspended in
10ml 1x GST buffer (4.3mM NgHPQO,, 1.4/mM KH,PQO,; 137mM NacCl and
2.7mM KCI, pH 7.3)supplemented witbul Proteaserihibitor Cocktail Set Ill, in

a 50ml tube and sonicatedith a Bandelin Sonoplus UW 2070 sonicator
(Bandelin Electronics, Berlin, Germanyn ice waterat 75% power for 15
second. The sonication cycle was repeated fiees with a 45 second cooling
periodon icebetween each cycle. The cell lysate was centrifuged 4006 for
20 minutes at 4°@Qsing aBeckmanCoulter J221 or Avantjf J-E centrifuge with

a JA17 rotor(Beckman Coulter, Inc., Fullerton, USAYo separate insoluble
protein in the pellet from soluble protein in the supernafem. supernatant was
collected and a@uble rPfGK was purified.Protein fractions were collected for

analysis as describesketion2.4, Appendix ALO andAppendixAll).

2.4.2Purification of rPfGK

SolublerPfGK was purified from endogenols coli proteinsusing the Promega
MagneGST" Protein Purification SysterfPromega Corporation, Madison, USA)
aspemanufacturer6s i nstagawsdeanarsupplieeé Ma gn e
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as a 25% slurry andavea binding capacity of-20mg of protein per 1ml sedtl
particles Theyareused for affinity purification of smaimounts of proteinsLhe
particles containaduced glutathione covalently attached to agarose beads with an
iron oxide core.Twenty microlites GST agarose beadvereadded to a sterile
1.5ml centrifuge tube (Eppendorf AG, Hamburg, Germangnd washedhree
times with five volumes MagneGST bindingwash buffer(4.2mM NaHPO,,
2mM K;HPQ,, 500mM NaCl, 10mM KCI) One volume is equivalent to the
volume of packed beads and the wash procedure involved adding bwiéetinig
the suspensiofive times,collecting the beads with Magnetic Particle Separat
(Roche Diagnostics Gmbh, Mannheim, Germaaayl aspirating the suptant.
The beads were resuspended e volume MagneGST binding/wash buffer
and the sduble protein fractionfollowing cell lysis (section2.4.1), was added
rPfGK was allowed to bind to the beafis 6-18 hoursat 4°G with shaking using
the ElImi RM2M Intelli-Mixer (Elmi, Riga, Latvig. Non-specific binding of
endogenoug. coli proteirs wasremoved by washing the beddge times with50
volumes ofMagneGST" binding/wash bffer, each wash fofive minutes with
gentle agitationrPfGK was eluted from the beads wi00ul elution buffer
(500mM reduced glutathione, 50mM T#4CI, pH 8.25) for 15 minuteat room
temperaturewith gentle agation everytwo minutes ResidualrPfGK was eluted
from the beads second timevith 100ul elution buffer. The fractions were kept
separate for enzyme activity analydiesidualprotein still bound to the beads
wasanalyzedby resuspension in 1Q0 elution buffer and boiling for one minute

in the SDSsuspensiomsolution(Appendix ALO).

All proteinfractions were collected and stored2(°C. Fractions(5-25¢l) were
analyzed using SDBAGE. Recombinant protes were detected using
immunoblotting with a 1:50000-1:10Q000 diluted anttGST-HRP ®njugate
antibody(Amersham Biosciences, Ltd., Buckinghamshire, &ppendixA1l).
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2.5rPfGK protein refolding

2.5.11nclusion body purification and quantitation

Incorrectly foldedrPfGK trapped in inclusion bodies in bacteria wagdracted
using the BugBust&HT Protein Etraction Reagent.Insoluble proteis from
induced cultures ereresuspended in the same voluméafBustef’ HT used to
lyse the original harvested cell pellet (1 volum@he kilo unitlysozyme(Roche
Diagnostics Gmbh, Mannheim, Germangr millilitre BugBuste? HT was
added to the solution, mixed and incubated at room temperatuiieefaninutes.
The lysozymehydrolysesthe glycosidic linkage betweed-acetylmurant acid
and N-acetylglucosaminein the peptidoglycan ofbacterial cell wal and
facilitates extraction of incorrectly folded rPfGK trapped within the inclusion
bodies. Six volumes 1:10BugBuser® HT dilution were added and vortexed
vigorously foroneminute. The suspension was centrifuged,808g at 4°C for
15 minutes using a Beckma®oulter J221 or Avantji® JE centrifuge with a
JAL17 rotor. The inclusion body pellet was resuspended in @kinaes 1:10
BugBusteP HT, vortexed foroneminute and centrifuged at@0g at 4°C fofive
minutes. The supernatant was discarded and the process repeated twice. Inclusion
bodies were resuspended in 0.5 volsmel0 BugBustef HT and pelleted at
15000y at 4°C for 15 minutes. The purified inclusion body pellet was
resuspended in 2ml Guanidihgdrochloride (GnHCIMerck KGaA, Darmstadt,
Germany)solution (6M GnHCI, 50mMTris-HCI pH 8.0, 100mMNacCl, 10mM
EDTA and 10mMDTT) and incubated at 4°Gvernight on aRed Rotor PR70
230V shakerto dissolve the pellet. The suspension was centrifuged,@80dyat
4°C for 20 minutesand the supernatant collectédovagen, 2004 User Protocol
TB245). Solubilized inclusion body protein concentration was estimated at 280nm
under ultraviolet (UV) lightusing theNandrop® spectrophotometer and Beer

Lambertds equation:
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Ajgonm = €cl

e =rPfGK protein extition coefficient (M*.cm?)
¢ = concentration (mol/L)
| = light path length (cr)

The PfGK protein extinction coefficienivas obtained from the ProtParam database

(Gasteige E. et al, 2005)(http://web.expasy.org/protparam/protgef.htmi).

A 1:10, 150, 1:100, 1200 and 1500 rPfGK protein dilution seriesjsingPBSas
the diluent, was prepared and alorce measured. The absorbance against
protein dilution was plotted and absorbamedueswithin the linear range were

used to calculate protein concentration:

A280,n o
= I x dilution factor
e

Concentration in g/L was calculated by multiplyithe protein concentration in
mol.L with t h e proteinods mo 1).e Solutilized inclusion g h t (g
bodies were stored in approximat&ymg aliquots at20°C.

2.5.2Refolding rPfGK from inclusion bodies with guanidine
hydrochloride

Five millimolar 1,4-dithiothreitol (DTT; Roche Diagnostics Gmbh, Mannheim,
Germany)was added todmg defrostedpurified and denatured inclusion bodies
and incubated at 4°C for 60 minutes to reduce disulphidesbdmned hundred
milliliters refolding buffer (200mM Tris-HCI pH 8.0, 10mM EDTA, 1M L
arginine, 0.1 phenylmethylsulfonyl fluoride RMSH, 2mM reduced
glutathione, 0.2mM oxidized glutathiona)as prepared and cooled to 4°C. The
positively chargedL-arginine (Merck KGaA, Darmstadt, Germany)n the
refolding buffer reduces protein aggregation, the glutathione redox couple
(SigmaAldrich Corporation, St. Louis, USAghuffles disulphide bond formation
during refolding and the PMSfRoche Diagnostics Gmbh, Mannheim, Germany)
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protease inhibitor protects the protein fromotpasesThe solubilized inclusion
bodies were diluted t8BM GnHClwith one volumerefolding buffer on ice over a
period of 30 minutes. The solution was transferred to dialysis tulhtreyce
Biotechnology Incorporated, Rockford, USAyith a 10kDa moledar weight
protein size limitation and dialyzed againgt00 volumes ofrefolding buffer at
4°C for 48 hourgrefold databaséttp://refold.med.monash.edu)aiChowet al,

2006a, Chowet al, 2006b) The protein sample in the dialystsbing was

transferred to 2.0ml centrifuge tubgEppendorf AG, Hamburg, Germanghd
centifugedin an Eppendorf 5415R centrifuge 26,1009 for 10 minutes at 4°C to
remove insoluble protein aggregates. The supernatant was colkatedhe
refolded rPfGK protein purified via affinity chromatography(section 2.4.2.
Immunoblot analysis with an arfST-HRP conjugated antibody was used to

analyzeprotein fractiongAppendixA1ll).

2.5.3rPfGK protein refolding from inclusion bodies with urea

rPIGK was refolded from solubilized inclusion bodies bmoving GnHCI
present in the denatured protein sample thraugbral dilution series usingirea
(Promega Corporation, Madison, USAnd PBS.One hundred micrograms
purified inclusion bodies in a final volume of j@0were added to RierceSlide-
A-Lyzer mini dialysis unit(Pierce Biotechnology Incorporated, Rockford, USA)
with a 10kDa molecular weight coff. The solution was dialyzed against 100ml
7M urea in PBS for 15minutes at room temperature. The dialysis unit was
transferred to 100ml 6M urea in PBS adalyzed for 15 minutes at room
temperature. Theerial dilution seriesvas repeated until the solution was dialyzed
against PBSonly. Proteirs were transferred t@ tube andcentrifugedin an
Eppendorf 5415R centrifuge at ,160g for 10 minutes at 4°Go remove
aggregatesThe supernatant was collected and the refoldd@GK purified by
affinity chromatography(section 2.4.2. Protein fractions weranalyzed using

immunoblot analysis with an af@ST-HRP conjugated antibodAppendix ALl).
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2.6 PfGK enzyme kinetics

2.6.1rPfGK enzyme assay

rPfGK was quantitated using densitometfyCoomassie blue stained SIPAGE

gels and 250ng500ng and ,000ng bovine serum albuminB$A, Pierce
Biotechnology Incorporated, Rockford, USAppendix AX) as a reference.
Enzyme activity was measureda an ADRcoupled spectrophotometric assay
using the Biomate 5 spectrophotometéfhermo Electron Grporation,
Cambridge, UK) andhe VISIONIite™ version 2.2kinetics software(Thermo
Fisher Scientific, Inc.,Ueberlingen, Germany When rPfGK is added to a
reaction mixture containing ATP, NADH, phosphoenolpyruvate (PEP), pyruvate
kinase (PK), lactateathydrogenase (LDH) and glycerol the following sequence of
events occurs:

rPfGK
-

Glycerol + ATP Glycerol3-phosphate + ADP

ADP + PEP _PK_ ATP + Pyruvate

Pyruvate + NADH + FI L2 Lactate + NAD

By measuring the decrease in NADH absorbance at 340nm, the enzyme activity of
rPfGK can be calculated’he spectrophotometer was connected to a waterbath to
measure enzyme activity at € One milliliter Milli -Q water was used to
equilibrate the instiment and as a blankhirty three microlitres of prified
rPfGK (65.8172.6ng)was added to &.967/ml pre-warmed reaction mixture,
mixed via inversion and transferred to fvarmed cuvettes in the
spectrophotometer. The reactionixtare contaied 0.233ml eagent solution
(8.5mM ATP, 1.22mM NADH, 2mM PEP, 7U/ml (v/v) PK, 150l (v/v) LDH,
28mM  MgSQ, 26mM reduced glutathione, pH 7.4), 0.7m0.1M
TriethanolamineHCI buffer pH 7.4or 0.7ml 0.1M TrisHCI pH 7.4 and 33pl
0.1M glycerol. Final concentrations ofethreagents were 2mM ATP, 0.3mM
NADH, 0.5mM PEP, 1.6 units/ml PK, 3.5 units/ml LDH, 6.5m#§SC,, 6.0mM
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reduced glutathione, 70mM Triethanolamid€l pH 7.4 or 70mM TrisHCI pH

7.4 and 3.3mM glycerol. WRified rGST and elution buffe(500mM reduced
glutathicne, 50mM TrisHCI, pH 8.25)were used as negative contral$ie linear
decrease in NADH absorbance at 340nm was measured for 20 miau@s

second intervalsgnd used to calculate enzywmaocity as follows:

P Asmm X 1,000 x reaction volume (ml)
6.22

Enzyme velocity (nmol/min) =

® Asonm= change in NADH absorbance at 340nm per minute
6.22 = Extinction coefficient of NADH (mNcm™ o r  €.mlacin?)
1,000 = conversiolw f  eNADH to nmol NADH

The specific activity of the enzyme was calculated udiegeguation:

o Enzyme velocity
Enzyme activity =

mg enzyme

One microlitre of a 1:100 dilution of recombindt coli glycerol kinasgSigma
Aldrich CorporationSt. Louis USA) in 70mM TriethanolamingiCl pH 7.4was
used as a positive contré\.glycine-carbonate buffer system (0.7ml 0.4M glycine,
0.45mM carbonate, pH 8.9) was used for Ehecoli glycerol kinasereaction
(Worthington and Worthington, 1993)All enzyme kinetic graphs and

transformation data wegenerated with GraphPad Pri8wersion 5.02.

2.6.2rPfGK enzyme stability

Purified PfGK, in elution buffer,was stored at 4°C between activity assays.
Enzyme activity was mutoredin duplicateat 37C and at 0, 24, 48 and 72 hours
post protein purificationThreeindependent experiments were performed and a

total of six samples were used in the analysis.
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2.6.3rPfGK temperature optimum

rPfGK enzyme activity was measura@dduplicateat 28°C, 37°C and 40°CTwo
independent experiments were performed and a tofauosamples were used in
the analysis.

2.6.4rPfGK pH optimum

Enzyme activity was measure@dduplicateat pH 50-9.0 at 37C to determinghe
rPfGK pH optimum. A 0.1M Tris-HCI buffer system was used to measure enzyme
activity at a pH 6.8.4 and a 0.1M sodium acetateetic acid buffer system was
used for pH 5.86.0. Buffer pH was adjusted at “€7 and final concentrations of
each buffer in the enzyme assay were 70niMree independent experiments
were performed and a total six sampleswere acquired for pH 6:8.2 enzyme
activity analysisFour samplesvereused to examine enzyme activity at pH 5.0,
5.5 and 8.4.

2.6.5V s and K, for glycerol and ATP

To determine the Max and K, for both glycerol and ATP substrates, enzyme
activity at saturating concentrations of each partner substrate was measured
duplicate The MichaelisMenten constants for glycerol were determined using
glycerol concentrations between 0.683mM ata final and saturated 2mM ATP

concentration. Max and K, for ATP were determined using ATP concentrations

between 0.002mM at a final and saturated 3.3mM glycerol concentration.

2.6.6rPfGK activity in the presence of Fructosel,6-bisphosphate

Fructosel,6-bisphosphate(FBP) was evaluatedas non-competitive inhibitor
against PfGK. The MichaelisMenten constants for glycerol were determined in

the presence of OmM, 5mM and 10mM BBP. Enzyme activity in the absence or

59



presence oFBPwas measureih duplicate at 37C using glycerol concentrations

between 0.008.3mM at a final and saturated 2mM ATP concentration.

2.7 Expression and purification of solublePfGK-His
(rPfGK*) in insect cells

2.7.1Insect cell culture

Recommended cell lines fongect cell expressmof recombinant protegusing
pTriEx are theSpodoptera frugiperdgS®; Novagen, Inc., Madison, USAgnd
TriEx™ SP cells(Novagen, Inc., Madison, USASD0 and TriExSP cells were
maintained inoptimized serumfree BacVectdt InsectCell Medium (Novagen,
Inc., Madison, USAandserumfree TriEX™ InsectCell Medium(Novagen, Inc.,
Madison, USA)respectively with no additives. Where necessary, cultures were
supplemented witlrradiated étal bovine serum (BS; Lonza Group Ltd., Basel,
Switzerland to improve cell growthHealthy SP cells settle at the bottom of the
flask and are round with distinct boundaries, bright and uniform in size.
Unhealthy cells are granular, dark and float in the med&#ncells were used to
generate recombinant baculoviesscontaining thePfGK gene. Rcombinant
PfGK protein wasexpresedin TriEx™ SB cellinfected cells{Novagen, 2008a,
Novagen, 2008b)

Preparation of insect cells from frozen cultures

Cryotubes containing 1ml froze®® or TrEx'™ SB cells were removed from
liquid nitrogen storage and thawed in a preheated water basi@tCells were
aseptically transferred to a sterile 50ml centrifuge tube. Five milliliters of pre

M insectcell medium were

warmed BacVectof insectcell mediumor TrEX"
added drop wise to SO or TriEx S® insect cells respectively. Cells were
suspended by repesdtpipetting and transferreth a 25cnt tissue culture flask.

Cultures were incubated for 8D minutes to allow the cells to settle/attach to the
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bottom of the flask. The medium was aspirated and replaced with fresh pre
warmed medium. Cultures were incutxhtat 28C and were monitored usingha
Olympus CKX41linverted microscopéOlympus Optical Grporation Ltd.,Tokyo,
Japan,)every other day until the monolayer reacheé®B8% confluency.

Continuous culture of insect cells

Monolayer cultures

SP and TriEX™ SO monolayer culturs were maintained in either 25énGml
culture) or 75crh (10ml culture) culture flasls. Cultures were dilutedvhen
monolayers were 895% confluent Spent medium was aspirated and replaced
with prewarmed fresh mediuntUsing a stete cell scrape(TPF®, Techno Plastic
Products, Trasadingen, Switzerlanaells were resuspenddd solution and
transferred to a sterile centrifuge tune hundred microlitres of the culture was
used to determineetl concentration and viabilitysingthe trypan blueexclusion
method Appendix A14). Cultures were diluted to a seed densityle? x 10°
cells/ml for a 5ml culture or 8 1°cells/ml for a 10ml culturand maintained in
a closed25cnf or 75cnf flask as a monolayer &8°C in a 150L Scientffic
incubator (Separations Scientific (Pty) Ltd., Honeydew, South Africa)

Suspension cultures

SO and TriEX™ SO were grownin suspension for preparation of high titre viral
stocks and recombinant protein expression respectively. Exponentiallyngrowi
cells were maintained in B50L temperature controlled orbital shaker at 150rpm
and 28°C (Separations Scientific (Pty) Ltd., Honeydew, South Afrigajd
passaged every-2 days, depending on cell densityo initiate suspension
cultures, cells from monayer cultures were counted and seeded at a density of
0.30.5 x 10° cells/ml in a steriledisposable125ml Cornind® polycarbonate
Erlenmeyer flasKVWR International Ltd, West Sussex, UK-or proper aeration,
the liquid culture was not more that 20% be tculture vessel and caps of the
flasks werekept slightly loose. Usually, 20ml cultures were maintained in a
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125ml flask at aconcentration between 03x 1¢° cells/ml Cells were passaged

not nore than 20-25 times

Freezing insect cells

Exponentially growing S® and TriEX" SO cells 0.56 x 10¢° cells/ml) were
countedand cell viability assessedsing the trypan blue exclusion method
(Appendix Al4). Cells with >90% viability were pelleted via centrifugation at
1,00y for five minutes at 4C using an Eppendorf 5702 centrifugeThe
supernatant was aspirated and celsuspendedin prewarmed insect cell
mediumto a concentration of 4 10° cells/ml. An equal volume of freezing
solution BacVectof or TriEX™ insect cell medium, 20% DMSO and 5% FBS)
was added drop wise to the suspension. One milliliter aliquots were added to
sterile cryogenic vials. Vials were placed-2€°C for two hours,-70°C for 16-18

hours and in liquid nitrogen for long term storage.

2.7.2Generation of recombinant baculovirus(Bac-PfGK*)

The basis for the production of recombinant baculovirusgiag the BacMagi¢’
DNA Kit (Novagen, Inc., Madison, USAs homologous recombination between
sequences in the baculovirblackbone DNA and the recombinantplasmid
containing the gene ofnierest The BacMagit® DNA is an Autographa
californica nuclear polyhedrosis virus (AcNPV) genome with a portion of the
(ORF) 1629%pen reading framdeleted Homologous recombination between the
modified baculovirus DNA and the transfer plasmid (pTri&xhis studyyesults

in a baculovirus genome with thromoter and foreign gersequence from the
transfer pTriEx plasmidThe transfer plasmid also contains segments of the
baculovirus genome flanking the promoter ahi$ trestores the function of the
viral ORF1629, enabling the recombinant bacuie/ to replicate and produce

viruseswhich arereleased into the medium.
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Transfections wereperformed using the BacMagi® DNA kit as per
manuf act ur e r(Bovagen, 2607 rUsec Protacol #B9) For each
trandection, three 35mm platéslu n ¢ E , Ro s k i) weteeseeddd svithrha r k
x 10° SO cells in 2ml BacVectSrinsect cell nedium. Cells weréncubated for
30-60 minutes taattaclisettle to the bottom ahe plate Components fronthe
BacMagid™ DNA Kit were assembled, in order, in ardee 1.5ml tube: 1ml
BacVectof medium, %! Insect GeneJuie 5¢l (100ng BacMagic Virus DNA
and %l (500ng of recombinant pTriEXPfGK*. The negative controhad
BacVectof mediuminstead of the recombinant ptasl and the blank had none
of the transfeddn reaction componentsReaggents weregently mixed and
incubated at room temperature for 30 minutesallow complexes to form
Medium from the prattachedS® monolayer cells was aspirated and the
transfection solution added, draypse, to the cells. Qtures were incubated at
28°C forfive hoursin a humidified chambeOne milliliter BacVectof medium
was addedgently mixed and incubated at 28°C for a maxin of five days.
Cultures weramonitored daily for cell growtlusing microscopyAfter five days
cultures werdransferred to a sterile tubeentrifuged atl,000g forfive minutes
and recombinant baculovirus in the supernatants wahected and stored at@,

in the dark

2.7.3Recombinant baculovirus amplification

Three siccessive rounds of reinfgan with BacPfGK* were performed in order
to increaserecombinantbaculoviral titers. Six-well culture dishes(Nu n ¢ E,
Roskilde, Denmark were seeded with X 10° SO cells in 2ml BacVectof
mediuma n d  Sdécdrbihant baculovires were added to each welPates
were incubated at 28°C. Aftéive days,cultures werecentrifuged at ,D0Qg for

five minutes in an Bpendorf Y02R centrifugeand the supernatants collected and
stored at 4C, in the dark Successive rounds of reinfection were performed until
supernatantswith recombinant baculovirusewere positive for PfGK gene

expressior{section2.3.5.
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2.7.4Baculoviral DNA extraction

BacPfGK* DNA was extractedising the Rochéligh PureViral Nucleic Acid
Kit (Roche Diagnostics Gmbh, Mannheim, Germaay} per manufactu
instruction.Briefly, 20&| of a guanidineTritonX-100 basedysisbinding buffer
supplemented with Proteinase K was added toeR@Qlture supernatantand
incubated at 7Z for 10 minutedo lyse baculoviruss The lysate was added to a
column assembly prpacked with a layer oflass fibersand centrifuged Only
viral DNA binds to the glasgibers The DNA waspurified from salts, proteins
and other impuritiesusing an ethandbasedwashing stepand elited from the
glass fibers usingCel nucleaseree water. All centrifugation steps were at
8,000g for one minute. DNA quality and quantity wereanalyzed using
spectrghotanetry and @arose gel electrophoreg&sppendixAb).

2.7.5PCR screening for BaePfGK* recombinant viruses

PCR reagbnswereassembledh a final volume of20ul cortaining 10ul2x PCR
Master Mix, 0.21M each primer (PfGK genespecific: PfKIL/PfKO5 or
PfK16/PfK17 pTriEx-3 vector specific.SEpTriEx-F/SEpTriEx-R) and 500ng
BacPfGK* DNA. One hundred nanograms pTriBxPfGK* and pTriEx3
plasmid DNA were used as a pasie and negativecontrol respectively
(Appendix A6, AppendixAl3 andAppendixAl7). PCR was performed under the
conditionssummarized inTable5 and Table 6. Amplicons wereanalyzedusing

agarose gel electrophoreéfgppendixAb).
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Table 5: PfGK* amplification from recombinant baculoviral DNA using PIGK gene

specific primers.

Segment Cycles Temperature Time

1 1 94°C 2 min
94°C 30 sec
2 1-29 55°C 15 sec
72°C 30 sec

3 1 72°C 5 min

4 1 15°C Hold

PfGK PCR product size = 150bp

Table 6: PfGK* amplification from recombinant baculoviral DNA using pTriEx-
vector specific primers.

Segment Cycles Temperature Time
1 1 94°C 2 min
94°C 1 min

2 1-29 55°C 30 sec
72C 2 min

3 1 72°C 10 min
4 1 15°C Hold

PCR product sizes
pTriEx-3 496bp
pTriEx-3-PIGK* 1,885bp

2.7.6Determining Bac-PfGK* viral titre

Viral plaque assay

A plague assay was performed to determine-Bi&K* viral titre (Novagen,
2007 User Protocol TB459Fight 35mm plates wereachseeded with 0.9 x £0
SO cellsand incubated abom temperaturéor one houtto allow the cells tdorm

a subconfluent monolayerDuring the incubatiorperiod a 10' to 10’ Bac
PfGK* serial dilution seriescontaining5 0 O € leachodilutionin BacVectof
insect cell mediumwas preparedThe nmedium was gently aspirated from each
pl at e anY10%a0d1¢ Idilutédorecombinant baculoviruses was added,

in duplicate, to ach set of plates. Two plates wereeachi nocul at ed wi t h

BacVectof insect cell medium as control®lates were incubated at room
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temperate for one hour, with gentle agitation/rocking every 15 minutes. The
inoculum was gently removed and 2ml of thecBqué" Agarosemedium
serum mixturg(Appendix Al4) was gently overlia over the cells and incubated

at room temperaturéor 20 minutesor until the agarosénad solidified. One
milliliter BacVectof® insect cell medium was added each plate andultures

wereincubated in a humidified incubator at°28for 3-4 days.

Plaqueidentification and viral titre determination

After 3-4 days incubation, plates were stained with Neutral R8@ymaAldrich
Corporation, St. Louis, USANeutral Red stains live celled whereasplaques
remain cleain the cell monolayer. The liquid overlay in each plate was gently
aspirated, without disturbing the cell monolayer. One millilfi@shly diluted
Neutral Redstainingsolution @Appendix Al4) was added to the centre ofcea
plate and cultureswvere incubated at 28 for two hours. The stain was gently
aspirated and cultures incubated in the dark at room tempefatut® hours.
Plaques were counted and the viral titreplaque forming unitper ml (pfu/ml),

wascalculatel as follows:

number of plagues x dilution factor

Viral titre (pfu/ml) = volume plates (ml)

The multiplicity of infection (MOI) is defined asthe numberof viral particles
used toinfect a single cell. An MOI of-10 pfu/cell is typically used for optimal
baculovirusbased insect cell protein expression. Viral inoculum requied for

protein expression analysis wasatdated as:

MOI x number of cells

Inoculum required (ml) = —
viral titre (pfu/ml)

BacPfGK* viral titres were determinefilom an average dhreeplated samples
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2.7.7PfGK* protein expression in TrEx™ insect cells

For protein expression, TriEX SO cells were resuspended in 20of TriEx™
insect cell mediumn a 125ml sterile Erlenmeyer flask at a concentration ok 5

10 cells/ml. Cells were incubated, with shaking at 150rpm, at 28°C until they
reached a density of210° cells/ml.BacPfGK* recombinant viruses were added
to the cultureat an MOI of 2, 5 and 1@ells were culturedior 24-96 hourspost
infectionandprotein expressioanalysisperformed at eacB4-hour interval.Cell
density and viability were monitoredsing the trypan blue ekision method
(Appendix A14). Uninfected TriEx™ SB insect cells were used as a control.
Under a phaseontrast inverted microscopénfected cellsappear uniformly

rounded and enlargedjth distinct largenuclei compared taninfected cells

2.7.8rPfGK*-His protein extraction

Insect ells were pelletedt 1,000g forfive minutesand supernatants containing
BacPfGK* recombinant virusesvere collected and stored at 4°@y the dark
Cells were resuspended iml histidine wash/bind buffer (100mM HEPES,
10mM imidazole, 500mM NaCl, pH7)5 supplemented with2el Protease
Inhibitor Cocktail Set Ill. Samples were freezbawed twice using acetone and
dry ice. Samples were added to the acetdneice solution and incubated unt
the cell suspension froze (rainutes). Samplesere then incubad at 37°Quntil
they were completely thawe@he process waspeatedonce before sonication
(section2.4.7).

2.7.9r PfGK*-His protein purification

The sonicated cell pellet (sectioB.41) was centrifuged at 6100g for five
minutes at 4C to separate thesoluble and insoluble cell fractionsThe
supernatant was collecteshd the pellet resuspended2ml histidine wash/bind

buffer. Soluble PfGK* was purified usingthe Promega MagneHi& Protein
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Purification §stem(Promega Corporation, Madison, USAjagneHis" nickel
particles are supplied as a 50% slurry and patdked particles has a binding
capacity of 1mg proteinThirty microlitres MagneHi8" beadswere addedto the
soluble proten fractionand PIGK* was allowed to bind to the beads overnight at
4°C with shakingusing the EImi RM2M Intelli-Mixer. Beads were collected
using a magnetic particle separatmnd nomrspecific binding of endogenous
E. coli proteirs was removed by washg the beaddhree times with 15@
histidine wash/bind buffer each time incubating fofive minutes withgentle
agitation.rPfGK* was eluted from the beads witloOul elution buffer (00mM
HEPES, 506hM imidazole, pH 7.5 during a 15 minute incubation at room
temperaturewith gentle agitation eveityvo minutes ResiduakPfGK* was eluted
from the beads withGul elution buffer.

One hundred microlitre protein samples were collected for analysis at each cell
lysis and purification steAll protein factions were stored a20°C. Fractions(5-

20cl) were analyzed using SBRAGE electrophoresigAppendix A10). The
recombinant protein was detected using immunoblotiith a 12,000 diluted

Pt a RA'"HHR® conjugatel antibody (Qiagen GmbH, Hilden, Germany)
(AppendixA1l).

2.8 PfGK gene knockout parasites

2.8.1Generation of PfGK geneknockout parasites(3D7qPfGK)

PfGK was disrupted using doubteossover homologous recombination DNA
technology (Crabb and Cowman, 1996)Primers (PFK12/PfK13, Ingaba
Biotechnical IndustrieRretoria,South Africa) were designed to amplify ad9bp

5 -®fGK fragment (gene position Z544bp), which was cloned into th&pe/Aflll
restriction sitesin the pCG1l plasmid, upstream of the human dihydrofolate
reductase (hDHFR) positive selection cassé¢&ppendix AL5). Similarly, a

5 1 5 b-pfGK3fragment (gene position 966481bp) was amplified wh primers
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PfK14/PfK15 and cloned into thEcoR/Ncd restriction sites, downstream of
hDHFR, to generate a pCEPfGK knockout plasmid.

Genetic manipulation of 3DP. falciparumparasites was performed following
transfection of the pCQ-PfGK plasmid asdescribed(Fidock and Wellems,

1997) One hundred microgranmurified pCG1-PfGK plasmid DNAi n 3 0 ¢ | TE
buffer was added t o 37A1% andetegtroporatedintob uf f er
predominantly ringst age parasites (>5% parasitaem
capacitanceusing a Bio-Rad GenePulse Xc&Hl electrophorator (BidRad
Laboratories,Hercdes, USA). WR99210 (Jacobu®harmaceuticalsPrinceton,

USA; Appendix Al5) was added 48 hours pdsansfectionto a final
concentration of 5nMo sdect for transformed parasitésidock and Wellems,

1997) Fresh medium, supplemented with WR99210, was added to the cultures for

the nextthreedays and every alternateydthereafter. Following establishment of
WR99210r esi st ant parasites, n eflgoaotytosine s el e c 1
(SigmaAldrich Corporation St. Louis USA; Appendix AL5) against the cytosine
deaminase/uracil phosphoribosyl transfer@@B/UPRT) casgtte was performed

to removeparasites witrepisomal pC@fGK plasmid DNA(Maier et al, 2006)

Only parasitesthat had mtegrated the hDHFR cassette into the targé&tak

genesurvived during negative selectiofParasites transfected with a pGEBA

knockout plasmid was used asantrol. pCG-1-EBA targets and disrupts the non

essentialP. falciparuminvasion protein, erythrocyte binding antigérn5 (EBA

175). Parasites were monitored every alternate day via Gistagaed smears

(Appendix A3).

2.8.2Verification of PfGK knockout parasites

Genotyping was performed using both RB&sed and Southern hybridization

analysis.
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PCR

Genomic DNA was i sol at RGK parasivesmas desdrited 3 D7 a
(section2.3.1) and \arious primer comhbations were used to screen kmockout
parasites via P C-BndoflthsPfG& ganawas detected ising he 506
primer set PfKO3/CanR . |l ntegration at the 36end of
primers set HrpHF/PfK04. Episomal plasmids and/@D7gPfGK knockout

parasites were detected using primer sets PfK12/Raand HrpltF/PfK15 for

detection of the 3@ p - &rod 5 EFGKmhon®légous regions in the pCc

PfGK knockout plasmid respectivelyrigure 36, Appendix Al5 and Appendix

A17). PCR was performed using the GoTaBreen PCR Master MiPromega

Corporation, Madison, USAEac h 20 ¢ | PCR reaction mixtu
purified DNA, 0.5egM of e®aGrden RCR iMaseer a n d
Mix. Fragmentsvere ampliied under conditionsummarized inrable7. pCC1

and pCC1-PfGK plasmid DNA were used as controfsmplicons were analysed

using 1% agarose gel electrophoregigdendix A5).

Table 7. PCR cycling condiionsf or t he detRG@Ktparasies of 3 D7

Segment Cycles Temperature Time
1 1 94°C 1min
94°C 1 min
2 1-29 50°C 30 sec
72C 1 min
3 1 72C 5 min
4 1 15°C Hold
PCR product sizes
Native Full-lengthPfGK 1506bp
Episomal and/or integrated 5 ®GK 519bp
pCG-1-PfGK 3 PfGK 515bp
5 ®fGK 665bp
Integrated pCe&l-PfGK 3 BCK 580bp

Southern hybridization Analysis

Southern hybridization analysis was performed using the Roche Digoxigenin
(DI G) system as per W aDhGuldbaled tprolbeewa® s i nst
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prepared using the PCR DIG Probe synthesis Ribche Diagnostics Gmbh,

Mannheim, Germarjyandpr i mer s Pf K14/ Pf K15, which Dbi
region of thePfGK gene(Figure 36, Appendix Al5 and AppendixAl7). A PCR

reaction was performed using the Roche Expand High FibeltyPCR System

(Roche Diagnostics Gmbh, Mannheim, Germjany Eac h 50¢l ampl i
reaction consisted of 100ng pledPfGK pl as mi d DNA, 0.2egM eac
units Expand High Fideliff”> enzme blendand 1 0 € | Expard High

Fidelity""Y® reaction buffer(final concentrations: 1rBM MgCl,, 14 M DI G
dUuTP,26e M dUTRICedMn dkach dATP, )dTd pobeawad dGTP
amplified under the conditionas summarized iMable 8 and analyzed using

spectrophotometry and agarose gel electrophor&pisendix £5).

Table 8: PCR cycling conditions for amplification of the DIG-labelled PfGK probe.

Segment Cycles Temperature Time
1 1 94°C 1 min
94°C 45sec
2 1-34 60°C 1 min
68°C 1 min
3 1 68°C 10min
4 1 15°C Hold

3 ®fGK PCR product size = 515bp
DNA fragment sizes detected by the probe in the Southern hybridization analysis
pCGC-1-PfGK plasmid DNA 2,577bpand 3,534bp
3D7 wild type parasites 861bp ad >10kb

3 D P#BK parasites and/or parasites with
episomal pCEL-PfGK plasmid DNA

3 D P#BK parasites 2,577bp and $0kb

2,577bp, 3,534bp and >10kb

Similarly, a DIGlabelled probe was prepared using primé&fEBA-175
sc_FPfEBA-175sc_R(Appendix Al5)and wused to detect 3D7
The primers bind t@an internal 564bfragment within the clone87%p5 6 EB A
175homologous recombination region that was used to generate thé-gB&

knockout plasmid (Appendix A15). The probe was amplified urtteiconditions

summarized infable9.
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Table 9: PCR cycling conditions for amplification of the DIG-labelled EBA-175

probe.
Segment Cycles Temperature Time
1 1 94°C 1min
94°C 1 min
2 1-29 55°C 30 sec
72°C 1 min
3 1 72°C 5 min
4 1 15°C Hold

5 -&BA-175 PCR product size = 564bp

DNA fragment sizes detected by the probe in the Southern hybridization analysis

pCGC-1-EBA plasmid DNA

1,581bp

3D7 wild type parasites

8,585bp

episomal pCEL-EBA plasmid DNA

3 D 7E®A parasites and/or parasites with

1,581bp, 7,190bp and 8,585bp

3 D TERA parasites

7,190bp

Southern blot

Five micrograms parasite DNA was digesteith five FastDigest units of the

appropriate FastDigest enzyme (Fementas International Inc., Burlington,
Canadajn 1x FastDigest buffer for two hoursat 37C. Pst- andEcoRI/BarHI-
digested DNA was used to verify 3D 7 BIGK and 3 D7 pEBA
respectively The digested DNA wasesolved on a 30cm, 0.8% agarose gel in
TEA buffer (Appendix A5) at 25V overnight DIG-labelled DNA Molecular
Weight Marker VII(Roche Diagnostics Gmbh, Mannheim, Germamg}y used as

parasit

a referenceThe resolvedDNA fragmentswere depurinatedin 200ml 2®mM

HCI for 20 minutes and denatured in 200d@naturing solution (0.5M NaOH,
1.5M NacCl) for 30 minutes, witlshakingon a HoeferRed Rotor PR7230V
platform The gel was incubated in 200n@utralization solution (0.5M TrsICI,

pH 7.5, 1.5M NaCl) for 30 minutesvith shaking and equilibrated ir200ml 20x
SSC buffer Appendix AL6) for 10 minutesDNA was transferred onto 00cnf

Hy b o nNIN§/lon membrane (Amersham Biosciences, Ltd., Buckinghamshire,
UK) via capillary actionfor 16-18 hoursin 20x SSC transfer buffelhe DNA

was crosdinked to themembrane byexposure to UV light at 260nm (using the

SynGene GeneGenigel documentation systerfyr five minutes to immobilize

the DNA. The membrane was placed in180ml Hybaid hybridization tube
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(ThermoFisher Scientific, Inc., Waltham, USa)d 10ml42°C pre-warmedDIG

Easy Hyb hybridization buffefRoche Diagnostics Gmbh, Mannheim, Germany)

was added. Themembranewas incubated ina Hybaid Sh a k e ono St ac
hybridization over(Thermd-isher Scientific, Inc.Cambridge, UK at 42C for 30

minutes. The hylridization solution was aspirated and 10mP@2Zre-warmed

Dl G Easy Hyb hybridizati on bDiG-ldbelled suppl e
probe @ € | -l&bklled PCR probe per millilitre hybridization solutfjowas

added to the membrane. The membrane was itedhath the probat 42°C for

16 hours The probe/hybridization solution was collected and stored®€C (the

probe @n be re-used 35 times). The membrane was incubated with 200ml low
stringency buffer (2x SSC, 0.1% SD&)room temperaturior 10 minutes with

shaking. The membrane was incubated wabOml 65°C pre-warmed high

stringency buffer (0.5x SSC, 0.1% SDS) at@&%or 30 minutes, with shaking.

DIG Chemiluminescent detection

The high stringencybuffer was discarded anffagments were detecteand
visualizedusingthe DIG Luminescent Detection Kit (Roche Diagnostammbh,
Mannheim, Germar)y The membrane was equilibrated in 100ml washing buffer
(Appendix AL6) at room temperature fawo minutes,with shakingon a Hoefer
Red Rotor PR7Q230V platform. The buffer was discarded and 100fréshly
prepared blocking solutionAppendix Al6) was added to the membrane and
incubated for 30 minutes, with shaking. The buffer was discarded and 20ml
freshly prepared 75mU/mantiDIG alkaline phosphatase cogpted antibody
solution (1:10000antibodyin blocking solutionwas added to the membrane and
incubated for 30 minutes, with shakinthe antibody solution was discarded and
the membrane was washed twice, etiote with 100ml washing buffer for 15
minuteswith shaking. The membrane was equilibrated with 20ml detection buffer
(0.1M TrisHCI, 0.1M NaCl, pH 9.5) forthree minutes. The membrane was
placed on a plastic sheetyeslad with 1ml CSPD (the alkaline phosphatase
chemiluminescence substrat)d coveed with a second plastic sheet to spread
the CSPD substrate. The cassette was incubatdt/éominutes.Excess GPD
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was removedy gently pressing on the assembly and absorbing the liquid with
paper towel. ie membran&asincubated at 37T for 15 minuges to enhance the
luminescent reaction.images were capturedsing the SynGene GeneGenius
Chemidoc systenfollowing a 1-20 minute exposure.

283PIGK mMRNA e x pr e KK bnockoutparazies o

RNA extraction and purification

Parasites were isolated from red cells using saponin lysis and resuspended in 1ml

TRI Reagent” (SigmaAldrich Corporation, St. Louis, USAper 5ml parasite

culture. RNA wa extracted as per manufacturer
transcribed into cDNA using SuperScfiptlll Reverse Transcriptaséngitrogen

Ltd., California, USA).

Using an Eppendorf 5702R centrifuge, cells from 5l culture (>5%
parasitaemia, predomindyt trophozoites) were pelletedat 1,000g for five
minutes at 4°CCells were washed onegth 50ml PBS and pelleteat 1,000g for

five minutes at 4°C. Cells were resuspentiec final volume of éhl with PBS

and the red cells lysed wittOdl 0.5% saponn (final concentration of 0.01%) for

five minutes at room temperature. Parasites were pelleted via centrifugation at
1,0009g forfive minutes at 4°Gandwashedoncewith 15ml PBS. The parasites
were resuspended in 1Rl Reagent” and incubated fofive minutes at room
temperatureTRI Reagent" is amixture of phenol and guanidine isothiocyanate
that disrupts cells and dissolves cellular components whilst maintaining the
integrity of the RNA.Two hundred microlitres chloroform was added to the
suspension, wtexed for 15 seconds and incubated at room temperature for 15
minutes. The solution was centrifuged in an Eppendorf 5415R centrifuge at
12,0009 for 15 minutes at°C to separate the RNA (clear aqueous phase), DNA
(white interphase) and protein (red orgakayer) fractions. The aqueous phase
was transferred to a sterile 1.5ml tube and 0.5ml isopropanol was added to

precipitate the RNA. The solution was incubated for 10 minutes at room
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temperature and the RNA was pelleted via centrifugation €008 for D
minutes at4°C. RNA was washed once with 1ml iceld 75% isopropanol and
pelleted via centrifugation at 130g forfive minutes a¥°C. The RNA was a#
dried for 10 minutes, resuspended in20 ¢ | n-fuee Watenamcedissolved at
60°C for 15 minutes before being stored at0°C.

To ensurethat all PIGK mRNA transcripts amplified in the RFCR reactions
originated from RNAthe RNA templatehadto be devoid of any contaminating
DNA. PfGK exists as a single exon and residual DNA from the RNA extracti
procedure would result in amplification of tHfGK fragment from both the
MRNA and the gendlherefore, esidual DNA, if any, was removed via digestion
with RNasefree DNasel (Fermentas International Inc., Burlington, Canada)

Briefy, 1e g RNA was assembled in a 20¢l rea
RNasefreeDNa s e | |, 2 ¢l 1 0 final comcararationsl®@MMbTuis f e r (
HCI pH 7.5, 25mM MgCl, and0.ImM CaC}) and incubated for 10 minutes at

37°C. DNasel was I nact50mM tEBTA fobloyed dyd d i n g 1

incubationat 65C for 10 minutesRNA integrity and yield wreevaluated using
spectrometry and agarose gel electrophorégipdndix A5). The DNA-free RNA
was stored af70°C.

PfGK mRNA expression

To assesPiGK mRNA expressionreattime PCR was used to amplify an

internal 150bpPfGK region that should have been displaced by the hDHFR

cassette following the double crossover recombination evergure 36,

Appendk A15 and Appendix A17). One microgramtotal RNA, 2pmol PfK05
PlGK-gene specific reverse pri mer, 50e M ea
5mM DTT, 4 eStrand5bufferF40rueits RNase InhibitoFefmentas

International Inc., Burlington, Canadand 200units SuperScript Il reverse
transcriptae(Invitrogen Ltd, California, USAwer e assembled in a 2
cDNA was synthesized at 85 for 60 minutes and the enzyme hewaictivated &

70°C for 15 minutes.Four microlitrescDNA was added to a reaction mixture
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containing 2e¢MO®Pf &add,SYBRE BreeR fukipStart Taq
ReadymixX™ (SigmaAldrich Corporation, St. Louis, USAPCR was performed
on a LightCycle? platform (Roche Diagnostics Gmbh, Mannheim, Germany
under the conditions as summarized iffable 10. Single acquisition of
fluorescence was detected using channebhid data wre acquired after each

extension step. The rate of temperature chang®Way¥second

Following amplification, melting temperature analysisvas performed as
summarized inTable 11 Fluorescence was detected using channearddata
were acquired continuoushat a change in temperatureate of 0.2°C/second
Melting temperature analysis was performed uding LightCyclef Software
vergon 5.32.Primers designed to amplify a 206bp region of fhefalciparum
rifin gene and a 68bp fragment frden falciparum18s rRNA gene were used as
controls. Transcripts were resolved and analysed on a 1% agarosepehdix
A5).

Table 10: Real time RT-PCR cycling conditions for the detection oPfGK.

Segment Cycles Temperature Time
1 1 95°C 30 sec
95°C 10 sec
2 1-29 50°C 10 sec
72°C 30 sec*
3 1 72C 5 min
4 1 15°C Hold
RT-PCR product sizes
PIGK 150bp
Rifin 206bp
18s rRNA 68bp

*singlefluorescenceacquisition

Table 11: PIGK melting temperature conditions.

Segment Cycles Temperature Time
1 1 95°C 5 sec
60°C
2 1 30 sec*
95°C
3 1 15°C Hold

*continuous fluorescence acquisition
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2.91n vitro growth analysis of 3D PTGK parasites

Ring-stage prasites werdightly synchronizedas previously describedambros

and Vanderberg, 1979)wice per cycle at-8 hours aparfor three consecutive
48-hour cycles. Fivamillilitres 3 D7, BAXK/ gand 3D7@EBA parasi
each culturedn 25cnf flasks, in duplicate. Cultures were measured at a starting
parasitaemia between 6230% rings and samples were acquired over oRBoB

cycle for analysisThree independent experiments were performed and a total of
14 samples were used in theabsis. Parasitaemia was monitored using flow
cytometry and thiazole orangeasting as previously describgilakler et al,

1987) with modifications.Thiazole orange stains RNA in reticulocytes and DNA

in peripheral blood mononuclear cells 10mM thiazole orage SigmaAldrich
Corporation, St. Louis, USpstock solution was prepared in methaaot stored

at room temperature, away from lighthiazole orange was dilutead 1uM in
Sorensenbd6s phos gApeehdx A3pand Inmt was adbed eb 2
parasie culture samples. Uninfected red cells were used as a control. The
suspensions were mixed and incubated at room temperature for 20 mimthes

dark Parasitaemia was measured using a Beckman Coulter FC500 Flow
Cytometer Beckman Coulter, Inc., Fullem, USA), with excitation by argon
laser at 488nnand detection in the FL&hannel Data were analysed using the
accompanying CXP software. Post analysis was performed using the Kaluza Flow
Cytometry Analysis Software Beckman Coulter, Inc., Fullerton, U$SAA
population of erythrocytes was delineated by an inclusion gate famweard
scatter vs sidscatter tweparameter dot blot. The selected population was
analysed on a singlearameter histogram for ELfluorescence (4%v, 1.0 gain,
4.9mW laser power).Inclusion gates foruninfected erythrocytes, ring and
trophozoite/schizontstages were establisheasing an asynchronous culture
(Figure43), with morphological confirmationia microscopyBackground counts
from the erythrocytecontrol culture were subtracted from parasitized sam@és

scales were logarithmic and@nimum of 50000 events were acquired.

77



Giemsastained smears werexamined andhie number of schizonts formed per
3D7-, 3D7gpEBARA PfOK-infected red blood celwas counted An

unpaired {test with a twetailed pvalue was used to compare the means between
the data sets.
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Chapter 3: Results

3.1 Expression of PfGK in E. coli

3.1.1Subcloning PIGK into pGEX-4T-2

The full lengthPfGK gene(Appendix Al was amplifed as a b18bp fragment
(primers PfKO3/PfK04;Figure 13) and cloned into théanHI/Xhd restriction
sites ofthe pGEX4T-2 plasmid vecto(AppendixA6 andAppendixAl7).

1 M 2
— «~ 10kb
— « 5.0kb
Pm— — — 1.5kb
« 1.0kb

Figure 13: Amplification of PfGK.

High fidelity PCR amplification of the full length glycerol kinagene Five microlitres

of eachPfGK amplicon(lanes 1 and 2)vere resolved on a 1% agarose Jdle PCR

products migrated at approximatelypQObp.Lanes arenumbered and sizes of selected
fragments in the 2. 5¢l Promega 1kb DNA mar ke

TransformedD H 5 B. coli colonies were screened using primers specific to
regions flanking the pGEXT-2 multiple cloning site grimers SEpGEX-F/SE
PGEX-R; Appendix A6). Successful ligation dPfGK into pGEX4T-2 resulted in
amplification of a 1661bp fragmentRigure 14a, lanes 46) in pGEX-4T-2-PIGK

recombinantonstructs
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Figure 14: Verification of pPGEX -4T-2- PfGK transformed E. coli.

(@) Colony PCR using pGEXT-2 vectorspecific primers (SEpGEX-F/ISEpGEX-R).
One hundred nanogram$§EX-4T-2 plasmid DNA was used as a positive conttaing

1) and100ngP. falciparumDNA was tsed as a negative contrtdiie?). Five microlitres

of each sample were resolved on a 1% agaroseLgees2-3aret r ansf or med DH5
colonies containing the pGEXT-2 plasmid. Thel74bp ampliconsrepresent re
circularized pGEX4T-2 plasmid DNAduring theligation reactionsLanes4-6 represent
clones with recombinant pGEXT-2-PfGK plasmid DNA (1,661bp amplicons)(b)
plasmid DNAwas extractedrom transformed colonieand 500ng of each ggmidwas
resolved on a 0.8% agarose gehnes?2 and 4 represent p&X-4T-2 plasmid DNA
whereaslanes1, 3 and 5 represemplasmid DNA extracted from pGEXAT-2-PfGK
transformed colonies(c) restriction analysis oextracted recombinant plasmidsive
hundred nanogranEGEX-4T-2 and pGEX4T-2-PIGK plasmid DNA veredigestedwith
BamHI and Xhd restriction enzymesind resolved on a 0.8% agarose Jdle PfGK
insertwasseparated from pGEAT-2-PfGK DNA andresolvedas4,945bp (pGEX4T-2)

and 1512bp(PfGK) fragments l@nesl, 3 and % respectively pGEX-4T-2 without the
inset migrated & 4,945 and 25bgragmens. Lanes are numbered and sizes of selected
fragments in th@ . FertnentadMassRulel DNA Ladder Mix (M) are indicated
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Unsuccessful DNA ligation reactions resulted in amplification of a 174bp
fragment, representing -@rcularized pGEX4T-2 plasmid DNA (Figure 14a,

lanes 2-3). pGEX4T-2-PfGK transformed colonies were also screened using
PfKO3 and PfKO4PfGK gene specific primers (data not shown) for further

verification.

Plasmid DNA was extracted from transfornmmmdonies Figure14b) and digested
with BamHI and Xhd restriction enzymes to separate the pGEIX2 plasmid
backbone from the insertdfGK gene Figure 14c). DNA sequencing analysis
verified that the gene was-frame (Appendix ®). Despite a fewerrors in the
sequencg¢T255C, A279T and T430C) the amino acidmained unchanged.

3.1.2Expression of PfGK

A summary of therecombinantproteins used in this studps well asselected
molecular featuress presented ifable 12 Bioinformatic analysipredicedthat
the nativePfGK recombinant proteinvould be predominantlyexpressed as an
insolubleaggregaten E. coli. Fusion to the Nerminal GST tag slightly improves
the solubility profile. Codon optimization of thefGK gene PfGK®) for
expressionin insect cel also predicts that the-t8rminal Histagged PfGK>'

protein would be expressed as an insoluble proteh goli.

Table 12 Primary sequence analysis oPfGK.

. Amino Mole_cular 1 Exti n.ct.ion Vector ... 1 | Percentage
Protein acids Welghlt pl cog{flleelnlt tag Stability solubility >
(kDa) (M~cm™)

NativePfGK | 501 56.65 |5.92| 80330 N/A® Stable 35.1
rPfGK 727 82.96 |[6.00] 123190 | N-GST | Stable 40
rGST 220 2570 |5.90| 42860 N/A Stable 58
PIGK™ 521 59.11 |[6.13| 80330 | C-8xHis| Stable 39.2

Parameters predicted using the ProtParam Ta:(/web.expasy.org/protpardm
%predicted soluble recombinant protein expressida ieoli (http:/www.biotech.ou.ed)/
N/A = not applicable
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rPIGK was expresseds a GSTfusion proteinfollowing induction of a 10ml
culturewith ImM IPTG. Aliquots oftotal, soluble & total volumeof ~1.8ml) and
insoluble(pellet resuspended in PBS to ~1.8mipten fractionswere loaded on
an SDSPAGE gel Figurelb).

93kDa =
72kDa = - PfGK
43kDa =
35kDa =
2%Da =

Figure 15: Expression of IPfGK in E. coli.

Rosetta2 (DE3E. coli were grown at 37C for six hours and PfGK protén expression
was induced with IPTGor 16-18 hours Cells were lysed using BugBustarT protein
extraction reagenffen mi cr ol i t r e s(fromm a totallof, 1.8mEaatd 40ELDbI e
insoluble protein samples were loaded onto an -BBG&E gel andrPfGK protein
expression wasnalyzedusing Coomassieblue staining. Lanes1-3 and lanes4-6 are
uninducedand induced PfGK culturesrespectively Lanes1 and 4 are total protein
fractions, Lane® and5 are soluble protein fractions and Larieand6 are the insoluble
protein fractionsM is 5 € of the red cell membrangrotein ladder. PfGK migrated at
approximately 72kDaThe recombinant protein wapgredominantly presenin the
insolubleproteinfraction.

As predicted, PfGK was expressed mainly as an insoluble protEigufe 15,

lane §. This is not an uncommon phenomenon as expression efol@jous
proteins, especiallyPlasmodiumproteins, in the cytoplasm d&. coli is often
accompanied by the formation of misfolded proteins trapped as insoluble
aggregates (inclusion bodie§oluble PfGK could not be detected when stained
with Coomassialye (Figure 15, lane 5), probably due to the low sample volume
loaded orthe Laemmli gelrPfGK migrated at 72.8kDa (Appendix A12), which is
smaller than the predicted 83kDa GfiBion protein.The coding sequence,
however, wasorect and in frame. The general assumption is that-&ia%ed
polypeptides exist as random coils, with constant charge to mass and mass to
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length ratios. SD®oated polypeptides should therefore separate according to size.
However, a protein with incompkdy disrupted secondary structures will not
unfold to its full length and, assuming constant charge, will migrate faster than the
expected size in the gel. The reproducible smaller size ofPiGKrprotein may

be due to the consistent preparation of saspbr analysigHjelmelandet al,

1981) The size difference may also imply a truncat®dGK protein. ADR
binding residues essential for glycerol kinase activity are situated at -the C
terminal end of the proteisequence. An approximatelpkDa (~91 amino acids)
deletionat the Gterminus will include some residues involved in ADiRding.

The truncated protein therefore should have no enzyme activity and an enzyme
assay should reflect this. The calculated Mw of the BSA (66.8kDa) and GST
polypeptides (26.5kDa) from the Qoassiestained SDS?AGE gels were similar

to their actual Mw of 66.5kDa and 26kDa, respectively (Appendix Al12).

Four pGEX-4T-2-PfGK transformed Rosetta2 (DE8blonies were screened for
solublerPfGK protein expressiohy SDSPAGE andimmunobloting (Figure 16
andAppendix Al).

I et 5 78 9 10 il e
I‘PfGK‘r -. ; - ! -
e
-_—e - - - -
.-
' -
. ! # «iGsT
Sy LY -

Figure 16: Immunoblot analysis of PfGK.

Ten microlitres total, 15¢| soluble (from a
fractions from a 10ml pGEXT-2-PfGK induced culture were loaded onto an SDS

PAGE gel and analyzed via immunoblotting using an-@®T-HRP antibody. Five

microlitres ofthe soluble fraction of a pGEXT-2 induced clone was used as a rGST

positive control (lane 13)-our colonies were analysed: 1 (lane8)12 (lanes %), 3

(lanes 79) and 4 (lanes 102). Soluble PfGK (lanes 2, 5, 8 and 11) was detectedlin

colonies, although the band in lane 2 waery faint Consistent withthe Coomassie

stained SDSPAGE gels, most of the express@iGK protein was insolublélanes 3, 6, 9

and 12)
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rPfGK expression was induced in all fowolonies. Immunoblot analysis
confirmedthatrPfGK is predominately expressed as an insoluble protein. Soluble
rPfGK washoweverdetectedn each colonywith lower amounts in coloniek
(very faint band)and2 compared to @lonies3 and4. Differences in the amount
of soluble PfGK proteinsbetween eachatony may be due twariationsin cdl
lysis or cell densities prior to extractioBeveral otheprotein bands were also
present(Figure 16). Thesewere probably truncations oPfGK due to premature
termination oftranslationor products from proteolysiduring sample preparation,
although protease inhibitordhad been used Two additional bands at
approximately the same size of rGSR{kDa) werealsopresent in eackoluble
rPfGK fraction Expression of genes comtag rare codons, likd. falciparum
proteins, mayesult inribosomal stallingeading to translational errors such as
amino acid substitutions, frameshift mutations premature translational
termination.PfGK was cloned downstream of tl8ehistosoma gonicumGST
tag in the pGEX4T-2 vector (GE-Healthcare, 2007and te differere in the
codon usagef the GST andPfGK genes when expressedHn coli may result in
translatioml termination just before translation of thefGK protein This may
result in the expression eGST instead othe full length rGST-tagged protein
(Sorensen and Mortensen, 200%d)ernatively, the~26kDa bandouldrepresent

endogenoug. coliGST.

3.1.3Refolding rPfGK from inclusion bodies

rPfGK was predominantly expressed as insoluble protérappedas inclusion
bodies inE. coli. Proteins were purified from the insolublerotein fraction
denatued usingeither ureaor guanidineHCI andrefolded via dialysisMost of
the denatured RfGK precipitated during the refolding procedures, implying
incorrectly folded protein.Depending on th refolding method,~80-800ng
refolded soluble proteirper 1mgof denatured inclusion bodiesas purified
(Figure 17 and Figure 18). Enzyme activity analysis, however, shemivthat the
refolded protein was not active (data not shown).
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3M Urea 2M Urea 1M Urea PBS
— - - Purified

| = 1 PfGK
Figure 17: Refolding rPfGK using urea.

One hundred micrograntenaturedPfGK i n  1ii® Guanidinehydrochloride solution
(section2.5.]) wasdialyzedagainst a serial dilutiogeriesof urea in PBSSamples were
collected after each dialysis step and centrifuged to separate precipitated (P) from soluble
(S) protein. Refolded RIGK was purifiel using MagneGST agarose beadsFive
microlitres P, 1@ | S a (frdm a2téta bf2 0 0 pdrifled protein samplesvere
resolved andnalyzedusing SDSPAGE. The majority of denaturedPfGK precipitated

during the refolding process. Approxately 8tg soluble PfGK was purified from

10 Ogeof denatured prote. M i s of hergd cell membrarmearker.

93kDa =
72kDa =»

43kDa =
35kDa =
2%Da =»

Inclusion bodies Dialysed

93kDa =

72kDa ™ rPfGK

43kDa =

35kDa =
29%Da =

Figure 18 Refolding rPfGK using GnHCI.

Tenmilligrams denaturedPfGK in 6M GnHCl wasdialyzedagainst &200ml Tris-based
buffer for 48 hours at €. Sampés were collected before and after dialysis and
centrifuged to separate precipitated (P) from soluble (S) protein. Refddé& was
purified usingMagneGST" agarose bead&ive microlitres P, 160 S and 25 I(from a
total of 2 0 O purifled protein samfes wereresolved andanalyzedusing SDSPAGE.
The majority of denatured PIGK precipitated during the refolding process.
Approximately800ng soluble PfGK was purified from @mg of denatured protein. M is
5e f the red cell membramaarker.
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3.1.4Expression ofsoluble rPfGK

Recombinant proteins were induced wélher IPTG or Novagerd ©vernight

Express” autoinduction medum. In both casesthe expressed recombinant
protein waspredominantlyinsoluble (comparisondata not shown)rPfGK was

purified from a 2&l culture (Figure 19), using2 0 sMagneGST™ beads (4 ¢ |
packed beads)However the low yield (~800ng PfGK per 25ml culturg
Appendix ALO) usually accompanied by poor purityas insufficient foenzyme

activity analysis.

To improve PfGK yield and purity, onditions such as IRF concentration used
for induction, time of induction, cell growth volumes and densihduction
temperaturecell lysisand protein purification protocolgere modified.

T IS S P U W1 W2 W3

-_— e
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" oK
-

Figure 19: Small scale expession and purification of iPfGK in E. coli.

rPfGK expression was induced in a 25ml culturs i ng N @vemight Expresy

medum. Cells were lysed using BugBusteHT and PfGK purified from the soluble

protein fractionusing MagneGS™ agarose beadSDSPAGE analysis showsduction

of rPfGK in thetotal ( T;  pr&esnlfraction Mostof the protein was in the insoluble

fraction (S; 1 0 eahdvisually undetecablein the soluble fraction§;1 5 € | from a tot
of 1.8ml). rPfGK was purified P; ¢ f r om a t o)tahbughthé purRyOnds |

poor. Samples from theinbound fractionU; 1 0 eandfrom each wash step (W3;

1 0 kduring the purification procedure are showiM is 5 ¢ gf the red cell membrane

marker.

93kDa =
72kDa =

43kDa =
35kDa=
2%Da =

To obtain sufficient proteirfor analysis, the culture volume was scalgdto
800ml. Four 1L Erlenmeyer flaskgeachcontaining 200mLB without antibiotics
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were eachinoculatedwith 2ml of an antibiotic-selected cultur@ndinduced for
16-18 hours(Figure20).

Bis P11 P2 IS UW1W2W3W4WSG__M

rPfGK = ;;E-—-

. - 93kDa
= 72kDa

a
. @ 43kDa
“  @=35kDa
@« 20kDa
—

u &l =

Figure 20: Large-scale expression and purification of solubleRfGK in E. coli.

PlGK was induced in an 8 @®%might Exprésy medem. usi ng N
Cells were lysed usinsonication andRfGK purified using MagneGSY agarose beads.

Thetotal (T;1& | ) , s ol droradota{o8L0MI1l Benld i nsol ubl e (1 S;
fractions were analyzed using SDS PAGEGK was eluted twice from the GST beads

using reduced git at hi ond r okl ;a 2 Ddlal of 200¢l and P2
100el Samples from the unbound f rbeadgandn ( U; ’
from each wash step (W4 ; 10el) during the purification
5¢l ) edassacantsol for thdagneGST b e ad s . dfithe red cell mambrane

marker.

Il"l

1
i
1ﬁ'

No difference was observed when cultures were induced with 0.4 or 1mM IPTG
or Overnight Express' medium (data not shown)Soluble PfGK protein yield

and purity were impved andveremore consistertty (data not shown)

1. inducingprotein expression aB122<C insteadof at 37°C

2. increasing the induction time (when using IPTG) frdmeehours to 1618
hours,

3. using ®nicationinstead of th8ugBustef HT chemical reagerio lyse cells

4. increasing the binding tim#& the soluble protein fraction, following cell lysis,
to theMagneGST beads fron80 minutes td-18 hoursat 4°G

5. increasing the stringency of the wash conditions with the GST wash/bind

buffer during the protei purification processThe wash volume was increased
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from five volumes to 50 volumes per packealume of beads and the number
of wash steps was increased frtmeeto five washes

6. increasing theconcentration ofreduced glutathione in th&lagneGST"
elution buffer from 50mM to 500mM.

As a result, approximatelyeg of soluble PfGK at approximatel\80-90% purity
(Figure 20, Figure 21 and Appendix ALO) was purified from an 800ml culture.
The yield was relatively low but sufficient for downstream analysisnunobbt

analysis Figure22 andAppendix All)confirmed the presence d?fGK.

a) ~ rPIGK
4
I
|
JI
s .‘
[
[
|
\ /
b)
N Height Width Area %Area | %Protein
2 210 86 5790 65.8 78.9
5 53 58 1199 13.6 16.3
8 22 32 351 4.0 4.8

Figure 21: Densitometric analysis of PfGK.

(a) Coomassie blue stainguroteins resolved oi$DSPAGE gels were scanned @n
Hoefer GS300 transmittance/mftance scanning densitometéhe PfGK protein band
is indicated (b) theraw volumesor percentage areaf each protein bandrasdetermined
usingthe Hoefer GS365W softwareA tabulatedsummary of the resulis presentedin

this example, malysis showed @8.%%6 rPfGK purity.

88



T s p1 PZ‘St U Wi W2

-
.-

Figure 22: Immunoblot analysis of expressed and purified PfGK in E. coli.

Proteins were transferred onto a nitrocellulose membrane andn@&®GST-HRP

conjugated antibody was used to detect the rBfeJK fusion protein. The total (T;

10¢el ), s o Ifranbd tetal ¢f Ol 1laébred i nsol ubl e (I S; 10¢l)

well as purified PfGK after each elutionstdpP 1; 10e¢l from a tot al of
from a t o)taeelindicatéd. Re€idua proteineumd to the purification beads
were fAstrippedo (St ; 1 5 e¢Sampled from rthe tnboeind b e a d s

fraction (U; 10¢l) and the wash steps (W1 and W2
purification process are shown. In this exampghe poor bindingefficiency of the

MagneGST" agarose beads resulted arreduced purification efficiency since excess

rPfGK was present in the unbound fraction.

3.2 Expression of PfGK in insect cells

3.2.1Subcloning PfGK* and PfGK into pTriEx -3

The full length PIGK* without the stop codon was amplified as &b1bbp
fragment (primers PfKO8/PfK06) and cloned into the pT+Eplasmid vector
(Appendix A6). Colony PCR using pTriEX3 vector and PfGK* genespecific
primers, plasmid DNA extraction arBlanHI/Xhd restriction enzymeanalysis
verified the generation of pTriE3-PfGK* recombinant plasmid DNA (data not
shown). HoweverDNA sequencing analysis showed a nucleotide deletion in a
19bp adeninegich region between positions 1,441459 of the geneF{gure 59
and Appendix AQ The adenine deletion was seen in the same regtenthree
independent cloning attempts and using alternative high fidBdiypolymerases
(Roche Expand High Fidelity"> PCR System or the Fermentas High Fidelity
PCR Enzyme Mi; Fermentas International Inc., Burlington, Canadaven
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though the glycereland ATR binding sites were unaffected, the rest of the
sequence was not-frame. The translate®@fGK* protein may befunctional;
however it would not have the -€8rminal 8x listidine tag necessary for

purification.

A decision was taken to codon optimize and synthesizePt&S gene for
expression in insect cells. GeneA&ddon optimizedsynthesized and cloned the

gene into the pMK plasmid vect¢Appendix A13) The supplked pMK-PfGK®

plasmid DNA (3,810bpAppendix Al3\ was resuspended-HGCn 50c¢l

pH 8. 0 to a concentr at i-26°6. Fitbyf micrblrésn g / ¢ | 8
compet enE.cddM®&ds) transformed wipMPIGKdng (0. °
plasmid(section2.3.5. Fivemi | | i | i tres LB suppl emented

was inoculated with a pM#PRIGK-transformedcolony and incubated in a
Labote® Orbital Shakeat 250rpm at 37C for 16-18 hourspMK-PfGK®' plasmid
DNA was extractd using theSigmaGenEluté” Plasmid Miniprep K (section
2.3.3. One microgram pMKPIGK® plasmid DNA was digestedh a 20l
reaction cont aithigesfgrermdntaBant] ang 1FPU (Flaes! )
FastDigest Xhd restricton enzymes in 1x FastDig&sbuffer at 37C for 10
minutes.The pMK (2,294bp) an@fGK®' (1,516bp) fragments were resolved on a
0.8% agarose gel and tiRIGK® band was excised from the gel using a scalpel
under aUV translluminator (UVP, Upland,USA). PfGK® waspurified using the
QIAquick® Gel Extraction Kitas per manufactur@ s i n s(section28.4 o n
andligated into theBanHI/Xhd restriction sites of the pTriE® vector(sections
2.3.3 ard 2.3.4 to generate the pTrER-PfGKY recombinant plasmid. PCR
analysis Figure 23a) using pTriEx3 vectorprimers(SEpTrHEX-F/SEpPTHEX-R;
Appendix A6) andPfGK®' genespecific primers (PfK16/PfK2; Appendix A13),
plasmid DNA extraction and@BanHI/Xhd restriction enzyme analysig-ifure
23b) verified the generation of pTriEXP{GKY recombinant plasmid DNA.
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Figure 23: Generation of pTriEx-3-PfGK ¥ recombinant plasmid DNA.

The PfGK gene was cloned into the pTriBBxmultiple expression vectorCloning was
verified by (a) PCRo f transfor med ()HaBaYsiscobrecombinans an d
plasmids.(a) PCR using pTriEx-3 vectorspecific primers (SEpTriEx-3-F/SEpTrEx3-

R) andPfGK¥ genespecific primersPfK16/17. Samples were resolved on a 1% agarose
gel. Lanes1 and 2 represent colonies coimiéng the re-circularizedpTriEx-3 plasmid.
Vectorspecific primers amplifig¢ a 496bp amplicon (lane 1) and gepecific primers

did not amplify the pTriEx8@ plasmid (lane 2)Lanes3 and4 are ®loniescontaining
recombinant PriEx-3-PfGK® plasmidDNA. PCR using vectespecific primers resudd

in amplification of al,88%p fragment(lane 3)and al50bpfragment(lane 4whenusing
genespecific primersA control reaction with no template DNA is showlane5); (b)
plasmid DNA was extracted from pTriER (lane 1) and pTriEx-3-PfGK® (lane 2
transformed colonieandresolved oma 0.8% agarose gePlasmid DNA was digested

with BarmHI and Xhd restriction enzymesTlhe PfGK insertwasexcised fronpTriEx-3-
PIGKY¥ DNA and resolved as 4,961bp (prriEx-3) and 1510bp (PfGKY) fragments
respectively(lane 4) pTriEx-3 without the insertmigrated a 4,961bp and 121bp(not
visible) fragmens (lane 3). Lanes are numbered and sizes of selected fragments in the
2 . FermentadMassRulel DNA Ladder Mix(M) are indicated

3.2.2Generation of BacPfGK ™ recombinant baculoviruses

Recombinant badoviruses were generated using the BacMalJi®NA Kit and
after 3 rounds of amplificationyiral DNA was extractedCell morphologyand
viability were used as indicatofer the presencef replicative baculoviruses.
Infected cells appeaged grainy, unifomly rounded and enlarged with distinct
enlarged nuclei compared to healthyixeThe growth rate of infected cellsas
significantly reducecdompared to the 2Bour doubling rate of &ealthyculture.

A 2 x 10° SB cells/ml culture typically had a cell aisity of ~10x 10° SO cells/ml
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and viability of >90% after 72 hours. Comparativelgcblovirusinfected cells
had a density of3 x 10° SO cells/ml and 0% viability after 72 hoursPCR
analysis usingPfGK¥ genespecific primers (PfK16/PfK17Figure 24, lane 3
verified the generation of recombinant BRfSK™ baculoviruses

1.0kb = !
e
0.5kbh = s
0.2kb =
0.1kb =

Figure 24: Screening for BacPfGK ¥ recombinant baculoviruses.

DNA was extracted from BaRfGK™ baculovirusesnd PCR was performed using 100ng
template DNA andPfGK®-gene specific primers (PfK16/PfK17). Five microlitres of each
amplicon was resolved on a 1% agarose geipiication of a150bpinternal PfGK”
gene fragment verified the generatimnd presencef BacPfGK™ baculovirusesléne 2).
Amplification from pTriEx-3-PfGK¥ (lane 1)and pTriEx3 plasmid DNA(lane 3)were
usedas positive and negative controls respectivélyblank reaction with no template
DNA is shown (ane 4).Lanes are nubered and sizes of selected fragments irethe5 ¢ |
FermentasassRulel", Low RangeDNA Ladder Mix(M) are indicated

A plaque assay was performed and an average baculoviral titre ofk 123
pfu/ml was determinedF{gure 25). For optimal protein expression, insect cells

were infected with 410 viral particles per cell (MOI betweenrlD).

3.2.3Expression of PfGK '

A preliminary protein expression screen was performed by infecting 20ml
TriEx™ SO cells, at a concentration ofx210° cells/ml and a viability of 95%,
with BacPfGK™ baculoviruses at an MOI of 10.
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Figure 25: Determining Bac-PfGK* baculoviral titre.

A viral plaque assay was used to determine-B&@K" titre. Each 35mm plate was
inoculaed with 0.9x 10° SB cells infectedwith 2 0 0af & 10° or 107 BacPfGK® viral
dilution (in triplicate)and incubated &8°C for four days Viable cells were stained with
Neutral Redand unstained, clear plaques were coumtedhe plates with a 10viral
dilution. The number of plaquda each plate is indicated. There was an averageb of
plaques per plate and 1.23.0° pfu/ml viral titre. There were too many plaques to count
when cells were infected with the d0viral dilution. No plaqueswere visible in
uninfectedS® controlcells.

After a 72 hour incubationtrypan blue &ining (Appendix A4) showed that

there were & x 10° Bac-PfGK -infected THEXM SP cells/ml at a 69% viability

compared to the 10x110° cells/ml and a 8% viability in the uninfected TrER'

SP control cells. Poteins were extractedrom the cellsand rPfGKY protein

purification was rformedusing MagneHi&" nickel particles(section2.7.9.

SDSPAGE and immunoblotanaysis usi ng a PentaAHi sE HRP
antibody, showed no difference between the uninfected and recombinant
baculovirusinfected cell{Figure26). rPfGK™ proteinexpressiowas not induced

and the expected~59kDa recombinant proteigould not bepurified. As an

additional verificatiorfor the lack of PIGK™ protein expressiorenzymeanalysis

of the purified fraction showed efGK activity (data not shown).

93



10kDa
75kDa

50kDa

30kDa

15kDa

Figure 26: rPfGK ™ expression ininsect celsinfected with an MOI = 10.

TriEx™ SP cells (2 x 1P cells/ml; 20ml)were infected with Ba®fGK™¥ baculoviruses at

an MOI = 10. Insect cells were lysed anBf6KY was purifiedfrom the soluble protein
extract.Total (T, ),sauble (S 15¢l from),@asolubtet(la | Dé&ridl 1. 8 ml
purified (P, 15¢l f r om)paoteinfmadtiad were dnalyzedl 0sing SEFAGE

(left). No difference in protein expression was obserbetiveen umfected and Bae
PfGK-infected THEx™ SB cells Immunoblotanalysis(right), usingaPent a AHi s E
HRP Conjugate antibodyerified that there was no expressiof Histagged proteingvi

is 5pl of the Spectr®' Multicolor Broad Range Protein Ladd@fermentas International

Inc., Burlington, Canadaand H is 2.5l of theééxHis Protein LaddefQiagen GmbH,

Hilden, Germany.

In an attemptd optimize rPfGK™ protein expressionTrEx™ SO cells were
infected with BaePfGK® at a MOI = 2 andMOI = 5. Cell density and viability

were monitored at 24 hour interval$gble13).

Table 13 Monitoring cell density and viability of Bac-PfGK ¥-infected cells.

Bac- Ohrs 24hrs 48hrs’ 72hrs?

PIGK® [ Cells/ml | Viability | Cells/ml | Viability | Cells/ml | Viability | Cells/ml | Viability
M(()) ! 3.8x10° 97% | %6.7x10 | 95% 3.3x10° 93%
MOI

) 2.0x1¢ 95% 2.3x10 95% 2.8x10 86% 2.0x10 73%
MOI
c 2.2x10° 98% 1.9x10° 82% 1.7x16 69%

'Data summary from 20ml cultures
2Time pointsat which cultures werenonitoredfor recombinant pteinexpression analysis
3Diluted uninfected celld:4 with freshmedium tolimit cell death

After 72 hous, trypan blue staining showed that the growthBacPfGKS
infected TriEX™ SP was reduceéndthe cell densities ofnifected cultures did

not change significantly from dagne In contrast, uninfected cells reached the
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recommended maximum suspension concentrationok ¢ cells/ml after 48
hours andwere diluted 1:4 with TriEX" Insect Cell Medim to limit cell death
due to accumulation of toxic gyroducts and lack of oxygeAfter 72 hours, ell
viability was reduced to ~70% in the BR{GK> infectedcells compared to the
93% viability in uninfected TriEX" SO cells(Table13).

Under phase contrast icnoscopy, infected cells displayed characteristics
reminiscent of baculoviral infectiomPfGK®' protein expression was evaluated at
48 and 72 hours postfection (Figure 27). A prominent bandbetween 70
100kDa was purified, which did not correspond to the expesitebf ~59kDa

for rPfGK®" (Figure 27a; gels not shown for cultures iofed with viruses at an
MOI = 2). Immunoblot analysis with an artis antibody revealed no difference
between uninfected and infected cells and seyemEins>50kDa weredetected

in thepurified fractions Figure27b). These could bposttranslationally modified

rPfGK®' or endogenouskistidine-containinginsect or baculoviral proteins.

Further analysis of purified protein fractions verified that there was no difference
in protein expression between uninfected and recombinant baculovirus infected
cells Figure 28). The purified proteins were thereforikely to be insect or
baculoviral proteinswith stretches of histidine residueSimilarly, no PfGK™'
protein was expressed or purified when larger 200ml cultures were infected with
BacPfGK® baculoviuses aa MOI = 2 and MOI= 10.
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Figure 27: Expression of iPfGK® in insect cells infected with an MOI= 5.

TriEx™ SP cells (2 x 10° cells/ml; 20ml)were infected with Ba®fGKY baculoviruses at

an MOI = 5. Insect cell cultures were lysed after 48 and 72 hours post infection and
rPfGKY was purified from the soluble protein extract. Total (TelLOsoluble §; 5GI

from a total of 1.8n)| purified (P; 281 f r om a t o0)tuaboundfU; 202)Gafde |
MagneHis" bead (B; 2Cel) proteinfractiors were analyzed usin@) SDSPAGE Total

and soluble protein fractions froan uninfected cilture (U) were used asontrols (b)
immunoblot analysisusing aPent aAHi sE HRP GCoehojedalande anti b
between 57/0kDa in size in the BaBfGK® infected 48hour purified sampleM is 5l

of the Spectrd' Multicolor Broad Range Protein Ladder akidis 2.5ul of the 6Kis
Protein Ladder.
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Figure 28: Purified fractions from uninfected and BacPfGK *-infected cells.

Twenty microlitres of each wified fraction was resolved using SDBAGE and
Coomassielue staining(left). Immunoblot(right) analysis showed naclear difference
in proteins between the uninfectéa) and BaePfGK -infected cells(i). The MOI and
time intervals are indicate®! is 2.5ul of the Spectrd” Multicolor Broad Range Protein
Ladder H is 2.5l d the 6xHis Protein Ladder.

3.3rPfGK enzymeactivity

3.3.1rPfGK enzyme assay

An automated spectrophotometric enzymatic assayus@d to measure glycerol
kinase activity.In the presence dodin activekinase, the ADP product from the
primary reaction acts as substrate in the secondd&i{ and LDH enzymatally
coupled reaction that ultimately results in the oxidation of NADH to NAIhis
decrease in NADH absorbance can be measured at 34dgarg(29) and the
enzyme activity calcutad (section2.6.1]). Enzyme assaysvere performed at

37°C andhree independent purifications showed tiRGK was actie.
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Figure 29: Measuring glycerol kinase activity.

Glycerol kinase( -®- ) activity was determined by measuring the decrease in NADH
absorbance in aoupled reaction with LDH and PK aaixiliary enzymes.Data were
acquiredat 30 second intervalsver 20 minutes using ti@iomate 5 spectrophotometer
andVISIONIite™ version 2.2 softwareThelinear range of the linevas used to calculate
enzyme activity No enzyme activity was recorded in thenrPfGK6 (=), rGST =)
ando mglycerob( -= ) control reactionslECGK ( -+ ) was used as a positive control.

3.3.2rPfGK enzyme stability

Storage of PfGK at #C in elution buffer (500mM reduced glutathione, 50mM
Tris-HCI, pH 8.25) resulted in a daily decrease in acti{iygure 30). The
greatest loss occurred during the first two days of storage, at a rate ofles3%

in activity per day.

3.3.3The effect of temperature on PfGK activity

rPfGK activity was measuredt all physiologically relevant temperatur@g°C
(temperature in the mosquit®28-33°C (Alano and Billker, 2005) 37°C (human
hos) and 40°C (fever temperature in the human HosPfGK was active at all
three temperatures, with the highest activity at temperaturd3lasinodium

inducedfever Figure31).
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Figure 30: r PfGK stability.

Specific emzyme activity was measur@yer a period ofour daysand normalized to the
highest enzyme activity recorded at daye. Activity was meaured in duplicate from
threeseparate experiments £6). Standard deviatioonf the mean indicated
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27 28 29 30 31 32 33 34 35 36 37 38 39 4
Temperature (°C)

40.9+0.4

Relative rPfGK activity (%)

Figure 31: rPfGK activity at different temperatures.

Specific emizyme activity wasmeasured &C, 37°C and 40°Cand nomalized to the
highest enzyme activitywhich wasrecorded at 40°CActivity was measured in duplicate
from threeseparate experiments £6). Standard deviation of the me@nindicated

3.3.4The effect of pH onr PIGK activity
rPfGK activity wasmeasuredatthe pH in theP. falciparumfood vacuole(pH 5.0

5.5), the humaserythrocytehost (pH 7.67.8) and the alkaline environmeuitthe
mosquito midgut (pH 8:9.0). Combined data indicated th@fGK activity was
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Figure 32: Relativer PfGK activity at different pH.

Combined datdd) from three independerdand normalizedexperimentga-c). A 0.1M
sodiumacetate and a 0.1M T+4CI buffer system was used to measspecificenzyme
activity at pH 5.05.5 and pH 6.8.4 respectively. Relativespecific rPfGK enzyme
activity at pH 6.88.2 was measured in duplicate fronmeeseparate experiments €6),
whereas activity was measured in duplidatiee at pH 5.0, 5.5nd8.4 (n= 4). Standard
deviation of the meais indicated
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relatively uniform between pHb.8-8.4, with highest activity recorded at pH 8.0
(Figure 32).

3.3.5Kinetic parameters of rPfGK

MichaelisMenten (Figure 33) and LineweaveBurk double reciprocal plots
(Figure 34) were used to determirtee Vmay Km andrPfGK specific activityfor
glycerol and ATP. Non-linear regression analysisom the MichaelisMenten
equationwas used to determine the averagecific activites and theesults are

summarized imable14.

Table 14: Summary of the kinetic parameters of PIGK.

- V max . Specific activity (€mol
rPIGK activity (nmol NADH/min)* Kin (HM) NADH/min/mg)*
Glycerol 2.15 15.7 32.7
ATP 1.66 15.9 19.1

*Representation of theean valuef two rPfGK enzymaticeactions

3.3.6rPfGK activity in the presence of FBP

In the E. coli orthologue, afructosel,6-bisphosphatesite is created when two
EcGK dimers associateto form a tetramerFBP binds to and stabilizes the
tetramerc form, inactivating the enzyme in a roampetitive mechanism of
enzyme inhibition(Kjrgp) = 0.25mM)(Ormoet al, 1998, Feeset al, 1998) To
evaluate whether FBRCts asa norcompetitive inhibitorof PfGK, its activity
was measuredn the presence dmM and10mM FBP. Analysis of Michaelis
Menten kinetic parameter (Figure 35a) is summarized inTable 15. Linear
regression analysis from the Linewea®Bark plot (Figure 35b) suggests an
uncomgetitive mechanism of RfGK inhibition. However, rPfGK activity was
only ~10% lower in the presence 2040 times the Kof FBP in ECGK. This
impliesthat FBP is not a physiological inhibitor d?fGK.
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Figure 33: Michaelis-Menten plot for r PIGK.

Plot of velocity against glycerol and ATP substrates according to the Michéatiten
equation for PfGK; (a) kinetic parameters of glycerol were measured in the presersce of
2mM saturagéd ATP concentration(b) kinetic parametersf ATP were measured in the
presence oh 3.3mMsaturagd glycerol concentrationDotted linesconnectdata points
and solid | i-heto dheameanvhlees di Bféks duplicate enzyme
reactions ardlustrated
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Figure 34: Lineweaver-Burk plot for r PfGK.

Doublereciprocal plot of 1/Velocity against 1/[Glycerol] and 1/[ATIRImM for rP{GK.
Kinetic parameters ofa) glycerol and (b) ATP were measured in the presence of
saturating concentratiorsd each parier substrateDotted linesconnectdatapoints and
solid I i nefsitad Ble maamaluds mfPEK duplicate enzyme reactions
areillustrated
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Table 15: Relative rPfGK activity in the presence of inhibitors.

c at V max K Specific activity Relative
Inhibito r on((:rerz]r'l/lr)a 'O 1 (nmol NADH ( Mﬂ;* (emol enzyme
Iminy* H NADH/min/mg)* | activity (%)* *
None 0 2.15 157 32.7 100
1.97 13.1 29. 1.1
FBP 5 9 3 9.8 9
10 1.93 13.6 29.3 89.6
*M ean value ofPfGK enzymaticeactions
'Expressed as a percentage of t h efGKwithounasydnkibiterpeci fic activity

3.4 PfGK genedisruption

3.4.1Generation of P. falciparumglycerol kinase knockout
parasi tRfGK) ( 3 D7

The gene knockout was performed using a double crossover homologous
recombination strategyFgure 36). A5 1 9 b pPiGKsgene region, representing
part of the glycerebinding domain, was cloned upstream of the hDHFR cassette
and ab1% p P&& gene region, representing part of the ABIRding domain,

was cloned downstream of hDHFR. The internal 42Rf@pK regon (nucleotides
545965, amino acids 18322) was replacewith the hDHFR cassettend as a
result, residues involved in binding glycerol (D246, Q247 and F271) and ADP
(T268 and G313) were removed following recombinatibigire 36, Figure 37

and AppendixAl15). The disruptedPfGK gene will not be able to produce a
functional Pf{GK protein. To verify the construction of the pQ€PfGK knockout
plasmid, ()Spé/Aflll and EcaRI/Ncd restriction enzymes werngsed to excise the

c |l on-®fGK (Figure38a , | a n e-PfGK (Figune 3Ba, lan&5) fragments
from the pCGCl-PfGK knockout plasmid backbone and (ii) PCR analysas w
per f or me d-PfGKi (Figure 330, | a n e -PfEGK (Figured8b, Baide 6)

specific primers.
P. falciparumparasites were transfected with the pGfGK knockout plasnd

(Appendix A16). pCEL-PfGK transformed parasites, under WR99210 positive
drug selection, first appeared 51 days ficmtsfection.

104



QD

Velocity, (nmol NADH/min) —
© © © © 2 =2 =2 = 2NN
NhN B PPN LR

-o- OmM
5mM FBP
-¥- 10mM FBP

o
o

T T T T T

T ! T 1 1
0.00 005 010 015 020 025 030 0.35 0.40 0.45 0.50
[Glycerol], (mM)

b)

1/V, (nmol NADH/min)"!

-o- OmM
0.21 5mM FBP
0.1 -*¥- 10mM FBP

] Ll ] ] Ll 1 L] L] ] ] 1 ] | ] ] Ll ] )
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100
1/[Glycerol], (mM)"!

Figure 35: The dfect of fructose-1,6-bisphosphate on PfGK activity.
MichaelisMenten (a) and LineweaveBurk (b) plots for glycerol in the presence and
absence offructosel,6-bisphosphate (FBP)Kinetic parameters of glycerol were
measured in the presenceas$aturatd 2mM ATP concentrationDotted linesconnect
data points and solid linesr e t H e t fbbTHesineasvalues of PfGK duplicate
enzyme reactions aikustrated
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Parasites with the integrated hDHFR selection cassette, and disRffécdyene,
were visualized 11 days thereafter, following both positive WR99210 and
negatve 5fluorocytosine selection (dual selectionfy. falciparum parasites
transfected witlthe pCG-1-EBA knockout plasmidappearedafter 32 days under
WR99210 positive drug selection and those with the disrupted-EBAgene, 6

days thereafter, following duaelection.

2858 2009 881 3

pCC-1-PfGK Plasmid

|
2872 3328 3391 4382 4951 5524 5529 5905 6044

b
PfKO03 PfK12 Pstl PfK11 PfK14 Pstl
3D7PfGK gene | [5-PreK (519bp)| [ ] [3-ProK (5150p)] |
125 481 544 763913 966 1342 14811506
PfK13 PfKOS PfK15 PfK04
PfGK Probe
L ]
v 861bp ¥ >10kb
Cc
PfKO3 PfK12 Pstl Hrpll-F Pstl

3D7APfGK gene | | S“PGK |

125 481 544 665 1535 2103 2635 2676 3058 3191 3216
Cam-R PfK15 PfK04

PfGK Probe
3

L
o 2.577kh ¥ >10kb

Figure 36: Disruption of the PIGK gene.

(@) The pCC1-P(IGK knockout pl asmid was created foll
a n d-Pf@GKbofragments {reer) into the pCGl vector. The positive hDHFR cassette,
including the Cam promoter and the Hrpll terminator regions, is indicatethd and

the negative CD/UPRT selection cassette, with its Hsp86 promoter and PbDT terminator

regions are highlighted ired; (b) the full lengthPfGK gene sowing the positions and

sizesof the fragments that were cloned into pCCThe homologous double crossover
recombi nat i on-aae tPiBdeegions di the derde and the vector are

indicated. Primers (PfK11/PfK05) designed against an int&@K fragment plue) and

used to raminePfGK mRNA expression levels are indicated. This region is displaced by

the hDHFR cassette following homologous recombinatfonthe disruptedPfGK gene

foll owing insertion of t-haen dhfEBiFERthegees et t e b
Primer bihding andPst restriction enzyme sites are indicated by arrows. Numbers
represent sequence | engt hs-Pf@GKnpdbefpositiopareint / gene
DNA fragment sizes, following Southern blot analysis Rdt-digested DNA, are

indicated by bars
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Figure 37: The PfGK protein primary and secondary structuralfeatures.

Residues involved in glycero{a) and in ADR(®) bi ndi ng actrhelix(fee pr esent
ribbong ard -sheet ( ) secondary structural elements are indicated.

Numbers represent amino acidsaw.pdb.org PDB 1.D 2W40 and 2W41(Bermanet

al., 2000, Kabsch and Sander, 198Bhe deleted®fGK region after doubkerossover

homologous recombination is underlinecpurple
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Figure 38: Cloning PfGK homologous recombination fragments into pCCL.

A 51 9-lamq a 516bp @PIGK fragmentwereamplified and cloned into thepe/ Aflll

and EcadRI/Ncd restriction sites respectivelyo generate a pCC-PfGK knockout
plasmid (a) 500y plasmid DNA was digested and resolved on a 1% agarose gel.
Sod/Afll | restriction ®iGK fragmentsanddhe @48Epdlasmide 506
backbone lgne 2).Similarly, EcoRI/Ncd restriction analysisshowed the 3 -®#fGK
fragment and the ,852bp plasnd backbone lane 5) Digestion with Pst resulied in
2,445, 2577 and 3534bp fragmentsldénes 3 and 6). The44d5 and 577bp fragments

did not resolve completely on the gel. Undigested A€iEGK DNA is shown inlanes 1

and 4 (b)t h ePf@{dlane 2) ad HPGK (lane 6) fragments were amplified from the
PfGK knockout plasmid. pGEXT-2-PfGK (lanes 4 and 8) and pEC(lanes 1 and 5)
plasmid DNA were used as a positive and negative control respeci®@R.with no
template DNA fanes 3 and 7) was used a blank reactionLanes are numbered and
sizes of selected fragmentsinthe 5 ¢ | Fer me NtDNA ladiea Mis(W arke e r
indicated.

3.4.2Verification of glycerol kinase knockout parasites

PCR screening

A PCR screen was performed kmockoutparasites to evaluate whether they had

integrated the pCQ-PfGK knockout plasmid ito their genome or whether the

plasmid was also present as an episomal constigure 39, Appendix AL and

Appendix A17). Amplification of a 665bp fragment using primer PfK@5bp

upst r ea mPf@K hontologous Segigrand primer CamR, specific to the

pCCGL-PIGK pl asmi d backbone (-PBBKHomologoosvnst rear
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Figure 39: PCR screening forknockout parasites.

PCR analysi®of DNA extracted from wild type, 30PpE B A a n ®fGK3 daragies.
Various primer combinations (indicated above lanes) were used to detect integration at
t h e a B 8-PfBKbregions.Lanes are numbered and sizes of selected fragments in the
2.5¢l Fer me ntDAA ladiex Blis BNAlladder(M) are indicatedSamples

wer e | oaded bet ween each DNA | ad®@Kr as f o
(+WR99210 oPGKYHWRIIALD ang-Hluorocytosine dual selection) and
pCC1 plasmid as a negative contrdlanes 3 and 13: parasite population witlthe
disruptedPflGK gene was n o tPfGH parasitesturdér positive SeBcliap
Lanes 4 and 14gene disruptiomt t h e PR @6bp, PIKD3/CaniR) and at the

3 6 e nRIGKd580bp, Hrpll/PfK0O4)was only detectedfter dual selectiorLanes 8and

9 @) and | an-emd): @rssiteawitd epis®nal pGERTGK plasmid

DNA and/ BfG6K kBobkduip parasites were detected during positive selection
(519bp, PfK12/CamR and 515bp, Hrpll/PfK15).Lane 24: he full lengthPfGK gene
(1,506bpwas not a mp PGK knoelkbut parasites DPTKG@B/PfK04)ane 23:

the undisrupted®fGK gene was dRGKegardsieeslundemposBive gajgction
only.

region) showed -endaftee dual drugiselectiofigure39,Hame 5 0

4). Similarly, amplification of a 580bp fragment with primers Hrpll/PfK04 at the

3HPGK regi on showed -end tfFiguger3§ tlaneo 1). Ehe t he
integratedPfGK fragments were notdetece d i n 3FQuref® Bres 2 7,

12 and 17) and wild typeF{gure 39, lanes 1, 611 and 16) parasite DNA

Epi somal c onst PGK pamsites nveré detecta®imy7pgmers

specific to the pC&-PfGK knockout plasmidRigure 39, lanes 8, 9, 18 and 19).

The 1,506bp full lengtiPilGK gene was present in wild t
3 D PiBK parasites under positive drug séiee only Figure 39, lanes 2123).

The latter is due to a parasite population with an undisrupl&& genebut the

pCC-1-PfGK knockout plasmid present as an episomal constwlath provides
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resistance against RP9210 Parasites with a disrupteBfGK gene were not
detected with primers flanking the homologous recombinategions under
positivedrugselection(Figure39, lanes 3 and 13). The full lengtHGK gene was
abe nt | RIGK3pBrasgedollowing dual selectiorfFigure39, lane 24).

Southern hybridization analysis

Southernblot analysis was used to verify the presencé&rmfckoutparasites. A
DIG-labdled probe(Figure 40), pr epar e dPfGK$omolggous regon 3 0
in the pCC1-PfGK knockout plasmid as a template, was hybridized to wild type
and PfOKDHA digested withPst (Figure41l).

&% ! 2 d
~ [
L p—
— —
-
s = 1.0kb
E _F
& = -o0s5k

Figure40: Ampl i f i ¢ aRfGK®IEG -labdlledprbbe. 3 6

The pCG1-PfGK plasmid was used as tlNA template in the amplification reaction
Primers (PfK14/PfK15)esignedt o a mp | PfGK homblagous3 @NAfragment

were used to generate a Dli@beled probe.Two microlitres ofthe DIGlabele d - 3 6
PfGK probe [ane 2) was resolved on a 1% agarose gel. The molecular weight of the
DIG-labdled DNA is increased anthusit migrates slower than the unldleel 51%p
fragment (ane 1).Lanes are numbered and sizes of selected fragments i& thé ¢ |
Fermentas MassRul& DNA ladder MixDNA ladder (M) are indicated.

T h e -PfGKo homologous region has an interrdét site such that the DNA

probe binds © 2577bp and 3534bp fragments inPst-digested pC€l-PfGK
plasmid DNA (Figure 36 and Figure 41b, lane 1)and knockout parasites with
episomal plasmid DNA (data not shown). The probe recognizes a 861bp fragment
anda larger fragment (>10kb) iRst-digested 3D7 DNAFigure 36, Figure41a,
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lane l1land Figure 41b, lane 2). Following Pf{GK gene disruption, a 2,577bp
fragment and a larger fragnten(>10kb) were detected irPst-digested
3 D PiBK DNA (Figure36, Figure4la,lane 3andFigure4lb, lane3).

s & § ¢ 5
S AR $
$4$ 58§ $ &
e Wi iie) L ™m ™ e Ye)
a) M1 2 3 M b) 1 23 M o N2
B oo - . +=10kb
- . = 10kb 7 . «=38.0kb
; 5 += §.5kb -—
- 7.4kb
= 6.0kb
e - ~ 4.0kb s
- - ~ 3.0kb B~ 4.9kb < 5.0kb
L S - 2.5kb :4- 3.6kb - 4.0kD
= 2.8kb
- - 3.0kb
- - -0 & - 1.9 >
- - -
= ~0.0kb

- = (.7Kkb

.

Figure 41: Southern blot verification of 3 D P{K parasites.

A 5 1 5-Bf@K BGlabeled probe was used in tB®utherrhybridization analysis of
5eg Pst-digested DNA Lanes are numberethd labelledand sizes of selected fragments
in the %l of the Roche Dl@abelled DNA Molecular Weight Marker VII (M) are
indicated (a) In parasites with an undisruptdGK gene, the probe binds &1bp and
>10kb fragmentsasseenin the D7 wild type (lane 1) and 3DP E B Knockout parasites
(lane 2).The probe binds t®,577bp and >10kb fragments i8 D P#BK knockout
parasites (lane 3) (b) a second Southern hybridization experiment confirmed the
generation of3 D P#K knockoutparasits (ane3). Lane 2 is the 3D7 control. The
probe binds to 577 and $34bp fragments in theCG-1-PfGK plasmid DNA positive
control (anel); (c0a 3 D7@EBA knockout parasite I|ine
targeted gene disruption experiments. Southern hybridization analygi®de¢hatthe
EBA gene had been disrupteddnD 7 @E B A plane 2 5190bgecompéred to wild
type parasiteane 1 8,585bp.

MRNA analysis

PfGK mRNA expression levels, using primers (PfK11/PfK05) against an internal
150bpPfGK gene region thawvould havebeen displaced by the hDHFR cassette
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(Appendix A16, stowed thatPfGK mRNA was absent i D 7P#K knockout
parasitegFigure 42, lane 9). 18s rRNAnd rifin genesvere used as controls and
produced mRNA iB D PiBK parages (Figure 42, lanes 3and 6) 3 D7 qpEBA
knockout parasites hawan inta¢ PfGK gene and produceefGK mRNA similar

to wild type parasitesKigure 42, lanes 7 and 8)n summary, PCR, Southern blot
hybridization andPfGK mRNA transcript analysis confirmed that tR&K gene

had been disrupted.

1000bp

500bp

200bp

100bp

Figure42: mRNA expression in D 7 BIGK knockout parasites.

RNA was extractedand RFCR anal ysi s fr omPfGKmQRNRNaS s howed
absent in3 D P&BK knockoutparasite (lane 9).Ten microlitres of each amplicon was

resolved on a 2% agarose g€he loading order is: 3D7, 3Q7E B and 3 D 7PBK.

MRNA was present for the 18s rRNfaife 3, 68bp fragmengnd rifin (ane6, 206bp

fragment) template controls i® D 7P{BK parasites. Lanes are numbered and sizes of

selected fragments intf®. 5e¢ 1 Fer me A"t DANA ladder #Mix BNAI lagider

(M) are indicated.

35Gr owt h anal RfGK knoclmiit paBast&sm

Growth rates of wild type, 3RBE B And 3 D P#BK knockoutparasits were
analysed using thiazole orange staining and flow cytometry. An asynchronous
culture was used to set the gagtiparameters fanninfected erythrocytes, ring and
trophozoite/schizonstageparasites Kigure 43). These were used for subsequent
growth analysis from highly synchronized cultures. Startinpagpemia was
measured at 0:8.0%rings and growth rates were monitored over 48 siour
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Figure 43: Flow cytometry gate parameters for ring and trophozoite and/or schizont
populations.

An asynchronous culture with similar number of rings and trophozoite/schitagée
parasites was used to set the inclusion gate parameters of each pop(datiotel
erythrocyte population was delineated by an inclusion gate on a ferwasidescatter
two-parameter dot blo(p,c) the selected population was analysed omglsparameter
histogram forthiazole orange fluorescence to distinguish parasite stages from uninfected
red cells;(d) analysis of the gated cell populations and percentage parasitaemia. Results
correlated with microscopy analysis of Gierssained smears



The ring form 0-20 hourspost invasionhpi) develops into a trophozoite (:3®
hpi) and schizont (3@8 hpi), completing the asexual replication cy{&vorin et
al., 2010) Since the starting timeperiod of data acquisitionwas ringstage
parasites betweenZD hpi the invasion of erythrocytes by daughter paradies
the next developmental cycla.€. ringsl trophozoitesly schizontslh rings;
Figure44) would have been monitorednalysis of the first experimealtdata set
showed that vid type and 3D@ E B parasites had 474 and 4.36éfold increase
in parasitaemia, respective{ifigure 45a andTable 16). In contrast, B 7 BIGK
parasite only showed a 2.62old increase in parasitaemiapproximately45%
less than the wild type growth rate after one cycle. Results were consistent over
three experiments(Figure 45a-c and Table 16) where the parasitaemiaof
3D 7 BIGK parasits were an averagef 565 = 1.8% of the wild type parasites

following onere-invasion gcle (Figure45d).

Table 16: Summary of the change in parasitaemia after one growth cycle.

Data | 5. i line % Parasitaemia Parasitaemia Relative parasite
set t=0hr | t=48hrs | fold changé growth (%)?
3D7 0.69 3.27 4.74 100
1 3D7 pEB 0.69 3.01 4.36 91.57
3 D PieK 0.58 1.52 2.62 5491
3D7 1.00 7.36 7.36 100
2 3D7 pEB 1.00 7.89 7.89 107.20
3 D PBK 1.00 4.3 4.30 58.46
3D7 1.00 8.91 8.91 100
3 3D7@pEB 1.00 7.98 7.98 89.58
3 D PieK 1.97 9.86 5.01 56.20

Fold change callated by dividing the parasitaemia at time = 48hrs by the parasitaemia at time = Ohr
’Relative parasite fold change was normalized to 3D7 parasites by dividifidiahange irparasitaemidor eachof the
3 D7 pEBA aRGK kiddkautparasites by thield changen 3D7 parasitesResults are expressed as a percentage.
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Figure 44: Monitoring parasite growth using flow cytometry.

The percentage parasitaemia at each indicated time point was measured sisigigparametehistogram forthiazole orangéuorescenceThe ring
and trophozoite/schizont stage parasite populations are indicated.
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Figure 45 Relative 3 D P&GK growth rate analysis.
Monitoring the growth rPsK &reockoatfparasitésj(all t ype &

summary of theesults from thdirst (n = 4), (b) second (n = 4) ant) third (n = 6)sets
of flow cytometryexperimentsCombined data analysid) showed tht theparasitaemia
fold changeover ring Myring-stage cyclas significantly lower in 3 D 7P#BK parasites
comparedtd he wil d type and .3PardsgaErBiddAmean®sh are o | grou

indicated.
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Bright field microscopy of Giemsstained lbbod smears showed no difference in
the morphol ogy o fPiGRvaséxdalparagitpseandametbcyt8 D 7
(Figure 46). However, he average number of schizonts formed pBrBBIGK-
infected red blood cell wasA2 + 2.5 (n= 108), which was approximately 20%
(p<0.0001) less than 1782.6 in the control parasites (n = 1qUpblel7).

Rings Trophozoites Schizonts Gametocytes
"~ _ @ =gy
: p ® gl |
9 > 290
b £ P
I ' &
= i) @ D
'$ s f
e ®

AD7APIGK
*
»
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Figure46:. Mor phol ogy of PiGKlpatasitess pe and 3D7 @
Asexual parsites and gametocytes are indistinguishable between wild type and glycerol
kinase knockouP. falciparumparasites. Giemsstained smears were observed under oil
immersion at 100 magnificationusingan OlympusIX70 inverted microscope with a
SC30 colour amera (Olypmus Optical Corporation Ltd., Tokyo, Japarg images were
capturedusing theaccompanying analySIS LS Research software, version 3.4.

Table 17: Number of schizonts formedper parasite-infected erythrocyte.

_ Number of schizonts
Parasite ine Infected erythrocytes Range Meant SO
3D7 49 14-26 17.9+2.8
3D7 pEBA 51 14-24 17.7+2.3
Controk’ 100 14-26 17.8+2.6
3 D PBK 108 10-20 142 +25

IStatistical analysis asperformed using an unpairedetst with atwo-tailed p value
No significant difference between the means (p = 0.74)
*Combined data frothe3 D7 and 3D7@EBA parasites
“Significant differencésetween the meargp < 0.0001)



3.6 Identification of potential PfGK drug target sites
(DTS)

3.6.1Evolutionary patterning

To limit resistance targeting proteinregions containing severavolutionary
conservedamino acidsthat are different to the host orthologue is preferable.
Evolutionary patterningEP), developed by Dr Pierre Durar{@008) uses the

ratio ( ¥ of nonsynorymous (dN) nucleotide substitutions which change an
amino acid to synonymous (dShucleotide substitutions which dwot change
amino acidsto measuréhe substitutionrates at a site. If a residue is critical to the
structure or functiorof a proteinand important to the fitness of the organism
natural selection will remove any changes that occur at that site at a rate that
reflects I ts r e | >a1.0, thege aie Mmpre mdsymonymous | f
substitutions than synonymous substdns. Thesite isthereforeunder positive
selection and amino acid changeay be retained to increase the fitness of the
organism. These sites are pddfS. | f < .0, the site is under purifying
selection; mutations are retained infrequently becausedberease the fitness of
the organi sm. These may be<Ondgaumbdeed as
of nonsynonymous substitutions at least 10 times lesthan synonymous
substitutions. These residues are under extreme purifying selection, where
mutations are unlikely to be retained as tlag detrimental tohe organismand

these represent good DTEP was applietb PfGK to identify potential DTS

3.6.2ldentification of the PfGK human orthologue

Five human glycerol kinas orthologuegHsGK) have beendentified (Appendix
A2). To perform comparative analysis wiGK, the trueHsGK orthologuehad
to be identified. By examining the evolutionary relationship between 27
specifically selectedGK proteins within the mtazoa(Martinez Agosto and

McCabe, 2006and potozoagroups, whichncluded sixPlasmodiumGKs in the
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Apicomplexan subgrougsection2.1.2and Appendix A2)the true humaRfGK

orthologue could be identified.

Nucleotide MSAs were performed and DAMBE version 5.0(X& and Xie,
2001, Xiaet al, 2003)was usedto determine saturatiprdefined asmultiple
nucleotide substitutions at a particular sighin a codon (data not showrnn
divergent nuclei@acid sequences, multiple transitiborpy r i mi di neorz pyr i m
purinez purine)and transversiofpyrimidinez puring nucleotide substitutions

at a particular site result in saturation of that skeconsequence thereof is
reflected in thdow resolution of the phylogram, such as incresariance in
branch lengths or an obscure picture of evolutionary relationgMipset al,

2003) Analysisshowed that the GK sequence was saturated (data not shown).
Nucleic acid sequences wetkereforenot usedn evolutionary analysis; protein
MSAs wereused insteadlThe aligned GK mino acid sequences were 494 amino
acids in length, of which 423 were parsimanformative, 67 were parsimony
uninformative andour amino acids were constant. A single mpatsimonious

tree with a tree length of 423 amino acig$,=-0.631, Cl = 0.69and RI = 0.673

was generated with a >75% bootstrap supflog files not shown. ECGK was

used as the outgroup.

Table 18: Identity and similarity of EcGK, PfGK and HsGK orthologues.

Protein® Am_ino EcGK PIGK HsGK
acids | Identity | Similarity | Identity | Similarity | Identity | Similarity
EcGK (POAGF3) 502 39.5% 57.5% 30.1% 47.7%
PfGK (Q8IDI4) 501 39.5% 57.5% 33.2% 51.4%
HsGK (Q62S8§ 529 30.1% 47.7% 33.2% 51.4%

*UniprotKB IDs are indicated in brackets



E. coli GK (POAGF3)

D. melanogaster GK (QOES5KS)
C. elegans GK (Q21944)
S. cerevisae GK (P32190)

— L. major GK (Q4FWG2)
{ T brucei GK (Q38DF0)
D. melanogaster GK (QOWO0UO0)

— D. melanogaster GK (Q71Y99)
L D. melanogaster GK (Q9W095)

M. musculus GK (Q8C635)
H. sapiens GK (Q14410)
M. musculus GK (QIWU65)
H. sapiens GK (P32189)
H. sapiens GK (A6NJPS)
H. sapiens GK (Q61Q27)
R. norvegicus GK (Q63060)
M. musculus GK (Q64516)
D. melanogaster GK (Q9VZV9)
4‘:@1@”5 GK (Q6Z586) %
T annulata GK (Q4UF80)
41: T parva GK (Q4N4B4)
P, falciparum GK (Q81D14)%
P. chabaudi GK (Q4XXD5)
P, yoelli GK (Q7RR02)
{P. berghei GK (Q4YSV1)
P. vivax GK (A5KS8F2)
P. knowlesi GK (B3L878)

Scale:_10

Figure 47: Evolutionary relationship betweenGK proteins.

Twentyseven GK protein sequences were used to generate an unrooted phylogram
(Appendix A2. Analysis was performed using the maximyarsimonymethod, with
bootstrap analysis£cGK was used ashé outgroup. Branch lengths represent estimated
evolutionary distances, accordingttee scale bafnumber of substitutionper sitg. GK
Sequences were extracted from the UniprotKB database and UniProt IDs are indicated
brackets. Th&fGK (*) human orthologe (*) is indicated (Q6ZS86).

A 39.5% identity and 57.5% similarity to thEcGK orthologue Table 18)
suggests thaPfGK is ancient and as a consequence of multipldeotide and
amino acid changes over time, tieolutionary relationship of GKs could not be
resolved completely. Frorthe phylogram Kigure 47), HSGK (Q6ZS86) is the
only human enzyme that clusters wifiGK and is therefore, thhumanP{GK

orthologue.These resultsvere verified using phylogenic analysis by maximum
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likelihood (data not shown)Yang, 1997) Interestingly,PfGK clusters separately
from other Plasmodium GKs. This is consistent withthe divergence of
P. falciparumfrom mostPlasmodiunspeciegHayakaweet al, 2009 and further
highlights differences betweéh falciparumand the other species.

3.6.3Structural features of PfGK

The PfGK orthologie is topologically identicalin both the modelled (ID:
PF13 02691Bu6) (Bahl et al, 2002) and crystallized proteirfSchnicket al,
2009) with conservedatalytic residuesHigure 48). The PfGK structural model

with functionally important residues based on homolog¥tGK, is shown in
Figure 480. A multiple sequence alignment between the crystallZedoli, P.
falciparumand the modelled human glycerol kinase proteins, as well as protein

functional and structural residues, is summarizdéignre49 andTable19.

3.6.4PfGK drug target sites

To identify evolutionary conservefGK amino acidsand potential drug target
sites, amultiple sequence alignmebetweenPfGK and the human orthologue
was performedFigure 50). For illustratve purposesan arbitrary length of five
amino acids was chosen asP#GK DTS. Several stretches of residues under
extreme purifying selection thatnay represent potentidPfGK DTS were
identified: amino acid82-86 (QRETV), 99102 (NAIV), 244247 (GDQQ),266-
270 (GTGVF) and 34349 (FVPAE indicated by black bars ifrigure 50).
However, most of these amino acidereidentical inHsGK and would thus not
be good DTSOther regiongindicated by green bars Kigure50) weretherefore
considered, based on the following selection critefilathey contained one or
more residueshat were under extreme purifying selection @ 0),. (i) the
adjacentesiduesver e under strong<02yand(i)PlGKg sel ec
andHsGK shared no more than two identical resid{i2srandet al, 2008)
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Figure 48 EcGK and PfGK structures.

Ribbon structure representations of the crystalliZzee5K and PfGK monomers.
Functional residuesare illustrated as sticks(a) an EcCGK monomer with residues
involved in interactions withADP (dark Hue), Mg** ( ), glycerol ¢ed), FBP
(orangd and IIA®C (purple (Hurley et al, 1993, Feeset al, 1998) Domains | and Il
arelabeled and the Nand Gterminus of each proteinarndicated U Hel i ces and
sheets within Domains | and Il form the ATPase domain, shadéghingreenand areas
involved in subunit interactions are shadechipuamaring(b) the PfGK model showing
interdomain interactions an@inctional resiues base@dn EcGK. The modelledPfGK
structure is topologically identical to the crystallizBdGK structure(Schnick et al,
2009) Imageswere constructed using Pymol Molecular Graphics System, version 1.3,
Schradinger, LLC.

Six regions (labékd | to VI) were selecteds potential DTS (Figure 50). To
evaluae thestructural andunctional significance of the six potentiBITS, the

regions were mapped to tRéGK structurg(Figure51).
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Figure 49: Amino acid s2quence alignment and functional and structural features dEcGK, PfGK and HsGK.

A ClustalW2 (Larkin et al, 2007) multiple sequence alignment &cGK (UniprotkKB ID: POA6F3) PIGK (UniprotkKB ID: Q8IDI4) and HSGK
(UniprotKB ID: Q6ZS86)orthdogues. Identical (*), conserved (:) and seronserved (.) residues are indicated. Conserved residues rirdfS A
analysis of 19 GK orthologud&ralovaet al, 2000)are shaded grey. Functional Rg(+), glycerot (a) and ADR (s) residues from the cryaitized

EcGK (Hurley et al, 1993)and PfGK (Schnicket al, 2009) structures are numbered and indicated above each sequence. Residues involved in
intersubunit interactions within tHecGK tetramerand the PfGK homodimerareunderlined(=). Fructosel,6-bisphosphate-) and the phosptarrier

protein 11A°°- (=) EcGK regulatory binding domains are illustrated.
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Table 19 Summary of the functionalamino acidsin EcGK and PfGK (Hurley et al, 1993, Schniclet al, 2009)

Glycerol kinase | Functional domain and location Amino acids
Domain | 1-254
Glycerd-binding Arg83, Glu84, Trpl103, Tyrl35, Asp245 and Phe270
Mg**-binding Aspl0and Asp25
Intersubunit interactions MonomerQO: 49-68 and MonomeK
Domain I 255502
EcGK ADP-binding Argl7, Gly266, Thr267, Gly310, lle313, GIn314, Ala326, Leu381, lle®ay411, Ala412 and Asn415
1A ®C-binding Arg402, Pro472Gly473, Leud74, Glud75, Thr476, Thr477, Glu478, Arg479, Asn480, Tyr481
FBP-binding Gly233, Gly234 and Arg236
Monomer O: 364367 and Monomer Y: 34347
Intersubunit interactions Monomer 0O:308-320 and Monomer Y: 37399, 480493
Monomer O: 324333 and Monomer Z
Domain | 1-262and 436471
Glycerokbinding Arg83, Glu84, Trpl103, Tyrl35, Asp246, GIn247 and Ph&271
PIGK Mg?#*-binding Asp8 and Asp246
Domain Il 263435 and 47501
ADP-binding Thr268, Gly313Ser332, Gly414 and Asn418

Intersubunit interactions

302-310, 345347, 375401, 454501

*The only dycerokbinding amino acidituated irdomain Il
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All the targetregions, except for Region I, were found imdétionally imporant

domains asummarized inTable 20. Region I(amino acids B)r e pr esent s a
sheet at the Nerminus ofPfGK and is located within the catalytic cleft. It shares

a common M§" binding site (D8) withHsGK. Region Il (amino acig¢ 155159)

has two negativelghargedesidueasnd r epresents a | oop str
helix and b sheet at the surface of the
functional or structural GK domain. Region (dmino acids 16367)f or ms an U
hdix-tumb s heet structure and is |l ocated wi
molecule, below the glycertlinding domain. Itrepresents parof the ATPase

core in Domain.IRegion IV (amino acids 32@30)is part of a loop between two

U hel i c e stedatrihé enirasce todhe aatalytic cléfterestinglyS332

which participates in ADPbinding is under positive setgon. The D327, P328

and E330amino acidshowever, aren close proximity and arender purifying

selection andnay confer conformatial stability to the ADminding site Region

V (amino acids 34@44) represents a loop structure on the surface of the
molecule and contains residues involved in intersubunit interactiofc@K
dimerization. Region V(amino acids 48#85)is situatednan U hel i x and
site for ECGK 1A -allosteric regulation. IPfGK, Region VI forms part of a

low complexity region which loops out on the surface of the molettukepart of

the GCterminal region (amino acids 4%01) involved in intermolecaft

interactions with amino acids 380 and 37501 in domain Il All five residues

within Region VI are positively charged and share no similarity with the

corresponding region ¢1sGK, which has three negatively charged residues.
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Figure 50: Identification of potential drug target sites in PfGK.

A Needleman and Wunsch pairwise setpee alignment betweeRfGK and HsGK. Identical (), conserved () and seroonserved (.) residues are
indicated.PAML and SLR vereused to identify selective constraints in b&iGK andHsGK (Durandet al, 2008) Residues highlighted ired are
under positiveselection(¥ > 1.0; data not shown farsGK). Residues highlighted inlue are under extreme purifying sefien (¥ ©.1). Six potential

DTS, each composed dive amino acid residues, are indicai@d. All DTS sites had at least one residue under extreme purifying selection while the
rest were under strong purifying selection< 0.2). Five candidatePfGK DTS with 45 residues under extreme purifying selec@pwere excluded

due to similarities withthe HsGK orthologue.
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Figure 51: Structural modelling of potential drug targ et sites inPfGK.

(a) PfGK ribbon structure andgb) surface model showing potential drug target sites.
Residues within each region are summarizedlable 20 and are highlighted as follows:
Region | (nagenty Region Il (ed), Redon Il (black), Region IV blue), Region V
(orangg and Region VI dreer). Region Il issituatedbelow Region | and is difficult to
visualize in the ribbon configuration since it is partly obscured by one of the helices. Itis
within the core of the mekule and cannot be seen on the surRIGK model.The N

and Gterminus of the protein are indicatebinages were constructed using Pymol
Molecular Graphics System, version 1.3, Schrédinger, LLC.

Table 20: Summary of the locationand function of potential PfGK drug target sites.

Region Colour?! Sequence Functional domain® Location
I Magenta ILSID Mg**-binding Catalytic Cleft
Il Red IDDGT None Surface
1T Black’ GNINT ATPase core Core
v Blue DDPSE ADP-binding Catalytic Cleft
\% Orange NTTGV Subunit interaction Surface
VI Green KKRKK Subunit interaction Surface

*Colaurs of each region correspond to thos&igure51
%GK functional and regulatory domaiaseillustrated inFigure48
3This region isin the coreof the molecule and cannot be seen on the surface nibiepart of the ATPase core domain

(Figure10)



Chapter 4: Discussion

4.1rPfGK is predominantly expres®d as an insoluble
protein in E. coli

An important requirement for the functional analysis of proteins is the ability to
express and purify soluble proteins that closely resentbleir native
conformation. One of the most commonly used systems for the expression of
recombinant proteins is the enteagkerium,E. coli. Other less frequently used
expression systems such as yeast, mammalian Xeh®pusocytes and celree
protein expressiomethodsmay also be use(Birkholtz et al, 2008) However,

the ease of genetic manipulation, speed, reproducibilitiyl@an costhas made

E. colithe expression host of choicEhereforejn this studythe bacterial protein

expression system was used.

Although PfGK has a high homology t&cGK (39.5% identity; Table 18),
bioinformatic analysis predicted that the protein would be expressed as a
predominantly insolubleggregaten E. coli (~65% insoluble;Table 12). Based

on theknown ability of certain dfinity tags to improve theexpresion, solubility

and native foldingof a fusion protein in addition to their use in protein
purification (Sorensen and Mortensen, 20Q32iGK was expresseds afusion
protein The technologyrelieson fusion ofa foreign proteirto a soluble partner
protein which drives andstabilizes the expression ofathforeign protein The
rationaleis attributed tothe probablemRNA stability of the transcribed gene
(Makrides, 1996) For example, an mRNA fragment encoding theefninal
region of theE. coli Fp ATPase subunit was stabilized following fusion to the
green fluorescent protein (GFP). The GFP transcript proyidettctive mRNA
structural elements which led to high yields of protein produ¢#eachageet al,
2003) Anotherexample of solubility enhancing tagsthe E. coli 40kDamaltose
binding protein (MBP) which was used in the expression and crystallization of
PIGK (Schnick et al, 2009) Other examples are th&4.8kDa Nutilizing
substance A (NusA)l11.6kDa thioredoxinand theS. japonicum26kDa GST
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protein. Although no single fusion tag can increase the expression and solubility
of all target proteins, some fusion tags have been more successful than others. In a
systematic comparison of the effectiveness of various fuagsin increasing the
solubility of six diverse proteins that are prone to aggregation, MBP was found to
be supeor to thioredoxinandGST as a solubilizing partn@apust and Waugh,

1999) The precise mechanism of the solubility enhancement of MBP is unclear;
althoughit is thought that MBP astasa chaperone which stabilizes an otherwise
insoluble passenger protdikapust and Waugh, 1999)

In this study, he pGEX4T-2 expressionvector, which contains a GST tag
upstream of the mtiple cloning site was usedGST isknownto protect against
intracellular proteolysis and stabilize soluble recombinant protdinsss been
used asan N- or Cterminal tag in a variety of expression systesnsl proved
significant in studies on proteiDNA interactions, protelprotein interactions
and as antigens for vaccine stud{sung et al, 2012) Bioinformatic analysis
predicted an improvement of ~5% in the production of solBfEK whenfused
to GST. Protein expression analysisowever,showedthatthe fusion protein was

expressednainly as annsolubleaggregatén E. coli (section3.1.2.

Several factors mayave been responsible for the pocexpression of soluble
rPfGK. Generallythe expression ofP. falciparumproteins inE. coli, and in other
expression systesnis problematic Indeed successful expression of proteins in
E. coli is influenced by (i) the structural features of the inserted gene, (ii)
transcription efficiency andtability of the transcribed mRNA, (iii) correct and
efficient translation, (iv) correct folding of the protein and (v) toxicity of the

protein(Schumann and Ferreira, 2004)

With an average A+T content of 76%getgenes coding fd?. falciparumproteins

are uniqueand there are a number of factors that contribute to the poor expression
and solubilityin heterologous protein expression systésvind et al, 2003)

P. falciparumproteins (i) lack homology toE. coli proteins, (ii) are generally

larger than their homologues in other species, (iii) can contain long repetitive
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amino acid stretches, for example,Pa falciparum cyclin dependent kinase
contains a segment of 83 consecutive asgpaes(Aravind et al, 2003)and (iv)
often possess lowomplexity regions (LCRs)DePristo et al, 2006) The

P. falciparumproteome is one of the most L&Rh among akaryotes, being
present in 87% of genes compared to the average -GD®b(DePristoet al,
2006) None of these features, however, are preseRf@K and therefore cannot
account for the poor solubility?fGK is an evolutionary well conservethz/me
(section3.6.2and Appendix A2), with a strong homology EeGK and to other
Apicomplexan GK orthologues. The gene and amino acid sequence (1,506bp, 501
amino acidsprealmost identical in length to tHe coli orthologue (1,509bp, 502
amino acids)PfGK has no striking long repetitive amino acid repgalthough it
contains asmalllysinerich LCR at the @erminus of theprotein Although there

is no universal functional explanation for LCRs, they &@ught to (i) enhance
MRNA stability (Xue and Forsdyke, 2003Jii) be involved in proteifprotein
interactiongKarlin et al, 2002) (iii) act as recombination hotspq@ilversmit et
al., 2010)and (iv) generate antigenic diversitshere LCRs act as decoys for the
host immune systerfHughes, 2004)The PfGK LCR is an A+TFrich segment (26
out of 30 bases) that codes for amino aél@§MDDKKRKKK % It is distal to
the catalytic domains arldo ¢ a t ehelix 1®,rthe ldst helical structure which is

involved in interdomain protein interactions (sectt.3.

The codon usagand frequencyof P. falciparumis different andlimiting in

E. coli. This can result inranslational stalling, whereby the bacterium produces
low yields or truncated forms of the protgiorensen and Mortensen, 2005a)
Severalmethodscan be used to compensate for the codon bids. icoli. The

E. coli intracellular tRNA pool, for example, can be expanded k& tse of
plasmids that encode tRNAs for rare coddnsthis study, PfGK was expressed

in Rosetta2 (DE3E. coli cells. These cells contain a pRARE plasmid which
expresses tRNAs faeven rare codons . coli, including the AUAcodonfor
isoleucine AUA is present at a frequency bfe per 1,000 codons i&. coli
which islow compared tdb0 per 1,00@odonsin P. falciparum(Appendix A8).
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Despite the use dRosetta2 (DE3E. coli cells soluble PfGK protein production

was poaor.

Other strategiegsha may improve soluble protein expressigrclude ©don
optimization wherea P. falciparumsequence with codons representative of the
tRNA pool inE. coliis synthesizedExpression of th®. falciparumFALVAC-1
multistage vaccine candidate, for exampleaswincreased -®lId in a codon
optimized construc{Zhou et al, 2004) Codon harmonization via sitérected
mutagenesiscan also be used to modify &. falciparum sequence at low
frequency codons that are responsible for translational stalling. Codon
harmonization was applied texpress the fullength Pfs48/45P. falciparum
transmission blocking vaccine candidate anconformation that elicited an
immune response in mice and primat€howdhuryet al, 2009) Despie these
successeswo independent largscale studiesn Plasmodiunprotein expression
showed no correlation between codasage ad soluble protein expressian

E. coli(Mehlin et al, 2006, Vedadet al, 2007)

In an attempt to define some of the features that influence the expression and
solubility of recombinant parasite proteins, and indirectly illustrate the difficulties
of expression oP. falciparumproteins, Mehliret al (2006)expressed 1,000 open
reading frames that werepmesentative of th®. falciparumgenome. From the
1,000 genes, 337 recombinant proteins were expressed of which only 63 were
soluble, producing 0-:@07mg soluble protein from 1L of induced culture. The
study showed that proteins with a higheolecular weght, greater protein
disorder, more basic @nd low homology tcE. coli proteins were negatively

correlated with proteiexpression and solubility

Of the 98 target proteins that were <20kDa in size, 41 were expressed and 14 were
soluble. In contrasiut of the 100 target proteins that were >60kDa in size, only
20 were expressed ankdree were soluble(Mehlin et al, 2006) The molecular
weight of the nativd’fGK protein is ~57kDa, whilst the GSlision recombinant
protein is ~83kDa. Statistically, ifisuggest that PfGK was (i) unlikely to be
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expressed and (i) if expresseadmay bepoorly soluble.The latter wa®bserved

in our experiments

Disordered regionare usually highly flexible protein regions with no secondary
structures and wemot conducive to the production of soluble protdighlin et
al., 2006) However, analysis using DISOPRED®ardet al, 2004)predicted no

disordered regins inPfGK (data not shown).

The correlation between the perabstudyi ndés pl
(2006) was striking: of the 288 target proteins with a>p10, only oneprotein

was soluble. Proteins with a high pl were correlated with insolubility whereas

those with a low pl (6.0) showed a decrsa in protein expression, but increased

solubility. The pl of the nativdPfGK protein is 5.92, whilst the GSflision

recombinant protein is 6.(Although the pl favoured thproduction of soluble

rPTGK, theyield of soluble protein was very low.

Mehlin et al (2006) observed thasoluble protein expression was ipaéadent of
codon usage and the A+T bias of thefalciparumgenome.This was contrary to

the general assumptiohhe genes coding for J#oteins which did not express in

the bacterium were codon optimized for expressiofk.ircoli and synthesized.
Three of theseconstructsproduced the full length protein and four produced
truncated versions of the protein, however, none were soluble. This was verified
in anotherstudy by Vedadet al (2007) Hence,P{GK was not codon optimized

for expression irE. coli. In the Vedadiet al (2007) study, 468P. falciparum
reference genes which code for haemoglobietabolism and biosynthesis,
hypothetical, exported and apicopliastgeted proteingere selected for analysis
With P. falciparum as the model organism, orthologues from six other
Apicomplexan specie®. yoelii P. vivax P. bergheiP. knowlesiC. pavumand

T. gondii were identified and a total of 1,008 genes were analyzed. Only 304
(30.2%) proteins from the seven genomes were expressed in soluble form, of
which 97 were crystallized and 36 distinct crystal structures resolved. A

significant findingwas t h a't by regarding t he seven
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Apicompl exan genomed and treating orthol

constructs, at least twice the percentage of purified proteins, crystals and
structures were obtained when compared to those Rrdiadciparumalone.

Another limitation of theE. coli protein expressiorsystem, and not unique to

P. falciparumproteins, is tha€. coli is sensitive to the production of foreign
proteins and oveexpressed proteins often aggregate into insolubléision
bodies. One advantage of inclusion bodies is that dmgain very little host
protein, ribosomal components and nucleic acid fragments and becauseehey
highly concentrated with misfoldedverexpressed proteiraggregatesthese
inclusion bodis can be purified and the protein refoldedler certain conditions
(Singh and Panda, 200%)deed there has been some success when working with
refoldedP. falciparumproteins. For example, refolding procedures were applied
to successfully yield 12mg of purified and functiba falciparumfalcipain2, a
cysteine protease, from a 5L induced culture. The ~30kDa refolded protein was
biochemically identical to the native falcipa2nprotein and the large amounts
were sufficient for crystallization of the protdi8ijwali et al, 2001) In this study,
attempts to refoldhte insolublerPfGK proteinwere made, howevemost of the
proteinprecipitatedduring the renaturing process. Althoug®800ng of purified
protein was refolded from a milligram of insoluble protein, the refold&GK
protein was inactiveRefolding then, does not guarantee that the refolded protein
will retain its native conformain (Vallejo and Rinas, 2004)

Inclusion body formation is influenced by raative intermolecular hydrophobic
interactions between protein intermediates that have yedt buried their
hydrophobic amino acids. Due to thdromg temperature dependence of
hydrophobic interactions, aggregate formations are favoured at higher
temperaturegKiefhaberet al, 1991) By lowering the temperature, the rate of
protein translation is reduceddathis favours the slower amdrrect folding of the
protein.To promotesoluble protein expressiorRfGK was expressed iB. coli at

room temperaturewith expression induced at gedeg phaseThese changes slow

down the translational machinery of thesh Two protein induction methods

were used: IPTG and Overnight BEx@ s s E | nst a.The pGEX vedterd i u m
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is under the control of th&ac promoter. The vector contains an interhaicl®
gene which codes for kc repressor protein. The lac repressor binds to the
operator region of théac promoter, preventing recombirtaprotein expression.
Addition of the norhydrolyzable lactose analog, IPT@hich binds to the lac
repressar allows for regulated expression of the foreign gene. Ohernight
Expr e s s E | n Meadam, tin cdnBastis an autoinduction system that
combnes Terrific Broth with three additional componemtsformulate a rich
culture medium: (i) a induction solution containing kblend of carbon sources
optimized for uninducedacterial growth to a high cell densy, followed by
induction with lactose, (iia buffersolutionto maintain pH and providedditional
nitrogen necessary fancreased protein synthesis and (@inagnesiunsolution
necessary for maximum cell density (Novagen, 2005) In this study,
approximately3 e g o f pur i fRfGKdromaam 800rs| mducet ¢tukure r
was obtainedNo significant difference in solille protein yieldwas observed
bet ween the | PTG and Overni ginductioEx pr es s [
methodsThe yield wasrelativelylow andin an attempt to improve the amount of
soluble PfGK, an alternative baculovirtiasect cell protein expression &

was used.

4.2 rPfGK is notexpres®din insect cells

Baculoviruses are a diverse group of large DNA viruses that are pathogenic to
arthropods. The virions are enveloped and-sbdped, with a circular double
stranded DNA genome of 8BOkbp, depending o the virus species.
Baculoviruses replicate in the nucleus of insect cellsdamohg their biphasic life

cycle, two morphologically distinct virion phenotypes are produig¢dhe lytic
extracellular or budded viruses which spread infection within rikecitand (ii)

the occlusion derived virusesghich develop and mature in the host nucleus and
are responsible for primary infectioas well ashorizontal viral transmission.
Occlusion derived virusesre embedded within a crystalline proteinaceous matrix
termal occlusion bodieswhich are predominantly omposed of a 33kDa

polyhedrin proteinFollowing virus maturation, &brillar structurecomposed of a
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10kDa [0 protein is formedplO is involved cell lysis andin the release of
occlusion bodiedrom the nucleus Polyhedrin and 0 are highly expressed
during the very late stages of viral replication and assembly and are under the
control of the strongolh andp10viral promoters. Both proteins are required for
completion of the virus infection cycle, bate nm-essential folbudded viruses
formation. Thereforepolh andpl0promoters can be used to drive the expression
of a foreign protein and this forms the basis of the baculovirus expressitor
system(BEVS) (van Oers, 2011)

Autographacalifornica nucleopolyhedrovirus (AcNPV) is the most commonly
used baculovirus fothe production of foreigrproteirs in insect cellsand its use

in the synthesif soluble and functional recombinant proteisisvell established
(Kost et al, 2005) Being a eukaryotibased expression system, tfading,
disulfide bond formation, oligomerization, glycosylation, acylation and
proteoytic cleavageof newly synthesized proteins may be similar to the natural
process ineukaryotes The BEVS has beensuccessfully applied to several

P. falciparum proteins Examples include thexpres®n of PfEBA-175 in a
soluble form that mimics its nativfunctional conformatioiLiang et al, 2000)

anda significantly improvel expressionyield and purityof PFD1235w domains

of the bloodstage vaccine candidatefEMP1, when comparedtb the expression

in E. coli (Victor et al, 2010) The BEVS has also beesuccessfullyusedas a
recombinant protein display system whepgression of théfs25 transmission
blocking vaccinecandidateantigenon the viral envelog elicited an immune
response in mice and rabb{tgllambo et al, 2010) In the Mehlinet al (2006)
study, 17 proteins that were insolubleBncoli were transferred to a baculovirus
SP1 insect cell expression system. Seven of the 17 genes (41.2%) produced
soluble protein, with yields ranging from €19.7mg of soluble pretn per 500ml
culture. The proteins were considerably less pure and the yield was likely to be
overestimated, howeveit, was emphasizé that theBEVS is a good alternative

for the expression d?. falciparumproteins.

13t



In this studythe PIGK genewas inegrateddownstreanof the p10 baculoviral
promoter and nfective ecombinant PfGK-baculoviruses weregenerated
However, several attempts to express R#K proteinin SP insect cellsvere

unsuccessful.

The specific reasons for the lack &ffGK protein expression are uncledt.is
possible that synthesizeBfGK protein was incorrectly folded and subsequently
degraded by t he h dlbetlatls of expréssiom Imagisobg@ r ot e a s «
ascribed to the poor status of the dellowing infection, the p10 promotelis
expected to drive exogenous protein expresatanvery late stagby which time,

the cellmachineryand environmeninay have deterioratedi et al, 2012, Vlak

et al, 1988) Continuous production aecombinant baculoviruses often results in
the formation and accumulation of defective interfering viral parti¢t{esl et al,

1991) These particles are shorter than the parental baculovirus and cannot
propagate autonomously due to a deletion of a large portion of their genomic
DNA, which can be up to 43% of tharal genome and include the inserted
foreign gene. A consequence a@éfective interferingviral particles is that the
budded viraltitre as well as the level of recombinant protein expression declines
upon serial viral passage. For example, the expressgiddFP in recombinant
baculoviruses was reduced to zero after 30 viral pasgege©Oers, 2011yPiGK

protein expressioexperiments howe\er, were performed shortly afterfective

viral titres were determined (K0 passages).

Although the BEVS can perform approprigiesttranslational modificationghe

high expression level of recombinant proteins in the late stages of the viral life
cycle can lead to incorreprocessingFor example, Nand Oglycosylation occur

at very low levels irP. falciparum(Gowda and Davidson, 199@nd the native
PfEBA-175 protein is essentially unglycosylatedowever, therecomimnant
baculovirus protein was20% glycosylatedeven thoughthe immunogenicityof
PfEBA-175was unaffectedLiang et al, 2000) The differences in the complexity

of the Nglycosylation patterns betwe&wer eukaryotesand insect cells casso

affect the folding of recombinant glycoproteins, and even lead to their degradation
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in the ER(Helenius and Aebi, 2004PfGK has no glycosylation or oth@ost
translational modificationsites however, whether the recombinant protein is
modified and/or degraded in the BEVS is uncléaenerally, the expression of
each recombinant pmnh in the BEVS varies, with cytoplasmic proteins
expressed at significantly higher levels compared to secreted or transmembrane
proteins (van Oers, 2011) PfGK, however, is a cytoplasmic protein, with no
exportsignalor transmembrane domair&milar tobacterial expression systems,
rare codon usage may result in inefficient translation of the foreign gkheugh
there is no strong codondsd ininsect cellsand the correlatiometween codon
optimization and recombinant protein expression in the BEVS is yet to be
determined(van Cers, 2011) As a precautionthe PfGK gene was coden
optimized for expression I8P insect cellsbutthis had no effect

In summary, lhe absence oPfGK expression in the BEVS furtharghlights that
there is no universal procedure or system for #ression of soluble
P. falciparum proteins; each protein has to be assessed independently as its

expression varies in different hosts and under different conditions.

4.3rPfGK is active

The recombinant GSPfGK fusion proteinwas active. rGST was inaled as a
control reaction during the enzyme activity analysis and had no effect on the
reaction. Thereforeit was notnecessary to removihie GSTFmoiety from the
PfGK fusion proteirprior to activity analysisThe nativePfGK protein exists as a
dimer andinvolves the interaction of amino acids 3820, 344347 and 454601
in domain Il at the @erminus of twdPfGK monomergSchnicket al, 2009) The
recombinaniGST-PfGK proteinused in this studjpas GSTconjugated to the N
terminus ofPfGK. We cannot exclude the possibility that GST may disRItK
dimerization, however, this is unlikely since the enzymwas active with kK,
values similar to that of the characterizef6K dimer(Schnicket al, 2009) The
purified rPfGK enzyme was unstablePfGK activity decreased significantgach

day, even though the enzyme was storeddd betweenanalygs. A possible
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reason for the poor stability is that teezyme was stored in the elution buffer
(500mM reduced glutathione, 50mM THECI, pH 8.25)and the high glutathione
concentratiormay not have been ideafarious GK enzyme storage buffers have
been reported: (i) thEcGK orthologue is highly stable in tseated ammonium
sulphate(Thorner and Paulus, 197X)i) recombinanil. bruceiGK was stored in
100mM TriethanolamingiCl, pH 7.6, 200mM NaCl and 100mM imidazole
during the characterization of the enzyni€ralova et al, 2000) and (iii)
depending on the manufactureecombinantHsGK may be supplied in 20mM
potassium phosphate buffer, pH 7.5 (Creative Biomart, Shirley, USA) or 50mM
Tris, pH 8.0 and 10mM rested glutathione (Abnova Corporation, Taipei,
Taiwan). Therefore, with no uniform glycerol kinase storage buffer, and to
prevent a potential loss of an already limited amairgnzyme when removing
the reduced glutathione via dialysis, a decision wastak@erform all enzymatic
analysisimmediately after PfGK was purified. The glutathione concentration
would have been diluted &mM in the enzymatic reaction, which is closer to the
0.222.6mM physiological concentrations oéducedglutathionein P. faciparum
trophozoiteqTripathi et al, 2007) Another possible reason for the poor stapili
was that the purifiedRfGK hada concentration of-8 n g /Thislis. significantly
lower that the> 1 ¢ pgrétainl concentration thas correlated with protein
stability in solution Pr ot ei n concentrations at
inactivation andoss as a result of lowinding to the storage tul§Bierce, 2009)

rPfGK exhibited a broad temperature and pH activity range. Interestingly, the
enzyme activity was higher #brile temperaturesPfGK was active between pH
6.8-8.4, with a significant loss of aatity at pH 5.0, indicating that the enzyme
plays no role in the parasite foa@cuole. Theactivity was highest at pH 8.0
which corresponddo the environment in the mosquitoidgut The mRNA
expression profilef PIGK (Figure52) is highest in the transmissikierms of the
parasite, the gametocyt@dse Rochet al, 2003, Aurrecoecheet al, 2009) This
suggests that the enzyme may play a more significant role in mostpi®
developmentmRNA expression does not necessarily indicate the presence of the
protein (Moreiraet al, 2004, Le Roclet al, 2004) however, 14PfGK peptides
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were identified in early and late gametocyfies Rochet al, 2003, Aurrecoechea

et al, 2009) The amount of protein the the sexual mosgsiémges is not known.
Interestingly, he activity ofrPf{GK was ~60% lower at temperatures similar to the
mosquito environment (2€). This implies that mor@fGK molecules may be
required to perform a comparable glycerophospholipid turnover to the human
blood stagesThe role of PfGK in gametogenesis and the remaining mosquito

stages is uncertain.

rPfGK obeyed MichaelidMenten kinetics.The Vinax was 2.15mol NADH/min

for glycerol and1.66rmol NADH/min for ATP. The K, values of 157¢ M f or
glycerol and 5.%¢ M f o rwerdc®nkparable to thBfGK kinetic analysis from
Schnicket al (2009) (Kmlycerop = 18+ 2 € Mipatd=21+ 1 e M) and t o
EcGK (KMgiycero) = 1 6 € Marp = KL 6 éFdkpeet al, 1998) Unlike the
EcGK orthologue, PfGK was not inhibited by the allosteric regulatbyctose
1,6-bisphosphatéFBP). FBP traps th&cGK tetramer in an inactive state at g=K
0.25mM(Ormoet al, 1998) At the highestoncentrations of FBP tested (10mM),
the Vimax Km and specificactivity of rPfGK decreasedpproximatelyl0%. This
suggests that FBP ita physiological inhibitor oPfGK. Sequence analysend

the crystallizedPfGK structure(Schnicket al, 2009)showedthat P{GK lacks the
featuresassociated with th&BP bindingsite the loop structure to which FBP
binds(i) is orientated towards the core of the dimeking itinaccessibland (ii)
lacks a glycineaich segmentas well as theessential arginine residuahich is
involved in ionic interactions with phosphates from FBP.

4.4 Parasite growth is reduced in glycerol kinase
knockout P. falciparum parasites

The role and importance of glycerol metabolism during parasite developimeent
controversiallDechampset al, 2010b, Dailyet al, 2007, Olszewski and Llinas,
2010) To investigate thisthe glycerol kinase gene kh falciparumwas disrupted

and the growth rates o837 BIGK knockoutparasite were evaluated over one

48-hour developmental cycle using thiazole orange DNA staining coupled to flow
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cytometry. ® 7 BIGK knockoutparasite proliferated significantly slower, at 56

+ 1.8%, compared to the wild type and 3 BBA control parasite lines. In
support oPfGKtparasiss,app8aed afier 51 days on positive selection
which was approximately 59% longer than the 32 days it took o7 BA
parasite to appear. Parasites lackiR§GK also formed ~20% fewer schizonts
compared to controls, presumably due to an insufficient supply of PLs which

impaired membrane biogenesis.

Glycerol transport inPlasmodiumand red cells has been studied extensively.
Erythrocytes are known to be highly permeable to solutes, includpegrgl. The
primary glycerol facilitator in human red cells is aquaglyceroporihsBQP3),

which is internalized and integrated into the parasitophorous vacuole membrane
following Plasmodiuminfection (Bietz et al, 2009) Together with the highly
permeable bfunctional water and glyceroP. falciparum aquaglyceroporin
(PfAQP) (Hanseret al, 2002) parasites can easily acquire glycerol from the host.

A defect in glycerol transport is known to redueasmodiumvirulence Two
mouse model studies have shown tRabergheiproliferationwasreduced when
glycerol transport to the parasieas compromised PfAQP is 62% identical to
PbAQP and AQP-null P. berghei( BbAQP) parasites proliferadesignificantly
slower relative to wild y pe ( WT) p ar aPRAQP @arasiteselet h o u g h
viable and indistinguishabl e fPbAQIN WT pa
parasites survivetlonger; WT parasites reached a parasiiaeof ~40%nine days

posti nf ect i o PbAQF panastes seached a comparable parasitaemia at
day 18(Promeneuet al, 2007) In the seconastudy, it was established that the
primary glycerol facilitator in mouse erythrocytes is AQR% et al, 2007)

Apart from a defect in transport of gl across their membranes, erythrocytes

of AQP9null mice appeadto be morphologically and physiologically normal.
However, mice with AQPSull RBCs survivd longer during the early stages of

P. bergheiparasite infection compared to WT mice. Althougbth groups of

mice eventually succumbed to infection; at 12 days-dsttion, all of the
AQP9null mice were alive whereas only 50% of the WT mice survil@d et al,

2007) These studies highlight the contributioof glycerol during intra
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erythrocytic Plasmodium growth and developmentinterestingly, PbGK is
refractory to targeted gene disruption . berghei parasites (personal
communication referenced in Schniekal (2009) indicating that the gene may

be essential in parasite development in the rodent model and further highlighting
metabolic differencebetweenP. falciparumand the rodent parasité@echamps

et al, 2010a)

Findings from the current stuayrrelatewith in vivohuman studies performed by
Daily et al (2007)who profiled parasite gene expression in 43 Senegalese patients
infected withP. falciparum Despitesimilar host clinical features, three vivo
states, based on parasitranscription patternsuperimposed onto the yeast
transcriptome were identified: (i) an active growth based on glycolytic
metabolism and similar to known vitro ring stage parasite profiléklinas et al,

2006) (ii) a starvation response accompanied by metabolism of alternative carbon
sources andiii) an environmental stress response in individuals with increased
inflammatory markersPfGK and PFAQP were amongst those transcripts that
were significantly upregulated during the starvation respohseaddition,
glycerol3-phosphate dehydrogenase was markedly elevated, implying that
glycerol could replenish glycolysis at the dihydroxyacetone lepegsibly in
hypoglycaemic patientéHansenet al, 2002, Dailyet al, 2007) Re-analysis of

the Daily data(2007) by Lemieux et al (2009) showed that there was no
segregation of genes into separgteups and they suggested that the discrete
clusters were due to varying proportions of sexually committed but phenotypically
indistinguishable parasites. However, Wirdt al (2009) defended their initial
observations and ruled out gametocyte contamination in their samples. The
absence of differencdtemieuxet al, 2009)was probably dueotthe cultivation

of parasitegx vivoin enriched medium prior to analygissRouxet al, 2009)

During Plasmodiuminfection, glucose metabolism is increasgdto 100-fold to
meet the demanding energy requirements for growth and developiient.
culture medium in this study had a glucose concentration of approximaralyl,1

which is almost twice the physiological glucose concentration in a healthy
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individual and sufficient to meet the paraé&tenergy and PL demands, if G3P is
derived solely from glycolysisOur findings of drastically reduced parasite
proliferation wha glycerol metabolism was disrupted imply that glycerol is an
important alternative source of G3P. In support of tfif€ labdling studies
showed that glycerowas readily and efficiently incorporated into theL
backbone oP. knowlesmembranegRock, 1971) Furthermore, the physiological
concentration of glycerol in healthy individuals ranges betweeh 600 gL,
1977) but in Plasmodiuminfected patients, basal glycerol concentrations @33
65¢ M) a nadedauhled(Rusrittayakameet al, 1994) Recently, Liaret

al (2009) identified glycerol as a major esmtoduct of glycolysis in

P. falciparuminfected red cellsand proposed a G3P shuttle mechanism to
account for thisHowever, this could have been an gmdduct of anonspecfic
phosphatasgOlszewski and Llinas, 2010pr Pf{GK may have phosphatase
activity, like T. brucei GK (Kralova et al, 2000) The reversePfGK reaction
could be measuredpectrophotometrically using hexokinase andcgse6-
phosphate dehydrogenase as auxiliary enzymesnandtoring the change in
NADPH absorbance at 340nnfiKralova et al, 2000) Regardless of the
mechanism, glycerol can be generated by the malaria pasasltine glycerol
pool in the human host is sufficient as an additional carbon and PL source for the

parasite.

The level ofPFGK mRNA expression during asexual development is controversial.

In this study, RT-PCR analysis showed thRfGK mRNA was present in wild

typ e and 3D7 pEBA parasites, consi stent
transcriptional analysid_e Rochet al, 2003)(Figure52) and supports data from

the rocent model (personal communication as referenced in Sehalk2009).
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Figure 52. PIGK mRNA expression

PfGK transcripts are present throughout asexual development. Expression is significantly
elevated in gametocyte (G) and sporozoite (S) stages. Cultures were synchronized using
sorhitol- (blue) and temperaturg(purple based methods. ER = early rings, LR = late
rings, ET = early trophs, LT = late trophs, ES = early schizonts, LS = late schizonts and
M = merozoitegLe Rochet al, 2003, Aurrecoechest al, 2009)(http://PlasmoDB.org

This contralicts data fronthe study by Schnick and eaorkers(2009)who found
no expression oPfGK mRNA in asexual stages &f. falciparum They also
showed no effect on the growth of blood stage parasites whé&iGiegene was
disrupted, which is contrary tihe findings from the currerdtudy. The authors
did not indcate how parasitaemia had been measured and did not show the data,

but presumably, they performed manual quantification of Giestegaed smears.

In our study we utilized a highly sensitive and objective flow cytometry method to
monitor parasitaemia anthis could explain the discrepancy. We agree with
Schick et al (2009)that PIGK is nonessential sincdisruption @ the gene is not
lethal, howeer, parasite growth is compromised. The reduced growth of

3 D P#BK parasites implies th&. falciparumutilizes glycerol as an alternative
carbon source during asexual development and that it is essential for optimal
proliferation. The energy requirememnf the parasite are at a peak during blood
stage development and these are met through glucose metabolism by glycolysis to
produce ATP, whereasis postulated thaglycerol is used foPL synthesis and

membrane biogenesisurther studies such as measg the incorporation of
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glycerol into phospholipid speciesill provide insightsinto the significance of

glycerol metabolism during. falciparumparasite growth and development.

PIGK mRNA and protein arexpressed in gametocytéise Rochet al, 2003,
Younget al, 2005)buti n t h BfGK3pBra@sgesthe lack of thaPflGK mRNA

and enzymehad no apparent effect on the production of gametocytes when
cultures were stressed tendergo gametocytogenesis, although in depth
analysissuch as the viability of macrogametocytes or gametogemessnot
performed. Schniclt al (2009) made the same obsation. Expression oPfGK
MRNA is also elevated in sporozoitdse Rochet al, 2003, Younget al, 2005)
and mas spectrometry analysis has identifiBGK peptides in the mosquito
salivary gland sporozoitg®urrecoecheat al, 2009) This implies thaPfGK is
required during the exerythrocytic hepatic stage of development in the human
host. However, to fully understand the roleRéGK duringthe parasitdife cycle,
future studies o the mosquito and liver stagesich as monitoring the effect on
sporozoite formation andexual reproduction and developmentmosquitoes

i nf ect e dPf@K parasite3will bepexplored.

4.5 PfGK as amodelto identify potential DTS

The complex life cycle oP. falciparumoffers several pointsf interventionwhen
targetng the malaria parasit€lassical curative drugsuchaschloroquine or the
antifolates target the asexudllood-stage parasite®rophylactic drugshat target
the asymptomatic liver staggseventbloodstage infection. & minoquinoline
primaquine for example, kdlliver-stage parasites, including dormdwypnozoites
that resice in P. vivax and P. ovaleinfected hepatocyteqHill et al, 2006)

Compounds thatnterfee with parasitesexual development eitherthrough the
inhibition of gametocytogenesis in the human host byr blocking sexual
development and sporogony in the mosquito vectmn reduce malaria
transmission. Artemisinin for example, kills young gametocyeaddition to its
schizonticidal properties(Kumar and Zheng, 1990)Strategies aimed at

eradicaing malariawill have to makeuse & drugs and vaccineghat targetall
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the different stages of parasite developm@ateenwoodet al, 2008) However,
the spead ofparasiteresistancdo almost all antimalarials, including the highly
effective artemisiningDondorpet al, 2009, Phyeet al, 2012) is worrying and
threates current and futuremalaria ©ntrol measures Therefore, there is an
urgent needhot onlyto identify new drugargetsand produceew drugsbut also

to develop novestrategies to limit the onset of drug resistance.

Kinasesare generally regarded attractive drug target candidatgiace substrate
phosphoryl ation r egul a.tTheschtinecaralogue, bipect s o
thiazolium for example, inhibits botR. falciparumcholine and ethanolamine
kinases viaa competitive inhibition mechanism and impairs the essedéalovo
phosphatidylcholine synthesis pathway. -Bigzolum is currently being
explaed as a potential antimalarifdr treating severe malarigdlberge et al,

2010) The success of inhibitors against protein kinases (PKs) in human cancers
has made PKs attractive drug targets. In chronic myelogenous leul@zviia,

the bcr-abl translocation results in the constitutive activation of the chimeric
Abelson (ABL) tyrosine kinge in white blood cellsThis leads toexcessive
proliferation anda high white blood cell counttharacteristic of CMLGleevec

was the first important drug designed gpecifically targeta PK It is an ATP
competitive inhibitor that binds to the ABL tgine kinase, inhibiting its activity
(Cohen, 2002)

PKs are essential for growth ardkvelopment throughout tHe. falciparumlife
cycle A collection of structural data, inhibitory profiles and target validation has
laid the foundation and support for targetitng P. falcipaum PKs, also referred

to asthe malarial kinomd&Doerig et al, 2008, Doeriget al, 2010) PfPKG, for
example, is a cGMidependent PK that is essential for gametogeridkiRobert

et al, 2008) Its description led to a model of the signalling pathway controlling
exflaggelation, which is at present, the basaracterized signalling pathway in
the life cycle of the malaria parasi{Boerig et al, 2010) The P. falciparum
kinome also includes PKs that donot cluster with any of the established

eukaryotic PK groups or famiies These are referred to a
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PfPK7, for examplejs involved in cell proliferation and development pathways
and ts disruptionnot only decreases the number of schizofdrmed per asexual
developmentatycle, similar to the effect of a disruptdfGK, but alsoblocks
oocyst development in the mosquff@orin-Semblatet al, 2008)

As a blood stage drug target candid&#&K does not fulfil the necessary criteria
since parasites with a disruptPdGK gene,which produce ndPfGK mRNA and
therefore no protein, can still proliferate during the blood stages, albeit at a
reduced ratePfGK may, however, stillprove essential for mosquitor liver-

stage developmenand may therefore play a role in transmisdbocking

strategies

In this study,PfGK was used as a modir the identification ofpotential DTS
that would limit the development of resistanéa evolutionary bioinformatics
approabt was developed to identify amino acid residues under purifying selection,
where mutations woultharkedlydecrease the fitness of the parasite and therefore
unlikely to be retainedThe rapid progress in whole genome sequencing and
structural biology meanghat, for many protein families, structural and
evolutionary informationis readily available.During evolution, functional sites
are known taetainfewer mutations than other parts of the prat&volutionary
basednethods used to identify protefi@atures functional sites and potential DTS
have relied on(i) amino acid sequencbéomology for the identification of
functional or structuratiomains(Altschul et al, 1997) (ii) phylogenetic tracing

of residues implicated in striwral and functional roleglichtargeet al, 1996)

and (iii) gene orthologyBrenner, 1999)However as useful as these methods are,
they have limitationsMultiple sequence alignments homologybased methods
may dentify functional amino acidthat arepresent in large contact arahat are
only apparent in the proteis tertiary structureand nay not be evidenin the
primary sequence Functional residue may also be organism specificand
thereforenot detectedn MSAs, particularly if the sequence homology is lbke

in many of thePlasmodiunproteins If the sequence identity is less than 40% for

example, functional differences are more comnama homdogues may have
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unrelated functions or different functional sitEsmally, homologybased methods

do not provide evolutionary information from nucleic acid sequefidehtarge

and Sowa, 2002Phylogenetic tracingnethodssuch asvolutionary tracing (ET)
(Lichtarge et al, 1996) generate a trace sequence from MSAs vafious
functional classes of a protein family. ET is based on the hypothesis that
architecturedefining amino acids are constant and those clusters of amino acids
can beidentified andmappedonto known tertiary structures to identify the most
suitable DTS in terms of conservation, functional and structural import&ce.
predictionshave been verified experimental{owa et al, 2001, Slepet al,
2001) and have been shown to identify statistically significant and tfonally
important regions in more than 80% of the proteins te@dtmthtarge and Sowa,
2002) However, ET raéson the availability ofunctionalsimilaritiesof proteins
within a family and conserved amino acid® not necessarilyimply residues

underpurifying selection

Glycerol kinase is an ancient and highly conserved protein and therefore provides
a good model for evolutionary analysis. this study,a novel methodnamed
Evolutionary Pattering (ERyas avelopedoy Dr Pierre M. DurandDurandet al,

2008) and applied to PfGK to identify amino acids within the protein that are
under evolutionary constraints and are unlikely to undergo viable mutaEéns
utilizes a maximum likelihood substitution matrix to estimate the ratiooof
synaymous to synaiymous substitutons at individual codons in a coding
sequenceThis gproach allows for the identification &dvourableDTS and sites

that should be avoidedf there are more nesynonymous substitutions than
synonymous substitution(s > 1.0), the siteis under positie selection and amino

acid changes may be retainednaintain orincrease the fitness of the organism.
These residues are poor DTAn example isresistance othe P. falciparum
dihydrofolate reductase thymidylate synthase (DHFR bifunctional enzymeo
pyrimethamine. The primary S108N mutation is essential for pyrimethamine
resistance and EP analysis showed that the serine is under weak purifying
selection(Durand et al, 2008) Drug pressurenduced a serinéh asparagine

mutation at tk drug binding sitewhich wasretained, resulting in resistance to the
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dr ug. < 1U0for ¥¥< 0.1, the site is undepurifying o extreme purifying
selection respectively mutations are retained infrequently because they decrease

the fitness of the organism. These may be regarded as potential DTS.

The true PfGK human orthologue(HsGK, Q6ZS86) gene is located on
chromosome thredhe gene codes for a 59.2kDa protein (529 amino acids) and
two additional splice variants that produce (i) a 33.9kDa (amino a€sfd land

(i) a 27.8 kDa (amino acids-250) protein. Transcriptional evidence slealthat
HsGK (Q6ZS86)is not present irrythrocytesputis expresseth 64 tissues and

in nine developmental stagesith elevatedexpressionn the bone marrowbrain,
heart,kidneys liver, lung, pancreas, prostate, spinal cord, splskeletal muscle
and the thymug(UniProt, 2012 www.uniprot.org and GeneCardSafranet al,

2003) (www.genecards.opy Differences betweehlsGK and PfGK sequences

were favoured when selectiqgptential DTS to prevent targetingisGK in other

tisstes.
Analysis of the evolutionary patterns BfGK residues compad to the human

orthologue (Q6ZS8dEed to the selection of six regions that included sites that are

not prone to viable mutationgigure53 andTable21).

14¢€


http://www.uniprot.org/
http://www.genecards.org/

Figure 53: Location of potential drug target sites inPfGK.

(a) PfGK ribbon structure andgb) surface model showing potential drug target sites.
Residues within each region are highlighted as followgidrel (magenty Region I

(red), Region Ill (black), Region IVHJue), Region V (rangg and Region VI {reer).

Region Il is situated below Region | and is difficult to visualize in the ribbon
configuration since it is partly obscured by one of thecksli It is within the core of the
molecule and cannot be seen on the sui&X model. The N- and Gterminus of the
protein are indicated. Images were constructed using Pymol Molecular Graphics System,
version 1.3, Schrédinger, LLC.

Primary sequence alysis does not illustrate the functional and structural
significance of potentiaDTS in a protein.Therefore, to strengthen the method,
EP was combined witktructural modellingGenerally, the drug target binding
site should be a concave cavity at tioéve site of a protein. The exact length of
the region would depend on whether the site is druggaklewhether small
molecules can bind with high specificity and affinity to a pocket on the surface of

a target proteifHajduket al, 2005a)
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Table 21: Summary of the features of thepotential PfGK drug target sites.

2 - 3 -

. 1 Functional . Solventa ¢ e s § Potential
Region | “Colour | Sequence domain Location surf a C(Eb) { Drug Target
Mg**- Catalytic
I Magenta ILSID binding Cleft 1,208.9 No
Il Red IDDGT None Surface 1,042.4 No
1T “Black GNINT | ATPase corel  Core 990.4 No
ADP- Catalytic
v Blue DDPSE binding Cleft 993 Yes
\% Orange | NTTGV . Subumt Surface 941.5 Yes

interaction
VI Green | KKRKK | . Subunit 1 o e 1,285 Yes
interaction

*Colaurs of each rgion correspond to those Figure53

%GK functional andegulatory domains are illustratedrigure48

3Solventprotein contact area is defined as the surface traced out by the centre of a watehaphmgye radius of 1.4A

rolled over the protein atoms. Parameters were estimated using Pymol Molecular Graphics System, version 1.3,
Schrédinger, LLC

“This region isin the coreof the molecule and cannot be seen on the surface nibiepart of theATPase core domain
(Figure10)

The small molecule ligand affinity is characteristically dependent on van der
Waals interactions and hydrophobic forces; exceptions are covalently bound
ligands and interactions with metal ions aadew small aniongKuntz et al,

1999) Predicting the quality of the potential drug binding site is complex,
although an estimate of the numlzérthe surface accessible atoms is useful. The
target region may range from a few ato(sintz et al, 1999)to larger protein
protein interactiorsites(Chenget al, 2007)such as disruption of the p53/MDM2

interaction via cigmidazoline analogévassilevet al, 2004)

The accessiblenolecularsurface areaf the six potential DTS iPfGK rangel
between941-1,28582 (Table21). These wergreater than that of most passively
absorbed oraldregw hi ch f al | within a range of
of O3A@henget al, 2007)and therefore, provides a large drug target.adéa

the six regios identified, region IV [lue in Figure 53) appears the most
favourable. It has a number of featuteat make it an attractive drug target: (i)
one residue (S332) has a predicted function (Aldfling) asdetermned from
MSAs and the crystal structure BEGK (Hurley et al, 1993) (ii) the target site is
locatedat the entance to the catalytic pocket, }iiD327, P38 and E30 are
adjacent to the S332 ADBInding residue and are under extreme purifying

selection in the parasite, indicating that resistance mutations in this region are

15C
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unlikely to develop, and (iv) three oot the five residues IRfGK are different to

the human enzyme, which favours selective targeting of the parasite.

Analysis of the other potenti®TS revealed that regions |, 1l and Il may not be
good candidates. Regionrh@gentan Figure53) binds Md* within the catalytic
pocket. Itsfunction andliocation make it an attractive targgte however, small
Mg®* ions may enter the catalytic pocket whereas a larger potential lead
compound may noRegion Il edin Figure53) is on the surface of the molecule
making it accessible tadrug however, it is relatively isolated from the catalytic
domain and is not involved in any functional interactions. Targeting this site may
therefore not inhibit the rzyme, although the possibility of long range
conformational changes induced by the bigdof a drug cannot be ruled out
Region Il (black inFigure53) is within the hydrophobicoreof the molecule and
may benot beaccessibléo drugs.Region V (rangein Figure53) and VI @reen

in Figure 53) are exposed on the surface of the molecule anHcBK they
participate ininter-subunit and allosteric interactions, respectivé§GK is not
regulated by FBP andiA ®-© and itspotential regulation by allosteric effectors, is
not known. However, regions V and VI aredlose proximity to each other and

could collectvely form one DTS.

The structuramodellingof PIGK DTS illustrateshow it complements and refines
the EP approach by eliminatimmptentialsites that areot optimally located and
hence not accessible tompounds that inhibthe function of the enzym@& his
type of combinedanalysis represents an initiahd iterativestep in the drug
discovery process anghay be used aa useful toolby medicinal chemistsn

evaluating the druggabilitgf sites and in designing lead compounds
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Chapter 5: Conclusion

One of the fundamental goals in the studylafsmodiunis to discover metabolic
pathways and key steps that are absent in its human host or different enough such
that they may be targetddr drug developmenfT h e p a requsenentdod s
membrane biogenesis ails during growth and development implies that the
enzymes, proteins artchnsporters involved in lipid metabolism may be attractive

drug target candidates.

Glycerol kinase is an evolutionakyell conserved enzyme that functions at the
interface of lipid and carbohydrate metabolism. In an effort to understand the role
of the annotatedP. falciparumglycerol kinase ortholage (PfGK), the enzyme

was expressed as a G8Ikion proteinin E. coli and its activityverified. A
parasite linecontaining a disruptedPfGK gene was generateahd knockout
parasites were able to prolifeeatand undergocharacteristicasexual intra-
erythrocyticdevelopmentn vitro. PfGK is thereforenon-essential in bloodtage
parasite developmemindis not a suitable drug target candidatée growthrate

of PfGK knockout parasitesiowever, vassignificantly reducegdwhichsuggesta

role for the enzymein optimal parasite proliferationThe proposed role dPfGK

during asexual development is summarizeBigure54.

PfGK mRNA is markedlyelevated in gametocydeand sporozoite®arasitesvith

a disruptedPfGK gene were able to differentiate into gametocyteshmienzyme

may play a vital role during the mosquito stages of development, where the
intracellular environment is different and the parasite may havely on the
acquisitionof alternative carbon sourcés growth and survivalThe same may

be true forthe parasite durindiver-stage infection Future studies such as
monitoring the development of glycerol kinase knockout parasiteghén
Anophelesmaosquito will provide further insight into the role ofPfGK in

P. falciparumgrowth and development.
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Figure 54: Schematic of the poposed role ofPfGK during blood-stage development
Glucose and glycerol are the major cartsmurces for malaria parasit@Sardneret al,
2002)and their use during intrarythrocyticasexual parasite development is indicated in
greenandred, respectively(a) G3P is produced fromothglucoseand glycerol. GBucose

is sufficientfor the parasités energy and glycerophospholipid requiremehtsyever,
glycerol is the pathway of choice for membrane biogenesis, with glucose committed to
ATP production; ) under hypoglycaemic conditiongglucose is limiting G3P is
thereforemainly produced fronglycerol whichmayenter the glycolytic pathwaynder
these conditionga,b), the number of schizonts formed perlgir developmentatycle
would beunaffected(c) In parasitesvithout a functionabjlycerol kinasethe G3P pool is
limiting and glucose $ utilized for both energy anlibid metabolism resuling in fewer
schizons formed aftereach cycleand therefore, reduced growthbbreviations: G3P,
glycerol3-phosphate; GPL, glycerophospholipRGK, P. falciparumglycerol kinase.
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APPENDICES

Al: PIGK NUCLEOTIDE AND AMINO ACID SEQUENCES

PF13_ 0269, sequence length: 1,506bp
ATGAATGTCATATTAAGTATAGACCAAAGTACACAATCAACCAAAGTGTTTTTCTATGAT
GAAGAATTAAATATTGTTCATTCAAATTTAAATCATGAACAAAAATGTTTGAAACCT
GGTTGGTATGAACATGATCCAATAGAGATTATGACCAACTTATATAATTTAATGAATGAA
GGAATAAAAGTGTTAAAAGATAAATATACATCTGTTATAATAAAATGTATAGGTATTACT
AACCAAAGAGAAACTGTAATTATATGGGATAGAATAACAGGAAAACCTTTATACAATGCT
ATAGTTTGGCTAGATACACGTGTAGAAGAACTTGIEIALTTTTCTGCGAAATATAAT
AATAATGATATTCAGAAAAAAACAGGAACTTACTTTAATACATATTTTAGTGCTTTTAAA
ATATTGTGGTTAATTCAAAACAATCCAGAAATCAAACAAAAAATTGATGATGGTACTGCA
GTTATAGGAAATATTAATACATGGCTTATTTTTAATTTAACTAAAGGGAATTGTTATACA
GATGTTACCAATGCTTCAAGAACTTTATTAATGGATATTAATACAATAGSATGAA
AAGATGTGTAAAATATTTAATATTACTAATATGTCTGTTTTACCTGAAATAAAAAGTAAT
TGTTCTAATTTTGGTTTAGTTAAGTCAGAACATGTTCCGGACTATTTAAATATTCCTATT
ACTGGATGTATTGGAGATCAACAAAGTGCATGCATTGGTCAAGCTATCTTCGACGAAGGT
GAAGCGAAATGTACATATGGTACAGGTGTATTCCTTCTAATTAATACAGGAGAAAAAGTT
GTATATTCCACATGCGGTTTAATTACTACTATATGTTATAAATTTAATGATAATGATAAA
CCTAAATATGCTCTTGAAGGTTCGATAGGTACTGCCGGATCTGGAGTTTCATGGCTTCTT
AAAAACAAACTAATTGATGATCCAAGTGAAGCTAGCGATATTATGGAAAAATGTGAAAAT
ACAACTGGAGTCATTTTTGTACCAGCTTTCAGTGGATTATATGCACCCAGATGGAGATCT
GATGCACGTGCBTATATATGGAATGACTTTTAATACGGAAAGAAGCCATATTGTAAGA
GCACTATTAGAAGGTATAGCTTTTCAGTTAAATGAAATTGTGGACTCCTTAACATCGGAT
ATGGGTATTGAAATGTTACATGTCTTACGATGTGATGGAGGCATGACAAAAAATAAACCT
TTTATGCAATTTAACTCAGATATTATTAATACAAAAATTGAAGTTTCAAAATATAAAGAA
GTAACTTCTCTTGGTGCTGCAGITAGCTGGATTAGAAGTTAAAATATGGGACAGTCTA
GATTCTGTTAAAAGTTTATTAAGGAGAAGTGACGCTGTTTTTCATTCTAAAATGGATGAT
AAAAAAAGAAAAAAAAAAACTTCCGAATGGAATAAAGCTGTCGAAAGGACATTAATACAG
TTATAA

PF13_0269, sequence length: 501 amino acids
MNVILSIDQSTQSTKVFFYDEELNIVHSNNLNHEQKCLKPGWPHHMTNLYNLMNE
GIKVLKDKYTSVIIKCIGITNQRETVIIWDRITGKPLYNAIVWLDTRVEELVTEFSAKYN
NNDIQKKTGTYFNTYFSAFKILWLIQNNPEIKQKIDDGTAVIGNINTWLIFNLTKGNCYT
DVTNASRTLLMDINTLQWDEKMCKIFNITNMSVLPEIKSNCSNFGLVKSEHVPDYLNIPI
TGCIGDQQSACIGQAIFDEGEAKCTYGTGVFLLINTGEKVVYSTCGLITTICY KD
PKYALEGSIGTAGSGVSWLLKNKLIDDPSEASDIMEKCENTTGVIFVPAFSGLYAPRWRS
DARASIYGMTFNTERSHIVRALLEGIAFQLNEIVDSLTSDMGIEMLHVLRCDGGMTKNKP
FMQFNSDIINTKIEVSKYKEVTSLGAAVLAGLEVKIWDSLDSVKSLLRRSDAVFHSKMDD
KKRKKKTSEWNKAVERTLIQL
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A2: PHYLOGENETIC ANALYSIS

Table 222 Summary of PfGK orthologues.

Organism UniProtKB ID Amino ?C'd squence
ength
Bacteria
Escherichiacoli “ POAGF3 502
Metazoa
Caenorhabditielegans Q21944 502
Saccharomyceserevisiae P32190 709
Homosapiensl Q14410 553
Homosapiens2 P32189 559
Homosapiens3 Q67586 529
Homosapiens4 Q61Q27 530
Homosapiens5 A6NJP5 530
Drosophilamelanogasterl Q9VvVZV9 556
Drosophilamelanogaster2 Q9W095 576
Drosophilamelanogaster3 Q9WO0oUO0 538
Drosophilamelanogaster4 QOES8K5 439
Drosophila melanogaster5 Q7JY99 596
Musmusculusl Q9WU65 554
Musmusculus2 Q8C635 549
Musmusculus3 Q64516 559
Rattusnorvegicus Q63060 524
Protozoa
Theileria parva Q4N4B4 499
Theileriaannulata Q4UF80 503
Plasmodiunfalciparum Q8IDI4 501
Plasmodiunmchabaudi Q4XXD5 379
Plasmodiunyoelli Q7RR02 501
Plasmodiumberghei Q4Ysvi 501
Plasmodiumvivax A5K8F2 501
Plasmodiunknowlesi B3L878 501
Trypanosomarucei Q38DF0 512
Leishmaniamajor Q4FWG2 512

All sequences were retrieved from the UniprotKB datalflate://www.uniprot.org/unipro}/
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A3: PARASITE CULTURE

Preparation of erythrocytes

Whole bloodwas collected in Acid Citrate Dextroseacutainer tubesACD;
Becton Dickenson, Plymouth, UKjom healthyvoluntees andcentrifuged using
an Eppendorf BOZR centrifuge at ,000g for 15 minutes at°€. The plasma and
white cells (buffy coat) weraspiratecunder sterile conditions. Erythrocytes were
washedthree times with sterilePBS and diluted with an equavolume of
incomplete medium. Th&0% red blood cell suspensiomas stored at°€ and

used within ae week.

Incomplete culture medium

One 15.89 vial RPMI containing 25mM HEPES and 2mM-Glutamine
(Invitrogen Ltd., California, USAwas added tdbOmg hypxanthine (Sigma
Aldrich Corporation, St. Louis, USAand 50mg gentamycirgSigmaAldrich
Corporation, St. Louis, USAJn 900ml Milli -Q water and stirred at room
temperature foone hour. ThepH of themedium wasadjusted to 6.72 with 1M
sodium hydroxidg¢Saarchem (Pty) Ltd., Wadeville, South Africdhevolume of
the solution wasadjusted toone litre with Milli -Q water,sterilized by filtration
througha VacuCafl 90PF0.8/0.2um Filter Unit (Pall Life Sciences, Michigan,
USA) into a sterile 1L Schott bo#tbnd stored at 4 (Cowman et al., 2004)

AB Plasma

A unit (225ml) offresh frozen AB Plasma was obtained from the South African
National Blood Service (SANBSJohannesburg, South Africalrhe plasma was
thawed at room temperature and heat inactivated ‘@ & two hours. Plasma
was centrifuged in an Eppendorf 5702R centrifuge,40QQ forfive minutes and
the supernatant wasseptically collected anstored at70°C in 10ml aliquotsn
sterile 15ml tubesPlasma from donors with an AB blood growgere also
collected, heat inactivateahd stored a{70°C.
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Albumax Il

A 5% albumax solution was prepared by dissolviagg Albumax Il in 50ml
incomplete malaria culturing mediuand stirring for 30 minutes The solution
was sterilized by filtration through Millex®-GP 0.22pm Syringe Driven Filter
Unit into a sterile Schott bottiend stored at°£€.

Complete RPMI culture medium

Complete alture mediumcontaining 10% AB plasma wapregared by adding
10ml heat inactivated AB Plasnend 4.2ml 5% sodium bicarbonate 85.8nl
incomplete culture mediumAlternatively, when using Albumax Il, complete
culture mediumcontaining 0.5% Albumax Il waprepared by adding 10r&P6
Albumax and5.8ml 3.6% sodium bicarbonatdo 84.2ml incomplete culture
medium Medium wasstored at 4C and used withithreedays.

For newly thawed cultures, completeltare mediunmcontaining 20% AB plasma

or 1% Albumax Il was used during the first week of continuousicailt

Phosphate buffered saline (PBS)

10mM NgHPQ,, 1.5mM KHPO,, 137mM NaCl, 2.7mM KCKSaarchem (Pty)
Ltd., Wadeville, South Africawaspreparedn one litreMilli -Q water.The pH of
the solutionshouldbe 7.27.4. The solution wassterilized via autalaving and
storedat4°C.

Parasite freezing solution

0.63% NaCl, 3%D-sorbitol (SigmaAldrich Corporation, St. Louis, USAand
28% glycerol(Saarchem (Pty) Ltd., Wadeville, South Affjcaere preparedn
100ml Milli -Q water.The solution was sterilize by filtration through a MilleX-
GP 0.22um Syringe Driven Filter Unit into a sterile Schott baitled $ored at
4°C.



5% D-sorbitol

5g D-sorbitol was dissolved ia00OmI Milli -Q water.The solution was sterilized
by filtration through a MilleX-GP 0.22umSyringe Driven Filter Unit into a
sterile Schott bottle and stored4acC.

Microscopic analysis of stained blood smears

An aliquot( ~ 5 af IP. Yalciparumculture was removed from a tissue culture flask
using a sterileglassPasteur pipette and a smear prepared on a glass slide. The
Rapid Haematology Stain was used to stain the blood smearstaihieg kit is
supplied with thresolutions and each solution was placed ate0ml tube Once

the smear had dried, the slide was dippaalsecutivelynto the methanol fixative,

the eosin stain and nistlene blue stain each fivitmes, one second per dip.
Excess stain was removed with genttashing under running water. The stained
smearwas airdried and a minimum of fivéields were examined with a Zeiss
Axiostar (Carl Zass Jena GmbH, Jena, Germanyjcroscope under oil
immersion at 00X magnification. The parasitaemia was calculatedams
average percentage of infected erythrocytes out of the total number of
erythrocytes.

Sorensenbés phosphate buffer

Sor e ns esphats buffelpH 7.2 was prepared by adding @8l 67mM
KH,PO, (Saarchem (Pty) Ltd., Wadeville, South Africa) to 70.46WmM
NaoHPO, (Saarchem (Pty) Ltd., Wadeville, South Africk) give a 20mM
KH,PO, and 47mM NaHPO, working solution

A4: DNA PRECIPITATION

An equal volume of a 1:1 solution ®fis-saturated phenol pH 7.6 (Sigmddrich
Corporation, St. Louis, USA) anchioroform (Saarchem (Pty) Ltd., Wadeville,

South Africa) was added #®@DNA solution, mixed via inversion and centrifuged
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at 16,1009 forfive minutes at 4°C. Thaqueous phaseas collected, an equal
volume of chloroform was added, mixed via inversion egwtrifuged at 16,100g
for five minutes at 4°C. Thaqueous phaswas collected and 1:10 (v/v) 3M
sodium acetate pH 5.2 and 2.5 volumesadckl 100% ethanol (Saarchem (Pty)
Ltd., Wadeville, South Africa) ereadded. The DNA was precipitated -&§0°C
for 30 minutes or overnight. DNA was pelleted via centrifugation at 16,1009 for
30 minutes at 4°C. One millilitre ieeold 70% ethanol was added to the DNA
pelletand centrifuged at 16,100g fbve minutes at 4°C to remove residual salt
and small molecules. Ehpellet was aidried and dissolved in 280ul nuclease
free water. DNA quality and quantity ere spectrophotometrically determined
before being stored a20°C (Appendix /).

A5: ASESSING NUCLEIC ACID QUANTITY AND QUALITY

Spectrophotometry analysis

A DNA solution with a concentration of 50ug/nm waterhas an absorbance of
1.0 at a wavelength of 260ni8imilarly, a RNA solution with a concentration of
40ug/ml has an absorbance of 1.0 at 260nm. The absorbance of 1ul DNA or RNA
was measured at 260nm 4§, 230nm (Asg) and 280nm (g using the
Nandrop® ND-1000 UV/VIS spectrophotometeand theintegratedND-1000
Version 3.5.2 software (NanoDrop Technologies, Inc., Wilmington, JJSAe
spectrophotometavascalibrated with wateor TE buffer, dependg on the DNA
diluent. For accuracy, the nucleic acid concentrations were measuredAfgs@an
absorbance range between-0.Q0 absorbance unit®ureDNA and RNA havean
As0Asgo ratio of O1.8 and(2.0 respectivelyAn A,ssA2g0 <1.8 indicates protein
cortamination the presence o&romatic compounds (such as pherml)other
contaminants that strongly absorb at 280nm. A DNAxAzg ratio >2.0
indicatesRNA contamination. TheAsgAzzp ratio is a secondary measure of
nucleic acid purity, with values gerally greater than that of thAsqA2go ratio.
The Azs5A230 ratio rangesbetween 1.8.2 and significantly lower values may

indicate cepurified contaminantdVhere necessary, phenol/chlorofoextraction
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and ethanol precipitatiomAppendix Ad) were peformed to improve the quality

and/or concentration of the nucleic acid sample.

Agarose gel electrophoresis

A 50x Tris EDTA Acetate (TEA) buffer was prepareshtaining2M Tris (Roche

Diagnostics Gmbh, Mannheim, GermanyOmM EDTA pH 8.0 $aarchem (Pty)
Ltd., Wadeville, South Africa)and 57.1ml acetic acid $aarchem (Pty) Ltd.,
Wadeville, South Africajn 1L Milli -Q water.

A 0.8-2% agarose gel was prepared by dissolving agarose (Lonza Group Ltd.,
Basel, Switzerland) iix TEA buffer (40mM Trisacetate 1ImM EDTA, pH80)

by boiling. The solution was cooleghd ethidium bromide (10mg/m8igma
Aldrich Corporation, St. Louis, USAwas added to a final concentration of
0.5eg/ ml . B ONAVImadmRdyd(1®mM TrisHCI pH 7.6, 0.03%
bromophenol blue, 88 glycerol, 60mM EDTA;Fermentas International Inc.,
Burlington, Canadawas added to 250,000ng of each sample andcteic acids

were resolved in 1x TEA buffer at 100V for-68 minutes. The MassRulét

DNA Ladder Mix (2.55 ¢ | per | ane) ewmeaslmages avdre a s
captured using th&ynGene GeneGeniugel documentation system with the

GeneSnapersion 7.04 analysis software (Syngene, Cambridge, UK).

GenomicP. falciparumDNA resolves as a single band with a molecwaight
>10kb. A smear impdis that the DNA is degraded whereas the presence of a low

molecular weight band (<200bp) indicateesgradedRNA contamination.

The 28S (4,04 base$, 18S (1384 base$ and 5S (12Mase$ ribosomal RNA
(rRNA) subunits are used as an indication of theginity of the RNA(Dalily et al,
2004) The intensity of the 28S rRNA band should be twice that of the 18S rRNA.
A smearand he absencef discreterRNA imply that the sample is degradékhe
presence of a high molecular weight fragment (>10kb) indicates DNA

contamination.
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Quantitating DNA using densitometry

The Fermentas MassRul¥r DNA Ladder Mix and the DNA sample were
resolved on a % agarose gel. A nesaturated image was captured using the
SynGene GeneGenigel documentation system with t&neSnapersion 7.04
analysis software. The image was exported to@breToolsversion4.0 analysis
software Each band in the MassRUBrDNA Ladder Mix has a known quantity

of DNA and the raw volume of each band was determined usinGeheTools
densitometry software. The raw volume of the DNA sample was compared to that
of the MassRulé! DNA Ladder Mix and the relative amount and conceitra

of the DNA sample was calculated.

A6: VECTOR MAPS AND CLONING CASSETTES

PGEX-4T-2 and pGEX-4T-2-PfGK

The pGEX4T-2 (Figure55a andTable23; Genebank accession numbkt21676

and M97937)vector ystem contains d@ac promoter for chemically inducible,
high level expression of recombinant proteins from cloned constructac A
operator is situated downstream of the promoter followed by a region encoding
Glutathione Sransferase (GST). The multiptdoning site MCS, Figure 55b,
nucleotides 93®67) containssix restriction sites used for unidirectional cloning

of inserts.A thrombincleavagesite locateddownstreanof the GST regiorallows
cleavage of GST from GSflised preeins with thrombinThe b | act amase
(lac), ampicillin resistance gen@AMPr) and origin of replication (ori)are
indicated inFigure 55a. BanHI and Xhd restriction sites were used to clone
PfGK into the vector(pGEX-4T-2-PfGK; Figure 55¢c) and their positions in the
vector map are shown. PfK03, PfKO4 and PfKOBfGK gene specific primers

and SEpGEX-F and SEpGEX-R vector specific primera/ere used to sequence
the cloned”fGK gene.
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lac— I“‘. XhoI (956)
PGEX-4T-2 | ‘SE-pGEX-R
4970 bp i
\AMPr
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b) Thrombin

Leu\/alProArg'GlySerProGlyIleProGlySerThrArgAlaAlaAlaSerEnd
CTGGTTCCGCGTGGATCCCCAGGAATTCCCGGGTCGACTCGAGCGGCCGCATCGTGA
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\ 6457 bp e
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\
ori—
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Figure 55: pGEX-4T-2 expression vectors.

Structure anddatures othe (a) pGEX-4T-2; (b) pGEX-4T-2 multiple cloning cassette
and (c) pGEX-4T-2-PfGK vectos. The full lengthPfGK (1,506bp, purple was cloned
into theBanHI/Xhd restriction sites fharoor), downstream of the GST casseilbelac
operatorand origin of replication (ori)are indicatedn green The ampicillin resistance
cassetteAMPr) is indicatedin grey. The thrombin cleavagéTCS) and multiple cloning
sites (MCS) are dicated. Primers used in sequencing and PCR analysis arkedabel
Plasmid names and sizes are indicated in each figaor maps were adapted frabE
Healthcarg2007)and figures were generated using Vector NTi advance, version 10.
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Table 23 Primers used inconstructing and sequencinggGEX-4T-2-PfGK.

Primer Name Orientation SequenRr3be 56 Resstirtlé:;mn
PfK03 PGEX-PfGK-F | gAT ggA TCCATg AAT gTC ATATTA AgT BanHl
PfK04 PGEX-PIGK-R | gAT CTC gAQTTA TAA CTg TAT TAATQT Xhd
PfKO05 PGEXPIGK-R- AgC ATATTT Agg TTT ATC ATT None

Internal
SEpGEX-F Forward 099CTg gCA AgCCACQTT TggTg None
SEpGEX-R Reverse CCg goA gCT gCA TgT gTC AQA gg None

Restriction sites are underlined
Nucleotides highlighted in blugre additional nucleotidesqeired for efficient restrictioenzymedigestion
Nucleotides highlighted in red represent a stop codon

pTriEx -3 and pTriEx-3-PfGK

pTriEx-3 (Figure56a andTable 24) has three different promoters allowji protein
expression in mammalian, insect and bacterial cellsytdmegalovirus CMV)
immediate early enhancer and proma#ows protein expression in vertebrate
cells and a T7ac promoter regulates expression En coli. For expression in
insect cek, pTriEx3 contains flanking baculovirus sequences for generation of
recombinant baculoviruses via homologous recombination. Expression
baculovirusinfected insect cells is regulated by the late p10 promdter MCS
(Figure 56b, nucleotides2,112-2,290 contains 24 restriction sites used for
unidirectional cloning of insert§.he vector has twdC-terminuspurification tags

a Herpes Simplex Virus (BV) and an 8 residue Histidine tagfGK was cloned
into the BanmHl and Xhd redriction sites to generate a pTriEXPfGK

recombinant plasmid~{gure57).
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Figure 56: pTriEx -3 multiple expression vector.

Structure and features of tij@) pTriEx-3 expression vector an) pTriEx-3 multiple

cloning cassette. ThBarrHI/Xhd restriction sitesrfiaroor), upstream of the 8x histidine

tag, were used in this studyhe lac operator and the mammalian CMV promotee
indicatedin green The ampicillin resistancecassette AMPr) is indicatedin grey. T7
promoter and terminator regions are indicated. The multiple cloning site (MCS) and
primers used in sequencing are labelled. Plasmid names and sizes are indicated. Vector
maps were adapted froBE Healthcar€2007)and figures were generated usingcite

NTi advance, version 10.
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‘ pTriEx-3-PfGK
ﬂl 6472 bp

_SE-pTriEx-F
T7 promoter
lac operator
BamHI (2138)
SE-pTriEX-R P08

Stop

HIS e
XhoI (3649)

PfK06 PfKO05 PIGK

Figure 57: pTriEx -3-PfGK construct.

The full length PIGK without the stop codon (1,503bpurpld was cloned into the
BamHI/Xhd restriction sitesrfiaroor), upstream of the 8x histidine tathe lac operator
and the mammalian CMV promotearre indicatedn green The ampicillin resistance
cassette AMPY) is indicatedin grey. T7 promoter and terminator regions are indicated.
Primers used in sequencing and PCR analysis are labelled. Plasmid nanstzearare
indicated. Vector maps were adapted fr@&k Healthcare(2007) and figures were
generated using Vector NTi advance, version 10.

Table 24: Primers used inconstructing and sequencing pTriEx3-PfGK*.

Primer Name Orientation Sequenr3cdte 56 Ress;:(iacstion
PfK08 pTriEx-PfGK-F | gAT ggA TCCG ATg AAT gTC ATATTA AgT BanHl|
PfKO5 p‘;ﬁﬁ;gﬁf' AgC ATATTT Agg TTT ATC ATT None
PfK06 pTriEx-PfGK-R gAT CTC gAgTAA CTg TAT TAA TQT CCT Xhad

SEpTrEX3-F Forward gTT ATT gTgCTg TCT CAT CA None

SEpTriEX3-R Reverse CAC AAA TAC CAC TgA gAT CgA None

Restriction sites are underlined
Nucleotides highlighted in bluere additional nucleotides required for efficient restricéomymedigestion
The addeds in PfKO8 was necessary for-frame translation d?PfGK in the pTriEx3 expression system
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A7: SUBCLONING SOLUTIONS

Luria Bertani (LB)

One percent (10gyyptone(Becton, Dickinson and Co., Sparks, U$SA.5% 69)
yeast extracOxoid Ltd., Basingstoke, UK11% (10g) sodium chbride and 10ml|
1M Tris-HCI, pH 7.5 were dissolvedin 1L Milli -Q water. The solution was

sterilizedvia autoclavingandstoredat room temperature of@.

Antibiotic preparation

Ampicillin and kanamycin (Roche Diagnostics Gmbh, Mannheim, Germany
were eah dissolved in MilkQ waterto a final concentration of 100mg/ml and
20mg/ml respectively. Eactsolution was sterilized by filtrabn through a
Millex ®-GP 0.22um Syringe Driven Filter Unit into sterile 1.5ml tshad stored

i n 500c¢ | at &0°C. gChloramphenicol (Roche Diagnostics Gmbh,
Mannheim, Germarywas dissolved in 100% ethanol to a final concentration of
50mg/mlandstoredi®B00el al20Quots at

LB plates

Two hundred milliliters LB vere added to 1.5% 3g) agar (Oxoid Ltd.,

Basingstoke UK) and autoclaved. The solution was cooled te4B88C before

antibiotics were addedmpicillin, chloramphenicobr kanamycin(depending on

the selectable markewere added to a final concentrationlo0 0 € g / ml 50¢g/
and 20¢gg/ ml r eviapswirding and pdurgd intonpetx disties. The

agar was allowed to solidifpy incubation at room tempetat for one hour.

Plates were storeat £C and used withitwo weeks.

16€



A8: E.coli, P. falciparum AND S. frugipeda CODON USAGE TABLES

Escherichi  a coli 536 [gbbct]: 4629 CDS's (1445921 codons)
fields: [triplet] [frequency: per thousand ] ([number])

UUU 22.6(32725) UCU 8.8(12736) UAU 16.6(24004) UGU 5.3( 7700)
UUC 16.3(23512) UCC 8.8(12703) UAC 12.1(17425) UGC 6.4( 9192)
UUA 14.2(20514)  UCA 7.7(11067) UAA 2.0( 2896) UGA 1.0( 1389)
UUG 13.9(20074) UCG 8.8(12676) UAG 0.2( 344) UGG 15.2(21918)

CUU 11.5(16623) CCU 7.4(10695) CAU 13.3(19209) CGU 20.8(30107)
CUC 11.0(15952) CCC 5.6( 8159) CAC 9.6(13895) CGC 21.1(30550)
CUA 4.0(5840) CCA 8.4(12206) CAA 15.5(22441) CGA 3.7( 5395)

CUG 52.1(75338) CCG 22.5(32573) CAG 29.0(41888) CGG 5.6( 8146)

AUU 30.3(43849) ACU 9.2(13234) AAU 18.3(26426) AGU 9.3(13376)

AUC 24.6(35528) ACC 22.8(32999) AAC 21.1(30545) AGC 1 5.8(22784)
AUA 5.0(7181) ACA 7.8(11212) AAA 33.4(48324) AGA 2.4( 3417)

AUG 27.5(39775) ACG 14.5(20918) AAG 10.3(14831) AGG 1.5( 2144)

GUU 18.4(26611) GCU 15.6(22541) GAU 32.3(46650) GGU 24.7(35700)

GUC 15.1(21798) GCC 25.2(36443) GAC 18.8( 27186) GGC 28.6(41296)
GUA 11.1(16030) GCA 20.7(29960) GAA 39.1(56532) GGA 8.6(12413)

GUG 25.7(37188) GCG 32.7(47214) GAG 17.8(25669) GGG 11.2(16255)

Coding GC 51.51% 1st letter GC 58.68% 2nd letter GC 40.74% 3rd letter GC
55.11%

Plasmodium fa Iciparum 3D7 [gbinv]: 4023 CDS's (2993721 codons)
fields: [triplet] [frequency: per thousand ] ([number])

UUU 36.3(108597) UCU 14.7(44072) UAU 50.5(151275) UGU 15.2(45631)
UUC 7.1(21216) UCC 5.1(15184) UAC 6.1( 18277) UGC 2.3( 6813)
UUA 47.3( 141467) UCA 16.6(49689) UAA 0.9( 2762) UGA 0.3( 856)
UUG 10.4( 31055) UCG 3.0(8892) UAG 0.1( 405) UGG 4.9(14622)

CUU 8.7(25901) CCU 7.9(23687) CAU 20.7(62098) CGU 3.0( 8929)

CUC 1.8( 5366) CCC 2.0(6084) CAC 3.4(10323) CGC 0.4( 1260)
CUA 6.0( 18000) CCA 9.1(27384) CAA 24.2( 72417) CGA 2.4( 7156)

CUG 1.4( 4324) CCG 0.9(2802) CAG 3.7(11054) CGG 0.3( 818)

AUU 35.9(107358) ACU 10.6(31753) AAU 123.5(369612) AGU 20.3(60737)
AUC 6.3(18786) ACC 4.8(14295) A AC 20.0(59914) AGC 3.9(11811)
AUA 50.0(149610) ACA 21.6(64810) AAA 95.7(286523) AGA 15.9(47461)

AUG 21.9( 65616) ACG 3.7(11222) AAG 21.4( 64080) AGG 4.3(12856)

GUU 15.5( 46418) GCU 8.2(24686) GAU 55.6(166598) GGU 11.9(35530)
GUC 2.4( 7210 ) GCC 2.1(6234) GAC 8.6(25791) GGC 1.3( 3899)
GUA 15.9( 47599) GCA 8.4(25235) GAA 61.8(184975) GGA 12.6(37635)
GUG 4.8(14416) GCG 1.0( 3143) GAG 10.4( 31177) GGG 2.8( 8315)

Coding GC 23.80% 1st letter GC 31.95% 2nd letter GC 22.16% 3rd letter GC

17.28%



Spodoptera frugiperda MNPV [gbvrl]: 151 CDS's (43395 codons)
fields: [triplet] [frequency: per thousand ] ([number])

UUU 31.1(1351) UCU 10.6( 461) UAU 20.6( 896) UGU 13.5( 585)

UUC 18.7(813) UCC 7.0( 303) UAC 31.1(1348) UGC 8.7(377)
UUA 15.6( 678) UCA 7.2(311) UAA 2.3(101) UGA 0.6( 28)

UUG 30.8(1337) UCG 15.7(682) UAG 0.5( 22) UGG 7.3( 316)

CUU 8.1(352) CCU 9.0(389) CAU 10.9( 474) CGU 10.8( 468)
CUC 12.1(524) CCC 9.5(412) CAC 11.9(515) CGC 9.7 (420)
CUA 10.7(463) CCA 5.2(227) CAA 24.9(1079) CGA 8.5( 369)
CUG 13.0(564) CCG 11.0(476) CAG 9.8(425) CGG 2.0( 88)

AUU 26.8(1161) ACU 13.6(591) AAU 34.4(1494) AGU 10.2( 444)

AUC 25.4(1103) ACC 14.8( 642) AAC 48.3(2096) AGC 13.3(5 75)
AUA 19.8( 859) ACA 10.9(472) AAA 49.2(2135) AGA 11.0(477)

AUG 26.7(1157) ACG 17.7( 768) AAG 21.5(934) AGG 3.2( 137)

GUU 16.1( 699) GCU 10.5( 456) GAU 30.5(1322) GGU 8.4( 366)
GUC 18.2( 790) GCC 14.9( 645) GAC 35.0(1518) GGC 13.6( 591)
GUA 12.5(544) GCA 8.6(373) GAA 40.7(1766) GGA 8.0( 347)
GUG 20.9( 907) GCG 11.5(498) GAG 14.2(618) GGG 1.3( 56)

Coding GC 41.29% 1st letter GC 43.19% 2nd letter GC 30.76% 3rd letter GC
49.91%

(Nakamureet al, 2000)http://www.kazusa.or.jp/codon/

16¢€
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A9: PIGK DNA SEQUENCING

1l & W &0
1 | 1 I

PIGE DA sequence ATGAATGTCATATTAAGTATAGACCAAAGTACACAAT CAACCAAAGTGTTTTTCTATGATGAAGAAT TAAATATTGTTCATTCGAATAATTTA
Translation A N W1 L5 I r o = T ¢ 5 T K ¥ F F ¥Y O E E L N T ¥ H 5 N N L

Consensis ATGAATGTCATATTAAGTATAGACCAAAGTACACAATCAACCAAAGTGTTTTTCTATGATGAAGAATTAAATATTGTTCATTCGAATAATTTA
Tramslation M ] A 1 L 5 1 ¥ 0 5 T L0 5 T K ¥ F F Y I E E L M 1 Y H 5 M ™ L

pLEXAT2PGK -5 end ATGAATGTCATATTAAGTATAGACCAAAGTACACAATCAACCAAAGTGTTTTTCTATGATGAAGAATTAAATATTGTTCATTCGAATAATTTA
Translation | N Al 1 L 5 1 ¥ o0 5 T L0 5 T K ¥ F F Y I E E L ™ 1 v H L] ™ ™ L.

Trace data

PIGE DA sequence AATCATGAACAAARAATGTTTGAAACCTGGTTGGTATGAACATGATCCAATAGAGATTATGACCAACTTATATAATTTAATGAATGAAGGAATA
lrapslation 5 H  E 0 K © L K PF G W ¥ E H D P | E 1 v T N LY N L M N O E G 1

Consensi: AATCATGAACARAAATGTTTGAAACCTGGTTGGTATGAACATGATCCAATAGAGATTATGACCAACTTATATAATTTAATGAATGAAGGAATA
M H E Q K C L K PF & W ¥ E H D P I E I M T N L ¥ N L M N E G 1

PUEX-2-TI-PRGK-5-cnd  AATCATGAACAAAAATGTTTGAAACCTGGTTGGTATGAACATGATCCAATAGAGATTATGACCAACTTATATAATTTAATGAATGAAGGAATA
Trapslaion N H E Q0 K © L K PF & W ¥ E H Db P I E I M T N L ¥ NN L M N E o 1

Trace data




Continued from Pag&69

20 zm o 60
1 I | |

FGK DMNA sequence AAAGTGTTAAAAGATAAATATACATCTGTTATAATAAAATGTATAGGTATTACTAACCAAAGAGAAACTGTAATTATATGGGATAGAATAACA
Tramslation K v I K I K ¥ T 5 v 1 1 K [ 1 [ I T N o] R E T v I 1 w o n R 1 T

T25

Consensis AAAGT GTTAAAAGAT AAATATACATCTGT TATAATAAAATGTATAGGTATTACTAACCAAAGAGAAACCGTAATTATATGGGATAGAATAAC
Tramslation K v L K I K ¥ T 5 Al 1 1 K C 1 L5 1 T N LU E | v 1 1 w o D R 1 |

PUEX-A-TI-PIGR-5-cnd AAAGTGTTAAAAGATAAATATACATCTGTTATAATAAAATGTATAGGTATTACTAACCAAAGAGAAACCGTAATTATATGGGATAGAATAACT
Tropeltion K ¥ L K D K Y T & V¥ I T K © 1 G 1 T N @ R E row I I w n R 1 I

Trace data

150 3m A 340 E0

PRGE DMA sequenc: GGAAAACCTTTATACAATGCTATAGT TTGGCTAGATACACGTGTAGAAGAACTTGTTACGGAATTTTCTGCGAAATATAATAATAATGATATT
Tramslation L K P L. ¥ N A I v W L. ¥ T 24 W E E L. v T E F 5 A K Y N N I ¥ 1

Consensus GGAARAACCTTTATACAATGCTATAGTTTGGC TAGATACACGTGTAGAAGAACTTGTTACGGAATTTTCTGCGAAATATAATAATAATGATATT
Trarslation G K P L ¥ N A 1 VoW L 1] T H v E E L v T E F 5 A K ¥ N N N i) 1

PUEX-A-TI-PIGE-5-cid  GGAAAACCTTTATACAAT GCTATAGT T TGGCTAGATACACGTOTAGAAGAACTTGTTACGGAATTTTCTGCGAAATATAATAATAATGATATT
Translntion G K 13 1. ¥ M A I YoOWwW L 1] T R W E E L v T E F 5 A K Y N M ™ 1] 1

Trace dala

17C



Continued fromPagel70

] 40 420 440 &0
1 | | I ]

PAGE DNA sequence CAGAAAAAAACAGGAACTTACT T TAATACATAT T TTAGTGCTTTTAAAATATTGTGGTTAATTCAAAACAATCCAGAAATCAAACARRRAATT
Toamglation @ K K T & T ¥ F ® T ¥ F % A F K I L W L 1 @ N N F E I K Q9 K I

Consensis CAGAAAARAACAGGAACTTACTTTAATACATAT T TTAGTGLT T TTAAAATATTGTGGCTAATTCAARAACAATCCAGAAATCAAACAAAARATT
Tramslation. @ K K T & T ¥ F ¥ T ¥ F s A F K I L w | I o & N F E 1 K Q0 K 1

POEN-4-T2-PGK-5end CAGAAAARAACAGGAACTTACT TTAATACATATTTTAGTGCT T TTAARAATATTETGGCTAATTCAAAACAATCCAGAAATCAAACAAAAAATT
Tramslation L] K K T [ 5] T ¥ F N T A F 5 A F K ] LW | ] 0 N b r E I K ] K I

Trace data

4ml LI L] 220 n

PEGE DA sequence. GATGATGGTACTGCAGTTAT AGGAAATAT TAATACATGGCTTATTTTTAATTTAACTAAAGGGAATTGTTATACAGATGTTACCAATGCTTCA
Tronslatiom B D G T A ¥V 1 &GN 1 N T W L I F N L T K G N © ¥ T B YV T N A 8

Consensn: GATGATGGTACTGCAGT TATAGGAAATATTAATACATGGCTTATTTTTAATTTAACTAAAGGGAATTGTTATACAGATGTTACCAATGCTTCA
Trunslation nm o T A W I G N I NOT W L I F » L T K « ~ € ¥ T D ¥ T N A &

pUEN-AT-2PIGE Intermal. GATGATGGETACTGCAGT TAT AGGAAAT AT TAATACATGGCTTATTTTTAATTTAACTAAAGGGAATTGTTATACAGATGTTACCAATGCTTCA
Trmshaion D D GT A4 ¥V 1L G0N 1N T W L I F N L T K G N C ¥ T D ¥V T N A &

Trace data

171



Continued fromPagel71

172











































































