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Abstract

Human malaria is an economically important disezaesed by single-celled parasites of the
Plasmodium genus whose biology displays great evolutionarapgation to both its
mammalian host and transmitting vectors. This thestails the 70 kDa heat shock protein
(Hsp70) and J protein chaperone complements in riaalaarasites affecting humans,
primates and rodents. Heat shock proteins comprifsenily of evolutionary conserved and
structurally related proteins that play a cruc@krin maintaining the structural integrity of
proteins during normal and stress conditions. Téw&yconsidered future therapeutic targets
in various cellular systems includiitfasmodiunfalciparum J proteins (Hsp40) canonically
partner with Hsp70s during protein synthesis andirig, trafficking or targeting of proteins
for degradation. However, ifP. falciparum these classes of proteins have also been
implicated in aiding the active transport of pamagproteins to the erythrocyte cytosol
following erythrocyte entry by the parasitd@his host-parasite “cross-talk” results in
tremendous modifications of the infected erythrecyimparting properties that allow it to
adhere to the endothelium, preventing splenic alez. The genome d?. falciparum
encodes six Hsp70 homologues and a large numbgpafteins that localize to the various
intracellular compartments or are exported to tiiected erythrocyte cytosol. Understanding
the Hsp70-J protein interactions and/or partnesshgpan essential step for drug target
validation and illumination of parasite biology. raview of these chaperone complements
across thePlasmodiumspecies shows th&. falciparum possesses an expanded Hsp70-J
protein complement compared to the rodent and pemafecting species. It further
highlights how unique th®. falciparum chaperone complement is compared to the other
Plasmodiunspecies included in the analysis. In silico analghowed that the genome Rf
falciparumencodes approximately 49 J proteins, 19 of whartain a PEXEL motif that has
been implicated in routing proteins to the infectgthrocyte. Most of these PEXEL
containing J proteins are uniqgue with no homologndgke human system and are considered

as attractive drug targets.

Very few of the predicted J proteinsfalciparumhave been experimentally characterized.
To this end, cell biological and biochemical appioes were employed to characterize
PFB0595w and PFD0462w (Pfj1) J proteins. The umaeas of Pfj1 and the controversy in
literature regarding its localization formed thesisafor the experimental work. This is the
first study showing that Pfjl localizes to the mhiondrion in the intraerythrocytic stage of



development ofP. falciparum and has further proposed PfHsp70-3 as a poteHsal70
partner. Indeed, attempts to heterologously expmedspurify Pfj1 for its characterization are
described. It is also the first study that det#hls successful expression and purification of
PfHsp70-3. Further, research findings have desgribe the first time the expression and
localization of PFB0595w in the intraerythrocytitages ofP. falciparum development.
Based on the cytosolic localization of both PFBAB9&nd PfHsp70-1, a chaperone —
cochaperone partnership was proposed that formedadkis for the in vitro experiments.
PFB0595w was shown for the first time to stimul#te ATPase activity of PfHsp70-1
pointing to a functional interaction. Preliminaryriace plasmon spectroscopy analysis has
revealed a potential interaction between PFB0595& RfHsp70-1 but highlights the need
for further related experiments to support the ifigd. Gel filtration analysis showed that
PFB0595w exists as a dimer thereby confirming iliccsipredictions. Based on these
observations, we conclude that PFB0O595w may regjtifee chaperone activity of PfHsp70-1
in the cytosol while Pfj1 may play a co-chaperoniolg for PfHsp70-3 in the mitochondrion.
Overall, this data is expected to increase the kedge of the Hsp70-J protein partnerships
in the erythrocytic stage &f. falciparumdevelopment, thereby enhancing the understanding

of parasite biology.
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CHAPTER ONE

Literature review, Hypothesis, Broad objectives,
and Approach



1.1 Malaria

Recent estimates indicate that human malaria,easéscaused Blasmodiunparasites and
transmitted by mosquitoes, continues to be a ntgose of morbidity and mortality (Murray,
et al., 2012; WHO, 2011a). Statistics show thatilevapproximately 3.3 billion people are at
risk of malaria, an estimated 250 million peopleigéected and more than half a million die
of the disease every year (WHO, 2010a; WHO, 201lm)regions of high malaria
transmission, such as sub-Saharan Africa, chilbedow the age of five years and pregnant
women, particularly during their first and secomdgnancies, are the most at risk and heavily
afflicted by the disease (WHO, 2003; WHO, 2005).nMaesources, including manpower,
are diverted towards the management of malariacested morbidity and mortality thereby
affecting the overall economic output of these emdeareas. It is not surprising therefore
that the inhabitants of these malaria endemic aaeaeavily affected by poverty (Breman,
et al., 2001; Gallup and Sachs, 2001; Sachs andrdg] 2002).

Mapping studies have shown that there is a wid@atian in malaria transmission patterns
and disease amongst different geographical regimhsding the Americas, Asia, and Africa,
and also within individual countries (Gething, bf 2011). This variation is mainly related to
differences in the local species of circulatinggsites and vectors, the ecological conditions,
and the approaches used in the malaria managemecbatrol (WHO, 2005; WHO, 2011a).
Malaria control and management relies on the cobrusage of insecticidal nets, indoor
residual spraying, and chemotherapy since no vaduas been licensed to date (Grimberg
and Mehlotra, 2011). While a vaccine would be thesimefficient and potentially cost-
effective way to eliminate malaria, prompt chemaodipy has effectively reduced human
suffering, saved lives, and helped reduce the dvearasite burden in a community.
However, the rise and geographical spread of eesist of parasites to chemotherapeutic
agents and of vectors to insecticides and the appdack of effective management and
control programs has continued to aggravate theegumalaria situation (Alonso, et al.,
2011; Greenwood, et al., 2008).

1.1.1 Malaria parasites and vectors

Plasmodiumparasites, the unicellular eukaryotes respondibiemalaria, fall under the

phylum Apicomplexaand were first identified as the cause of maldémen a patient in
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Algeria (Cavalier-Smith, 1993; Haas, 1999). Theme @ver a hundre®lasmodiumspecies
known and five cause malaria in humaRsfalciparum P. vivax P. ovale P. malariae,and

P. knowlesiP. falciparumaccounts for most of the morbidity and mortalisg@ciated with
malaria.P. vivax on the other hand, is less dangerous but morespréad and the treatment
is complicated by clinical relapses (Wells, et 2010). Other examples of members present
in this phylum include the genefi@xoplasmaCryptosporidium andTheileria which also
cause serious diseases. Most members in this phyifeot a variety of hosts where they
undergo complex lifecycles characterized by varstages that are morphologically different
(Plattner and Soldati-Favre, 2008). Additionallgey possess organelles such as rhoptries,
micronemes, and dense granules, that are vitdidst invasion (Plattner and Soldati-Favre,
2008). These organelles are secretory vesiclesstbet proteins which are released through
the apical complex during host cell attachment amdhsion processes (Carruthers and
Sibley, 1997; Sibley, 2004). An additional orgaedibund in all members of this phylum
exceptCryptosporidiumandGregarinaspecies is the apicoplast, a unique yet esserdial
photosynthetic plastid (Fast, et al., 2001; Tosth @moto, 2007; Zhu, et al., 2000).

Malaria parasites are transmitted exclusively bysquitoes of the genusnopheleswith the
rare exception of transplacental and blood tramsfuassociated transmission. It has to be
noted that while not every mosquito transmits maaof those that transmit, some are of
minor or incidental importance. Recent mapping issidon the global distribution of
approximately 40 malaria vectors showed that magyons of the world have few important
vectors with theAnopheleggambiaecomplex being the most efficient (Coetzee, 2004k&

et al., 2012). For example, while the endemic nmegjiof Africa have three main malaria
associated vectors includirgnophelesgambiag A. arabiensis and A. funestus Southeast
Asia has approximately ten (Sinka, et al., 201()e Tombination of the most efficient
transmitting mosquito vectors with the deadly malararasiteP. falciparumin sub-Saharan
Africa has acted as a major thrust for the obsemedbidity and mortality in this region.
Apart from malaria, mosquito vectors have been shtawtransmit other diseases of clinical
and economic importance such as chikungunya arahéap encephalitis (Rozendaal, 1997).



1.1.2 The life cycle of malaria parasites

In humans and other mammals, malaria infection nzegvhen sporozoites present in the
salivary glands of an infecte&&hophelesnosquito are inoculated into a vertebrate hoshdur

a blood-meal (Vaughan, et al., 2008) (Figure 1The sporozoites are transported via the
bloodstream to the liver where they migrate throkgipffer cells and infect hepatocytes

(Ishino, et al., 2004; Mota, et al., 2002; Stewattal., 1986). Here, the sporozoites multiply
asexually and differentiate into hundreds of meiteso clustered together within the

hepatocyte membrane (commonly referred to as merespthat are then released into the
bloodstream (Baer, et al., 2007; Sturm, et al. 6200
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Figure 1.1: A diagrammatic representation of the lie cycle of the malaria parasiteP.
falciparum. (i) Human infection is initiated when sporozoitese inoculated into the
bloodstream by an infected mosquito. (i) The spoit@s migrate to the liver where they
multiply asexually and differentiate into merozeii@ a process called schizogony. (iii) The
blood stage occurs when free merozoites invadéhmagytes and multiply asexually and
release new invasive merozoites. (iv) Mosquito sadp gametocytes during a blood-meal
from an infected host allowing parasite developnieiot sporozoites in the vector.

The blood stage of the parasite’s developmentitimied when free merozoites present in the
bloodstream quickly invade erythrocytes (Cowman @mdbb, 2006). Upon invasion, the
parasite undergoes another asexual amplificatiggu(€ 1.1) with the intraerythrocytic cycle
lasting approximately 48 hours i falciparumbut varies among oth&asmodiunspecies.
The parasite transforms in morphology and size fromg to schizont which subdivides to

yield new merozoites that are then released inéo lmodstream and invade uninfected
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erythrocytes (Figure 1.1). Some intraerythrocyt@cgsites differentiate into male or female
gametocytes in a process referred to as gametaayse (Baker, 2010) and circulate in the
peripheral blood. Circulating gametocytes are tin@ansferred to the vector's midgut during a
blood-meal from an infected host (Matuschewski,&Q€&igure 1.1). Here, they differentiate
into gametes which combine to form a diploid zygtiat in turn differentiates into an
ookinete which invades the mosquito gut and eshéd itself on the midgut wall. The
ookinete then differentiates into a replicative ygicand produces sporozoites. Upon rupture
of a mature oocyst, the sporozoites are releasg@etively migrate and invade the mosquito
salivary glands where they rest awaiting injectioto another host during a blood-meal
(Fujioka and Aikawa, 2002; Matuschewski, 2006).

1.1.3 Clinical manifestation of malaria

Malaria is a complex disease and prognosis, maatfes, and severity depend on a variety
of factors (Collins and Paskewitz, 1995; Warrelt d@gilles, 2002). These factors include:
infecting parasite (species and strain), geographocation (transmission intensity, disease
incidence, and parasite prevalence rates), hosbréaage, genetic constitution, level of
natural and acquired immunity, general health aotfitonal status, the effects of any
chemoprophylaxis or chemotherapy), amongst otHechdfield and Grau, 2005; Snow and
Omumbo, 2006). As mentioned previously, infectifnysP. falciparum are almost always

severe especially in non-immune individuals whiese byP. vivax are less dangerous
especially in healthy individuals?. malariae and P. ovale on the other hand, cause

asymptomatic infections and almost no morbiditassociated mortality.

The relation between transmission intensity, aerdehed by the frequency of parasite
exposure, and disease outcome is quite complexw(&ma Marsh, 2002). In regions of
intense transmission, severe cases are reportediyihfants below the age of 1 year and the
majority of infections in the other age groups &ss complicated (Marsh, et al., 1995;
Schofield and Grau, 2005). However, severe symptoeiading severe anemia, coma, and
death, may also be observed in women in their @rstecond pregnancy, HIV co-infected
individuals, and non-immune travellers to malariademic areas (Ayisi, et al., 2003;
Chirenda, et al., 2000). Through infective bitdgleo children and adults in endemic regions

can acquire partial immunity to the disease thirofeduces the frequency of clinical attacks



but not infection (Cox, et al., 1994). In contrasevere malarial disease mainly affects
children between the ages of one to five yearsoimel transmission areas and cerebral
malaria is a common clinical complication. Overatialaria infection can manifest in an
individual as asymptomatic parasitemia or as dihimalaria that may present as fever
episodes with parasitemia or as severe and conwgicmalaria characterized by anemia,
neurologic syndromes, coma, and death (Laishraml,,e2012; Marsh, et al., 1995; Perkins,
et al., 2011). Other associated clinical featueage from mild conditions such as low-level
fever and headache to more severe symptoms sugirogfration, coma, acidosis, and
epileptic seizures (Murphy and Breman, 2001; Warugt al., 1996). Additionally, malaria
can also manifest as myalgia, joint pain, vomitiagd associated metabolic complications
(Planche, et al., 2005; Planche and Krishna, 2006).

1.1.4 Immunity to malaria

Immunity to malaria is complex and is specificte infectingPlasmodiunspecies and stage
of parasite development (Stevenson and Riley, 20049 dependent on the host’s genetic
make-up, parasite properties, and exposure thronigictive bites amongst other factors.
Acquired protective immunity only develops throuigifiectious bites and is generally not
life-long and requires repeated infections to bantamed (Achtman, et al., 2005). It is
commonly observed that the age at which proteatiweunity develops varies but often
depends on transmission intensity with immunityedeping much earlier and morapidly

in areas ohigh transmission (Snow, et al., 1997). In higmsraission areas, older children
and adults are protected by the acquired immumgyrest severe disease with mortality being
restricted to early childhood (Gupta, et al., 199®wever, infants born to mothers residing
in these areas, although exposed to infective ,bées protected against severe disease for
about six months after birth by maternal antibodi&gskernagel, 2001). During this period
their immune system develops with acquired immutotynalaria being related to infectious
bites from local circulating parasites. In areasnudderate transmission, children acquire
associated immunity over the first five years dé land even though they may retain
relatively high parasitemia, they often show redldéesease symptoms (Snow and Marsh,
2002). Non-immune travellers and people in areasowf transmission rarely experience
infectious bites and are likely to suffer more freevere malaria irrespective of age, due to
lack of protective immunity (Doolan, et al., 20@ruik and Riley, 2004).
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The relative slow development and lack of memorsoamted with acquired antimalarial
immunity compared to bacterial or viral pathogeas be explained partly by the observation
that in malaria, immunity malge specific to the local strains (Good, et al.,899ndeed,
infection with different parasitestrains or genotypes may bequired in order to develop
protective immunity against most parasiggiants circulating in an area (Gatton and Cheng,
2004). It has been observed that the speed at wieople acquire protective immunity
largely depends on the number of infecting parasated the genetic diversity of the parasite
population in a particular geographical localitg(feira, et al., 2004).

1.1.5 Malaria control and management

Although malaria continues to be a leading causgeath and disease worldwide, the clinical
course after an infection can be predicted andlibease can be prevented or treated using
available antimalarials. Indeed, preventive methertt$ drugs are available for the control of
malaria. Over the years, WHO has provided guidslitee combat malaria and countries
afflicted by malaria have adopted various strateda malaria prevention and treatment,
mainly depending on the available tools and theatis situation. Broadly speaking, the fight
against malaria is multifaceted and complementarggproaches used and continues to be
fought with every available arsenal. This all irsthe approach is mainly advocated by the
development of resistance to common prophylactid enemotherapeutic agents and to
pesticides used for vector control, thereby posnigig threat to control and management

efforts.

1.1.5.1 Vector targeted approaches

Long-lasting insecticidal nets (LLINsS) and indoasidual spraying (IRS) are currently
among the preferred primary vector targeted appre=ato suppress malaria transmission by
eliminating associated vectors (Karunamoorthi, 20kimany cases, both methods are used
together in the same locality. IRS refers to thpliaption of chemicals in domestic areas
intended to kill insects including mosquitoes thatd or rest on these areas (WHOPES,
2009). The insecticides used for IRS repel theyeotrmosquito into houses and also Kill



those resting inside houses before and after adbiosal. The mass repelling and killing of
vectors effectively reduces malaria transmissiod mnone of the main methods used to
control and eliminate malaria on a large scale faifferent global localities (Lengeler and
Sharp, 2003; Pluess, et al., 2010). However, nal@rntrol strategies based on insecticides
use are faced with challenges such as economis andtsustainability in poor countries, the
environmental impact, possible long-term effects bbaman and animal health and
development of vector resistance to insecticidesrayst others (Mills, et al., 2008; Ramirez,
et al., 2009).

The use of insecticidal nets for prevention of malaspecially for the vulnerable population
(young children and pregnant women) is one of iharg in malaria control. Insecticidal nets
including the insecticide treated nets (ITNs), kveg lasting insecticidal nets (LLINS), and
curtains act as physical barriers for personal gutain against mosquitoes and are
recommended by WHO as an effective malaria trarsonscontrol tool (WHO, 2003). They
have been documented to reduce malaria morbiddynaortality in the general population,
children, and pregnant women in varying transmisdiocalities (Gamble, et al., 2007;
Lengeler, 2004; Lengeler, et al., 1998; Lengeler &now, 1996). It has also been established
that insecticidal nets provide protection bothrdividuals sleeping under them and to other
community members (Hawley, et al., 2003). The sigaut impact of insecticidal nets makes
them one of the most promising and cost-effectiaanm| prevention measures resulting in
large-scale distribution and usage in sub-Sahafanai Asia and Latin America (Lengeler,
2004). However, sustainability, cost, and scalipgate some of the concerns that may need

to be addressed if the observed benefits are sustained.

1.152 Parasite targeted approaches

While several strategies are used in the fight resgjamalaria, chemotherapy remains the
mainstay for both prophylaxis and treatment sinterd is no licensed vaccine.
Chemotherapy may vary depending on the age, dissasity, genetic factors, pregnancy,
and geographical location among others. A wide @apigantimalarial monotherapies have
been widely used for the treatment of uncomplicaedaria including quinine, chroloquine,
sulfadoxine-pyrimethamine, and artemisinins (Delve$s al., 2012). Chloroquine, for

example, was the main-stay for the treatment obmpticated malaria in many malarious
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areas from the 1950s (WHO, 1999). It was thereafigplaced with sulfadoxine-
pyrimethamine in the 1980s and 90s in different ggaphical regions due to parasite
resistance (Bloland, et al., 1993). However, p&asgsistance to sulfadoxine-pyrimethamine
developed and spread more quickly than chrologpmenpting replacement with artemisin
monotherapies and thereafter, combined therapiegadthgwa, 2005; Rgnn, et al., 1996).
Currently, monotherapies are no longer recommeifalexving associated clinical treatment
failures and recrudescence related to parasite dsigtance (Fidock, et al., 2008; Trape,
2001; WHO, 2010b). This has led to the advocacy ddemisinin-based combination
therapies (ACT) (Olliaro and Wells, 2009; White,998; WHO, 2010b). ACTs are more
effective and are associated with a lower malariédence and reduced chance of developing
and spreading resistance (Mutabingwa, 2005; WHi#)9a; White, 1999b; White and
Olliaro, 1996). Examples of drug combinations used ACT include artemether-
lumefantrine, artesunate—amodiaquine, artesunafteqnene, artesunate—sulfadoxine—
pyrimethamine, artesunate—sulfalene—pyrimethamine dihydroartemisinin—piperaquine
(WHO, 2011b).

The development of an effective antimalarial vaechmas proven to be quite a difficult
objective since, to date, there is none commeycalhilable despite many years of research
(Bairwa, et al., 2012; White, 2011). A working anélarial vaccine is considered to be the
most effective way to control and manage malarialavla vaccine efforts have largely
targeted three parasite stages and can be broatHgarized as pre-erythrocytic vaccines,
blood stage vaccines, and transmission-blockingiaas (Moorthy, et al., 2004; Thera and
Plowe, 2012). Vaccines designed against the prdvegytic stage target the sporozoites to
prevent them from entering the liver stage or tetg them once inside the hepatocytes
(Schwenk and Richie, 2011). They mainly protectimgjainfection but do not prevent
transmission. The lead candidate vaccine in thosgis RTS,S/AS01- a recombinant protein
vaccine that has entered phase Il clinical trea&l shows great promise (Alonso, et al.,
2004; Stoute, et al., 1997; White, 2011). Blood)staaccines are based on antigens that coat
the surface of merozoites and/or malaria antigeqgessed on the surface of infected
erythrocytes that aim to mimic naturally acquiratmunity and reduce disease (Ellis, et al.,
2010; Good, 2001). Of the several proteins on tleeomvite surface, the merozoite surface
protein 1 (MSP1) is considered one of the leadimd) lzest characterized molecules for blood
stage vaccine development (Holder, 2009). Transamdsocking vaccines are based on

antibodies against gametocyte antigens that cawmeptefertilization in the mosquito



following a blood meal (Dinglasan and Jacobs-Loy@@®8; Hirai and Mori, 2010; Lavazec
and Bourgouin, 2008). The premise relies on dugkstion of the fertilization blocking
antibodies and gametocytes (Carter, 2001). Theepten of sexual stage development in
the vector should prevent further spread of theatie and hence offer protection.

A complementary strategy to the subunit vaccinegeqy discussed here is the use of whole
parasites attenuated through irradiation, druggeoetic modification (Hoffman, et al., 2002;
Nussenzweig, et al., 1967; Vaughan, et al., 201®)this approach, attenuated whole
parasites of diverse strains or at different staafedevelopment offers an opportunity for
immune response against an enormous range of astibat could translate into protection.
Overall, the development of an effective malariacae has been hampered by a variety of
obstacles. As mentioned above, antimalarial imnyusihever long-lived and often requires
repeated infection to be sustained. Secondly, pasasave been shown to evade the immune
system through adherence to vascular tissues (ldoVdémte, 1999). As discussed above,
vaccines are designed based mostly on surfaceeastgpme of which have been shown to
be polymorphic in different isolates found in diffat geographical areas while others rapidly
switch preventing detection by the immune systemn{Rand Sharma, 1999; Scherf, et al.,
2008).

1.2 Cellular homeostasis, stress and response

Environmental changes that alter the acceptablgeraf maximal performance often affect
an organism’s physiology and prompt it to adjusl amaintain its physiology at conditions
that favor viability, fitness, and maximal perfornca (Hofmann and Todgham, 2010). These
tendencies to maintain a favorable internal equilib, often referred as cellular
homeostasis, are critical for proper macromolecfuactionality and cell survival. The shift
from homeostasis often leads to stress in a celkyatem that can translate into perturbed
development and reproduction (Johnson, et al., ;18@&sahn, et al., 2009). While the
spectrum of cellular stress is wide, ranging fromdmand/or acute to chronic, cells initially
respond by promoting stress defense and survivehamsms (Kultz, 2003; Kultz, 2005).
However, depending on the nature and strength ef diness, cells may also activate

programmed cell death to eliminate damaged cellklé; et al., 2010).
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Environmental stressors often perturb the integdfycellular macromolecules such as
proteins and nucleic acids. Such stressors indbdemal stress, oxidative stress, hypoxia,
chemicals and heavy metals, ionizing radiationh@génic infections, tissue injury, pH

changes, among others (Carpenter, et al., 2002iguist, 1986; Ray, et al., 2012; Sonna, et
al.,, 2002; Zhang, et al., 2011). Additionally, paltgical conditions such as cancer,
metabolic stresses (associated with nutrient balapmduction of reactive oxygen species,
and mitochondrial dysregulation), and aging do dffeahe integrity of cellular

macromolecules (Haigis and Yankner, 2010). Cellutasstems appear to have an
evolutionary conserved and generalized protectegponse towards most environmental
stressors referred to as the environmental stregsonse (ESR), and allows for adaptive

cellular responses (Voisine, et al., 2010).

Apart from the external and internal cellular streasfluences, proteins on their own have a
high propensity to misfold and aggregate or to f@gdching and maintaining their functional
conformation (Dobson, 2004). This tendency is mprenounced for large single and
multimeric proteins in cellular environments duenbmlecular crowding which is a major
constraint to in vivo protein folding (Elcock, 2Q1Bhou, et al., 2008). Indeed, while the
primary protein structure is determined by the amactid sequence (Anfinsen, 1973),
attaining a thermodynamically favored tertiary stawe in vivo is often slow. Misfolded
proteins may inappropriately interact with cellu@mponents and lead to accumulation of
potentially toxic protein inclusions that compromisellular homeostatic balance thereby
risking cell viability (Lansbury and Lashuel, 200@) some instances, protein misfolding
results in aberrant aggregation and conformatibas present as medical conditions. Such
examples include Parkinson’s disease, amyotrotirdl sclerosis, Huntington’s disease
and other neurodegenerative diseases (Barral,, &0fl4; Dobson, 2001; Muchowski, 2002;
Sakahira, et al., 2002; Thomas, et al., 1995% tat surprising therefore that cellular systems
have established an evolutionarily conserved, jabagate machinery, comprised of
molecular chaperones for protein quality contrattins crucial for cell survival and an

organism’s well-being (Gething and Sambrook, 1992).
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1.3 Molecular chaperones

Molecular chaperones manage protein conformatiorauration and stability during normal
house-keeping and also in response to stress. pllagya critical role in recognizing and
determining the fate of misfolded proteins in tletl (Hartl and Hayer-Hartl, 2002; Hartl and
Hayer-Hartl, 2009; McClellan, et al., 2005). Origily, they were defined as a group of
unrelated proteins that interact, stabilize antiMelp other proteins in processes that lead to
their native conformations during normal and sfidssonditions but are not part of the
mature native conformations (Ellis, 1987; Hartl9&® This definition however changed with
the realization that chaperones are involved ircgsees other than protein folding. They
have been redefined as proteins that function girarontrolled binding and release of non-
native polypeptides intended to prevent incorratéractions and stabilize unstable protein
conformations, thereby facilitating the fate of f@ias in vivo (Hartl, 1996). Due to their
essential cellular roles, chaperones are wideliridiged and evolutionarily conserved and
generally play a vital role in protein folding, @imeric assembly, trafficking, unfolding and
degradation (Figure 1.2) (Ellis, 1987; Ellis andnvder Vies, 1991; Hartl, et al.,, 2011;
Lindquist and Craig, 1988). The expression of mar@mbers present in this superfamily is
upregulated under stressful conditions, such ag te#t lead to an increase in the levels of
misfolded or aggregated proteins. Among the moéecchaperone superfamily are the heat
shock proteins which are highly abundant and gdlgeranserved. They were first identified
and named so ibrosophila melanogasterfollowing their upregulated expression in cells
exposed to heat stress (Ritossa, 1962; Ritoss&).1B@8yond the confines of single cells,
molecular chaperones have been shown to be sednétethe extracellular environment or
exist on the outer plasma membrane where they plpbplay signaling functions
(Henderson, 2010; Tamura, et al., 2012; Tamural,,e2012).
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Figure 1.2: Protein fates in the molecular chaperone proteostas network. The
chaperone proteostasis network integrates pathéaythe folding of newly synthesized
proteins, for the remodelling of misfolded statewl dor disaggregation of aggregated
proteins. (Adapted and modified from (Hartl, et 2D11))

1.4 Heat shock proteins

Heat shock proteins (Hsps) comprise a large fanoity evolutionary conserved and
structurally related proteins within the molecutdraperone superfamily that often display
stress induced expression (Lindquist, 1986; Linsig@nd Craig, 1988; Ritossa, 1962;
Tyedmers, et al., 2010). In the cellular environmeahey help proteins acquire proper
conformations while mitigating non-specific intetiaos that often lead to aggregation
(Gething and Sambrook, 1992). On the basis of sesuéomology and molecular mass,
Hsps can be assigned into several subfamilies whiclude Hspl110/Grp170, Hspl04,
Hsp90, Hsp70, Hsp60, J proteins (DnalJ/Hsp40), andllsheat shock proteins (sHsps)
families (Feder and Hofmann, 1999; Lindquist andi;r1988). In eukaryotes, these families

often comprise multiple members that differ in s¢r@associated upregulation, function, and
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intracellular localization. Through regulated asation with and/or hydrolysis of
nucleotides, Hsps broadly recognize and transiebthd to non-native proteins during
protein synthesis and folding (Deuerling and Byk2@04; Eggers, et al., 1997), oligomeric
assembly (Zylicz, et al., 1989), trafficking ordating for degradation (Bukau, et al., 2006;
Feder and Hofmann, 1999; Lee and Tsai, 2005). Thagtionally interact as oligomers
and/or complexes of several different chaperoneshaperones, and/or nucleotide exchange
factors forming efficient proteostatic chaperonechmaery (Mayer, 2010). It is notable that
although the term Hsp is often used to refer ty ¢iné stress induced proteins, the cellular
Hsp complement displays either constitutive (hoasekng) functions or stress-inducible
roles or both (Feder and Hofmann, 1999).

1.4.1 Hspl10

The Hspll0 and Grpl70 families comprise a relptivdnserved group of molecular
chaperones widely found in eukaryotes (Easton,l.et2800). They are the atypical or
divergent relatives of classical Hsp70s based dferdnces in several features such as
sequence length, significantly larger molecular seas sequence identity and similarity of
their C-terminal regions, as well as structure &mtttion (Polier, et al.,, 2008). They rank
third or fourth in eukaryotic cellular Hsp abundan&aston, et al., 2000). They have been
identified in eubacteria and organelles of prok#cyorigin (Harrison, et al., 1997), as well as
in eukaryotes (Dragovic, et al., 2006; Kabani, & 2002; Shomura, et al., 2005).
Structurally, Hsp110 proteins consist of a nuc®tiinding domain (NBD) that is linked to
a p sandwich domain followed by a threehelix bundle domain (3HBD) (Polier, et al.,
2008). They provide a powerful nucleotide-exchaagivity to canonical Hsp70s and act as
holdases for non-native proteins thereby providgymergistic co-chaperoning roles for
Hsp70s (Dragovic, et al., 2006; Polier, et al.,20haner and Morano, 2007).

1.4.2 Hsp90

The 90 kDa heat shock protein (Hsp90) family is ighly abundant, essential, and
widespread class of molecular chaperones foundaoteba and all eukaryotes (Buchner,
1999; Johnson, 2012). Indeed, while bacteria hawe @ane Hsp90 homologue termed HtpG
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(High temperature protein G), yeast has one to lemologues and humans possess four
isoforms. Many eukaryotes possess multiple Hsp3@dhogues that localize in the cytosol
(Hsp90) and major subcellular compartments inclgdndoplasmic reticulum (GRP94 for
94 kDa glucose-regulated protein), mitochondriaAPR for tumor necrosis factor receptor-
associated protein 1), and chloroplasts (Hsp90@)efA et al., 2012; Marzec, et al., 2012).
Hsp90 is involved in the maturation and activat@innumerous clients involved in signal
transduction pathways that control cell homeostasisliferation, differentiation and cell
death in both housekeeping and stress inducedlarettonditions (Pearl and Prodromou,
2006; Taipale, et al., 2010).

Structurally, Hsp90 possesses an N-terminal donflifnD, also referred to as ATPase
domain), the middle catalytic loop and client photbinding domain, and the C-terminal
domain that includes a dimerization domain and &VE motif implicated in binding to
cochaperones (Jackson, 2012; Pearl and Prodror06).2Hsp90 functions as a dimer and
its structure cycles between the open and closafbruation that is highly regulated by
nucleotide binding, cochaperone interaction, amehtlbinding and release (Jackson, 2012;
Li, et al., 2012). While the NTD binds cochaperosesh as p23, the ATP binding pocket has
been under extensive research concerning smallcoielenhibitors such as geldanamycin
(Roe, et al., 1999; Shiau, et al., 2006). The Hap&fendent folding and activation of client
proteins depends on prior interaction and/or bridgiwith a number of different
cochaperones, forming sequential dynamic multipnotghaperone complexes (Johnson,
2012; Pearl and Prodromou, 2006; Pratt, et al.4260att and Toft, 2003). Some of these
cochaperones play a crucial role in regulating Bspd Pase activity while others have
specialized roles such as client protein interastidocalization and trafficking (Pratt, et al.,
2004; Prodromou, et al., 1999; Riggs, et al., 200%gtratricopeptide containing
cochaperones such as the Hsp70-Hsp90 organizirtgiprgHop) provides a physical link
between Hsp90 and Hsp70 during client protein fear{$cheufler, et al., 2000).

1.4.3 Hsp70

The 70 kDa heat shock protein (Hsp70) family ishhygconserved and ubiquitous. In
eukaryotes, Hsp70 members are found in severakBulaz compartments (Boorstein, et al.,
1994; Kampinga and Craig, 2010; Karlin and BrocahiE998; Shonhai, et al., 2007). While
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Hsp70s are some of the most abundant chaperone$eincell involved in general
housekeeping, most members are often highly indwhethg stress to enhance protein
quality control. This protein family specializestime folding and refolding of nascent and/or
misfolded proteins, assists in their transloca@noss membranes, and degradation of the
terminally misfolded or aggregated proteins, amargers (Mayer and Bukau, 2005).
Structurally, Hsp70s are comprised of an N-termmadleotide binding domain (NBD) that
is connected to the substrate binding domain (SBPa linker region and followed by a C-
terminal domain (Figure 1.3A) (Mayer and Bukau, 200Through nucleotide dependent
substrate binding and release cycles, Hsp70 fumadtio interacts with client proteins via
binding to short hydrophobic stretches presenhes¢ substrates (Mayer and Bukau, 2005)
To efficiently interact with client proteins Hsp7@$ten require cochaperones including J
proteins and nucleotide exchange factors (NEFgu(Ei 1.3B). The basal ATPase activity of
Hsp70 is low and its affinity for client proteins high in the ADP-bound conformation
unlike the ATP-bound state (Dragovic, et al., 20B@mpinga and Craig, 2010). J proteins
stimulate the ATPase activity of Hsp70s, deliveerd substrates, and can also recruit Hsp70
to specific cellular sites. NEFs facilitate theeade of ADP from Hsp70 resulting in a
conformation change that allows substrate dissociand primes Hsp70 for another cycle of
substrate binding (Figure 1.3B) (Dragovic, et 2D06; Steel, et al., 2004).
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Figure 1.3: Domain organization of the Hsp70 and froteins (upper panel) and a model
depicting the interaction cycle of Hsp70 with J prteins, NEF, and client proteins (lower
panel). A). Domain schematics of the Hsp70 and J proteiesepresented as open bars. The
domains present are indicated and are color canledl froteins. The corrupted HPD motif is
highlighted in the J domain of type IV J proteiB$.i) Hsp70 in the ATP bound state has low
affinity for client proteinsii) A J protein binds client proteins and transférsn to Hsp70
coupled to hydrolysis of the bound ATH. Hsp70 in its ADP bound state bound to an
unfolded client allowing it to fold or refoldv) NEF facilitates the release of ADP and the
binding of ATP thereby allowing release of the fddclient proteiny) The fate of the folded
client protein to other cellular pathways or fortpdly folded clients to repeat the folding
cycle.



1.4.4 J proteins
J proteins are more diverse in number, structund, fanction and are also less abundant

relative to Hsp70 (Botha, et al., 2007; Kampinga &raig, 2010; Walsh, et al., 2004).
Although most J proteins have diverged from Eseherichiacoli J protein, DnaJ, sequence
alignment and structural studies showed that tineyesa highly conserved J-domain that is
approximately 70 to 80 amino acids long (Cheethach @aplan, 1998) (Figure 1.3A). This
domain exhibits foura-helices (I-IV) and a highly conserved signaturstidine-proline-
aspartate (HPD) tripeptide motif in the loop regimtween helices Il and 11l (Greene, et al.,
1998; Hill, et al., 1995) that is vital for stimtilan of Hsp70 ATPase activity (Genevaux, et
al., 2002; Hennessy, et al., 2005; Wittung-Stafehed al., 2003). Indeed, it is through the
HPD motif present in the J-domain that J protetiraidate the ATPase activity of Hsp70. J
proteins have canonically been classified as typ#, Illl, and IV (Botha, et al., 2007;
Cheetham and Caplan, 1998) (Figure 1.3A). Thisstiaation is however not definitive of
their biochemical functions (Cheetham and Capl&981 Kampinga and Craig, 2010) and
most are highly divergent possessing additional alosm(Kampinga and Craig, 2010; Rajan
and D'Silva, 2009). The diversity of the additiorddmains potentially allows them to
interact with a wide range of substrates and tdopar specialized functions. Type | J
proteins possess an N-terminal J-domain, an adjaggcine and phenylalanine rich region
(Gly/Phe-rich region), followed by a cysteine/glyei repeat zinc finger domain, and a
variable C-terminal domain. Type Il J proteins labke zinc finger domain while type llI
have the J-domain located anywhere in the profgype IV J proteins possess a J-domain
with variations of the canonical HPD motif (Botled,al., 2007).

1.4.5 Heat shock proteins in the context of malaria

The lifecycle of the malaria parasite requires bmtmammalian host and a mosquito vector
where it undergoes extensive morphological chaagdsshows multiple tissue adaptations to
both environments. During these transitions, thagte is thought to be subjected to various
stressors, such as temperature, that may leadoteiprmisfolding and aggregation and
ensuring the stability and functionality of cellulamacromolecules is critical and vital for
parasite survival. As mentioned previously, molacwhaperones help buffer against cellular
stress by promoting productive folding of cellufaoteins and preventing their misfolding

and aggregation (Riezman, 200R).falciparumdedicates a significant portion of its genome
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(approximately 2% of the total genes) to encodepel@nes (Acharya, et al.,, 2007). This
chaperone complement is thought to play an impbrae in ensuring protein homeostasis

during several stages of development and host-v&etasitions.

Data from comparative analysis of the moleculampehnane families shows that whilst these
families are generally conserved acrossRlesmodiumspecies, there are several members
that are species-specific (Wasmuth, et al., 2008¢age-specific (Aravind, et al., 2003;
Kilzer, et al., 2012; Sargeant, et al., 2006) agstspecific (Florens, et al., 2002; Khan, et
al., 2005; Lasonder, et al., 2008). Of the sevetafes ofPlasmodiumdevelopment, the
blood stage is the best studied where membersdfiips have been shown to be intimately
involved in malaria pathogenesis (Daily, et al.020Maier, et al., 2009; Maier, et al., 2008;
Pallavi, et al., 2010). Indeed, while some of thEsps play housekeeping proteostasis role
within the parasite, some members have been shmWwe éxported to the host cell cytoplasm
where they are proposed to chaperone exportedipsdi&charya, et al., 2012; Kilzer, et al.,
2012; Maier, et al., 2008). This unique protein ptament is thought to fulfill parasite-
specific functions and forms a good basis for diargeting (Pesce, et al., 2010; Shonhai,
2010).

The genome oP. falciparum encodes four Hsp90 and six Hsp70 homologues adiadge
number of J proteins that localize to the variousacellular compartments or are exported to
the infected erythrocyte cytosol (Acharya, et 2007; Botha, et al., 2007; Shonhai, et al.,
2007). Several members have been shown to be unaike parasite as there are no
homologues present in the human system and arefdtherconsidered as drug targets. Data
from Hsp90 inhibition with benzoquinone ansamycisisch as geldanamycin and radiciol
and associated geldanamycin derivatives such adlyl@mino-17 demethoxygeldanamycin
(17-AAG) and 17 dimethylaminoethylamino-17-demetygeddanamycin (17-DMAG), has
shown therapeutic promise from clinical trials iancer treatment (Den and Lu, 2012;
Uehara, 2003; Whitesell, et al., 1994). Treatmdn®.dalciparum parasites in culture with
geldanamycin leads to arrest in parasite growttethehighlighting the importance of Hsp90
to the parasite’s development (Banumathy, et 8032 Pallavi, et al., 2010). However, while
Hsp90 inhibition has given positive results resgjtin clinical trials, inhibiting Hsp70 has
been quite a challenge (Goloudina, et al., 201&)alBmolecule inhibitors have been tested
on someP. falciparumHsp70s and showed promising results (Chiang, e2@09; Ramya, et
al., 2007; Ramya, et al., 2006). Overall, the esslerole played by molecular chaperones
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provides avenues for enhancing our understandinghef biology of the parasite and

identification of novel drug targets which are exportant priority to malaria control efforts.

1.5 Knowledge gap and motivation

Comparative analysis of the genomes of the humast And the malaria parasites has
revealed unique and novel characteristics possdsgdtiese intracellular parasites (Frech
and Chen, 2011; Winzeler, 2008). The unique trarts considered exploitable and may
provide a major thrust in finding new therapeutitshe face of increasing development and
geographical spread of drug resistance. Heat spiantkins including Hsp90s, Hsp70s, and J
proteins are considered potential drug targetsaimous cellular systems including malaria

(Cockburn, et al., 2011; Kondoh and Osada, 2018¢&eet al., 2010; Shonhai, 2010). Data
arising from several studies on these protein fi@misuggests that they have potential for
being targeted with small molecules and peptidorticae(Brodsky, 1999; Evans, et al.,

2010; Fewell, et al., 2004). Indeed, several smallecules have been tested as inhibitors on
a plasmodial Hsp70 (Botha, et al., 2011; Chianglet2009; Cockburn, et al., 2011). The

inhibitory and/or stimulatory effects of these nmlkes can be well understood by studying
the partnerships, localizations and interactionclodperones with their cochaperones and
client proteins. Such information can be used endbvelopment of assays for testing small
molecules and further enhance the understandinghef parasite biology. However,

characterization of the roles of these proteinghéchaperoning process, which is crucial for

drug targeting, is still at its infancy Plasmodiunparasites.

While Hsp90 and Hsp70 families in. falciparum appear to be generally conserved with
respect to homologues present in other cellulatesys, very little is known about their
partnerships with the cochaperone complement inadud proteins. Additionally, studies on
chaperones have neglected the rodent and prinfetiimg Plasmodiunspecies that serve as
experimental models or research tools in immunglg@@thogenesis, basic discovery, drug
testing and vaccine development (Fidock, et alQ42@.anghorne, et al., 2011). To date,
significant progress has been made in several anelgling continued genome sequencing
and annotation, development of seveRlasmodium specific software and database
resources, and continuous experimentation. Sucuress motivate for comparative studies

that can inform on some of the similarities andedénces in host-parasite interactions and
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virulence. They may also provide insights into ¢évelution of proteins, protein families, and
protein interaction networks (Juan, et al., 2008yis, et al., 2010) in malaria parasites. This

study includes a detailed review of the Hsp70 aptbieins inPlasmodiunparasites.

PfHsp70-1 is a cytosolie. falciparumHsp70 homologue that shuttles to the nucleus suad |
considered a crucial player in protein homeostdarsng physiological, morphological and
temperature associated transitions in the parbf@tycle (Botha, et al., 2011; Pesce, et al.,
2008). PfHsp70-1 is at the center stage of chapsgorytosolic proteins and its expression
may be increased in response to several antimategi@ments (Aunpad, et al., 2009). It
therefore plays a crucial role geared towards [garasrvival and is considered a novel drug
target (Pesce, et al., 2010). Characterizationhefihteractions between PfHsp70-1 and J
proteins and the identification of client proteirss essential for drug target validation.
However, the subcellular localization of most Jtems has not been experimentally
validated which is crucial if any inferences ontparship and function are to be made. Of the
several J proteins predicted to reside in the ojtosnly two have been studied
experimentally and implicated as cochaperones BEpP70-1 (Botha, et al., 2011; Pesce, et
al., 2008). PFB0595w is a typical type Il J prottiat does not have a topogenic signal and
is predicted to reside in the cytoplasm and act a®chaperone to PfHsp70-1. In silico
studies depict it to be highly conserved with ye&istip homologues in most cellular systems
and its characterization was prioritized to enhaheeunderstanding of PfHsp70-1 chaperone
machinery in the cytosol. Since PFB0595w is higtdpserved, data obtained from studying
its interaction with PfHsp70-1 may be extrapolatenioss othePlasmodiumspecies and
compared with other closely related cellular systerAs such, the cell biological and

biochemical properties of PFB0595w frdtnfalciparumneeds to be determined.

Another goal for this study was to characterize @F2w (Pfj1) which is an atypical type | J
protein with an extended N-terminal domain possiéypicting a signal presequence before
the J-domain. Pfjl also has an extended C-terndloalain that has little or no significant
homology with other proteins; a characteristic thikdwed it to be considered a drug target
(Botha, et al., 2007; Pesce, et al.,, 2010). Pfjs wegued to reside in the mitochondria
following the in silico identification of a mitocimarial import signal (Watanabe, 1997). It
was however shown to localize in the apicoplastreltiewas hypothesized to play a role in
the replication of the apicoplast genome withditdr no chaperone roles (Kumar, et al.,
2010). Complementation experiments in DrdapA mutant Escherichiacoli strain have
shown that Pfj1 has a functional J domain (Nicetlal., 2007). Additionally, Pfj1 was shown
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to functionally interact with PfHsp70-1 in vitro d@feby raising questions about its
localization and potential cochaperone propertigh Wsp70s inP. falciparum (Misra and
Ramachandran, 2009). To date, none of the Hsp7€sded by thdP. falciparum genome
has been localized in the apicoplast. It was exaettat Pfil would potentially co-localize
with an Hsp70 partner due to these mentioned cbapeassociated properties. It is against

this background that the confirmation of the lozatiion of Pfj1 was prioritized.

1.6 Research hypothesis

This dissertation attempts to illuminate the Hsg#irotein partnerships in the malaria
parasiteP. falciparum This study therefore hypothesizes that:

I.  PFBO0595w is a cytosolic J protein that potentiadigulates the PfHsp70-1 chaperone
activity.
ii.  Pfj1l does not localize to the apicoplast and magmiclly have an Hsp70 chaperone

partner.

1.7 Aims and Objectives and Approach

1.7.1 In silico bioinformatic analysis of the Hsp70-J praein chaperone
complement acros$lasmodium species

The study aimed to identify all the Hsp70 and Jtgins across th@lasmodiumspecies
including the human- and primatd?. (falciparum 3D7andP. vivax Sal-1, P. knowlesi strain
H), and rodent-infecting specieP.(bergheiANKA P. chabaudi chabaudiand P. yoelii
yoelii 17XNL. The study additionally aimed at providing a sawiof literature on Hsp70s
and J proteins in the mention&lasmodiumspecies. Chromosomal localization, protein
domain mapping, and phylogenetic analysis was e#soed out forP. falciparum The
predicted nucleotide and protein sequences wergevetl from PlasmoDB version 8.1
(Aurrecoechea, et al.,, 2009). The J protein cometegnwas identified through a search
criterion that included using gene IDs from avdgaliterature, database searching through
search-terms including “heat shock protein 407, &0f and “chaperone”. Additionally, the

J-domain of thée. coli DnaJ was used to search the entire genome éfl@senodiunspecies
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using the standard protein blast (blastp) optioths PlasmoDB genome resource. Protein
domains and associated features were identifieagusicombination of different software.
Further, the organelle distribution of the sevdrakroteins was also analyzed, in the absence
of experimental data, using bioinformatic toolgrdteins were predicted as exported to the
infected erythrocyte based on the presence of EXER motif (Hiller, et al., 2004; Matrti, et
al., 2004).

1.7.2 Characterization of PFB0595w

Another aim of this study was to determine the gmnes and localization of PFB0595w
through transfection and fluorescence imaging aggres. Antibodies specific to PFB0595w
were designed and commercially raised in mice aadl dor detection both under normal and
heat stress conditions. Additionally, the exprasgimfile of PFB0595w relative to PfHsp70-
1 throughout the intraerythrocytic stage of paeasievelopment was determined. The
localization of PFB0595w was demonstrated throufyloréscent imaging of parasites
transfected with plasmids expressing PFB0595w twhgge GFP as well as
immunofluorescence imaging. The study also aimestudy the potential for heterologously
purified PFB0595w to play a role as a cochaperamePfHsp70-1 and this was assessed
through ATPase assays. The interaction dynamicsveest these two proteins was

additionally assessed through surface plasmon agserspectroscopy.

1.7.3 Characterization of Pfj1

The aim here was to validate the localization arpression of Pfj1 through transfection
technology and fluorescent imaging approaches.badies specific to Pfjil were designed
and commercially raised in mice and used for d&tecin the intraerythrocytic stage of
parasite development. Through the transfectioniamdunofluorescence imaging approach,
its localization has been determined. Further,impiebry studies of its potential Hsp70
partner have been conducted paving the way fortiflumal characterizations through in vitro

approaches.
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CHAPTER TWO

Bioinformatic analysis of the Hsp70-] protein
chaperone complement across Plasmodium
species

Note: some of the work described in this chaptertieen published in the following article;

James M. Njunge Michael H. Ludewig, Aileen Boshoff, Eva-RachelesPe, and
Gregory L. Blatch.Hsp70s and J Proteins ofPlasmodium Parasites Infecting

Rodents and Primates: Structure, Function, Clinical Relevance, and Drug
Targets. Current Pharmaceutical Desig2013, 19, 387-403.

The published data has been reproduced as pdrisathiesis with written permission of the
publishers of the article (Bentham Science Pubtghe
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2.0 Introduction

Chaperone studies in malaria have mainly focuseB.dalciparum the malaria parasite that
accounts for the most severe form of human maland, neglected the rodent and primate
infecting counterparts. The latter species haven be@lely used as experimental study
models in malaria immunology, pathogenesis, basscodery and testing, and vaccine
development (Fidock, et al., 2004; Langhorne, et28)11). Previously, it has been shown
that there is a high level of genome conservatiarifon, et al., 2008; Carlton, et al., 2002;
Pain, et al., 2008) and resemblance amBlagmodiumspecies infecting humans, primates
and rodents (Carter and Diggs, 1977). Indeed, caatipa studies that focus on the genomes,
transcriptomes, and proteomes of closely relatedsgac species are quite informative of
similarities and differences present in parasitputations. Information generated from such
studies can be used to inform differences in has&gite interactions and virulence amongst
other traits. Thus, the level of conservation of thsp70 and J protein chaperone system
among Plasmodiumspecies may contribute to the understanding of din@larities and
differences in host-parasite interactions, viruksremd provide avenues for drug targeting. It
may also provide insights into the evolution of tpios, protein families, and protein

interaction networks (Juan, et al., 2008; Lewisglet2010) in the malaria parasites.

Several reviews have been written on Hsp70s amdtdips inP. falciparum(Acharya, et al.,
2007; Botha, et al., 2007; Pesce, et al., 2010; Rod Maier, 2011). However, no
comprehensive assessment of Hsp70-J protein chraperstem has been made across the
rodent- and primate-infectinglasmodiumspecies. It is worth noting that within the |aeivf
years, significant progress has been made in deweeas including continued genome
sequencing and annotation, development of sevelasmodium specific software and
database resources, and continuous experimentatis chapter intends to further previous
analyses of theP. falciparum Hsp70s and J proteins by examining how consertesl t
complement is among a number @&lasmodium species. Additionally, it compiles
chromosomal locus and protein domain mapsFofalciparumHsp70s and J proteins and
highlights the yeast and human orthologuBfasmodiumspecies assessed include the
human- and primateP( falciparum 3D7and P. vivax Sal-1, P. knowlesi strain)Hand
rodent-infecting speciesP( bergheiANKA P. chabaudi chabaudiand P. yoelii yoelii
17XNL. It has to be noted that unlile falciparum the genome sequencing and annotation

of P. knowlesiP. berghej andP. chabaudihave a noncontiguous finished draft while those
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of P. yoeliiand P. vivaxhave an improved high-quality genome draft (Log@dumpler, et
al., 2011). Overall, the chapter provides an owewof the Hsp70-J protein machinery in the
above mentionedPlasmodiumspecies with emphasis on the intraerythrocytic estad
parasite development.

2.1 Objectives

An in silico comparative analysis was undertakendentify all the Hsp70 and J proteins
across thePlasmodium species. The analysis included the human- and apeim@.
falciparum 3D7andP. vivax Sal-1, P. knowlesi strain)Hand rodent-infecting specieB. (
bergheiANKA P. chabaudi chabaudiandP. yoelii yoelii 17XNJ). The specific objectives

include:

i.  To provide an update of all the Hsp70 and J pret@icross the above mentioned
Plasmodiunspecies.

ii.  To investigate the similarities and differenceshi@ Hsp70 and J protein complements
of these species.

iii. To identify human and yeast homologues of the Hsp@Qd J proteins irP.
falciparum

iv. To provide chromosomal localization and protein dommaps forP. falciparum
Hsp70s and J proteins.

v. To provide an updated prediction of localizatiomeractions, and possible cellular

roles of the Hsp70-J protein complemenPirfalciparum

2.2 Materials and methods

2.2.1 Sequences searches and comparison

All the predicted genomic and amino acid sequensesl to assess the gene structure of the
Hsp70s and J proteins amoRtasmodiumspecies were retrieved from PlasmoDB version

8.1 (http://plasmodb.org/plasmo/) (Aurrecoecheaalet 2009). To identify the J protein

complement, a search criterion was used includsiggugene IDs from available literature,

database searching through search-terms includmegt“shock protein 407, “DnaJ”, and
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“chaperone”. Additionally, the J-domain of tBscherichiacoli DnaJ was used to search the
entire genome of thBlasmodiumspecies using the standard protein blast (blagipdn in

the PlasmoDB genome resource. It has to be notgdgne chromosomal context has been
completed for all thd’lasmodiumspecies except foP. yoelii Multiple protein sequence
alignments were carried out using ClustalW (Larkahal., 2007) followed by phylogenetic
analysis. Pairwise amino acid identities and sintiés were calculated using GeneDoc
version 2.6 (Nicholas, et al., 1997) using the Bins2 model.

2.2.2 Domain identification and subcellular localization

The predicted protein characteristics comparatiasiyessed in this study include: molecular
masses, predicted signal sequences, transmembrdraheer domains, isoelectric point, and
number of amino acid€?rotein domains and associated features were figehtising a
combination of different software such as Proditigp(//prosite.expasy.org/) (Sigrist, et al.,
2010), SMART 7 (Simple Modular Architecture Res&ardool; http://smart.embl-
heidelberg.de/) (Letunic, et al., 2012), Phobiusp(liphobius.sbc.su.se/) (Kall, et al., 2004),
PrePs (Prenylation Prediction Suite; http://memagl.ac.at/PrePS/) (Maurer-Stroh and
Eisenhaber, 2005), HAMAP (High-quality Automatedddianual Annotation of microbial

Proteomes; _http://hamap.expasy.org/) (Lima, et aD09), and Multiple Expectation

Maximization for Motif Elicitation (MEME;_http://mme.nbcr.net/) suite (Bailey and Elkan,

1994; Bailey, et al., 2006). The organelle disttidnu of several J proteins were analyzed, in
the absence of experimental data, using severahfbimatic tools such as Prediction of
apicoplast targeting signals (PlasmoAP; rule based: http://v4-

4 .plasmodb.org/restricted/PlasmoAPcgi.shtml and ®ATneural network based:

http://gecco.org.chemie.uni-frankfurt.de/pats/gatex.php) (Foth, et al., 2003; Zuegge, et
al., 2001) algorithms  to predict  apicoplast-targetsequences, PlasMit

(http://gecco.org.chemie.uni-frankfurt.de/plasmit/jor  prediction of P. falciparum

mitochondrial transit peptides (Bender, et al.,300 proteins were predicted as exported to
the infected erythrocyte based on the presencéefPEXEL motif (Hiller, et al., 2004,
Marti, et al., 2004).
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2.3 Results and discussion

2.3.1 Gene structure and protein conservation

23.1.1 Phylogenetic analysis of Hsp70

Sequence searches from the PlasmoDB genome resmuealed that thd’lasmodium
species analyzed in this study possess five Hsprologues excepP. falciparumthat
possesses six as previously shown (Shonhai, eR2@0D7). This number is significantly
smaller relative to other eukaryotes like yeaSadcharomyces cerevisjaand humans
(Homosapiern both of which encode fourteen Hsp70 members (Kaggpand Craig, 2010).
Overall phylogenetic analysis displayed a high lleske Hsp70 conservation among the
Plasmodiumspecies as shown in Figure 2.1. Five distinct @yghetic clusters were
observed and each cluster showed conservation tf pmwtein sequence and domain
architecture (shown in Figure 2.2 fBr falciparumHsp70s). Two of these clusters namely;
the PfHsp70-y cluster and PfHsp70-z cluster, arenbegs of the Hsp110/SSE family and
have been proposed to function as nucleotide exghdactors (NEFs) (Shonhai, et al.,
2007). As expected, in each group, the human-imigé&t. vivaxand the primate- and human-
infecting P. knowlesiHsp70s cluster together. Similarly, bergheiand P. yoeliiand to a
certain extentP. chabaudiHsp70s cluster together (Figure 2.1). Howe\rer falciparum
Hsp70 homologues deviated from this trend locadjzim differing chromosomes from the
other human infecting?lasmodiumspecies in all the clusters, probably reflectingreater
evolutionary distance from the rest. With the eximepof MAL7P1.228 (PfHsp70-x) and
PFO7_0033 (PfHsp70-z), a high level of conservati@s observed in gene structure and
synteny in each cluster. For example, at the ntidedevel, the position and possession of
spliceosomal introns in these genes is highly cmeske However, the intron composition and
length varies across tlidasmodiunspecies. At the protein level, the number of anzoiols
and the various protein motifs and domains are lhigbnserved (Figure 2.1). PfHsp70-x
falls in the same phylogenetic clade as PF08_0P84sp70-1), but lacks equivalent syntenic
homologues in th&lasmodiumspecies considered in this review (Figure 2.1)likénthe
other Hsp70 genes in the same cluster, PfHsp70uxiguely localized in the subtelomeric

region of chromosome 8 (Figure 2.3) after the syytareakpoint.
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Locus Chr Mwt In Pi AA Motif
—E PKH_051230 5 74 0 52 682 EEVD
PVX_089425 5 75 0 53 690 EEVD
—— - PF08_0054/PfHsp70-1 8 74 0 53 677 EEVD
_|:PY06158 - 74 0 53 682 EEVD
PBANKA_071190 7 75 0 53 693 EEVD
——  PCHAS_072100 7 74 0 53 678 EEVD
MAL7P1.228/PfHsp70-x 8 75 1 56 679 EEVN
{ PBANKA_081890 8 72 1 49 651 SDEL
PY05001 s 79 1 5 709 SDEL
{— PCHAS_081920 8 72 1 49 651 SDEL
PFI0875w/PfHsp70-2 9 72 1 49 652 SDEL
] —l: PKH_071520 7 72 1 49 652 SDEL
PVX_099315 7 72 1 5 652 SDEL
_[: PBANKA_091440 8 72 0 49 663
| PY06981 - 73 0 6.7 663
— PCHAS_093160 9 73 0 65 662
] ] _|: PKH_093190 9 73 0 64 663
L PVX_092310 9 73 0 76 663
— PF11_0351/PfHsp70-3 11 73 0 68 663
_E PBANKA_135720 13 106 0 51 917 TDEL
PY05402 . 107 0 49 929 KDEL
— PCHAS 136180 13 106 0 53 920 KDEL
| _|: PKH_121030 12 106 0 55 932 KDEL
PVX_083105 19 104 0 56 928 KDEL
L MAL13P1.540/PfHsp70-y 13 108 0 5.3 932 KDEL
_|: PBANKA_121930 12 94 0 56 836
PY05063 - 95 0 51 839
L PCHAS 122000 12 94 0 53 836
PKH_010690 1 101 0 52 892
PVX_087970 1 100 0 55 887
PFO7_0033/PfHsp70-z 7 100 0 54 873

Figure 2.1: Phylogenetic analysis of the Hsp70 horogues across thePlasmodium
species.Ch and Mw represents the chromosomal localizatind the molecular mass
respectively. In indicates the number of introm(®sent. Pi and AA represents the isoelectric
point and the number of amino acids respectivelye Blphabetical letters in the locus
column depict thePlasmodiumspecie: PFP. falciparum PBANKA; P. berghei PY; P.
yoelii, PCHAS;P. chabaudi PVX; P. vivax PKH; P. knowlesi The amino acid sequences
used in this figure were retrieved from PlasmoDBrsien 8.1 (www.plasmodb.org)
(Aurrecoechea, et al., 2009). Multiple protein sate alignments were carried out using
Clustalw (Larkin, et al., 2007) followed by phylogic tree construction. Pairwise amino
acid identities and similarities were calculatedhwieneDoc version 2.6 (Nicholas, et al.,
1997) using the Blosum 62 model. Note: The genermmbsomal locus foP. yoelii has not
been yet assigned and is indicated by the — (dagh)

Additional unique features relative to the otherpH3s in the same cluster include the
presence of a short N-terminal extension preditteoe a signal sequence (Figure 2.2), lack
of GGMP repeats at the C-terminus, and possess$ian BEVN motif instead of an EEVD.

The presence of a predicted signal motif potentialised doubts as to its previously

suggested cytosolic and nuclear localization (Shprét al., 2007). Recently, PfHsp70-x was
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shown to reside in both the parasitophorous vac{id§ lumen and exported to the infected
erythrocyte through non-PEXEL mediated mechanidtidzér, et al., 2012). Additionally,
Kulzer and colleagues hypothesized that PfHsp7Gy have arisen from a gene duplication
event of PfHsp70-1. It has been recently showndhmabst all unique genes i falciparum
possess introns (Sharma, et al., 2010) and thisnisistent with the observed lineage specific
evolution ofP. falciparumgenes (Sargeant, et al., 2006).

2.3.1.2 Hsp70 Domain organization

Hsp70 Proteins

Hs Sc Pf

HspA1A/AIB  Ssaf PfHsp70-1 — 3

(NP_005337.2) (YALOO5c) (PFO8_0054) Ll ATPASE [ PeptideBinding [ ] 677aa

HspA5 Kar2 PfHsp70-2 e S SDEL

(NP_005338.1) (YJLO34w)  (PFIOB75w) kel ATF [T Peptide Binding ] 652aa

HspA9 Ssc1 PfHsp70-3 —

(NP_004125.3) (YJRO45¢c)  (PF11_0351) Lol ATPASE [|  Peptide Binding [ ] 663aa

HspA6 Ssad PfHsp70-x S EEVN

(NP‘_)002146.2) (YER103w) (MAL7pP1.228) - ATPASE [] PeptideBinding [ ] 679aa

Sse-like/Hsp110 Proteins

HspA4 Sse2 PfHsp70-z " e

(NP_0021453) (YBR169¢c) (PF07_0033) L ATPASE 1 Putative Peptide Binding [] 873aa
KDEL

HYOU-1 Sse2 PfHsp70-y T Pove Petide Bing

(NP_006380.1) (YBR16Sc) (MAL13P1.540)DI IPEE L] tative Peptide Binding l il 932aa

= ATPase Domain
I Peptide Binding
[ Targeting Sequence

Figure 2.2: Schematic representation of the domain architectureof the P. falciparum
Hsp70 complement.Each protein sequence is represented by an opewithathe protein
locus indicated on the left hand side along witle tuman Id. sapieriHs) and yeast
(Saccharomyces cerevisi&e) orthologues. The number of amino acids in gadtein is
shown on the right hand side of the protein bae Various domains are depicted by blocks
within the protein sequence bar using differenbrl The key provides a short description of
the various domains and their corresponding cotmec Protein domains and associated
features were identified using a combination ofedént software including Prosite (Sigrist,
et al., 2010), SMART 7 (Simple Modular ArchitectiResearch Tool) (Letunic, et al., 2012),
and Phobius (Kall, et al., 2004).
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PFADEE0wW

PFAD110w PFADBT5w
[ Preoszow
3 : PFBO325w
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PFD0462w
0055
PFEUU‘-C‘I
PFE0040c PFEQ135w PFE1170w
50 r”
PFF1010c PFF1415¢c
6!
PFO7_0103
l T MALBP1.204
e '/ ! ALY
PFOB_0115 PFO8_0032 (/ MAL7P1.228
. ' PF11_0433
PFIO855 PFI985¢c
W PFpaSw PF11_0509
PF10_0381
S¢ ? PF11_0aa3/ PF11,0512
PF10_0032 PF10_0057a PF10_0378
\
10t - PF11_0513
PF11_0034 PF11_0099 PF11_0273 \\ﬁF11 0380
11c
PFLOO55¢ PFLO565w PFLOB15w PFL2550w
12c 3
PF13_0036  PF13_0102 MAL13P1.162 MAL13P1.277
PF14 0013 43¢ l
PF14_0111 PF14 0137 PF14_0213a PF14_0359

PF14_0700

14c

Figure 2.3: Chromosomal localization of theP. falciparum Hsp70s and J proteinsEach
chromosome is represented by an open bar withhtfmmsome number indicated on the left
hand side and the heat shock proteins annotateekalithe Hsp70s are depicted in green
except for MAL7P1.228 shown in pink. Parasite restcand exported J proteins are depicted
in blue and red colors respectively.

2.3.1.3 J proteins

A search for the entire J protein complement idieti a total of 49 J proteins iR.
falciparumrelative toP. vivax (n = 32), P. knowlesj (n = 31), P. chabaudj (n = 29), P.
berghej (n = 31), andP. yoelii; (n = 28) (Table 2.1). Previousl¥. falciparumhad been
reported to possess 43 J proteins while few homeedad been identified in the other
Plasmodiunmspecies (Acharya, et al., 2007; Botha, et al.,/2@argeant, et al., 2006). Of the
49 P. falciparumJ proteins, eight (PF14_0213, MAL13P1.162, MAL&®4, PF10_0057a,
PF11_0433, and PF14 0111, PFI0855w, and PFF1016® mewly identified and/or are
listed as DnaJ proteins in PlasmoDB (Aurrecoeckéal., 2009). Additionally, this study
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observed that the current protein models for PFB&28nd PF10_0058 which were
previously considered as J proteins, do not displdydomain and were therefore excluded.
Consistent with a previous study (Botha, et alQ7)0P. falciparumhas the highest number
of J proteins relative to oth&lasmodiunspecies (Table 2.1). The increase in the number of
J proteins identified relative to those previousdported can be attributed to the ongoing
annotation oPlasmodiungenomes. There are however 22 J proteins in yé&ash, et al.,
2004), 41 in humans (Kampinga and Craig, 2010)jn3®. gondii, and approximately 65

members infrypanosomes

Many proteins inPlasmodiumthat have been shown to be exported to the infected
erythrocyte compartment contain a short N-termiseguence referred to as fRkasmodium
export element (PEXEL) or vacuolar transport sighalS) (Hiller, et al., 2004; Marti, et al.,
2004). This motif is responsible for targeting (st proteins to the infected erythrocyte and
is conserved acro$dasmodiunspecies (Sargeant, et al., 2006). Several J psopEssess a
PEXEL motif and therefore th®. falciparumJ proteins were categorized into parasite
resident and exported J proteins on the basis grd@sence in the protein sequence. Of the 49
members of thé. falciparumJ protein complement, 19 possess a PEXEL motifvaeick
therefore considered to be exported. Sequencenadigts revealed that parasite resident J
proteins are highly conserved with almostRlfalciparumJ proteins having homologues in
the otherPlasmodiumspecies (Table 2.1). Additionally, several haveapue orthologues in
both yeast and humans (Figure 2.4). Multiple prosgquence alignments of each J protein
with orthologues acrosBlasmodiunshowed a high level of similarity and identity ilyipg

high structural and functional conservation. Corapige analysis of J proteins across the
Plasmodiumspecies showed th&. falciparumpossesses the highest number=(19) of
exported J proteins (Table 2.1). The observatia@t thost of the exported J proteins are
present only irP. falciparumis consistent with the existence of an expandgdrame inP.
falciparumrelative to the othelPlasmodiumspecies (Sargeant, et al., 2006; van Ooij, et al.,
2008). With the exception of five exported J pnosethat possess more than one intron, all
the others contain a single intron (Data not shovwngviously, it has been observed that
most parasite exported proteins, including expodtgaoteins, have similar gene structures
with the first intron occurring in the stretch edotg the spacer region between the signal
sequence and the PEXEL motif, or, less commonlywrdtream in the hydrophobic signal

section (Sargeant, et al., 2006). However, it ltadd noted that there are a number of
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exportedPlasmodialproteins that lack a PEXEL sequence (SpielmannGiftmerger, 2010)

indicating the existence of multiple protein exgmathways in malaria parasites.

Table 2.1:Comprehensive list of J proteins across thBlasmodium species analyzedlhe
table is subdivided into parasite resident and dergal protein complements. New members
identified are highlighted in bold foP. falciparum PF; P. falciparum, PVX; P. vivax
PCHAS;P. chabaudj PBANKA, P. berghej PY; P. yoelii.

Key:

Color Description

Type |

Type Il Parasite Resident
Type Il Parasite Resident
Type IV Parsite Resident
Type Il Exported

Type lll Exported

Type IV Exported
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PVX PKH PCHAS PBANKA | Pvx__ | PKH | PCHAS |  PBANKA |
PFDO462w | PVX_00077} PKH_03052( PCHAS_10079PBANKA_10070( PY0409
PF14_0350 | PVX_08465(PKH_13114{ PCHAS_06126PBANKA_06109( PY02476




2.3.1.3.1 Chromosomal localization and phylogenetic analysis

The gene structure and synteny of parasite resitipnvteins are highly conserved across the
Plasmodiumspecies. The chromosomal assignment of J protellesvs a similar pattern to
that of Hsp70s wittP. bergheiand P. chabaudihomologous J proteins showing the same
pattern of chromosomal localization. While homologd proteins . vivaxandP. knowlesi
are located on the same chromosome, those preseRt ifalciparum have a unique
chromosomal assignment pattern relative to the (i2ata not shown). Interestingly, genes
encoding the exported J proteins are localizedhm fubtelomeric chromosomal regions
compared to the unbiased distribution of the ptFassident counterparts (Figure 2.3) and
encode for proteins that have been implicated 8t bell remodelling and virulence (Maier, et
al., 2009; Matrti, et al., 2004; Sargeant, et &0&).

Phylogenetic clustering of the J protein complentead been carried out in a previous study
(Botha, et al.,, 2007). Here, phylogenetic analysss however conducted following an
increase in the number of J proteins reported is $kudy and removal of two J proteins
included in the previous study. This study consittyeobserved clustering of the exported J
proteins as previously reported (Figure 2.5) follayvinclusion of the additional new J
proteins identified. For example, MAL8P1.204, ardiadnal member of the exported J
protein members, clusters in the exported categatyle all the other newly identified
parasite resident J proteins cluster in the parasgident cluster. Additionally, consistent with
the study by Botha and colleagues, (2007), thremlmees of the parasite resident J proteins

clustered in the exported category (Figure 2.4).
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2.3.1.3.2 Domain organization

Hs Sc

DnaJA1  Ydj1

DnaJB11

DnaJB4
DnaJB13 Sis1?

DnaJC10
DnaJC16
DnaJC24 Jjj3
DnaJC21  Jjj1

DnaJC2  Zuo1
DnaJC23 Sec63

DnaJC20 Jac1

DnaJC4

DnaJ
DnaJ
DnaJ
DnaJC25

B12
B14
C18

DnaJC8

DnaJB6
DnaJB8

DnaJC19 Mdj2
DnaJC15 Pam18

Pf
PFD0462w 672aa [T Transmembrane Domain
CAAX [3—] JDomain
PF14_0359 [T 7 I Zi L] omi ] 424aa [CSARTT] SANT Domain
Thioredoxin Domain
PFF141 7 [[orsrPenzomz"] 38
se Bl LSl 3a0aa [C=EE= Coiled Coil
PFB0595w [ J [OFSITPEDZ DMz ]| 328aa [—Z] Zinc Finger-Like Domain
[SEEBL] Peptide Binding Domain of Type | Hsp40
DDEL
PF11_0099 [FS] 3 J[EFThemn [ ] 540aa [COWMi] Dimerisation Domain of Type | Hsp40
[ZPEBIT] Peptide binding domain of Type Il Hsp40
PF08_0032 L_DM2 ] Dimerisation domain of Type Il Hsp40
[=ERCES] BRL1 Domain of Sec 63 Orthologues
PFE0135w [ 7 PAbH137aa [=ZE0F] DPH/CSL Zinc Finger Region
[C75] Targeting Sequence
PF10_0057all 7 T H__ I EX] 796aa Internal Repeat Region
MEC Domain
PFLOB15W | I o C_J
939aa [ OUF_] D in of unk Functi
PF13_0102 AT 3 L] R ] ] 651aa PRESAN Domains
HSCB Domain
PFI0985¢c [ J [[HEE] 249aa [[€Z_] C2H2 type Zinc Finger
_ _ _ 1 41aa Unknown Domain
PF14_0137 [ T TFIFC—""""T] 381aa [=CE] Glycine/Phenylalanine/Serine rich region
PF10935w 370aa ' 500aa ommitted at this posltlon
TS
MAL13P1.277 3 [__T1[_]198aa
PFE1170w [T 7 T ] 532aa
PF11_0443 | [ [ ] 369aa
TS
*PF11_0443 [T T 321aa
PF10_0032 [ T3 T ]1425aa
*PFF1010c [1 J T IT]l 362aa
CcC
PF13_0036 [T 7 [—FqTT] 322aa
PFLO565w [ [[SBESS] ] 244aa
TS
PF07_0103 [[_IJ]115aa
PF08_0115 | — [ o1 | [ _]675aa '
PF11_0433|T!_'_CE:1 [ R [R] [T | E9 E_TR] I -

IR
PF14_0700 454aa
GFS

PF11_0273b [ "] [ 7 1640aa
PFI0855w | T ] 681aa
MAL13P1.162[C1 3 [______]247aa

PF14_0213 [ EL_——————_"]354aa

PF14_0111 [ T3] 568aa
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Hs Sc Pf
Sis1? PFE0055¢

PEXEL
[MIT 7 [EESIEEeZ] oMz T]402aa

Sis1? PFB0030c

[FC 2 [Corsol[Penz oMz 11 421aa
PEXEL

Sis1? PFA0660w [[TLJT J [[CESTEBCZ OM27T] 402aa

PEXEL

PEXEL
PF10_0378 [T ]__Presan__T ] [ 0] I T]911aa

PEXEL
PFB0920w [TT[J__PrRESAN T TJ [ 11 [ T]997aa

PEXEL
PFLO055¢ [T _Presan ] [LE€ ] J [ [ T]900aa

PEXEL cc
* PF11_0509 [_TT PRESAN __ JCC[ T [RTRLT 4 T [1 I€T] 1090aa

PEXEL

* PFA0110w [ T—PRESAN I1 | I [ cCT11085aa

PEXEL
T|

* PF11_0512 PRESAN [ ] [ J | [ ["]803aa

PEXEL

cc
* PFB0085c [[M[11 I I1 R e =1 [ECIT []900aa
PRESAN

PEXEL
* PFB0925w [T[LII | ] 606aa

PEXEL IR

* PFA0675w [CITLI] cC Eq —cc Jec] R [ R [TR] [

[ 11463aa

PEXEL
PF11_0513 [LIT] [ 31 Ir 1_[Ec714aa

PEXEL
* PF11_0034 1T [T I []566aa

PEXEL
* PF14_0013 [T J ] I [492aa

PEXEL cc
* PFE0040c [IF R 3 R DUF R T ]1434aa

PEXEL
* PFL2550w [II [ 0] [ 1469aa
PEXEL?

PEXEL
* PF10_0381 il J 391aa

PEXEL
MAL8P1.204[[T] [ J 1 [ [ ]961aa

Figure 2.4: Schematic representation of the domain architecturef the P. falciparum J
protein complement showing parasite resident J prains followed by exported J
proteins. Each protein sequence is represented by an operwiba the protein locus
indicated on the left hand side along with the hainfels) and the yeast (Sc) putative
homologues. The number of amino acids in each iprageshown on the right hand side of
the protein bar. J proteins designated by an akt€t) next to the sequence name indicate
that they have a corrupted HPD motif in their J-domThe various domains are depicted by
blocks within the protein sequence bar using difiercolors. The key provides a short
description of the various domains.
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Figure 2.5: Phylogenetic clustering analysis of the J proteinamplement. The amino acid
sequences used in this figure were retrieved frontasrRoDB version 8.1
(http://plasmodb.org/plasmo/) (Aurrecoechea, et @009). Multiple protein sequence
alignments were carried out using ClustalW (Larlahal., 2007) followed by phylogenetic
tree construction. The exported J protein clustdnghlighted in the blue color. The “*” sign
indicates a parasite resident J protein preseheiexported J protein cluster.

The P. falciparum genome unlike other eukaryotes is AT-rich and ati@rized by

nucleotide repeats (Gardner, et al., 2002). Adaddtly, relative to other eukaryotes, it
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encodes for larger sized proteins composed of aebliZamino acid composition and
prevalence of low complexity regions (LCRs) (Piand Frontali, 2001; Zilversmit, et al.,
2010). P. falciparumproteins are highly divergent and characterizednsgrtions of non-
globular regions that separate conserved adja@enéihs in homologous proteins (Pizzi and
Frontali, 2001). This feature makes domain iderdiion in Plasmodiumproteins difficult
using commonly available software derived from domanalysis of well characterized

eukaryotes.

There was an overall high percentage identity amdagity derived from multiple sequence
alignment of each J protein with homologs acrogsRlasmodiumspecies. This indicated
that there was a high level of conservation afpifeéein sequence level and therefore domain
identification was only carried out fdP. falciparum The domain organization of most
parasite resident J proteins appeared to be gnetahserved when compared to
homologues from well studied eukaryotes such astyead humans (Figure 2.4). Unlike the
high number of domains identified in humans andsy€Kampinga and Craig, 20109,
falciparum displayed relatively fewer domains probably retileg the associated difficulty
with domain identification. The exported J proteamhtained peculiar domains and domain
organization (Figure 2.4). For example, seven of #xported J proteins possess the
Plasmodium RESA N-terminal domain (PRESAN) (Oakley, et alQ02) also called
PRESAC but previously referred to as tReasmodiumhelical interspersed subtelomeric
(PHIST) domain that has been reported onlPllasmodiumspecies (Sargeant, et al., 2006).
Six of the PRESAN-containing exported J proteinsB8920w, PFL0055¢c, PF10 0378,
PF11 0509, PF11 0512, PFA0110w) also contain theCMBMESA erythrocyte
cytoskeleton-binding) domain (Kilili and LaCountQ21). In addition to MESA, the MEC
domain is also present in four (PFA0675w, PFB092BK10 0381, PF11 0034) other
exported J proteins (Bennett, et al., 1997; Kdiid LaCount, 2011) suggesting a possible
role of these proteins in the regulation of cytdstan functions. Almost all exported J
proteins encode a transmembrane domain upstreatmeoPEXEL motif. As the PEXEL
motif represents a cleavage site for plasmepsiBaddey, et al., 2010; Russo, et al., 2010),
the transmembrane domain functions as part ofigmalksequence recruiting the proteins to
the ER (Nilsson, et al., 1994).

Interestingly, whenP. falciparumJ proteins were submitted for analysis to the Midt

Expectation Maximization for Motif Elicitation (MEH; http://meme.nbcr.ngsuite (Bailey

and Elkan, 1994; Bailey, et al., 2006), a highlnserved unique 41-long amino acid stretch
39



(Figure 2.6) was identified in the C-terminus of 13roteins (Figure 2.5). This study has
termed this motif as the 41aa unknown domain (ledud). All J proteins containing 4laa
motif except PFO8_0115, fall in the exported catgg®his domain was also found in several

otherPlasmodiunproteins and the list is provided in (Table 2.2).

Hame Start  p-value

A MALAPL 204 BRI 1.73e-39 SFITELLTVI LYDIETTVRNASDKFLRDQSVDVYMRLKRAECMCILGKIMY KWVKTHEHNDY
PALOOSSC B30 2.29e-3% FMTMHILTLI IMDIEETTQYAASEVLRDECSVDENTRIKBAEALOTILOKIMO KWSLNVHERE
PFOB_D115 586  5.22e-39 VIIKNVLILY IMDIESTVREQATEKVIRDEDVNIETRLKRAECMKFLOGKLMD KWSKIKNDEC
PFIO_0378 B33 4.93e-36 DILDDIFTIV LCDIELTVRYAADRVIADECCHEEIRLERAECIKIVEONLMY HWAKIHHOOM
FFEOSZOW 918 1.760:3% DIICDALRLM IMDIESTVIDVARKRVLEDKAVREKIRLKRAEAMLILSNLML EISGISGIDF
PF14_0013 446 6.80e-33 ELLEIILNIN LCDIEETIRECAYNVLIDKTIVDASY SHRA BMNILGSLML ESSNE
PFBOOBSC B2S 1.92e-32 FMIKMIMNVY QGDIELTIRYVAAEKVLFDECSVDEKETQLERVEALEILOCHIMYE TCSHENENWE
PAL2550w 423 3.20e-32 DLLISILYIN VIDIEETVRNIAEVVLEDNDVNVRNTRSKRA BMELLGEMIL QHINV
PF11_0034 508 1.25e-30 TEVHETMTVYF LOIIESIVEVVAETVLYDESDDIKIRLERARCMMKLAILIMO KVARIRSEQE
PFI1_0513 634 4.77Te-30 SLMSTIVTLF LEIIECTVRTSCEMVLVELDVDEDTLFERAECMELLGQEMD KLAFKRHKEERS
PFADG7Sw 1418 3.6%e-29 EILBNILKII LODVETTVRERSAQEVLONAECDTHLMLEKRAKCLOSLOGKMIL QHVH
PRAOLIOW  BOI 2.17e-26 KIVEYIVDIS LYDIENTALMAAEQLLSDNSVDEKTLEKRAQSLEKLESIME RYAGGHENDK
PF11_0512 726 1.23e-22 SEVENLIKIA LSDIEYTIKTVCENILTEXGIDDITIKARAESINKLSYIIR QNILHGHNIK

Figure 2.6: Alignment of the conserved 41 amino acid motif idetified using the
Multiple  Expectation Maximization for Motif Elicitation (MEM E) suite
(http://meme.nbcr.net)A) Alignment of the J proteins sharing the identifiédmain. The
names of the J proteins are indicated in the ¢o&imn, the start indicates the start site of the
domain in the protein. The-values are also showB) The consensus amino acid sequence
motif highlighting highly conserved residues.
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Table 2.2: Comprehensive list of proteins possesgjithe 41aa unknown domain.

Name | Startp-value Sites

PFAO0675w 1418 |7.63e-46|El LRNI LKI I LCDVETTVRRSAQKVLONAECDTNLM_KRAKCLQSLCKM L QKVN
PFC1075w 237 7.63e-46|El LRNI LKI | LCDVETTVRRSAQKVLONAECDTNLMLKRAKCLQSLCKM L QKVN
PF11_0026 237 7.63e-46|El LRNI LKI | LCDVETTVRRSAQKVLONAECDTNLM-KRAKCLQSLCKM L QKVN
PFB0980w 237 7.63e-46|El LRNI LKI | LCDVETTVRRSAQKVLONAECDTNLM-KRAKCLQSLCKM L QKVN
PFF1520w 237 7.63e-46|El LRNI LKI | LCDVETTVRRSAQKVLONAECDTNLM-KRAKCLQSLCKM L QKVN
PFF0065c 237 7.63e-46|El LRNI LKI | LCOVETTVRRSAQKVLONAECDTNLMLKRAKCLQSLCKM L QKVN
PFO07_0002 237 6. 01e-45|El LRNI LKI | LCDVETTVRRSAQKVLONAECDTNLMLKRAKCLQSLCERM L QKVN
PFA0070c 229 8. 93e-45|El LRNI LKI I LCDVETTVRRSAQKVL QNAECDTNLVFKRAKCLQSLCKM L QKVN
PF10_0388 214 8. 93e- 45| El LRNI LKI | LCDVETTVRRSAQKVL QNAECDTNLMFKRAKCLQSLCKM L QKVN
PF11_0015 184 6. 04e- 44|El LRNI LKI | LCDVETTVRRSAQKVLONAECDTNLMFKRAKCLQSLERM L QKVN
PBANKA_ 122420709 1. 39e-37|SI | KNVLSLV LWDVESTTKGVAQKLVRDECGVDI NTRLKRAYALKQLGDMVL NLSKTEKDLF
PY02866 793 8. 94e-37|SI | KNI LSLV LWDI ESTTKEVAQKLVRDECGVDI NVRLKRAYALKQL CEMVL NLSKTEKDLF
PKH_011190 685 8. 94e- 37|11 I KNVLKVV LWDI ESTVRKVAEKVLRDECVSI ETRLORAKALKLLCKI ML RLSKTKKDVS
PVX_088225 750 2.97e- 36|11 1 KNVLKWV LWDI ECTVRKVAEKVLRDECVSI KVRLQRAKALKI LCKTM. KLSKTKKDIVS
PCHAS_122480 (725 3. 35e-35|SI I KNI LSLV LWDI ESTTKEVAQKLVRDEGVDI NTRLKRAYALKQLCGEI M NLSKTEKDLF
PFLO055¢c 830 3. 75e- 35| FMIVHI LTLI LWDI EETTQYAASRVLRDEGVDENTRI KRAEALQ L CKLMQ KWSLNVKSKK
PF08_0115 586 5. 19e- 34| VI | KNVLTLV LWDI ESTVRQATEKVI RDEDVNI ETRLKRAEGVKFL CKLMQ KWEKI KNDKC
MAL8P1.204 883 6. 98e-33|SFI | ELLTVI LYDI ETTVRNASDKFLRDQ=VDVYMRLKRAECMCI L CKLMYQ KWWKTKKNDQ
PFB0920w 918 1. 80e-31|Di | CDALRLM LWDI ESTVKDVAKRVLRDKAVRKKI RLKRAEAMLI LCNLML El S@ SA DF
PF10_0378 833 4. 24e-30|D LDDI FTI V LCDI ELTVRYAADRVLRDECCNKEI RLKRAEC KI VENLMN KWAKI KKQQM
PF11_0034 508 7. 95e- 30| TFVKTMIVYF LDI | ESI VRWAETVL YDESDDI KI RLKRARGMKKL G LMQ KVARI RSEQF
PF10_0382 100 7. 95e- 30| TFVKTMIVYF LDI | ESI VRWAETVL YDESDDI KI RLKRARGMKKL G LMQ KVARI RSEQF
PYO03711 434 1. 10e- 28| TVWETM.NI C LI DI DQT1 KGVCKKVFTDVEBVDENVRKARAESLI VLAKI MK KVI QEYTKNN
PFB0085c 825 1. 83e- 28| FM KNI KNV QDI ELTI RYAAEKVLFDECVDKETQLKRVEALEI LCENI MK TCSKENKNWE
PF14_0013 446 2.16e-28|ELLKI I LNI N LCDI EETI RECAYNVLKDKTVDASV SKRA RVNI LCSLML ESSNE
PFL2550w 423 2. 35e-28|DLLI SI LYl N VYDl EETVRNI AEVWWLRDNDVNVNTRSKRA RVRLLGSM L QKI NV
PBANKA 123820457 2.56e- 28| TWETM-N C LI DI DQTI KGVCKKVFTDVEVDENVRKTRAESLI VLAKI MK KVI QEYTKNN
PCHAS_123860 475 1. 35e- 27| TWETM:N C LI DI DQTI KGVCKKVFTDVBVDESVRKARAESL I VLAKVIVK KVI QEYTKNN
PF11_0513 634 8. 01e- 27| SLMSTI VTLF LSI I ECTVRTSCKMWLVELDVDKDTL FKRAECGMKL L COKMQ KLAKRKKEKS
PFA0110w 801 1. 02e- 23| KI VSYI VDI S L YDI ENTALNAAEQL L SDNSVDEKTLKKRAQSLKKLSSI ME RYAGGKRNDK
PF11_0512 726 1. 55e- 22| SFVKNLI KI A LSDI EYTI KTVCENI LTEKC DDI TI KARAESLNKLGYI I R QNI LKGKNI K

2.3.2 The intraerythrocytic Plasmodial Hsp70-J protein chaperone machinery

This study was biased towards the intraerythrocstiage of parasite development; the stage
associated with clinical malaria symptoms. Indeegberimental investigations on the Hsp70-
J protein chaperone machinery have mainly focusethe erythrocytic stage of the parasite
life cycle. It is expected that various Hsp70-Jtgiro partnerships occur in several cellular

compartments present in the parasite and infectgldrecyte (Figure 2.7).
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Figure 2.7: A diagrammatic representation of an inécted erythrocyte depicting the
various compartments and organelles present.

2.3.3 Cytoplasm and Nucleus

PfHsp70-1 is the most studied of the six Hsp70 Hogwes encoded by the genomeRof
falciparum It is highly expressed throughout tRefalciparumlifecycle and localizes to the
parasite cytoplasm and nucleus (Biswas and Shdr@®s; Joshi, et al., 1992; Pesce, et al.,
2008). It potentially interacts with several cytlicd proteins (Figure 2.8) in roles that may
span protein synthesis, associated protein foldimd) refolding, protein translocation across
membranes, and degradation of terminally misfolgeateins among others (Bell, et al.,
2011; Mayer and Bukau, 2005; Meimaridou, et alQ®0Previously, PfHsp70-1 chaperone
activities have been extensively studied usmgitro andin vivo assays (Matambo, et al.,
2004; Shonhai, et al., 2005; Shonhai, et al., 20R8¢ently, using a yeast model, PfHsp70-1

was shown to be involved in cytosolic protein hostasis including protein translocation,
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ER-associated protein degradation and also proteétom cellular oxidative stress (Bell, et
al., 2011). These findings place PfHsp70-1 at thaetre-stage of cytosolic proteostasis
possibly playing a critical role in parasite sualivPfHsp70-z is predicted to be cytosolic
thus potentially playing a role as a NEF for PfH3{d7(Shonhai, et al., 2007).

PfHsp70-1 [/ @ Key

E PfHsp70-1
pfja E MAL13P1.277 PpFEF1010c ;
Membrane

‘ associated J proteins O& PFLOS15Sw
i i i - - - -
Ribosome biogenesis Parasite Ubiquitination & dPF10_0057a
& Protein synthesis = =
cytoplasm protein degradation

s '\.J_Protein
PFBO595w?" () unfolding
PfHsp70-1
% |'. Proteasome

Fe binding/ DPH biosynthesis?

‘%

PFEO135w

Protein refolding

PfHsp40

Figure 2.8: The roles of several J proteins in the cytoplasmiand nucleus.Diagrammatic
representation of the J proteins predicted to eesidthe cytosol and nucleus and their
potential interactions with PfHsp70-1. The putatiokes like protein synthesis, refolding, and
degradation are shown. Intracellular membrane &stsalc) proteins depicted in a dashed box
enclosure could recruit PfHsp70-1 to distinct |lomag within the cytoplasm. A key is
provided on the right hand side depicting the déife unique drawings not labeled in the
diagram.

A great number of J proteins are predicted to lesojic even though very few have been
experimentally characterized. PF14 0359 (PfHsp40hamologous to yeast Ydjl, and

localizes in the cytosol and, similarly to PfHspT,Os upregulated upon heat shock (Botha, et
al., 2011). Through in vitro assays, PfHsp40 was ahown to stimulate PfHsp70-1 ATPase
activity and cooperatively assist its ability toppuess protein aggregation, indicating a
possible functional interaction between the twopananes (Botha, et al., 2011). Proteomic
studies have revealed that both PfHsp70-1 and RfHswe phosphorylated (Wu, et al.,
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2009). PfHsp40 contains a C-terminal CAQQ motif evhiunctions in protein isoprenylation
(Clarke, 1992; Zhu, et al., 1993), a modificatibattmediates the association of yeast, Ydj1,
and the planitriplex nummulariaAnjl, J proteins, with different intracellular mbranes
(Caplan, et al., 1992; Zhu, et al., 1993). As Yhlgk previously been shown to play a role in
mitochondrial protein import (Caplan, et al., 19892d PfHsp70-1 could functionally replace
the yeast Hsp70 equivalent, it is tempting to sfaeuthat PfHsp40 could represent the
centre-stage for recruiting PfHsp70-1 to membrdnegunctions such as protein import in
the ER (Figure 2.9) and mitochondrion (Figure 2.10)

PFLO565w (Pfj4) localizes to the parasite cytosad anucleus and its expression is
upregulated in response to heat shock (Pesce,,e2(dl8; Watanabe, 1997). It has been
shown to occur in a common complex with PfHsp7Qdgesting a possible direct or indirect
interaction (Pesce, et al., 2008). In addition4R¥as upregulated in parasites isolated from
clinical samples (Pallavi, et al., 2010). While tioée of this J protein is not well understood,
it has been suggested to be involved in cytopramtecagainst thermal stress, protein
translocation across membranes, DNA replication agwghir, and translation initiation
(Pesce, et al., 2008). Using in silico analysis gedst two-hybrid studies, the yeast Sislp
homolog, PFB0595w, has been predicted to interaetctty with PfHsp70-1 and other
putative proteins including antigen 332 (PF11_050Wyosin-like protein (PFF0675c),
PfHsp40, and ubiquitin protein ligase (MAL8P1.2Bayithra, et al., 2007). The predicted
interaction between MAL8P1.23 and PFB0595w may ynaptole for this J protein in protein
degradation via the proteasome (Figure 2.8). Wisetleare is no functional data on this J
protein, the yeast counterpart, Sisl, is requiagdttie initiation of translation (Zhong and
Arndt, 1993) and prion propagation (Higurashi, et 2008). MAL13P1.277 is another
highly conserved J protein across ®lasmodiumspecies although its homologue is absent
in P. yoelii It lacks a putative signal sequence but has digiezl transmembrane domain
and it is likely that it is membrane associated(iF¢ 2.8).

PFLO815w is a homolog to the yeast Zuol J proteid has a predicted DNA binding
domain at the C-terminus. It has been shown tadgreficantly upregulated ifP. falciparum

isolates from malaria patients (Pallavi, et al.1@0 Yeast-two hybrid and expression
analyses indicated that PFL0O815w was possibly wreain the transcriptional machinery and
RNA processing (Figure 2.8) as it was predictethteract directly or indirectly with several
proteins (Pallavi, et al., 2010; Zhou, et al., 200®luding PF14_0230 (Ribosomal protein
family L5, putative) (Bischoff and Vaquero, 2010)daMAL13P1.14 an ATP dependent
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DEAD box helicase (Zhou, et al., 2008). Zuol hasnbeharacterized as an RNA-binding and
ribosome-associated J protein that interacted 84, a yeast Hsp70 homolog (Pfund, et al.,
1998; Yan, et al., 1998). Zuol and another J pmot#jl, in partnership with Hsp70 have
been shown to mediate the biogenesis of ribosomegeast (Albanese, et al., 2010).
PF10_0057a is the Jjj1 homologkn falciparumand possesses two zinc fingers (C2H2) at
the C-terminus. Its function is not known but itgoeession is upregulated in sporozoites.
PFEO0135w is another J protein and an orthologuhefyeast Jjj3 and the human DnaJC24
(Dph4) J proteins. Jjj3 and Dph4 are specializpdbfeins that play a role in the biosynthesis
of diphthamide (DPH), a conserved posttranslationadification of translation elongation
factor, eEF2 (Liu, et al., 2004; Thakur, et al.12p) Recent studies have shown that Dph4
performs both J-domain dependent (possible recemtnof partner Hsp70 to specific
cytoplasmic sites and stimulation of its ATPasavég) and independent (Fe-binding and
oligomerization) cellular functions (Thakur, et,a2012). It remains to be experimentally
validated whether such functional interactions aokés potentially exist irPlasmodium

species.

2.3.4 Endoplasmic reticulum (ER)

Through co-translational translocation, the ER fioms as the site for synthesis and
trafficking of secretory and plasma membrane pnsta eukaryotic cells. Newly synthesized
proteins cross the ER membrane into the ER lumeeravthey are folded, assembled and
posttranslationally modified to acquire a functibsanformation (Kleizen and Braakman,
2004). However, as an ER quality control measueeminally misfolded proteins are
retrotranslocated from the ER into the cytosol degradation via the ubiquitin-proteasome
system through a process known as ER-associaterhd#mpn (ERAD) (Ellgaard and
Helenius, 2003).

Processes carried out by the ER including protegimthesis, associated trafficking and
degradation are carried out with the help of ERdesg molecular chaperones. BiP
(immunoglobulin heavy chain binding protein) isEBR resident Hsp70 that cooperates with
different ER J proteins in protein translocatiompductive folding, and degradation of
proteins through ER-associated degradation (ERAIydard and Helenius, 2003). There
are twoP. falciparumHsp70 homologues that localize to the ER: PFIO8BWsp70-2/
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PfBiP) and MAL13P1.540 (PfHsp70-y) (Kulzer, et &009; Kumar, et al., 1991; Kumar, et
al., 1988; Van Dooren, et al., 2005).

Co-translational ER lumen
translocation

L0 Retrotranslocation

Ribosomes

Parasite cytoplasm

Figure 2.9: Protein co-translational translocation and retro-translocation between the
cytoplasm and the ER.A diagram representing the co-translation traratioa of proteins
resident-in  and trafficked-through the endoplasnmeticulum and the associated
retrotranslocation of proteins targeted for degtiada PfHsp70-1 potentially interacts with J
proteins like PfHsp40 and assists in the co-traéiosial translocation of proteins to the ER
through the protein conducting channel (PCC) eméédd the ER membrane (ERM). PfBip
and Pfj2 potentially associate with the translooconthe ER lumen where they capture and
pull translocating polypeptides and refold them. &s ER quality control mechanism,
terminally misfolded proteins are retrotranslocatesm the ER through an ER-associated
degradation (ERAD) translocon to the cytosol wilkle thelp of both ER and cytosolic
chaperones.

The passage of nascent polypeptide chains thrdwegER is mediated by a highly conserved
protein conducting channel (PCC) (Simon and BlobE®91) (Figure 2.9). Several
components of the protein translocation machinamnehbeen identified iR. falciparumand

an ER protein translocation model has been sugfegdteteja, 2007). Similar to other
eukaryotes, thdé>. falciparumPCC is composed of various proteins of which tfigeP
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protein complex translocon is a major componenttdji) 2007). PfSec is a heteromeric
protein complex comprising Sec6l (Se¢6Mall3P1.231, Secfl Mal8P1.51, Sec6l
PFB0450w), Sec62; (PF14_0361), and Sec63; (PF12)0R5ec63 is a conserved J protein
across thé’lasmodiumspecies and other eukaryotic cellular systembagt three predicted
transmembrane domains and potentially interact® WitBiP during the translocation of

polypeptide chains across the ER membrane transi@adeja, 2007).

PF11 0099 (Pfj2) and PF08 0032 are predicted ERlenetsJ proteins, which contain a
putative N-terminal signal sequence. Pfj2 additigndears a possibly non-functional
putative PEXEL motif that lies adjacent to the HRDLif of its J-domain and a C-terminal
DDEL ER retention signal. PFO8_0032 has an extemtleerminus before the J-domain that
contains a predicted transmembrane domain dowmstodathe signal sequence indicating
that it may be membrane bound (Figure 2.9). Boja &fid PFO8 0032 are predicted to have
a thioredoxin domain whereby this domain is chanamed by a -CHSC- motif present after
the G/F rich region in Pfj2 that is similarly presén ERd}5, a human ER resident J protein.
ERdj5, however, contains four thioredoxin-like dansaand functions as a co-chaperone of
BiP (Braakman and Otsu, 2008; Cunnea, et al., 2B@3pda, et al., 2003; Ushioda, et al.,
2008). ERdj5 was shown to have disulfide bond rexec activity, and accelerated ERAD
through its functional interactions with EDEM (ERegtadation—enhancing alpha-
mannosidase—like protein) and BiP. Both Pfj2 an@8B032 may interact with PfBiP and
fulfill general ER protein folding, refolding, an&RAD (Figure 2.9). Experimental
verification of the localization of these J protitheir potential interactions with PfBiP, and

possible roles are yet to be elucidated.

2.3.5 Mitochondrion

In eukaryotes, the mitochondrion is an essentigamelle that houses a number of
biochemical pathways including iron metabolism amddative phosphorylation (Hatefi,
1985). The structure of th&lasmodium mitochondrion consists of outer and inner
membranes and two aqueous compartments of then@tebrane space (IMS) and the matrix
(Rudzinska, 1969). The erythrocytic stage ®flasmodium displays a remodeled
mitochondrial carbon and energy metabolism with w©lgegulation of mitochondrial

enzymes and relies almost entirely on glycolysiogMand Kita, 2010; Olszewski, et al.,

a7



2010; van Dooren, et al., 2006). Since the ~6 ktmechondrial genome has reportedly only
three protein-coding genes (Feagin, 2000), the mtyjof the mitochondrial proteins are
nuclear-encoded and synthesized by cytosolic rimeso Mitochondrial precursor proteins
are delivered to the organelle by virtue of a dpetargeting N-terminal leader presequence
(Neupert, 1997; Pfanner and Geissler, 2001) orutfttoother mechanisms (van Dooren, et
al., 2006). AP. falciparummitochondrial protein translocation model has presly been
constructed based on homologues of well studiechrgokic models (van Dooren, et al.,
2006) (Figure 2.10).

Chaperones resident in the mitochondrial matriXxsase protein translocation across the
mitochondrial membrane, their refolding, and asdgniildayer and Bukau, 2005; Neupert
and Brunner, 2002). They additionally help in protsorting, removal of signal sequences,
and degradation. The mitochondrial Hsp70-J proté@perone machinery may therefore be
involved in protein translocation to the mitochdadand assistance in their refolding (Figure
2.10). TheP. falciparum mitochondrial matrix Hsp70 (PF11_0351/PfHsp70-3d ats
putative co-chaperones such as Tim44 (PFl1l_026H)E GPF11 0258) and PfPaml8
(PFO7_0103) provides the machinery required foritmgort of proteins into the matrix. In
yeast, the mtHsp70 Sscl binds to short hydrophsdgnents of the incoming polypeptide
chains and is tethered to the protein import chilbpeéhe peripherally associated membrane
protein Tim44, where it undergoes a regulated Heuyat the protein import channel (Liu, et
al., 2003). Unlike yeast which has two J proteirani18/ Tim 14 and Mdj2) associated with
the protein import motor on the mitochondrial matR. falciparumappears to possess one;
PF0O7_0103. This membrane associated J protein t@itgncooperates with PfHsp70-3

during the import process.

Upon successful translocation, the leader pepsdeldaved by a mitochondrial processing
peptidase (van Dooren, et al., 2002). A subsetngforted proteins requires additional
assistance by mitochondrial chaperonins Hsp60 (PEF1%8) and Hsp10 (PFLO740c/ Cpnl0)
(Sato and Wilson, 2005) (Figure 2.10). Indeed, Bis3 may interact with GrpE, Hsp60,
Clpp (PF08_0063), PFF1415c; a J protein, among otheteips as predicted using the
STRING protein interaction network resourcett://string-db.org/ (Szklarczyk, et al.,

2011). In yeast, Mdj1l, a mitochondrion matrix Jtpmo, primarily assists the mtHsp70
functions in protein folding, stress protection addgradation thereby modulating its
substrate protein spectrum (Martin, 1997; Walstglgt2004). InP. falciparum PFD0462w

(Pfj1), has previously been predicted to possass#t@hondrion import signal and therefore
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thought to reside in the mitochondrion matrix (Wetlae, 1997). However, this has not been
experimentally validated. Jacl, is another yeagtratein that resides in the mitochondria
matrix and is involved in the assembly of Fe/S tis in proteins and iron metabolism
(Craig and Marszalek, 2002; Voisine, et al., 20(AKI0985c is proposed to be the Jacl
homolog inP. falciparum predicted to reside in the mitochondrion matrixg(ffe 2.10).
However, it has to be noted that the Fe/S clustagemesis has also been proposed to occur
in the apicoplast (Kumar, et al., 2011; Seeber2200he functional J partner(s) of PfHsp70-
3 in the mitochondrion d?. falciparumremains to be experimentally elucidated.

Protein
translocation

Parasite cytoplasm

PfHsp407%

~> ) PfHsp70-1

Translocation

Fe/S cluster biogenesis

PFIOSSSC%

Figure 2.10: Protein import and refolding in the mitochondrion. Upon synthesis,
mitochondrial preproteins are directed to the oefjarby topogenic signals. The signals are
recognized by receptors on the outer mitochondni&inbrane (OMM) and unfolded possibly
by the cytosolic Hsp70-J protein system then pieskeno the general import pore; a
constituent of the translocase of the outer men@@®M) complex. The preproteins are
then translocated from the TOM complex through ititermembrane space (IMS) into the
translocase of the inner membrane (TIM) complex cWwhis embedded in the inner
mitochondrial membrane (IMM). PfHsp70-3 assistshie general protein import into the
matrix in association with PfPam18 and refoldinghwmitochondrial resident J proteins.
Protein refolding is also carried out by the Hsp&W10 chaperone complex.
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2.3.6 Apicoplast

The apicoplast is a non-photosynthetic organellé ianevolutionarily homologous to the
plant plastid that is found in most members of phglum Apicomplexa(McFadden, et al.,
1996). It is surrounded by four membranes (Kohégral., 1997) and provides essential
functions to the parasite including heme biosyntheype Il fatty acid biosynthesis, and
deoxyxylulose-5-phosphate pathway for isoprenoidatmaism (Gardner, et al., 2002; Lim
and McFadden, 2010; Ralph, et al., 2004). It isdtoge indispensable (Dahl, et al., 2006;
Fichera and Roos, 1997) and represents a validatgdnalarial drug target (Wiesner and
Seeber, 2005). Different models have been suggesteexplain how nuclear encoded
apicoplast targeted (NEAT) proteins reach the gpasi outer membrane, traffic through the
four membranes, and enter the lumen of the apisbfielsner, et al., 2011; Foth, et al.,
2003; Karnataki, et al., 2007; Parsons, et al.,7200onkin, et al., 2008; Waller and
McFadden, 2005; Waller, et al., 2000) (Figure 2.1dijial experiments showed that luminal
apicoplast protein targeting is a two step procesxiated by a bipartite N-terminal
presequence that consists of a signal peptidentoy ento the secretory pathway and a transit
peptide for subsequent import into the apicopl&stligh, et al., 2004; Waller, et al., 1998;
Waller, et al., 2000). This, however, may not be thse for the outer apicoplast membrane

proteins (Karnataki, et al., 2007).

The involvement and possible role of Hsp70 chapesom protein trafficking to the
apicoplast has generated debate (Blatch and Pi#ib&011; Misra and Ramachandran,
2010; Ramachandran, 2011). Previously, it has lseggyested that enrichment of Hsp70
putative binding sites is an important featurePoffalciparumtransit peptides (Foth, et al.,
2003; Rudiger, et al., 1997). Of the $¥x falciparumHsp70 homologues, none have been
experimentally detected or predicted to carry th&eaplast targeting signals. The correct
folding, refolding and assembly of luminal apicagtlaroteins mainly depends on the type |
chaperonin system with Cpn60 and its co-chaper@un20 as its major components (Sato
and Wilson, 2005; Sato and Wilson, 2004) (Figuel 2.Pfj1 and PFF1415c are the only two
J proteins that have been predicted to be targetdue apicoplast. Recent experimental data
suggested that Pfj1 localizes in the apicoplastn{y et al., 2010) which contrasts with a
previous mitochondrial prediction (Watanabe, 199%7jj1 has an elongated C-terminal
domain that lacks any significant homology with Wwmoproteins. Kumar and coworker’s

proposed that Pfj1 is a DNA-binding protein capaifl®inding the apicoplast DNA origin of
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replication sites thus fulfilling a role in DNA rkgation (Kumar, et al., 2010). Whether there
is a Hsp70-J protein machinery in the apicoplastaias to be experimentally elucidated,

especially in the light of an Fe/S cluster biogen@sumar, et al., 2011) in this organelle.
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Figure 2.11: Protein import and refolding in the apicoplast. Proteins targeted to the

apicoplast lumen usually possess an N-terminalgepic signal comprised of signal peptide
and a transit peptide (Lang, et al.,, 1998; Walletr,al., 2000). The signal peptide is
responsible for cotranslational import into the EBRen. Here, the signal peptide is cleaved
off exposing the transit peptide that helps distisy apicoplast proteins from secretory
proteins. The proteins are then packaged into Mssiwan Dooren, et al., 2001) that bud
from the ER membrane (ERM) and are delivered toeghiplastid membranes (EPM) also
referred to as the outer plastid membrane. Follgwiusion of apicoplast targeted vesicles
with the EPM, the proteins are delivered in theiglastid space where they are possibly
unfolded and fed into an ERAD-like (ER-associatedrddation) translocon (Sommer, et al.,
2007; Spork, et al., 2009) located in the perijpdlastembrane (PPM). The transit peptide
dictates translocation into the three inner memésaamnd is cleaved upon protein entry into
the apicoplast lumen. Transport of proteins from preriplastid compartment (PPC) to the
apicoplast lumen is most likely mediated by traoators similar to those found in

chloroplast (Gould, et al., 2008). These comprise translocator of the outer chloroplast
membrane (TOC) and translocator of the inner clplaisi membranes (TIC) complexes
localized in the outer envelope membrane (OEM) thredinner envelope membrane (IEM)
respectively. Upon translocation, proteins are nid&tly refolded by the Cpn60/Cpn20

cochaperonin system.
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2.3.7 Parasitophorous vacuole

Upon entry into erythrocytes, the parasite esthbfisitself within the parasitophorous
vacuole (PV) surrounded by the PV membrane (PVMjt throvides a biochemically
permissive barrier between the parasite and trexted erythrocyte cytoplasm. It represents
an avenue for trafficking of parasite proteins e erythrocyte compartment. Alternative
models have been suggested on how exported protellesving entry into the classical ER
secretory pathway, reach the PV compartment (Bqddewl., 2009; Crabb, et al., 2010)
(Figure 2.12). Proteins involved in infected ergityte remodelling traffic through PEXEL
and non-PEXEL mediated export mechanisms that anserved across thRelasmodium
species (Hiller, et al., 2004; Sargeant, et alo62Gpielmann and Gilberger, 2010; van Ooij,
et al., 2008). The exported proteins that lack XEPIEmotif are referred to as the PEXEL-
negative exported proteins (PNEPSs) (Spielmann aittlee@er, 2010). A model to explain
how soluble and non-soluble PEXEL-containing prwtdiravel from the PV compartment to
the erythrocyte cytoplasm has been developed fatiguhe discovery of th€lasmodium
translocon of exported proteins (PTEX) that locadiat discrete foci in the PVM (de Koning-
Ward, et al., 2009; Haase and de Koning-Ward, 200)ereas little is known about the
roles of the highly abundant chaperones identifredhe PV (Nyalwidhe and Lingelbach,
2006), it has been suggested that they maintaiteipsoen route to the infected erythrocyte in
a translocation competent form. PfHsp101 (PF11_YPisra ClpA/B-like ATPase from the
AAA1 superfamily that was shown to be a core congmbrof the PTEX translocon (de
Koning-Ward, et al., 2009). PfHsp101 is thoughb&responsible for unfolding of proteins
destined for export, a requirement for exportedgins (Gehde, et al., 2009), and feeding
them into the translocation pore (de Koning-Watdlg 2009). It is speculated that a human
Hsp70 on the erythrocyte cytosol assists in thestoecation and refolding of the exported
proteins (de Koning-Ward, et al., 2009).

2.3.8 Infected erythrocyte cytosol

Mature erythrocytes are optimally adapted for oxygad carbon dioxide transport and lack
protein synthesis and trafficking machinery as wadl most organelles. Using proteomic
approaches, Hsps have been shown to be part @rytierocyte proteome (Roux-Dalvai, et
al., 2008) among them are the Hsp70s and the &ipsof(Table 2.3). The Hsp70-J protein
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machinery has been suggested to be part of sepatialvays including protein synthesis,
folding, post-translational modification, as wels grotein transport, metabolism, and
erythrocyte cell death (D’Alessandro, et al., 200@hereas these functions fall well within
the roles of chaperones, it is debatable whethéhalidentified Hsp70s and J proteins are all
genuine components of mature erythrocytes or soreeireompletely degraded during
maturation of reticulocytes. Indeed, it has beeggssted that some proteins that are not
essential or may not be functional in the matuggheocytes are not degraded due to energy
costs (Roux-Dalvai, et al., 2008). HSPA1A, commamrtierred to as host-Hsp70 (HsHsp70),
is among the Hsp70 homologues present in the egyte cytosol that is easily detected in
both infected and uninfected erythrocytes (Banugath al., 2002). It bears a C-terminal
EEVD motif but lacks the GGMP repeats that are gmesn PfHsp70-1 (Banumathy, et al.,
2002).

Table 2.3: The Hsp70 and the Hsp40 complement in rae uninfected erythrocytes.
The names, molecular mass (Mm) in Daltons, andsthelectric points (pl) are listed.

Description Mm pl
Hsp70 family
HSPAS8 Isoform 1 of Heat shock cognate 71 kDa protein 71082.31 5.37
HSPB1 Heat shock protein beta-1 22825.51 5.98
HSPA1B;HSPA1A Heat shock 70 kDa protein 1 70294.14 5.48
HSPA4 Heat shock 70 kDa protein 4 95095.61 5.18
HSPBP1 Isoform 1 of Hsp70-binding protein 1 40189.83 5.13
HSPA1L Heat shock 70 kDa protein 1L 70730.47 5.76
HSPAG6 Heat shock 70 kDa protein 6 71440.4 5.81
HSPA14 Heat shock 70 kDa protein 14 55444.31 5.41
HSPA2 Heat shock-related 70 kDa protein 2 70262.97 5.56
HSPH1 Isoform Beta of Heat shock protein 105 kDa 92969.79 5.42
J-protein family
DNAJB2 Isoform 3 of DnaJ homolog subfamily B member 2 35672.45 5.69
DNAJA2 DnalJ homolog subfamily A member 2 46343.83 6.06
DNAJC9;MRPS16 DnalJ homolog subfamily C member 9 30062.16 5.58
DNAJB1 Dnal homolog subfamily B member 1 38191.43 8.74
DNAJC17 Dnal homolog subfamily C member 17 34780.18 8.61
DNAJB4 DnalJ homolog subfamily B member 4 38011.22 8.65
DNAJC8 DnalJ homolog subfamily C member 8 29823.42 9.04
DNAJC13 Dnal homolog subfamily C member 13 256538.2 6.28
DNAJB6 Isoform A of Dnal homolog subfamily B member 6 36121.89 9.17
DNAJA4 Putative uncharacterized protein DKFZp686G2074 48616.73 7.88
ZRF1 Isoform 2 of DnalJ homolog subfamily C member 2 66115.75 9.08
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Parasite

Key
‘ PF10_0381

cytoplasm . Vesicular
transport 3 PF11_003¢
g PFB0925w l
~II“""” oy ! g PFAO0110w (RESA)
PfHsp70? . w PF11_0509
J proteins? w. Proteins
‘ residentin PV J PFB0920w

Figure 2.12: A diagrammatic representation of the suctural components and protein
trafficking machinery from parasite’s cytoplasm to infected erythrocyte compartment.
Proteins destined for export and secretion intopghesitophorous vacuole (PV) reach the
parasite plasma membrane (PM) through vesiclessellvesicles fuse with the PM and
release their contents into the PV. Here, a hypigddechaperone machinery potentially
exists that may assist in general proteostasisariPlV and may include Hsp70 and J proteins.
Export proteins are then unfolded and fed intottheslocon of exported proteins (PTEX) (de
Koning-Ward, et al., 2009). Upon translocation irttte erythrocyte cytosol, exported
proteins are refolded and those destined for thealon@ne like PfEMP1 are shuttled through
vesicles and maurer’s clefts (MC) to the infecteggleocyte membrane (IRBCM). Several of
the exported J proteins are potentially associatgtth vesicles, J-dots, MC, and the
erythrocyte cytoskeleton. The refolding and tramspoocess inside the infected erythrocyte
cytosol involves interaction of several of the estpd and host J proteins with host Hsp70s or
potentially, an exported Hsp70. A key is provideebidting the different drawings not
labeled within the diagram.

Following its entry into the uninfected erythrocythe parasite modifies the erythrocyte
cytoplasm by generating various membranous strestuncluding the tubulovescular
network (TVN) (Elmendorf and Haldar, 1994), Mauseclefts (MC) (Przyborski, et al.,
2003; Tilley, et al., 2008), mobile vesicles (Hasset al., 2010; Hibbs and Saul, 1994) and
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J-dots (Kllzer, et al., 2010) (Figure 2.12). Addlally, the surface of the plasma membrane
of infected erythrocytes is characterized by p&sasiduced knobs comprising protein
complexes of the knob associated histidine-ricitgano(KAHRP) (Crabb, et al., 1997). The
knobs anchor the antigenically diverse falciparum erythrocyte membrane protein
(PfEMP1) (Leech, et al., 1984) to the erythrocyytoskeleton. The PfEMP1 protein family
is responsible for the adherence of these paregigzythrocytes to other erythrocytes and to
the vascular endothelium (Baruch, et al., 1995; &ual., 1995) hence preventing splenic
clearance (Miller, et al., 2002).

The biochemical characteristics of host Hsps indityghrocyte cytosol and their distribution
is significantly altered upon parasite entry (Baatimy, et al., 2002). Banumathy and co-
workers observed that upon infection, host chap@are recruited into membrane-bound,
detergent-resistant complexes in infected cellsikankheir soluble nature in normal
uninfected erythrocytes (Banumathy, et al., 2002)e export of J proteins and PfHsp70-x
(Kulzer, et al., 2012) to the infected erythrocgtampartment expands the Hsp70-J protein
partnerships inside the infected erythrocyte cytoBtHsp70-x is exported by the parasite
through non-PEXEL mediated mechanisms to the evgthie cytoplasm compartment. The
localization of PfHsp70-x in the PV and also in théected erythrocyte cytoplasm allowed
for the revision of the previous model. Previoughhas been suggested that exported J
proteins potentially associate with erythrocyteidest human Hsp70 and together the two
chaperones regulate translocation and refoldingaosite exported proteins once they have
crossed the PVM. However, the question of whethgrodged J proteins interact with
erythrocyte Hsp70s is still speculation. Previouglyras been demonstrated that alteration of
the signature HPD motif in J-domains abolishes Bsp7protein interaction thereby
suggesting that the exported J proteins with thesation would not interact with Hsp70s in

a canonical manner (Botha, et al., 2007).

A significant number of the exported J proteinsenawrelatively high expression at both the
merozoite and ring stages of parasite developmantuding PFE0055c, PFB0090c,
PFB0920w, PF11 0509, RESA, PFB0085c, PF11_ 0513, RiRt4 0013. This timely
expression appears to be in tandem with the neeasbtablish trafficking machinery upon
entry into the “new home”. Apart from playing aeadh translocation of exported proteins,
exported J proteins are important for the creatidnparasite-derived structures in the
cytoplasm of infected erythrocytes and remodelbhgnfected erythrocyte surface: processes

considered essential for parasite virulence andivglr Two exported J-proteins, namely;
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PFEO055c and PFA0660w, were found to be tightlyo@ased with J-dots in a manner
dependent on cholesterol (Kilzer, et al., 2010esEhJ proteins potentially play a role in the
loading and transport of exported proteins inclgdffEMP1 in these vesicle-like structures
that were also shown to be highly mobile (Kilzérale 2010). Indeed, a role for cholesterol
rich domains in the delivery of PfEMP1 to the irteat erythrocyte surface has been
previously reported (Frankland, et al.,, 2006). Reécexperiments have observed that
PFB0090c, another exported J protein, co-localzgd KAHRP, PFEMP1 and PfEMP3 and
suggested its potential involvement in chaperorkngb assembly (Acharya, et al., 2012).
The crucial role played by certain exported J pnsten the architecture modulation of
infected erythrocytes was recently observed thrdoghk-of-function mutant studies (Maier,
et al., 2008). Of interest in Maier and coworkexgeriments was the finding that exported
proteins are required to modify the physical prtpsrof infected erythrocytes, in particular,
the correct assembly of knobs and trafficking dEMP1 to the infected erythrocyte surface.
They also observed that while the expression aéxjdorted J proteins could be disrupted,
falciparum knock out mutants of three other exported J pnst¢PFA0660w, PF11 0034,
and PF11 _0509) were not viable suggesting thatttiese proteins may play essential roles.
Furthermore, their analysis revealed that PF10_OB8Iimportant for correct surface

presentation of PFEMP1 and assembly of knobs aitflieeted erythrocyte surface.

RESA localizes to the erythrocyte membrane andsiadhe repeat 16 @fspectrin via a 48
residue long region and thereby stabilizes spetgtiamers and thus increasing cytoskeleton
and overall thermal stability of infected erythreeynembranes (Da Silva, et al., 1994; Foley,
et al., 1994; Pei, et al., 2007; Silva, et al., 200While targeted gene disruption of RESA
resulted in a significant reduction in membraneidity of infected erythrocytes, the
disruption of PFB0920w, caused a significant inseean membrane rigidity (Maier, et al.,
2008). This indicates that certain exported J jmetare essential in determining the overall
membrane architecture of infected erythrocytes. @BEkc, PF14 0013, RESA, and RESA
like J proteins have been found to be expressedinical isolates (Acharya, et al., 2009;
Pallavi, et al., 2010) and additionally RESA expres is upregulated in placental parasites
(Tuikue Ndam, et al., 2008). MESA is a 250 to 3@akphosphoprotein produced in the
early trophozoite stage and is associated withrfeeted erythrocyte cytoskeleton (Coppel,
et al., 1986; Coppel, et al., 1988). It colocalizeish parasite induced knobs but is not
required for knob formation and cytoadherence (Bete et al., 1989). Mapping studies have
shown that MESA associates with the erythrocyteoskgleton by binding to the
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phosphorylated form of protein 4.1 (4.1 R; band, £PB41), a host protein that helps in
regulating the erythrocyte membrane mechanical gtms (Lustigman, et al., 1990).
Prevention of MESA interaction with protein 4.1 hlasen shown to cause cytoplasmic
accumulation leading to parasite death (Magowam).et1995). MESA binds to protein 4.1
through the MEC domain present near its N-termi(Bennett, et al., 1997; Kilili and
LaCount, 2011). MESA has been recently shown topteferentially upregulated .
falciparumfield isolates infecting children and pregnant veomand may therefore play an
important role in childhood malaria pathogenesig(¥éli, et al., 2011).

Apart from RESA and MESA, several other MEC domeamtaining J proteins may be
anchored or associated with the erythrocyte cylesie or membranes possibly playing
additional specialized structural roles (Figure22.Indeed, some J proteins are tightly bound
to detergent resistant membranes in the erythrocytesol implying that transmembrane
domains may not be essential for membrane assmtia most of the exported ones do not
possess any (Figure 2.5). Six MEC domain contaidimgoteins have a PRESAN domain
that has previously been predicted to form a comgdnlical bundle (Oakley, et al., 2007).
The PRESAN and the MEC domains which are locatgdcadt to each other on the N-
terminus may provide the platform for associatioithwthe erythrocyte cytoskeleton.
Adjacent to these two domains is the J-domain badii kDa unknown domain which has a
significant number of charged residues. It has bmeygested that less conserved charged
regions which lie mostly at the C-terminus of thdgeroteins comprise the exposed surface
that may play a role in protein-protein interacid@akley, et al., 2007). It appears therefore
that these J proteins localize to various focihat ¢ytoskeleton and at the parasite induced
structures and they serve to recruit potential lspdrtner(s) for folding and transport of
exported proteins to their destinations (Figure2R.They may additionally play a critical

role in maintaining the infected erythrocyte cytelgton during heat stress.

Experimental studies on J proteins B. falciparum have mostly focused on the
intraerythrocytic (ring, trophozoite, and schizostages of parasite development. However,
while certain J proteins will be expressed at t@ltjes of parasite development, others may be
stage specific or highly expressed at a particstizge. For example, PFL2550w (PfGECO;
falciparum gametocyte erythrocyte cytosolic protein) is apaied gametocyte-specific J
protein localized in the erythrocyte cytoplasm (Blwen, et al.,, 2011). Morahan and
colleagues observed through gene disruption th&ERO is not essential for both

gametocytogenesis and targeting of other exportthetpcyte proteins to the infected
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erythrocyte (Morahan, et al., 2011). Other exampesighly expressed J proteins at the
gametocyte stage include PF14 0213, PFF1010c, k&t8 P036 (Le Roch, et al., 2003).

Overall, the parasite Hsp70-J protein machinessgential for development of the parasite in
both the host and the vector and that certain teim® may have specialised roles at specific

stages.

2.4 Conclusion

The comparative side-by-side analysis of the Hs@fk J proteins dPlasmodiumspecies
infecting rodents and primates has served to Igbhlicertain key features of the.
falciparum chaperone systenP. falciparum has an expanded and diverse J protein
complement and an Hsp70 isoform that is not encodledthe genome of the other
Plasmodiumspecies (PfHsp70-x). The recent observation tfids@70-x islaverania sub-
genus (sub-genus comprisifg falciparumand its sister specid¢& reichenow) specific, is
exported, and associates with exported J proteiogtzes it for further studies on its role in
protein export (Duval, et al., 2010; Kulzer, et @D12). The biased localization of exported J
proteins at the subtelomeric regions of chromosoameksthe possession of unique domains
raises questions about their potential roles amerantions with Hsp70s following export.
Indeed, the exported J proteins appear to be lahgrtargets based on their uniqueness and
the lack of human homologues. Overall, efforts gdatowards the identification and
validation of potential drug targets will requirdu@dation of thePlasmodiumHsp70-J
protein chaperone partnerships and a detailed desization of their structure and
biological function. Additionally, investigationsto the roles that this chaperone machinery
plays in other lifecycle stages including the livend mosquito stage of the parasite
development will provide better insights into tluder of this chaperone machinery. Further,
the observed PEXEL containing J proteins in theeoBlasmodiumspecies relative t®.
falciparum and the lack of an exported Hsp70 homologue rajsestions related to the
chaperoning of exported proteins in this species.
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CHAPTER THREE

Cell biological and biochemical characterization
of Pfj1
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3.0 Introduction

The genome oP. falciparumencodes a large complement of J proteins, twolothvhave
been classified as type | (Botha, et al., 2007)tHete, PfHsp40 is the canonical type | that
was recently shown to reside in the cytosol and praposed to be a cochaperone for
PfHsp70-1 (Botha, et al., 2011). Pfj1, on the othand, is considered atypical since it
possesses an extended C-terminal domain that isimdar to other canonical homologues
found in this class in other organisms includingnlans. The uniqueness of Pfj1 makes it a
potential drug target. It also has an extendedrhiteal region before the J-domain that is
considered a signal sequence implying that Pfj1 n@yreside in the cytosol. This J protein
was recently shown to localize to the apicoplasteahy raising questions regarding its roles
and interacting partners (Kumar, et al., 2010). Kumnd coworkers proposed Pfjl to be a
DNA-interacting protein that plays a role in th@lreation of the apicoplast genome and has
very few if any chaperone roles in this organeKerfar, et al., 2010). Their experiments
further proposed that Pfj1 is synthesized as akDEpreprotein that is processed to a mature
69 kDa protein that was detected through westemlyais, thereby suggesting that the
current annotated gene model for Pfjl in PlasmoBBncorrect (Kumar, et al., 2010).
However, as discussed in sections 2.3.5 and 2f36apter two, the localization of Pfjl is
controversial and forms the basis of the studyildetan this chapter. The validation of its

localization would pave way for further cell biologl and biochemical characterization.

Earlier, Pfi1 had been proposed to reside in thechondrial matrix following in silico
prediction of a mitochondrial import signal at tReerminus (Watanabe, 1997). Pfj1 has also
been suggested to be a homologue of Mdjl in yeadthdid-1 in humans and that its
transcription is low but is slightly upregulatedléoving heat shock (Acharya, et al., 2007,
Botha, et al., 2007; Watanabe, 1997). Both Mdj1 lafhidl-1 reside in the mitochondria with
the former playing an important role in mitochomdlrbiogenesis and in the folding of
imported proteins especially at high temperatuR®Aey, et al., 1994). Sequence analysis
has shown that Pfjl is highly conserved am&tasmodiumspecies (Kumar, et al., 2010).
Complementation experiments of the J-domain of R#fja dnaJcbpA mutantE. coli strain
have shown that it has a functional J-domain (Nlial al., 2007). Additionally, through in
vitro assays, Pfj1 was shown to functionally motrildne chaperone activities of PfHsp70-1
(Misra and Ramachandran, 2009). While Pfj1 may alofunot reside in the cytosol, the

latter study implied that it may possess cochapemmoperties and interact with an Hsp70.
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This observation raises questions regarding italimation and potential Hsp70 partnerRn
falciparum To date, none of the Hsp70s encoded byRhfalciparum genome have been
localized in the apicoplast. It is possible thgtlRfould co-localize with an Hsp70 partner
due to determination of chaperone activity. Theppsge of this study was to verify the
localization of Pfj1 for further functional characization. Bases on the in silico prediction
that Pfj1 may reside in the mitochondria (Watandl®97), this study included a preliminary
characterization of the mitochondrial Hsp70 (PfH38) as partner for Pfjl. PfHsp70-3
possesses a putative mitochondrial pre-sequencehaseen shown to phylogenetically
cluster with mitochondrial Hsp70s from other eukdity organisms and cytosolic Hsp70
homologues of prokaryotic origin (Shonhai, et 2007). However, to date, no experimental

data exists regarding this Hsp70.

3.1 Objectives

This study aimed to verify the localization of Pfhd PfHsp70-3 in the intraerythrocytic
stage of development @&. falciparum Further, the study aimed to heterologously expres

and purify these proteins for biochemical charazagion.
Specifically, this study aimed

i. To express and purify recombinant Pfjl protein famtibody production and
subsequent characterization.

ii. To engineer transfection plasmids that encode fiarfBsed with either GFP or strep-
tag Il to be subsequently used for localization.

iii. To engineer transfection plasmids that encode feisp70-3 fused with GFP and
determine the localization of PfHsp70-3.

iv. To express and purify recombinant PfHsp70-3 proteior subsequent
characterization.

3.2 Materials and methods
3.2.1 Heterologous production of recombinant Pfj1 protein

3.2.1.1 Plasmid construct coding for 6xHis Pfj1 protein
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To express and purify recombinant 6xHis-tagged Pfftein, a plasmid construct, pQPfj1-
Ntruncated was kindly provided by Dr Botha (Bioneadi Biotechnology Research Unit,
Rhodes University, South Africa). The pQPfjl-Ntrated plasmid contains a codon
optimized Pfj1 coding sequence and encodes forHasétagged Pfj1 protein referred to here
as Pfilm (m for mature) that lacks the N-terminegion coding for the first sixty amino
acids before the start of the J-domain (Appendix T)e integrity of the new pQPfjl-

Ntruncated plasmid construct was confirmed throDdA sequencing.

3.2.1.2 Induction studies for the production of Pfjlm

TransformedE. coli M15[pREP4] cells containing the pQPfj1-Ntruncatgldsmid were
selected by plating onto 2x yeast tryptone (YT)rggates containing 10Qg/ml ampicillin
sodium salt (Sigma-Aldrich, Germany) and h@/ml kanamycin sulfate (Sigma-Aldrich,
Germany) (Appendix F7 and F8). Subsequently, oolatisd colony from the YT agar plate
was inoculated into 25 ml of YT broth containing01Qg/ml ampicillin and 50ug/mi
kanamycin followed by overnight incubation at 37tCa shaking incubator. The overnight
culture was diluted 10x and incubated at 37°C ghaking incubator. At & of 0.6, a pre-
induction sample was collected and protein expoesgias induced with 1 mM isopropf-
D-1-thiogalactopyranoside (IPTG) (Peglab, GermaRyst induction samples were collected
at 1 hour intervals up to 5 hour and thereafteloaernight sample was also collected. In
addition to theE. coli M15[pREP4] cells, th&. coli XL1-Blue (Stratagene, USA) and JM109
(NEB, UK) strains were also used for Pfilm expmsstudies. The growth conditions such
as temperature and IPTG concentration were alsed/do optimize the expression. A
negative control comprising of the pQE30 plasmicttoe without any insert for the

expression of Pfjlm was included.

Samples obtained were treated with sample buff@%(1glycerol, 2% SDS, 5%p—
mercaptoethanol, 0.05% bromophenol blue, 0.0625rM, PH 6.8) (Laemmli, 1970) and
boiled for 5 min. They were then analyzed using 12PD6—PAGE and Western blotting onto
a nitrocellulose membrane (Dassel, Germany) acegrtti standard protocols (Appendix F9
and F10) (De Blas and Cherwinski, 1983; GershodiRalade, 1982; Towbin, et al., 1979).
The membrane was blocked for 1 hour at room tenyeraising 5% (w/v) non—fat powder
milk in Tris—buffered saline—Tween (TBST); (50 mMis pH 7.5, 150 mM NacCl, 0.1%
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(v/v) Tween-20). The membrane was subsequentlybeted in 5% (w/v) non—fat powder
milk in TBST containing appropriate primary antilesl overnight at € on a rocking
platform. The membrane was washed three times atitGte intervals with TBST followed
by incubation in 5% (w/v) non—fat powder milk in BB containing specific secondary
antibodies for 1 hour at room temperature on aingcglatform. The membrane was washed
as above and the proteins were detected by chemiscence using the enhanced
chemiluminescence (ECY) western blotting kit (GE Healthcare, UK) as péret
manufacturer’'s instructions. Images were acquirsthgi the Chemidoc imaging system
equipped with Quantity one software version 4.8ib{Rad, USA). For Western detection,
the mouse anti-His (1:5000) (Santa Cruz, USA) pryreatibody was used for the detection
of Pfjilm. The detection of Pfjilm was also carried @sing the mouse anti-Pfj1 polyclonal
antibody (1:2500 dilution; see section 3.2.3.1 dietails). Horseradish peroxidase (HRP)-
conjugated goat anti-mouse (1:5000) (GE Healthd#iKg,secondary antibody was used.

3.2.2 Cell biological characterization of Pfj1 and PfHspD-3

3.2.2.1 Peptide directed anti-Pfj1 antibody design and prodction

The amino acid sequence of Pfj1 was obtained freaan®oDB version 8.1 (Aurrecoechea, et
al., 2009) and aligned with other reportBd falciparumJ proteins to identify potential
regions for antibody production. Unique peptideioag, in particular within the C-terminus,
comprising of 10-15 amino acids were identified. &wid cross-reactivity of the antibody
with human and othd®?. falciparumproteins, the identified peptides were used asiegméor
any local alignments with predict@doteomes oP. falciparumandH. sapiens Strings of 5-

6 amino acids were also used in the searches ami®odies normally recognize epitopes of
short stretches of amino acids in a polypeptideénchas a general criterion to choose the
peptide, regions that are predicted to be surfap@sed, soluble, have high peptide chain
flexibility, possess hydrophilic amino acid strezsh and have high charge density were

assessed.
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Pfj1 (672 aa)

MLALRILRRKVCSEHFLFERSFFTQS IKGKNGCLVTRYDRNKLLFYYKRNINTSRKCLNODPYTVL
GLSRNATTNDIRKQFRLLARKYHPDINPSPDAKQRMASITAAYELLSDPRRKKEFYDKTGMTDDSNY
ONHSS ERNIRL
NVRVS
VRFQTRNITLDIPPGIKKGMOMRIPNQGHCGYRGGKSGHLFVTINIEPHKIFRWVDDNIYVDVPLT
IRQCLLGGLVTVPTLNGDMDLLIRPRTYPNSERILKGKGPCKVDSENNGDLI I
QVELIEEFNTIELNLPNPQTNVKQOKRKNIYETKGNINENIFSMNNTYNNMKGPEGETSNTOAKSMRN
ONWNNEKSVNNKGTISKDERKINMRNNHINERSNLEKNSSHMDTNKNEENMSDDERKKIKKIIPEPP
MPHTHRIVNNLESKNSCNIPIPPPPPRSSSKPISENONISNREENGVINNSAKLDNNINMNYSCDP
YRNVTONDLNNNDNIKNKIYKDNTNISNHHIFRKNDNINQQOFHCADNSSENNNESDMNTTSTFSFA
KKWISDKLKPKN

Key
/\ J-domain A G-Frich region AZinc finger A Selected peptide sequence

prood62w  CRESHRIBEREIER  (14aa)

Figure 3.1: The amino acid sequence depicting the conserved dams and the
identification of the unique peptide for the designof the Pfjl antibody. Regions that are
predicted to be surface exposed, soluble, have bpigbtide chain flexibility, possess
hydrophilic amino acid stretches, and have highrgdadensity were assessed using the
GeneRunner software (version 3.05; Hastings Soétviae.). The peptide selected was used
to query the predicted human aadalciparumproteomes.

The protein sequence of Pfjl was assessed usinglgamithm for determining peptide

antigenicity (Hofmann and Hadge, 1987; Hopp and Wpd981; Jameson and Wolf, 1988),
surface probability (Emini, et al., 1985), hydrdpatiKyte and Doolittle, 1982) and chain

flexibility (Karplus and Schulz, 1985) as provideg the GeneRunner software (version 3.05;
Hastings Software Inc.). Regions rich in lysine anginine were discarded as many malaria
proteins are rich in these amino acids. An epitopgion in the C-terminus (Figure 3.1) was
selected and synthesized by the GenScript CorporéRiscataway, New Jersey, USA). The
GenScript Corporation further used the synthespeptide to raise antisera in mice after

collection of pre-immune serum and subsequentlifipdrthe fractions using protein A.

3.2.2.2 Parasite culture

P. falciparum (clone 3D7) was cultured using vented flasks iB74C incubator that was
supplied with nitrogen gas ¢Nmixture containing 5% (v/v) carbon dioxide (g@nd 5%
(v/v) oxygen (Q). The parasites we propagated in human erythre@tt@ hematocrit of 4%

64



in RPMI 1640 medium containing 25 mM hepes and ut&hine (Whitehead scientific,
South Africa) supplemented with 0.5% AlbumaxIl (G USA), 0.4% (w/v) glucose
(Merck, USA), 200 mM hypoxanthine (Sigma-Aldriche@&any) and 50 pg/ml gentamicin
(Sigma-Aldrich, Germany) as described previouslsager and Jensen, 1997). Human blood
used for parasite culture was drawn by a nurseviatlg informed consent from healthy
donors at the Ampath laboratories (GrahamstownitSAfrica). The serum and buffy coat
from the whole blood was discarded following iditentrifugation (3200 xg, 5 min). The
hematocrit was processed by washing it severalstimgh RPMI 1640 medium lacking
Albumaxll. Asynchronous parasites were routinelgcdyonized to the ring stage through the

sorbitol lysis method as previously described (Lemsland Vanderberg, 1979).

3.2.2.3 Preparation of P. falciparum lysates and detection of Pfj1

Synchronized parasites at the trophozoite stage Wwarvested through centrifugation (800
Xg, 2 min) and treated on ice for 7 minutes with%. (w/v) saponin (Sigma-Aldrich,
Germany) in phosphate-buffered saline (PBS; 137 MN&CIl, 2.7 mM KCI, 10.3 mM
NaHPQO,, 1.8 mM KHPQO, pH 7.4), to enable lysis of erythrocyte membranes
Subsequently, intact parasites were collected lyribggation (2800 xg, 5 min) and the
supernatant discarded. The parasite pellet wasedaséveral times with ice cold PBS to
remove hemoglobin and saponin. This method of epgifiie membrane lysis was maintained
throughout the study unless otherwise stated. Tketpwas then diluted in reducing and
denaturing sample buffer (Laemmli, 1970) and bofl@d5 minutes. Proteins were resolved
by 12% SDS-PAGE followed by Western blotting ontoitocellulose membrane (Dassel,
Germany) according to standard protocols (Appeidi®) (De Blas and Cherwinski, 1983;
Gershoni and Palade, 1982; Towbin, et al., 197B¢ processing of the western membrane
and subsequent detection was carried out as deddntsection 3.2.1.2 except that 3% (w/v)
bovine serum albumin (BSA) in TBST was used in @lat5% (w/v) non—fat powder milk in
TBST. Primary antibodies used included anti-Pfj12%D0 dilution) and anti-PfHsp70-1
(1:5000 dilution) as a positive control. The anii#Bp70-1 antibody used here had been
raised in rabbits and was a kind gift from Dr. Admen Shonhai, Rhodes University
(Shonhai, 2007). HRP-conjugated goat anti-mousg0(QD dilution) (GE Healthcare, UK)
and goat anti-rabbit (1:5000 dilution) (Cell signgltechnology, USA) secondary antibodies

were used.
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3.2.2.4 Pfj1 and PfHsp70-3 constructs for transfection

Pfj1 Nterm (1-60)

Pfj1-GFP | Pfj1 Full (1-672) [ GFP |
Str/epTag
Pfj1-strep | Pfi1 Full (1-672) ]

PfHsp70-3 Nterm (1-40)

PfHsp70-3_Nterm-GFP | [ GFP |

PfHsp70-3 Nterm (1-40)

PfHsp70-3_GFP | |  GFP | PfHsp70-3 (61-663) ]

Figure 3.2: Schematics representation depicting the design afansfection constructs for
Pfj1 and PfHsp70-3.

To engineer transfection plasmids for the locailabf Pfjl and PfHsp70-3, the predicted
signal sequences were identified through in siinalysis conducted in section 2.3.1.3.2. The
N-terminus regions before the J-domain of Pfj1 bafbre the ATPase domain of PfHsp70-3
were considered sufficient to carry the signal seges and were used for fusion tagging
with GFP at the C-terminus (Figure 3.2). Additidpakhe full length sequences of both
proteins were also tagged with GFP (Figure 3.2; seetions 3.2.2.4.1 and 3.2.2.4.2).
However, the full length sequence of Pfj1 was ader&d for fusion tagging with the strep-

tag Il at the C-terminus.

3.2.2.4.1Pfj1 constructs for transfection

Three plasmids were designed (Figure 3.2) and aaistd for Pfjl through PCR
amplification fromP. falciparum genomic DNA and subsequent cloning into the pARL2-

GFP plasmid. The reverse primers were designethfify the coding sequence without the
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stop codon to allow for the fusion of the tagsha&t €-terminus. The full length Pfj1 sequence
encoding amino acid 1-672 was amplified using tbevard primer (PFJ1_ATG X; 5'-
GGCTCGAGATGTTAGCTTTAAGAATATTAAGAAGAAAGG-3’) containing a Xhd
site  (highlighted in bold) and reverse primer (PHRUI_A R; 5-
GGCCTAGGATTTTTTGGCTTTAACTTATCAGATATC-3’) containing an Avrll site
(highlighted in bold). The amplified Pfji1 PCR pratluwwas gel purified and digested with

Xhd-Avrll and ligated into theXhd-Avrll restricted pARL2-GFP vector creating

pARLZ_Pfj11'672-GFP construct referred here in as Pfj1-GFP. ThRIGAGFP plasmid was

kindly provided by Dr. Jude Przyborski, Philipps itkrsity, Marburg, Germany. This
plasmid is under the control of tire falciparumchloroquine resistance transporter (PfCRT)
promoter. The predicted Pfj1 N-terminal signal satue coding for amino acid 1-60 was also
PCR amplified using the forward primer (PRJ1_ATG_X; 5'-
GGCTCGAGATGTTAGCTTTAAGAATATTAAGAAGAAAGG-3’) containing a Xhd
site  (highlighted in bold) and the reverse primerPFJ1+60 A R; 5-
GGCCTAGGTTGATTTAAACATTTTCTTGAAGTATTTATATTTC-3’) containing an
Avrll site (highlighted in bold). The amplified Pfj1-términus PCR product was gel purified
and digested witiXhd-Avrll and inserted into th&had-Avrll restricted pARL2-GFP vector,

creating pARLZ_Pfji'60-GFP plasmid herein referred as Pfj1-Nterm-GFP.

Further, to generate a construct coding for thelémgth Pfj1 fused to the strep-tag Il at the
C-terminus, the Pfjl coding sequence was PCR aiegliising the forward primer;
PFJ1_ATG_X, and reverse primer; (Pfj1_Strep 5'-
CCCGGGTICATTTTTCGAACTGCGGGTGGCTCCAATTTTTTGGCTTTAAC-3). T
Xmd restriction site in the Pfj1_Strep primer is Highted in bold and the sequence coding

for the strep-tag Il is underlined. The amplifiefIPPCR product was gel purified and
restricted withXhd-Xmad and subsequently ligated inXhd-Xmd restricted pARL2-GFP
vector creating the pARL2-Pfj1-Strep plasmid comstrherein referred as Pfjl-strep.
Diagnostic restriction digests were conducted feld by DNA sequencing to confirm the
integrity of the generated constructs.
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3.2.2.4.2PfHsp70-3 construct for transfection

Two plasmids were designed (Figure 3.2) and coodufor PfHsp70-3 through PCR
amplification fromP. falciparum genomic DNA and subsequently cloned into the pARL2
GFP plasmid. The plasmids for PfHsp70-3 were desigo encode for the signal sequence
and the full length fused to GFP. Here, while thedpcted signal sequence was fused to GFP
at the C-terminus, the full length was engineeretth \&n internal GFP sequence inserted
between the signal sequence and the ATPase doifigurd 3.2). Fusing the GFP towards
the C-terminus was avoided as it could affect tHhedbmain and potential interaction with
other proteins. To engineer a plasmid construcingpfbr the signal sequence fused to GFP,
the N-terminus region coding for amino acid 1-40sveanplified through PCR using the
forward primer; (PfHsp70-3_Nterm_AT&had 5'-
CGCTCGAGATGGCATCACTCAATAAAAAGAAC-3") containing a Xhd site
(highlighted in bold) and the reverse primer; (RiA3-3_Nterm_ RewWpnl 5'-
GCGGTACCGGAAGCTCTATTGCGATTTATC -3') containing &pnl site (highlighted in
bold). The amplified PCR product was gel purifieddadigested withXhd-Kpnl, and
subsequently ligated into th¥hd-Kpnl restricted pARL2-GFP vector creating pARL2-

Pstp70-§'40-GFP plasmid herein referred as PfHsp70-3_Nterm-GFP

To create a plasmid encoding the full length PfHIsR7described above, Rst restriction
site was initially introduced before tt&ma restriction site in the pARL2-GFP vector. The
GFP sequence was amplified through PCR using theafd primer (pARL2-GFP_ATG_
Kpnl 5-GCGGTACCATGAGTAAAGGAGAAGAACTTTTC-3') containing theKpnl site
(highlighted in bold) and the reverse primer (pARGEP_RevPst 5'-
GACCCGGRTGCAGTTTGTATAGTTCATCCATGCC-3) containing thePst site
(highlighted in bold) and th&mad site (underlined). The pARL2-GFP_Rdst lacked the
stop codon present in the GFP sequence. The PGRigirvas gel purified and restricted
using Kpnl-Smd and ligated intoKpnl-Smad restricted pARL2-GFP vector creating the
pPARL2-GFPPst plasmid. The PfHsp70-3 signal sequence was thbolened into this new
vector using the primers PfHsp70-3_Nterm ANMBd (forward) and PfHsp70-
3_Nterm_RevKpnl as described above. This resulted into an intdrate plasmid referred
to as pARL2-GFRRst-PfHsp70-3Nterm. The PfHsp70-3 sequence lacking stgmal
sequence but with a stop codon was then PCR apwlifsing the forward primer (PfHsp70-
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3_Full_ATG_Pst 5'- GGCTGCAGGGAGATATCATAGGTATTGATTTAGG-3)
containing the Pst site (highlighted in bold) and the reverse prim@fHsp70-

3 Full RevSpH  5-GOGCATGCTTATGCATTATCTTTATTTTCTTCAGC-3)
containing theSph site (highlighted in bold). The amplified PCR gduxt was subsequently
gel purified, restricted usingst-SpH and ligated intd’st-SpH restrictedpARL2-GFPPst-
PfHsp70-3Nterm plasmid creating the pARL2_PfHsp7@1340 GFP_41-663) plasmid
herein referred as PfHsp70-3_GFP. Diagnostic mt&in digests were conducted followed
by DNA sequencing to confirm the integrity of thengrated plasmids.

3.2.2.5 Parasite transfection

Plasmid DNA for parasite transfection was prepausthg the Qiagen plasmid maxi kit
(Qiagen, Germany) according to the manufacturessructions. Plasmid DNA (150 pg) was
resuspended in 300 ul of cytomix buffer (120 mM KEL5 mM CaCl, 2 mM EGTA, 5 mM
MgCl,, 10 mM KHPQ,, KH,POy, 25 mM hepes, pH 7.6) (van den Hoff, et al., 1982, et
al., 1995) and transferred to a 0.2 cm gapped refgmtation cuvette (Bio-Rad, USA).
Synchronized ring-stage parasitized erythrocyte®-40% parasitemia were collected by
centrifugation (800 xg, 2 min) and washed once vattomix buffer and subsequently
transferred into the electroporation cuvette caomg the plasmid DNA. The mixture (400
ul) was electroporated using the GenePulser XégBio-Rad, USA) set to a voltage of
310V and a capacitance of 950 uF. Electroporatetples were immediately mixed with
complete culture media and fresh erythrocytes vestged to give a 5% hematocrit and
transferred into a T25 culture flask. Cultures weraintained without drug selection for 5
hours and subsequently on 2.5 nM WR99210 drug (&igidrich, Germany) permanently.
As a positive control for the GFP line, the pARLE® plasmid was also transfected and
maintained under similar conditions. The integafythe WR99210 drug was assessed using
the parental 3D7 parasite line. The PFB0595w-GRERBmid was used a positive control (see
section 4.2.4 for details). Parasite transfectiod anaging was carried out with the kind
assistance of Dr. Jude Przyborski at the DepartroémRarasitology, Philipps University,

Marburg, Germany).
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3.2.2.6 Live cell imaging and western analysis of transfeants

For live imaging of GFP transfectant parasites, dblbs were harvested from culture and
washed once with pre-warmed incomplete media. Twese then resuspended briefly in
incomplete media containing 10 pug/ml Hoechst 33g&E§ma-Aldrich, Germany) for DNA
staining and with 20 nM MitoTracker red (MoleculBrobes, USA). MitoTracker Red
(chloromethyl-X-rosamine) is a mitochondrion-seleetfluorescent probe (Terasaki, et al.,
2001). They were subsequently resuspended into lebenmedium after centrifugation (800
Xg, 2 min). The parasites were imaged at room teatpe (25C) within 30 min of
mounting under a coverslip on to a glass slideuginol00x oil-immersion objective. Images
were acquired using an Axio Observer inverse emilacence microscope system equipped
with Axiovision 4 software (Zeiss, Jena, Germangyan AxioVert.Al equipped with Zeiss
efficient navigation (ZEN) imaging software (Zeiggna, Germany) with both microscopes
being operated under the appropriate filter setsges of trophozoite stage parasites were
captured even though parasites at the ring ana@uhstages were also examined. Parasite
lysates were generated from both the wild type #rel transfectant lines and assessed
through western blotting as described in secti@?333. Primary antibodies including rabbit
anti-GFP (1:2000) (Santa Cruz, USA) and rabbit -Bfiisp70-1 (1:5000) polyclonal
antibodies were used for western detection. HRRugated donkey anti-rabbit (1:5000)
secondary antibody was used.

3.2.2.7 Indirect Immunofluorescence microscopy

To study the localization of GFP in the Pfjl trawént lines relative to the apicoplast, the
acyl carrier protein (ACP) was used as a marker tog apicoplast. For indirect
immunofluorescence microscopy, the 3D7 parentakliand GFP transfectants were cultured
as described in section 3.2.3.5. The parasites haneested at the trophozoite stage from
culture by centrifugation (800 xg, 2 min). The & cell pellet was washed with PBS and
the cells were fixed using the paraformaldehydédghldehyde method. Briefly, infected
erythrocytes were fixed by resuspending the cellepen PBS containing 4% (w/v)
paraformaldehyde and 0.0075% (v/v) glutaraldehyai iacubated at 3T for 30 minutes

with gentle mixing. This was followed by quenchifog 10 minutes with 125 mM glycine in
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PBS and the pellet subsequently obtained by cagatfon (1800 xg, 2 min). The cell pellet
was permeabilized by resuspending it in 0.1% TKtd®0 followed by mixing and
centrifugation as above. The cell pellet was intedbdriefly with 125 mM glycine in PBS
with gentle mixing followed by a wash step with RB®e cell pellet was then incubated in
blocking buffer (3% (w/v) BSA in PBS) for 2 hoursraom temperature. The parasite pellet
was incubated overnight with rabbit anti-ACP (1:ppf@imary antibody (kind donation from
Prof. Jude Przyborski, Philipps University, Marbu@ermany) diluted in the blocking buffer
at £C on a gentle rocking platform. The cells were theshed three times with PBS at 10
minute intervals on the same rocking platform. Twis followed by incubation with goat
anti-rabbit-Cy3 (Dako probes) secondary antibod2{Q0) diluted in blocking buffer in the
dark for 1 hour at room temperature on the roclptegform. The cells were subsequently
washed as described above and Hoechst 33258 (B0) mluted in PBS was included in the
last washing step to stain the nuclei. The cellsevgpotted onto a microscopy slide in the
dark before a glass coverslip was mounted usingnal drop of Dako mounting medium
(Invitrogen, USA). Images were captured using anoARQbserver inverse epifluorescence
microscope system equipped with Axiovision 4 sofav@Zeiss, Jena, Germany) operated
under the appropriate filter sets. Controls usedhia experiment included incubating the
fixed parasites with either the primary antibodyred or secondary antibody alone.
Additionally, wild type 3D7 parasites processedhwiit inclusion of any antibodies were
also used.

3.2.3 Heterologous production of recombinantPfHsp70-3 protein

3.2.3.1 Preparation of the plasmid coding for the 6xHis Pft$p70-3 protein

To generate a plasmid encoding 6xHis-tagged PfHSpptbtein, the coding sequence for
PfHsp70-3 lacking the first forty amino acids a th-terminus before the start of the ATPase
domain, referred here as PfHsp70-3m, was codonmggd to allow for improved
heterologous expression I coli (Appendix B). As described above, the N-terminegion
before the ATPase domain was excluded in the desdigine plasmid for protein expression
since it is predicted to carry a mitochondrion impsignal. TheBanHIl and Hindlll
restriction sites were engineered at the 5’ andr@ls of the coding sequence to facilitate the

ligation of the sequence into the pQE30 expressaxntor (Qiagen, Germany). The coding
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sequence for PfHsp70-3 was subsequently syntheaimdhserted into the pQE30 vector to
produce the plasmid pQE30-PfHsp70-3 by the GenSEirporation (Piscataway, New
Jersey, USA). The integrity of the plasmid was fuedi by DNA sequencing (Appendix C).

3.2.3.1.1Induction studies for the production of PfHsp70-3m

Induction studies were conducted to facilitate plefication of PfHsp70-3m, following the
transformation of the pQE30-PfHsp70-3 plasmid iobanpetentE. coli M15[pREP4] cells
(Qiagen, Germany) as described in section 3.2\@&stern detection was carried out using
the mouse anti-His (1:5000) (Santa Cruz, USA) pnmantibody as described in the same

section.

3.2.3.1.2Solubility studies for PfHsp70-3m

Solubility studies for PfHsp70-3m were undertakeltofving inductions studies. THe coli
M15[pREP4] cells were transformed and colonies uheted into cultures which were grown
overnight as described in section 3.2.4.1.1. Owghinicultures were diluted 10x and
incubated at 37°C in a shaking incubator followgdrzuction with 1 mM IPTG at 4y of
0.6. Three hours after induction, the cells wemneédsted by centrifugation (5000 xg, 20 min)
at 4°C and the cell pellet resuspended in 5 mysiklbuffer (10 mM Tris HCL pH 7.5, 300
mM NaCl and 50 mM imidazole, 1 mM phenylmethylsupklfluoride (PMSF) (Roche,
Switzerland), and 1 mg/ml lysozyme (Sigma, Germamg split into four separate fractions.
Cell lysis was allowed to proceed for 20 min atmotemperature (2£) after which the
fractions were frozen overnight at 80 The fractions were subsequently thawed and fwo o
the samples were adjusted either with 7.5% (w/valficoncentration) N-lauroylsarcosine
(Sarcosyl) (Sigma-Aldrich, Germany) prepared in i8odTris-EDTA (STE) buffer (100
mM NaCl, 10 mM Tris-HCL; pH 8, 1 mM EDTA), or witB.1% (v/v; final concentration)
polyethylenimine (PEI) (Sigma-Aldrich, Germany) pageed in lysis buffer. Out of the
remaining two samples, one was processed undetulgmgaconditions with urea (8M; final
concentration) while the other received no treatm€&he supernatant fraction was obtained

by centrifugation (13000 xg, 30 min) datCGtand the pellet was subsequently resuspended in
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an equivalent volume of PBS. Equal volumes of ibthsupernatant and pellet were treated
with sample buffer (Laemmli, 1970), boiled for 5ma@nd analyzed through SDS-PAGE.

3.2.3.1.3Purification of PfHsp70-3m

PfHsp70-3m was first overexpressedEncoli M15[pREP4] cells as described in section
3.2.4.1.1. Three hours following induction of piatexpression, the cells were harvested
through centrifugation and the pellet obtained wesuspended in lysis buffer amazen
overnight at —80°C as described in section 3.24.Rrior to sonication, the sample was
treated with sarcosyl (7.5 w/v) as described intigec3.2.4.1.2. The PfHsp70-3m protein
present in the soluble cell extract was allowedital to nickel charged sepharose beads (GE
Healthcare, UK) overnight at 4°C. The beads wetessquently washed using wash buffer
(20 mM Tris, pH 7.5, 300 mM NacCl, 50 mM imidazoésd 1 mM PMSF) and PfHsp70-3m
was then eluted using elution buffer (10 mM Trid, .5, 300 mM NaCl, 1 M imidazole, and
1 mM PMSF). The eluted protein was extensivelyydietl at 4°C against the storage buffer
(20 mM Tris, pH 7.5, 300 mM NaCl, 50 mM imidazo®8 mM DTT, 10% glycerol, and 1
mM PMSF) and frozen at -80 for future applications.

3.3 Results

3.3.1 Approaches to the expression dfjim

The study aimed to produce recombinant Pfjl protkeat was to be subsequently used to
raise anti-Pfj1 serum in mice. SDS-PAGE analysiswtiole cell lysates showed slight
induction of expression of the Pfjlm protein at #hected size (~70 kDa) as shown in
Figure 3.3. Western analysis using the anti-Hisoay confirmed that the protein expressed
was Pfjlm. However, another major band at ~58 ks wetected which was probably a
major degradation product of Pfjilm. While there wasy low expression prior to induction
as determined by western analysis, Pfjlm protepeaped to be slightly induced between the
third and fifth hours.
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A Figure 3.3: Heterologous expression of
Pfilm. A) Plasmid map for pQPfjl-

BamHi (1) Ntruncated designed using PlasmaDNA

\ software (Angers-Loustau, et al., 2007).
The plasmid confers ampicillin resistance
when transformed inE. coli cells as
indicated (AmpiR; p—lactamase coding
sequence). The 6xHis-tag segment is
upstream of thePfjilm coding sequence
inserted betweenBanHI and Hindlll
restriction sites. The origin of replication
(ColE1 origin) and region coding for LacZ
alpha are also highlighted in the plasmid
map.B) SDS-PAGE (12%) analysis of the
Pfjilm total protein extracts prepared from
E. coli M15[pREP4] cells transformed
with pQPfj1-Ntruncated and induced with
1 mM IPTG. Lane M; molecular mass
marker, lane 0 h; non-induced sample,
lanes 1 h — 5 h; induced samples taken
hourly for five hours, lane o/n; overnight
induced sample, lane -; pQE30 plasmid
negative controlC) An associated western
blot analysis for the detection of Pfjilm
using anti-His antibody.

AmpiR

pQPfj1-Ntruncated
ColE1 5284 bp

M Oh 1th2h3h4h5h o/n -
T2y e —t’—. -
55— - - ——

Eend- o
"I

There was no observed difference in the produatioRfiLm when differing concentrations
of IPTG were used (data not shown). The inductewels were not considered sufficient for
purification purposes. Additionally, the presendeaomajor band at ~58 kDa implied that
both the full length and the truncated protein lagkpart of the C-terminus would be co-
purified using the nickel affinity chromatographwyrgfication method. The low level of
induction of Pfjlm expression prompted the us&.afoli XL1-Blue andJM109 strains (data
not shown). However, these strains showed minindigtion compared to that observed for
the M15[pREP4] strain implying that Pfjlm is poteily toxic to theE. coli cells. Other
approaches attempted to improve expression wastlhuetion of protein expression under

lower temperatures such as°G0and 25C. However, both temperatures did not result in

74



increased expression of Pfjlm (data not shown).ditfieulty associated with the expression
of this J protein in th&. coli expression system did not allow for its purificatiand calls for

further investigation.

3.3.2 Peptide anti-Pfj1 antibodies unsuitable for cell-bblogical studies

Following the unsuccessful production of the fudhgth Pfijlm recombinant protein, the
peptide directed approach for generation of thé-Rijit antibody was considered. Serum
directed against a unique peptide of Pfj1 (showrrigure 3.1) was successfully raised in
mouse and subsequently used for the detection jbfiffthe intraerythrocytic cycle dp.
falciparum development. The antibody was intended for celldgical characterization
including localization, solubility, and immunoprpitation studies. Western analysis of
trophozoite stage parasites showed that the antibetected a minor band at ~63 kDa and a
major band at ~38 kDa (Figure 3.4). However, thedmted molecular mass of Pfjl is 76
kDa that is supposedly processed to ~69 kDa (matoltewing the cleavage of the predicted
signal sequence before the J-domain. The dete@adsbcontrasted the detection of the
mature protein and were thought to result fromdbgradation of Pfj1 or the antibody was
detecting another protein of that molecular massséch, the antibody could not be used for
cell-biological analysis and experimentation. Hoee\the antibody detected a band at the
expected size (~ 70 kDa, Figure 3.4; iii) and othends at lower molecular masses judged as
degradation products when it was testedocoli whole cell lysates producing Pfj1m.

Figure 3.4: Pfjl-specific peptide based

M M M antibody detects native and

m - recombinant Pfj1 proteins. ) Western
m detection of Pfjl on lysates derived from

66.2 — 70— w— “’2-‘ the trophozoite stage ofP. falciparum

clone 3D7 parasites using the anti-Pfjl
45 E 45= P g J
PfHsp70-1

antibody. M: molecular weight marker)

35 35 Detection of PfHsp70-1 using the anti-

' PfHsp70-1 antibody that served as a
25 I 25 positive control.iii) Western detection of
Pfjlm in E. coli M15 [pREP4] whole cell

184 lysates  transformed  with  pQPfjl1-

Ntruncated and induced with 1 mM IPTG.
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3.3.3 The N-terminus of Pfj1 targets GFP to the mitochondon

The lack of success with the anti-Pfjl antibodynmoted the generation of transfection
plasmids coding for full length and N-terminus P§&quences fused with GFP that would
enable localization studies to be conducted (Figdu®). The plasmids generated were
transiently transfected and positive transfectamese selected through permanent drug
pressure with WR99210. However, of the three pldsniansfected (Pfj1-GFP, Pfjl-strep,
and Pfj1-Nterm-GFP), only the Pfj1-Nterm-GFP plagrgave rise to viable transfectants.
This transfectant parasite line was therefore usedsubsequent localization studies. The

other two plasmids did not give rise to transfettaes following two transfection attempts.

Microscopy images were captured from live transfietiparasites at the trophozoite stage
expressing GFP. The GFP fluorescence displayeamiike structures indicating that the
signal did not originate from the cytoplasm. Thensfectant parasites were then stained with
MitoTracker red to allow for the visualization dfet mitochondria. GFP fluorescence was
observed to colocalize with the MitoTracker redrstey showing that Pfj1 localized to the
mitochondrion (Figure 3.6A). To verify that Pfjlddinot localize to the apicoplast as
previously shown (Kumar, et al., 2010), the GFRgfactants were fixed as described and
immunostained with the anti-ACP antibody. Imagebssguently captured from the fixed
parasites showed that GFP did not colocalize whth gignal from the anti-ACP antibody
(Figure 3.6B). Indeed, the mitochondrion displayedibbon-like shape that had distinct
morphology to the punctate nature observed withafhieoplast (Figure 3.6B). Pfj1 localized
exclusively to the mitochondrion in all the parasitobserved as well as those imaged.
Western analysis of the Pfj1-Nterm-GFP transfectam using the anti-GFP antibody
detected a band at ~29 kDa. It has been shownh@abpogenic signal or the mitochondrion
transit peptide (Bender, et al., 2003) is cleavdadlowing import into the mitochondrion
by the mitochondrial processing peptidase (Gaklal.e2002; Ito, 1999). This band appears
to depict the processed form of the synthesizechehc preprotein (~34 kDa) following
import. A faint band at approximately 34 kDa wased&ed in all the three lanes indicated
that the anti-GFP antibody was also detecting armaare proteins at that molecular weight.
A band at the expected size (~66 kDa) was alsatbetdor the PFB0595w-GFP that acted as
a positive control (Figure 3.6C, see section 4f8rd4a detailed description of PFB0595w-
GFP)
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Figure 3.5: Pfj1l plasmids used for transfectionThe plasmid maps (A-C) designed using
the PlasmaDNA software (Angers-Loustau, et al.,72@M0d associated diagnostic restriction
analysis gels (D) for the Pfjl plasmids used forapiie transfection. The plasmids confer
ampicillin resistance when transformed iffocoli cells as indicated (AmpHR3-lactamase
gene) and confer WR99210 resistance (dhfr; Dihydadé reductase gene) when transfected
into P. falciparum parasites. APfj1-GFP, plasmid map for the full length Pfj1 tagged with
GFP on the C-terminus inserted betwedr and Xmad. B) Pfj1-Nterm-GFP, plasmid map
for Pfjl signal sequence tagged with GFP on ther@inus inserted betweexhd and
Xmd. C) Pfj1-strep, plasmid map for the full length Pfj1 tagged wiitle strep-tag on the C-
terminus inserted betweethd and Xma. Restriction digests of the respective plasmidé i
—C resolved on a 1% agarose gel. L; DNA ladderplbggpairs.
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DIC Pfj1 MitoTracker Hoechst Merge Overlay

DIC Pfj1 Anti-ACP Hoechst Merge Overlay

Figure 3.6: Microscopy images of the Pfj1-Nterm-GFP transfectats depicting the
mitochondrial localization of Pfjl. A) Live-cell imaging of the Pfj1-Nterm-GFP
transfectants stained with MitoTracker red to vimgathe mitochondrion and with Hoechst
to visualize nuclear staining. DIC, differentialterference contrast; Merge: GFP with
Hoechst and MitoTracker red, Overlay; DIC plus Mei8) Immunolocalization of the ACP
(Acyl carrier protein) using fixed Pfj1-Nterm-GFrRnsfectants stained with Hoechst. Merge:
GFP plus Hoechst and anti-ACP, Overlay; DIC plus rdde The images were
pseudocoloured following captur€) Western analysis of the Pfj1-Nterm-GFP transiasta
M, molecular mass marker; 3DP, falciparum3D7 used as a negative control; PFBO595w-
GFP, the PFB0595w-GFP transfectant parasite lieel @as a positive control; Pfj1-Nterm-
GFP, the Pfj1-Nterm-GFP transfectant parasite lwsed for the localization of Pfjl.
PfHsp70-1 acted as a control for the integritynaf lysates.

3.3.4 PfHsp70-3_Nterm-GFP localizes to the mitochondriomand cytoplasm

Following the mitochondrial localization of Pfj1,hé localization of the putative
mitochondrial Hsp70 (PfHsp70-3) was investigatednsfection plasmids coding for the full
length sequence and the N-terminus (comprisedeobéiguence before the ATPase domain)
of PfHsp70-3 fused to GFP were designed and suctigsgenerated (Figure 3.7). The
design of the full-length plasmid was such that 8P sequence was inserted between the
N-terminus signal sequence and the start of thea&&Rlomain. As mentioned previously,
fusing the GFP towards the C-terminus was avoided aould affect the lid domain and
potential interaction with other proteins. Transéets were selected permanently through
WR99210 drug selection pressure following transbectHowever, of the two transfected
plasmids, only the PfHsp70-3_NTerm-GFP plasmid g#&eto positive clones which were
subsequently used for localization studies. Imagiofy the PfHsp70-3_Nterm-GFP

transfectants was carried out using live troph@sodnd schizonts (Figure 3.8A-3.8C). The
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GFP signal displayed ribbon-like structures in agpnately 70% of the incidences observed
while the rest displayed parasite cytoplasmic liaeéibn (Figure 3.8A-3.8C). When the
transfectant parasites were stained with MitoTrackel, the GFP signal was observed to
overlap with the MitoTracker red displaying mitodiaial localization. However, the images
displayed here were captured using a fluorescetrtosgope and further studies are required
to verify the colocalization of the GFP signal withat of the MitoTracker red using
alternative approaches such as confocal microscdfsstern analysis detected two bands
(Figure 3.8D) at ~32 kDa (upper band) and ~27 Kbadr band) which could represent the
PfHsp70-3_Nterm-GFP prior to and after processing tihhe mitochondrial processing
peptidase (Gakh, et al., 2002; Ito, 1999). The ipted molecular mass of the signal sequence
for PfHsp70-3 is ~4.55 kDa. The cytoplasmic locdian of the GFP signal may be
attributed to the unprocessed form of the PfHsp7Rt8rm-GFP protein potentially
following synthesis prior to import that is detettat ~32 kDa on the western blot (Figure
3.8D).

Xhol (1501) L +°

AmpR PfHSp70-3_ 2700—
Nterm-GFP .
7489 bp f‘;ﬂ_

Xmal (2350)

©
&
L
PfHsp70-3 I
_GFP, 9249
840—
bp 120—

Sphl (4229)

79



Figure 3.7: PfHsp70-3 plasmids used for transfectionThe plasmid maps designed using
the PlasmaDNA software (Angers-Loustau, et al.,72@0d associated diagnostic restriction
analysis gels for the PfHsp70-3 transfection plasmiBoth plasmids confer ampicillin
resistance when transformed irocoli as indicated (AmpRB-lactamase coding sequence)
and confer WR99210 resistance (dhfr; Dihydrofolagéeluctase coding sequence) when
transfected intdP. falciparum parasites. Upper panel: plasmid map (left) for $pFD-3
signal sequence tagged to GFP on the C-terminestéus betweerXhd and Kpnl and an
associated restriction digest. Lower panel: plasmadp for the full length PfHsp70-3
containing an internally fused GFP gene sequendeaarassociated restriction digest (right).
Restriction digests of the two plasmids were raraclPo agarose gel. L, DNA ladder; bp,
basepairs.
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Figure 3.8: PfHsp70-3 localizes to the mitochondrion(A and B) Live cell imaging of
trophozoite stage andC] schizont stage parasites stained with MitoTrackerto visualize
the mitochondrion and with Hoechst 33258 to vigelnuclei staining. BF; bright field,
Merge: GFP and Hoechst and MitoTracker red plus Bte images were pseudocoloured
following captureD) Western analysis of the PfHsp70-3_NTerm-GFP fesmants using the
anti-GFP antibody. Lane M, molecular mass marker.

3.3.5 Expression and purification of PfHsp70-3m

This study showed that both Pfj1 and PfHsp70-3liped to the mitochondrion and lead to
the hypothesis that Pfjl is a potential cochaperfamrePfHsp70-3. To examine such a
hypothesis, the biochemical properties and intevastof the two proteins ought to be further

investigated. Such characterization requires thailahility of purified proteins that are
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active. Indeed, the purification of PfHsp70-3 anfiil Rvould allow for the chaperone-

cochaperone interactions to be studied using broate assays. The pQE30-PfHsp70-3
expression plasmid coding for the PfHsp70-3m prnoteas successfully engineered (Figure
3.9A) and subsequently used for protein expresstadies. The coding sequence for the

expression of this protein was codon optimizedriprove expression iB. coli host cells.
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Figure 3.9: Heterologous expression and purification of PfHsp73m. A) Plasmid map for
PQE30-PfHsp70-3 designed using PlasmaDNA softwangérs-Loustau, et al., 2007). The
plasmid confers for ampicillin resistance when $farmed inE. coli cells as indicated
(AmpiR; p—lactamase coding sequence). The 6xHis-tag segimeristream of the coding
region with the genes inserted betwdzanHI and Hindlll restriction sites. The origin of
replication (ColE1 origin) and the region coding foacZ alpha are also shown in the
plasmid map.B) SDS—-PAGE (12%) analysis of the PfHsp70-3m totadtegn extracts
prepared fronE. coli M15[pREP4] cells transformed with pQE30-PfHsp7@f&1 induced
with 1 mM IPTG. Lane M; molecular mass marker, l&nle; non—induced sample, lanes 1 h
— 5 h; induced samples taken hourly for five holasg o/n; overnight induced sample. An
associated western bloWWB] analysis for the detection of PfHsp70-3m usindi-kins
antibody is providedC) SDS-PAGE (12%) analysis of the solubility of PHM68-3m on total
protein extracts prepared frol coli M15[pREP4] transformed with pQE30-PfHsp70-3.
Lane F1, no solubilizing agent used; lane F2, 7$8%60syl; lane F3, 0.1% PEI; lane F4, 8M
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urea. Sn = supernatant fraction, P = pellet fractld) SDS-PAGE (12%) and Western
analysis of the fractions collected during PfHs@md-protein purification. Lane FT, flow-
through; Lane W1 — W3, wash 1 up to wash 3; Lane-EB, elution 1 up to elution 3; Lane
B, bead fraction.

The successful engineering of the pQE30-PfHsp7@&8nud that encodes for the PfHsp70-
3m protein allowed for expression studies to bedaeted in theE. coli host system. SDS-
PAGE analysis of whole cell lysates of tke coli M15[pREP4] strain transformed with
pPQE30-PfHsp70-3 showed induction of a distinct bahd-70.4 kDa, the expected size of
PfHsp70-3m (Figure 3.9B). Western analysis usirgahti-His antibody confirmed that the
induced protein observed on the SDS-PAGE was Pi®i8p7. The successful induction of
PfHsp70-3m, allowed for solubility studies to bendacted. The PfHsp70-3m protein was
observed to associate with the pellet fraction Feg 3.9C; lanes F1) and therefore
solubilizing agents were used to enhance its slaybl'he lysate fractions were sonicated in
the presence of sarcosyl (Figure 3.9C; lane F2)0.b% PEI (Figure 3.9C; lane F3), or
denatured through the use of 8 M urea (Figure 3l&@& F4) prepared in lysis buffer. SDS-
PAGE analysis of the supernatant and pellets ofréispective fractions showed that the
solubilizing agents resulted in solubilization diHBp70-3m thereby allowing subsequent
purification using sarcosyl. SDS-PAGE analysisrattions collected during its purification
showed that the protein bound to the nickel chatggtls with almost no protein being lost
at the third wash (lane W3). However, some of tteglpced protein was present in the flow
through (Figure 3.9D, lane FT). The first and setelutions displayed a major band at ~70.4
kDa depicting good protein yields but containedeotiminor bands considered as degradation
products or contaminants. Elution three also gavedgprotein yields and the purity was
considered to be better than that of prior elutiaesno other bands were observed hence
resulting in its successful purification. Westernalgsis using the anti-His antibody
confirmed that the protein purified was PfHsp70-Fngure 3.9D).

3.4 Discussion

The cellular localization of a protein provides #gevironment where a protein operates and
can therefore be used for functional prediction igieatification of interacting partners (Rost,

et al., 2003). One of the objectives here was tmlat the localization of Pfj1 and study its
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expression in the intraerythrocytic stage Rf falciparum development. To fulfill this
objective, the pQE30 protein expression systemguaioodon optimized sequence coding for
Pfjilm was used for expression and purification is@f this protein. The purification of
Pfilm would have allowed for the production of artil@ody against the full length mature
protein that would be subsequently used for caldgjical experimentation and biochemical
characterization. The Pfjlm protein proved recedait to expression using the approaches
adopted in this study. The low induction of expr@ssof this J protein implies that it is
potentially toxic to theée. coli host system. Pfj1 has previously been purifiethvia previous
studies (Kumar, et al., 2010; Misra and Ramachamd2@09). However, unlike this study,
these two studies used the wild typgl coding sequence cloned into a pQE30 expression
system and the protein was successfully purifidbiong co-transformation with the RIG
plasmid that helps to overcome codon bias preset fialciparum proteins (Baca and Hol,
2000).

The peptide directed approach for antibody produactvas sought following unsuccessful
attempts with the purification of the full lengtlfjPprotein. The anti-Pfj1 antibody, designed
against a peptide region selected at the uniquer@htal region of Pfj1l, was successfully
raised in mice. The antibody detected two bandsr#raat a lower molecular mass compared
to that expected for the mature form of Pfj1 whested orP. falciparumlysates prepared at

the trophozoite stage. The bands detected by thilgody were considered to be degradation
products of the mature protein and could imply ®t is highly unstable. Alternatively, the

antibody might have been nonspecific, detectingeotproteins running at the observed
molecular masses. However, the anti-Pfjl antiboghecHically detected the Pfjilm

recombinant protein derived from whole cell lysabé<€. coli M15[pREP4] producing the

protein. The anti-Pfj1 antibody could therefore mat used for the detection and further
characterization studies related to Pfj1. Unlike tbsult from this study, the mature form of
Pfil has previously been detected at the expeadtsd (69 kDa) using antibodies raised
against the Pfj1 protein (Kumar, et al., 2010). Kwrand colleagues additionally observed
degradation products at different molecular masss$ concluded that Pfjl is a rather

unstable protein (Kumar, et al., 2010).

In silico analysis of the upstream region of ®igl gene did not reveal any additional N-
terminus region upstream of the start site of Rfflsuggested by Kumar and colleagues
(2010). Indeed, analysis of the gene structureetaildd in chapter two showed that Pfjl is

conserved across thélasmodium species whose genomes have been sequenced.
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Additionally, the start site for Pfjl as annotaiedPlasmoDB has previously been shown
(Aurrecoechea, et al., 2009; Watanabe, 1997). Hewedkie protein sequence determined by
Watanabe varies from the one reported in PlasmaD#e number of amino acids and the
amino acid sequence at the C-terminus (Watanab®7)1%Vatanabe showed that Pfjl
possesses 627 amino acids unlike the 672 amins deigicted by PlasmoDB. Additionally,
the last 24 amino acids in the Pfjl sequence d&tednby Watanabe differ from those
depicted by PlasmoDB. These discrepancies shovattkeof consistency in the determined
full length sequence for Pfjl. The gene sequencesylts generated in this study from
cloning experiments cannot be used to validateugstream and downstream regions of the
Pfj1 gene since the primers were designed to annghétd’ start site and the 3’ termination
site. However, sequence alignment of the amplifiedyment shows that it is entirely
identical to that predicted by PlasmoDB therebypsupng the gene model depicted by
PlasmoDB.

Determination of the localization of Pfjl by traesfion of plasmids expressing the full
length Pfj1 protein fused to either GFP or the [gtagy Il constructs was not possible as no
positive clones were obtained following transfectwith these plasmids. Transfectant clones
were only obtained using the Pfj1-Nterm-GFP plasoddstruct implying that the other two
plasmids may have encoded for proteins that pgsaificted the survival of resistant clones.
Indeed, the full length Pfj1 protein fused to GFBynhave been unable to attain its native
conformation thereby leading to its aggregatiorteative explanations could be that the
GFP tag impaired the localization of Pfj1, or timaihg and levels of the expressed protein
were incorrect and toxic. Such properties could leaa toxic protein and therefore affect the
survival of transfectants. The fusion of the C-tewns of Pfji1 with a smaller tag such as the
strep-tag Il used in this study was intended touiivent the problems associated with a
larger fusion tag such as GFP. The transfectiothefPfj1l-strep plasmid did not give any
positive clones either. This may highlight, amorigeo reasons, the important role the C-
terminal domain plays in the functioning of PfjlhnelpARL2-GFP plasmid used in this study
is under the control of the. falciparumchloroquine resistance transporter (PfCRT) promote
which could play an important role in the expressiynamics of fusion proteins and
therefore affect the establishment of transfecpamaisite populations. This can however be
avoided by using the endogenous Pfjl promoter ituréu studies. The mitochondrial
localization of Pfj1 needs to be revisited usinigentapproaches before solid conclusions can

be made. This is based on the observation thatbaiés that could be used for
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immunofluorescence experiments as well as transfeatith full length Pfj1l transfection
constructs approaches were not successful. Additigrfor transfection, the constructs were
not under the control of an endogenous promotersues, integration of the Pfj1 sequence
fused with different tags into the parasite genamogld ensure regulation of expression by
the endogenous promoter and is more attractiveiturd studies and such an approach has

been successfully applied for other proteins (Cradb Cowman, 1996).

Localization studies conducted here revealed tfatrEsides in the mitochondrion and not in
the apicoplast as previously shown (Kumar, et 2010). The apparent mitochondrial
localization of the GFP signal was verified by ¢ahsing with the MitoTracker red and
immunolocalization of the ACP that is often usedaasapicoplast marker (Waller, et al.,
2000). Observations made in this study are notistamg with those previous made by
Kumar and colleagues as well as those obtainedyunirsilico prediction programs. The
mitochondrial localization prediction program PlaskBender, et al., 2003) predicts Pfj1 to
be non-mitochondrial whereas Target P (Emanuelssba)., 2000; Nielsen, et al., 1997)
predicts mitochondrial localization. Both PATs @ldsmoAP programs for the prediction of
apicoplast-target sequences (Foth, et al., 200&gde, et al.,, 2001) support apicoplast
localization albeit with shortfalls in the fulfillent of the required criteria. The luminal
targeting of apicoplast proteins is described asaastep process mediated by a bipartite N-
terminal presequence that consists of a signalgeefir entry into the secretory pathway and
a transit peptide for subsequent import into the@past (Ralph, et al., 2004; Waller, et al.,
1998; Waller, et al., 2000). Pfj1 does not appeafutfill the two requirements since the
software depicts it to have a recessed transiigeeptithout a signal peptide. The localization
of Pfjl to the mitochondrial matrix was previougbyoposed by Watanabe (1997) who
highlighted a putative mitochondrial import sigmalPfj1. However, a more elaborate study
is required to verify whether Pfj1 localizes to timatrix as proposed. A search for putative
Pfil homologs in other eukaryotic and prokaryotystems proved daunting since its C-
terminus bears an extended region that shows mafisant homology with other proteins.
Most of the hypothetical homologues of Pfjl suchMdjl in yeast, Tidl in humans, and
Gametophytic Factor 2 (GFA2) israbidopsisthaliana have been shown to have less well
conserved C-terminal domains (Christensen, et2@02; Lu, et al., 2006; Rowley, et al.,
1994).

The mitochondrial localization of Pfjl allowed tls¢udy to hypothesize PfHsp70-3 as a

potential chaperone partner. Previous phylogenatialysis has shown that PfHsp70-3
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clusters with other mitochondrial Hsp70s from ewk#c systems and with prokaryotic
Hsp70 homologues (Shonhai, et al., 2007). Thiswatb the study to prioritize the
localization of PfHsp70-3 in lieu of further celiebogical and biochemical characterization.
Plasmids were engineered coding for GFP fused tteerethe signal sequence or the full
length PfHsp70-3. However, for the full length PfM8-3 plasmid constructs, the GFP
sequence was fused internally before the ATPaseaniota avoid potential negative effects
by the tag such as masking the lid domain presetiita C-terminus. This study indicated that
the predicted signal sequence for PfHsp70-3 waficeuft to localize the GFP to the
mitochondria although partial fluorescence was alsgerved in the cytoplasm. However, the
full-length fusion construct did not generate p@sitclones implying that the fusion protein
may have led to a lethal phenotype. Further stualiesequired to validate the localization of
PfHsp70-3 using alternative full length fusion douasts or through specific antibodies raised

against it.

It is possible that Pfjl is a cochaperone of PfHisB74n the mitochondria and to investigate
such partnership, PfHsp70-3 was purified. High leved PfHsp70-3m protein production
were observed following induction. However, the ification of this protein was only
possible through the use of solubilizing agentddsp70-3m appeared to have a high
tendency to associate with the pellet fraction wnithe buffer conditions adopted. This
observation is not unique since in yeast the maadnial Hsp70s (mtHsp70/Ssclp) has been
shown to have a high propensity for self aggregatimat is normally prevented in the
presence of mtHsp70 escort protein 1 (Hepl) (Sightet al., 2005). Hepl resides in the
mitochondrial matrix and has been shown to be itgoorfor the maintenance of mtHsp70
structure and function and has been used in coesgfmn studies with mtHsp70 to allow for
solubilization, purification and maintenance ofiaty (Blamowska, et al., 2012; Sichting, et
al., 2005; Zhai, et al., 2008). Through sequenegches (data not shown) using the yeast
Hepl (YNL310c) in PlasmoDB, this study has ideatifia putativeP. falciparum mtHsp70
escort protein (PF14_0197) which we term PfHepIdi#ahally, Hepl has been shown to be
conserved across eukaryotic systems, such co-expnewith the putative proteishould be

prioritized and investigated.

3.5 Conclusion
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This study has shown that Pfil and PfHsp70-3 laealio the mitochondria in the
intraerythrocytic stage oP. falciparum development. Here, we propose that Pfjl is a
potential cochaperone for PfHsp70-3. The study thghlighted the difficulties associated
with the transfection of plasmids coding for fudhigth fusion proteins adopted in this study
but has served to lay a foundation for further belogical characterization. Indeed, a more
elaborate study is required to understand the wfiélsese two proteins in the mitochondria.
Further, different approaches from those adoptedismstudy may be required to enhance the
heterologous expression and purification of Pfjtl &fHsp70-3. The role of the putative
PfHepl in the purification and biochemical charaztion of PfHsp70-3 should also be

prioritized.
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CHAPTER FOUR

Cell-biological characterization of PFB0595w
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4.0 Introduction

The plasmodial Hsp70-J protein chaperone complemeahbught to play an essential role in
protein homeostasis during vector-host transititret are associated with differences in
temperature and general physiology (Oakley, et28Q7; Pallavi, et al., 2010). Of the six
Hsp70 homologues encoded by the genomB. délciparum the 74 kDa PfHsp70-1 is the
most studied (Biswas and Sharma, 1994; Joshi,..e1392; Pesce, et al., 2008; Shonhai, et
al., 2008). PfHsp70-1 is thought to play both basal stress induced proteostatic roles in the
cytosol and nucleus (Botha, et al., 2011; Joshi,akt 1992; Pesce, et al., 2008).
Characterization of such chaperone-cochaperoneaatiens and the identification of client
proteins are essential for the understanding ofrties of PfHsp70-1 within the parasite.
However, experimental characterization of the ptedi J protein cochaperones for PfHsp70-
1, which is crucial if any inferences on functiopartnerships are to be made, is still in its
infancy. Of the several J proteins predicted tadeesn the cytosol, only two have been
experimentally studied and implicated as cochapsarf PfHsp70-1 (Botha, et al., 2011,
Pesce, et al., 2008).

PFBO0595w is a typical type Il J protein that does Imave a putative targeting presequence
and is proposed to reside in the parasite cytosdl &t as a cochaperone for PfHsp70-1
(Botha, et al., 2007). Using isilico analysis and yeast two-hybrid studies, PFE6 has
been predicted to interact directly with PfHsp78nH other putative proteins such as antigen
332 (PF11_0507), myosin-like protein (PFFO675cHdpi0, and ubiquitin protein ligase
(MAL8P1.23) (LaCount, et al., 2005; Pavithra, et a007). PfHsp70-1 has recently been
shown to complement for yeast mutants lacking twimsolic Hsp70s, Ssal (71% identity
and 97% similarity) and Ssa2 (69% identity and 88%ailarity), under normal and stress
conditions (Bell, et al., 2011). The orthologueP6fB0595w in yeast, Sisl, has been shown to
functionally interact with Ssal (Aron, et al., 20@&an, et al., 2002). Sisl is associated with
translating ribosomes (Zhong and Arndt, 1993) andnppropagation (Higurashi, et al.,
2008). Its human orthologue, DnaJB1 (Hdj1), has &lsen shown to reside in the cytosol
(Kampinga and Craig, 2010).

This study proposed to determine the expression lacdlization of PFB0O595w in the
intraerythrocytic stages oP. falciparum development. The expression of a protein is

important for cellular functioning and may providees to its functions (White, et al., 1999).
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It may additionally provide clues to its interagfipartners or pathways such as those related
to normal and stress conditions. As discussed apteh three, the localization of a protein is
important if any inferences on function and/or ratging partners are to be made (Rost, et
al., 2003).

4.1 Objectives

This study aimed to commercially raise peptideated antibodies and determine the
expression and localization of PFB0595w in theaiatythrocytic stages d?. falciparum
development. The study also sought to investigh®0B95w as a cochaperone for PfHsp70-
1.

Specifically, this study aimed

i. To design and commercially raise a peptide-direatdibody specific to PFBO595w.

ii. To confirm the presence of PFB0595w in the intriencytic stage oP. falciparum
development and assess the effect of induced heek ®n its expression.

iii. To determine the localization of PFB0595w througlmmiunofluorescence
microscopy.

iv. To generate transfection plasmids that encode FB80B95w fused to either GFP or
Strep-tag Il

v. To assess the solubility of PFB0595w and PfHsp70-1.

4.2 Materials and methods

4.2.1 Peptide directed anti-PFB0595w antibody design angroduction

Sequence analysis for the identification of anagpd region in the C-terminus to be used for
antibody design and production was carried outesribed in section 3.2.3.1. The region
selected (shown in Figure 4.1) was commerciallytlssized by the GenScript Corporation
(Piscataway, New Jersey, USA). The GenScript Caitpmr further used the synthesized
peptide to raise antisera in mice after collect@npre-immune serum and subsequently

purified the fractions using protein A.
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MGEDYYSILGVSRDCTTNDLEKAYRKLAMMWHPDKHNDEKSEEEAEEKFKNIAEA

YDVLADEEKRKIYDTYGE - GG B GeN I SeVDP S NS RRGSDE0NSE

S EEENESEESEE T SRKSRPSTTTN INTNNYNK PATYEVPLSLSLEELY SG
CKKKLKITRKREMGTKSYEDDNYVTIDVKAGWKDGTKITFYGEGDQLS PMAQPGD
LVFKVKTKTHDRFLRDANHLI YKCPVPLDKALTGFQF IVKSLDNRDINVR Vil
RS -1 p S SKY PSMKGDLIVEFDI VFPKSLTSEKKKITRET LANTE

Key

/A J-domain A G-F rich region A Selected peptide sequence

Selected peptide  CMINIINNSIIGININGE  (1622)

Figure 4.1: The amino acid sequence depicting theowserved domains and the
identification of the unique peptide with potentialfor design of the PFB0595w antibody.

As a general criterion to choose the peptide, regtbat are predicted to be surface exposed,
soluble, have high peptide chain flexibility, passdydrophilic amino acid stretches, and
have high charge density were assessed were atsessg GeneRunner software (version
3.05; Hastings Software Inc.). The peptide selectexs used to query the predicted
proteomes oP. falciparumand humans to avoid potential cross-reactivity.

4.2.2 Parasite culture

P. falciparum(clone 3D7) was cultured as described in secti@r82.

4.2.3 Preparation of P. falciparum lysates and detection of PFB0595w

Preparation of lysates frof falciparum(clone 3D7) was carried out as described in sectio
3.2.3.3. Primary antibodies used included anti-FF5v (1:2500 dilution) while anti-
PfHsp70-1 (1:5000 dilution) served as a positivatial. HRP-conjugated goat anti-mouse
(1:5000 dilution) (GE Healthcare, UK) and goat aatibit (1:5000 dilution) (Cell signaling

technology, USA) secondary antibodies were used.
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4.2.4 PFB0595w plasmid constructs for transfection

The genomic sequence coding for PFB0595w contaosiritrons and therefore the coding
sequence was amplified by polymerase chain rea¢f@R) from P. falciparum cDNA
(clone 3D7). The reverse primers were designednplity the coding sequence without the
stop codon to allow fusion of the GFP and strepHtaags at the C-terminus. The cDNA was
amplified using a forward primer (Hsp40 xha: 5'-
CCCTCGAGATGGGGAAGGATTATTATTCAATATTAGG-3’) with an Xhd restriction
site  (highlighted in bold) and a reverse primer g#H3 RKpnl: 5'-
CCGGTACCGAATGTATTTGCCAATGTTTCTC-3) with a Kpnl restriction site
(highlighted in bold). The amplified PFB0O595w PCRguct was gel purified and digested
with Xhd-Kpnl and ligated into &hd-Kpnl restricted pARL2-GFP vector (Przyborski, et
al., 2005), creating the pARL2_PFB0595w_GFP coucstreferred here as PFB0595w-GFP
(Figure 4.4A). A diagnostic restriction digest (&iig 4.4A) was conducted and followed by
DNA sequencing to confirm the integrity of the PEBBw-GFP construct. To generate a
plasmid construct coding for PFB0595w fused to strep-tag Il at the C-terminus, the
PFB0595w coding sequence was PCR amplified as absing the Hsp40_ EXhad forward
primer and a reverse primer PFB0595w_strep: (5'-
CCCGGGTCATITTTTCGAACTGCGGGTGGCTCCAGAATGTATTTGCC-3Y). Thé&sma
restriction site in the PFB0595w_strep primer ghtighted in bold and the sequence coding

for the strep tag underlined. A stop codon wasthiced after the strep-tag sequence in the
primer and is shown in italics. The amplified PFBB& PCR product was gel purified and
digested withXhd-Smad and ligated into &hd-Smad restricted pARL2-GFP vector creating
the pARL2-PFB0595w_strep-tag construct referrece leer PFB0595w-strep (Figure 4.4B).

This construct was also verified through restrictibgest analysis and DNA sequencing.

4.2.5 Parasite transfection

Parasite transfection was carried out as desciibsdction 3.2.3.5. As a positive control for
the GFP line, the pARL2-GFP plasmid was also textefl and maintained under similar
conditions. As mentioned previously, the integofythe WR99210 drug was assessed using
the parental 3D7 parasite line.
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4.2.6 Live cell imaging and western analysis of transfeants

For live imaging of PFB0595w-GFP transfectant piéeas the cells were harvested from
culture and washed once with pre-warmed incompistdia. They were then resuspended
briefly in incomplete media containing 10 pg/ml ldbst 33258 (Sigma-Aldrich, Germany)

for DNA staining and subsequently resuspended ¢otaplete medium after centrifugation

(800 xg, 2 min). The parasites were imaged as iestrin section 3.2.3.6. Images of

trophozoite stage parasites were captured everglhgparasites at the ring and schizont
stages were also examined. The pARL2-GFP transfegtarasites served as a positive
control while the PFB0595w-strep transfectants éaedwild type 3D7 parental strain served
as negative controls. Parasite lysates were gedkrdabm both the wild type and the

transfectants and assessed through western bl@tndescribed in section 3.2.3. Primary
antibodies including rabbit anti-GFP (1:2000) (Sadruz, USA), rabbit anti-PfHsp70-1

(1:5000), and anti-strep tag Il (GenScript, News@gr USA) polyclonal antibodies were used
for western detection. HRP-conjugated goat antigeo(i:5000) (KPL, USA) and donkey

anti-rabbit (1:5000) secondary antibodies were used

4.2.7 Indirect immunofluorescence microscopy

For indirect immunofluorescence microscopy, the 3iarental clone and PFB0595w-GFP
transfectants were cultured as described above p@hasites were harvested and processed
using the paraformaldehyde/glutaraldehyde method dascribed in section 3.2.3.7.
Subsequently, the cell pellet was then incubateolooking buffer (3% (w/v) BSA in PBS)
for 2 hours at room temperature. The parasite fpeléess incubated overnight with primary
antibodies including mouse anti-PFB0595w (1:50tdil) or rabbit anti-PfHsp70-1 (1: 500
dilution) diluted in the blocking buffer at’@ on a gentle rocking platform. The cells were
then washed three times with PBS at 10 minutevatesn the same rocking platform. This
was followed by incubation with secondary antibadiecluding Alexa Fluor® 488 donkey
anti-mouse IgG (Invitrogen, USA) or Alexa Fluor®@bdhicken anti—rabbit IgG (Invitrogen,
USA) both at 1: 250 dilution in blocking buffer ithe dark for 1 hour at room temperature on
a rocking platform. The cells were subsequentlyhgdsas described above and Hoechst
33258 (50 ng/ml) diluted in PBS was included in It washing step to stain the nuclei. The

cells were mounted and images captured using an Akiserver inverse epifluorescence
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microscope system equipped with Axiovision 4 sofevgZeiss, Jena, Germany) as described
in section 3.2.3.7. Controls used in this experimeoluded incubating the fixed parasites
with either the primary antibody alone or secondamtibody alone. Additionally, wild type
3D7 parasites processed without inclusion of anybadies were also used as negative

controls.

Methanol fixation of parasites (Wickham, et al.02Dwas also attempted as an alternative
approach to the paraformaldehyde/glutaraldehydsiin method. Here, microscopy smears
prepared on glass slides were fixed briefly witHdcenethanol. The slides were then
incubated with the blocking buffer and subsequeptbcessed as described above.

4.2.8 Intraerythrocytic time course expression of PFBO59%

P. falciparum parasites (clone 3D7) were cultured as descrildeaand synchronized by
sorbitol lysis at the ring stage. For the time seuexperiment, the parasites were equally split
into six flasks and incubated at 37°C. ParasitatBs were generated at 8 hour intervals of
the 48 hour intraerythrocytic parasite developmantl frozen at -80°C until use. The
expression of PFB0595w was analyzed by SDS-PAGEmgiwestern blotting as described
in section 3.2.3.3. As a loading control, rabbiti-ghycophorin antibody (Thermo scientific,
USA) (1:4000 dilution) and HRP-conjugated donketi-aabbit (1:5000 dilution) secondary

antibodies were used.

4.2.9 Heat shock inducibility of PFB0595w

For the heat shock experiment, synchronized pasasiere cultured as previously described
and equally split in to 3 flasks at the trophozaitege. Heat shock was applied by incubating
subcultures at 37°C (control), 41°C (heat shock] 4B°C (heat shock) for 1 hour. The
expression of PFB0595w was analyzed by SDS-PAGEmgiwestern blotting as described

in section 3.2.3.3. Glycophorin was used as a l@adontrol as described in section 4.2.8.
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4.2.10Solubility study

For the solubility study, parasitized erythrocyt#s5-10% parasitemia were harvested and
saponin lysed as described in section 3.2.3. Thaspia pellet obtained was resuspended in
lysis buffer (150mM NaCl, 50mM Tris HCL pH 7.5, @61NP-40 (Nonidet P40; Roche,

Switzerland), 1 mM PMSF (Roche, Switzerland), amdtgase inhibitor cocktail (Sigma,

Germany) as described (Gitau, et al., 2012; Pe=tcal., 2008). Cell lysis was enhanced
through three freeze/thaw cycles using liquid & followed by separation of the soluble
fraction from the pellet through centrifugation Q(D® xg, 30 min) at 4°C. The pellet was

washed once with ice cold PBS and both fractiorsdyaed through SDS-PAGE and Western
blotting as described in section 3.2.3.3. DetectibRfHsp70-1 was used as a control for the
supernatant fraction while detection of glycophowas used as a control for the pellet

fraction.

4.3 Results

4.3.1 PFB0595w is expressed in the intraerythrocytic stagof parasite
development

As a starting point for the cell-biological chaexttation of PFB0595w, the study sought to
determine whether PFB0595w was expressed in thaemythrocytic stage of parasite
development. To this end, trophozoite stage passiere subjected to western analysis and
the antibody generated against PFB0595w was useatkfection. A protein was detected at
39 kDa, the expected molecular mass for PFB0O595gu(€é 4.2A). To verify that the
detected protein was PFB0595w and not any otheeiprounning at a similar molecular
mass, a control lysate generated from transfecexysessing PFB0595w fused with strep
tag Il at the C-terminus (PFB0595w-strep) was uddnk expected molecular mass for the
PFB0595w-strep protein is 40 kDa since the strgpitased comprised of eight amino acids
(WSHPQFEK) bearing a molecular mass of 1 kDa. Twads with approximately 1 kDa
separation on the same western blot were detedteth whe anti-PFB0595w antibody was
used for detection of the PFB0595w-strep paragiaté (Figure 4.2A). The lower and the
upper bands detected would reflect the endogen&lB)395w and the PFB0595w-strep

proteins respectively. When the anti-strep tagoaly was used for detection on the same set
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of lysates, a single band from the PFB0595w-strafagte lysates was detected (Figure
4.2B) reflecting the specificity of both antibodié¥Hsp70-1 was used as a positive control

for the lysates used (Figure 4.2, middle panel).
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Figure 4.2: PFB0595w is expressed in the intraerythrocytic stag of P. falciparum
development. The detection of PFB0595w iR. falciparum strain 3D7 (lane 1) and
PFB0595w-strep transfectant line (lane 2) by westaralysis using the anti-PFB0595&) (
and anti-strep-tag Il antibodieB)( The middle panel shows western detection of pTiasl
using anti-PfHsp70-1 antibody.

4.3.2 The expression of PFB0595w is slightly induced byelat shock treatment

Following detection of PFB0595w, the study soughfirid out whether the expression of this
J protein is upregulated by heat shock. Parasitethe trophozoite stage were incubated
under normal (3°C) and heat-shock (4@ and 48C) conditions and an equal number of
infected erythrocytes were analyzed using SDS-PABRure 4.3A) and western analysis
(Figure 4.3B). PfHsp70-1 was used as a positivetrabrfor heat-shock associated
upregulation while glycophorin, a glycoprotein meson the membranes of erythrocytes,

was used as a loading control as previously desttri8otha, et al., 2011; Tomita and
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Marchesi, 1975). The levels of glycophorin did sbange across the lanes suggesting that
the cells loaded per lane were equivalent. PFBO5&aw consistently detected at’G7and

its expression was slightly upregulated followirgphshock at 4C and 48C (Figure 4.3B)

as quantified using densitometry. The observed guypation of PfHsp70-1 relative to the
loading control at the mentioned temperatures omefil that the heat-shock treatment had

been effective.

72 — - ... PfHsp70-1
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L ——— —

Figure 4.3: PFB0595w is slightly upregulated follomg heat-shock.A) SDS-PAGE (12%)
protein profiles of parasite incubated at’Gy7 41°C, and 43C for 1 hour. B) Western
analysis: detection of PFB0595w, PfHsp70-1 andaphorin on the same panel of parasite
lysates using anti-PFB0595w, anti-PfHsp70-1, anttgincophorin antibodies respectively.
Note: an equal number of infected erythrocytes weaded per lane and three independent
experiments were carried out.

4.3.3 Preparation of transfection constructs

The detection of PFB0595w at the intraerythrocgtimge allowed this study to validate the
predicted cytosolic localization of PFB0595w. Triaesion plasmids coding for PFBO595w-
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GFP and PFBO0595w-strep were successfully obtainddvarified using restriction analysis

and DNA sequencing (Figure 4.4).
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Figure 4.4: PFB0595w constructs used for transfectionThe plasmid maps designed using
the PlasmaDNA software (Angers-Loustau, et al.,72@M0d associated diagnostic restriction
analysis agarose gels for the plasmids used fosfeation. Both plasmids confer ampicillin
resistance when transformed irio coli cells as indicated (AmpR3-lactamase gene) and
confer WR99210 resistance (dhfr; dihydrofolate atdse coding sequence) when transfected
into P. falciparum clone 3D7 parasitesdA) Plasmid map for PFB0595w-GFP inserted
betweenXhd and Xmd and a restriction digest of the plasmid wxhad andKpnl ran on a
1% agarose gel: L; Ladder, bp; basepad}k.Plasmid map for PFB0595w-strep inserted
betweenXhd andXmad and a restriction digest of the plasmid withd and Xmd ran on a
1% agarose gel.

The PFB0595w-strep plasmid construct was also asetie strep tag Il is arguably smaller
in size and may therefore pose less deleteriogxtsfion the functioning of the C-terminal
domain in comparison to the GFP tag. The trangiédiaes appeared 3-5 weeks following
transfection and permanent WR99210 drug selecfidre PFB0595w-strep transfectant
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parasite line appeared earlier than the PFBO595R-@é&rasite line and multiplied more

rapidly relative to the GFP line.

4.3.4 PFB0595w and PfHsp70-1 localize to the parasite @gol in the infected
erythrocyte

For localization purposes, the PFB0595w-GFP tramafe line was used. However, as an
additional approach, the antibody raised againsBOBB5w was used in indirect
immunofluorescence localization studies since itultoprovide for the detection of the
endogenously expressed PFBO0595w protein. Microscopgiges captured from live
transfectant parasites expressing PFB0595w-GFP eshalat PFB0595w localizes in the
cytosol and potentially to the nucleus of the pigead-igure 4.5C). A similar localization
pattern was observed when the anti-PFB0595w antilbbeais used in immunofluorescence
localization experiments (Figure 4.5B). In both @g@ehes, no fluorescence signal was
observed outside the parasite cytoplasm. Howelrersignal detected could potentially mask
staining of intracellular organelles within the @gtasm. The cytoplasmic localization of
PFB0595w was observed in all the parasites examimed at least 20 independent
observations were captured. PfHsp70-1 was deteantélge parasite cytosol as previously
reported (Botha, et al., 2011; Pesce, et al., 2(fi§ure 4.5D). The GFP signal was observed
in all the stages of the intraerythrocytic cycle lwas more pronounced at the trophozoite
stage. No staining was observed on the parental@bd&ntal line that served as a negative
control (data not shown). Cytoplasmic localizatminthe GFP signal was observed for the
pPARL2-GFP transfectant parasite line that serveda gmsitive control (Figure 4.5A). To
confirm that the observed fluorescence was origigatrom the expression of PFB0595w-
GFP and not cross contamination with the vectostera analysis of the transfectant lines
was carried out. Western analysis of the PFBO59%W-@ansfectant line using the anti-GFP
antibody detected a single band at ~66 kDa, thea®d molecular mass of PFB0O595w-GFP
(Figure 4.5E). No signal was detected in both negatontrols (wild type 3D7 clone and
PFB0595w-strep parasite lines) (Figure 4.5E). Adddlly, a single band was also detected
at ~30 kDa for the positive control (pPARL-GFP) (&ig 4.5E). PfHsp70-1, used as a control
to assess the integrity of the parasite lysates, detiected in all the parasite lines using the
anti-PfHsp70-1 antibody (Figure 4.5E).
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Figure 4.5: PFB0595w localizes to the parasite cyol in the infected erythrocyte.A)
Localization of the GFP signal through live cellaging of pARL2-GFP transfectants stained
with Hoechst 33258 (to visualize the nucleus). BRght field; Overlay, BF plus GFP and
Hoechst 33258B) Immunolocalization of PFB0595w using the anti-PBB5w antibody on
fixed wild type clone 3D7 parasites stained withekllost 33258C) Localization of the GFP
signal through live cell imaging of PFB0595w-GFRinsfectants stained with Hoechst
33258. DIC, Differential interference contrast; ger PFB0595w-GFP plus Hoechst;
Overlay, DIC plus mergd) Indirect immunofluorescence localization of GRF#l #fHsp70-

1 in PFB0O595w-GFP transfectants using the anti-p7idsl antibody. Merge, anti-PfHsp70-1
plus PFB0595w-GFP and Hoechst; Overlay, DIC plusrgme The images were
pseudocoloured following captur&) Western analysis of PFB0595w-GFP transfectants
using the anti-GFP antibody. M, Molecular mass reatkDa); 3D7, wild type clone 3D7
parasites (negative control); PFB0595w-strep, PPB@bstrep transfectant parasite line
(negative control); pARL2-GFP, pARL2-GFP vectorngtectant line (positive control);
PFB0595w-GFP; PFB0595w-GFP transfectant parasi¢e i

4.3.5 PFBO0595w is expressed maximally at the trophozoistage

The purpose of the time course experiment wagterchine when the maximum expression
of PFB0595w occurred during the 48 hour intraexytitic cycle. Parasite lysates generated

from sorbitol synchronized parasites were generategix time points in the cycle starting
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with the ring-stage of parasite development. Falhgnsorbitol synchronization, at least 90%
of the infected erythrocytes contained rings andckyonization was carried out one 48h
cycle prior to the experiment. Equal numbers oéabéd erythrocytes were loaded per lane
and subjected to SDS-PAGE and Western analysisophorin which was used as a loading
control confirmed that the loading was equivalentoas the lanes (Figure 4.6A). The
antiglycophoring A antibody detected a band at T Khat represented the dimer and
another band at ~35 kDa representing the monomaga(Bot shown). The 72 kDa band was
adopted in all the experiments described. SDS-PARBkved different protein profiles at the
different stages of parasites development in theaenythrocytic stage (Figure 4.6A). The
ring stage appeared to have the least amount ¢¢ipravhile the trophozoite and schizont
stages appeared to have the highest overall prigeals. In general, parasite progression
from the ring stage to the schizont stage is aasetiwith an increase in both parasite protein
levels and overall volume. Western analysis udieganti-PFB0595w antibody indicated that
PFB0595w is maximally detected at the trophozditge of parasite development (Figure
4.6A). PFB0595w was not detected in the ring stage this may have resulted from low
expression of PFB0595w at this stage where ovéwall parasite protein abundance was
observed. Lower levels of expression were obseatethe late trophozoite and schizont
stages. However, a band (~34kDa) was detectece&4h and 48h of the intra-erythrocytic
development which may represent degradation predfd®FB0595w or detection of another
protein at that stage. No further experiments voareied out to validate the identity of the
lower bands. While the mRNA levels of PFB0595w cariye directly compared with protein
expression, the result from this study show thadkpkevels of PFB0595w expression
coincided with those from the mRNA expression peoffFigure 4.6B). The expression
profile as adapted from the PlasmoDB genomic resoshows that PFB0595w is maximally
expressed at the trophozoite stage (Figure 4.6BeWWhe same parasite lysates were probed
with the anti-PfHsp70-1 antibody, it was found tRdHsp70-1 was present throughout the
parasite intraerythrocytic cycle with higher abumckabeing observed from the trophozoite to
the schizont stage (Figure 4.6A).
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Figure 4.6: Time course expression of PFB0595w and PfHsp70-1 irthe
intraerythrocytic cycle of parasite development.A) Upper panel: 12% SDS-PAGE gel
showing the protein profiles of the highly synchema parasites at 6 different time points.
Lower panel: Associated western blots probed fdB@95w, PfHsp70-1, and glycophorin.
B) The transcription profile of PFB0595w at the éiffint stages of parasite development as
adapted from PlasmoDB version 8.1 (Aurrecoecheal.,e2009). Sorbitol, indicates parasite
synchronized via sorbitol lysis synchronization. téloan equal number of infected
erythrocytes were loaded per lane and two indeperedgeriments were carried out.

4.3.6 Solubility studies

The solubility study was carried out to investigateether PFB0O595w may be associated
with intracellular membranes in the cytosol. Pdessin the trophozoite stage were saponin
lysed and the pellet fraction treated with lysisfféu as previously described. Western
analysis of the soluble and pellet fraction indechtthat PFB0595w was present in the
supernatant fraction similarly PfHsp70-1 was akgely present in the supernatant (Figure
4.7). However, PfHsp70-1 was not entirely in th@esunatant fraction as some was also
observed in the pellet fraction. As expected, ghyowin was present in the pellet fraction

even though a minor fraction was also observetierstipernatant (Figure 4.7).
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Figure 4.7: Solubility study of PFB0595w.Western analysis of parasite fractions derived
from the supernatant and pellet using antibodie=cifp to PFB0595w, PfHsp70-1, and
glycophorin. Sn, supernatant; P, pellet. Note: gumaénumber of infected erythrocytes were
loaded per lane.

4.4 Discussion

Very few J proteins from malaria have been chareeté creating a large knowledge-gap in
the understanding of the Hsp70-J protein interastin P. falciparum Cell-biological
characterization of predicted Hsp70 and J protangucial for gaining better insights into
the expression, localization and interactions @séhproteins. Notable differences between
the Hsp70-J protein chaperone machinery in patasytstems relative to the human system
will be of interest for the development of druggets. Previous irsilico protein-protein
interaction analysis prediction indicated that PE8®w interacts directly with PfHsp70-1
(LaCount, et al., 2005; Pavithra, et al., 2007)sukis from this study confirm that PFB0595w
is expressed during the intraerythrocytic cyclgafasite development with maximal levels
at the trophozoite stage. The mRNA transcript peadf PFBO595w has been shown to be
maximal at the trophozoite stage but with low alama® in the other stages of parasite
development (Bozdech, et al., 2003; Llinas, et aDP6). Taken together, these two
observations may point to a correlation between iRNA and protein profiles. As
mentioned previously, Sisl has been implicatedandiation initiation in yeast (Zhong and
Arndt, 1993) and while such a role has yet to bestigated for PFB0595w, its maximum
expression coincides with high expression actipitgsent during the trophozoite stage of
parasite development (Bozdech, et al., 2003; Mameual., 2001). Proteomic analysis has
shown that PFB0595w is also expressed during tbegpite stage (Lasonder, et al., 2008).
Whether its expression at this stage reflects diraot role of this J protein in sporozoite
maturation, motility, infection of the human hostassociated metabolic adjustments remains

to be determined. The protein profiles presentethfthe expression analysis highlighted the
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low protein levels at the ring stage that increagb parasite development into the schizont
stages. Following this observation, the study peded to ascertain whether the basal
expression is upregulated during heat associatedsstThe heat shock experiments were
intended to simulate responses by parasites diglmje episodes in malaria patients where
temperatures above %7 are experienced. Experiments relating to heatkshave only been
previously been reported for PfHsp40 which was shdowv be upregulated following heat
shock (Botha, et al.,, 2011). Here, the expressibiPEB0595w was slightly upregulated
following heat shock. However, PfHsp70-1 was highpregulated following heat shock as
previously reported (Botha, et al., 2011; Pescal.e2008). The induced expression of both
PFB0595w and PfHsp70-1 may imply that these twdeme are involved in heat-stress
associated response pathways. However, complergesparoaches are needed to support
the induced expression of PFB0595w such as detatimmof mRNA levels following heat
shock. Further, whether the slight upregulationPéB0595w may result in a change of

localization deserves further studies.

This study showed PfHsp70-1 to localize to the sgtovhich is consistent with previous
observations (Kumar, et al., 1991; Pesce, et G@D8P This study additionally showed that
PFB0595w localizes in the cytosol hence validapreyious insilico predictions. Indeed, the
cytosolic localization was expected since PFBO5%m@s not possess a putative targeting
sequence. PFB0595w displayed a cytosolic locatimain a similar fashion to that of
PfHsp70-1 suggesting a possible co-localization asslociation pattern. Orthologues of
PFB0595w in different cellular systems such as tygasnan, and oxoplasmagondii have
been experimentally shown to localize in the cytdbtgueras, et al., 2012; Kampinga and
Craig, 2010; Walsh, et al., 2004). Additionally,sttstudy showed that PFB0595w was
soluble, while PfHsp70-1 was not entirely in théubte fraction as protein was observed to
be present in the pellet fraction implying possiagsociation with membrane or membrane
associated proteins. However, PfHsp70-1 is quitendant in the intraerythrocytic stagekRof
falciparum development and may contaminate the different tisbms during such
experiments. The occurrence of PFB0595w only indbkible fraction may indicate that
PFB0595w may not associate with intracellular membs or such association may be
transient. Indeed, the solubility of PFB0595w wapexted since it does not have a predicted
transmembrane domain or a membrane associating andtiwas therefore predicted to be in
the soluble fraction. This was similarly observen T. gondii Sisl (TgSisl) which was

shown to be present in the soluble fraction (Figageet al., 2012).
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This study explored the interaction and partners#filPfHsp70-1 with PFB0595w using
immunoprecipitation technique (Data not shown).sTépproach was however unsuccessful
as a result of the non-specific binding of PfHs@A7io+ the appropriate negative controls that
appeared to be unaffected by the presence or absd#nATP. As mentioned above, the
presence of PfHsp70-1 in the different fractionsasted during immunoprecipitation may
arise from contamination related to its high abumwéa Previously, Pfi4 was shown to
interact with PfHsp70-1 using immunoprecipitatioldaccur in the same fraction using size
exclusion chromatography implying a direct or iedirinteraction (Pesce, et al., 2008). An
association was however not reported for PfHsp£@ethy highlighting possible differences
in their interactions with PfHsp70-1 (Botha, et ,al2011). Additionally, co-
immunoprecipitation experiments by Figueras andeagles inl. gondii, recently showed
that TgSisl was associated or occurred in a comownplex with Hsp70 and Hsp90
suggesting that its interaction with Hsp70 may lmearstable (Figueras, et al., 2012). Further
optimization is however required to study the imovinteraction between PfHsp70-1 and J
proteins. These observations point to further eatedn of possible chaperone - cochaperone
interactions between PfHsp70-1 and PFB0595w bytino @pproaches.

4.5 Conclusion

This study has shown that PFB0595w resides in yb@sol and that it is expressed in the
intraerythrocytic stage of parasite developmentilarly to PfHsp70-1. This study has

additionally demonstrated that the expression if dhprotein is upregulated following heat
induced stress and that it occurs in the same kolédaction as PfHsp70-1. These

observations point to further evaluation of possibhaperone - cochaperone interaction
between PfHsp70-1 and PFB0595w through in vitra@gghes.
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CHAPTER FIVE

Biochemical interaction studies of PFB0595w
with PfHsp70-1
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5.0 Introduction

The cell-biological studies detailed in chapterrfeshowed that PFB0595w localized to the
cytosol of the parasite. These studies also sh@asnhilar localization for PfHsp70-1, which
is consistent with analyses made in previous redétimar, et al., 1991; Pesce, et al., 2008).
Additionally, the expression of PFB0595w and PfH¥{i7 was observed during the
intraerythrocytic stage and was shown to be upeggdlfollowing heat shock (Figure 4.2 and
4.3). These observations imply possible co-locdbnaand association patterns. Unlike
PFB0595w, the biochemical properties of PfHsp70akehpreviously been studied witro
thereby providing avenues for further characteiira{Botha, et al., 2011; Matambo, et al.,
2004; Misra and Ramachandran, 2009; Ramya, e2@06; Shonhai, et al., 2008). Through
such biochemical assays, PfHsp70-1 has been redpaotebe relatively stable under
temperatures higher than those experienced phgstally and also towards chemical
denaturants (Misra and Ramachandran, 2009; Shoehai,., 2008). This Hsp70 has also
been shown to have ATPase activity that is stinedldty J proteins (Botha, et al., 2011,
Misra and Ramachandran, 2009; Shonhai, et al.,)2008itionally, PfHsp70-1 displays
aggregation-suppression properties which are emdaimcthe presence of a J protein (Botha,
et al.,, 2011; Misra and Ramachandran, 2009). lwasth noting that results detailed in
chapter three showed that Pfjl localized to theochibndrion of the parasite thereby
discounting the cell biological relevance of inreitexperiments detailed by Misra and

Ramachandran relating to its interaction with PfHBA (Misra and Ramachandran, 2009).

Of interest in this study was the heterologous esgion and purification of PFB0O595w and
PfHsp70-1 proteins to be subsequently used foritno assays. Here, their interaction was
explored through ATPase assays and surface plasesamance (SPR) spectroscopy. As
described previously, the N-terminus of Hsp70s asngrised of the nucleotide binding
domain that binds and hydrolyzes ATP during itenattion cycles with client proteins
(McCarty, et al., 1995). Additionally, the J-domgmmesent in J proteins stimulates the
ATPase activity of Hsp70s and therefore the ATRe&say was intended to examine such an
interaction between PFB0595w and PfHsp70-1. The &&8€P activity involving the
conversion of ATP to ADP and inorganic phosphatelmaassessed in vitro using assays that
monitor the amount of inorganic phosphate releassdg a variety of methods such as
colorimetry (Carter and Karl, 1982; Chifflet, et.,all988; Lanzetta, et al., 1979). The

stimulation of the Hsp70 ATPase activity by a carthprotein can be used to indirectly infer
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functional interaction in vitro. The SPR spectrgsctechnology on the other hand allows for
the label free detection of specific biomoleculateractions (adsorption) between an
immobilized ligand with an interacting partner (B@) in real time (Liedberg, et al., 1983;

Schuck, 1997). Here, the interaction between PfBsband PFB0595w was analyzed using
SPR spectroscopy.

Studies regarding protein structure have shownlXipabteins belonging to the canonical type
| and type Il have a dimerization domain at theite@ninus and function as homodimers (Li,
et al., 2006; Sha, et al., 2000). These dimers farateft that is involved in efficient client

binding and transfer to Hsp70 (Li, et al., 2003-BR595w has a predicted dimerization
domain as determined by in silico analyses conductechapter two. In this chapter, the

ability of PFB0595w to dimerize was investigatethgssize exclusion chromatography.

5.1 Objectives

This study aimed to examine the interaction of PFEv with PfHsp70-1 using in vitro

approaches.
Specifically, the aims were:

i. To design and commercially generate a codon optichiElis-tagged PFB0595w
expression plasmid. Note: His-tagged PfHsp70-1esgion plasmid which had been
codon optimized had been produced in a relatedystid the Biomedical
Biotechnology Research Unit (BioBRU, DepartmenBajchemistry, Microbiology,
and Biotechnology, Rhodes University, South Africa)

ii. To heterologously express and purify recombinanti$xPFB0595w and 6xHis-
PfHsp70-1 referred to here as PFB0595w and PfH4piE3pectively using a suitable
E. coliexpression system.

ili. To carry out invitro assays including ATPase assays and SPR speapy.

iv. To determine whether PFB0595w dimerizes usingeskodusion chromatography.
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5.2 Materials and methods

5.2.1 Heterologous expression and purification of PFB05%9% and PfHsp70-1

5.2.1.1 Expression plasmids coding for PFB0595w and PfHsp7D

The coding sequences for PFB0595w and PfHsp70-& weafon optimized to enhance their
yields in theE. coli heterologous expression system. To facilitatertitge of the coding
regions into the pQE30 expression vector (Qiagemnany),BanH| and Hindlll restriction
sites were engineered into the 5’ and 3’ ends efcthding sequence respectively. The codon-
optimized coding sequence was synthesized andtéasénto pQE30 expression vector
(Qiagen, Germany) to produce the plasmids pQE300BEB~N and pQE30-PfHsp70-1 by
GenScript Corporation (Piscataway, New Jersey, UBAA sequencing was employed to

verify the integrity of the two constructs.

5.2.1.2 Induction studies for the production of PFB0595w ad PfHsp70-1

To purify PFB0595w, the pQE30-PFB0595w plasmid et transformed into competent
E. coliM15[pREP4] cells and induction studies conductedescribed in section 3.2.2.2. A
similar protein induction study was adopted for $@E30-PfHsp70-1 plasmid encoding
PfHsp70-1 except that the plasmid was transforméml competenkE. coli XL1 Blue strain
and 100ug/ml ampicillin was used. The induction and expi@ssof both recombinant
proteins was analyzed by SDS-PAGE and detecteddsgenn blot analysis as described in
section 3.2.2.2. For western detection, the monsd-s primary antibody was used for both
proteins. Alternatively, PFB0595w was also detectgidg mouse anti-PFB0595w polyclonal
antibody (1:2500 dilution) while PfHsp70-1 was d¢¢el using rabbit anti-PfHsp70-1
polyclonal antibody (1:5000 dilution). HRP-conjugdtgoat anti-mouse (1:5000 dilution)
(GE Healthcare, UK) and goat anti-rabbit (1:5000tcn) (Cell signaling technology, USA)
secondary antibodies were used. Chemiluminesceasedbprotein detection and image

acquisition were carried out as described in se@i@.2.2.
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5.2.1.3 Solubility studies for PFB0595w and PfHsp70-1

Solubility studies were undertaken following indoos studies. The competeft coli
M15[pREP4] cells were first transformed and sulbisedjy colonies were inoculated into 2x
YT broth and grown overnight as described in secid®.1.2. The overnight cultures were
diluted 10x and incubated at 37°C in a shaking lbator followed by induction with 1 mM
IPTG at OQyo of 0.6. Three hours after induction, the cellsevearvested by centrifugation
(5000 xg, 20 min) at 4°C and the cell pellet resmsied in 5 ml of lysis buffer (10 mM Tris
HCL pH 7.5, 300 mM NaCl and 50 mM imidazole, 1 mM®F (Roche, Switzerland), and 1
mg/ml lysozyme (Sigma-Aldrich, Germany). Cell lysias allowed to proceed for 20 min at
room temperature (2€) after which the sample was frozen overnight88G. The cells
were thawed and sonicated 4C4 The supernatant fraction was obtained by cemaifion
(13000 xg, 30 min) at°€ and the pellet was subsequently resuspended $t®B volume
equivalent to that of the supernatant. Equal volwieboth the supernatant and pellet were
treated with sample buffer (Laemmli, 1970), boifed 10 min and analyzed through SDS-
PAGE and western blotting.

5.2.1.4 Heterologous purification of PFB0595w and PfHsp70-1

To purify PFB0595w recombinant protein, the proteuas overexpressed ii. coli
M15[pREP4] cells as described in section 5.2 Tiee hours after induction, the cells were
harvested by centrifugation and re-suspended ia bysffer androzen overnight at —80°C as
described above in section 5.2.1.3. After sonicattbe supernatant was separated from the
cell debris by centrifugation. PFB0595w presentha soluble cell extract was allowed to
bind to sepharose beads (GE Healthcare, UK) changgdNiSQO,, overnight at 4°C. The
beads were subsequently washed using wash bu@ienfa Tris, pH 7.5, 300 mM NacCl, 50
mM imidazole, and 1 mM PMSF) and PFB0595w was thleed using elution buffer (10
mM Tris, pH 7.5, 300 mM NaCl, 1 M imidazole, ananM PMSF). The eluted protein was
extensively dialysed at 4°C against the assay boffinterest. However, proteins were also
dialysed against the storage buffer (10 mM Tris, o5, 300 mM NaCl, 50 mM imidazole,
0.8 mM DTT, 10% glycerol, and 1 mM PMSF) and frozn8CC for future applications.

110



PfHsp70-1 was over-expressedBncoli XL1 Blue cells and the same purification protocol
to that for PFB0595w was adopted.

5.2.2 ATPase assay

The colorimetric ammonium molybdate ATPase activdysay for inorganic phosphate
determination was performed as previously descr{ddfflet, et al., 1988) but as modified
by others (Matambo, et al., 2004). Briefly, purfiproteins were prepared in the ATPase
assay buffer (10 mM Mggl 10 mM Hepes (pH 7.4), 20 mM KCI, and 0.5 mM DTT).
Separate and combined reactions for PfHsp70-1 &®0%95w were prepared with the
chaperones to a final concentration of @M and the final reaction volumes adjusted to 1000
ul with phosphate free water. The reactions werdlibgated at 37°C prior to initiating the
ATPase reaction through the addition of 60801 ATP (Roche, Switzerland). Triplicate
samples (5Qu) were taken from the reaction at 0, 15, 30, 45, B0, and at 180 min after
the start of the reactions and added tqb0f 10 % SDS present in a 96 well flat bottomed
microtitre plate to stop the reaction at these tpomts. For color development, fa0of 1%
solution of ammonium molybdate dissolved in 1M H@ds added to the microtitre plate
wells containing the sample mixture. This was feld by the addition of 5@I of 6%
ascorbic acid prepared in phosphate free waterdisatted in the formation of a blue color in
the presence of inorganic phosphate. Finally, 1I56f 2% (w/v) sodium citrate in 2% (v/v)
acetic acid was added to the microtitre plate wadlstaining the sample mixture to complex
the excess of molybdate and prevent further inereasolor if hydrolysis of ATP took place.
A standard curve to determine phosphate concemtrati the samples was generated using
KH2PQO..

The levels of inorganic phosphate generated byehzymatic reactions and phosphate
standards were determined at an absorbance of BbQusing a microtitre plate reader
(Powerwavex, Biotek Instruments Inc., USA). The ASP assays were performed in
triplicate each with three independent batches aiivaly purified proteins. The ATPase
activity was reported as a function of the nanomaieinorganic phosphate released per min
per mg of Hsp70 (nmolPi/min/mg of Hsp70). Contréctions included individual reactions
containing PfHsp70-1 and PFB0595w without ATP tdedeany contaminating inorganic
phosphate in the reactions. A reaction containiiié Alone was used to estimate the amount
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of inorganic phosphate released into the reactiolutisn through spontaneous ATP
hydrolysis which was subsequently subtracted frértirae points.Medicagosativa (alfalfa)

Hsp70 (Alfa Biogene International, Germany) serasa positive control.

5.2.3 Surface plasmon resonance spectroscopy

Kinetic measurements related to the interactiomween PFB0595w and PfHsp70-1 over time
were performed using the ProteOn™ XPR36 proteieradtion array system (Bio-Rad,
USA). The array system provides for the parallemiobilization of up to six ligands and
allows for the simultaneous measurement of 36 bleoutar interactions since up to six
parallel analytes can be injected on to the chigpgedicular to the immobilized ligands.
However, no ligand was immobilized on channel 4chiserved as a negative control. The
experimental set-up including monitoring the rumniof ProteOn™ XPR36 machine and
subsequent data analysis was conducted usind’tbiOn Manage™ software version
3.1.0.6 (Bio-Rad, USA). Unless stated otherwiskthal reagents and GLC sensor chips were
purchased from the manufacturer. Analytes usedis study including purified proteins,
BSA, and ATP were prepared in PBST, pH 7.4 (PB®% @i005% Tween 20) that also acted
as the running buffer. The analytes and runnindebbsifwere filtered, degassed, and allowed

to equilibrate to 2%C: the temperature used to conduct the experiments.
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Figure 5.1: The immobilization of PfHsp70-1 on the surface oftte GLC sensor chip The
immobilization of PfHsp70-1 was carried out by aation of the carboxymethyl groups on
the dextran matrix by reaction with hydroxysuccime The activated carboxyl groups were
covalently bonded to free amino groups presentflisp70-1 following ligand contact. The
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excess of activated carboxyl groups were blockeaguks M ethanolamine. The surface was
subsequently regenerated with 10 mM glycine (pH) JaBd the immobilization level
determined following channel referencing. The poilatbeled x on the graph represent the
injection points.

The immobilization of the PfHsp70-1 was conductedshown in figure 5.1. Briefly, the
GLC sensor chip was initialized using 50% glyce&ilbsequently, it was preconditioned by
performing sequential injections of 0.5% SDS, 50 mMislOH, and then 100 mM HCI at a
flow rate of 30ul/min for 60 seconds each. The surface was aftehaativated using a 1:1
mixture of 40 mM EDC (N-ethyl-N-(dimethylaminoprdpyarbodiimide) and 10 mM sulfo-
NHS (N-hydroxysuccinimide) diluted to 1:5 in deiped water and injected at a similar flow
rate and time. The EDC/NHS allows for the covalemmobilization of the ligand on the
surface of the sensor chip. Activation of the chipface was followed by a preconcentration
test to determine the optimal pH and concentratieguired to reach the target level of
response for each ligand to be immobilized. Thestagre carried out through injection in a
perpendicular orientation of 1@/ml of PfHsp70-1 (pl, 5.5; final pH used, 4.5) paeed in
10 mM sodium acetate buffer at differing pH ovee ttesired channels at a flow rate of 30
wl/min for 5 minutes. The reference channel (chad)eklas injected with buffer alone and
hence no ligand was immobilized on that channele Thannels were subsequently

regenerated using 10 mM glycine pH 1.5.

The remaining active carboxyl groups were inacéidaising 1 M ethanolamine at a flow rate
of 30 pl/min for 5 minutes. The chip was washed thoroughith PBST until a stable
baseline was attained. A standard procedure fat@nanjection was adopted involving an
initial wash step with the assay buffer (PBST)|doed by an interaction step through
injection with the analyte of interest, and a sgjoeat regeneration step with 10 mM glycine
(pH 1.5). Firstly, PFB0595w (0.6M) was injected in the presence and absence ofrmola
excess ATP (luM) carried out at a flow rate of 60 ul/min for 96cends followed by a
dissociation phase of 5 minutes using the assaghufs a control, buffer lacking any ATP
was also injected under similar conditions. ATRamsinteracting partner of Hsp70 through
binding to its ATPase domain and the high concéptraof ATP used would favor
chaperone-cochaperone interaction and potentiafigen chaperone-substrate interaction.
Further, using a similar flow rate and contact tirReE-B0595w (1 uM) was injected at
differing protein concentrations (O, 0.4 uM, 0.6 uM, 0.8 uM, and 1uM) in the presence
of ATP (1 uM). The injection of PFB0595w at a rangfediffering concentrations would
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allow the study to determine whether the interactd@as concentration dependent. The data
obtained from the concentration analysis would sgbently be used for kinetic analysis.
Control experiments employed in the study includsiA (1 uM) to assess whether the
interactions observed were specific and hence st @egative control. The reactions were
carried out in triplicate on the same channel aondbte referencing was adopted for all
experiments. Data was monitored and manipulateagusie ProteOn Manage™ software
version 3.1.0.6 (Bio-Rad, USA). Additionally, dditting was attempted using the models
provided by theProteOn Manage™ software.Seven models are provided by the ProteOn
manager software of which the Langmuir model isrttest common data fitting model and
follows a pseudo first-order kinetics based on $&mpl biomolecular interaction. The model
assumes that the binding is equivalent and indegerfdr all binding sites and the reaction is
not limited by mass transport. The other six mo@eésmore complex and take into account

different experimental conditions that deviate fribra Langmuir model.

5.2.4 Size exclusion chromatography of PFB0595w

Size exclusion chromatography of PFB0595w was e@riut using the GE AKTA FPLC™
(fast protein liquid chromatography) system equippeth a Superdex 200 HR 10/30 gel
filtration column (10 mm x 30-31 cm; bed volume2#f ml; Amersham Pharmacia Biotech)
and monitored using the Unicorn software versidil4Proteins at differing concentrations
(8 mg/ml, 4 mg/ml, and 1.5 mg/ml) were diluted lre tmobile phase (20 mM Hepes, pH 7.4
and 150 mM NacCl) which served as the column equailion buffer as previously described
(Boshoff, et al., 2008; Sha, et al., 2000). Pratenere injected at 1 ml/min and retention
times were monitored at 280 nm. Molecular massdstats used included blue dextran (2000
kDa; void volume), catalase (240 kDa, 3 mg/ml), B&8 kDa, 4 mg/ml), ovalbumin (45
kDa, 4 mg/ml), and lysozyme (14.3 kDa; 3 mg/ml)eThactions collected were precipitated
with 20% trichloroacetic acid and the protein pedellected through centrifugation (13000
xg, 10 min). The pellet was subsequently washedetwiith cold acetone and resuspended in
laemmli sample buffer (Laemmli, 1970) after brieflyaporating off the acetone on a heating

block and proteins were assessed by SDS-PAGE.
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5.3 Results

5.3.1 Non-denaturing purification of PFB0595w and PfHsp761

The codon optimized coding sequences for PFB059%av RfHsp70-1 were successfully
synthesized and inserted into pQE30 expressionokrecby GenScript Corporation

(Piscataway, New Jersey, USA).
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Figure 5.2: Plasmid maps and associated diagnostic restrictioanalyses of pQE30-
PFB0595w and pQE30-PfHsp70-1 plasmid€Both plasmids A and C) confer ampicillin
resistance when transformed E coli cells as indicated (AmpiRf—lactamase coding
sequence). The 6xHis-tag segments are upstrearheo€dding regions inserted between
BanHI and Hindlll restriction sites. The origin of replication (Col®tigin) and regions
coding for LacZ alpha are also shown. Agarose @) displaying double restriction
enzyme analysis of the pQE30-PFB0593y and pQE30-PfHsp70-1Dj plasmids with
BanHI and Hindlll restriction enzymes. Lane L, lambda DNA molenuladder digested
with Pst; lane 1, plasmid double digested wiBanHI and Hindlll restriction enzymes;
Arrows indicates the position of the digested DNAgiments. The expected sizes of the
PFB0595wandPfHSP70-1DNA fragment are 990 bp and 2040 bp respectively.
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As mentioned earlier, the plasmids allow for th@ression and purification of PFB0595w
and PfHsp70-1 that are 6xHis-tagged at the N-taumiiihe codon optimization strategy was
adopted since both wild-type genes are AT rich: 33w and PfHsp70-1 have 31% and
34% GC content respectively.
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Figure 5.3: Heterologous over-expression and puridation of PFB0595w and PfHsp70-1.
A) SDS-PAGE (12%) analysis of total protein extrgotspared fronk. coli M15[pREP4]
cells transformed with pQE30-PFB0595w and produckPigB0595w during induction
studies. Lane M, molecular mass marker; lane O--imoluced sample; lanes 1-5, induced
samples taken hourly; lane o/n, induced samplentakesrnight. The arrow indicates the
position of PFB0595w. An associated western bloB]Wanalysis for the detection of
PFB0595w induction study is provide#). SDS—-PAGE (12%) analysis of PFB0595w in the
fractions collected during the purifications. Ladle molecular mass marker; lane 3h, third
hour post induction sample; Lane FT, flow-throughne W1 — W3, wash 1 up to wash 3;
Lane E1 — E3, elution 1 up to elution 3; Lane Badédraction.C). SDS—-PAGE (12%)
analysis of total protein extracts prepared fr&mcoli XL1Blue cells transformed with
pPQE30-PfHsp70-1 and producing PfHsp70-1 during @tida studies.D). SDS-PAGE
(12%) analysis of PfHsp70-1 in the fractions cdkelcduring the purification. The arrow
indicates the position of PfHsp70-1 protein. Anocassted western blot [WB] is provided
below each SDS-PAGE analysis of the purification.
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Following the verification of the integrity of thexpression plasmids through DNA
sequencing and restriction digestion (Figure 5t2¢, induction of protein production over
time was examined. The plasmid expressing PFB0588% successfully transformed into
competentE. coli M15[pREP4] cells. Analysis of induction of PFBO%®3hrough SDS-
PAGE of the whole cell lysates showed that theginotvas not expressed prior to induction.
Following induction, there was a significant incgean protein production (Figure 5.3A) at
the expected molecular mass (39 kDa) which washdurtconfirmed through western
analysis. The high protein expression was sustaseassessed by samples taken at different

time points of induction (Figure 5.3 A).

Similarly, PfHsp70-1 was found to be significantbyerexpressed following induction
(Figure 5.3C). The overexpression was sustaineaugfirout the time points analyzed. For
both proteins, the third hour post-induction wa®sgn as the point for cell harvest and
purification. Prior to purification of both protein solubility studies were prioritized to
investigate whether they were soluble. To this erdls harvested at the third hour post-
induction were treated with native lysis buffer audbsequently subjected to SDS-PAGE and
Western analysis. Examination of the supernatant pellet fractions showed that both
proteins were soluble (data not shown). Based enatliicome of the solubility studies,
purifications of both proteins under native coratis was chosen. SDS-PAGE analysis of the
different fractions collected during the purificati process showed that both proteins bound
strongly to the nickel charged beads due to thegmee of the 6xHis-tag giving high protein
yields (>5mg per liter of culture) in the first &n with little contaminants (Figure 5.3B and
5.3D). Very little amount of protein was lost dugithe three wash steps included during the
purification of both proteins. Most protein was mouto be present in the first and second
elutions with little being bound to the beads faliog the third elution. Additionally, the
purified proteins were found to contain very lowdts of DnaK E. coli Hsp70)
contamination, as assessed through western bldysanaf the eluted fractions, which
become insignificant following subsequent diluttonworking concentrations with the assay
buffers (data not shown). It was observed thatkenPfHsp70-1, PFB0595w had a high

propensity to precipitate at high protein concerures.
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5.3.2 PFB0595w stimulates the ATPase activity of PfHsp70-

The successful purification of recombinant proteatiswed this study to examine whether
PFB0595w could stimulate the basal ATPase actiwity?fHsp70-1 using the colorimetric
ammonium molybdate assay. Purified PfHsp70-1 wasvshto have a basal ATPase activity
of ~7 nmolPi/min/mg (Figure 5.4). No ATPase actiwitas observed for purified PFB0595w
(Figure 5.4). PFB0595w stimulated the basal ATRa&s$wity of PfHsp70-1 by approximately
5 orders of magnitude (~ 33 nmolPi/min/mg) (FigGré4). As mentioned previously, control
reactions were included to account for the spotasdydrolysis of ATP while a phosphate
standards curve was used to calculate the contientiaf inorganic phosphate in the assay

(data not shown).
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Figure 5.4: Bar graph showing that PFB0595w stimulated the ATPse activity of
PfHsp70-1.The ATPase activity, in nmolPi/min/mg of Hsp70répresented on the Y axis
while the chaperones are shown on the X axis. @&pasand combined reactions of
PFB0595w and PfHsp70-1 each at 10 uM were used.
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5.3.3 PFBO0595w interacts with PfHsp70-1 as depicted by &Pspectroscopy

To examine the biophysical interaction of PfHsp7@vith PFB0595w, PfHsp70-1 was
successfully immobilized via covalent amine cougplia the sensor chip surface (Figure 5.1).
The final level of PfHsp70-1 immobilization detemad following reference subtraction was
found to be ~ 4333 RU (Figure 5.1). This value wasparable to thBmax(the theoretical
maximum binding response of the surface ligand) fr PfHsp70-1 which was calculated
to be 4519 RU using the equation 1 where, 1 000eRUkls a change in mass of 1 ngfmm
(Karlsson, et al.,, 1994). MW is the molecular wejgRL is the ligand response on
immobilization, and V (valency), is the number @iding sites on the ligand.

Analyte MW /

Rmax = ( Ligand mw) X RLXV (1)

Following the immobilization of PfHsp70-1, the syudxamined the nature of interaction
between PFB0595w and PfHsp70-1 in the presencalsehce of ATP (1 uM). ATP binds
to PfHsp70-1 on a 1:1 ratio since PfHsp70-1 has/Ane binding domain while J proteins
stimulate the ATPase activity of Hsp70s. The respoobtained following the injection of
ATP alone with immobilized PfHsp70-1 was subtractesin all assays where ATP was
included during injection with different analytedResponses (approximately 400 RU) were
obtained when PFB0595w (0.6 uM) was injected inaieence of ATP (Figure 5.5). Further,
responses (approximately 350 RU) were obtained videB0595w (0.6 uM) was injected in
the presence of molar excess ATP (Figure 5.5). BBB@ appeared to adsorb strongly to the
surface of the chip since less dissociation waemies following the injection of the buffer
alone in the dissociation phase. To examine whetteepbserved interaction was not due to
non-specific adsorption of any protein injected tonthe sensor chip, BSA was used as a
negative control. BSA (1 pM) injected in the abseaad presence of ATP (1 mM) did not
adsorb onto the sensor chip implying that it did imberact with PfHsp70-1 (Figure 5.5).
While results obtained here for PFB0595w are prielmy and deserve further investigation,

they point to specific interaction with PfHsp70-1.
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Figure 5.5: SPR sensorgrams showing PFB0595w and tn@SA interacts with
immobilized PfHsp70-1 in the presence and absencé ATP. PFB0595w (0.6 uM) and
BSA (1 uM) were injected in the presence and alsehATP (1uM) at a flow rate of 60
pl/min for 90 second followed by a dissociation gaf 5 minute using the assay buffer. The
final level of PfHsp70-1 immobilization followingeference subtraction was ~ 4333 RU.

To investigate whether the interaction of PFBO5%&ih PfHsp70-1 was dependent on the
concentration of protein injected, PFB0595w (0.2 oM. M) was injected on to the sensor
chip surface at a flow rate of 60 pl/nand a contact time of 90s. PFB0595w adsorbed to the
surface of the sensor chip in a concentration dégr@nmanner with higher concentrations
resulting in greater adsorption (Figure 5.6A). Hdess dissociation was observed with
higher concentrations of PFB0595w injected on ® ¢hip. When the maximum response
units for the association phase were plotted agémesamount of PFB0595w injected, a plot
that did not appear to reach saturation was obdgRigure 5.6B). A plot reaching saturation
would imply that the interaction was specific arel such, further studies are required to
examine such interactions at higher PFB0595w pratencentrations than those employed

here to assess whether saturation would be reached.
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Figure 5.6: SPR analysis showing thaPFB0595w, at differing concentrations, interacts
with PfHsp70-1 in the presence of ATP.A) PFB0595w was injected at differing
concentration (0.2 uM - 1 uM) in the presence oPALuM) at a flow rate of 60 pl/min for
90 s followed by a dissociation phase of 5 minweng the assay buffeB) Associated
saturation plot derived from plotting maximum resge units for the association phase
obtained in A against the concentration of PFBO58%ected.

Of interest in this study was the kinetic analysfi@ssociation (association rate constagt; k
and dissociation (dissociation rate constag); & the interaction between PFB0595w and
PfHsp70-1. Kinetic analysis involves fitting of semgrams to biochemical interaction
models of well characterized systems thereby atigvastimated values associated with the
kinetic parameters to be identified. However, ddtag for both the injection of PFB0595w
in the presence of ATP and that for the concemtnatiependent interaction of PFB0595w
with PfHsp70-1 could not be carried out as the Itesobtained here are preliminary and
deserve further investigation. Overall, resultsaoi#d here calls for further studies that
would enhance the understanding of the natureefrtteraction and allow kinetic analysis.
Indeed, further experiments with injections of PBBBw over a range of concentrations are
required to assess affinity of interaction betw®&B0595w and PfHsp70-1 in the presence
and absence of ATP.

5.3.4 PFBO0595w exists as a homodimer
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In silico predictions detailed in chapter two showbat PFB0O595w does have a putative
dimerization domain at the C-terminus. This stuldgréfore sought to investigate whether
PFB0595w dimerizes or forms higher order oligomerssolution through molecular
exclusion chromatography. The calculated monommotecular mass of 6xHis-PFB0595w
is 39 kDa.
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Figure 5.7: Gel filtration analysis of purified PFBO595w. A Chromatogram for the
resolution of purified PFB0595w at a concentratodr8 mg/ml injected at a flow rate of 1
ml/min. B) An associated SDS-PAGE analysis of the 1 ml etufractions collected. The
mobile phase comprised of 20 mM Hepes, pH 7.4 &@ mM NaCl and served as the
column equilibration buffer. The size exclusionnstards used (Catalase; 240 kDa, BSA; 68
kDa, Ovalbumin; 45 kDa, and Lysozyme; 14.3 kDa) mdicated by blue arrows. Vo
indicates the void volume.
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A single major peak was observed at ~ 70 kDa (tated molecular mass) that was
interpreted as the homodimeric species of PFBO5@=gure 5.7A). SDS-PAGE (12%)
analysis of the 1 ml fractions collected displageaholecular mass of ~ 40 kDa, the expected
molecular mass of a monomer (Figure 5.7B). The $B&E profile additionally showed a

minor band at ~ 27 kDa that was considered as datjoen products of PFB0595w.

5.4 Discussion

Characterization of proteins through biochemicall &mophysical approaches can provide
greater insights into the nature of interactionsmveen two or more proteins. The main
objective of this study was to characterize theerattion between PfHsp70-1 and
PFB0595w. As detailed in chapter four, the two @i were shown to localize in the
parasite cytosol. As described for md3lasmodium proteins, the coding regions for
PFB0595w and PfHsp70-1 are AT rich and to enharrotein expression, their coding
regions were codon optimized. Both optimized cartdsr encoding PFB0595w and PfHsp70-
1 gave good protein expression and sufficient pmotgelds without the addition of
denaturants. The advantage of native purificatioer dhe denaturation method is that the
purified protein may not lose associated activitiisfa and Ramachandran, 2009). However,
PfHsp70-1 has previously been purified in sevenadliss using the native coding sequence
inserted into pQE30 and other related protein esgio@ vectors (Chiang, et al., 2009;
Matambo, et al., 2004; Misra and Ramachandran, ;2808nhai, et al., 2008).

The ATPase activity of PfHsp70-1 is important ig imteraction cycles with client proteins
and it is tightly regulated through interaction hwit proteins and nucleotide exchange factors
(Langer, et al., 1992). This study showed that Pi#Hsl has basal ATPase activity that is
stimulated by PFB0595w by 5 orders of magnitudes ®bservation implied that PFB0595w
potentially interacts with PfHsp70-1 since they hbakside in the cytosol. A similar
observation with PfHsp40, another cytosolic J pmteas made in a recent study (Botha, et
al., 2011). The observed basal ATPase activityuoifipd PfHsp70-1 reported here is close to
the levels reported by Misra and Ramachandran, 929 nmol Pi/min/mg of protein) and
Matambo, et al. (2004) (14.6 nmol Pi/min/mg) bukéo than those reported by Shonhai, et
al. (2008) (29.2 nmol Pi/min/mg). These values egkatively high compared to those
reported for Hsp70s from other species such as hubwvine, and. coli DnaK (less than 4
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nmol Pi/min/mg) (Bimston, et al., 1998; Liberek,at, 1991; O’Brien and McKay, 1993).
However, Trypanosoma cruzdsp70 has been reported to have high basal AT&asaty
greater than 60 nmol Pi/min/mg (Edkins, et al.,£200lson, et al., 1994). Based on such
values, it has been suggested that Hsp70s of parasgin may have relatively high basal
ATPase activities (Shonhai, et al.,, 2008). The ntage of Hsp70 ATPase activity
stimulation by PFB0595w obtained here is comparabte previous reports. PfHsp40 was
reported to stimulate the ATPase activity of PfH3{i7and human Hsp70 by a magnitude of
~ 4 and ~ 15 times respectively (Botha, et al.,1201n E. coli, DnaJ has been shown to
stimulate the ATPase activity of DnaK ranging apjmaately 2 to 13 fold (Liberek, et al.,
1991; McCarty, et al., 1995).

This study aimed at understanding the biophysiesiine of interaction between PfHsp70-1
with PFB0595w using the SPR spectroscopy technolddgimaqvist, 1993). PfHsp70-1
immobilized on the chip was judged as active sitgeteraction with PFB0O595w resulted in
a significant increase in response signal that al@sent upon the injection of BSA. When
PFB0595w was injected in the absence of ATP, iotema with PfHsp70-1 was observed and
this calls for further studies. The difficulty imterpretation arises from the fact that
PFB0595w was natively purified and could not patdiyt be recognized as a substrate by
PfHsp70-1. In the absence of ATP, PfHsp70-1 waslyikn the ADP bound state, and
Hsp70s have a high affinity for client proteingive ADP-bound conformation (Dragovic, et
al., 2006; Kampinga and Craig, 2010). The subseqgunetlusion of molar excess ATP in the
injection of PFB0595w resulted in responses thatlditikely depict chaperone-cochaperone
interactions since ATP would hinder potential chhrape-substrate interactions. However, the
observations detailed here are preliminary anch&rstudies are required to validate these

results.

It is worth noting that only full length proteinseve included in all the SPR spectroscopic
experiments conducted in this study and thereforeominteractions between different
domains may have been masked by major interactibosbetter study such interactions,
mutant proteins in which certain key residues acoglifred to disrupt the interaction between
PFB0595w and PfHsp70-1 could be employed in fuxperiments. In such a scanning
mutagenesis approach, residues present in the dwdauch as the HPD motif of PFBO595w
could be mutated so as to disrupt its interactioth khe ATPase domain of PfHsp70-1
without compromising its integrity. Further, prelimary results obtained indicated that

PFB0595w interacted with PfHsp70-1 in a concerdratiependent manner. However, the
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concentrations of PFB0595w injected on to the efgpe not sufficient to reach saturation as
demonstrated by a secondary plot and hence thdfisjpe®f the interaction remains to be
determined. During injections, low levels of dissbion were observed following complex
formation between PFB0595w and PfHsp70-1. Inddeljrtteraction did not appear to reach
equilibrium under conditions used in this studytédaot shown). The data obtained could not
be fitted to exponential equations as providedhgyRroteOn manager software and therefore
the affinity associated with such interactions reymdo be quantified. The interpretation of
such data may however be confounded by other teghriactors associated with the
experimental set-up and prompts further investigesti Quite important is the purity of the
analytes used in the study and the ligand immadliz2Natively purified proteins as used in
this study may co-purify with minor contaminantsemen contain degradation products from
the analyte before use which may influence the exymantal outcome making it difficult to
interpret data. However, both influences were aereid negligible as assessed by SDS-
PAGE analysis of purified proteins and subsequehittiohs to working concentrations.
Additionally, proteins used in this study were figspurified and used within a week to
minimize for the effects of degradation. Complexniation between PfHsp70-1 and

PFB0595w can be evaluated using the Blue Native PAproach in future studies.

Sequence alignment and homology modeling of theigeepinding region in PFB0595w
(data not shown) depicts the presence of a dimeizaomain. Results detailed here depict
PFB0595w to exist as a homodimeric protein speaigsrotein concentrations used in this
study. Previously, Sha and colleagues observedgieshomodimeric species and suggested
that the cleft formed by the dimer allows for pdptbinding and transfer to Hsp70s (Sha, et
al., 2000). Dimer formation is crucial for functality of type | and Il J proteins (Langer, et
al., 1992; Li, et al., 2009). However, future expmmts conducted at different protein
concentrations other than those employed hereegp@red to determine if PFB0O595w also
exists as a monomer or other oligomeric statesthByra complimentary approach using
Blue Native PAGE could also be employed to validedenplex formation (Claeys, et al.,
2005). Related studies could also explore the ext&t of protein complexes between

PFB0595w and PfHsp70-1 following co-injections oftbpurified proteins.

5.5 Conclusion
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The study showed that PFB0595w interacts with Pf@sp and stimulates its ATPase
activity. It has provided preliminary evidence obiaphysical interaction between these two
proteins and highlighted the need for further ekpents and analysis of the kinetics of this
interaction. Additionally, while PFB0595w was shotnexist as a homodimer, suggestions
have been made for future experiments to exammexistence of monomers and oligomers.
Further, the ability of PFB0595w to modulate themérone properties of PfHsp70-1 such as

protein folding and aggregation-suppression ougliet prioritized in future studies.
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CHAPTER SIX

Conclusions and Future perspectives
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This thesis details research addressing severallkdge gaps in thBlasmodialHsp70 and J
protein chaperone complements. Broadly, the objestof this research were to identify and
conduct a side-by-side comparative analysis of l#sp70s and J proteins across the
Plasmodiumspecies. Secondly, the study aimed to verify tbeallzation of Pfjl and
PfHsp70-3 in the intraerythrocytic stage of develept of P. falciparum Additionally, the
study aimed to heterologously express and purifgseéh proteins for biochemical
characterization. Thirdly, this research aimeddtetmine the expression and localization of
PFBO0595w in the intraerythrocytic stagesPoffalciparum development. Lastly, the study
sought to investigate PFB0595w as a cochaperorefftsp70-1 using in vitro approaches.

One of the aims of this study was to identify ammnpare the Hsp70 and J protein
complements across tidasmodiumspecies including human- and primate: falciparum
3D7 and P. vivax Sal-1, P. knowlesi strain)Hand rodent-infecting specie®.(berghei
ANKA P. chabaudi chabaudiand P. yoelii yoelii 17XNL This side-by-side analysis
highlighted certain key features of tlie falciparum chaperone system. It showed that
Hsp70s are highly conserved across these specibstivei exception of PfHsp70-x that is
only present inP. falciparum The export of PfHsp70-x was recently experiméptal
confirmed where it was found to be present in the d@d infected erythrocyte cytosol
(Grover, et al., 2013; Kiilzer, et al., 2012). Hoeewhile the study by Kilzer et al. (2012)
localized PfHsp70-x in the J-dots and not in Masretefts, that by Grover, et al. (2013)
localized it to the Maurer’s clefts. This discrepgmmay have arisen from the differences in
the Maurer's clefts marker used (SBP1 and STEVORIzét, et al.,, 2012, MAHRP1,
Grover, et al., 2013) and highlights the need tothler studies. Overall, these observations
highlighted the uniqueness of tRefalciparumchaperone system relative to the other species
and calls for further studies regarding the rolePdifisp70-x in protein export in malaria
parasites present in th&veraniasub-genus. It further raises questions of whe#imer how
protein trafficking occurs in host cells in the eod and primat®lasmodiunspecies.

Several features showed that the J protein compierseainique inP. falciparumrelative to
otherPlasmodiumspeciesP. falciparum possesses the highest overall number of J proteins
displaying an expanded complement of PEXEL contginl proteins relative to the other
Plasmodiunmspecies. This is in contrast to the parasite egsid proteins that displayed high
conservation with almost alP. falciparum J proteins having homologues in the other
Plasmodiumspecies. Indeed, the domain organization of masagite resident J proteins

appeared to be generally conserved when comparedotmologues from well studied
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eukaryotes such as yeast and humans. The conseaec of these J proteins may imply
retention of similar functionality through evolutio The putative exported proteins had a
biased localization towards the subtelomeric chreonmal regions occurring mostly after the
synteny break-points. The reduced number of PEXBEhtaining J proteins in the other
Plasmodiumspecies points to differences in the virulence mmasm and general host-
parasite interactions. Domain mapping of exportgaraleins highlighted peculiar domains
and domain organization not present in the humamotgin complement. Recent research has
revealed that some J proteinsHnfalciparum have evolved to acquire intriguing domains
that have been associated with non-canonical fometsuch as cytoskeletal stability, knob
formation, and infected erythrocyte surface ardhitee (Bennett, et al., 1997; Kilili and
LaCount, 2011; Maier, et al., 2008; Oakley, et2007). What role the unique domains such
as the MEC and PRESAN domains play for examplstilsan open question. This study
also identified a conserved motif of approximatélyamino acids at the C-terminus of most
exported J proteins iRlasmodiumspecies analyzed. The role of this motif warrdatther
research. Overall, the unique features presentenekported J proteins allows them to be
prioritized for future studies including drug tatigg since most lack homologues in the

human system.

The fact that a large number of J proteins in tkgoe category have a corrupted HPD motif
in their J-domain has raised questions regardingthér they do interact with Hsp70s.
Indeed, the question of whether most of these feim® are involved in chaperoning of
exported proteins calls for further studies in fighf the fact that few have been
experimentally studied. Another important questielates to what roles the J proteins play at
the different stages of parasite development. ESgioe studies have highlighted that some J
proteins are expressed uniquely at some stages wfhiers are generally expressed at most if
not all of the stages. This may imply that somehef J proteins have unique or specialized
roles at particular stages of the parasite lifeleeywghile others play a more generalized

homeostatic role.

Protein localization can assist in the predictibpathways that a protein may participate and
also highlight its potential partners (Rost, et 2003). However, there are very few J proteins
whose localization has been experimentally valdlakéere, in silico approach was adopted
to predict the subcellular localization and camy domain mapping of Hsp70s and J proteins
in P. falciparum The study enumerated potential subcellular laa#ibns and partnerships of

J proteins with Hsp70s. However, while in silicoabsis is quite useful and can process
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large datasets over a short period of time, it fierohampered by false positives. This
constraint is more pronounced in eukaryotes sudh tdciparumthat lack specific software
as those widely available have mainly been develdpesed on well studied eukaryotes.
Indeed, relative to other eukaryotes, Bhefalciparumproteins display a biased amino acid
composition, have a high prevalence of low compjeregions (LCRs), and the proteins
encoded by this genome are larger in size compaitadhomologues from other eukaryotes
(Pizzi and Frontali, 2001; Zilversmit, et al., 2018dditionally, P. falciparumproteins are
characterized by insertions of non-globular regitimst separate well-conserved adjacent
domains in homologous protein (Pizzi and Frontad01). These features indicate high
divergence ofP. falciparum proteins and makes domain identification and suiieel
localization prediction irPlasmodiumproteins difficult using commonly available softwar
programs. Overall, while many predictions made neethe experimentally confirmed, in

silico analysis plays an important role in helpgglect unique proteins for further studies.

The second major aim of this study was the charaateon of Pfj1. This molecule has been
suggested as a drug target due to its structuigueness and lacks homologues in other
eukaryotes including humans (Pesce, et al., 2008). uniqueness of Pfj1 coupled with the
controversy regarding its localization formed tlasib of the experimental work conducted in
chapter three. This is the first study showing tRfl localizes to the mitochondrion in the
intraerythrocytic stage of developmentRffalciparum This observation is consistent with
predictions made by Watanabe and discounts thequdy described apicoplast localization
by Kumar and co-workers (Kumar, et al., 2010; Wabs 1997). It is worth noting that
while the study by Kumar and co-workers (2010) eayptl serum raised against Pfjl, results
detailed here relied on transfection of plasmiddirg for Pfjl fused to GFP. The serum
employed in the study by the Kumar and co-work2fs.Q) had been raised against a region
covering the conserved DnaJ domains (aa 61-419fjbf #hat contains a conserved J-
domain, Zn finger-like domain (four CxxCxG repeasy a DnaJ C-terminal domain. All or
some of these domains are also present in J psotgiother proteins encoded by tRe
falciparumgenome raising the possibility for cross-reacyivithe peptide directed antibody
approach employed in this study was consideredditte since it would help lower chances
of possible cross-reactivity. Preliminary data aled from testing the serum raised from the
peptide selected in the unique C-terminus was idagive. It is against such a background

that the transfection approach was successfullyl@rag. However, the antibodies specific
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to Pfil would have helped answer questions reggrdis expression and localization.

Further, such antibodies could effectively be usedmmunoprecipitation experiments.

Preliminary results detailed here showed that PTiasp localizes to the mitochondrion and
Pfj1 was thereby proposed as a potential cochapdmnPfHsp70-3. Analysis carried out in
chapter two (section 2.3.5) suggests that bothepr®tmay reside in the mitochondrial
matrix. It is worth noting that images represented localization were produced using a
fluorescence microscope without confocal abilitvdsich may lead to misinterpretation of
data. However, the Axio Observer inverse epiflucg@se microscope system used here
captured the images through deconvolution of Zkstextions of the infected erythrocyte
under study; the same properties employed by a d€ahfmicroscope. Further, more
experiments are required to determine whether Itlogly localize to the mitochondrial matrix.
The localization experiments laid a foundation rdgay further cell biological
characterization for Pfj1 and PfHsp70-3 and hiditkgl some of the difficulties associated
with the transfection of plasmids coding for fudinigth fusion proteins. Fusing the coding
regions at either terminus with a fluorescent proteas the advantage that transfectant cells
can be imaged live without need for further treattrteat may introduce artifacts. However,
such proteins are usually large in size and may ldeleterious effects on the phenotype.
Smaller tags comprising of few amino acids on ttleeohand have the advantage of their
small size but require the use of antibodies fdecten. Further, this study employed the
chloroquine resistant promoter to drive the expoessf proteins in transfected cells and
endogenous promoters therefore need to be condidefeture studies.

It is notable that the study was unable to dethet éndogenous levels of Pfijl mainly
attributed to the lack of success with the antiebsdjenerated in this study. Future efforts
therefore include the design, synthesis and usét@ative antibodies for such detection and
localization experiments. For example, the uniqu¢er@inal domain of Pfijl may be

heterologously purified and used to generate adi#so This accounts for the initial approach
of peptide-directed antibody design and synthesiailéd in this study based on this domain.
Additionally, antibodies specific to PfHsp70-3 shibbe prioritized that would allow for the

cell biological characterization of this Hsp70. Elethe peptide directed antibody design
approach would be more feasible due to the higél lef,conservation of the Hsp70s present

in P. falciparum
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Data obtained here suggests that different appesaftbm those adopted in this study may
be used to enhance the heterologous expressiopuiiitation of Pfj1l. Pfjl appears to be
recalcitrant to heterologous expression as denatesitiby this study and is supposedly toxic
to theE. coli expression system. Indeed, Pfjl does not possessavalent homologue in
the E. coli system and its overexpression may lead to a tplkenotype. However, future
studies may consider yeast, mammalian or baculeMisect cell lines as alternative
expression systems that may satisfy any post-aoshl modification requirements.
Further, while this study used pQE30 as the exmmessctor of choice, other vectors that
contain the His-tag or other tags may be employeduiure Pfjl expression studies.
Additionally, studies should be prioritized to umstand the role of the putative PfHepl in
the purification and biochemical characterizatio®tHsp70-3.

The purification of both Pfjl and PfHsp70-3 wouldvk allowed the study to conduct
chaperone-cochaperone interaction studies. As idescrpreviously, the N-terminus of
PfHsp70-3 is comprised of the nucleotide bindingndm that supposedly binds and
hydrolyzes ATP during its interaction cycles withent proteins. To this end, the basal
ATPase activity of PfHsp70-3 and whether Pfj1 plapy role in stimulating this activity is
yet to be determined. Further, biochemical studieshe chaperone-cochaperone interaction
using the suppression of aggregation assays mayndertaken to provide preliminary
information on the interaction of PfHsp70-3 withedlt proteins and what role Pfj1 may play
during such interactions. Previously, Pfjl has bekawn to have a functional J-domain
implying the potential to stimulate the ATPase\attiof Hsp70s.

Another major aim of this study was the cell biotad) and biochemical characterization of
PFBO0595w, a typical type 1l J protein. This is thist study to show that this J protein resides
in the cytosol and is expressed in the intraeryiyiro stage of parasite development similarly
to PfHsp70-1. The imaging however could not reseWether PFB0595w also localizes to
the nuclei owing to the fluorescent microscope usBwnsfection was successful with
plasmids encoding full length PFB0595w fused theazithe GFP or the strep-tag: approaches
that were not successful with full length Pfjl stecttion plasmids. Further, PFB0595w
displayed low levels of expression that showedhsligpregulation following heat shock.
However, alternative approaches other than thogglogeed here are required to verify (i)
whether PFB0595w localizes to the nuclei in a @anfihshion to that previously described for
PfHsp70-1 by Pesce and colleagues (2008), (ii)datdi the expression of PFB0595w

following heat shock using other approaches suchoathern blotting to determine mRNA
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levels after heat shock conditions, (iii) determthe localization of PFB0595w under heat
shock conditions. Of interest in this study wasxplore the interaction and partnership of
PfHsp70-1 with PFB0595w using immunoprecipitatioxperiments. This approach was
however unsuccessful as a result of the non-spdaifiding of PfHsp70-1 in the appropriate
negative controls that appeared to be unaffecteithdopresence or absence of ATP (data not
shown). PfHsp70-1 is quite abundant in the intrdeocytic stage oP. falciparumand may
contaminate the different fractions during the inmojprecipitation experiments. However,
such contamination may also be attributed to thgeemental set-up. Previously, Pfj4 was
shown to interact with PfHsp70-1 using the immuegjpitation approach and occur in the
same fraction using size exclusion chromatograpiylying a direct or indirect interaction
(Pesce, et al., 2008). Further optimization is défege required to study such potential
interactions between PfHsp70-1 and PFB0O595w.

The evaluation of chaperone - cochaperone interstbetween PfHsp70-1 and PFB0595w
was conducted through in vitro approaches. PFB0O5%5mt PfHsp70-1 proteins were
successfully purified and used for biochemical iatdon assays as detailed in chapter five.
The codon optimization approach employed in thiglgtproved successful and resulted in
high protein production. This is the first studystwow that PFB0595w stimulates the ATPase
activity of PfHsp70-1 implying functional interaati between the two proteins. Further, the
study has provided preliminary evidence of a bigitel interaction between these two
proteins using SPR spectroscopy studies. Howewethdr experiments are required to
support such preliminary data. Future studies neagxample use the scanning mutagenesis
approach to characterize the biophysical interaabioPfHsp70-1 with PFB0595w. Here, the
HPD motif present in the J domain of PFB0595w maryexample be replaced with non-
functional residues followed by interaction anaydPFB0595w may also be immobilized
onto the sensor chip and PfHsp70-1 injected aartlag/te. Other alternative approaches may
include (i) the Quartz Crystal Microbalance withsBipation monitoring (QCM-D) approach
that may help understand the chaperone — cochapeardaraction and conformational
changes associated with such interactions whichStAB spectroscopy is less capable of
determining, (ii) the Isothermal Titration Calorime (ITC) which may help determine the
thermodynamics of interactions in solution henceiding the need to immobilize protein
molecules as is the case with SPR spectroscopthdfupther in vitro approaches such as the

protein refolding assays and the suppression ofepraggregation may be employed in
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future to provide insights on how these two prdateinteract with each other to enhance

protein folding.

Overall, the identification and validation of potieh drug targets will require the elucidation
of the PlasmodiumHsp70-J protein chaperone partnerships and aekkizharacterization of
their structure and biological function. As detdila this thesis, very few partnerships have
been experimentally investigated. Indeed, to daexe is not a single crystal structure of a J
protein from Plasmodiumspecies submitted to the protein data bank. Thesi$ has
highlighted features unique to tRefalciparumHsp70 and J protein complement relative to
that of humans and this may form the basis for rtutinvestigations. Indeed, several J
proteins such as Pfjl, PF10_0381, and RESA have peslicted as potential drug targets
since they are unique to the parasite and ther lati@ have been shown to fulfil important
tasks (Maier, et al., 2008). Indeed, their mechara$ action is not known and it remains to
be tested if they are able to interact with Hsp70werefore, such proteins deserve further
investigation both in structure, function and parghips with Hsp70s. Further, while several
chaperone — cochaperone partnerships have beeaspobbere, preliminary data from Pfjl
and PFB0595w has been presented paving the wewttoe studies. It is worth noting that
the recent implication of PfHsp70-x in partnershiph PEXEL containing J proteins in the
chaperoning of the exportome represents as arctatgafrontier in the Hsp70-J protein
biology of malaria parasites. Such investigationk pave the way for the testing of small
molecules inhibitors that may abrogate partnershgmel hence act as antimalarial
therapeutics.
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Appendix A: Amino Acid and Nucleotide Nomenclature
One and three-letter codes were used to represgnbacids, and single letter codes were

used to represent nucleotides as set forward byJdwet Commission of Biochemical
Nomenclature (JBNC) of IUPAC (International UniohRure and Applied Chemistry) and

the IUBMB (International Union of Biochemistry aiMblecular Biology):

Table 1
NUCLEOTIDE SINGLE-LETTER CODE
Adenine A
Cytosine C
Guanine G
Thymine T
Uracil U
Any Nucleotide (A, C, G, T or U) N
AMINO ACID 1-LETTER 3-LETTER DNA CODONS

CODE CODE
Alanine A Ala GCT, GCC, GCA, GCG
Arginine R Arg CGT, CGC, CGA, CGG, AGA, AGG
Asparagine N Asn AAT, AAC
Aspartic acid D Asp GAT, GAC
Cysteine C Cys TGT, TGC
Glutamine Q Gln CAA, CAG
Glutamic acid E Glu GAA, GAG
Glycine G Gly GGT, GGC, GGA, GGG
Histidine H His CAT, CAC
Isoleucine I lle ATT, ATC, ATA
Leucine L Leu CTT, CTC, CTA, CTG, TTA, TTG
Lysine K Lys AAA, AAG
Methionine M Met ATG
Phenylalanine F Phe TTT, TTC
Proline P Pro CCT, CCC, CCA, CCG
Serine S Ser TCT, TCC, TCA, TCG, AGT, AGC
Threonine T Thr ACT, ACC, ACA, ACG
Tryptophan W Trp TGG
Tyrosine Y Tyr TAT, TAC
Valine \% Val GTT, GTC, GTA, GTG
Stop - - TAA, TAG, TGA
Any Amino Acid X - -
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Appendix B: Nucleotide sequences in Fasta format

>PFB0595w optimized coding sequence

ATGGGCAAAGAT TACTACTCGAT TCTGGGOGT GTCOCGCGACT GTACCACCAACGACCT GAAAAAAGCCTACCGC
AAACTGGCAAT GAT GT GGCAT CCGGATAAACACAACGACGAAAAAAGCAAAAAAGAAGCGGAAGAAAAAT TCAAA
AACATTGCGGAAGCCTATGATGT GCT GGCCGACGAAGAAAAACGT AAAAT CTACGAT ACCT ACGGCGAAGAAGGT
CTGAAAGGCT CTATCCCGACGGGCGGT AACACCTATGT TTACAGT GGT GT CGATCCGT CGGAACT GT TCAGCCGC
ATCTTTGGTAGT GATGGCCAGT TTTCATTCACGT CGACCT TTGATGAAGACT TTAGCCCGT TCTCTACGTTTGTC
AACATGACCAGT CGT AAATCCCGCCCGT CAACCACGACCAACAT CAACACGAACAACT ACAACAAACCGGCAACC
TACGAAGT TCOGCTGAGT CTGTCCCTGGAAGAACT GTACT CGGGT TGCAAGAAAAAACT GAAAAT CACGOGTAAA
CGCTTCATGGGCACCAAAAGCTAT GAAGAT GACAACTACGT GACCAT TGATGT TAAAGCAGGT TGGAAAGACGGC
ACGAAAATCACCTTTTATGGCGAAGGT GATCAGCT GT CTCCGATGGCT CAACCGGGT GATCTGGTCTTCAAAGTG
AAAACGAAAACCCAT GATCGT TTTCT GCGCGACGCAAAT CACCTGATTTACAAAT GT CCGGT GCCGCTGGATAAA
GCTCTGACGGGCTTTCAATTCATCGT TAAAAGCCT GGATAACCGT GACATTAATGTGCOGCGT TGATGACATCGT T
ACCCCGAAATCCOGT AAAAT TGT CGCCAAAGAAGGT ATGCCGAGCT CTAAATATCCGTCAATGAAAGGCGATCTG
ATTGTCGAATTCGACATCGT GT TTCCGAAAT CCCTGACCT CCGAAAAAAAAAAAAT TAT CCGCGAAACCCT GGCT
AATACCTTC

>Pfj1 optimized coding sequence
ATGAGAGGATCGCATCACCAT CACCAT CACGGAT CCAACCAGGACCCGTACACCGT TCTGGGTCTGTCTCGTAAC
GCGACCACCAACGACAT CAAAAAACAGT TCAGGCT GCTGGOGAAAAAAT ACCACCCGGACAT CAACCCGT CTCCG
GACGCGAAACAGAAAAT GGCGT CTATCACCGCGGCGT ACGAACT GCTGT CTGACCCGAAAAAGAAAGAATTCTAC
GACAAAACCGGTAT GACCGACGACT CTAACTACCAGAACCACTCTTCTAACT TCGAAGGTGCGTTCTCTGGTTTC
GGTGACGCGT CTTTCATGT TCACCGACT TCGCGGAAAT GT TCACCAACAT GGOGGGT GGTAACAAAAACACCTCT
ACCCGT GGT GAAGACAT CCAGT CTGAAATCACCCT GAAAT TCAT GGAAGCGAT CAAAGGT TGCGAAAAAAACT CG
CGACTGAACGT TAAAGT TTCTTGCAACAACT GCAACGGT TCTGGTAAAAAACCGGGCACCAACCTGACCATCTGC
AAAGT TTGCAACGGT TCTGGTATCCAGCGT AT GGAACGT GGT CCGAT CATCATCGGT GT TCCGTGCCGTAACTGC
TCTGGTAACGGT CAGAT CATCAACAACCCGT GCAAACACT GCTCTGGT TCTGGT GTTAAATTCCAGACCAAAAAC
ATCACCCT GGACATCCCGCCCGGGAT CAAAAAAGGT AT GCAGAT GCGTAT CCCGAACCAGGGT CACTGCGGT TAC
CGTGGT GGTAAAT CTGGT CACCTGT TCGT TACCATCAACAT CGAACCGCACAAAAT CTTCAAATGGGT TGACGAC
AACATCTACGT TGACGT TCCGCT GACCAT CAAACAGT GCCTGCT GGGT GGT CTGGT TACCGT TCCGACCCTGAAC
GGT GACATGGACCT GCT GATCAAACCGAAAACCTACCCGAACT CTGAAAAAAT CCT GAAAGGT AAAGGT CCGTGC
AAAGT TGACTCT CACAACAACGGT GACCTGATCATCAAATTCTCTCTGAAAAT CCCGGAAAAACT GACCCCGCGT
CAGGT TGAACT GAT CGAAGAAT TCAACACCAT CGAACT GAACCT GCCGAACCCGCAGACCAACGT TAAACAGAAA
AAAAACAT CTACGAAACCAAAGGT AACATCAACGAAAACAT CTTCTCTATGAACAACACCT ACAACAACATGAAA
GGT CCGGAAGGT GAAACCT CTAACACCCAGGCGAAAT CTAT GAAAAACCAGAACT GGAACAACGAAAAATCTGT T
AACAACAAAGGCACCAT CTCTAAAGACGAAAAAAAACT GAACAT GAAAAACAACCACAT CAACGAAAAAT CTAAC
CTGAAAAACT CTTCTCACAT GGACACCAACAAAAACGAAGAAAACAT GT CT GACGACGAAAAAAAAAAAAT CAAA
AAAAT CAT CCCGGAACCGCCGAT GCCGCACACCCACAAAAT CGT TAACAACCT GGAAT CTAAAAACTCTTGCAAC
ATCCCGAT CCCGCCGCCGCCGCCGAAAT CTTCTTCTAAACCGATCTCTGAAAACCAGAACAT CTCTAACCGT GAA
CACAACGGT GT TACCAACAACT CTGCGAAACT GGACAACAACAT CAACATGAACTACT CTTGCGACCCGTACAAA
AACGT TACCCAGAACGACCT GAACAACAACGACAACAT CAAAAACAAAAT CTACAAAGACAACACCAACATCTCT
AACCACCACATCTTCAAAAACGACAACAT CAACCAGCAGCAGT TCCACT GCGCGGACAACT CTTCTGAAAACAAC
AACGAAT CTGACATGAACACCACCTCTACCT TCTCTTTCGCCAAAAAAT GGATCTCT GACAAACT GAAACCGAAA
AACTAAGGTA

>PfHsp70-3 optimized coding sequence

ATGTCGGGT GATATTAT TGGCAT TGACCT GGGCACCACGAACT CCTGOGT CGCTAT TATGGAAGGCAAACAAGGC
AAAGT GATTGAAAACAGT GAAGGCT TTCGTACCACGCCGT CCGT GGT TGCGT TCACCAACGATAATCAGCGTCTG
GTCGGTATTGT GGCCAAACGCCAAGCAAT CACGAACCCGGAAAATACCGT TTATGCTACGAAACGT TTTATTGGC
CGCAAAT ACGAT GAAGACGCGACCAAAAAAGAACAGAAAAACCT GCCGT ATAAAAT TGT GOGT GCCAGCAAT GGT
GATGCTTGGAT CGAAGCGCAGGGCAAAAAAT ACAGCCCGT CTCAAAT TGGCGCAT GOGT TCTGGAAAAAAT GAAA
GAAACCGCTGAAAACTAT CTGGGT CGCAAAGT GCAT CAGGCGGT TAT TACCGT CCCGGCCTACT TTAATGACAGT
CAGOGT CAAGCCACGAAAGAT GCAGGT AAAAT CGCT GGCCT GGACGT GCTGCGCAT TATCAAT GAACCGACCGCC
GCGGCACTGGCAT TTGGT CTGGAAAAAT COGAT GGCAAAGT GATTGCAGT TTATGACCT GGGCGGT GGCACCTTT
GATATTTCAATCCT GGAAAT CCTGT CGGGT GT CTTCGAAGT GAAAGCAACCAACGGCAATACGT CACTGGGTGGC
GAAGATTTTGACCAGCGCAT TCTGGAATACT TCATCT CGGAAT TCAAGAAAAAAGAAAACAT CGACCT GAAAAAC
GATAAACTGGCTCT GCAGCGT CTGCGCGAAGCT GCGGAAACCGCGAAAAT CGAACT GAGCT CTAAAACCCAAACG
GAAAT TAACCT GCCGT TCATCACCGCCAAT CAGACGGGCCCGAAACAT CTGCAAAT TAAACT GACCCGT GCAAAA
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CTGGAAGAACT GTGT CACGAT CTGCTGAAGGGTACGAT TGAACCGT GCGAAAAAT GTATCAAAGAT GCGGACGTC
AAAAAAGAAGAAAT CAACGAAAT CAT CCTGGT GEGT GGCAT GACCCGCAT GCCGAAAGT TACCGATACGGT CAAA
CAGATCTTTCAAAACAAT CCGAGCAAAGGT GTTAAT CCGGAT GAAGCGGT TGCACT GAGT GCAGCAAT TCAGGEGT
GCCGTTCTGAAAGGT GAAATCAAAGACCT GCTCCTGCTGGATGT CATTCCGCTGT CACTGGGTATCGAAACCCT G
GGTGGECGTGI TCACGAAACT GAT TAACCGT AATACCACGAT CCCGACCAAAAAAT CACAGATTTTTAGCACCGCT
GCGGATAACCAGACGCAAGT TAGTATCAAAGT TTTCCAAGGCGAACGT GAAATGCCTAGCGATAATAAACTGCTG
GGITCTTTTGATCTGGTGGGCAT TCCGCCGECECCECECEGT GT TCCGCAGAT CGAAGT CACCT TCGATGT GGAC
GCTAACCCGATTATCAATAT TAGCGCCAT CGATAAAAT GACCAACAAAAAACAGCAAATCACGATCCAGAGTTCC
GGT GGCCTGAGCAAAGAAGAAAT CGAAAAAAT GGT TCAGGAAGCCGAACT GAAT CGCGAAAAAGATCAACT GAAG
AAAAACCT GACCGACT CTAAAAAT GAAGCAGAAACGCCTGATTTATTCATCGGAAAAACAGCTGGAAGACT TCAAA
GATAAAATCAGT GAT TCCGACAAAGAT GAACT GCGT CAGAAAAT CACCGT GCTGCGCGAAAAACT GACGAGT GAA
GACCTGGATTCCATTAAAGAT GCGACCAAACAGCT GCAAGAAAAAACCT GGGCCATCTCTCAGGAAATGTACAAA
AACAAT GCACAGCAAGGT GCCCAACAGGAACAACCGAACAACGAAAACAAAGCCGAAGAAAACAAAGACAACGCA
TAA

Appendix C: Amino acid sequences in Fasta format

>PFB0595w
MEKDYYSI LGVSRDCT TNDL KKAYRKL AMMAHPDKHNDEKSKKEAEEKFKNI AEAYDVLADEEKRKI YDTYCGEEG

LKGSI PTGGNTYVYSGVDPSELFSRI FGSDGQFSFTSTFDEDFSPFSTFVNMISRKSRPSTTTNI NTNNYNKPAT
YEVPLSLSLEEL YSGCKKKLKI TRKRFMGTKSYEDDNYVTI DVKAGAKDGTKI TFYGEGDQL SPMAQPGDLVFKV
KTKTHDRFLRDANHLI YKCPVPLDKALTGFQFI VKSLDNRDI NVRVDDI VTPKSRKI VAKEGVPSSKYPSVKGDL
| VEFDI VFPKSLTSEKKKI | RETLANTF

>6xHis-PfHsp70-3 (PfHsp70-3m)

MRGSHHHHHHGSMVSGDI | G DLGTTNSCVAI MEGKQGKVI ENSEGFRTTPSVVAFTNDNQRLVG VAKRQAI TNP
ENTVYATKRFI GRKYDEDATKKEQKNLPYKI VRASNGDAW EAQGKKYSPSQ GACVL EKMKETAENYL GRKVHQ
AVI TVPAYFNDSQRQATKDAGKI AGLDVLRI | NEPTAAALAFGLEKSDGKVI AVYDLGGGTFDI Sl LEI LSGVFE
VKATNGNTSLGGEDFDQRI LEYFI SEFKKKENI DLKNDKLAL QRLREAAETAKI ELSSKTQTEI NLPFI TANQTG
PKHLQ KLTRAKLEELCHDLLKGTI EPCEKCI KDADVKKEEI NEI | LVGGMIRVPKVTDTVKQ FQNNPSKGVNP
DEAVAL GAAI QGGVLKGEI KDLLLLDVI PLSLG ETLGGVFTKLI NRNTTI PTKKSQ FSTAADNQTQVSI KVFQ
GEREMASDNKLLGSFDLVG PPAPRGVPQ EVTFDVDANAI | NI SAI DKMTNKKQQ T1 QSSGGL SKEEI EKMWQ
EAEL NREKDQL KKNL TDSKNEAETL| YSSEKQLEDFKDKI SDSDKDELRQKI TVLREKL TSEDLDS| KDATKQLQ
EKSWAI SQEMYKNNAQQGAQREQPNNENKAEENKDNA

>6xHis-Pfjl (Pfilm)
MRGSHHHHHHGSNQDPYTVL GLSRNATTNDI KKQFRLLAKKYHPDI NPSPDAKQKMASI TAAYEL L SDPKKKEFY
DKTGMIDDSNY OQNHSSNFEGAFSG-GDASFM-TDFAEMFTNIVAGGNKNT STRGEDI QSEI TLKFMEAI KGCEKNS
RLNVKVSCNNCNGSGKKPGTNLTI CKVCNGSG QRIVERGPI | | GVPCRNCSGNGQ | NNPCKHCSGSGVKFQTKN
| TLDI PPA KKGVIVRI PNQGHCGYRGGKSGHLFVTI NI EPHKI FKW/DDNI YVDVPLTI KQCLLGGELVTVPTLN
GDVDLLI KPKTYPNSEKI LKGKGPCKVDSHNNGDLI | KFSLKI PEKLTPRQVELI EEFNTI ELNLPNPQTNVKQK
KNI YETKGNI NENI FSIMNNT YNNIVKGPEGET SNTQAKSIVKNONWANEKSVNNKGT T SKDEKKL NVKNNHI NEKSN
LKNSSHVDTNKNEENMSDDEKKKI KKI | PEPPMPHTHKI VNNLESKNSCNI PI PPPPPKSSSKPI SENONI SNRE
HNGVTNNSAKLDNNI NVNYSCDPYKNVTQNDL NNNDNI KNKI YKDNTNI SNHHI FKNDNI NQQOFHCADNSSENN
NESDIVNTTSTFSFAKKW SDKL KPKN

Appendix D: Recipes

Yeast-Tryptone (YT) Broth growth medium

Tryptone 16g/L
Yeast Extract 10g/L
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NacCl 5¢g/L
Make up to 1L with water and autoclave (121°C ahé BPa for 20 minutes)

Yeast-Tryptone (YT) Agar

A similar recipe to that of YT broth except 159 teaimlogical agar was added per liter of
broth. Autoclave the solution (121°C and 119 kRa&2fd minutes)

RF1 250 ml(pH 5.8) (Store at 4 °C)
(100 mM KCI, 50 mM MnC{4, 30mM CHCOOK, 10mM CaClJ, 15% glycerol)

o« 2.45gor7.5mlof 1M CECOOK and pH to 5.8 with HCI or acetic acid
* Add 37.5ml glycerol and make up to a final voluni@2.5 ml and Autoclave (121
°C, 119 kPa for 15 to 20 minutes).
Subsequent to autoclaving, add the following aateedl stocks:
e« 25 ml 1M KCI
e« 12.5ml 1M MnC}
« 2.5ml1M Cadl

RF2 150 ml (pH 6.8) (Store at 4 °C)

(20 mM MOPS buffer pH 6.8, 10 mM KCI, 75 mM CaCl15% glycerol)
* 0.313gor1ml1M MOPS (pH to 6.8 with KOH)
* Add 22.5 ml glycerol
* Make up to 150 ml with distilled water and autodqt21 °C, 119 kPa for 15 to 20
minutes.
Subsequent to autoclaving, add the following aatosdl stocks:
« 1.5ml 1M KCI
e 11.25ml 1M CaCGl

Appendix E: Organisms

Table 2

Organism Strain Genotype

E. coli JM109 recAl supEl4 endALlhsdRL7gyrA96 relAlthi _(lac-proAB
F[TraD36
proAB+ laclg lacZ_M15]

E. coli XL1blue supE4 hsdRL7 recAl endAl gyrA46thi relAl lac- F’
[proAB+ laclq
lacZ _M15Tn10(tetr)]

E. coli M15[pREP4]

P. falciparum 3D7 Wild type laboratory strain
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Appendix F: common protocols for standard moleculatbiology techniques

F1: Isolation of plasmid DNA

The protocol for isolation of plasmid DNA was adapfrom that described for alkaline lysis
(Birnboim and Doly, 1979). In briek. coli cells transformed with the plasmid of interest
were grown overnight (37°C, 200 rpm) in 5 ml cu#tsiof 2x YT (1.6% tryptone, 1% yeast
extract, 0.5% NacCl) or LB media (1% tryptone, 0.y@ast extract, 1% NaCl) supplemented
with the appropriate antibiotic for plasmid selenti(100ug/ml ampicillin for pQE30-based
plasmids). The cells were harvested in a microdege (16 000 xg, 1 minute) and
resuspended in 250 of Solution | (2 mg/ml lysozyme, 10 mM EDTA, 50MnGlucose, 25
mM Tris-Cl, pH 8.0). To the resuspended cells, gbbf Solution Il (1% (w/v) SDS, 0.2 M
NaOH) was added and mixed by inversion, and sulesglyu350ul of Solution Il (1.5 M
potassium acetate, 12% (v/v) glacial acetic acid$ wimilarly added. This was followed by
centrifugation (16 000 xg, 10 minutes) and preaiin of the DNA from the resulting
supernatant with 50Qul of 100% isopropanol (10 minutes, room tempergturBhe
precipitated DNA was pelleted by centrifugation @6 xg, 10 minutes) and washed with
800yl of 70% ethanol (4°C). The ethanol was discardwtithe pellet was allowed to dry for
20 minutes at room temperature, prior to resuspensi 50ul of TE buffer (10 mM Tris, 20
ug/ml RNAse A, 1 mM EDTA, pH 8.0). The purified DN¥kas quantified at 260 nm in a
Helios Alpha UV-Vis Spectrophotometer (Thermo Stier).

F2: DNA digestion with restriction enzymes

Plasmid DNA was digested with the appropriate r&stin endonuclease(s) for two or more
hours at the appropriate optimal temperature (3dfiess otherwise stated) in a digestion
reaction comprising: 200 - 500 ng of plasmid DNAuI2of the appropriate 10x restriction
buffer, 1 - 2 U of restriction endonuclease enzysha(d distilled water to a final volume of
20 ul. The digested DNA was resolved by agarose getrelgphoresis as described in section
F3. Restriction buffers for single and double riesbn enzyme digestions were selected as
per the supplier's recommendatiorBsti-digested ADNA marker was prepared by the
digestion of 20ul of 526 pg/ml ADNA (Promega) for two hours at 37°C in a reaction
containing 5 U oPst restriction enzyme (Fermentas), @d0of the appropriate 10x restriction
enzyme buffer (Fermentas) and distilled water ttnal volume of 200ul. The digested
ADNA was treated with 6x DNA gel loading buffer (8% (w/v) bromophenol blue, 30%
(v/v) glycerol) for use in subsequent agarose getephoresis (Section F3).

F3: Agarose gel electrophoresis
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Agarose gels were prepared by melting moleculadegr@garose (0.8% or 1.5% (w/v)) in
TBE Buffer (45 mM Borate, 1 mM EDTA, 45 mM Tris-ChH 8.3) and supplementing
ethidium bromide to a final concentration of &§/ml on cooling prior to casting. DNA
samples for electrophoresis were treated with 6XADj¢l loading buffer in a ratio of 5:1
respectively and loaded onto the gel with an appatp marker ofPst-digestedADNA
(prepared as per section F2). The samples werévegsat 90 - 120 V for one hour, and
visualized under ultra-violet light with the Chema Imaging System (Bio-Rad). For the
visualization of DNA fragments smaller than 500 éghidium bromide staining (Ogg/ml in
TBE Buffer) was achieved subsequent to electrogi®re

F4: Extraction and purification of DNA from an agarose gel

Resolved DNA fragments were isolated subsequeagéwose gel electrophoresis using the
DNA Clean & Concentrator™-5 kit (Zymo Research)as the manufacturer’s instructions.
In brief, the DNA fragment of interest was iderddi by brief exposure to long-wave UV
light, excised from the gel and incubated in 3 vods of capture buffer ADBe(g.for 100l
(mg) of agarose gel slice add 3@0of ADB) at 60°C for 5 — 10 minutes until the gel slice is
completely dissolved. The melted agarose solutiaas wransferred to a Zymo-Spin™
Column in a Collection Tube and centrifuged at 06 &g for 1 minute. Bound DNA was
washed twice with 20Ql of DNA wash buffer passed through the column bgitdfugation
(16 000 xg, 1 minute). The DNA was eluted from ¢tlo&umn with 20-3Qul of Elution buffer

by further centrifugation (16 000 xg, 1 minute). &tification of the purified DNA was
achieved in a Helios Alpha UV-Vis spectrophotoméidrermo Scientific) at 260 nm.

F5: Ligation of DNA fragments

DNA fragments intended for ligation (typically 50§ of insert fragment to 100 ng of target
plasmid) were incubated at room temperature foodr Hollowed by overnight at 4°C in a
ligation reaction comprising I of 10x ligation buffer (Roche Applied Science$)U of T4
DNA Ligase (Roche Applied Sciences) and distilleater to a final volume of 1Ql. The
ligation mixture was subsequently transformed icbdonpetentE. coli cells as described in
section F8).

F6: DNA sequencing

Plasmid DNA was isolated for DNA sequencing usimg QiaPrep Miniprep Kit (Qiagen) as
per the manufacturer’'s instructions, with the egiogpthat the final DNA elution was
achieved with an equal volume of distilled waterNA Sequencing was carried out
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commercially by Ingaba biotech. DNA sequencing lteswere analyzed using either the
BioEdit Sequence Alignment Editor (version 7.0.40hromas pro software.

F7: Preparation of competentE. coli cells

The strain of interest was grown overnight (37°@0 2om) in 5 ml of 2x YT (1.6% tryptone,
1% yeast extract, 0.5% NaCl) or LB media (1% trpeto0.5% yeast extract, 1% NaCl)
supplemented with the appropriate antibiotic fomist selection if required. The resulting
overnight culture was diluted into 50 ml of 2x YT IdB media to an Ay of 0.1 and growth
was allowed to proceed until early log phasey¢df 0.3 - 0.6). The cells were harvested by
centrifugation (5000 xg, 5 minutes, 4°C) and resuasied in 50 ml of ice-cold 0.1 M Mg£l
(4°C). Following two minutes of incubation at 4°etcells were pelleted by centrifugation
as before and resuspended in 25 ml of ice-coldMD@aC} (4°C). Following incubation at
4°C for one hour the cells were harvested by degation as before and resuspended in 5 ml
of 0.1 M CaC} and 5 ml of 30% (v/v) glycerol. The competent €elNere divided into
aliquots and stored at -80°C prior to use.

F8: Transformation of competentE. coli cells

Competent. coli cells (100ul; Section F7) were incubated with 50 - 100 nghef plasmid
DNA of interest (or 2ul of ligation product) at 4°C for 30 minutes, folled by heat shock
(42°C for 45 seconds) and subsequent cold sho€k f@g°2 minutes). The cells were diluted
1:10 with 2x YT (1.6% tryptone, 1% yeast extracg% NaCl) or LB media (1% tryptone,
0.5% yeast extract, 1% NaCl) pre-warmed to 37°@, &ware subsequently incubated for 1
hour with shaking (200 rpm, 37°C). The bacteriadpmnsion (10Qul) was plated onto 2x
YT- or LB-agar plates (1.5% agar in 2x YT or LB n@dsupplemented with the appropriate
antibiotics (100ug/ml ampicillin for pQE30-based plasmid selecti®®; ug/ml kanamycin
for E. coli M15[pREP4] cells). The plates were incubated ogirtnat 37°C. Transformation
controls included a sterile control with sterilestdied water replacing the plasmid DNA in
the incubation mixture, and a competence contrti piasmid DNA of known concentration
(20 ng of plasmid pUC18; Promega) transformed th&k. colicells.

F9: Sodium dodecyl sulphate — polyacrylamide gel @ttrophoresis (SDS-PAGE)

The protocol for SDS-PAGE analysis is adapted fthat previously described (Shapiro, et
al., 1967). Protein samples were treated with 56$#AGE sample buffer (10% glycerol,
2% SDS, 5%$-mercaptoethanol, 0.05% bromophenol blue, 0.0625ri8] pH 6.8) in a ratio

of 4:1 respectively and loaded onto a polyacrylagdl constituted by a resolving gel (12%
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(w/v) acrylamide, 0.1% (w/v) SDS, 0.05% (w/v) ammon persulphate (APS), 0.005%
(v/v) N,N,N’,N’-tetramethylethylenediamine (TEMED)).375 M Tris, pH 8.8) and a
stacking gel (4% (w/v) acrylamide, 0.1% (w/v) SD&P5% (w/v) APS, 0.005% (v/v)
TEMED, 0.125 M Tris, pH 6.8). The gel was resolveda Mini ProteanR Il system (Bio-
Rad) at 150 V for one hour and stained or usedMestern analysis (Section F10). Staining
of the SDS-PAGE gel was achieved in Coomassie Biai@ (40% (v/v) methanol, 7% (v/v)
acetic acid, 0.25% (w/v) Coomassie Blue R250 irtilthd water) for 30 minutes and
subsequent destaining was achieved overnight itaidesolution (40% (v/v) methanol, 7%
(v/v) acetic acid in distilled water).

F10: Protein detection by western analysis

The protocol for the detection of proteins by Wastanalysis was adapted from that
described (Towbin, et al., 1979). Proteins werelkesl by SDS-PAGE and transferred onto
nitrocellulose membrane in transfer buffer (20%v)whethanol, 192 mM glycine, 25 mM
Tris) at 100 V for 90 minutes in a Mini ProteanR Western trans-blot system (Bio-Rad).
Protein transfer was verified with Ponceau S staib % (w/v) Ponceau S, 1% (v/v) glacial
acetic acid). The membrane was subsequently dedtauith distilled water and incubated
overnight at 4°C in blocking solution comprised58f6 (w/v) fat-free milk powder in Tris
Buffered Saline (TBS; 50 mM Tris, 150 mM NaCl, ptb)l The membrane was incubated
with appropriate primary antibody (1:5000 in blauisolution unless otherwise stated in the
text) for one hour at room temperature and subsetyjuevashed three times with Tris
Buffered Saline-Tween buffer (TBS-T; TBS containifigl% (v/v) Tween 20). The
membrane was similarly incubated with the appraeriborse-radish peroxidise (HRP)-
conjugated secondary antibody (1:5000 in blockiotgon unless otherwise stated in the
text) for one hour at room temperature and washeth WIBS-T as before.
Chemiluminescence-based protein detection was \aathiesing the ECI Western blotting
kit (GE Healthcare) as per the manufacturer’s utdions, and captured with a Chemidoc
chemiluminescence imaging system (Bio-Rad).

F11: analysis of recombinant protein expression

A colony of the specifiecE. coli strain transformed with the appropriate plasmids wa
inoculated into 100 ml of the appropriate growthdmecontaining antibiotic selection
pressure to the specified final concentration, exedibated overnight for approximately 16
hours at 200 rpm at the stated temperature. Thenig¥e culture was diluted to angéy of

0.1 in 1000 ml of the appropriate growth media $aipented with the appropriate
concentration of antibiotic and incubated as befora specified cell density (). Protein
expression was induced with 0.5 mM to 1 mM IPTGhe presence of selection pressure as
indicated and 1 ml aliquots of the induced cellsengarvested at hourly intervals between O
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— 5 hours post-induction and overnight at 16 hgast-induction. The harvested cells were
pelleted by centrifugation (16 000 xg; 1 minuteld amsuspended in phosphate buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCI, 10.3 mM NaZbi 1.8 mM KHPO4, pH 7.4) in
volumes dependent on the cell density (16®f PBS per 0.5 recordedesd absorbance
units). Samples were analyzed for recombinant proexpression by SDS-PAGE and
Western analysis using appropriate antibodies.

Appendix F: Output
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