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1 LITERATURE REVIEW

1.1 Malaria as a health burden

Malaria is a major cause of death, especially imettging countries. According to the World
Health Organization (WHO) report released in Magfii3, 3.3 billion people are at risk of
contracting malaria. Most deaths occur among ofildmder the age of 5 years and in Africa, a
child dies every minute from malaria (WHO, 2013)h&s been shown that approximately 80%
of malaria deaths occur in 14 countries and moaa #0% of the total global annual deaths

occur in the Democratic Republic of Congo and NayéwHO, 2010).

Malaria is caused b¥lasmodiumparasites. Thé&nophelesmosquitos are the known malaria
vectors responsible for the transmission of themagites through their bites (Figure 1). There
are five parasite species that cause malaria inahar®. falciparum P. vivax P. malariae P.
ovaleand P. knowlesi{White, 2008; Hector, 2014). Of these five speckesfalciparumis the

most deadly (Snowt al, 2005).

When certain forms of blood stage parasites aresiegl by a femal&nophelesnosquito during

a blood meal from a human, it undergoes cyclesrafvth and multiplication in the mosquito.
After 10-18 days, the parasites are found in the mosqustdisary glandgSinnis and Sim,
1997; Fujioka and Aikawa, 2002rigure 1). When th&nophelesanosquito takes a blood meal
from a human, the parasites are injected with tlesguito's saliva to start an infection in the
host’s liver cells. The mosquito transmits the atilen from one human to another, acting as a
vector (Fujioka and Aikawa, 2002)Unlike the infected human, the mosquito vectoeslaot

suffer from the presence of the parasites as Kslaed blood cells (Snowt al, 2005).0Other
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than transmission by mosquitoes, malaria can aesdrédnsmitted via blood transfusions or
through the sharing of needles. Mother to chilshgraission during pregnancy has also been
documentedFujioka and Aikawa, 2002)n the greater scheme of things, modes of trassion

other than via the mosquito are believed to be vamry and unimportant (Snoat al, 2005).
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Figure 1. The malaria life cycle in humans (1) After parasites have been sucked up, Oocysts ogwelthe gut
wall of the mosquito. Sporozoites then develophim docyte and the Sporozoites migrate to the sgliglands. (2)
When the mosquito bites, Sporozoites are injectéd the human, who then becomes the second hosteto
parasites(3 and 4) The Sporozoites enter the liver cells where theptiply for about 7 to 14 days, producing
between 10,000 and 30,000 daughter cells calledzoies. These daughter cells then invade the leatcells.
(5) In the red blood cells, further multiplication aes by asexual reproduction. Between 8 and 16 roésszare
produced every 48 or 72 hours, depending on theiepefPlasmodiumMerozoites are then released through the
bursting of red blood cells. This release of togidbstances causes the fibrile attacks of the dis@sAfter a
number of such cycles, male and female gameto@regproduced (the sexual stage) and taken up legding
mosquito. ThePlasmodiunife cycle is completed by sexual reproductiorsuténg in new sporozoites (Sinnis and
Sim, 1997; Fujioka and Aikawa, 2002).
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1.2 Production of recombinant malarial proteins

The heterologous production of malarial proteing.icoliis often hindered by low yields of pure
and soluble protein (Chowdhugt al, 2009). This could be due to the incompatibibfythese
proteins with the prokaryotic folding machinery wiitends to delay folding relative to
translation (Gupteet al, 2010). The low yield of pure and soluble protemakes isolating

recombinant proteins in large quantities for stuualt drug discovery studies problematic.

Mehlin and colleagues (2006) analyzed 1000 germas R. falciparumheterologously produced
in E. coli and reported that only 337 were successfully esga@. Of these, as few as 63 were
reported as soluble proteins. The high A/T contéit. falciparumgenes has been implicated in
the low expression of proteins (Fliek al., 2004). However, high molecular weight (> 56 kDa)
basic isoelectric point (pl > 6) and lack of hoow} with E. coli proteins were also observed as
major factors affecting production of malarial giots (Mehlinet al., 2006). A universal system
that could produce pure, soluble and active recoarti proteins inE. coli remains a core

objective of the industry of biotechnology.

1.3 The challenges of protein folding in the cell

Escherichia coliis frequently used as a host for the genetic mdaijon and production of
recombinant proteins, for both commercial and thewsic purposes. Its known advantages
include low cost, fast growth, and the ability toowy labeled proteins (Niragt al, 2006).
However, the production of foreign proteinskn coli is occasionally problematic. Some of the
challenges include the strength and translatiorditabof messenger RNA (mRNA). The

breakdown of recombinant protein by proteases @fhibst system poses an additional problem,
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affecting the cellular system function as the paigubecome toxic (Makrides, 1996).
Transcription and translation are tightly regulatecth that ribosomes release a protein chain
every 35 seconds resulting in over-crowding ofdi#®sol (Baneyx and Mujacic, 2004). Proteins
become misfolded and form inclusion bodies (Hartd &layer-Hartl, 2002)Approaches such as
codon harmonization, co-expression of moleculapehanes and chaperone combinations have
been proposed as possible solutions to proteininigldas these approaches improve the
production of target proteins (de Mareb al, 2007; Birkholtzet al, 2008; Stephenest al,

2011).

1.3.1 Codon harmonization approach

Codon-harmonization is a technique that refersh® pgrocess of recognizing the low usage
frequency codons within the native h@std changing the code of the gene as expressed by
codons which are recognized as low usage frequeodgns by a non-natural host (Birkhodiz

al., 2008). This change ensures that the positiondbic occurs with a low to intermediate
frequency by allowing the translational machineryrtove and pause at the correct sites. It thus
allows the folding of the secondary and tertiamydres to take place in a way similar to that
which it occurs in the natural host. This appro&as been successful in the heterologous
production of somd’lasmodium falciparunproteins, such as liver stage antigen (LSA-1) and

Plasmodium falciparursexual stage antigen (Pfs25) (Hillegral, 2004; Kumaet al, 2014).

1.3.2 Molecular chaperones
Molecular chaperones are proteins that bind to sgpgatches of newly synthesized proteins to
protect them from misfolding and aggregation, withbecoming part of the final product. They

are classified into three categories based on tleictional activities: folding, holding and



University of Zululand

disaggregation chaperones (Baneyx, 2004). The neajostituents that make up the molecular

machinery oE. coliare summarized in Table 1.1

Table 1.1 Major groups and functions of molecular chapesone

Molecular Target proteins Size Function References
chaperone (kDa)
Trigger factor 8 amino acid residue mot 48 Folding Patzeltet al, 2001
(TF) enriched with aromatic h
residues chaperone
DnaK Segment of 4 to 5 hydrophobi@0 Folding Hartl and Hartl, 2002
amino acids
chaperone
GroEL Folds enriched in hydrophob 60 Folding Baneyx, 2004
residues
chaperone
ClpB Segment enriched with100 DisaggregationMayer and Bukau,
aromatic residues 2005

Heat shock proteins (HSP) are a group of proteidsided by heat shock. The most prominent
members of this group are a group of functionadliated proteins involved in the folding and
unfolding of other proteins. Most Hsps, but not ain be induced by stress (De Mario, 1999).
The up-regulation of heat shock proteins is a kay pf the heat shock response and is induced
primarily by the heat shock factor (HSF) (Wu, 199Bps are found in almost all living

organisms, from bacteria to humans.

Shonhai and colleagues (2007), reported that #rersix heat shock proteins 70s (Hsp70s) from
Plasmodium falciparumOf theseP. falciparum PfHsp70 has been extensively studied, due to
the molecular chaperone activity that it posses8epreviously conducted study shows that

PfHsp70 improves the heterologous production o$mtadiumfalciparumGTP cyclohydrolase |
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(PfGCHI) inE. coli (Stephengt al, 2011). However, co-overproduction of individnablecular
chaperones ik. coli has not always been successful in assisting targétins to fold properly;
for this reason this approach is not reliable (Ageet al, 2004; Changet al, 2005). Stephens
and colleagues (2011) have suggested that thet farggein is not completely soluble upon co-
expression with PfHsp70 as an individual molecualaaperone. This would mean that certain
proteins require more than one molecular chapetonbecome soluble, and fold properly.
Certain individual molecular chaperones such a88Gpd DnaK have been found to solubilize
aggregated protein and facilitate the folding oivlyesynthesized polypeptides (Hartl and Hayer-
Hartl, 2002; Mayer and Bukau, 2005). De Marco aoleagues (2007) reported that 26 of 50
target proteins investigated showed an increadeah protein yields and solubility upon co-
expression with chaperones from tBe coli system (de Marcet al, 2007). Using molecular
chaperones with different functional activities lkhuherefore, possibly improve the production,

solubility, purity and activity of recombinant pes.

The focus of the present study is on an invesbtigainto the effects of combined molecular
chaperones fronk. coli and P. falciparum, by cloning them into the same vector and co-
expressing with a malarial protein as the targeegaE. coli. Previous studies have focused on
the use of molecular chaperones from one sourde asi€. coli or P. falciparum(de Marcoet

al., 2007; Stephenst al, 2011). This is thus the first report on the aeombined chaperones

from different sources as possible tools to impnmaarial drug target proteins.

1.4 Quality of recombinant proteins

Poor yield in the biosynthesis of target protemaimajor cause for recombinant enzymes and

pharmaceuticals being excluded from the market réireviiralles et al, 2009). Protein
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misfolding and of consequential cell response @&iggoccur frequently in recombinant protein
production (Mosseet al, 2000). However, what protein quality means mightcontested. The
general consensus is that a soluble form of a gpretein is the most desirable form in the
protein production process, despite the potent@uoence of soluble aggregates and the
presence of functional protein species in protgigregation (de Marcet al, 2007). A reduced
temperature, recombinant gene dosage, promotengsitreand supplementation of external
molecular chaperones are all proposed protein giyulenhancers (de Marcet al, 2007).
Over-expression of recombinant proteins is oftezaidor the production of large amounts of
protein for commercial or structural studies. Hoegwprotein over-expression is difficult to
achieve due to the formation of so-called inclusbmdies. Inclusion bodies are regarded as
“dead” end subjects or wasted products, which lagerésult of poor folding machinery in the

cell (Dobsoret al, 2001). These inclusion bodies reduce the quafitire protein.

1.5 Molecular chaperones as folding catalysts

The traditional view was that many proteins foldsfaneously (Anfinsen, 1973). This view was
revised when it was found that many proteins imgvcells will not fold correctly without the
assistance of molecular chaperones. Chaperonemardefined as a family of cellular proteins
which mediate the correct folding of other polypeptwithout becoming the final functional
structures (Fink, 1999). This definition impliesaththe dominant function of molecular
chaperones is to transiently interact with othestgins, thereby preventing the formation of
illegitimate interactions that might otherwise lgaddeleterious protein aggregation. Molecular
chaperones bind to exposed hydrophobic surfaceslgpeptides that will ultimately be buried

in the final folded state (de Maret al, 2007).
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1.6 Heat Shock Proteins as Molecular Chaperones

Heat shock proteins (Hsps) form a major part ofenolar chaperones and represent an abundant
and conserved class of proteins that fulfill théerof maintaining the viability of cells under
different conditions of stress (Handrick and Hat894). These proteins were first identified by
Ritosa (1962) whebrosophila melanogasterells were exposed to increased temperature. Heat
shock proteins are up-regulated in response tcsssteeich as high (heat shock) or low
temperature (cold shock), reduced oxygen, watenuwrients, and high concentrations of
cytotoxic compounds including free radicals, amtiiois or heavy metals. The role of heat shock
proteins is more pronounced in the presence adsstmuli attributed to different client binding

and co-chaperone regulation (Callaleaml, 2002; Tutaet al, 2005).

1.6.1 Protein folding, misfolding and aggregation

The folding process of a protein in a cell is cocgied by the over-crowded cellular
environment (Bukawet al, 2000). Proteins constitute a large portion of ttell, however,
amounting to at least half of the cell’'s dry weigfitodish et al, 2000). Unfavorable
physiological conditions such as extreme tempeeatuheat and other cellular stressors,
contribute to the misfolding of the proteins and Hubsequent development of diseases such as
Alzheimer’'s disease, Parkinson’s disease Huntirigtoliisease and many other degenerative
diseases (Dobson, 2004; Chaudhefrial, 2006). In addition, the challenges involved e t
folding of large multi-domain proteins result in sfalding of the proteins, which, in turn,

ultimately results in protein aggregation (de Maet@l, 2007). The folding rate of these large
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multi-domains can also be higher than its synthesigh may give rise to misfolded products

(Barralet al, 2004).

1.7E. coli chaperones and their role in protein folding

HSPs such as 40 kilodalton (kDa), (HSP40), 60-kb&R60), 70-kDa (HSP70), 90-kDa
(HSP90) and 100-kDa (HSP100) are named accordintpeio molecular weight. Table 1.2,
summarizes some of the functions of heat shoclep®uuring the folding of polypeptides. The
most interesting characteristic of the moleculaapgtone is that it possesses the ability to
recognize and bind newly synthesized proteins @eoto prevent misfolding and aggregation.
However, the high concentration of misfolded andragated proteins could overwhelm the
molecular chaperones in the cells (Hartl and H&yar, 2002). Cells therefore need a rapid and
precise system to eliminate aggregated and migloldeteins. Some of the molecular
chaperones are known to be ATP-independent; tHeyrder the so-called, ‘holding’ group of
molecular chaperones. The function of ‘holding’ pénes is to bind nascent peptides and pass
them on to ATP-dependent counterparts that arebbajmd folding the peptides into functional

forms.

10
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Table 1.2: The role of major heat shock proteins

Heat shock proteins Role References
Small heat shock prote Small heat shock proteins are kno Sunet al. 2005; van den ljssel
to exist in all organisms. The 1999
molecular weight ranges betwe:
16-30 kDa. They are upregulated
various diseases, such
neurodegenerative  disease ¢
damaged motor neuron cells.

Heat shock protein 40 (Hsp: Heat shock protein 4acis as a c-  Li et al.,, 200¢
chaperone partner of Hsp70. It al
recognizes and binds unfolde
proteins, handing them over
Hsp70 for proper folding. Hsp4
stimulates the hydrolysis of ATP k
ATPase.

Heat shock protein 60 (Hspt Heat shock protein 60 iin the Chengetal. 199(

mitochondrial matrix and i
responsible for the transportatic
and refolding of proteins fron
cytoplasm to mitochondrial matri
Hsp60 plays an important role as
chaperone in proper folding of tf
linear amino acid chains as th
acquire a three-dimension
structure.

Heat shock protein 70 (Ip70) Heat shock protein 70 is involved Daugaarcet al., 200}

the shielding of newly synthesize
proteins. It is also involved i
protein translocation, th
degradation of misfolded proteir
and the disaggregation of prote
units. Hsp70 protects cells frol
thermal stress.

Heat shock protein 90 (Hsp¢ Heat shock protein tis involved in Bagatellet al. 200C
transcriptional regulation,  signi
transduction, and cell cycle control

Hea shock protein 100 (Hsp1( Heat shock protein 1(is involved Krobitschet al., 199¢
in repairing denatured proteir
through the resolubilisation of hee
denature and misfolded proteins.

11
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1.7.1 Heat shock protein 70 (Hsp70)

DnaK is theE. coli representative of the ubiquitous Hsp70 family, ckhspecializes in the
binding of exposed hydrophobic regions in unfolgetypeptides (Hartl and Hayer-Hartl, 2002).
Hsp70s are composed of three domains: N-termindPgse) domain (45 kDa), the substrate
binding domain (SBD-15 kDa) and a C-terminal domainch is 10 kDa in siz@lahertyet al,
1990). The DnaK substrate bind release cycle reguio-factors such as DnaJ and a nucleotide
exchange factor (GrpE) (Hartl and Hayer-Hartl, 2002naJ also acts as a chaperone by binding
to the newly synthesized proteins, handing thenr eweDnaK for proper folding (Hartl and
Hayer-Hartl, 2002). Furthermore, DnaJ binds to Dbaktimulate its ATPase activity (Hartl and

Hayer-Hartl, 2002).

The controlled release of a substrate protein fiteenchaperone, often driven by ATP hydrolysis,
promotes folding into its native state. Repeatedesy of bind and release are necessary for
productive folding. In the ATP bound state, DnaKds and releases the substrate faster, whilst
the process occurs at a slower rate in the ADP dbstate (Hartl and Hayer-Hartl, 2002) (Figure
2).

GrpE (23 kDa) acts as a nucleotide exchange fdnyobinding and modulating the binding
pocket of DnaK, causing the release of bound ADBri{{Fand Hayer-Hartl, 2002). The cycle
continues through further binding of ATP, resultingthe release of the substrate which could
fold or be handed over to other chaperones if thestsates need further assistance for folding

(Hartl and Hayer-Hartl, 2002).

12
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Figure 2: Reaction cycle of DnaK systenThe Hsp70 folding cycle of the substrate is cdlgbby the hydrolysis
of ATP to ADP. (A) Hsp40 binds to a nascent or misfolded polypeptiagieded to Hsp70-ATRB) The ATPase
activity of Hsp70 is stimulated by Hsp40, resultinghe closed conformation of the Hsp70 nucleokioheling cleft.
(C) The ADP-bound Hsp70 complex is stabiliZ&) The nucleotide exchange factor is boufi). The polypeptide
is released upon the uptake of the ATP. Howeveahéefprotein is not properly folded it can still becruited by
Hsp40 and enter the cycle again (Adapted from Ed&imd Boshoff, 2014).

13
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1.7.2 Heat Shock protein 40 (Hsp40)

Hsp40, also known as Dnal in prokaryotes, playgaifstant role as co-chaperone partner of
Hsp70 (Sutet al, 1999). The main role of Hsp40 is to bind to negynthesized proteins, which
then hand them over to Hsp70 to reach their fioldifg structureE. coli DnaJ proteins have
three domains: a highly conserved J-domain of apprately 70, a glycine and phenylalanine
rich region (G/F domains) and a cysteine rich redi® domains) containing 4 motifs resembling

a zinc-finger domain (Rajan and D’Silva, 2009).

The zinc-finger domain has been identified to hbmg CXXCXGXG repeats present in two
separate clusters where each cluster co-ordinaittsanzinc ion (Rajan and D’Silva, 2009)
(Figure 3, Type I). This domain is important forqeestering the denatured substrate and
assisting Hsp70 during the protein folding reac(@dfalshet al, 2004). The C-terminal region is
less well conserved, however, and consists [sandwich surrounded by a short C-terminal
helix, followed by sequences essential for diméigra(Rajan and D’Silva, 2009). This region
plays a major role in substrate binding and itausstration into Hsp70 during the ATPase cycle

and is thought to provide specificity for the HspD®aJ machine (Craigt al, 2006).

Almost all Hsp40s are characterized by the preseheecanonical J-domain and are also termed
J-proteins or DNAJ in humans as most members hawelacular weight above 40 kDa. The
functional activity of the J-domain is to interadth the ATPase domain of Hsp70 and stimulate
the basal ATPase activity of Hsp70 (Wittung-Steflhet al, 2003). Based on the domain
organization, J-proteins are classified into 4 sypamely: Type |, Type I, Type lll and Type
IV. Type | J-proteins show the presence of all dom&ound in DnaJ (Rajan and D'Silva, 2009)

(Figure 3). They contain an N-terminal J-domairt tkaseparated from the rest of the protein by

14
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a long flexible linker ‘G/F region’ of 50-100 amiraxids. The distal portion of the G/F region is
the zinc-binding cysteine-rich sequence named zhee-finger domain’ which is the signature
motif of type | proteins and distinguishes typerénh other types of J-proteins (Rajan and
D’Silva, 2009). The zinc-finger domain is followday the C-terminal domain (Rajan and
D'Silva, 2009).

Type Il proteins possess all the domains exceptithefinger domain. Type Ill J-proteins, on
the other hand, contain a C-terminal J-domain ackl both G/F and zinc-finger domains. Type
IV constitutes a group of recently identified piotethat are classified by the absence of the
histidine, proline, aspartic acid motif (HPD) irethprimary sequence (Botled al, 2007; Rajan
and D'Silva, 2009). Most but not all of them haviess well conserved DKE motif and is also
termed as J-like proteins. The Type IV proteinsrahsaome similarity to their Type Il
counterparts, with their J-like domain towards @¥erminus of the protein (Rajan and D'Silva,

2009).

15
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Figure 3: Four types of J-domains.J domain, glycine, zinc, lysine, cystei®dapted from Rajan and D’Silva,
2009)

1.7.3 Trigger factor

The trigger factor (TF) is a molecular chaperonat thinds to bacterial ribosomes where it
interacts with newly synthesized proteins promofangper folding (Guptat al, 2010).E. coli

TF is 432 residues in length and made up of thmainhs: N-domain, C-domain, and the
peptidyl-prolyl cis/trans isomerase (PPlase) domaimich interconnects theis and trans
isomers with the proline amino acid (Sial, 2007) (Figure 4). The N-domain has an exposed
loop which mediates the binding to the ribosomaltgin tunnel exit terminal (Krameat al,
2002; Marzet al, 2006). The N-terminal is connected by meanslohg linker connected to the
second PPlase domain which is located at the opesd of the molecule and displays PPlase

activity (Guptaet al, 2010) (Figure 4).

16
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Figure 4: Linear structure of trigger factor. TF has got three domains: N-terminal which bind¢h ribosomal
subunit, followed by PPlase domain and C-terminaindin. However, the PPlase domain is connected-to N
terminal via a long linker. The C-terminal is pasited between the molecules and provides bindingewwly
synthesized proteins (Adapted from Guetal., 2010).

The third domain comprises the C-terminal regiofthvits two protruding arms. The third
domain forms the main part of TF with and is a @lpart of chaperone activity (Maet al,
2006). It has been shown that the affinity of thé fibosome-nascent complex for newly
synthesized proteins increases with the lengthhgrdophobicity of these proteins (Rutkowska
et al, 2008). The TF substrate binding resident timeeddp on the exposure of TF to the
hydrophobic patches on the newly synthesized prqleakshmipathyet al, 2010). A previous
study, in which two forms oE. coli proteomes with weak and strong interactions wighwiere
compared, has suggested that the high affinityFoith nascent chains was due to the exposed
linear hydrophobic regions during translation (Rwtkkaet al, 2008; Lakshmipathyet al,
2010). TF interacts mainly with short nascent chaimhereas the bacterial Hsp70 homologue,
Dnak, recognizes longer nascent chains adjacefF t@Guptaet al, 201Q. It has been suggested
that the combined removal &f coli TF and DnaK at 3 can be lethal (Deuerlingf al, 1999;
Teteret al, 1999). Furthermore, the functional co-operawbriE. coli TF and DnaK has been
reported to improve the folding yield of multi-domaroteins such as Beta-gal (five domains)
and eukaryotic luciferase (two domains), but deldnsr folding during translation (Agastes

al., 2004). It has been suggested in this study ti@h chaperones recognize similar

hydrophobic regions in newly synthesized polypeggtifAgashet al, 2004).

17
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1.7.4 GroEL

The chaperonin GroEL/Hsp60 is found in prokaryotestochondria and chloroplasts of
eukaryotes. It is a cylindrical shaped protein thelbngs to the chaperonin family of molecular
chaperones (Zeilsta-Ryalét al, 1991). Chaperonins are subtype of molecular etwages, but
not all chaperones are chaperonins. GroEL chapenqaays a major role in assisting with the
folding of polypeptide, in cooperation with the-lidle co-chaperonin protein complex GroES
(Hsp10) (Farret al, 2000). Binding of the substrate and ATP causssuwctural change which
allows for the interaction of the binary complextwa separate lid structure, GroES (Fetral.,

2000; Brinkeret al, 2001).

The process of protein folding within the cell ilves encapsulation and release of the substrate
protein. Substrate binds to hydrophobic regiongheninterior rim of the open cavity of GroEL
(Figure 5). The release of the substrate to thesojtis due to the hydrolysis of ATP and binding
of the new substrate to the opposite cavity whietds an allosteric signal to GroEL to release
the substrate (Jirat al, 2006). At least 20-30% of proteins in the prgkaic cytoplasm travel
via the DnaK or GroEL chaperone machineries be#mtepting their final three dimensional
structure (Jimet al, 2006). The role of GroEL and its partner GroESd promote protein
folding by sequestrating newly synthesized polyjolsst in a cage-like structure. It has been
suggested that substrates of up to 60 kDa in sinebe encapsulated and their confinement in
the GroEL/GroES cage may result in acceleratedrfgl@Brinkeret al, 2001) (Figure 5). GroES
dissociates from GroEL every 10-15 seconds in eti@adependent on the GroEL ATPase, thus
allowing for the release of folded substrate anel ¢apture of substrate that has not folded

completely (Hartl and Hayer-Hartl, 2002).

18
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Figure 5: Reaction cycle of GroEL and GroES duringthe folding of newly synthesized protein(1) ATP

hydrolysis results in high binding affinity and teabstrate can bind; (2) In ADP form GroEL binde gubstrate
brought by the GroES co-chaperone; (3) Nascenipegpiyde folds inside GroEL; (4) ADP converts to AT®) The

binding affinity of the substrate to GroEL becont@s and releases the folded polypeptide (Adaptethfzeilsta-
Ryallset al, 1991).

Most processes in living cells are performed irardinated manner between multiple proteins,
often forming multi-protein complexes. The chaperassisted protein folding pathway is a very
good example of this, as many chaperones have igeerified as forming a network that

interacts with substrates and assist with propetepr folding (Mogket al, 1999). It has been

suggested that DnaK and GroEL are cooperativedistazy the folding pathways of the newly
synthesized proteins (Hartl and Hayer-Hartl, 2008hwever, despite the fact that these
chaperones are cooperative, they do not form destamplex as compared to their eukaryotic

counterparts during protein folding (Cueligral, 2008).
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1.7.5 ClpB

The ClpB (Hsp 100) family includes a wide rangepobteins involved in different cellular
functions. ClpB functions include refolding of aggated proteins, degradation of misfolded
proteins, transcription regulation and tolerancéigh temperature in cells (Scirmefral., 1996;
Wawiznow et al, 1996).E. coli ClpB belongs to the Hspl100 protein family and plays
important role in protein degradation and disaggtieg (Li and Sha , 2003). ClpB is made up of
two nucleotide binding domains, NBD1 and NBD2 (Feg®) (Jingzhi and Bingdong, 2002).
Studies conducted show that ClpB co-operates witaKiDnaJ and GrpE to form a multi-
chaperone system that solubilizes aggregated psotmind folds them into their active forms

(Goloubinoffet al, 1999; Zolkiewski, 1999).

Figure 6: Linear structure of ClpB. The structure of CIpB is linear and consistdNeflomain, nucleotide binding
domain 1(NBD1), nucleotide binding domain 2 (NBD&)d C-terminal domain (Adapted from Jingzhi and
Bingdong, 2002).

A previously conducted study suggests that, whelyi luciferase was denatured and subjected
to ClpB on its own it was not reactivated. On ththeo hand, ClpB together with

DnaK/DnaJ/GrpE greatly activated firefly luciferasky suppressing its aggregation.
Furthermore, hydrophobic patches of polypeptideeaqmsed such that DnaK binds and further
promotes refolding (Michal, 1999; Goloubinoét al, 1999). Therefore, the coordination

function of ClpB and DnaK/DnaJ/GrpE requires ATRIfolysis.
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1.8 Plasmodium falciparum heat shock protein 70

Heat shock protein 70 (Hsp70s) play an importal# o folding of newly synthesized proteins.
At least six Hsp70s have been characterized foffialciparum PfHsp70, PfHsp70-2, PfHsp70-

3, PfHsp70-x, PfHsp70-y and PfHsp70-z (Shondtaal, 2007). Of these, PfHsp70 has been
identified as a cytosolic molecular chaperone thadésesses ATPase activity and suppresses
protein aggregation (Shonhat al, 2008). Structurally, PfHsp70 is made of threendms

namely: N-terminal domain, substrate binding don@aid C-terminal domain (Figure 7).

¥ —— T

N-terminal domain Substrate binding domain C-terminal domain

Figure 7: The structure of PfHsp70 showing:N-terminal domain, substrate binding domain antef@inal
domain (Adapted from Shonhei al, 2005).

The molecular weight of this protein is approxinhaté4 kDa and it possesses an EEVD motif
that enables it to interact with co-chaperonestiaC-terminusRamyaet al., 2006) Stephens

and colleagues (2011), have suggested that thepP@Hsnproves the expression, solubility and
activity of PfGCHI where heterologous productiorthe E. coli was problematic. This suggests

that molecular chaperones from the same targetiesppmtein may help the protein to foldn
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coli. The combination of malarial chaperones Bndoli chaperones co-expressed with a malaria

drug target proteins could improve protein exp@sspurity and solubility.

1.8.1 PfHsp70 and its derivatives show chaperonetadty in E. coli cells

The chimeric protein KPf, made up of the ATPase a@onfrom E. coli DnaK and substrate
binding domain from PfHsp70, was generated by Saioahd colleagues (2005) (Figure 9). KPf
was able to suppress thermosensitivity inEheoli dnaK756strain (a DnaK mutant strain that is
thermosensitive) (Retaledst al, 2009). Shonhai and co-workers (2005) have sigdethat
both PfHsp70 and its derivative KPf operated apehanes in th&. coli dnaK 756 cells. This
indicates that they functionally replaced DnaK ameimonstrates the potential functional

equivalence of these Hsp70 homologs.

PfAdoMetDC protein has been identified as a possiblig target (Mulleet al, 2001; Pegg,
2006). A previous study showed that PfAdoMetDC espion irE. coliis not a problem, but the
major challenge rests upon its purification. ItsHaeen suggested that it co-purified with
endogenous DnaK of th&. coli host system (Williamset al, 2011). This would have
jeopardized the isolation of pure protein in largeantities for structural studies, thereby
delaying the discovery of malarial drugs or compmimunargeted to PfAdoMetDC protein.
Furthermore, its co-purification with DnaK suggetiat PfAdoMetDC is not produced as a fully

folded protein.
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Potential to facilitate ATPase domain SBD Interaction with E. coli
malarial proteins cochaperones

A) Dnal DnaK

C) pnad ’ I__ Kt

Figure 8: Possible cooperation betweek. coli co-chaperones and malarial chaperones to facilitatmalarial
protein folding. (A) Known interaction betwee. coli cochaperones DnaJ with DndB) One focus of this study
is to investigate whethdg. coli cochaperones DnaJd functions cooperatively withsp#® (C) This study also
investigates the possible cooperative functionifhghe E. coli cochaperone, DnaJ with KPf. The white boxes in
figure 8 above represent the ATPase and substiraden domain of DnaK and the red boxes represdRase and
substrate binding domains of PfHsp70. The ATPaseailo from DnaK and SBD from PfHsp70 were linked to
form the KPf encoding segment (Adapted from Shoehal., 2005).

Hsp40s present substrates to Hsp70. They can beiped as regulating the specificity of Hsp70
(Figure 8 A). In a prior study of PfHsp70, it couldt be ascertained whether this molecular
chaperone interacted with Hsp40 protein€incoli, or whether it bound to misfolded proteins
independently, thereby preventing them from aggmegaFigure 8 B) (Shonhaet al, 2005).
However, possible interaction between PfHsp70 andJDcould not be ruled out, as Hsp40s
possesses a conserved J-domain that facilitat@simtberaction with the highly conserved N-
terminal ATPase domain of Hsp70. It is possiblet tk®f cooperates with the DnaJ co-
chaperone, as it has an ATPase domain fioncoli DnaK (Figure 8 C). The study therefore
proposed that thE. coli system could better accommodate KPf because & ThRase domain it
possesses frof.coli DnaK. In addition to that, the substrate bindilgnéin may recognize the
PfAdoMetDC protein since it has SBD from PfHsp7®jat improves the quality of the protein.

It is this part of the hypothesis that the curtntly seeks to investigate.
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1.9 Molecular chaperones as functional partners

Molecular chaperones have different functional abgaristics, though they are co-operative in
the folding processes of nonnative polypeptidese Trigger factor binds newly synthesized
proteins upon their exit from ribosomes, passesitbe to Hsp70s (homologue Bf coli DnaK)

and then finally on to the cylindrical chaperonigstem GroEL/GroES which receives a

substrate after its interaction with DnaK (Harttasayer-Hartl, 2002) (Figure 9).

3r

fuspj'o—p
nal/HsP4o ggl
. . Dnal /HSP40
Disaggregation

chaperone 7 = . Native
D ClpB L‘. ¥ .h

DnaK /HSP70 C

Dnal /HSP40
l Foldingchaperone

Native

Figure 9: Folding pathways of the newly synthesizegrotein. (A) A newly synthesized protein exits from the
ribosome and binds to the trigger factor (TF) dissh chaperone{B) The protein is then passed on to DnaK/Hsp70
for proper folding; (C) DnaK hands it over to GroEL/GroES for further faigt (D) Next is ClpB, the
disaggregation chaperone, and from here the pmotdian move over to DnaK/Hsp70 for folding purposes
(Adapted from Hartl and Hayer-Hartl, 2002).

The most important features of the proteins thégrd@ne their biologically active form are their

solubility and activity (de Marcet al, 2005). However, increased solubility does noama
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corresponding or equal improvement in protein dgtifde Marcoet al, 2005). Some groups
have reported poor or no activity despite produdirghly soluble proteins (Butet al, 2003).
Apparently, combined chaperones have been repadet promising approach to obtaining an
over-production of protein and active target pruggjAlibolandiet al, 2010, Cuket al, 2011). It
was concluded from the same study that the combimatof DnaK/DnaJ/GrpE could not
facilitate the production of recombinant hbFGF pihot Other researchers have shown success
by producing target proteins using combined chaps®fE. coliorigin (de Marccet al, 2007).
However, not all the sets of chaperones that weed lsucceeded in meeting the required

objectives, which include a high yield, and a stdubctive and pure protein.

Combinational expression of different chaperondgesys may improve solubility and protein
activity (Nishiharaet al, 1998; Schliekeet al, 2002). The question of its effectiveness hds no
been answered experimentally, due to the fact it co-expression studies focus more on
achieving high yields of the target protein inste#dthe biochemical properties of the co-
expression system (de Marebal, 2007). On the other hand, it is very importantinderstand
whether molecular chaperones, individual or comtineiere specific in promoting the
expression of certain target recombinant protekpsessed irE. coli. The incorrect selection of
chaperones could negatively affect host cell pHggip and the production of heterologous

proteins.
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1.10 Research Hypothesis, Broad Objectives and Appach

A major function of molecular chaperones that iatérwith nascent polypeptides chains is to
protect exposed hydrophobic amino acids in the Ipighowded environment of the cytosol.
However, while increased folding yields are obsdrue many specific cases, the over-
expression of these chaperones, individually ocambination does not generally improve the
folding of eukaryotic multi-domain proteins uporcoenbinant expression (Agash al, 2004;
Chenget al,, 2005; Haaclet al, 2009). The fact that different chaperones prefdsind specific
proteins in theE. coli system requires that molecular chaperones be usgafomoting
recombinant proteins ifE. coli. Hsp70s ofP.falciparum origin PfHsp70 and its chimeric

derivative KPf have exhibited chaperone activit§ircoli cells (Shonhagt al, 2005).

It is envisaged that the optimized partnershipthese chaperones, in combination with otBer
coli chaperones, will improve the heterologous productf malarial protein irE. coli. This is
because, as PfHsp70 and KPf are both of plasmodgih, they are expected to recognize the
malarial proteins co-expressedbn coli. However, the approach of matching these chapsrone
with the rest of thde. coli proteins folding machinery will be important inhé&ving maximum

folding efficiency of the recombinant malarial prt expressed i&. coli.
Based on this hypothesis, the following broad dibjes of this study are:
1) Bioinformatics analysis of possible binding of PtAdetDC to molecular chaperones;

2) Expression of PfAdoMetDC irE. coli supplemented with heterologously expressed

Hsp70 chaperones;
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3) Co-expression of PfAdoMetDC iR. coli supplemented with heterologously expressed

GroEL chaperone system;
4) Purification of PfAdoMetDC recombinant protein; and

5) In vitro biochemical characterization of PfAdoMetDC co-eegsed with molecular

chaperoneg. coli.
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CRAER TWO

Bioinformatics analysis of PfAdoMetDC protein as gpotential substrate of

Hsp70 and GroEL molecular chaperones
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2.1 INTRODUCTION

This chapter focuses on the bioinformatics basegszsnent to establish the protein folding
pathway that PfAdoMetDC is likely to go throughtire cell. Bioinformatics is the general used
approach in the management of biological infornmatising computer technology. Therefore,
computers are used as main tools to gather, stosyze and integrate biological and genetic
information which can then be used towards gene¢bdsug discovery and development (Kiefer
et al, 2009). It has been established that moleculaperones bind to the hydrophobic patches
of the newly synthesized polypeptides, protectimgnt from misfolding (Lakshimipathgt al,
2010).E. coli expresses its own proteins endogenously, henaessipn of foreign genes in E.
coli could result in the overcrowding (de Marebal, 2007). The overcrowding d&. coli as
host has been suggested to cause the titratioheofdlding machinery; thus, most proteins
become vulnerable to misfolding, losing their fumeal activity (de Marccet al, 2007). To
overcome this challenge, supplementation with md&cchaperones has been suggested as a
solution (Birkholtzet al, 2008). Previous studies have shown some suatdks use of both

individual and combined molecular chaperones (dechlet al, 2007; Stepherst al, 2011).

The occurrence of hydrophobic regions in the lineaguence of nascent polypeptide chains
results in high binding affinity of molecular chapees such as Hsp70 and GroEL
(Lakshmpathyet al, 2010). Kaiser and colleagues (2004) showed dedhtin proteins such as

luciferase possess multiple hydrophobic regiong @@ easily recognized by molecular
chaperones to bind to in order to prevent them framsfolding and aggregation. Thus, the
presence of linear hydrophobic regions in the prinsgquence of the newly synthesized protein

could be used to predict whether the protein hagkw@ strong interactions with molecular
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chaperones (Lakshimipatlet al, 2010). The hydrophilic and hydrophobic profileeoprotein
along with its amino acid sequences can be evauaseng computer software as previously
described by (Kyte and Doolittle 1982). The Kytel &oolittle method can be used to predict or
analyze the binding strength of the protein basedt® hydrophobic profile. The information
obtained from this chapter could be more helpfugam insight as to whether PfAdoMetDC as a
target protein could be a suitable substrate fop7/ldsand GroEL chaperones. Therefore, the
hydrophobicity profile of PfAdoMetDC protein waseglicted using a method developed by
Kaiser and colleagues (2006). DnaK binding sitesPdAdoMetDC were also predicted as
described (Rudigest al, 1997).
The aims of this study were to:

1) Conduct comparative protein sequence analyses éetie coli AdoMetDC and

PfAdoMetDC in order to identify binding motifs ddnaK and GroEL
2) Assess the physicochemical properties Eof coli AdoMetDC and PfAdoMetDC to

identify them as potential substrate of Hsp70 anoEE chaperones
3) To predict the hydrophobicity &. coli AdoMetDC and PfAdoMetDC profile using Kyte

and Doolittle predictive tools

4) To establish binding motifs &. coli AdoMetDC and PfAdoMetDC by predicting binding

sites of DnaK using a method developed by Rudigdrcm-workers (1997)

5) Depict the 3D model highlighting the distributiemf Hsp70 binding sites ok. coli

AdoMetDC and PfAdoMetDC using SWISS-MODEL and PyMol
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2.2 Experimental Procedures

2.2.1 Protein sequence alignment

2.2.2 Sequence alignment of PfAdoMetDC anBl. coli AdoMetDC

The sequence d?. falciparumAdoMetDC (Accession number: E.C.4.1.1.50) wabtained from
PlasmoDB (www.PlasmoDB.org). Tie coli AdoMetDC (Accession number: A7ZW69.protein
sequence was obtained from the National CenteBifatechnology information (NCBI) website
(http://www.ncbi.nlm.nih.gov). Using Bioedit_v7.03%software (Hall, 1999), sequence identity
and similarity between PfAdoMetDC arkfl coli AdoMetDC was determined. The sequence

alignment was performed using Multiple ClustalWItpihompsoret al, 1994; Hall, 1999).

2.2.2 Physicochemical properties

2.2.2.1Comparing physicochemical properties ok. coli AdoMetDC and PfAdoMetDC

proteins

AdoMetDC fromE. coli and P. falciparumspecies were analyzed using online tools such as
GenScript, Psort Il (Let al, 2014), PROPKA 3.1 (Sondergaatial, 2011) and Foldindex©
(Kilambi and Gray, 2012) to determine if they shamy similarities. This was done by
comparing the optimum pH of substrate, moleculaighte(kDa), isoelectric point (pl) and pKa

value.
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2.2.3 Hydrophobicity profiles and DnaK binding sites

2.2.3.1 Analysis of hydrophobicity ofe. coli AdoMetDC and PfAdoMetDC proteins

The hydrophobicity profile oE. coli AdoMetDC and PfAdoMetDC was predicted using Kyte
and Doolittle (1982) method. Hydropathy profilesdse used to examine the surface features of
proteins in order to generate hypotheses that eacobfirmed experimentally (Krystedt al,
2001). The peaks that are on the positive sideesgot the hydrophobic profile of the protein,
while those on the negative side represent thedmyulic profile of the protein. DnaK/Hsp70
binding sites onE. coli AdoMetDC and PfAdoMetDC was predicted using Rudiged
colleagues (1997) method. This method is basedifterehtial scoring of the statistical energy
contribution of each amino acid in a five resideeecand four residue flanking regions, together
constituting the proposed DnaK binding motif (Ruetigt al, 2001). The combined energy value
obtained for a given sequence is taken as a meas$uhe likelihood that DnaK binds to this
sequence. Therefore, peptides that registeredsslessethan -5 are predicted as DnaK binders, while

peptides that registered scores greater than #egaeded as non-bindgfRudigeret al, 1997)

2.2.4 Homology Modelling

2.2.4.1 Homology Modelling oE. coli AdoMetDC and PfAdoMetDC

Models of E. coli AdoMetDC and PfAdoMetDC were generated using thiéware package
Modeller version 8.2 (Fiseet al, 2000) and the protein modelling server SWISS-NEDD
(Schewedet al, 2003). The models were subsequently visualis#ag PyMol version 0.99rc6

to highlight the predicted binding sites of HspBD@Lano, 2002).
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2.2.5 Analysis of suitable substrate for GroEL

2.2.5.1 The assessment of the structural feature$ B. coli AdoMetDC and PfAdoMetDC
that determine its eligibility as a GroEL substrate

In E. coli, the ribosome-associated trigger factor togetridhy DnaK/Hsp70 system assist the
de novofolding of at least 340 cytosolic proteimsthin a broad size range between 16 -
167 kDa (Deuerlinget al, 1999), whereas GroEL chaperone machinery helgeld 250-300
newly synthesized proteins, highly preferring thegth a size of 20 - 60 kDa (Houmt al,
1999). In addition to that the hydrophobicity plefof the substrates is a major factor that
promotes the interaction between GroEL and thetsates(Coyleet al, 1997). Therefore, the
analysis of bothE. coli AdoMetDC and PfAdoMetDC features would be comparedhe
previously published data (Coyé al, 1997; Hartl and Hayer-Hartl, 2002; Kerregral, 2005).
The physicochemical features of typical GroEL stdist have been extensively analyzed
(Kerner et al, 2005). Based on the previous studies, the falgwfeatures are crucial
determinants peptides as GroEL substrates: isoel@dint (pl), pH, hydrophobicity profile and
sizes. Using these guidelines, the physicochemieatures of E. coli AdoMetDC and

PfAdoMetDC were analyzed to confirm their eligibjlas GroEL substrates.
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2.3 Results

2.3.1 Comparison of PfAdoMetDC sequences with. coli AdoMetDC to identify binding
motifs of DnaK and GroEL

Firstly, a protein sequence alignmenttofcoli AdoMetDC and PfAdoMetDC was conducted in
order to identify conserved GroEL and DnaK bindingtifs (Figure 2.1)E. coli AdoMetDC is
supposed to be well recognized Bycoli DnaK and GroEL chaperones since they are from the
same species (Hartl and Hayer-Hartl, 2002). Theseconserved residues in PfAdoMetDC that
could possible interact with DnaK and GroEL chapes) these amino acids are highlighted by
black boxes (Figure 2.1) (Coylet al, 1997). The sequencebf coli AdoMetDC served as a as

a reference point for the assessment of PfAdoMet3Choth GroEL and DnaK substrate.
PfAdoMetDC shares a sequence identity of 33% amailagity of 50.09% with E. coli
AdoMetDC which suggests that they are closely rdtechologs (Figure 2.1). Altogether, this
indicates that PfAdoMetDC though not from the sapecies wittE. coli AdoMetDC could be

recognized by Hsp70 and GroEL chaperones.
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Figure 2.1: Sequence alignment of PfAdoMetDC andt. coli AdoMetDC. ClustalW alignments for
PfAdoMetDC (accession number: E.C.4.1.1.50) Bndoli AdoMetDC (accession number: A7ZW69.1)
were performed using Bioedit programme ClustalVgratient option (Thompson et al., 1994). Charged,
polar and hydrophobic amino acids are highlightgdblack box, that are thought to be play a criticdd

in protein folding). Symbols:*": identical amino acids..™: conserved amino acids’:"semi-conserved
amino acids.

2.3.2 Predictive analysis oE. coli AdoMetDC and PfAdoMetDC structural features

Based on the physicochemical analysi€ofcoli AdoMetDC and PfAdoMetDC the following
features were established: pH optimum stabilitytricatte of substrate, molecular weight
isoelectric point (pl) and hydrophobicity (TablelR. At physiological pH both proteins are
acidic, E. coli AdoMetDC has a pl of 6.0 and PfAdoMetDC with pl &f35. Mehlin and
colleagues (2006) demonstrated that proteins withralues above 6.0 are difficult to express in
E. coli. (Table 2.1)E. coliAdoMetDC is 30 kDa size while PfAdoMetDC is 60 kBiae (Table
2.1). Typically, substrates of GroEL are of simitaze to GroEL itself (Kerneet al, 2005).
Hence, PfAdoMetDC could interact better with GroElan E. coli AdoMetDC,; thus shield

exposed hydrophobic amino acids residues that cam mse to aggregation in the highly
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crowded environment of the cytosol. Hsp70 moleccieperone binds to the substrate before it
hands it over to GroEL chaperone provided if thiera need for further folding of the substrate
(Hartl and Hayer-Hartl, 2002). The same mechani§eooperation is expected to take place

vivo with PfAdoMetDC as substrate if further foldingrexjuired.

Table 2.1:Physicochemical properties Bf coli AdoMetDC and PfAdoMetDC as potential substrates of
DnaK and GroEL chaperones

E. coli AdoMetDC PfAdoMetDC
Featlures Nel status DnaK  GroEL Nel stalus DnaK GroEL Relerences
pH for optimum Hui etal., 2005
stability 3.6 Vv Y 3.6 y Y
pKa (kcal/mol) 33.6 x! v 336 \ \ Mats et al.,
2011
Molecular weight Hartl and Hartl,
(kDa) 30% v Y 60* y v 2002; Baneyx,
2004; Fujiwara
etal., 2010
Isoelectric point Mchlin ctal.,
(pl) 6.0 # N Y 635 1 Y v 2006
Hydrophobicity 0.465 V v 0.417 \ \ Hartl and
Hayer-Hartl,
2002

Symbols “+> DnaK and GroEL potential substrate; «* <« suitable substrate of DnaK and GroEL; “#” most
suitable candidate of DnaK and GroEL.

2.3.3Hydrophobicity profiles of E. coli AdoMetDC and PfAdoMetDC and predictive DnaK
binding sites inE. coli AdoMetDC and PfAdoMetDC proteins

The hydrophobicity profile of bothe. coli AdoMetDC and PfAdoMetDC was predicted to
further investigate if PFAdoMetDC was a suitabldstiate for GroEL and DnaK chaperones. It
is important to note thd&. coli AdoMetDC is smaller in size than PfAdoMetDC, tlthe Y-axis

(score) values are different from PfAdoMetDC valyésgure 2.2). Based on the analysis,
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PfAdoMetDC protein has fewer hydrophobic residuesE. coli AdoMetDC (Table 2.1; Figure
2.2 A and B). However, there are residues thabohserved to have high registered scores on
PfAdoMetDC, at position 1-101 on th@-sheet (Figure 2.2 B). Their difference in
hydrophobicity scores could influence the abilityether Hsp70 or GroEL binding (Table 2.1;

Figure 2.2 A and B).
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Figure 2.2: The prediction of hydrophobicity profile of E. coli AdoMetDC and PfAdoMetDC
protein and prediction of DnaK binding on E. coli AdoMetDC and PfAdoMetDC substrates. (A)
and B8) Kyte and Doolittle hydrophobicity profile analgsof PfAdoMetDC indicates the abundance of
hydrophilic (negative scores) compared to hydrojahplofile (positive scores, denoted with starsjraom
acids residues.) and D) Prediction of potential DnaK binding sites & coli AdoMetDC and
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PfAdoMetDC proteins. Segments with less than -5icete potential DnaK binding sites within
PfAdoMetDC protein sequence.

Therefore, the ability of DnaK to bind . coli AdoMetDC and PfAdoMetDGQvas predicted as
described (Rudigeet al, 1997). Figure 2.2 (C and D) shows the bindingres of DnaK orE. coli
AdoMetDC and PfAdoMetDC protein sequences. Bagsethe analysis it appears that DnaK displays
high binding affinity on PfAdoMetDC compared o coli AdoMetDC, the difference in size of these two
proteins could be a contributing factor. Therefd?éAdoMetDC profile suggests that it is a suitable
candidate or substrate of DnaK (Figure 2.2 C)sltempting to conclude that PfAdoMetDC possesses
more hydrophobicity residues based on this findidgorevious study conducted suggests that smaller
proteins do not need more assistance during tlwdliny. However, larger proteins interact with
molecular chaperones such as DnaK and GroEL inrdadstabilize them during their folding process

(Hartl and Hayer-Hartl, 2002).

2.3.4 Identification of predicted binding sites of Hsp70 in E. coli AdoMetDC and

PfAdoMetDC proteins

To further demonstrate the possible binding sittedHsp70 molecular chaperone dhcoli
AdoMetDC and PfAdoMetDC 3D models were generated important to note these were not
full length proteins. E.coli AdoMetDC hasa-helix at the N-terminal an@-sheet at the C-
terminal (Figure 2.3 A). In contrast PfAdoMetDC laB-sheet at the N-terminal ardhelix at
C-terminalFigure 2.4 B). Based on the analysis of the 3Dginothydrophobic residues are more
pronounced at the-helix compared to thp-sheet of the protein, thus proposed binding sifes
Hsp70s are at the N-terminal residues 20-149 (Rudigal, 2001). The analysis shows that
PfAdoMetDC structure has a long loop, which conitds to the flexibility of the protein (Figure

2.4) (Birkholtz, 2004). 1t is believed these locgre prone to be attacked by proteolysis if the

38



University of Zululand

protein is not folded properly (Fontamd al, 2004). Based on the hydrophobicity profile of
PfAdoMetDC protein, it has more hydrophobic regianghe f-sheet at residues 10-81 (Rudiger
et al, 2001). These are proposed sites at which Hspi@ during its folding (Figure 2.1,

Figure 2.4 B) (Hartl and Hayer-Hartl, 2002).

A B
1 E(‘rn'iA.dnl\'Wt])(‘ 264
N i p (
Protein o=y, x 57
loops IL_')I . bl '\ !
Proposed sites
where Hsp70 binds

Beta sheets

Protein
loops

Alpha helix

Alpha helix Proposed sites
Where Hsp?0 birds

Figure 2.4 Modeling of E. coli AdoMetDC and PfAdoMetDC showing the proposed Hsp7®inding
sites.Red color represent alpha helix, yellow, reprebata sheets, green color are loops and spheres in
red and orange are hydrophobic site that Hsp7@gzed bind.

2.4 Discussion

The role of molecular chaperones is to bind to bgtobic patches of the substrate until it folds
properly (Hartl and Hayer-Hartl, 2002). On the othand, suitable client proteins for interaction
with molecular chaperones are proteins with expdsgtiophobic regions. Even though coli

AdoMetDC and PfAdoMetDC are from different speciegsed on the sequence alignment

results show that they share hydrophobic aminosa@dch as leucine and glycine) that could be
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recognized by DnaK and GroEL chaperones (Figure 2ZLhkshimipathyet al, 2010).
Molecular chaperones such as Hsp70 and GroEL limatdteins approximately 20-60 kDa in
size, preferably with exposed hydrophobic patchst( and Hartl, 2002; Baneyx, 2004. coli
AdoMetDC was predicted to be 30 kDa and PfAdoMetBCkDa (Table 2.1). Based on the
analysis,E. coli AdoMetDC has pl value of 6.0 and PfAdoMetDC protlas pl value of 6.35
(Table 2.1). Mehlin and colleagues (2006) suggestatimalarial proteins that were difficult to
express irE. coliwas due to the fact that have a pl above 6. Tieets of the protein size on
recombinant protein production B. coli system has been discussed (Bikh@tzal, 2008).
Their size difference suggests that both GroEL Ei@70 prefers binding to larger proteins
compared to the smaller proteins during their fagdprocess (Hartl and Hayer-Hartl, 2002). This
indicates that PfAdoMetDC might have more bindingtifs that could be recognized by Hsp70

and GroEL chaperones, comparedet@oli AdoMetDC protein (30 kDa) (Table 2.1).

Kyte and Doolittle analysis indicated th&. coli AdoMetDC has a more pronounced
hydrophobic profile compared to PfAdoMetDC suggestihat the protein is a good candidate
for molecular chaperones (Figure 2.2). Williams aodlleagues (2011) suggested that
PfAdoMetDC protein expresses i coli BL21 StafM cells, however the major challenge was
that the PfAdoMetDC co-purified with a contamingmtotein of 70 kDa,E. coli DnakK.

Hydrophobicity seems to be the driving force forp#A8 to interact with newly synthesized
proteins, the exposure of hydrophobic regions b&dBMetDC was shown to result in the

increased recruitment of DnaK/Hsp70 (Figure 2.2).
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DnaK binding sites on PfAdoMetDC were predictedb more frequent compared Eo coli
AdoMetDC based on the predictive tool that deteasithe possible binding motifs of DnaK on
substrates (Figure 2.2) (Rudigaral, 1997). The results show that DnaK binds onftisbeet of

the protein with high pronounced hydrophobicityidess. On the other hand, DnaK binds on the
ahelix onE. coli AdoMetDC (Figure 2.3 A). DnaK is known to interagith both side chains
and peptide backbone, while DnaJ only binds to siu®ns, to ensure that these chaperones
interact with hydrophobic sequences without strprgference on the sequence (Rudigieal.,

2001).

It has been suggested that for chaperones to glissim between folded and unfolded substrates,
hydrophobic sequences are normally found on theriort of the folded substrates (Hartl and
Hayer-Hartl, 2002). Together, these features appegrovide the necessary promiscuity that
permits them to bind a wide range of substratemi(@isanet al, 2012). A proteomic study
using a temperature sensitive GroEL mutant stdemonstrated that DnaK and DnaJ bound all
the GroEL substrates, indicating that the GroELeelent proteins also contain predicted
DnaK-DnaJ binding sites (Srinivasat al, 2012). This therefore shows that like DnaK-DnaJ
system, GroEL could possibly interact with a reialy large number of protein substrates

including PfAdoMetDC protein.

A study conducted showed that there are threeedast GroEL interacting substrate proteins
based on their chaperone dependence (Ketnalr, 2005). Class I, include proteins that can fold
spontaneously whose refolding yield could be opedi by chaperone interaction. However,
their solubility is independent of GroEL (Coye¢ al, 1997). GroEL has ability to bind exposed

hydrophobic surfaces on substrates (Cogte al, 1997). Hartl and Hayer-Hartl (2002),
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demonstrated that trigger factor and DnaK/DnaJ/Gigtaperones interact with nascent
polypeptides upstream of the chaperonin and mosteoproteins with class | behavior have the
opportunity to fold before reaching GroEL. Clasgitbteins are unable to fold spontaneously,
therefore they solely depend on chaperones assestan them to fold to their native structures
(Coyle et al, 1997). The solubility of the proteins of cldssiave been suggested to not get
affected by overexpression of chaperonins, meathiagtheir solubility status does not change
(Coyle et al, 1997). Class lll proteins on the other hand ttris proteins that are absolutely
dependent on the assistance of GroEL othitro andin vivo for folding to their native state
(Coyle et al, 1997). Such proteins are highly aggregation @ramd are unable to fold
spontaneously. It is suggested that DnaK is ableateyact with class Il substrates to suppress
their aggregation but cannot promote their foldif@pyle et al, 1997). Such proteins are
transferred downstream for subsequent folding lyEEr(Coyleet al, 1997). This indicates that
molecular chaperones are cooperative and certdistraties require more than one set of
chaperon system to reach their native structuresddition to that the size and pronounced
features of PfAdoMetDC strongly suggests that iaisuitable candidate for GroEL binding.
Therefore, it is important to assess whether PfAeiMC could benefit from these molecular
chaperones during its synthesis until it folds.chmapters subsequent to the current chapter,
experimental work that was conducted to investitfageeffect of co-expressing PfAdoMetDC in

E. colisupplemented with exogenous plasmodial Bncdoli chaperones will be described.
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CHAPTER THREE

Co-expression of recombinant PfAdoMetDC with moleclar chaperone

combinations
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3.1 INTRODUCTION

It has been suggested that the molecular chapewadriescoli may occur at concentrations that
are inadequate to meet the protein folding demaofdshe cell during the production of
recombinant proteins (Carrio and Villaverde, 200& Marco and De Marco, 2004).
Consequently, it has been proposed that express$iplasmodial recombinant proteinskn coli

in the presence of molecular chaperones of siroiligsin could solve this problem (Birkholet

al., 2008; Stephenst al, 2011).E. coli serves as the host of choice for the production of
recombinant proteins. However, one of the challsmfeproducing recombinant proteinskn
coli is that the products are occasionally releasetheffibosomes as insoluble inclusion bodies.
In addition, the use of strong promoters and highucer concentration can generate yields of
recombinant proteins exceeding 50% of the totdlizel protein (Baneyx and Mujacic, 2004).
Under such circumstances, the rate of protein poolu overwhelms the protein folding
machinery, resulting in the generation of poor gyainisfolded recombinant proteins (Salvador,

2005).

In addition, the malarial genome is AT-rich whiaimsetitutes a further complication (Fliek al.,
2004). Mehlin and co-workers (2006) analyzed 10@beg fromP. falciparum that were
heterologously expressed En coli and reported that only 337 were successfully esga@. Of
these, only 63 were reported as soluble proteipartrom the AT-bias of the genome, proteins
with the following features were also found to h#ficult to express: high molecular weight (>
56 kDa), basic isoelectric point (pl > 6) and lafkhomology withE. coli proteins (Mehlinet
al., 2006). PfAdoMetDC is an essential protein inealvin the biosynthesis of polyamines,

making it a potential anti-malarial drug target (Muet al, 2001; Wellst al, 2006). Obtaining
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a pure and active product in fairly large quanditie important in facilitating the validation of
drug targets through biochemical assays. Althodghrecombinant form of PfAdoMetDC has
been expressed iB. coli, the protein co-purifies witle. coli proteins, and amongst them is
DnaK (Williams et al, 2011). DnaK belongs to the Hsp70 family of clrapes whose main
responsibility is to bind misfolded proteins to ifaate their fold (Bukauet al, 2006). It is
therefore plausible that PfAdoMetDC is released thié ribosomes in a misfolded form,
attracting DnaK. This suggests that the protein matyhave been appropriately folded and this
may have influenced the reported biophysical festwf the protein. Therefore, the aim of this
study was to apply the various combinations of makr chaperones in the production of
PfAoMetDC protein irE. coli. Briefly, PfHsp70 is a molecular chaperone of pladium origin,
whereas KPf is a chimeric molecular chaperone ef ATPase domain of DnaK and the

substrate binding domain of the PfHsp70 molecutaperone (Shonhat al, 2005).

The aims of this study were:

1) To co-express PfAdoMetDC with following sets of m@llar chaperones:

Number Chaperone combinations

[ DnaK+DnaJ

i KPf+DnaJ

il PfHsp70+DnaJ

v DnaK+DnaJ+GroEL

Vv KPf+DnaJ+GroEL

Vi PfHsp70+DnaJ+GroEL
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4)
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To analyse the solubility of PfAdoMetDC co-exprebgeth various combinations of

molecular chaperones;

To purify PfAdoMetDC co-expressed with the abovenbinations of molecular

chaperones; and

To clone DnaJ, KPf and GroEL in pQE30 vector to Bdérminal His-tag to facilitate

their purification.
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3.2 Materials and Methods

3.2.1 Materials

The following plasmids and reagents were used is $tudy: pBB535 encodingbfaK and
DnaJgenes) and pBB54DhaK-DnaJ-GroEL, and kindly donated from Dr. Bernd Bukau'’s lab
(Germany; Deuerlinget al, 1999; de Marceet al, 2007). The vector provides, with ColE1l
origin of replication, a T7 promoter (regulatedthg product of lacl gene, induced by IPTG) and
spectinomycin resistance. The construct pASKA-IBAAG®OMetDC, host to the codon
harmonized®PFADOMETDCgene which encodes for thesubunit of the protein (approximately
60 kDa), was donated by Prof. Lyn-Marie Birkholtn{versity of Pretoria, South Africa). The
vector has the ampicillin resistance gene, thestnaption for which is under theetA operator,

and is induced by AHT.

Construct pQE30/PfHsp70 has routinely been usezkpoess PfHsp70 i&. coli (Matamboet

al., 2004; Shonhaet al, 2005; Shonhaet al, 2008). The pQE6BPf construct used in the
present study was provided by Prof. A. Shonhai yesity of Venda; Shonhat al, 2005). The
plasmid mini prep kit used in this study was pusdthfrom Zymogen and the pQE30 vector was
purchased from (Qiagen, Germany). The rest ofeagents used in this study are listed in Table

1 (Appendix D).
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Table 3.1:E. coli strains and plasmids used for protein expression

Name ofE. coli strain Key features Source/references
E. coli BB 1553 cells « dnaK gene substituted with c¢ Bukau and Walker,1990;
(MC4100AdnaK52 CmR SidB1) cassette Ratelade=t al,2009

* low Dnald levels
e grows at 3€c
» does not grow at 46
» chloramphenicol tretracycline
E. coli BL21 (DE3) Star™™ cells + high efficiency protein expression  Studieret al, 1990
e grows at 37
» does not interfere with IPTG induction

E. coli XL1 Blue cells « high efficiency protein expression  Bullock et al, 1987
e grows at 37
» does not interfere with IPTG inductic

Anti-strep tag Il « delectation of Strep-tag® Il proteins IBA, Germay
Anti-His tag - for the detection of His-tag® proteins Pierce, USA
Anti-DnaK * probing ofE. coliDnaK protein Stressgen
Anti-PfHsp70 * delectation of KPf and PfHsp7 Pesceet al, 2008
protein
Anti-Hsp60 » detection of GroEL protein Kindly donated by Prof.

Alister Craig (Liverpool
University, UK).
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3.2.2 Methods

3.2.2.1 Cloning of DnaJ, KPf and GroEL in pQE30 vetor to add N-terminal His-tag and

facilitate their purification

DNA segments encoding Dn&IPf and GroEL were cloned into pQE30 plasmid veatdrame
with an N-terminal His-tag to facilitate purificati using nickel affinity chromatography. The
aim was to purify these proteins to further invgestie whether there is any possible interaction
between them by conductimg vitro studies. Briefly these constructs were as follotlve: DnaJ
encoding segment was first amplified by polymerelsain reaction (PCR) from pBB535. The
forward primer 5-ATCACGGATCCATGGTCTAAGCAAGATATTATACG-3" and reverse
primer 5 -TTGGCTGCAGTTAGCGGGTCAGGTCG-3" were usedithw restriction sites
((BanmHI and Pst respectively (underlined)). The amplified protand pQE30 was digested
with BanHI and Psti. The DnaJ encoding segment was then ligated betwBanH| and Pst
restriction sites in the pQE30 plasmid vector. Tiheegrity of the resulting pQE30/Dnal

construct was confirmed by restriction analysisvaf as DNA sequencing.

The KPf encoding segment was first amplified by PCR froQEPOKPf plasmid. A forward
primer, 5 -ATCACGGATCCATGGTGAAACTCTGG-3° and revers primer, 5'-
TAATTAAGCTTTTCCACTTGGCATTCC-3" were used for PCR apliification. The forward
and reverse primers containBdnH| andHindlll restriction sites (underlined) respectively.erh
amplified product was digested wiBanHI, Hindlll and pQE30 vector. Th&Pf encoding
segment was then inserted betw&amH| and Hindlll restriction sites in the pQE30 plasmid
vector. The integrity of the resultant pQBE8Bf was confirmed by restriction analysis as well as

DNA sequencing.
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The GroEL encoding segment was amplified from pBB542 plasmidforward primer, 5°-
TCCGCATGCATGGCACTAAAGAC-3’, and reverse primer, 5-
TAATTAAGCTTTTACATCATGCCGCCC-3", were used for PCRnalification. The forward
and reverse primers contain&pH and Hindlll restriction sites (underlined) respectively.erh
amplified product was digested wi8pH, Hindlll and the pQE30 vector. Th8roEL encoding
segment was then inserted between3pH and Hindlll restriction sites in the pQE30 plasmid
vector. The integrity of the resultant pQESB0IEL was confirmed by restriction analysis as well
as DNA sequencing. Primers were synthesized bybkdaotechnical Industries (PTY) Ltd,

South Africa. The PCR reaction is explained in d@ia@Appendix B.

3.2.2.2 The cloning strategies used to substitutenBK with either KPf or PfHsp70

Site directed mutagenesis was carried out by degjgrimers that introducedant| before the
start codon anéma after the stop codon of tHenaK gene in order to replace the latter with
PfHsp70or KPf by introducing restriction enzymes (Appendix B,l¢éaB.1). The introduction of
BanH| and Sma allowed for the excision ddnaK. Figure 3.1, shows the cloning strategy that
was used to repladenaK with PfHsp70or KPfin pBB535 (7061 bp) and pBB542 (9177 bp)
This cloning strategy resulted in the following stmcts: PfHsp70+DnaJ, KPf+Dnald,

PfHsp70+DnaJ+GroEL and KPf+DnaJ+GroEL.
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pBBSIS
7061 bp

pBBSIS

| PMHSsp70
7061 bp

Spec \
“  pBB53s BamHl

we  PETOJ g

" PHsp70

Spec .,

PpBBS42
9177bp

PiHsp70

e KPf
GroEL/

Figure 3.1 The cloning strategy of PfHsp70 or KPf to substitu¢ DnaK. The BarrHI restriction site
was introduced before the start codon of DnakK thiedma restriction site was introduced after the stop
codon of DnaK with site directed mutagenesis. Thisulted to the following constructg) pBB535-
Pf70J;(B) pBB535-KPfJ}(C) pBB542-Pf70JE; an(D) pBB542-KPfJE.
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3.2.2.3 Protein expression and purification

The monofunctional PfAdoMetDC protein was expresgeét. coli BL21 Staf™ (DE3) cells

(Williams et al,, 2011). This was then followed by co-expressibthe chaperone sets; the co-
expression of chaperones was initiated by the mdddf 1 mM IPTG when cells reached an
optical density (OD) of 0.2. The co-transformediselere incubated further, until the OD
reached 0.7. The expression of the target genetheas initiated by the addition of 2 ng/ml

anhydrotetracycline (AHT).

To confirm whether the protein was expressed imlabde form, either on its own or in the
presence of suplementary chaperoneg.ioli BL21 StafM (DE3) cells the cell suspension
was centrifuged at 5000 g for 20 minutes & 4nd resuspended in 5 ml lysis buffer (0,01 mM
Tris, pH 7.5; 10 mM Imidazole, containing 1 mM (aoethyl benzenesulforyl floride
hydrochloride (AEBSF)) and 1 mg/ml of lysozyme))itg et al, 2012). The cells were frozen
overnight at -88C then thawed rapidly and sonicated mildly. Thié lgsate was centrifuged at
12000 g at % for 20 minutes (Stephews al, 2011). The supernantant was collected (soluble
fraction) and the pellet (insoluble fraction) wasuspended in 3 ml of phosphate buffered saline
solution (PBS, pH 7.5) . This was followed by amlgsis of the samples using sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SD&EBA

The strep-tagged PfAdoMetDC purification was conddcunder native conditions using the
strep-tactin column purification system (Williarasal, 2011). After packing the column with 1
ml strep-tactin, the column was washed twice withnil of Buffer W (150 mMNacl, EDTA,

100 mMTris, pH 8). The supernatant on the colunas wllowed to flow three times through,

followed by three washes with Buffer W. A proteimsvthen eluted with 3 ml of Buffer E (100
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mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, and2nM D-Desthiobiotin). The column
was regenerated with 10 ml of Buffer R (1 mM 4-tyyddl azobenzene-2-carboxylic acid
(HABA) in Buffer W), which was then washed out witkiffer W until the strep-tactin column

became white or clear. The column was stored@itid Buffer W.

3.2.2.4Purification of His-tagged DnaJ, GroEL and Hsp70s poteins

The His-tagged proteins were expressecEincoli XL1 Blue cells as previously described
(Matamboet al, 2004; Gitalet al, 2012). A colony was picked and inoculated imi52x YT
liquid broth supplemented with 100 mg/ml of ampicijl then grown overnight at 3¢ on a
shaking platform for 16 hours. After transferrimga 225 ml of liquid broth, this was allowed to
grow up to 0.5 Okyo. The induction of the protein was initiated by tligliion of 1 mM IPTG,
and the cultures were grown for 5 hours beforectils were harvested following a previously
employed protocol (Stepheret al, 2011). The HisPur Ni-NTA Resin purification syst

(Pierce, USA) was used following the suppliershsi@d protocol, with minor changes.

3.2.2.5 Protein quantification and Western analysis

To determine the concentration of the protein afiempurification, the Bradford method was
used for protein quantification (Bradford, 1976heTexpression of PfAdoMetDC and molecular
chaperones was confirmed by a Western blot analykis was done by thieansfer of proteins,
onto a nitrocellulose membrane for 1 hour at 10@féér an SDS-PAGE. The membrane was
washed twice with TBS (50 mM Tris, 150 mM NacCl) dridcked with a 5% blocking buffer of
5 g non-fat milk powder in 100 ml of TBS for 1 hotollowing that was the incubation of the

membrane with primary antibody (1:1000). The moncfional PfAdoMetDC was tagged with
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Strep-tag Il; monoclonal anti-strep-tag Il antibesl{(IBA, Germany) were used for its detection.
KPf and PfHsp70 were detected using anti-Hsp70badies (Pescet al, 2008). For DnaK
detection, anti-DnaK antibodies were used (StregsgeroEL was detected using anti-Hsp60
antibodies. After overnight incubation with therpary antibody, the membrane was washed
twice with TBST (50mM Tris-HCI, 150 mM NacCl, 0.1%wgen 20, pH7.4) for 20 minutes,
followed by incubation with the secondary antibad$% blocking buffer for 1 hour on ice with
a shaking platform. The membrane was washed fmestiwith TBST for 15 minutes each. This
was then followed by the addition of ECL with hydem peroxide to the membrane in order to

view the reaction of antibodies with specific piogein the dark room.
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3.3 Results

3.3.1 Confirmation of pBB535-Pf70J constructs

PfHsp70was PCR amplified from pQE3Hsp70and the product size of 2054 base pairs was
analayzed on agarose gel (Figure 3.2 B). Afterstiga with restriction enzymes, the product
was cloned into pBB535 expression vectoBarmHI and Smd restriction sites in place dnaK
(7191 bp) (Figure 3.2 A). The size of the fragmiiatt corresponds with the PCR product was
recovered when digested with both enzymes (Fig@82 C, lane 4). The integrity of the

construct was further confirmed through sequencing.

A C M 12 3 4
SpecR
10000

—pBBS535

BamHI vector

pBB535-Pf70] (1742) —PfHsp70

7191 bp
Dnal PfHsp70
Smal (3796)

Figure 3.2 Diagnostic analysis of pBB535-Pf70J. (APlasmid map of pBB535-Pf70J constru@) Ethidium
bromide stained agarose gel of PfHsp70 PCR prodamme M, DNA molecular markers; lane 1, PCR prod(€}
Endonuclease restriction digest of pBB535-Pf70de IM, DNA molecular markers; lane 1, undigested p8®B
Pf70J; lane 2 plasmid digested wBlarrHI; lane 3 plasmid digested withmd; and lane 4 plasmid digested with
bothBanmHI andSma.
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3.3.2Confirmation of pBB535-KPfJ
KPf gene was PCR amplified from pQER®@f plasmid (2009 bp) (Figure 3.3 B) and cloned

into pBB535 expression vector BanmHI and Smad restriction sites in place @nakK (7146 bp).
The same enzymes were then used for a restrictialysis of the construct and the size of the
fragment that corresponds with the PCR product vem®vered when digested with both

enzymes (Figure 3.3 B, C, lane 4). The integrit}he construct was further confirmed through

sequencing.
A C oMo 2 304
SpecR
1000
| pBB535
BamHI vector
pBB535-KPfJ (1742)
7146 bp —KPf
Dnal KPf

Smal 3751)

Figure 3.3 Diagnostic analysis of pBB535-KPfJ. (Aplasmid map of pBB535-KPfJ constru¢B) Ethidium
bromide stained agarose gel of KPf PCR producte Ish DNA molecular markers; lane 1, PCR prody€t)
Endonuclease restriction digest of pBB535-KPfJ. DiNAs loaded onto the gel in the following ordendaM,
DNA molecular markers; lane 1, undigested plastaide 2, plasmid digested wiBanHI; lane 3, plasmid digested
with Smd; and lane 4, plasmid digested with b&amH|I andSma.
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3.3.3 Confirmation of pBB542-Pf70JE
The PfHsp70gene was PCR amplified from pQER@f70plasmid (2054 bp) (Figure 3.4 B) and

cloned into pBB542 expression vector BamH|l and Smad restriction sites in place ddnakK
(9314 bp) (Figure 3.4 A). The same enzymes wera tised for a restriction analysis of the
construct and the size of the fragment that comedp with the PCR product was recovered

(Figure 3.4 C, lane 4). The integrity of the const was further confirmed through sequencing.

A C
M 1 2 3 4
Speck— 10000 - pBB542
BamHI vector
(1742)
pBB542-Pf70JE PfHsp70
9314 bp
PfHsp70 1000
GroEL/GroES

Smal (3800)
Dnal

Figure 3.4 Diagnostic analysis of pBB542-Pf70JE. }APlasmid map of pBB542-Pf70JE constry@&) Ethidium
bromide stained agarose gel of KPf PCR producte I&h DNA molecular markers; lane 1, PCR prodyct)
Endonuclease restriction digest of pBB542-Pf70JNADvas loaded onto the gel in the following ordane M,
DNA molecular markers; lane 1, undigested plastitaide 2, plasmid digested wiBanHl; lane 3, plasmid digested
with Smd; and lane 4, plasmid digested with b&anmH| andSma.
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3.3.4 Confirmation of pBB5542-KPfJE
KPf gene was PCR amplified from pQER®@f plasmid (2009 bp) (Figure 3.5 B) and cloned into

pBB542 expression vector iBanHl and Smad restriction sites in place dbnaK (9268 bp)
(Figure 3.5 A). The same enzymes were then used festriction analysis of the construct and
the size of the fragment that corresponds withRE#&R product was recovered when digested
with both enzymes (Figure 3.5 C, lane 4). Thegntg of the construct was further confirmed

through sequencing.

SpecR

BamHI

T.(1742) 10000 _ pBB342
1 vector

pBB542-KPfJE
9268 bp —KPf
- KPf
GroEL/GroES g
Smal (3754)

DnalJ

Figure 3.5 Diagnostic analysis of pBB542-KPfJE. (APlasmid map of pBB542-KPfJE constru@@) Ethidium
bromide stained agarose gel of KPf PCR producte Ish DNA molecular markers; lane 1, PCR prody€t)
Endonuclease restriction digest of pBB542-KPfJE.ADMas loaded onto the gel in the following ordemé M,
DNA molecular markers; lane 1, undigested plasitaide 2, plasmid digested wiganHI; lane 3 plasmid digested
with Smd; and lane 4, plasmid digested with b&hanmH| andSma.
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3.3.5 Confirmation of pQE30/DnaJ construct

The DnaJgene was PCR amplified from pBB586(@aK-DnaJ) plasmid (1286 bp ) (Figure 3.6
B) and cloned into pQE30 expression vectorBanH| and Pst restriction sites (4592 bp)
(Figure 3.6 A). The same enzymes were then used festriction analysis of the construct and
the size of the fragment that corresponds withRB& product was recovered (Figure 3.6 C,

lane 4). The integrity of the construct was furtbenfirmed through sequencing.

C
A 6xHis-tag (127-144) M 1 2 3 4
BamHI (145)
AmpR
—Dnal 10000
— pQE30
pQE30/Dnal vector
4592 bp
- Dnal

Pstl (1314)

50

Figure 3.6: Diagnostic analysis of pQE3®@anJ. (A) Plasmid map of pQE3DhaJ. (B) Ethidium bromide stained
agarose gel of DnaJ PCR product: lane M, DNA md&cmarkers; lane 1, PCR produ¢C) Endonuclease
restriction digest of pQE30/DnaJ. DNA was loadetbathe gel in the following order: lane M, DNA moléar
markers; lane 1, undigested plasmid; lane 2, plstigested wittBarmHI; lane 3, plasmid digested witPst; and
lane 4, plasmid digested with bdBlarmHI andPst.
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3.3.6 Confirmation of pQE30GroEL construct

The GroEL gene was PCR amplified from pBB542n@K-DnaJ-GroEL-GroEBplasmid (1804
bp) (Figure 3.7 B) and cloned into pQE30 expressictor inHindlll and SpH restriction sites
(Figure 3.7 A). The same enzymes were then used festriction analysis of the construct and
the size of the fragment that corresponds withRB& product was recovered (Figure 3.7 C,

lane 4). The integrity of the construct was furtbenfirmed through sequencing.

A 6xHis-tag (127-144) C Mo 2 3 4
- Sph1(156)
AmpR ’
10000 |
—GroEL 5000
- pQE30
GroEL 3500 S(egctor
PQE30/GroEL

Hindlll (1805)

Figure 3.7: Diagnostic analysis of pQE3@roEL. (A) Plasmid map of PQ3GtoEL. (B) Ethidium bromide
stained agarose gel dsroEL PCR product: lane M, DNA molecular markers; lane PCR product.(C)
Endonuclease restriction digest of pQE30/GroEL. DNAs loaded onto the gel in the following ordendaM,
DNA molecular markers; lane 1, undigested plastaide 2, plasmid digested witbphl; lane 3, plasmid digested
with Hind Ill; and lane 4, plasmid digested with b&pH andHindlll.
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3.3.7 Confirmation of pQE30KPf construct

The KPf gene was PCR amplified from pQER@f plasmid (2009 bp) (Figure 3.8 B) and cloned
into pQE30 expression vector BanH| and Hindlll restriction sites (5195 bp) (Figure 3.8 A).

The same enzymes were then used for a restrictialysis of the construct and the size of the
fragment that corresponds with the PCR product reasvered (Figure 3.8 C, lane 4). The

integrity of the construct was further confirmedotiigh sequencing.

6xHis-tag (127-144)
BamHI (145)

AmpR
10000
6000

3500
2000
— KPf 1500

10000

KPf | pQE30

vector
— KPf

pQE30/KPf

5195 bp 1000

750
500

Hindlll (1921) 230

Figure 3.7: Diagnostic analysis of pQE3®Pf. (A) Plasmid map of pQE3RPf. (B) Ethidium bromide stained
agarose gel of KPf PCR product: lane M, DNA molacuinarkers; lane 1, PCR produ¢C) Endonuclease
restriction digest of pQE3RPf. DNA was loaded onto the gel in the following ardene M, DNA molecular
markers; lane 1, undigested plasmid; lane 2, pldsiigested wittBanHl; lane 3, plasmid digested withindlll;
and lane 4, plasmid digested with b&#nH| andHindlll.
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3.4 Expression and purification of his-tagged recobsinant molecular chaperones

3.4.1 Expression of recombinant DnaJ protein

Recombinant DnaJ protein was expresseH.iooli XL1 blue cells. Figure 3.8 shows the SDS-
PAGE analysis of the samples that were collectegtipuction and post-induction. The
expected size of the protein was around 40 kDaiepedhe visibility of the protein pre-
induction was also noticeable (Figure 3.8 laneHhwever, the protein showed an increase in
expression in samples collected hourly, post-indacfFigure 3.8, lane 1-5). The expression of

the protein was confirmed by means of a Westerhdslalysis (lower panel).
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Figure 3.8: Analysis of the expression of pQE30/Ddain XL1 blue cells. SDS-PAGE (upper panel) and Western
analysis (lower panel) of the expressiorEofcoli Hsp40 (DnaJ) in XL1 Blue cells. Lane M, page ryleg-stained
protein ladder (sizes indicated on the left hanid)silane 0, pre-induction sample; lanes 1-3, lyosaimples taken
post-induction (total protein extracts); lane 5mpe taken overnight (total protein extracts); laf@, negative
control. Western blot analysis conducted using agutonal anti-polyHistidine-peroxidase antibody.
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3.4.2 Expression of recombinant GroEL protein

Recombinant his-tagged GroEL protein was expregsét coli XL1 blue cells. The expected

size of the protein was around 60 kDa species (Ei@9). The protein showed an increase in
expression in hourly collected samples post-induc({Figure 3.9, lane 1-3). The expression of
the protein was confirmed by means of a Westerhdialysis using anti-His antibodies (lower

panel).

Figure 3.9: Analysis of the expression of pQE30/Gitoin XL1 blue cells. SDS-PAGE (upper panel) and Western
analysis (lower panel) of the expressiorEofcoli GroEL in XL1 Blue cells. Lane M, page ruler praiged protein
ladder (sizes indicated on the left hand side)e l@npre-induction sample (total protein extratzhie 1-3, hourly
samples taken post-induction (total protein exfjaclane -C, negative control cells transformedhwiQE30
plasmid after induction with IPTG. Western blot Bs& conducted using monoclonal anti-polyHistidine
peroxidase antibody.
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3.4.3 Expression of recombinant KPf protein

Recombinant his-tagged KPf protein was expressé&d aoli XL1 blue cells. Figure 3.10, shows
the SDS-PAGE analysis of the protein samples. Rpeaed size of the protein is around 70
kDa species. The visibility of the protein pre-iatlan was also noticeable (Figure 3.10 lane 0).
The protein showed an increase in expression ipksneollected hourly post-induction (Figure
3.10, lane 1-5). The expression of the protein eaadirmed by means of a Western blot analysis

(lower panel).
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Figure 3.10: Analysis of the expression of pQE30/KRn XL1 blue cells. SDS-PAGE (upper panel) and Western
analysis (lower panel) of the expression of KPKinl Blue Cells. Lane M, page ruler, pre-stainedtgiro ladder
(sizes indicated on the left hand side); lane 6;ipduction sample (total protein extract); lan€s, hourly samples
taken post-induction (total protein extracts); la@e negative control cells transformed with pQE2&@smid after
induction with IPTG. Western blot analysis conddatising monoclonal anti-polyHistidine-peroxidaséitzody.
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3.5 Expression of PfAdoMetDC fromE.coli BL21 (DE3) Star'™ cells
3.5.1 Expression of recombinant PfAdoMetDC protein

The expression of recombinant PfAdoMetDC on its avas conducted as previously described
(William et al, 2011). Figure 3.11, shows the SDS-PAGE analgkithe expressed protein,

which was confirmed by a Western blot analysis gisinti-strep tag antibodies. Based on the
SDS-PAGE, the expression of PfAdoMetDC proteinéased over time as post-induction. This

was confirmed by a Western blot analysis.
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Figure 3.11: Analysis of the expression of pASK-IBAfAdoMetDC in E. coli BL21 star™ cells This shows the
SDS-PAGE (upper panel) and Western analysis (Iqvegel) of the expression of PfAdoMetDC in BL21 sell
Lane M, page ruler pre-stained protein ladder §simnelicated on the left hand side); lane 0, prettion sample
(total protein extract); lanes 1-5, hourly samphdeen post-induction (total protein extracts). Véestblot analysis
conducted using monoclonal anti-strep tag antibody.
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3.5.2 Co-expression of PfAdoMetDC with molecular cperones

The following chaperone combinantions were co-esged with PfAdoMetDC inE. coli
DnaK+DnaJ; KPf+DnaJ and PfHsp70+DnaJ. The chaperarege expressed as species of 70
kDa (representing DnaK, KPf and PfHsp70), 60 kDepiesenting GroEL) and 40 kDa
(representing DnaJ) (Figures 3.12 A, B and C rdaspdy). The expression of the chaperones
was initiated by using IPTG followed by the additiof AHT for the induction of PfAdoMetDC
as a co-expression partner. Molecular chaperorg$tkdoMetDC were successfully expressed
in E. coli BL21 (DE) staf™ cells as a host system (Figure 3.12). Howeverresgion of
recombinant DnaJ did not appear to significantigréase above the endogenous level (Figure
3.12). Since significantly expressed DnaJ did is& above the endogenous levels of the protein,
it was assumed that only the supplementary Hsp7perones had an influence on the
production of PfAdoMetDC. The expression Bf coli DnaK chaperone was confirmed by a
Western blot analysis using anti-DnaK antibodiegfe 3.12 D). In addition, the expression of
PfHsp70 and KPf chaperones was confirmed usingRiftsp70 antibodies (Figure 3.12 E and
F). The expression PfAdoMetDC was confirmed by sstéfe blot analysis using anti-strep tag

antibodies (Figure 3.12 G, H and I).
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Figure 3.12 Analysis of co-expression of combinechaperones from plasmodial andE. coli origin with
PfAdoMetDC in BL21 (DE3) Star™cells. (A) SDS-PGE and Western blot analysis of the co-exjmessf
DnaK+DnaJ with PfAdoMetDC. Lane M, page ruler ptairsed ladder (sizes indicated on the left hand)sidane

0, sample taken before induction; Lane 1, samientafter induction with 1 mM IPTG; Lanes 2-3, séngaken
after induction with 2 ng/ml AHT(B) Co-expression of KPf+DnaJ with PfAdoMetDC. Lane@mple taken before
induction; Lane 1, sample taken after inductionhwiitmM IPTG; Lanes 2-3, sample taken after inductigth 2
ng/ml AHT. (C) Co-expression of PfHsp70+DnaJ with PfAdoMetDC; &#&n sample taken before induction; Lane
1, sample taken after induction with 1 mM IPTG; kar2-3, sample taken after induction with 2 ng/miTA (D)
Western blot analysis using anti-DnafE and F) Anti-PfHsp70 antibodies(G, H andl) Use of anti-strep tag
antibodies

3.5.3 Expression of Hsp70-GroEL chaperone combinans

The pBB542 plasmid encoding DnaK+DnaJ+GroEL wasesged irE. coli BL21 (DE3) stat
cells as previously described (de Mareb al, 2007). Figure 3.13, shows the SDS-PAGE
analysis of the proteins and their respective s{Zés 60, and 40). Molecular chaperones from
E. coliwere successfully expressed (Figure 3.13 A) awkatern blot analysis using anti-DnaK
antibodies and anti-GroEL was performed to contingir expression (Figure 3.13 D and G) and

The expression of KPf+DnaJ+GroEL and PfHsp70+DnadfG combined chaperones
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coli BL21 (DE3) stat™ cells. The expression of these chaperone sets sosfedemed by SDS-
PAGE and a Western blot analysis (Figure 3.13 B @ndnd Figure 3.13 E and F). The
expression of Hsp60 was confirmed by a Western #éiatlysis using anti-GroEL antibodies

(Figure 3.13 H and I).
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Figure 3.13: Analysis of expression of GroEL and various Hsp70-BaJ combinantions inE. coli BL21 (DE3)
star™ cells. (A) SDS-PGE and Western blot analysis expression oKBbaaJ+GroEL. Lane M, page ruler pre-
stained ladder (sizes indicated on the left hadd)siLane 0, sample taken before induction; Lan@sample taken
after induction with 1 mM IPTG(B) Expression of KPf+DnaJ+GroEL; Lane 0, sample takefore induction;
Lane 1-3, sample taken after induction with 1 mM@? (C) Expression of PfHsp70+DnaJ+GroEL. Lane 0, sample
taken before induction, Lanes 1-3, sample takeer afiduction with 1ImM IPTG(D) Western blot analysis using
anti-DnaK.(E andF) Anti-PfHsp70 antibodiesQ, H andl) Anti-GroEL antibodies were used to probe for QtoE
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3.5.4 Co-expression of PfAdoMetDC with Hsp70-DnaJ-BEL chaperone combinations

The following chaperone combinantions were co-esged with PfAdoMetDC inE. coli
DnaK+DnaJ+GroEL, KPf+DnaJ+GroEL, PfHsp70+DnaJ+GrdEigure 3.14 A, B and C). The
proteins were subjected to SDS-PAGE analysis aridduconfirmed by a Western blot analysis
(Figure 3.14 A, B and C). The expression of PfAdtdMe in the presence of
DnaK+DnaJ+GroEL chaperone system seemed to haeeatep well based on the SDS-PAGE
(Figure 3.14 B and C) compared to the chaperonebrowtion system (Figure 3.14 A).
However, a Western blot analysis using anti-stegpantibodies shows that PfAdoMetDC was
expressed, even though it is not clearly observethe SDS-PAGE (Figure 3.14 G, H and I). It
is also worth noting that the Western blot analysigealed that PfAdoMetDC was produced
after the addition of AHT, suggesting that the RéABtDC protein may have been hidden by
GroEL since they are a similar size (Figure 3.14HGand | on lane 3 on the Westerns). The
GroEL expression was also confirmed by a Westeoh dohalysis using anti-GroEL antibodies

(Figure 3.14 J, K and L).
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Figure 3.14: Co-expression of PfAdoMetDC with Hsp70-DnaJ-GroEL baperone combinantions. (A)SDS-
PGE and Western blot analysis co-expression of DitataJ+GroEL with PfAdoMetDC. Lane M, page ruler-pre
stained ladder (sizes indicated on the left hadd)siLane 0, sample taken before induction, Langafiple taken
after induction with 1 mM IPTG; Lanes 2-5, samm&en after induction with 2 ng/ml AHTB) Co-expression of
KPf+DnaJ+GroEL with PfAdoMetDC. Lane 0, sample takefore induction; Lane 1, sample taken after ctidn
with 1 mM IPTG; Lane 2-5, sample taken after indrct with 2 ng/ml AHT. (C) Co-expression of
PfHsp70+DnaJ+GroEL with PfAdoMetDC. Lane 0, samgalken before induction; Lane 1, sample taken after
induction with 1 mM IPTG; Lane 2-5, sample taketeafnduction with 2 ng/ml AHT(D) Western blot analysis
using anti-DnaK. E andF) Both probed by anti-PfHsp70 antibodiéS, H andl) Confirmed by using anti-strep tag
antibodies.(J, K and L) Probed using anti-GroEL antibodies. Lane +C, regmés a positive control (purified
PfAdoMetDC)..

Based on a Western blot analysis using anti-PfHep70robe for either KPf or PfHsp70, the
antibodies also detected what could be degradatioducts or incomplete translation of either
KPf or PfHsp70 (Figure 3.14, lane E and lane F)isTbould have compromised their
compatability to facilitate PfAdoMetDC folding. Hawer, full length species of KPf and
PfHsp70 were produced and these may have provitiegecone function during the co-

expression of PfAdoMetDC.
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3.5.5 Solubility study of PfAdoMetDC protein

Solubility studies were performed to investigate #ffects of supplementary chaperones on the
solubility of PfAdoMetDC produced irE. Coli BL21(DE3) staf¥ cells. The protein was
recovered in the supernanant fraction indicatireg the protein was soluble and confirmed by
Western blot analysis using anti-strep tag antié®dFigure 3.15 A). Molecular chaperones were
also observed, both in pellet and supernatant,dbasethe SDS-PAGE analysis. It is possible

that molecular chaperones associated with aggrgatgeins in an attempt to resolubilize the

proteins.
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Figure 3.15: Solubility of PfAdoMetDC co-expressedvith Hsp70-DnaJ-GroEL combinations. (A) Lane M,
page ruler pre-stained ladder (sizes indicatedhenl¢ft hand side); Lane S, soluble fraction; L&heinsoluble
protein of AdoMetDC protein expressed on its owd, ithout the supplementation of molecular chapes).
PfAdoMetDC co-expressed with DnaK+DnaJ; PfAdoMetldG-expressed with KPf+DnaJ; PfAdoMetDC co-
expressed with PfHsp70+DnaJ. Western blot analysiisg anti-strep tag antibodig®) Lane S, soluble fraction;
Lane P, insoluble proteins; PfAdoMetDC co-expresaitt KPf+DnaJ+GroEL; PfAdoMetDC co-expressed with
PfHsp70+DnaJ+GroEL was compared to DnaK+DnaJ+GrdEne +C, represents a positive control (purified
PfAdoMetDC). Western blot analyses were conducstdgianti-strep tag antibodies and anti-Hsp60 adi#s.
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To further confirm the solubility status of the ewpressed PfAdoMetDC protein with the
various Hsp70-GroEL chaperone combinations, thebdeland pellet fractions were subjected to
SDS-PAGE analysis. Figure 3.15 B, shows that mdledéMetDC occurred in the soluble
fraction compared to the pellet fraction, suggestimat the supplementation of Hsp70-GroEL
chaperones was effective in solubiliz PfAdoMetD@Qubte. This therefore allowed the protein to
be purified under native conditions. Since both Eirand PfAdoMetDC are 60 kDa species, a
Western blot analysis was performed using antilsodieected to Strep tag Il to detect the strep-
tagged PfAdoMetDC protein (Figure 3.15 B, low pan@roEL was detected using anti-Hsp60
antibodies (Figure 3.17 B, low panel). The molecualeaperones appeared in lighter levels in the

supernatant than in the pellet fraction (Figuré&s370 and 60 kDa).

3.5.6 Purification of PfAdoMetDC protein co-expressd with chaperone combinations

The protein was purified using the strep-tactinuomh system as previously described
(Birkholtz, 2004; Williamset al, 2011). The PfAdoMetDC preparations were analyse&DS-
PAGE to compare their purity (Figure 3.16). It vedoserved that the PAdoMetDC co-expressed
with molecular chaperones of plasmodial origin igpd a better quality of the target protein
compared to the protein that was expressed in theenme of supplementary molecular
chaperones (Figure 3.16, lane 1, lane 3 and 4wehMer, the protein that was co-expressed with
DnaK+DnaJ supplementation co-purified with Dnaknigar to the protein that was produced in
cells that were not supplemented with the chaper@figure 3.16 lane 1 and 2). On the Western
blot analysis using anti-DnaK antibodies, the resscbnfirmed the presence of DnaK which co-
purified with PfAdoMetDC (Figure 3.16, low paneBuggesting that PfAdoMetDC was not

folded properly. On the other hand, PfAdoMetDC gpressed in cells supplemented with the
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PfHsp70+DnaJ and KPf+DnaJ system did not co-pwrifif DnaK, since anti-DnaK antibodies
did not detect DnaK (Figure 3.16 A, lane 3 and Zhis suggests that both KPf and PfHsp70
might have bound to PfAdoMetDC protein until it ded properly, thereby inhibiting

endogenous DnakK binding.
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Figure 3.16: Purification of PfAdoMetDC protein co-expressed with Hsp70-Hsp40 and Hsp70-Hsp60 Ecoli
BL21 (DE3) Star'™ cells. (A)SDS-PAGE and Western blot analysis of co-expreg$adoMetDC with Hsp70-
Hsp40 chaperones. Lane M, page ruler pre-staingdeta(sizes indicated on the left hand side); Laneluted
PfAdoMetDC protein; Lane 2, PfAdoMetDC co-expressdth DnaK+DnaJ; Lane 3, eluted PfAdoMetDC protein
co-expressed with KPf+DnaJ; Lane 4, eluted PfAdd\@efprotein co-expressed with PfHsp70+Dn@) SDS-
PAGE and Western blot analysis of co-expressed &ffedDC with Hsp70-Hsp60 chaperones. Western blot
analysis conducted using anti-DnaK and anti-stagpaintibodies respectively. Lane M, page rulergtagned ladder
(sizes indicated on the left hand side); Lane dteel protein expressed on its own in BL21 cells)d.2, protein co-
expressed with DnaK+DnaJ+GroEL; Lane 3, elutedgimato-expressed with pBB 542 KPf+DnaJ+GroEL; Ldne
eluted protein co-expressed with PfHsp70+DnaJ+GroEL
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The following combinations of molecular chaperomese co-expressed with PfAdoMetDC in
E. coli: DnaK+DnaJ+GroEL; KPf+DnaJ+GroEL; PfHsp70+DnaJ+Groklhich reduced the
contaminant proteins that co-purified with PfAdolaét (Figure 3.16 lane 1 and lanes 2, 3, 4).
Anti-DnaK antibodies were utilized to confirm whettDnaK co-purified with PfAdoMetDC co-
expressed with each chaperone combination systegur@3.16, low panel). The results show
that anti-DnaK antibodies only detected DnaK asded with PfAdoMetDC that expressed
cells, in this instance, not supplemented with ehapes. The antibodies must have detected
endogenous DnaK. Furthermore, anti-strep tag adigiso were then used to confirm
PfAdoMetDC  co-expressed  with DnaK+DnaJ+GroEL; KPfeD+GroEL; and
PfHsp70+DnaJ+GroEL system. This shows that théesysnanaged to assist the protein to
complete its folding, and endogenous DnaK couldhied to the protein. PfAdoMetDC protein
was expressed oB. coli BB1553 cells(AdnaK strain). The latteE. coli BB1553 cells lack
endogenous DnaK to the PfAdoMetDC protein expresiom E. coli BL21 (DE3) stat™ cells
which overproduce endogenous DnaK (Figure 3.17§ uhe endogenous expression of DnaK
that co-purified with PfAdoMetDC, it was speculatdtat expression of the protein in the
absence of DnaK may address the isdtiecoli BB1553 was able to produce recombinant
PfAdoMetDC protein (Figure 3.17, lan&AdnaK”). This finding suggests that DnaK was not
required for the production of PfAdoMetDC I coli BB1553 cells. However, it was necessary
to determine whether the PfAdoMetDC producedEincoli BB1553 cells was functional (see

section 4.2.2; Figure 4.4).
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Figure 3.17: SDS-PAGE and Western blot analysis fothe purification of PfAdoMetDC expressed inE. coli
AdnaK strain and E. coli BL21 (DE3) star™™ cells. Western blot analysis of PfAdoMetDC using anti{sttag
antibodies.Lane M, page ruler pre-stained ladder (sizes inditan the left hand side); LanenaK, PfAdoMetDC
expressed in strain that does not produce endogdbnaK; Lane DnaK, PfAdoMetDC expressecEincoli BL21
stafM cells that produce endogenous DnakK.

3.5.7 Purification of His-tagged Hsp70, GroEL and DaJ
Recombinant DnaK, PfHsp70, KPf, DnaJ and GroELginstwere expressed in XL1 Blue cells

as His-tagged species of 70 kDa (DnaK, PfHsp70kdPR), 60kDa (GroEL) and 40 kDa (DnaJ)
(Figure 3.18). This was done in preparation to stigate whether molecular chaperones like
KPf and PfHsp70 could co-operate with DnaJ in sepging the heat-induced MDH aggregation
in vitro. All five proteins were successfully purified bickel affinity chromatography under the
native system, as confirmed in SDS-PAGE analysisceSall these proteins were His-tagged,

Western blot analyses were conducted using antahtibodies (Figure 3.18).
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Figure 3.18: Purification of His-tagged Hsp70s, Dnhand GroEL by nickel affinity chromatography. SDS-

PAGE analysis confirming the successful native fiaiion of DnaK, PfHsp70, KPf, DnaJ and GroEL
overproduced irE. coli XL1 Blue cells. Anti-His antibodies used in Westdrot analysis to detect Hsp70s, DnaJ
and GroEL proteins respectivelyane M, page ruler pre-stained ladéeshown in the extreme left hand side lane,

with sizes indicated on the left hand side.
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3.6 DISCUSSION

The co-operation of chaperoneskfcoli origin in partnership with newly synthesized pnoge

has been demonstrated (de Maet@l, 2007; Alibolandiet al, 2010). In the current study, the
effect of combinecE. coli chaperones (DnaJ+GroEL) with falciparumchaperones (KPf and
PfHsp70) in improving the quality of PfAdoMetDC i coli was investigated. The quality of
PfAdMetDC final product is generally accompanied tgntaminating proteins of 70 kDa
(Williams et al, 2011). Structural protein studies require puretein, therefore combined
molecular chaperones were used as co-expressidneparto improve the quality of the

PfAdoMetDC protein expressed i coli

PfHsp70 has previously been shown to proEeatoli and yeast cells against stress and may aid
folding of other proteins during adverse cellulanditions (Shonhaet al, 2005; Bellet al,
2011). In addition, PfHsp70 has been used to ingptbe solubility and yield of recombinant
malarial protein PfGCHIproduced inE. coli cells (Stephenst al, 2011). This current study
demonstrated that PfHsp70 improved the qualityesbmbinant PfAdoMetDC produced i
coli BL21 (DES3) stafV cells, providing further evidence that this chamer could be used to
facilitate the production of a broad spectrum ofanal proteins inE. coli. As expected, KPf
also improved the quality of PfAdoMetDC protein.igtwas due to the fact that KPf has a
substrate binding domain from PfHsp70, which mayehlaad an immense contribution towards
recognition of the substrate, and thus allowing ibind to it for folding. In addition, KPf could
be recognized by the. coliBL21 system since it has the ATPase domain feorcoli DnaK. As

mentioned in the literature, DnaJ interacts with A&TPase domain of Hsp70 and stimulates its

77



University of Zululand

basal ATPase activity. It is therefore possiblg thaaJ may cooperate with KPf because of its

ATPase domain (Wittung-Stefsheeteal., 2003).

It was previously reported that purified recombinBPAdoMetDC associates with. coli DnaK
(Williams et al, 2011), suggesting that the former thereby expbgdrophobic patches to which
DnaK is bound. In addition, the rate of translatiorbacteria is much higher (approximately 20
amino acids per second) than in eukaryotes (apmeabely 4 amino acids per second). The
slower translation rates in eukaryotes are congisté@th the production of multi-domain
proteins, which require more time for folding (Védmiet al, 2010). The rate of PfAdoMetDC
synthesis irE. coli may have taken place too fast, giving the protemlittle time to fold. This
will have led to the generation of a product thaswot fully folded and bound by DnaK for an
extended residence time. The residence time forkKDom peptides varies from 30 s to 25
minutes; only proteins that interact only with Dnafon synthesis are released fast (Sekhar
al., 2012). On the other hand, proteins that exhavit cellular abundance, a higher number of
DnaK-binding sites, and those that tend to assugmeardic structural intermediates (slow
folding proteins which do not easily bury their hgdhobic patches) exhibit higher DnaK
residence time (Callonet al, 2012). Typically, such proteins require DnaK ftreir
maintenance (Callorat al,, 2012). Consequently, the extended binding offDimapeptides may
slow their folding, resulting in detrimental consegces. For this reason, it has been proposed
that the expression of recombinant proteins in Drmakus strains ofE. coli be used to

circumvent DnaK contamination (Ratelagteal, 2009).

In the current study, the expression of PfAdoMetiDGhe presence of Hsp70s of plasmodial

origin prevented the association of the former vidiaK, suggesting that the protein’s folded

78



University of Zululand

conformation was improved. This was confirmed by tbomparatively higher activities
registered by PfAdoMetDC, which were produced ie tresence of PfHsp70 and KPf,
compared to the protein that was co-expressed suiffplementary heterologously expressed
DnaK. This is in line with a previous study whichndonstrated that co-expression of PfGCHI
with PfHsp70 improved the solubility and activiti/tbe former (Stepheret al,, 2011). The fact
that KPf possesses the DnaK ATPase domain mayitéeilits recognition byE. coli co-
chaperones. At the same time, Bhefalciparumsubstrate binding domain is likely to recognize
PfAdoMetDC as a substrate. Both PfHsp70-1 and KEBfpéasmodialin origin, and are thus
expected to recognize the malarial proteins coesged irE. coli. The role of PfHsp70 and KPf
in protein folding could be similar to DnaK. It weeported that both proteins showed chaperone
activity in E. coli cells possessing a functionally compromised Dn@Kaperone activity was
shown by protecting proteins from misfolding, thmsintaining cell viability (Shonhaet al,
2005). De Marco and coworkers (2007) have demaestthat DnaK+DnaJ+GroEL chaperones
are cooperative in assisting newly synthesizedeirdb fold. Therefore, both KPf and PfHsp70
chaperones could cooperate with GroEL in some wily [@naK, thereby assisting nonnative

polypeptides to complete their folding.

The solubility of PfAdoMetDC was affected by suppknted chaperones (Figure 3.15).
However, the protein was not clear when analyze8D8-PAGE (Figure 3.14), as compared to
the protein co-expressed in the presende.aoli chaperone combination. Part of the reason the
protein was not properly separated in the gel,soolzserved, could be due to the fact that both
GroEL and PfAdoMetDC share the same sizes (60 kiDagddition, the issue of the degradation
products of Hsp70s may have affected the protepression. The Western blot analysis using

anti-strep tag antibodies provided enough evidehet¢ one of the 60 kDa expressions was
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PfAdoMetDC. Anti-GroEL antibodies detected the pres of GroEL protein as well (Figure
3.17). However, the PfAdoMetDC expressed in csllpplemented with Hsp70-GroEL, was
easy to free of contaminants suggesting that itthetter fold, and DnaK therefore did not co-
purify with it (Figure 3.16). The finding of thisgugy shows that KPf+DnaJ, PfHsp70+DnaJ,
KPf+DnaJ+GroEL and PfHsp70+DnaJ+GroEL chaperone géyed an important role in
assisting PfAdoMetDC to fold up to the point wheéhe endogenous Hsp70 chaperone that
seemed to bind longer and co-purify with the fipedduct was reduced. The role of Hsp40 is to
recognizes a substrate and hand it over to Hsp7Obiloding. On the other hand, the
GrpE/nucleotide exchange factor mediates the bghdind release of the substrate by binding to
Hsp70, thereby affecting nucleotide exchange. Shiggests that this cooperation displayed by
these molecular chaperones could have taken phaceder to assist PfAdoMetDC to complete
its folding. PfAdoMetDC purified fromE. coli BB1553 cells (deficient in DnaK function)
displayed high quality protein (Figure 3.17). Howewthe protein did not fold properly due to
fact that PfAdoMetDC, which was not supplementethwnolecular chaperones, was completely
digested by the proteinase K. This suggests thaecular chaperones play a key role in

assisting non-native proteins to complete theuifad.
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CHAPTER FOUR

In vitro biochemical characterization of PfAdoMetDC co-expessed with

molecular chaperones
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4.1 Introduction

Different techniques have been developed to prbleeconformation of protein in solution.
These include circular dichroism (CD), which is theost commonly used technique for
monitoring the structure of protein in solution &bn et al, 2005). This technique allows for
evaluation of the overall structural features of gecondary structure of protein and also to
guantify relative proportions of alpha helix andeébsheets and random coils. NMR spectroscopy
is also a useful and informative technique for dtrcal elucidation of small protein in solution
(O’'Cannellet al, 2009). However, this technique is plagued byrimsentation requirements
and needs a millimolar concentration of a non-aggfiag protein solution. Moreover, limited
success has been had in providing the informatiothe partly folded and fluctuating states of
protein due to resonance broadening and lack dfcerft chemical shift dispersion. X-ray
crystallography is one of the techniques that camded for protein structure analysis, provided
that suitable protein crystals are available, algioit is of no use with a dynamic protein system
(Elspethet al, 2014). It appears that none of these techniggesiperior to the others; each

technique has its advantages and drawbacks.

Limited proteolysis is a simple technique usedrtabp the molecular features of polypeptides in
their native or partly folded states (Figure 4 Hdrftanaet al, 2004). It is preferable to use this
biochemical technigque at those loops which disptdyerent conformational flexibility, as the
protein core remains quite rigid and thus resistargroteolysis. A survey of cleavage sites in a
variety of proteins of known three dimensional stuwe revealed that they never occur at the
level of alpha helices, but occur largely on thep® (Fontanat al, 2004). Therefore, limited

proteolysis experiments can be used to identify sfies of enhanced flexibility or local
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unfolding of a polypeptide chain. There is evidetita# suggests that this technique can produce
results that are in agreement with the NMR techmignd other computational approaches by

detecting the unfolding proteins (Fontaetal, 2004).

Unfolded
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Figure 4.1: A schematic mechanism of proteolysis o globular protein. A dual representation
mechanism of protein degradation is shown; theiovaving a substrate for proteolysis and the qther
unfolded and native form of the protein. In thddatcase proteolysis is limited and occurs at Hixi
site(s), leading to a nicked protein species tlat onfold and then be degraded down into small
polypeptides (Adapted from Fontaegal, 2004).

\\f\(\v/

The production of protein in a non-native host pesvided the means for studying the protein
from prokaryotes and eukaryotes, and for exploitinggommercially in the production of
medicines and industrial biocatalysts (Terge al, 2006; Littlechild et al, 2007). Cells
synthesize less protein than they produce. Howereorder for the cells to make use of the

protein, a larger quantity of protein is needechtti@ cells produce. This problem is solved by
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overexpression of the protein of interest in aahlé host (Widersten, 1998; Villaverde and

Carrio, 2003).

Overproduction of recombinant protein B coli is often accompanied by misfolding and
segregation into insoluble aggregates known asisimh bodies (Carrio and Villaverde, 2001).
This problem is magnified when overexpression & thcombinant protein is carried out (de
Marco et al, 2007). Although the formation of inclusion beslicould be one of the methods
used for protein purification, however, it is nataganteed that the large yield of protein would
be refolded in a biologically active form (de Marebal, 2005). Protein recovered using this
method are often obtained in low concentrations gamed to time-intensive procedures, and

protein activity is not guaranteed (de Mastal, 2005).

Fermentation engineering, which involves reducindfivation temperature, can be used to
reduce protein aggregation (Georgiou and Valax6)19fh vivo studies have shown that protein
folding is assisted by molecular chaperones. CGiosgs promote the proper isomerization and
cellular targeting of other polypeptides by tranfliginteracting with folding intermediates and

foldases (Baneyx, 1999). This accelerates thelirmateng pathways involved in folding steps

and provides a tool to combat the problem of inoclu®ody formation (de Marco and de Marco,
2004). In addition, some proteins co-purifiy witbntaminant proteins, which compromises the

quality of the final product (Williamst al, 2012).

Overexpression of nativEé. coli chaperones has been shown to improve the protgiression
of several heterologous proteins, though with wahying success; production of ScFv antibody
fragment with DnaK/DnaJ/GrpE increased 100 foldedieukin-1 solubility was increased only

with increased overexpression of DnaK/DnaJ (Kelapl, 2009). The most studied molecular
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chaperones in the cytoplasmief coli are ATP-dependent DnaK-DnaJ-GrpE and GroEL-GroES
(de Marcoet al, 2007), indicating that they cooperate in assistiewly synthesized protein for
folding. Some recombinant proteins, such as huntaontboxane, human lysosome or
Agrobacterium tumefacieng-glucosidase, are often found in inclusion bodid#en these
proteins were co-expressed with combinatory chayey,0GroEL/GroES, they were recovered as
soluble proteins (Nishiharat al, 2000). The solubility of aconitase protein wagioved by
40% upon co-expression with GroEL/GroES, whilstatsivity was only increased by 1.5 fold
(Kolaj et al, 2009). Despite widespread success, this systera not always provide a solution
to protein insolubility; some proteins fail to befolded by GroEL/GroES and some have poor

enzyme activity, which contributes to an overaltr@ase in cell viability (Kolagt al, 2009).

There is evidence that co-overproduction of DnaKalDyGroEL could prevent the formation of
aggregation, and improve production of target pnst€¢de Marcoet al, 2007). To date, no
study has been conducted showing that co-overptiosuof combined molecular chaperones
from different sources such ag&. coli and P.falciparumPfHsp70+DnaJ-GroEL and
KPf+DnaJ+GroEL could improve protein quality, sdlitp and activity. Therefore, the aim of
the study at hand was to investigate the effectshese chaperone tools on co-expressed

PfAdoMetDC protein irk. coli

The aims of this study were:

1) To conduct limited proteolysis on PfAdoMetDC protep-expressed with various

chaperone combinations;

2) To analyze the activity of P AdoMetDC protein copeassed with various Hsp70s and

combined with DnaJ chaperone ;
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3) To explore then vitro chaperone activity of Hsp70s, GroEL and DnaJsafaition and in

combination.
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4.2 Experimental Procedures

4.2.1 Partial Proteolysis

Limited proteolysis was employed to assess theorordtion/structure of PfAdoMetDC after its
expression. The principle of this method is tha frotein is incubated with a relatively low
amount of protease which cuts at exposed regiod, as loops and other flexible regions of the
protein. Therefore 4.2 mg/ml of protein was digdsteth 1 mg/ml proteinase K in a buffer of
10 mM Tris-HCI, pH 7.7; 10 mM magnesium acetate; B NHsCl and 30 mM j-
mercaptoethanol at 3Z for 45 minutes. Aliquotes were withdrawn from the&ture at specific
time intervals for electrophoretic analysis. Thenpkes were analysed on SDS-PAGE and
Western blot to identify the digested products. @ppearance of different bands from untreated

protein denotes the digestion of the protein, é@gtrotein was visualised on commasie stain.

4.2.2 PfAdoMetDC activity assays

The monofunctional PfAdoMetDC was assayed for erewttivity directly after purification in
order to check the effects of the chaperone setprotein quality. The assays contained 5 ug
enzyme, 100 uM S-adenosy-L-methionine chlorider@igAldrich) and 50 nCi S-[ Carboxyl-14
C] adenosyl-L-methionine (55 mCi/mmol, Amersham €iences) in a total volume of 250 ul
assay buffer (50 mM KH2PO4 pH 7.5, 1 mM EDTA, 1 niMT), and were perfomed as
previously described (Bikhroltz, 2004; Williares al, 2011).The activity assays were perfomed
in duplicate for three assays and specific enzychigites were expressed as the amount of CO

produced in nmol/min/mg.
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4.2.3 Malate Dehydrogenase Aggregation Suppressi&ssays

Aggregation suppression assays were used to a#isesability of the chaperone proteins
(recombinant PfHsp70, KPf, DnaJ and DnaK) and Grgiakinerships to suppress the heat-
induced aggregation of L-Malate Dehydrogenase (MRHX&C over time. The MDH (0,72
KM) and chaperone protein(s) of interest (0,36 pMje suspended in assay buffer (100 mM
NaCl, 50 mM Tris, pH 7.4). The accumulation of tein aggregation was monitered by changes
in absorbance at 360 nm in a thermo-controlled tspglcotometer. As a reference, MDH
aggregation was monitored in the absence of chapgimteins at £& over time. Similarly, in
the absence of MDH, the thermal stability of them#rone proteins under investigation was
assesed to ensure accurate monitoring of the MQyreggtion in the experiment. Furthermore,
BSA (0,72 uM) was used in place of chaperone pmetéd ensure that the observed MDH
aggregation suppression was specific to chaperaetieity, and to further demonstrate the

thermal instability of MDH in the absence of chajme® intervention.

88



University of Zululand

4.3 Results

4.3.1 Limited proteolysis of PFAdoMetDC using proténase K

Limited proteolysis was used in order to assesstméormation of PfAdoMetDC co-expressed
with the following combinantion of chaperones: Drd¥al, KPf+DnaJ and PfHsp70+DnaJ.
PfAdoMetDC produced irE. coli BL21 cells without supplementary chaperones, buh wi
express endogenous DnaK, was completely degradderdiginase K within 5 minutes. This
generated small fragments that could not be detdnyeeither the SDS-PAGE or Western blot
analyses (Figure 4.1). However, P AdoMetDC exprésséhe presence of supplementary DnaK
and KPf chaperones was fairly stable and withstih@daction of proteinase K for 30 minutes
(Figure 4.1). Although the co-expression of PfAddMEé with PfHsp70 improved the stability
of the former, digestion fragments were generatec digher rate than was observed for
supplementation with DnaK and KPf (Figure 4.1).l8se analysis of the products of Proteinase
K digestion shows that, after 5 minutes, PfAdoMetB@pplemented with heterologous DnaK
was the most stable. Interestingly, the proteolpsxiucts of PfAdoMetDC co-expressed with
different chaperone sets exhibited varied prof{légure 4.1). This indicates that the protein
produced in each case had unique conformationsaduition, different sized products of
digestion were detected. PfAdoMetDC contains apSiag at its C-terminus; the-Strep
antibody can recognize the products of digesticast tave the Strep-tag (Birkholtz,2004).
Therefore, those products that were not detectedriiipodies may have had the Strep-tag

cleaved off.
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Figure 4.2: PfAdoMetDC attains a unique conformatbn depending on the Hsp70 co-expression partnefhe
limited proteolysis by the PK enzyme to substratér E: S=1:500. Lane M, page ruler pre-staineztgin ladder
(sizes indicated on the left hand side); Lane Ureated protein; Lanes 1,2,3, and 4, digested jpratext was
expressed on its own; Lane DKJ, digested protelaxgmessed with DanK+DnaJ; Lane KfJ, digested prate-
expressed with KPf+DnaJ; Lane PfJ, digested proteiexpressed with PfHsp70+Dnad. Western blot aisaly
conducted using anti-strep tag antibodies.

PfAdoMetDC was further co-expressed with the GroEkthaperone system:
DnaKa+DnaJ+GroEL; KPf+DnaJ+GroEL and PfHsp70+DnadBEk. Figure 4.2, shows the
SDS-PAGE analysis of the protein that was exposegprdteinase K over time (minutes). The
results show that the protein was properly foldesl it showed stability upon exposure to the
proteinase K (Figure 4.2). Unfolded proteins argable candidates for the protease to bind to,

as they expose the target sites (flexible loopsh{&haet al, 2004).
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Figure 4.3: Limited proteolysis of co-expressed Pf@oMetDC with supplementation of Hsp70+GroEL
chaperone tools.Time course of co-expressed PfAdoMetDC proteolysimitored by SDS-PAGE and confirmed

by the Western blot analysikimited proteolysis by the PK enzyme to substraté; E: S=1:500. Lane M, page
ruler pre-stained protein ladder (sizes indicatedhe left hand side); Lane U, untreated proteamds 1,2,3 and 4,

digested protein that was expressed on its owne IRIKE, PfAdoMetDC co-expressed with DanK+DnaJ+GrpEL
Lane KfE, PfAdoMetDC co-expressed KPf+DnaJ+GroELané PfE, PfAdoMetDC co-expressed with
PfHsp70+DnaJ+GroEL. Lower pane; Western blot amalysnducted using anti-strep tag antibodies.

PfAdoMetDC expressed iie.coli AdnaK strain was exposed to proteinase K to probe its
conformation. Even though the protein was purifiethout any contaminant proteins,
particularly DnakK, upon its exposure to proteaseas completely digested compared to proteins
that were co-expressed with the supplementationadécular chaperones. Figure 4.3 shows the
SDS-PAGE analysis of the digested protein and Wiestiet using anti-strep tag antibodies. The

anti-bodies could not detect the breakdown profeinggesting that the C-terminal strep tag was

degraded by proteinase.
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Figure 4.4: Time course limited proteolysis of PfAdoMetDC protén expressed inAdnaK strain cells. The
limited proteolysis by the PK enzyme to substrat®or E: S=1:500. Lane M, page ruler pre-stainemtgin ladder;
Lane U, undigested PfAdoMetDC; Lane 5-45, samplihdvawn from the reaction over time (minutes). Bige
products were detected using anti-strep tag antisod

4.3.2 Different folding conditions influence the attvity of recombinant PfAdoMetDC

The activity of PfAdoMetDC purified fromE. coli BL21 (DE3) staf™ cells and un-
supplemented with chaperones was presented as (EiQUse 4.4). The PfAdoMetDC activity
co-expressed with DnaK+DnaJ was less active, withd®MetDC activity of a 1.14 fold
increase, compared to KPf+DnaJ (with a 3.24 fotddase) and PfHsp70+DnaJ (with a 2.77 fold
increase) (Figure 4.4). Unexpectedly, the actiatyPfAdoMetDC produced th&. coli dnakK

minus strain and exhibited the highest activitythva 3.85 fold increase.
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Figure 4.5: Co-expression with malarial Hsp70 deriative (KPf) and PfHsp70 improves the activity of
PfAdoMetDC. The protein activity of PfAdoMetDC was comparedtbh@ co-expressed protein with molecular
chaperones DnaK, KPf, PfHsp70, and PfAdoMetDC pmotexpressed in cells that do not produce endageno
DnaK (AdnaK) and given as a percentage.

4.3.3 Protein aggregation suppression assays

Protein aggregation is achieved by the holdaserafuddase activity of molecular chaperones.
The current study explored the potentiaEofcoli co-chaperones (DnaJ, GroEL) to enhance the
aggregation suppression activity of different Hsp7®. coli DnaK and KPf share the same
ATPase domain. The ATPase domain of Hsp70 fa@htats interaction with Hsp40 co-
chaperones; KPf may thus interact with DnaJ theffabilitating its chaperone function in the
folding of PfAdoMetDC. Recombinant DnaK, PfHsp70,PiK DnaJ and GroEL were
successfully purified by nickel chromatography, aseped by SDS-PAGE, and identified by

Western blot analysis as 70 kDa, 60 kDa and 40 gixdeins of high purity using-His
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antibody ( see section 3.5.7; Figure 3.18). Dn&K doli Hsp70) and PfHsp70 are capable of
suppressing heat-induced protein aggregatioitro (Shonhaiet al, 2008). In the current study,

it was investigated whether KPf could suppress eggion of MDH. The assessment of the
Hsp70 chaperones actvity was further investigatetthé presence of, and in the absence of, the
co-chaperoneg. coli DnaJ and GroEL. The maximum absorbance represggtitehaggregation

of MDH was presented as an arbitrary value of 1@Bfgure 4.5). In the presence of BSA, the
aggregation of MDH was only slightly reversed (datd shown). All the molecular chaperones
(DnaJ, DnaK, KPf, PfHsp70 and GroEL) suppressedatigregation of MDH (Figure 4.5). In
the presence of DnaJ, both PfHsp70 and KPf exkihitgroved activity, comparable to that of
the DnaK-DnaJ combination (Figure 4.5). The additiof GroEL to the Hsp70+Hsp40

combinations did not significantly influence supgsi®n of aggregation activity (Figure 4.5).
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Figure 4.6s: The percentage of the MDH aggregatioim the presence of the recombinant purified chapenoe
proteins. The heat-induced aggregation of 0.72 pM MDH wasitoced at 48C at an absorbance of 360 nm. The
degree of aggregation was monitored in the presefi@nd in the absence of, the molecular chapsrordicated.
The aggregation of 0.72 UM MDH in the absence @pehnone proteins was 100%. The aggregation of DM?2
BSA was also monitored, on its own and in the preseof MDH as control is 88% (data not shown). The
aggregation of MDH in the presence of DnaJ, DnaKpER, PfHsp70, KPf alone (0.36 uM), and the
Hsp70s+Hsp40; Hsp70s+GroEL+DnaJ combinations wesesged and the aggregation was determined refative
the MDH control and BSA as a control. This experitnevas repeated at least three times, with thedatan

deviations shown asrror bars
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4.4 Discussion

It has been proposed that the supplementary expnesémolecular chaperones could improve
the yield and quality of recombinant malarial pnaseproduced irk. coli (Birkholtz et al, 2008;
Stephenset al, 2011). Findings from this study show that PfAd®BIC produced irE. coli
BL21 stafM cells in the presence of PfHsp70 and its derieatkiPf, was easier to purify,
compared to the protein that was produced in teegurce of only heterologoks coli DnaK. In
addition, findings from this study suggest thatamentation of heterologols coli DnaK to
complement endogenous DnaK did not result in theraved purity of recombinant

PfAdoMetDC.

PfAdoMetDC expressed in the presence of variouspefwmae conditions irE. coli and
subsequently subjected to limited proteolysis eéibunique proteolytic fragments, suggesting
that the protein had various conformational stafée protein that was produced in the presence
of endogenous DnaK (without supplementary exogendsp70) was most susceptible to
proteolysis compared to the protein that was caesged with heterologously expressed Hsp70s
(DnakK, KPf and PfHsp70) (Figure 4.1). However, tesahow that PfAdoMetDC supplemented
with DnaK+DnaJ and KPf+DnaJ combinations indicateat the protein was more stable when
exposed on Proteinase K. This could be due toatieliatE. coliDnaK and KPf share the same
ATPase domain. The ATPase domain of Hsp70 fa@ktats interaction with Hsp40 co-
chaperones. It is possible that DnaK and KPf maset@een able to interact with coli DnaJd,
thereby improving their chaperone function to prmglmore stable PfAdoMetDC protein. This
proves that the presence of the Hsp70 chaperofiasnned the folded status of the protein in

unique ways.
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Kerner and colleagues (2005), demonstrated th&tipsothat were supplemented with molecular
chaperones, such as GroEL, were protected fromextexnal proteinase K. However, those that
were not supplemented with molecular chaperoneg wegraded due to the exposure of the
flexible loops. This is in line with findings frorthe current study, because the PfAdoMetDC
protein that was co-expressed with either Hsp703DoraHsp70-GroEL molecular chaperone
sets was not completely degraded when exposec tprtteinase K (Figure 4.1 and Figure 4.2).
On the other hand, PfAdoMetDC protein that was esged without the supplementation of
molecular chaperones was degraded completely @iguB). These results suggest the
importance of obtaining a properly folded proteis, it can tolerate harsh conditions. This also
indicates the influence of molecular chaperonedotding mediators of newly synthesized

proteins in preventing the protein from misfoldewgd maintaining its stability.

Supplementing thé. coli host cell with exogenous DnaK did not improve Hetivity and
folding status of PfAdoMetDC. However, supplemegtithe E. coli cell with plasmodial
chaperones (PfHsp70 and its derivative chimera KRbyoved the purification of PfAdoMetDC
and, based on activity assays, the protein wagéibquality than that produced in the absence

of, and in the presence of, supplementary DnaKui€ig.4).

Surprisingly, the expression of PfAdoMetDC k1 coli DnaK deficient cells resulted in the
production of a highly active protein (Figure 4.E). coli BB1553 cells that lack DnaK were
capable of expressing recombinant PfAdoMetDC. Ndy alid this result in the reduction of
contaminants associated with the purified PfAdoM&tbut the PfAdoMetDC produced in these

cells demonstrated higher activity than the propgoduced in the presence of Hsp70 chaperones
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(Figure 4.4). Rateleda and colleagues (2009) shmaw using ark. coli system that does not
produce endogenous DnaK could improve the quafittecombinant proteins expressedEn
coli. However, despite the purity of the protein produoa E. coli BB1553 cells, the folding
behavior of this protein was in sharp contrastt$opurity and activity. This is in line with the
guestion asked earlier about what the quality ef rdccombinant protein could be, or what it
could mean (see section 1.4; Chapter one). PfAdDMgbroduced on the DnaK minus strain
was very pure and active compared to PfAdoMetDGeimgproduced under supplementation of
molecular chaperones. Its conformation, thoughye&lothat the protein was not properly folded
when exposed to proteolytic conditions (Figure Av@)ile proteins produced in the presence of
supplementation of molecular chaperones demondtth&ar stability, possibly suggesting these
were of better fold (Figure 4.1 and Figure 4.2).akén together, these results show that
molecular chaperones have more influence on tligniglof proteins in most casds. coli DnaK
and KPf share the same ATPase domain. The ATParaid@f Hsp70 facilitates its interaction
with Hsp40 co-chaperones. It is possible that Daall KPf may have been able to interact with
E. coli DnaJ, thus improving its chaperone functional vagti in producing a stable
PfAdoMetDC protein. This led to the need for furtheonfirmation of these findings by

conductingn vitro biochemical assays to assess possible coopetdttbe chaperones.

It is known that Hsp70 proteins promiscuously bited hydrophobic patches of misfolded
proteins (Walter and Buchner, 2002). However, @lgo known that Hsp4@( coli DnaJ) serves
as a substrate scanner for Hsp70 by binding toofdisfl proteins first, and then passing them to
Hsp70 to facilitate their refolding (Bukaat al, 2006). Therefore, Hsp40 does not only stimulate
the ATPase activity of Hsp70, but it also reguldi@sctional specialization of Hsp70. It was

proposed that KPf may interact with DnaJ throughATPase domain. The possible interaction
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between DnaJ and KPf may have facilitated the mgjdbf the substrate i&. coli. However,
Hsp70 also protects cells by binding to misfoldedtgins, stabilizing them until they refold
(Buchner and Walter, 2002). This holdase functibhRlgp70 does not require co-operation with
Hsp40 (Bukatet al, 2006). In the presence of DnaJ, GroEL, PfHsiKRY, and indeed Dnak,
all demonstrated an improved capacity to supplesshermally-induced aggregation of MDid
vitro (Figure 4.5). Furthermore, DnaJ itself was alquabde of suppressing MDH aggregation. It
is not clear if the activity of the Hsp70s in theegence of DnaJ was through co-operative
chaperone-co-chaperone based function, or thrawdgpendent functions between the particular
Hsp70 and the DnaJ. However, this shows the cruoclel played by the individual molecular
chaperone, and in combination, during the folditagyss of the newly synthesized polypeptide. It
is also worth noting that GroEL showed the highdBtH suppression aggregation compared to
DnaJ on its own (Figure 4.5). This is line witle tstudy that showed that the overproduction of
GroEL, but not of other chaperones, restored tlavr of AtigAdnak52 cells at 38C and
suppressed protein aggregation, including protei60kDa which normally requires TF and
DnaK for folding (Vorderwulbecket al, 2004). The trigger factor, as mentioned (se¢i®ec
1.7.3; Chapter one), is the first chaperone to bindewly synthesized polypeptides exiting from
ribosomes then hand them over to DnaK (Hartl angeré&lartl, 2002). When a protein requires
further folding, DnaK hands them over to GroEL, @hiencapsulate them until they complete
the folding (Hartl and Hayer-Hartl, 2002). It Hasen suggested that GroEL could interact with
substrate proteins that are regarded as DnaK/Tpecbaes (Vorderwulbeclket al, 2004). This
shows the crucial role played by molecular chapesan protein folding, thus maintaining the
cells viability. This also suggests that moleculaaperones are cooperative during the folding of

newly synthesized polypeptides.

99



University of Zululand

It has been shown that DnaK cooperates with Dnal@mEL during the folding of newly
synthesized proteins (Alibolandt al, 2010). On the other hand, a study conducted shibat
KPf and PfHsp70 were able to suppress the thermsasaty of the minus DnakK strain (Shonhai
et al, 2005), suggesting that they operated in the saayethat DnaK would have functioned if
it were present in the system. This therefore destnates the possibility that both KPf and
PfHsp70 may have cooperated with GroEL in the samg DnaK cooperates with DnaJ and
GroEL during protein folding. In addition to thahe fact that KPf shares the same ATPase
domain with DnaK might have added the advantag€Rifto cooperate with DnaJ and GroEL
(Shonhaiet al, 2005; Alibolandiet al, 2010). Therefore these biotechnological toolsldtde

very useful for various proteins not only recomioingroteins fronplasmodium falciparum.
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5.1 Conclusions and Future Perspectives

This study demonstrated the role played by molecalaperones on the folding of newly
synthesized proteins. This study developed combimedecular chaperones from different
species that were very effective in removing comtamt proteins that copurify with the
PfAdoMetDC protein. The most effective combinationthis regard was, KPf+DnaJ+GroEL
and PfHsp70+DnaJ+GroEL, which further demonstrétat P AdoMetDC was folded properly,
such that proteinase K could not digest the pratempletely. It further provided the evidence
that combined molecular chaperones could be aispltt the occasional folding challenges of

recombinant protein (de Maret al, 2007).

Molecular chaperones of the same species as et farotein could improve its production and
quality of protein (Birkholtzt al, 2008). Based on a bioinformatics analysis, PMdtibC has
less hydrophobicity, but in spite of this the DnalKding predictive tool showed that DnaK
could bind to this protein. As such, the possililesswere predicted to be on thesheets of the
protein, between 1-101 positions, suggesting that grotein could interact with molecular
chaperones, depending on the exposed hydrophapanran the protein. The question regarding
the origin of contaminant proteins, particularly pd8, was investigated. This was done by
expressing PFAdoMetDC using DnaK minus strain. fihal product of the protein was pure and
active. Therefore, this study is in line with a\poais study that demonstrated that the production
of recombinant protein on tHe. coli AdnaK strain reduces DnaK background (Retelatial,

2009; Williamset al., 2011).

The production of PfAdoMetDC protein on this systprovided the evidence of the source of

contaminating proteins, showing that it was endogerDnakK. Interestingly, despite the fact that
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PfAdoMetDC protein was produced on this system wality protein, and showed the highest
activity, its folding status showed that it requirdhe supplementation of molecular chaperones
for it to fold properly. The protein was completelggraded by proteinase K, indicating the
crucial role played by molecular chaperones dugrgein folding. This is proven by the fact
that PfAdoMetDC supplemented with molecular chapesowas not completely digested,
suggesting that the protein was protected untibihpleted its folding. In addition, the protein
activity was improved, compared to the protein thas supplemented with DnaK and the one
that was not supplemented with molecular chaperdagshermore, molecular chaperones were
able to suppress the MDH aggregation as individua combined chaperones, indicating that

molecular chaperones are cooperative during tlignfiglof newly synthesized polypeptide.

5.2 Limitations to the experimental approach and hw they could be overcome in future

projects

Despite the successful purification of PfAdoMetDtpin, the activity assays for the protein
that was co-expressed with Hsp70-GroEL was notuawedl for technical reasons. Also to
further investigate the cooperation of these mdéathaperones by conducting ATPase activity
assays, it would be interesting to clone and pu@fpES protein to assess its contribution in
protein folding. In addition, determination of thesidence time of each chaperone on
PfAdoMetDC would clarify their contribution to ifelding process. Sub-cloning of the regions
of PfAdoMetDC that were observed to be most hydotyptbased on predictive tools could also

shed light on the effects of its subdomains offoiiding fate.
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Appendix A

General experimental procedures

A. 1 Preparation of competentE. coli BL21 (DE3) Star cells™ and E.coli
XL1Blue cells

Colony of E.coli XL1Blue was inoculated in 5ml 2x1Yoroth (1.6 g tryptone, 1.0 g yeast, 1.5 g
agar, 0.5 g NaCl per 100 ml preparation in deiedigvater) broth and grown overnight with
shaking at 37 °C. The overnight culture was dilute2D0 into 50ml YT broth and thereafter
grown with shaking to early log phase of absorban8e0.6 measured at 600nm. The cells were
harvested by centrifuging at 5,000g for 10 minw#ted °C. The cells were kept on ice from this
point onwards. The cells were resuspended in 10inMOMgCk and left on ice for 30 minutes.
The suspension was centrifuged for 10 minutes 804Gt 4 °C. The cells were pelleted as
before and gently resuspended in 10 ml ice cold®@aCk and then followed by incubation on
ice for 4 hours. Centrifugation was carried out@®0g at 4 °C for 10 minutes. The competent
cells were aliquoted by adding 1 volume of ste3&6 glycerol mixing and stored at -80 °C until

use.

A. 2 Transformation of competent cells
Volume of 2 pl of plasmid DNA was added into amabte of 100 pl of competent cell.

The cells were then incubated on ice for 30 mintméewed by heat shocking at 42 °C for 45
seconds and immediately placed on ice for 10 msmwelume of 900 pl of 2x YT broth was
added and then incubated at 37 °C for 1 hour. déils were transferred on 2x YT plates

containing the desired antibiotics followed by ihation at 37 °C overnight.
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A. 3 Small scale extraction of plasmid DNA

Plasmid DNA was extracted using ZypMyPlasmid Miniprep Kit according to supplier's

protocol.

A. 4 Large scale extraction of plasmid DNA

Plasmid DNA was extracted using Qiagen Kit accaydmsupplier’s protocol.

A. 5 Restriction digest of Plasmid DNA using enzynse

Plasmid DNA was digested using the desired diagnosstriction enzymes as described below.

The reagents were set up as follows:

Sterile deionised evat 16 pl
10x restriction buffe 2 ul
DNA (100-200 ng) 2 ul

The reaction was initiated by addition of 2 unifsrestriction enzymes. The restriction was
allowed to proceed for 2-3 hours at 37 °C. Thetreaavas stopped by addition of 4 pl of 10x
DNA loading buffer (0.25% bromophenol blue and 3@fgcerol). The product was then

analyzed by agarose gel electrophoresis as dedarif@ppendix A. 6).

A. 6 Agarose gel electrophoresis

To prepare (w/v) 0.8% agarose gel, the requiredusinof agarose was completely dissolved in
1x TAE buffer (40 mm, 20 mM acetic acid and 1 mMER) by heating with frequent agitation.

The agarose was then cooled to 55 °C prior to iatddf ethidium bromide (0.5 pg/ml). The
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agarose gel was allowed to polymerise for 15-30utes at room temperature. The gel was
placed in the electrophoresis chamber and coverttdiw TAE buffer. Volume of 4 pl of 10x
DNA loading buffer (0.25% bromophenol blue + 30%agirol) was added to 20 ul of sample
followed by loading of the samples into the welitectrophoresis was allowed to proceed at 100
volts for 1 hour. The gel was then visualized udiig light (Gene Genius Bioimaging System
Syngene, USA).

A. 7 Extraction of DNA from agarose gel

Resolved DNA was extracted from the agarose gelgutsie Zymoclealt! Gel DNA Recovery

Kit according to the manufacturer’s protocol. Blyefafter identification of the DNA fragment
using UV light, the DNA was excised from the geingsa sterile scalpel and transferred to a 1.5
ml micro-centrifuge tube and 3 volumes of ADB buféelded to each volume of agarose excised
from the gel. The agarose was then incubated &C5fr 10 minutes until the gel slice was
completely dissolved. The melted agarose solutias tkansferred to a Zymo—spin column in a
collection tube followed by centrifugation a0 000 xg for 30-60 seconds and the flow—
through was discarded. The DNA was washed twicé wish buffer and centrifuged at10
000 xg for 30 seconds. The flow—through was discardedtaaddNA was eluted using 6 pl

sterile distilled water and centrifugation=dt0 000 xg for 30 — 60 seconds to elute DNA

A. 8 Ligation reaction

Ligation reaction using (QIAGEN PCR Cloning Kitvas set up using 100 ng of required
plasmid and 500 ng of DNA fragment used as therinkecluded in the reaction mix, was 5 pl

of 2x rapid ligation buffer, 1 unit of T4 DNA ligasand deionized sterile water to make to a total

114



University of Zululand

volume of 10 pul The ligation was left to proceactimight at 4 °C and thereafter the ligation

product was transformed into JM109 super competeiis.

A. 9 DNA Sequencing

Following restriction digest of the respective phéd using desired restriction enzymes,
sequencing was performed to further confirm thegnty of the plasmids. DNA samples were
prepared usin@yppy™ Plasmid Miniprep Kit according to supplier's proth. The DNA was

eluted in sterile ultra-pure water to exclude ifgernce of sequencing with salt contamination.

The sequencing reaction mixture was set up aswsll®50-500 ng of the DNA, 3.2 pmol
forward or reverse primers respectively. Volume @fl of 5X Big DyeR Terminator Sequencing
Buffer and 4ul of Big Dye Terminator (Applied Biosystems) wasdad to the mixture. Sterile
triple distilled water was then added to a finalwoe of 10ul. The following thermal clycling
parameters were performed using a GeneAmp PCR ByS#0 (version 3.05; Applied
Biosystems): initial 1 cycle denaturation at 96 f&£ 2 minutes followed by 30 cycles of
denaturation, annealing and elongation, 96 °C fos&tonds, desired annealing temperature for
30 seconds and 72 °C for 30 seconds respectivelyfiaal elongation, 1 cycle at 72 °C for 7
minutes. The product was purified and concentratgidg Zymo-Spin | TM columns (Zymo
Research, California, USA) according to the manufae’s instructions followed by elution in
15 pl of water and vacuum dried. Following resuspam of the DNA in Hi-Di buffer,
sequencing was performed using ABI 3100 Genetityaea(Applied Biosystems, USA) with a
capillary electrophoresis. Analyzing of the sequemas performed using BioEdit Sequence

Alignment Editor (version 7.0.4.1).
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A. 10 Preparation of Chelating Sepharose Fast Floweads

Chelating sepharose beads obtained from (GE Hea#thtife Sciences) was prepared as per the
manufacturer’s instruction. In brief, the 50% syuwf Chelating Sepharose Fast Flow was
charged with nickel as described below. The beaste washed by gently shaking the container
of Chelating Sepharose Fast Flow to re-suspendyéheEnough slurry to bind the histidine
tagged protein was transferred into a 50 ml cargeaftube. The storage buffer was removed by
centrifugation at 1500 x g for 2-5 minutes and #upernatant discarded. The gel was then
resuspended in five gel volumes of distilled wdtdlowed by gentle agitation until the gel is
fully re-suspended. The gel was re-sedimented hiribggation at 1500 x g for 2-5 minutes and

the supernatant discarded.

The beads were then charged by addition of 1 volom@.1 M NiSO4 solution followed by
gentle agitation for 15 min until the gel is fullg-suspended. The unbound nickel was removed
by centrifugation at 1500 x g for 2-5 minutes ahd supernatant discarded. The beads were
washed using five gel volumes of distilled watethwgentle agitation for 5 minutes followed by
centrifugation at 1500 x g for 2-5 minutes andshpernatant discarded. The washing steps were
repeated two more times after which the beads weeseispend in one gel volume of Chelating
Sepharose Fast Flow Start Buffer (20 mM Na2HPCgMINaCl, 10 mM imidazole pH 7.4).

After use, the regeneration of the beads was dgnealshing with 10 column volumes of

0.05 M EDTA. Residual EDTA was removed by washinghv2-3 column volumes of 0.5 M

NacCl.

116



University of Zululand

A. 11 Determination of protein concentration usingBradford assay

Protein concentration was determined by Bradford&thod (Bradford, 1976). Bovine serum
albumen (BSA) standards were prepared using coratim ranging from 0 to 2.5 mg/ml in
0.15 M Nacl. Bradfords reagent 200 ul (Sigma AldyidSA) was added to 10 pl of protein and
the reaction incubated in the dark at room tempegafior 5 minutes. Absorbance was read at
595 nm using (Das plate reader, Italy).The recoamtirprotein was similarly treated and the
protein concentration determined by extrapolatioomf the standard curve as indicated in

(Appendix C; Figure C.3). The readings were pregan triplicate and the average obtained.

A. 12 Sodium dodecyl polyacrylamide gel electrophesis (SDS-PAGE)

Proteins were treated by boiling in SDS sampledyuf®.25% Coomasie Brilliant blue (R250);
2% SDS; 10% glycerol (v/v); 100 mM tris; 1% merasgihanol) in a ratio of 4:1 for 5 minutes
at 95 °C and resolved using 12% acrylamide resglgel prepared as shown in (Table A.1).
The gel were then transferred into the electropdisreank and electrophoresis buffer (25 mM
Tris, pH 8.3 250 mM glycine and 0.1 % (w/v) SDS)svealded. The boiled samples were loaded
in respective wells and prestained protein molecweight markers (ThermoFisher Scientific,
USA) were also loaded. The electrophoresis wasopedd at 150 volts for hour using the

BioRad Mini protein 3 electrophoresis system (Bihrid.S.A).
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Table A.1 Preparation of SDS-PAGE

Reagent (ml) 12% Separating gel

30% Polyacrylamide 2.08
10% Ammonium persulphate 0.025
10% SDS 0.05
1.5 M Tris (pH 8.8) 1.25
1.0 M Tris (pH 6.8)

Distilled water 1.58

TEMED 0.0025

5% Stacking gel
0.235
0.0087¢&

0.0175

0.437
1.05

0.003
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A. 13 Western Blot

Proteins were resolved in 12% acrylamide gel asrdes] aboveAppendix A.12). Removal of
SDS-PAGE gel from the glass plates after completibelectrophoresis process and cutting off
of the stacking gel was done. The what-man filtepgys, gel, two scotchbrite fibre pads and
nitrocellulose were immersed in western transfgepaand left to equilibrate at 8 °C for 30
minutes. Preparation of the gel for transfer wasedas follows: filter paper was placed on a
scotch brite pad; Gel was placed on the filter pagmsuring no air bubbles are trapped,
nitrocellulose was placed over the gel; anothéerfipaper was laid on top of the nitrocellulose,
followed by another scotch brite pad. The transfahe protein on the nitrocellulose membrane
was performed by running at 100 volts for 1 houheTmembrane was removed from the
sandwich and rinsed using transfer buffer as wetkeanoval of adhering gel on the nitrocellulose
membrane using a cotton swab. The blot was staifitdponceau stain to determine the success
of the transfer followed by visualizing the bandngschemiluminescence. The membrane was
blocked in 10 ml of (5% nonfat milk in TBS) for olwr on a rotary shaker set at 1000 g. The
membrane was washed three times in TBS-Tween fanihQtes followed by incubation of the
membrane with primary antibody for 1 hour. Unboymimary antibody were removed by
washing of the membrane three times using TBS-Twkeenl0 minutes each wash. The
membrane was incubated with secondary antibodylfdrour followed by washing of the
membrane 3 times using TBS-Twedmages were acquired usingray film (Pierce CL-

Xposure™ Film, Thermo Scientific, USA).
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Appendix B
Primers used for sitBrected mutagenesis

Table B.1 Generation of modified plasmids used toeplace DnaK with either PfHsp70 or

KPf segments

Modified Codon Forward and reverse primers Reasons for Diagnositc
plasmid changes mutation restriction
enzymes
pBBSBS acctae gactctcttccg]gtaC(htgccataCCgCg Introduction of BanHl and
tcgecc caaagacaaaaaa@eCggGtaaacgggta BanHl and Sma
Smd
pBBS42 acgtaa gactctcttccggtaC@_tgccataccgcg Introduction of BanHl and
tcgcce caaagacaaaaaaCzCgJGiaaacgggta BanH| and Sma
Smd

Codon changes introduced are highlighted in bold
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Table B. 2: Pipetting instructions for the site-diected mutagenesis reaction

Component 50 pL reaction Final concentration
H20 Add to 50 pL

10x reaction buffer 5uL 1x

10 mM dNTPs 1pL 200 uM each
Forward primers X ML 125 ng

Reverse primers X pL 125 ng

Template DNA X uL 10 ng

Pfu ultra HF DNA 1pL 0.02 U/uL

polymerase (2 U/uL)

Table B.2: Cycling instruction for the site-directad mutagenesis reaction.

Cycle step Temperature Time Number of cycles
Initial Denaturation 98C 30s 1
Denaturation 98C 5-10 s
Extension 72C 10-30 s/kb 25
Final extension 72C 5-10 min 1

AC
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Table B. 3 Reaction set up for PCR

Dream tag Green PCR master mix (2x) 25 ul
Forward primer 0.5 uM
Reverse primer 0.5uM
Template DNA 10 pg- 1 ug
Water, nuclease free Up to 50 pl

Table B. 4 Thermal cycling conditions.

Initial denaturation 3 min

Denaturation 95 30s

Annealing Tm-5 30s 25
Automated flouresecent 72 1 min/kb

Extension

Final extensioon 72 12 1
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Appendix C

C. 1 Bradford standard curve

v =0.223x-0.018

0.6 R?=0.994
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Figure C. 1 Bradford standard curve for protein concentration determination. Bovine serum
albumen (BSA) standards of concentration rangiingm O to 25 mg/ml were prepared and
absorbance was read at 595 nm using (Biorad, Y. ke linear equation: y = 0.223x-0.018=F0.994
was used to calculate the protein concentration.
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Appendix Pieparation of solutions)

PBS buffer (pH 7.4)

137mM sodium chloride, 27mM potassium chloride,nd\8 sodium hydrophosphate 1 and

1.4mM potassium hydrophosphate were dissolved lr@@nd autoclaved.

TE buffer (pH 8.0)

0.1211 g Tris and 0.0370 g EDTA 100 ml were mixedether with distilled water and

autoclaved.

Sodium hydroxide

115 g of sodium hydroxide was dissolved in 250ndlistilled water.

SDS (10%)

1 g of SDS was dissolved in 10 ml of distilled grat

DNA extraction solutions

Solution 1 (pH 8.0)

0.9008 g glucose, 0.628 g Tris chloride and 0.3 EDJA were mixed together and the volume

was made up to 100 ml
Solution 2

2ml of 10M sodium hydroxide and 10 ml of SDS weriged together and the volume was made

up to 100 ml

Solution 3 (pH 5.0)
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29.442 g of potassium chloride was dissolved itileid water and the volume was made up to

100 ml.

30% glycerol

30 ml of glycerol was mixed together with 70 ml diftilled water to make 100 ml of 30%

glycerol.

IPTG

1 g of IPTG was dissolved in 4.2 ml of distilled telaand filtered through filter into 1 ml

eppendorf tube then stored at %20

10X TAE buffer (pH 7.8)

48.4 g of Tris, 20 ml of 0.5M EDTA and 11.42 ml gificial acetic acid were mixed together
with distilled water and made up to 1000 ml.

Ampicillin

1 g of ampicillin was dissolved in 10 ml of distdl water and filtered through a filter unit into

eppendorf tube10@g/ml

Ampicillin agar plates
1.6 g of pancreatic tryptone, 1.5 g nutrient a@as,g of sodium chloride and 1 g of yeast were
mixed together with distilled water and the volumwas made up to 100 ml in a flask and

autoclaved. The mixture was allowed to cool angill®f ampicillin was added and poured into

Petri dishes and allowed to solidify.

Liquid broth
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1.6 g of pancreatic tryptone, 0.5 g of sodium ddeiand 1 g of yeast were mixed together with

distilled water and the volume was made up to 10 flask and autoclaved.

Ammonium persulphate (10%)

1 g of Ammonium persulphate was dissolved in 1@hdistilled water.

Acrylamide stock solution

300 ml of distilled water was placed in a beaked 260 g of acrylamide was added to distilled
water while stirring and 4.0 g of bisacrylamide vealsled while stirring and allowed to dissolve.
The volume of the solution was made up to 500 mithwdistiled water. The

acrylamide/Bisacrylamide solution was filtered wétcloth and placed in a dark container and

stored in the fridge.

Ethanol 70%

70 ml of alcohol was mixed with 30 ml of distillecater and the volume was made up to 100 mi

0.1M Calcium chloride

1.47 g of calcium chloride was dissolved in 100ofmdlistilled water
0.1M Magnesium chloride
2.0 g of magnesium chloride was dissolved in 10@fdlistilled water

Ethidium bromide (10 mg/ml)
1 g of ethidium bromide was dissolved in 100 mdtilled water and stored in a bottle covered

with aluminum foil

Tris
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1.5M Tris (pH 8.8)
36.3 g of Tris was dissolved in 200 ml of distilledter
0.5M Tris (pH 6.8)

12.11 g of Tris was dissolved in 200 ml of distlliater

Destaining solution

800 ml of distilled water, 7.5 ml glacial acetiddaand 100 ml of ethanol were mixed together

and the volume was made up to 1000 ml

Short protocol of the StrepTactin chromatography cycle

1. After the protein extract has entered StieepTactin matrix, wash column 5 times with 1 CV
(column volume) Buffer W.

2. Elute recombinant protein by the addition oindets 0.5 CV Buffer E.

3. Regenerate the column by the addition of 3 titn€y/ Buffer R.

4. Equilibrate the column by the addition of 2 tsxeCV Buffer W prior to the next purification
run.

5. Store the column at 4° C overlaid with 2 ml BuffV or R.
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pgendix E

Special reagents and chemicals

Table D.1 List of reagent and Special reagents

Name of reagents

Vendor/Supplier

Agarose Merck
Ammonium persulphate Sigma-Aldrich
Ampicillin Calbiochem
Chemiluminescence Western blotting kit Amarsham
2-mercaptoethanol Merck

Bovine serum albumin Melford
Bromophenol blue Merck
Calcium chloride Merck
Coomasie brilliant blue R250 Merck
Ethidium bromide Merck
Glacial acetic acid Merck
Glycerol Merck
Glycine Merck
Imidazole Merck
Lambda DNA Fermantas Life sciences
Lysozyme Merck
Methanol Merck
Magnesium chloride Merck
Monoclonal mouse anti-His antibody Merck
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Phenylmethylsufonyl fluoride Merck
Polyacrylamide Merck
Ponceau S Sigma-Aldrich
Restriction enzymes Merck
Sodium chloride Merck
Sodium dodecyl sulphate Merck
Sodium hydroxide Merck
TEMED Sigma-Aldrich
Tris Merck
Tryptone Oxoid, England
Tween 20 Radchem
Yeast Merck

Broth Merck
Nutrient agar Merck
Strep-tagged Antibody Merck
Glucose Merck
L+Arabinose Merck
Anhydrotetracycline Merck
Kanamycine Merck
Strep-tactin IBA Germany
Buffer W IBA Germany
Buffer E IBA Germany
Buffer R IBA Germany

Silver staining kit

Fermantas life sciences
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Protein ladder Fermantas life sciences

Anti-strep tag Antibodies Merck
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Abstract

Plasmodium falciparum S-adenosylmethionine decarboxylase (PfAdoMetDChypl an
important role during the synthesis of polyamireg;h as putrescine, spermidine and spermine.
Polyamines play a major role in the survival of thalaria parasite. They are critical components
of cell growth and division, particularly in rapydproliferating cells that include cancerous cells
and numerous parasites. Hence, PfAdoMetDC proteiregarded as an ideal drug target for
malaria. Even thougk. coli is the most established expression system fomrbow@nt protein
expression, the production of this malarial drugés protein inE. coli still remains an obstacle
towards development of compounds or drugs to ptet®ifiunction. In this study, an approach
that improves the quality of PfTAdoMetDC protein guced inE. coli was developed based on
the use of molecular chaperones as co-expressidnepg For structural studies aimed at
designing drugs or compounds obtaining a pure pragecrucial. Therefore, PfAdoMetDC was
co-expressed with six different combinations of esolar chaperones. coli BL21 (DES3)
star™ cells were transformed with plasmids in six comahions: combination 1 (pBB535)
encoding DnaK with DnaJ; combination 2 (pBB535-Bff@ncoding PfHsp70 with DnaJ;
combination 3 (pBB535-KPfJ) encoding KPf with Dna&igimbination 4 (pBB542) encoding
DnaK with DnaJ and GroEL; combination 5 (pBB542®J#) encoding PfHsp70 with DnaJ and
GroEL; and combination 6 (pBB542-KPfJE) encoding Kith DnaJ and GroEL. The effects of
these combinations on the conformation of purifRAdoMetDC protein was assessed by
limited proteolysis and also by conducting actiagsays to evaluate the activity of the protein.
The PfAdoMetDC protein expressed with supplememtatf PfHsp70+DnaJ and KPf+Dnal

combinations was not completely degraded by prassrK and its activity was higher compared
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to the protein that was not supplemented with mo&achaperones. Almost similar results were
observed on PfAdoMetDC co-expressed with DnaJ+Gro&dmbined with the respective
Hsp70s. The protein was not completely degradeggesting that PfAdoMetDC protein was
protected by these chaperones during its foldiigd®\VetDC protein, produced usirtg coli
AdnaK strains, showed the highest activity compareda@xpressed protein with molecular
chaperones. It was, however, completely degradegdrbteinase K. This suggests that Hsp70
molecular chaperones are important for the fold stadility of proteins. To further confirm any
possible cooperation amongst these molecular chapsr MDH aggregation suppression assays
were conducted to mimic what might be taking plexsede the cell. The recombinant proteins
DnaK, KPf, PfHsp70, GroEL and DnaJ were evaluated their ability to suppress MDH
aggregation, both as individual chaperones ansamimed chaperones. There were indications
that these molecular chaperones may be cooperdtixiag protein folding. This study also
revealed that the biotechnological tools developedthis study may be useful to other

recombinant proteins, and not only those firgasmodium falciparum.
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SLC Amino Abbreviation DNA codons

A Alanine Ala GCT, GCC, GCA, GCG

C Cysteine Cys TGT, TGC

D Aspartic Acid Asp GAT, GAC
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AGC
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Y Tyrosine Tyr TAT, TAC
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