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ABSTRACT

Although significant gains have been made in the combat against malaria in the last decade,
the persistent threat of drug and insecticide resistance continues to motivate the search for new
classes of antimalarial drug compounds and targets. Due to their predominance in cellular
reactions, protein-protein interactions (P-PIs) are emerging as a promising general target class
for therapeutic development. The P-PI which is the focus of this project is the interaction
between the chaperone heat shock protein 90 (Hsp90) and its co-chaperone Hsp70/Hsp90
organising protein (Hop). Hop binds to Hsp70 and Hsp90 and facilitates the transfer of client
proteins (proteins undergoing folding) from the former to the latter and also regulates
nucleotide exchange on Hsp90. Due to its role in correcting protein misfolding during cell
stress, Hsp90 is being pursued as a cancer drug target and compounds that inhibit its ATPase
activity have entered clinical trials. However, it has been proposed that inhibiting the
interaction between Hsp90 and Hop may be alternative approach for inhibiting Hsp90 function
for cancer therapy. The malaria parasite Plasmodium falciparum experiences temperature
fluctuations during vector-host transitions and febrile episodes and cell stress due to rapid
growth and immune responses. Hence, it also depends on chaperones, including PfHsp90, to
maintain protein functionality and pathogenesis, demonstrated inter alia by the sensitivity of
parasites to Hsp90 inhibitors. In addition, PfHsp90 exists as a complex with the malarial Hop
homologue, PfHop, in parasite lysates. Consequently, the purpose of this study was to explore
P-PI assay formats that can confirm the interaction of PfHsp90 and PfHop and can be used to
identify inhibitors of the interaction, preferably in a medium- to high-throughput screening

mode.

As a first approach, cell-based bioluminescence and fluorescence resonance energy transfer

(BRET and FRET) assays were performed in HeLa cells. To facilitate this, expression plasmid



constructs containing coding sequences of P. falciparum and mammalian Hsp90 and Hop and
their interacting domains (Hsp90 C-domain and Hop TPR2A domain) fused to the BRET and
FRET reporter proteins — yellow fluorescent protein (YFP), cyan fluorescent protein (CFP) and
Renilla luciferase (Rluc) - were prepared and used for HelLa cell transient transfections. The
FRET assay produced positive interaction signals for the full-length P. falciparum and
mammalian Hsp90-Hop interactions. However, C-domain-TPR2A domain interactions were
not detected, no interactions could be demonstrated with the BRET assay and western blotting
experiments failed to detect expression of all the interaction partners in transiently transfected
HeLa cells. Consequently, an alternative in vitro FRET assay format using recombinant
proteins was investigated. Expression constructs for the P. falciparum and mammalian C-
domains and TPR2A domains fused respectively to YFP and CFP were prepared and the
corresponding fusion proteins expressed and purified from E. coli. No interaction was found
with the mammalian interaction partners, but interaction of the P. falciparum C-domain and
TPR2A domain was consistently detected with a robust Z’ factor value of 0.54. A peptide
corresponding to the PFTPR2A domain sequence primarily responsible for Hsp90 binding
(based on a human TPR2A peptide described by Horibe et al., 2011) was designed and showed
dose-dependent inhibition of the interaction, with 53.7% inhibition at 100 uM. The components
of the assay are limited to the purified recombinant proteins, requires minimal liquid steps and
may thus be a useful primary screening format for identifying inhibitors of P. falciparum

Hsp90-Hop interaction.
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CHAPTER 1

INTRODUCTION

1.1 MALARIA

1.1.1 Malaria: the perpetual problem

Deaths directly attributed to malaria have decreased by 60% in between the years 2000 and
2015 as a result of new drugs and preventative measures being implemented (WHO, 2015).
However, at the end of 2015, there were still 214 million new cases of malaria reported and
438 000 deaths caused worldwide, with the most deaths being of children under the age of five
in sub-Saharan Africa (WHO, 2015). Therefore, it is important to continue the ongoing battle
against malaria as the recent plateauing of international funding and emerging drug and

insecticide resistance threaten to reverse recent gains (WHO, 2013).

Malaria is caused by a parasitic protozoan belonging to the genus Plasmodium, which is spread
to humans by the bite of the female Anopheles mosquito. There are five species of Plasmodium
that can infect humans; P.falciparum, P.vivax, P.ovale, P. malariae and P.knowlesi. However,
most deaths are caused by P.falciparum, since most of the other species cause only a milder

form of malaria and P.knowlesi rarely causes disease in humans (WHO, 2014).

1.1.2 Current methods of combating malaria

The principal possibilities of combating malaria are currently: eradicating the mosquito vector,
preventing the mosquito from biting humans, taking prophylactic drugs before heading to a
malaria area or killing the parasites with antimalarial drugs once they have reached the blood
stage in their life cycle. These blood stages of the parasites can be imitated and maintained
through in vitro cultures and can therefore be used to test effects of genetic manipulation to
identify drug targets or to screen compounds for potential antimalarials in a laboratory

environment (Balu and Adams, 2007; Gamo et al. 2010).



However, malaria is proving difficult to combat due to ineffective insecticide spraying
programs, the growing resistance of the mosquito to current insecticides and the lack of an
effective licensed vaccine (Hill, 2011). The vaccine currently in phase three trials (RTS, S)
targets only one life-cycle stage of the parasite, the sporozoite, and not all stages, leading to a
low efficacy (Hill, 2011). Therefore, to treat malaria, there is still a heavy reliance on anti-
malarial drugs and the current treatment for people diagnosed with malaria is to use
artemisinin-based combination treatments (Nosten and White, 2007). The exact mode of action
of artemisinin is still unclear, but it is thought to react with iron or heme (which is found in the
parasite due to digestion of the host red blood cell haemoglobin) to produce reactive oxygen
species (ROS). An abundance of ROS Kills the parasites by depolarization of the parasite
mitochondria, disrupting their function (Wang et al., 2010). However, there is an alarming
increase in artemisinin resistance in South-East Asia linked to mutations in the K13 propeller
region of the parasite (Tun et al., 2015), leading to an increased need for new drug targets and

new drug molecules.

1.1.3 Life cycle of the malarial parasite

The malaria parasite under goes a very complex life cycle and understanding it can potentially
lead to discovering new drug targets. The life cycle consists of three stages: the pre-erythrocytic
cycle, the erythrocytic cycle and the sporogonic cycle. The pre-erythrocytic cycle starts when
sporozoites are passed from the salivary gland of a female Anopheles mosquito into the blood
stream of a human where they invade the hepatocytes in the liver and multiply. The sporozoites
subsequently undergo asexual reproduction and develop into schizonts, structures that can
contain thousands of merozoites (Campbell, 1997). The schizonts rupture, releasing merozoites
into the bloodstream. Each merozoite invades an erythrocyte where it multiplies asexually over
a 48-hour development period to form new merozoites that rupture the erythrocyte and

reinitiate infection. This cycle of destroying and re-infecting erythrocytes is known as the



erythrocytic cycle and is responsible for the symptoms of malaria. After invading an
erythrocyte, some of the merozoites develop into male or female gametocytes. These
gametocytes are taken up by a mosquito, mature into gametes and fertilize in the mosquito gut,
starting the sporogonic cycle. The zygote, resulting from fusion of the gametes, develops into
an ookinete that penetrates the gut wall, forming an oocyst in which the parasite multiplies
asexually to produce sporozoites that migrate to the salivary glands and can infect a human
when the mosquito takes its next bloodmeal (Cowman et al., 2012). The constant temperature
fluctuations experienced by the parasite as it moves from cold-blooded mosquito to warm-
blooded human host, the rapid growth of the parasite and the action of the body’s immune
system against the parasite causes the parasite to be under constant cell stress. To survive and
maintain protein homeostasis, there is a high possibility that the parasite depends on a network
of heat shock proteins (Acharya et al., 2007). Targeting parasite heat shock protein function
with drugs may thus be a novel mode of anti-malarial therapy. This will be discussed in

subsequent sections.

1.2 POTENTIAL NEW DRUG TARGETS - PROTEIN-PROTEIN INTERACTIONS.

1.2.1 Importance of Protein-Protein Interactions

Most drug targets currently exploited for therapy are enzymes or receptors that have ligand,
substrate, cofactor or allosteric binding sites which can be easily occupied and manipulated by
small drug-like molecules (Wells and McClendon, 2007). However, besides enzymes and
receptor-ligand interactions, there is a large and mostly overlooked component of cells which
constitutes the large majority of reactions in the cell. These are protein-protein interactions (P-
Pls) (Bonetta, 2010). According to Bonetta (2010) and updated statistics from the Biological
General Repository for Interaction Datasets (BioGRID — a public database of protein

interaction data from model organisms and humans), there are currently 367210 known protein



interactions in human cells with more being discovered in both human cells and malarial

parasites using 2-hybrid yeast assays (La Count et al., 2005).

Proteins were traditionally identified by their actions as signalling molecules, catalysts or
building blocks. Currently, the protein is witnessed as an element in a network of proteins with
its function linked to other proteins by protein-protein interactions, known as the interactome.
This dependence of proteins on other proteins was for example demonstrated in experiments
performed by Jeong et al., (2001) and Hartwell et al., (1999) where a single gene deletion had
drastic phenotypic consequences depending on the position of its protein product in the
complex of molecular interactions. Protein-protein interactions occur when proteins bind to
each other with electrostatic forces, van der Waals forces, hydrogen bonds, hydrophobic
interactions and/or disulphide bridges. They can be stable and long-lived or brief and transient
and homo-oligomeric (identical protein subunits binding to each other) or hetero-oligomeric
(Lo Conte et al., 2000). More stable interactions are often used to form large multimeric
complexes in cells, e.g. ribosomal subunits (49 and 33 proteins are found in the large and small
subunits, respectively), nuclear pores that consist of complexes of up to 30 different proteins,
nucleosomes responsible for chromatin formation and the actin and microtubule cytoskeletons.
Other more stable interactions include cell-cell and cell-matrix adhesion (Damsky, 2002). In
addition, many enzymes in cells exist as multimeric complexes, e.g. pyruvate dehydrogenase
and glutamate synthase, that consist of up to 30 and 12 subunits, respectively (Stoops et al.,
1997, Suzuki and Knaff, 2005). More transient protein-protein interactions are particularly
prevalent in signal transduction pathways that link signalling receptor activation to a cellular
response and gene transcription, or in protein trafficking pathways, including transport vesicle
formation and fusion and protein translocation into organelles (Lo Conte et al., 2000). Protein-

protein interactions are thus ubiquitous and crucial for all biological processes, (Couturier and



Deprez, 2012) and the more that is known about them, the more can be understood about the

function and organisation of the cell (Waugh, 1954).

1.2.2 Inhibiting protein-protein interactions

From a drug development point of view, protein-protein interactions have been overlooked in
the past due to difficulties in finding small drug-like molecules that can interrupt the interaction
(Wells and McClendon, 2007). This is due to the fact that the contact surfaces involved in
protein-protein interactions are very large (1500-3000 A?) and would require correspondingly
large molecules to competitively bind to the surfaces and disrupt the interaction. By contrast,
Lipinsky’s rule of five of bioavailable drug-like molecules dictates that drug candidates need
to have a molecular weight <500 Da. Protein interaction surfaces may also lack distinctive
binding grooves/pockets that could allow multiple interactions between the drug and the
protein polypeptide chain and improve drug-protein binding affinity (Cheng et al., 2007). There
is also difficulty in distinguishing real binding from artefactual binding as well as the small
size of potential protein-protein interaction inhibitor molecule libraries (Arkin and Wells,

2004).

An approach for developing a protein-protein interaction inhibitor from a small molecule
starting point has been to synthesize a short peptide that corresponds to the amino acid sequence
of the interaction surface of a protein. This approach has been successful for small continuous
peptide sequences such as those of the integrins GPIIblla, aVB3 and 04p1 (Sulyok et al., 2001,
Gibson et al., 2002, Jackson et al., 2002). Random screening of drugs has shown that certain
drugs can inhibit an interaction due to the recruitment of other protein-protein complexes. For
example, the binding of cyclosporins to immunophilins causes the formation of novel protein-

protein complexes which then bind to the phosphatase calcineurin to exert the



immunosuppressive effect (Schreiber and Crabtree 1992). In addition, compounds may inhibit
the function of a transient protein-protein interaction by actually stabilising it. An example is
Brefeldin A which has been explored for cancer therapy (Anadu et al., 2006). It stabilises the
interaction of Arf 1 GTPase and nucleotide exchange factors, thus preventing the GTPase from
completing its function - mediating protein trafficking in the Golgi apparatus (Robineau et al.,

2000).

Using site-directed mutagenesis in combination with X-ray crystallography is an effective way
in which protein-protein interfaces can be analysed. Scanning mutagenesis methods in which
subsets of the protein surfaces are systematically mutated indicate that many protein-protein
interaction interfaces contain compact, centralized regions of residues that are crucial for the
affinity of the interaction. These regions are called “hot spots”. These hot spots are found on
both sides of the protein interface and they are complementary to each other, with buried
charged residues forming salt bridges and hydrophobic residues from one surface fitting into
small nooks on the opposite surface (Arkin and Wells, 2004). Drug-like compounds can now
be sought which bind to hot spots, binding deeper and with higher efficiencies (Wells &
McClendon, 2007). To find these compounds, effective, sensitive and cheap assays to measure

the targeted P-Pls need to be implemented (Wells and McClendon, 2007).

1.3 MOLECULAR CHAPERONES

1.3.1 Molecular chaperones as important Protein-Protein Interaction partners

One of the cell’s most important protein-protein interactions is the interaction between
molecular chaperones and their client proteins and regulatory proteins (co-chaperones).
Molecular chaperones are proteins that primarily assist in protein folding and one of their major
functions is to prevent both newly synthesised polypeptide chains and assembled subunits from
aggregating into non-functional structures (Ellis, 2006). This is why most chaperones are also
known as heat shock proteins, since proteins tend to aggregate and unfold as they are denatured

6



by stress, including elevated temperatures. Chaperones are consequently upregulated during
cell stress and are required to prevent the aggregation or degradation of denatured proteins and
assist them to re-fold, thus maintaining a functional proteome in the face of cell stress.
Chaperones can act as foldases or holdases. Foldases support the folding of proteins in an ATP
dependant manner, e.g. GroEL, and holdases bind the protein in its folding intermediate stage
e.g. DnaJ (Hoffman et al., 2003). Other types of chaperones have been found to be involved in
membrane crossing, notably the translocation of proteins into organelles (e.g. endoplasmic
reticulum and mitochondria) in an unfolded state and responding to diseases linked to protein
aggregation such as prion disease and Alzheimer’s disease (Sadigh-Eteghad et
al.,2015). Chaperones have also been linked to cancer maintenance and are often upregulated
in cancer cells (Calderwood et al., 2006). This is thought to be due to stresses cancer cells
experience during tumour formation, e.g. rapid cell growth, nutrient depletion, hypoxia and
acidosis and the chaperones are required to counteract protein misfolding/denaturation caused

by these conditions.

There are several families of chaperones in cells, notably small heat shock proteins (sHsps),

heat shock protein (Hsp) 40, Hsp70, Hsp90 and Hsp110. Hsp90 is the focus of this study.

1.3.2 Heat Shock Protein 90 (Hsp90)

One of the most important chaperones is heat shock protein 90 (Hsp90). As with other
chaperones, the main function of Hsp90 is to facilitate protein folding to maintain regular
development and growth of an organism (Shonhai, 2010). There are two main isoforms of
HSp90; Hsp90a, the major isoform and Hsp90B the minor isoform (Csermely et al., 1998).
These isoforms are highly conserved but there are differences in the amino acid sequences of

the two isoforms, raising the possibility of that the two isoforms have isoform specific functions



such as binding to different client proteins (proteins that require Hsp90 for folding; Pepin et
al.,2001). The biochemical separation of these two isoforms is difficult, so therefore

experiments are often performed with both isoforms.

1.3.3 Transcription of Hsp90

Increased transcription of Hsp90 occurs when cells have been exposed to proteotoxic stress.
Heat shock transcription factors (HSF-1) are activated which are capable of specifically
binding to heat shock element (HSE) sequences present in Hsp90 promoters. These HSEs are

thus involved in the inducible gene expression of Hsp90.

In an unstressed cellular environment, HSF-1 is present as a monomeric polypeptide, unable to
bind to DNA. However, in a stressed environment, HSF homotrimerises, acquires DNA
binding ability and translocates from the cytoplasm to the nucleus where is it hyper-
phosphorylated and becomes transcriptionally competent (Morimoto et al., 1996). There are
two possible ways in which HSF becomes active. One of the possibilities is that in a stressed
environment, proteins in the cell start to unfold and therefore the concentration of non-native
protein increases and this increase in concentration induces the activation of HSF. It could also
be that Hsp90 is attached to HSF in the cytosol under normal conditions. When the
concentration of non-native protein builds up, the non-native client proteins will compete for

Hsp90 binding, leaving the HSF unbound and able to trimerise. (Zou et al., 1998)

1.3.4 Structure and ATPase cycle of Hsp90

Hsp90 consists of three domains, the N-terminal, central and C-terminal domains (Prodromou
and Pearl, 2003). The N-terminal domain has ATPase activity: it binds and hydrolyses ATP in
the process of protein folding. The central domain is where client proteins bind and the C-

terminal domain is responsible for homodimerisation, modulating ATP activity and binding of



co-chaperones (Prodromou and Pearl, 2003). The C-terminus contains an EEVD motif which

is essential for binding to co-chaperones (Prodromou and Pearl, 2003).

The mechanism by which Hsp90 folds client proteins has not been entirely elucidated. As
indicated above, Hsp90 exists as a homodimer due to mutual binding of the C-terminal domains
of two individual proteins. When the N-terminal domains have no nucleotide bound or are
bound to ADP, the dimer assumes a V-shaped “open” conformation. Binding of a client protein
and of ATP causes the N-terminal domains to interact, resulting in a “closed” conformation.
After hydrolysis of ATP to ADP, the dimer returns to the open conformation and the folded
client protein is released. Co-chaperones are also involved in this cycle, e.g. Cdc37,
hsp70/hsp90 organising protein (Hop), p23 and Ahal assist with client protein loading,

stabilize client binding, modulate ATP binding or stimulate ATP hydrolysis (Li et al. 2012).

1.3.5. Hsp90 and cancer

As mentioned previously, cancer cells are exposed to cell stress and contain upregulated
chaperones to counter the effects of cell stress on the proteome. Hsp90 has attracted particular
attention — it accounts for up to 1-2% of the protein content of cancer cells and is key to
stabilising many essential cancer proteins such as signalling kinases, hormone receptors and
transcription factors, e.g. BCR-ABL, ERB-B2, Polo-1 kinase, epidermal growth factor receptor
(EGFR), CRAF, BRAF, AKT/PKB, MET, VECFR, FLT3, CDK4, hTERT, androgen and
estrogen receptors, hypoxia inducible factor and telomerase (Calderwood and Gong, 2016).
These proteins are directly involved in the malignancy of cancer and they influence growth
factor independence, resistance to antigrowth signals, unlimited replicative potential, tissue

invasion and metastasis, avoidance of apoptosis, drug resistance and sustained angiogenesis.



Consequently, Hsp90 is currently being pursued as a drug target for cancer, the rationale being
that inhibition of Hsp90 function would lead to destabilisation and degradation of the
oncogenic client proteins described above. Compared to normal cells, cancer cells may be said
to be addicted to oncoproteins. Oncoproteins in cancer cells are usually expressed as mutants
and therefore rely more heavily on the Hsp90 machinery to keep them folded and stable.
Additionally, cancer cells are also more exposed to hypoxia, acidosis and the deprivation of
nutrients compared to normal cells which puts them under constant stress and reinforces their

need for heat shock proteins (Sharma and Settleman, 2007).

1.3.6. Inhibiting Hsp90

One of the main Hsp90 inhibitors that has been discovered is the natural product geldanamycin.
Geldanamycin’s mode of action is to preferentially bind to the N-terminus of Hsp90 and
prevent the binding of ATP. With the ATPase activity inhibited, client proteins in several
transduction pathways are not tended to by Hsp90 and therefore become unstable and unable
to maintain the viability of cancerous cells. Geldanamycin has also been shown to
preferentially bind to Hsp90 in cancer cells compared to normal cells, leading to the greater
depletion of cancer cells (Kamal et al., 2003). However, in vivo geldanamycin displays limited
stability and bioavailability, as well as hepatotoxicity. Subsequently, numerous geldanamycin
derivatives have been developed and have entered clinical trials, e.g. 17-allyamino-17-
demethoxy geldanamycin (17-AAG) which has shown promising results in breast cancer

patients (Modi et al., 2001).

Another potential inhibitor of Hsp90 is the peptide designed by Plescia et al., (2005), named

“shepherdin”, which binds to the ATP pocket of Hsp90, destabilising client proteins such as
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survivin. Survivin is involved in the control of mitosis and the suppression of apoptosis and
when it is in a denatured state the cell ultimately dies from apoptosis (Garg et al., 2016). An
additional Hsp90 inhibitor that is widely used in in vitro studies is the antibiotic novobiocin. It
was the first inhibitor discovered to bind to the C-terminal domain of Hsp90, resulting in
disruption of the homodimer and release of client proteins. However, in vivo activity of
novobiocin is disappointing and additional derivatives are being pursued (Donnelly and Blagg,

2008).

All the Hsp90 inhibitors in clinical trials affect the ATPase activity of Hsp90 N-terminal
domain. However, the inhibition of Hsp90 in this way has been shown to upregulate other heat
shock proteins which can compensate for the loss of Hsp90 function. Furthermore, these types
of drugs have also been shown to cause hepatotoxicity in human and animal subjects (Neckers
and Workman, 2012). This has led to the proposal that a more fruitful approach to disrupting
Hsp90 function for cancer therapy is to target its interactions with co-chaperones (Brandt &

Blagg, 2009; Edkins, 2016). Pertinent in this regard is Hsp70/Hsp90 organising protein (Hop).

1.3.7. Functions of Hop

Hop (Hsp70/Hsp90 organising protein) is the most widely studied co-chaperone with a TPR
domain (Odunga et al., 2004). One of the main functions of Hop is simultaneous binding to
Hsp90 and Hsp70 and enabling their collaboration in protein folding (Odunga et al., 2004).
Hsp70 is thought to initiate the folding of the substrate protein and then passes it on to Hsp90
which completes the folding of the substrate. In this way, Hop acts as a scaffold or adaptor
protein that facilitates the transfer of client substrate proteins from Hsp70 to Hsp90. It can
further modulate these proteins by controlling their ability to bind to ATP or inhibiting their
ability to dissociate from ADP (Johnson et al., 1997). In the ATPase cycle of Hsp90 described

earlier (section 1.3.4), Hop binds to Hsp90 in the absence of nucleotides or the presence of
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ADP. This allows Hsp90 to remain in the open conformation for longer, facilitating client

protein binding.

1.3.8 Structure of Hop

Hop consists of nine tetratricopeptide (TPR) repeats clustered into three domains containing
three tetratricopeptide repeats each; TPR1, TPR2A and TPR2B. In between these repeats there
are DP1 and DP2 domains. These DP domains are composed of 5 helices forming a V shape
and have been found to be crucial in the folding of Hop and their disruption can impair Hop
function (Nelson et al., 2013). TPR domains consist of loosely conserved 34 amino acid
sequence motifs that are repeated between once and sixteen times per domain. Each 34 amino
acid sequence motif forms a pair of antiparallel alpha-helices. These helices are arranged into
a super helical structure that encloses a central groove and it is in this groove that the TPR
domains can attach to the C-terminus of Hsp90 and Hsp70 containing the sequence motif
EEVD (Young et al., 1998). The TPR1 and TPR2B domains interact with the PTIEEVD
sequence at the Hsp70 C-terminus while the TPR2A domain specifically interacts with the
MEEVD residues at the C-terminus of Hsp90 (Scheufler et al., 2000). Lys (301) and Arg (305)
in helix A3 of the TPR2A domain donate hydrogen bonds to the side chains of Asp and Glu of

the Hsp90 C-terminal sequence, drawing the two proteins together.

1.3.9 Inhibiting the Hsp90-Hop interaction

To determine whether the disruption of this interaction is able to incapacitate cells, a TPR
peptide was created, modelled on the binding interface between Hop and Hsp90. This peptide
was designed by Horibe et al. (2011) and named hybrid antp-TPR peptide. The structure of this
peptide included the highly conserved Lys (301) and Arg (305) residues of the TPR2A domain
to enable it to compete for the interaction with Hsp90. In addition, it was attached to a
membrane permeable peptide sequence derived from the membrane penetrating Antennapedia
homeodomain protein (Antp) to facilitate its entry into cells. It was found that it inhibited the
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Hsp90 and Hop interaction specifically, as the peptide did not inhibit the Hsp70/Hop
interaction. Inhibition of the binding of Hsp90 to Hop in turn prevented Hsp90 from being able
to bind to its client proteins such as survivin, CDK4 and Akt. This prevented them from being
able to fold properly and ultimately lead to cell death via apoptosis (Horibe et al., 2011). The
use of this peptide furthermore did not increase the concentration of Hsp70 in the cell, which
potentially means the cell is not compensating for the loss of Hsp90’s heat shock ability. This
peptide is also cheap to manufacture and does not seem to have any toxic side effects (Horibe
et al., 2011). Importantly, the peptide inhibited the growth of a panel of different cancer cell
lines with 1Cso values in the range 19 — 66 uM, but not non-cancerous cell lines, and also

reduced tumour growth in a mouse model of pancreatic cancer.

It has also been shown that the C-terminus of Hsp90 can be allosterically altered using
sansalvamide derivatives, hindering Hsp90 interaction with cochaperones including Hop,
FKBP38 and FKBP 52 and producing toxicity against HeLa and HCT-116 cancer cell lines in
a 5 — 50 uM concentration range (Kunicki et al., 2011; Ardi et al., 2011; Vasko et al.,2010).
An additional small molecule capable of disrupting Hsp90-Hop interaction is 1,6-dimethyl-3-
propylpyrimido[5,4-e][1,2,4]triazine-5,7-dione (C9) which binds to the TPR2A domain of
Hop. It was found to be toxic to breast cancer cell lines with ICsp values of 1 — 2 pM, but not
to non-cancerous fibroblasts (Pimienta et al., 2011). Unlike compounds that inhibit the N-
domain ATPase activity of Hsp90, the Hsp90-Hop inhibitors do not appear to cause an
upregulation of compensatory heat shock proteins to the same extent. Therefore, novel
compounds that block the Hsp90 and Hop interaction could optimistically produce cancer

therapeutics.

13



1.4 MOLECULAR CHAPERONES IN MALARIA

1.4.1 Heat shock proteins in malaria

The P. falciparum parasite cycles between a poikilothermic mosquito vector and a
homoeothermic human host during its life cycle, experiencing up to a 10°C difference in
temperature. The parasite also experiences heat shock stress when the patient suffering from
malaria undergoes febrile episodes. The parasite undergoes repeated cycles of rapid cell
growth in all its life-cycle stages, generates large amounts of lactic acid which could contribute
to acidosis and is thought to experience extensive oxidative stress due to the host immune
defences and the generation of reactive oxygen species by haem liberated during haemoglobin
digestion (Shonhai, 2010; Maitland and Newton, 2005; Bozdech and Ginsburg, 2004).
Moreover, the parasites exports hundreds of proteins (the secretome) across its cell membrane
into the host erythrocytes and this trafficking likely involves chaperones, similar to the
requirement for chaperones in translocation into other organelles (e.g. ER and mitochondria)
(Przyborski et al., 2016). Therefore, like cancer cells, Plasmodium falciparum is thought to
depend on a network of heat shock proteins to protect its proteome against these cell stresses,
in order to survive and to sustain the resulting pathogenesis. It may therefore not be surprising
that as much as much as 2% of the parasite genome encodes chaperones and abundant

representatives of all the main chaperone classes are present (Acharya et al., 2007).

1.4.2 PfHsp90

There are two genes in the P.falciparum genome that are able to express PfHsp90, however
only one gene expresses Hsp90 with an EEVD motif which is capable of binding to co-
chaperones (Pavithra et al., 1993). Pfhsp90 shares a 64% sequence identity with human Hsp90
(hHsp90), with the most highly conserved domain (75% sequence identity) being the ATP
binding N terminus. The main difference between Pfhsp90 and hHsp90 is the charged linker

region adjacent to the N-terminal ATP binding pocket. This region is thought to regulate ATP

14



binding (Vaughan et al., 2006). PfHsp90 has been shown to be present in the ring, trophozoite
and the schizont blood stages and has been found to be essential to the survival of the parasite.
It furthermore plays a role in the invasion of the red blood cell and once inside the erythrocyte,
the parasite also appropriates the erythrocyte’s endogenous Hsp90 machinery for its own use
(Banumathy et al., 2002). It begins to synthesize and deploy proteins to the erythrocyte cytosol
and plasma membrane in order to establish nutrient import mechanisms and secretory apparatus
leading to the resulting pathogenesis of the parasite (Banumathy et al., 2002). It has been shown
using mass spectrometry that PfHsp90 is found in complexes with PfHsp70 and the TPR-rich
protein PfPP5 (Dobson et al., 2001), supporting the probability that PfHsp90 acts in the same
way as hHsp90. This is supported by additional studies reporting the interaction of PfHsp90
with malaria homologues of human Hsp90 co-chaperones — PfAhal, Pfp23, PfFKBP35 and
PfHop (Alag et al., 2009; Chua et al., 2012; Chua et al. 2010; Gitau et al., 2012). When
inhibition studies were performed with geldanamycin, a well-known Hsp90 inhibitor, the
survival rates of parasites were severely compromised, presenting PfHsp90 as a potential novel
drug target for new antimalarials (Banumathy et al.,, 2002). Geldanamycin and the
geldanamycin derivative 17AAG inhibited parasite growth with very good potencies (ICso
values of 25 nM and 160 nM, respectively) and 17AAG also significantly inhibited parasite

growth at 50 mg/kg in a P. berghei mouse model of malaria (Pallavi et al., 2010).

1.4.3 PfHop

Due to the fact that Pfhsp90 and PfHsp70 play essential roles in the development and function
of the parasite, it is thought that they are likely to interact with each other and that they bind to
a co-chaperone to aid in this interaction. Like human cells, there is a Hop homologue (PfHop)
present in Plasmodium falciparum, with well conserved Hsp-binding amino acids in its TPR1
and TPR2A domains (Acharya et al., 2007). The less well conserved segments on either side

of the TPR domains can influence the overall conformations of the helical turns of the TPR
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domains, therefore giving each Hop from different species unique structural features
(D’Andrea and Regan, 2003). PfHop is predominately found in the cytosol during the
trophozoite stage of the malarial life cycle (Gitau et al., 2011). It was shown using co-
immunoprecipitation assays, size exclusion chromatography and immunofluorescence co-
localisation microscopy that the homologues PfHsp90, PfHsp70 and PfHop all interacted in
complexes in the cytosol (Gitau et al., 2011). Blocking chaperone-co-chaperone interaction has
been shown to be effective when pyrimidinones exhibited anti-malarial activity by inhibiting
Hsp70/Hop interaction (Shonhai, 2010). Therefore, drugs that can block this P-PI can be

considered for alternative anti-malarial therapies.

1.5 PROBLEM STATMENT

The interaction between the chaperones Hsp90 and its co-chaperone Hop has the potential to
be a drug target in both mammalian cells and parasites. Therefore, to be able to find small drug
molecules that can potentially inhibit the interaction between these two proteins, the protein-
protein interaction needs to be reproduced in an in vitro assay format that involves as few steps
as possible and produces a robust signal that can be read by a plate reader. There is an existing
high throughput assay that has been developed for Hsp90 and Hop using AlphaScreen
technology (Yi et al., 2009). The assay uses specific acceptor and donor beads attached
respectively to a peptide corresponding to the C-terminal 20 amino acids of Hsp90 and to the
TPR2A domain of Hop. Excitation of oxygen using a high-energy laser results in light emission
by the donor beads which in turn stimulates fluorescence in the acceptor beads when the beads
are in close proximity due to Hsp90-Hop interaction. Since the assay uses purified protein
fragments it doesn’t account for the ability of compounds to transverse cell membranes and
inhibit the interaction in a cellular context. Besides the necessity of attaching the protein
interaction partners to the reporter beads, another disadvantage of AlphaScreen Technology is
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that it requires a high energy laser source. This is not adaptable to all plate readers which makes
this technology more limited than other luminescent technologies (Yasgar et al., 2016).
Therefore, the aim of this project was to explore alternative protein-protein interaction assay
formats that could potentially be implemented to screen compounds for Hsp90-Hop inhibitors,

with a particular emphasis on the P. falciparum proteins.

1.6 TYPES OF PROTEIN-PROTEIN INTERACTION ASSAYS

As protein protein-interactions have to been shown to be crucial to normal cell function and
potential drug targets for a variety of diseases including cancer and malaria, it is important to
be able to perform experiments that can detect these interactions. Up to date there have been

many successful ways to detect protein-protein interactions, some of which are discussed here.

Protein affinity chromatography is a procedure in which one protein is covalently bound to a
resin or beads and allowed to bind to other proteins. Bound proteins can be eluted with high
salt concentration solutions or denaturants (Ratner, 1974). Bound proteins can subsequently be
identified by mass spectrometry or western blotting (if antibodies to anticipated interaction
partners are available). An alternative to covalently coupling the “bait” protein to a resin is to
use a bait protein fused to an affinity tag (e.g. glutathione-S-transferase) to allow it to non-
covalently attach to affinity resins (e.g. glutathione-agarose). The advantage of this method is
that it is highly sensitive and can detect weak interactions, each protein in the extract has equal
opportunity to bind to the resin and, using this method, one is able to determine specific
domains or residues responsible for protein binding by introducing mutations in the bait protein
attached to the resin (Phizicky and Fields, 1995). However, for this procedure to work, the
protein purity and concentration of the bait protein and concentration of lysate proteins need to
be high. The interaction assay often needs to be repeated in vitro or in vivo with alternative

interaction assay formats to confirm that the proteins are actually interacting.
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Affinity blotting is similar to western blotting, however, instead of binding to an antibody, the
bait protein immobilised on the nitro-cellulose membrane binds to other labelled proteins,
peptides or ligands. As with affinity chromatography, the membrane-immaobilised protein can
also be incubated with cell lysates in an attempt to identify interaction partners. However, the
procedure requires the re-folding of the bait protein immobilised on the blot which may not

always be successful, preventing the detection of interactions.

Co-immunoprecipitation is one of the most widely used methods to detect protein-protein
interactions. It uses bait protein specific antibodies immobilised on beads to indirectly purify
proteins that bind to the bait protein in a cell lysate. However, all protein-protein interaction
assays may yield ‘false positives’. To ensure that the identified interaction is accurate and that
any resulting protein interaction is actually taking place in the cell and not an artefact of cell

lysis or non-specific binding, further experiments need to be performed.

The above-mentioned assay formats are some of the useful in vitro methods for identifying the
interaction partners of a particular bait protein in cell lysates. Cell-based methods for detecting
or confirming the interaction of two particular proteins include fragment complementation
assays in which the one interaction partner is fused to one half of a reporter protein and co-
expressed in cells with the second interaction partner fused to the other half of the reporter.
Interaction of the proteins restores the function of the reporter. An example of a reporter used
in this fashion is green fluorescent protein (GFP) — interaction partners are fused to the N- and
C-terminal domains of GFP respectively and expressed in cells (usually E. coli). Protein
interaction re-constitutes GFP fluorescence (the “split-GFP” assay; Wilson et al., 2004). This
assay format was recently used to explore the interactions of the C-terminal domains of

PfHsp70 and PfHsp90 and the TPR domains of PfHop (Zininga et al., 2015).
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A celebrated cell-based protein-protein interaction assay is the 2-hybrid assay, typically
performed in yeast. In a classical 2-hybrid approach, one of the proteins of interest is attached
to the DNA binding domain (BD) of a transcription factor and the other protein is attached to
a transcription activation domain (AD) (Fields and Song, 1989). Upon expression of the
respective fusion constructs in yeast cells, the DNA binding domain attaches to an activation
sequence which is upstream from a promoter controlling the expression of a reporter gene. The
interaction of the two proteins of interest recruits the activation domain, forming a functional
transcriptional factor. RNA polymerase can then be recruited and the reporter gene downstream
of the promoter will be transcribed and expressed (Fields and Song, 1989). The reporter gene
encodes a protein whose function provides a simple readout, e.g. firefly luciferase, B-
galactosidase or URA3 (Orotidine 5’-phosphate decarboxylase). The 2-hybrid assay is widely
used as it is easy to employ, relatively inexpensive, it can detect protein-protein interactions in
vivo and can be adapted for high-throughput assays (Fields and Song, 1989). One of the main
disadvantages of the assay is the occurrence of false positives due to non-specific interactions
and some weak interactions are not always detected by this assay (Bruckner et al., 2009). In
addition, if the interaction cannot take place in the nucleus (where the reporter gene is

transcribed), this could result in false negatives.

Performing co-localisation with fluorescence microscopy is occasionally used to provide
supporting evidence for the interaction of two or more proteins. The two proteins that might be
interacting are expressed in cells attached to fluorescent proteins with separate emission
wavelengths (GFP and variants of DsRed are usually used; Piston and Kremers, 2007).
Alternatively, the proteins may be detected using primary antibodies raised in different species
of animals and secondary antibodies conjugated to separate fluorophores. However, this
requires cell fixation and precludes live cell microscopy. Using a fluorescence (or, ideally,
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confocal) microscope, images taken at different wavelengths corresponding to the
excitation/emission wavelengths of the fluorophores are merged with each other to determine
if there is any overlap in fluorescence which may indicate co-localisation of the two proteins
(depending on the nature of the fluorophore and resolution). Co-localisation, in turn, may be
used as supporting evidence for interaction in the context of a living cell. Although the
resolution achievable with fluorescence microscopy is constantly being refined, typically it is
several hundred nanometres while proteins are only a few nanometres in size. Therefore
fluorescence microscopy can only determine if the proteins are in proximity, not necessarily if
they are interacting. Electron microscopy has a higher resolution, however labelling is difficult
and this type of microscopy can only be performed on fixed and resin embedded cells
(D’ Amico and Skarmoutsou, 2008). To overcome these limitations, Forster Resonance Energy
Transfer (FRET) and Bioluminescence Resonance Energy Transfer (BRET) are used. Both
these techniques can be used in live cells, are designed to directly detect protein-protein
interactions and can be adapted to be used in high-throughput screening for use in drug

discovery (Boute et al., 2002).

1.6.1 FRET and BRET assays

FRET and BRET assays have already proven useful in high-throughput drug screening to find
inhibitors of protein-protein interactions (Couturier and Deprez, 2012), in addition to being
used for monitoring intracellular calcium ion levels (Zhang et al., 2002), testing for protein
kinase activity (Ting et al., 2001) and drug discovery aimed at G protein-coupled receptors

(Milligan, 2004).

1.6.2 FRET assays

To perform a FRET assay, appropriate donor and acceptor fluorescent molecules are attached
to the proteins of interest. If the two proteins interact with each other, the energy flows from
one fluorescent molecule (the donor) to the other (acceptor) by non-radiative transfer (Forster,
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1948). This transfer will only occur if the distance separating the proteins is less than 100A and
if there is sufficient overlap between the emission spectrum of the donor molecule and the
excitation spectrum of the acceptor molecule (Piston and Kremers, 2007). The effectiveness of

the assay depends on the inverse of power to the sixth of distance between and the alignment

1
6
1(re)

r=distance between donor and acceptor, Ro=distance at which the energy transfer efficiency is

of dipoles in the both the donor and acceptor: ( E = ), where E=FRET efficiency,

50%. Therefore, slight changes in distance and orientation of the fluorophores can have a large
effect on the signal (Milligan, 2004). Consequently, the closer and better aligned the two
fluorophores are the higher the FRET efficiency, leading to an improved detection rate (Piston
and Kremers, 2007). These parameters make FRET a practical assay to determine protein-
protein interactions in a high throughput format. The assay can be performed in vitro using
purified proteins attached to compatible donor and acceptor fluorophores. However, fusion of
the interacting proteins to donor and acceptor fluorescent proteins and their co-expression in
cells allows for the detection of protein interactions in live cells by fluorescence microscopy or

using a fluorimeter or fluorescence plate reader.

1.6.3 Limitations of the FRET assay

There are limitations with FRET assays which can theoretically lead to the assay being misread
and the results being misinterpreted. To perform a FRET assay in a fluorimeter or plate reader,
the sample is illuminated using the excitation wavelength of the donor fluorophore and the
fluorescence emission measured at the emission wavelengths of the donor and acceptor
fluorophores, respectively. The FRET signal is obtained by the ratio of the acceptor/donor
fluorescence emissions. The assumption is that the acceptor fluorescence emission is due to its
excitation by the donor fluorophore emission. Close proximity of the fluorophores (due to the

interaction of the attached proteins) thus yields higher FRET signals. The two main concerns
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are using donor and acceptor fluorophores of different quantum yields (brightness) and cross-
talk and bleed-through between the two fluorophores. Cross-talk occurs when the acceptor
fluorophore is excited by the wavelength chosen to excite the donor fluorophore, leading to
misleading results. Bleed-through occurs when either or both of the fluorophores have broad
emission spectra, thus leading to the detection of donor emission at the acceptor emission
wavelength or vice versa (Chen et al., 2006). This can be exacerbated if one of the fluorophores
has a higher quantum yield than the other. Therefore, choosing the correct FRET pair of
fluorophores is crucial. When using fluorescent proteins (FPs) as the FRET pair, the parameters
that need to be met are as follows: the FPs should not be too large — larger FPs means the
photons from the donor have to travel a longer distance to reach the acceptor, thus decreasing
FRET efficiency, while also increasing the risk that fusion to the interaction partners
compromises the affinity of the interaction; the excitation and emission spectra cannot be too
wide, to reduce the occurrence of bleed-through; there has to be minimal interaction between
the FPs to ensure that FRET signals obtained reflect interaction of their respective fusion
partners; brighter FPs are preferable due to better detection of the signal (Piston and Kremers,

2007).

For this project, the donor fluorophore used was cyan fluorescent protein (CFP) and the
acceptor was yellow fluorescent protein (YFP). Although this FRET pair still has cross-talk
and bleed-through it is considered an optimal pair (Kremers et al., 2006). CFP absorbs lights
optimally at 425 nm and emits light at 485 nm, while YFP absorbs light at 485 nm and emits
light at 535 nm. The FRET assay is thus performed by reading the fluorescence using
excitation/emission wavelengths of 425 nm/485 nm (CFP) and 425 nm/535 nm (YFP) and

calculating the YFP/CFP emission ratios
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1.6.4 BRET assays

Bioluminescence resonance energy transfer (BRET) is another method widely used to monitor
protein-protein interactions. It involves resonance energy transfer between a bioluminescent
donor and a fluorescent acceptor (Xie et al., 2011). Since the donor emits photons intrinsically,
fluorescence excitation is unnecessary, therefore BRET avoids some of the problems
associated with fluorescence resonance energy transfer (FRET), such as photobleaching, auto-
fluorescence and direct excitation of the acceptor fluorophore (Xie et al., 2011). To perform a
BRET assay, the two proteins of interest are fused to an energy donor (a luciferase
bioluminescent enzyme) and an energy acceptor (fluorescent protein). If the proteins come into
close proximity to each other (up to 100A), a non-radiative transfer of energy from the excited
state luciferase energy donor to the fluorescent protein acceptor occurs after addition and the
subsequent oxidation of the luciferase substrate (Wu and Brand, 1994). Similar to the FRET
assay, BRET signals are calculated as the ratio of acceptor to donor emissions. The most
common BRET pair and the pair that was used in this study is Renilla luciferase (Rluc), which
oxidizes the substrate coelenterazine and emits photons at 475 nm, and yellow fluorescent
protein (YFP) as the energy acceptor (Pfleger and Eidne, 2006). This BRET pair has the
advantage of higher quantum yields and therefore higher sensitivity to aid in signal detection
(Gersting et al., 2012). To perform a BRET assay, coelenterazine is added to the sample and
the emission of Rluc (475+/-30nm) and YFP (535+/-30nm) is recorded using a spectrometer
and the ratio is calculated (Pfleger and Eidne, 2006). As with the FRET assay, the BRET assay
can be used to detect protein interactions in live cells by co-expressing the respective Rluc and

YFP fusion proteins in cells.

As stated in the problem statement (section 1.5), the overall aim of this project was to explore
assay formats that can be used, firstly, to detect Hsp90-Hop interactions and, secondly, are

plate-based to facilitate screening of compound collections for inhibitors of the interaction.
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FRET and BRET assay formats were chosen since they enable the detection of protein
interactions in live cells, thus more closely mimicking the endogenous Hsp90-Hop interaction
for screening purposes. The P. falciparum Hsp90 and Hop proteins were focused on with anti-
malarial drug discovery in mind, but mammalian Hsp90 and Hop was included in the study for
two reasons: to act as a control for inhibitor specificity during compound screening
experiments; to attempt to establish an assay that can alternatively be used for potential anti-

cancer compound screening. To achieve the aims, the following objectives were pursued:

1) Preparation of mammalian cell expression plasmid constructs suitable for FRET and BRET
assays. This involved cloning experiments to fuse the coding sequences of YFP to human
Hsp90 and P. falciparum Hsp90 as well as their C-terminal domains and to fuse Renilla
luciferase and CFP sequences to murine Hop and P. falciparum Hop as well as their TPR2A
domains in a mammalian expression plasmid (pEGFP-C1) backbone.

2) Culturing and transient transfection of HelLa cells in 96-well plates with the expression
constructs to determine if the respective Hsp90-Hop interactions (full-length Hsp90-Hop

and C-domain-TPR2A domain) can be detected using FRET or BRET assays.

To simplify the assay format and improve compound screening throughput, an additional in
vitro protein-based FRET assay format was explored for detecting the interaction of the Hsp90
C-terminal domains and Hop TPR2A domains. To enable this, the following objectives were

pursued:

1) Preparation of E. coli plasmids for the expression of His-tagged proteins. This involved
cloning experiments to insert coding sequences of the human and P. falciparum C-terminal
domains fused to YFP and murine and P. falciparum TPR2A domains fused to CFP in a

pET-28a plasmid backbone.
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2) Small scale expression experiments to determine the extent to which the respective fusion
proteins were expressed in a soluble form in E. coli.

3) Large scale expression and purification of the recombinant proteins using Ni-NTA affinity
chromatography.

4) Using the purified proteins to perform FRET assays in 96-well plates to determine if the

respective P. falciparum and mammalian domain interactions can be detected.
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CHAPTER 2
METHODS

2.1 PREPARING PLASMID CONSTRUCTS

2.1.1 Primers, plasmids and cloning strategies (Additional details in Appendix I)

This study required the preparation of four sets of expression plasmid constructs. Three of

these were required for the HeLa cell FRET and BRET assays:

1)  pCFP-mHop, pCFP-PfHop, pCFP-mTPR2A, pCFP-PfTPR2A
2)  pRluc-mHop, pRIluc-PfHop, pRIuc-mTPR2A, pRIuc-PfTPR2A

3)  pYFP-hHsp90, pYFP-PfHsp90, pYFP-hCdom, pYFP-PfCdom

The pCFP, pRIucand pYFP plasmid backbones contain the coding sequences of cyan fluorescent
protein (CFP — Cerulean variant), Renilla luciferase (Rluc) and yellow fluorescent protein (YFP
— Venus variant) respectively, upstream of the multiple cloning site of the mammalian
expression plasmid pEGFP-C1 (ClonTech). The plasmids were previously prepared (H.C.
Hoppe, unpublished) and donated for this study by PCR amplifying the respective coding
sequences from pCerulean N1 (CFP; Addgene plasmid 27795), pBIND (Rluc; Promega) and
pISH-Venus (YFP; Addgene plasmid 15865) and using them to replace the EGFP sequence
between the Agel and Bglll sites of pEGFP-C1. Two additional constructs donated for this
study were FRET and BRET positive controls (pFRET, pBRET) containing, respectively, the
CFP sequence cloned into the Kpnl/BamHI sites downstream of the YFP sequence in pYFP
and the YFP sequence cloned into the Kpnl/BamHI sites downstream of Rluc in pRluc, thereby

creating YFP-CFP and Rluc-YFP fusion constructs.

The coding sequences of murine Hop (mHop; Mus musculus stress-induced phosphoprotein 1;
NCBI reference sequence NM_016737.2), the murine Hop TPR2A domain (mTPR2A; amino

acids 223 — 352), P. falciparum Hop (PfHop; PlasmoDB reference number PF3D7_1434300)
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and the PfHop TPR2A domain (PfTPR2A amino acids 233 — 367) had previously been cloned
(H.C. Hoppe) into the Sall and Xbal sites of the mammalian 2-hybrid plasmid pACT (Promega;
GenBank accession number AF264723) and made available for this study. Also donated for
this study by H.C. Hoppe were the coding sequences of the human Hsp90 a isoform (hHsp90;
Homo sapiens HSP90AB1; NCBI reference sequence NM_001271969.1), P. falciparum
Hsp90 (PfHsp90; PlasmoDB reference number PF3D7_0708400), human Hsp90 C-terminal
domain (hCdom; amino acids 629-724) and PfHsp90 C-terminal domain (PfCdom; amino
acids 656 — 744) cloned into the Sall and Xbal sites of the mammalian 2-hybrid plasmid pBIND
(Promega; GenBank accession number AF264722). The P. falciparum PfHsp90 and PfHop

sequences had previously been codon-optimised for expression in human cells by Genscript.

To prepare the pCFP and pRIuc constructs listed above (construct sets 1 and 2), the Hop and
TPR2A domain sequences were excised from the corresponding donated pACT plasmids with
Kpnl and Sall and cloned into the Kpnl/Xhol sites of pCFP and pRIluc (this study). To prepare
the pYFP constructs (construct set 3), the donated pBIND plasmids were used as templates to
PCR amplify the Hsp90 and C-domain sequences (primers listed in Table 1, below), digest the
PCR products with BamHI and Xhol and clone them into the BamHI/Xhol sites of pYFP (this

study).

A fourth set of plasmid constructs was required for expressing recombinant YFP- and CFP-
fusion proteins in E. coli for the exploration of an in vitro FRET assay:

4)  pET-YFP-hCdom, pET-YFP-PfCdom, pET-CFP-mTPR2A, pET-CFP-PfTPR2A.
The E. coli expression plasmid pET-28a (+) (Novagen), which contains a histidine tag-coding

sequence upstream of the multiple cloning site, was used as the target plasmid for these

constructs. The coding sequences of YFP fused to the N-termini of the C-terminal domains of
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human Hsp90 and PfHsp90 (YFP-hCdom, YFP-PfCdom) and CFP fused to the N-termini of
the TPR2A domains of murine Hop and PfHop (CFP-mTPR2A, CFP-PfTPR2A) were PCR
amplified from the corresponding mammalian pCFP and pYFP FRET expression plasmids
(plasmid sets 1 and 3) described above, digested with Nhel and Xhol and cloned into the
Nhel/Xhol sites of pET-28a. An additional negative control plasmid (pET-YFP) was prepared
by PCR, amplifying the YFP sequence from pYFP and cloning it into the Nhel/Xhol sites of

pET?28a.

Primers used for preparing the constructs in set 3 (pYFP constructs) and set 4 (pET constructs),
the pET-YFP negative control, as well as primers used for verifying the cloning of hHsp90 and
PfHsp90 C-domain constructs, are listed in Table 1. Primers were synthesised by Integrated
DNA Technologies®, USA, and supplied as lyophilized preparations at a 25 nmol scale.
Primers were reconstituted in Tris-EDTA (TE) buffer solution (10 mM Tris-HCI, 1 mM EDTA,

pH 8.0) to create a 100 uM stock concentration.
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Table 1: Constructs, primers and templates used in this project.

Restriction sites are

underlined in the primer sequences and include BamHI and Xhol for the pYFP constructs and
Nhel and Xhol for the pET constructs

Construct Template Forward primer Reverse primer
pYFP-hCdom | pBIND- 5’-AATGGGTCGCGGATCC 5’-GGTGGTGGTGCTCGAG
hHsp90 AACCCTGACCACCCCATTGT | CTAATCGACTTCTTCCATC
G-3’ GGAGAC-3’
pYFP-PfCdom | pBIND- 5’-ATTGGGTCGCGGATCC 5’GGTGGTGGTGCTCGAG
PfHsp90 GAGATTAACGCAAGACAC TCAATCGACTTCCTCCAT
CCC-3 CTTGCTATC-3’
pYFP-hHsp90 | pBIND- 5’CACCTCGAG 5’GGTGGTGGTGCTCGAG
hHsp90 AGATGCCTGAGGAAGTG-3> | TCAATCGACTTCCTCCAT
CTTGCTATC-3’
pYFP- pBIND- 5’CACCTCGAG 5’-CACGGATCC
PfHsp90 PfHsp90 AGATGTCCACTGAGACTT-3> | TCAATCGACTTCCTCCAT-3’
Verifying pYFP- 5’CAGCCATATGGCTAGC 5’GGTGGTGGTGCTCGAG
pYFP-hCdom | hCdom ATGGTGAGCAAGGGCGA TCAATCGACTTCCTCCAT
GGAG 3’ CTTGCTATC-3’
Verifying pYFP- 5’CAGCCATATGGCTAGC 5’GGTGGTGTTGCTCGAG
pYFP-PfCdom | PfCdom ATGGTGAGCAAGGGCGA CTAATCGACTTCTTCCAT
GGAG 3’ GCGAGAC-3’
PET-YFP pYFP 5’CAGCCATATGGCTAGC 5’GGTGGTGGTGCTCGAG
ATGGTGAGCAAGGGCGA TTACTTGTACAGCTCGT
GGAG 3’ CCATGCCG 3’
PET-YFP- pYFP- 5’CAGCCATATGGCTAGC 5’GGTGGTGGTGCTCGAG
hCdom hCdom ATGGTGAGCAAGGGCGA CTAATCGACTTCTTCCAT
GGAG 3’ GCGAGACG 3’
PET-YFP- pYFP- 5’CAGCCATATGGCTAGC 5’"GGTGGTGGTGCTCGAG
PfCdom PfCdom ATGGTGGCAAGGGCGAG TCAATCGACTTCCTCCAT
GAG ¥’ CTTGC 3’
pET-CFP- pCFP- 5’CAGCCATATGGCTAGC 5’"GGTGGTGGTGCTCGAG
MTPR2A MTPR2A ATGGTGAGCAAGGGCGA TTACAAGCGCTCCTGTT
GGAG ¥’ CCTTCAG 3’
pET-CFP- pCFP- 5’CAGCCATATGGCTAGC 5’GGTGGTGGTGCTCGAGT
PfTPR2A PfTPR2A ATGGTGAGCAAGGGCGA TACTCTTTCTCCTTGCGCC
GGAG 3’ TTTCCAG 3’
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2.1.2 Polymerase chain reaction (PCR)

PCR was performed using a hot-start protocol with 5 x KAPA HiFi buffer, KAPA dNTP mix
(0.2 mM), DNA template (0.5 pl purified plasmid), primers (3 uM) and 0.5 units of HiFi DNA
polymerase (KAPA). The total volume was made up to 50 pl with water. Prior to initiating the
PCR cycle, the sample was heated at 94°C for two min, followed by the addition of the DNA
polymerase. The following PCR cycle was used:

94°C 0:40 min (denaturation phase)
60-64°C 0:45 min (annealing phase)
70°C 2:00 min (extension phase)

The cycle was repeated 30 times, with one final extension step of 5:00 min at 70°C. After
agarose gel analysis (section 2.1.5 below), the PCR product was purified using a Nucleospin
Gel and PCR Clean-up kit (Macherey-Nagel) according to the manufacturer’s instructions in

preparation for restriction digestion.

2.1.3 Alkaline lysis plasmid miniprep

To purify plasmids from E. coli cultured from a glycerol stock or from a colony on a plate, an
alkaline lysis plasmid miniprep was performed. A scraping of the glycerol stock or a picked
colony was placed in 5 ml LB broth with appropriate antibiotic (50 pg/ml ampicillin or
kanamycin) and grown up with shaking overnight at 37°C. The E. coli cells were pelleted in a
microfuge tube at 3099xg for three min and the pellet was re-suspended in 100 ul GTE buffer (30
mM glucose, 25 mM Tris, 10 mM EDTA, 10 pg/ml RNase, pH 8.0).
A volume of 200 pl NaOH/SDS lysis solution (0.2 N NaOH, 1% (w/v) SDS) was added, the tube
agitated to ensure complete cell lysis and 150 pl 5 M potassium acetate was subsequently added
and mixed thoroughly. This mixture was centrifuged at 15458xg for five min, 400 pl of the

supernatant was removed and placed inafresh microfuge tube, 800 ul absolute ethanol was added
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and the DNA was pelleted at 15458xg for six min. The pellet was washed using 70% ethanol and

air dried before it was dissolved in 50 pl water.
2.1.4 Restriction digestion

ThermoFisher Scientific FastDigest™ enzymes were used for all restriction digests of PCR
products and plasmids. Reactions were carried out in a total volume of 25 ul containing 1 unit
of each enzyme, 10 pul of the PCR product or the plasmid miniprep,
2.5 ul 10X ThermoFisher Scientific FastDigest buffer and the balance made up with milliQ

water. All digestion reactions were incubated at 37°C for two h.

2.1.5 Agarose gel electrophoresis

To prepare an 0.8% agarose gel, 0.4 g of SeaKem® LE Agarose (Lonza) was dissolved in 50
ml of TBE buffer (0.277 M Tris, 0.22 M boric acid, 0.013 M EDTA) by briefly heating the
mixture in a microwave oven and 12 pg of ethidium bromide (Img/ml stock in water) was
added. The gel was poured into a casting tray and allowed to solidify. Samples were mixed
with sample buffer (TBE buffer containing 30% [v/v] glycerol and 0.25% [w/v] bromophenol
blue) in a 5:1 ratio and applied to the gel along with a 1 kb DNA ladder (New England Biolabs).
The gel was run in TBE buffer at 80 V until the bromophenol blue front had migrated
approximately two thirds of the length of the gel. DNA bands were visualised on a UV
transilluminator and images captured with a ChemiDoc™ XRS+ gel documentation system
(Bio-Rad). For cloming purposes, restriction digested plasmid, insert and PCR product bands
were purified from the gel using a Nucleospin Gel and PCR Clean-up kit (Macherey-Nagel)

according to the manufacturer’s instructions.

2.1.6 Ligation reactions

Ligation reactions were performed, using the restriction-digested and gel-purified plasmids,

inserts and PCR products according to their concentrations determined using a NanoDrop 2000
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spectrophotometer (ThermoFisher Scientific), using a 3-fold molar excess of insert and 200 ng
plasmid. Reactions were carried out in a total volume of 20 ul containing 10 pl 2x ligase buffer

and 1 pl (1 unit) T4 DNA ligase (Promega) and incubated overnight in icy water.

2.1.7 Transforming E. coli cells

2.1.7.1 Preparing competent cells
In this study, XL10-Gold E. coli cells (Stratagene) were used for cloning experiments and

BL21 (DE3) (New England Biolabs) for protein expression.

Untransformed E. coli cells (from a frozen stock) were cultured overnight in 5 ml LB broth at
37°C with shaking. The following day, the 5 ml E. coli suspension was split into two flasks
containing 100 ml LB broth each. These cultures were grown with shaking at 37°C until the
ODsoo reached 0.6-0.8. The cultures were then centrifuged at 3913xg for 10 min to pellet the
E. coli cells. Each of the E. coli pellets was re-suspended in 4 ml RF-1 buffer (0.1 M KCI, 50
mM MnClz, 30 mM potassium acetate, 10 mM CaCl,, 15% [v/v] glycerol, pH 5.8) and
incubated on ice for 20 min. These suspensions were centrifuged at 3578xg for 10 min and the
pellet was re-suspended in 3 ml RF-2 buffer (10 mM HEPES, 10 mM KCI, 75 mM CaCly, 15%

[v/v] glycerol). The suspensions were aliquoted into cryotubes and stored at minus 80°C.

2.1.7.2 Transformation

To transform the E. coli cells, 10 pl of a ligation reaction (or 0.1 pl purified plasmid) was added
to 50 pl of thawed competent cells and mixed gently in a chilled microfuge tube. The mixture
was incubated on ice for 30 min and was then incubated at 42.5°C for 60 seconds. The mixture
was returned to ice for five min. Thereafter, 500 pl LB broth was added to the tube and it was
incubated at 37°C for one hour. An aliquot of 100 pl of this mixture was plated on an LB-agar

plate with 50 pg/ml the appropriate antibiotic and the plate was incubated at 37°C overnight.
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2.2 HELA CELL CULTURING AND TRANSFECTION
2.2.1 Thawing HelLa cells

A cryotube of frozen HeLa cells (Cellonex, South Africa) was removed from a -80°C freezer
and allowed to thaw at room temperature before being transferred to a 15 ml tube containing
10 ml culture medium (section 2.2.3). The suspension was centrifuged at 300xg for three min
to pellet the cells. The supernatant was discarded and the cell pellet was re-suspended in 5 ml
medium and transferred to a T25 flask that was subsequently incubated in a 5% CO, 37°C

incubator.

2.2.2 Cryopreserving HelLa cells

Four ml of Trypsin/EDTA solution (Lonza, Switzerland) was added to a culture flask
containing semi-confluent cells and the flask was returned to the incubator for approximately
five min. The flask was viewed under an inverted light microscope to ensure that the cells had
detached from the bottom surface of the flask. The suspension of cells was transferred to a 15
ml tube and centrifuged at 300xg for three min to pellet the cells. The supernatant was aspirated
off and the cell pellet was re-suspended in 1 ml cryopreservation solution (10% dimethyl

sulfoxide [DMSQ] in fetal bovine serum), placed in a cryotube and stored in a -80°C freezer.

2.2.3 Routine culturing

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 5 mM
L-glutamine (Lonza) supplemented with 10% fetal bovine serum (Biowest) and 1% penicillin,
streptomycin and Fungizone (Lonza) in a 37°C, 5% CO; incubator, When the cells became
confluent, the medium was aspirated, 4 ml Trypsin/EDTA solution was added and the flask
placed in the incubator for approximately five min. The flask was viewed under an inverted

light microscope to ensure that the cells had detached. Most of the cell suspension was then
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aspirated off, leaving only a thin layer in the corners of the flask. Five ml of medium was

added to the flask and it was returned to the incubator.

2.2.4 Plating HelLa cells in 96-well plates

When the HeLa cells in the flask had reached a 60-80% confluency, the medium was aspirated
off, 5 ml trypsin/EDTA was added and the flask was placed in the incubator for approximately
five min. Once the cells had detached from the bottom of the flask, they were pelleted in a 15
ml tube at 300xg for three min. The cells were re-suspended in 5 ml medium. The
concentration of the cells in this suspension was counted using a haemocytometer (Neubauer
chamber), using an inverted microscope. Subsequently, the cells were diluted in medium to a
concentration of 1x10° cells/ml for plating in a 96-well plate. An aliquot of 100 pl of this
diluted suspension was transferred into each well of a 96-well plate, to give a final
concentration of 1x10* cells per well. The plate was placed back in the incubator and incubated

overnight.

2.2.5 Transfection of HeLa cells using Xfect

After the cells had been plated and left overnight, 2.5 g total plasmid DNA was mixed with
Xfect buffer (ClonTech) in a microfuge tube to bring the total volume to 50 pl.
Xfect polymer (0.75 ul) was then added and mixed thoroughly. The mixture was incubated at
room temperature for 10 min, after which 10 pl/well of the mixture was added to the cells in
the plate and the plate returned to the 5% CO2 37°C incubator. The medium containing the
Xfect-DNA mixture was removed from the cells after four h and replaced with 150 ul of fresh

medium. The plate was returned to the incubator and left overnight.
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2.3 PERFORMING HELA CELL FRET AND BRET ASSAYS

2.3.1 FRET assay

The day after the HeLa cells in 96-well plates had been transfected with FRET plasmids using
the Xfect transfection protocol described above (2.2.5), the media was removed from the wells
and replaced with 50 pl phosphate-buffered saline (PBS: 10 mM sodium phosphate, 2.7 mM
KCI, 0.137 M NaCl, pH 7.4). Fluorescence was read in a Spectramax M3 reader (Molecular
Dynamics). The cells were excited at 425 nm and emission was read at 485 nm and 535 nm.
The FRET signal was obtained by dividing the emission at 535 nm by that at 485 nm after

having subtracted background readings obtained from wells of untransfected cells.

2.3.2 BRET assay

As in the case of the FRET assay, the BRET assay was performed the day after transfecting
HelLa cells with BRET plasmids using Xfect. The media in the wells was removed and
replaced with 50 pl PBS containing a 1:50 dilution of Renilla-Glo luciferase assay substrate
(Promega). Luminescence was read using a Spectramax M3 plate reader (Molecular Devices)
at emission wavelengths of 485 nm and 535 nm. BRET signals were calculated from the ratio
of the 535 nm/485 nm readings, after having subtracted background readings obtained from

wells containing untransfected cells.

2.4 PROTEIN EXPRESSION IN E. coli

2.4.1 Small-scale expression

Once the correct pET plasmid constructs had been created, they were transformed into
BL21(DE3) (New England Biolabs) competent E. coli cells using the protocol described above
(2.1.7.2) and plated onto LB plates containing 50 pg/ml kanamycin. The plates were left at
37°C overnight and the resulting colonies were picked and cultured in 5 ml of LB broth
containing 50 pg/ml of kanamycin overnight at 37°C. The next day, the broth was used to
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inoculate two sets of fresh LB broth (5 ml with 50 pg/ml kanamycin) with 1/20" of the pre-
culture which were cultured at 37°C until ODeoo 0.6 — 0.8 was reached. Expression in one of
the cultures was then induced with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG;
Sigma-Aldrich), and the other culture was left un-induced as a control. Both cultures were
incubated for a further 3.5 h at 37°C, after which the cultures were centrifuged at 8050xg for
six min and the supernatant was discarded. The pellets (induced and un-induced) were re-
suspended in 500 ul of PBS buffer and sonicated twice (kept on ice in between sonication
cycles) at 60 Hertz for 30 seconds using a Vibra Cell ™ (Sonic and Materic Inc.). The sonicated
suspensions were centrifuged at 20,000xg for 10 min to separate out the soluble and insoluble
fractions. The soluble fractions (supernatants) were transferred to separate microfuge tubes,
and the insoluble pellets were re-suspended in 500 pl PBS buffer. These fractions were mixed
with 4X SDS-PAGE sample buffer and run on a 12% SDS-PAGE separating gel with a 4%
stacking gel according to Laemmli (1970) (section 2.5 below). The gel was stained with
Coomassie stain for three h and de-stained until the protein bands became clear. The gel was

photographed using a ChemiDoc XRS gel documentation system (Bio-Rad).

Owing to the fact that the pET 28a plasmid displayed “leaky expression” in the BL21 cells and
the proteins appeared to be expressed with and without induction with IPTG, an alternative
control had to be used to confirm the proteins were being expressed. For the control, un-
transformed BL21 E. coli cells were used. A Bradford’s assay (see section 2.4.5 below) was
performed to ensure that the control and the sample had the same protein concentrations before
loading onto the SDS-PAGE gel.

2.4.2 Large-scale protein purification

Transformed BL21 cells were cultured in 5 ml LB broth with 50 pg/ml kanamycin overnight.
The following day, 250 ml of fresh LB broth with 50 pg/ml kanamycin was inoculated with
2.5 ml of the overnight culture. This culture was incubated until ODeoo reached 0.6 — 0.8, ImM
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ITPG was added and culturing continued for a further 3.5 h. The culture was centrifuged at
3913xg for 10 min and the supernatant was discarded. The pellet was re-suspended in 10 ml
lysis buffer (50 mM NaH2POs, 300 mM NaCl, 10 mM imidazole, pH 8) per 1 g of wet bacterial
pellet, lysozyme was added to a final concentration of 1 mg/ml and the suspension was left on ice
for 20 min. The suspension was then sonicated at 60 Hertz for one min using a Vibra Cell™ probe
sonicator and centrifuged at 30678xg for 30 min. The supernatant was poured into a syringe and
filtered using 0.4 um and 0.2 um filters sequentially and a sample was collected for SDS-PAGE
analysis. A Ni-NTA super flow column (Qiagen) was equilibrated with 5 ml lysis buffer, the
cleared lysate was added to the column and a sample of the flow-through was removed for SDS-
PAGE analysis. The column was washed twice with 5 ml lysis buffer and a sample of each wash
was taken for SDS-PAGE analysis. The protein was eluted with 2.7 ml elution buffer (50 mM
NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 8) and a sample removed for SDS-PAGE
analysis. All samples were mixed with SDS-PAGE sample buffer and analysed on 12% SDS-

PAGE gels to determine whether protein purification was successful (section 2.5).

2.4.3 Stripping and re-charging the nickel-NTA column

After elution, the Ni-NTA super-flow column was rinsed with distilled water, stripping buffer
(20 mM sodium phosphate, 500 mM NaCl, 50 mM EDTA, pH 7.4) was applied and allowed
to run through it. The column was rinsed again with water and re-charging buffer (0.1 M
NiSOas) was applied. The column was rinsed a final time in water and stored in 50% ethanol

at 4°C.
2.4.4 Desalting the protein

To remove the excess imidazole from the protein eluted from the Ni-NTA column and perform
buffer exchange, a PD-10 desalting column (GE Healthcare) was washed with 25 ml Tris-

buffered saline (TBS: 50 mM Tris-HCI, 150 mM NaCl, pH 7.5), 2.5 ml of the protein eluate
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was applied to the column and the protein was eluted with 3.5 ml TBS buffer. A Bradford’s

assay was performed to determine the amount of protein present in the sample.

2.4.5 Bradford’s assay

A standard curve was prepared, using serial dilutions of bovine serum albumin (BSA; Roche)
in TBS: 2 mg/ml, 1.5 mg/ml, 1 mg/ml, 0.75 mg/ml, 0.5 mg/ml, 0.25 mg/ml and 0.125 mg/ml.
Five pl of each dilution was added to 250 pl of Bradford Reagent (Sigma-Aldrich) in a 96-well
plate. The plate was left to develop for 10 min and the absorbance was read at 595 nm, using
a Spectramax M3 plate reader. A standard curve of BSA concentration vs. Abssgs was
prepared, using Microsoft Excel. To determine the level of protein in the samples, 5ul of the
sample was added to 250 pl Bradford Reagent, the absorbance was read at 595 nm and the

concentration of protein was determined using the standard curve.

2.5 SDS-PAGE AND WESTERN BLOTTING

2.5.1 SDS-PAGE

To create a 12% resolving gel, a gel sandwich using Bio-Rad Mini-PROTEAN Il casting
components was set up. Four ml of 30% acrylamide (0.3 g/ml acrylamide, 0.008 g/mi
bis-acrylamide in water) was added to 2.5 ml lower gel buffer (1.5 M Tris, 0.01 M SDS, pH
8.8) and 3.5 ml distilled water. To initiate polymerisation, 7ul of tetramethylethylenediamine
(TEMED) and 35 pl of 10% (w/v) ammonium persulfate (APS) was added. The gel solution
was poured into the gel sandwich and a thin layer of isopropanol was added to the top. To
create the 4% stacking gel, 0.7 ml 30% acrylamide was added to 1.25 ml stacking gel buffer
(0.5 M Tris, 0.01 M SDS, pH 6.8) and 3 ml distilled water, followed by the addition of 6 pl
TEMED and 25 pl ammonium persulfate (APS). The isopropanol was removed from the top

of the polymerised resolving gel and the stacking gel solution was poured on top, a well comb
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was added and the gel left to set. Samples were mixed in a 3:1 ratio with 4X SDS-PAGE
sample buffer (5% [v/v] 2-mercaptoethanol, 0.02% [w/v] bromophenol blue, 30% [v/Vv]
glycerol, 10% [w/v] SDS in 250 mM Tris-HCI, pH 6.8), incubated at 95°C for five min and
applied to the gel. The gel was run at a constant voltage of 120 V in a Bio-Rad Mini-PROTEAN
Il apparatus. When electrophoresis was complete, the gel was removed from the apparatus and
incubated in Coomassie stain solution (45% water, 45% methanol, 10% acetic acid and 0.5 g/l
Coomassie  blue R-250) for three h and de-stained using Coomassie

de-stain solution (10% acetic acid, 45% methanol, 45% water).

2.5.2 Western blotting

After having run an SDS-PAGE gel, it was removed from the apparatus and incubated in
transblot buffer (0.025 M Tris, 0.19 M glycine, 10% methanol) for 15 min. The gel was placed
in a Bio-Rad Mini-PROTEAN II transblot sandwich with an Amersham Hybond ECL™
nitrocellulose blotting membrane and transblotted at 90 V for an hour. The membrane was
removed from the sandwich, incubated with Ponceau S stain, (0.1% [w/v] Ponceau S in 1%
[v/v] acetic acid) and de-stained using Ponceau S de-stain (1% acetic acid) to confirm

successful transfer of the proteins.

For probing with antibodies, the blot was incubated in blocking buffer (TBS containing 0.1%
[viv] Tween 20, 1% [w/v] BSA and 2% [w/v] milk powder) and subsequently incubated
overnight at 4°C with the appropriate primary antibody: rabbit anti-actin (Santa-Cruz
Biotechnologies), mouse anti-GFP (Santa-Cruz Biotechnologies) or rabbit anti-Renilla
luciferase (ThermoFisher Scientific) diluted 1000-fold in blocking buffer. The blot was then
washed four times with washing buffer (TBS + 0.1% Tween 20) and incubated with secondary
antibody (goat anti-rabbit-HRP or goat anti-mouse-HRP [Seracare] diluted 1:5000 in blocking
buffer) for one hour at room temperature. The blot was rewashed four times in washing buffer
and the bands were detected using a colorimetric TMB peroxidase substrate (Seracare).
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To detect His-tagged proteins, the HCL Hybond membrane was incubated with blocking buffer
(TBS containing 0.1% Tween 20, 1% BSA, 2% milk powder and 10 mM imidazole) overnight
at 4°C. The next day, HisDetector ™ Nickel-HRP (KPL) (1 in 5000 dilution in blocking buffer)
was added to the blot and it was incubated at room temperature for one hour. The blot was
then washed four times with blocking buffer and the bands visualised by adding TMB

membrane peroxidase substrate (Seracare).

2.6 FRET ASSAY WITH PURIFIED PROTEINS

Fifty pl of each purified protein (YFP-hCdom [1.87 uM], YFP-PfCdom [3.8 puM], CFP-
MTPR2A [5.41 uM], CFP-PfTPR2A [6.4 uM] or YFP [5.28 uM]) was placed in separate wells
of a black 96-well plate. Each protein then underwent a two-fold serial dilution in TBS
containing 0.1% BSA across the 12 wells of the 96-well plate row. The CFP fluorescence was
read using excitation and emission wavelengths of 425 nm and 485 nm respectively, and the
YFP fluorescence using 485 nm and 535 nm in a Synergy Mx plate reader (BioTek). A blank
of buffer without protein was used and the fluorescence value obtained with it subtracted from
the corresponding readings in the wells containing proteins. Each fluorescence value for each
YFP fusion protein dilution was compared to that obtained with the corresponding CFP fusion
protein (i.e., YFP-hCdom with CFP-mTPR2A and YFP-PfCdom with CFP-PfTPR2A). To
prepare for the FRET assay, the proteins were diluted in TBS containing 0.1% BSA to obtain
similar YFP and CFP fluorescence values. To perform the FRET assay, 50 ul of the CFP-
MTPR2A dilution was added to five wells of a 96-well black plate and mixed with 50 ul of
YFP-hCdom and this was repeated for the Pf proteins. Negative control wells contained CFP-
PfTPR2A and YFP and background control wells buffer without protein. This resulted in final
concentrations of 0.12 puM YFP-hCdom + 0.34 uM CFP-mTPR2A, 0.24 uM YFP-PfCdom +
0.41 uM CFP-PfTPR2A and 0.33 uM YFP + 0.41 uM CFP-PfTPR2A). After incubating for
20 min at room temperature, the fluorescence was read at 425/485 nm (excitation/emission

40



wavelengths) and again at 425/535 nm. The average fluorescence values obtained from
background control wells (buffer without protein) were subtracted from the readings obtained
in corresponding experimental wells. The emission values at 535 nm were divided by the

values at 485 nm to obtain the FRET signals.

2.6.1 Inhibiting the PfCdom — PfTPR2A interaction with a TPR2A peptide

Based on a TPR2A peptide described by Horibe, et al. (2011) which contains the human Hop
TPR2A domain amino acid sequence responsible for binding to the C-terminal EEVD motif of
Hsp90, a peptide containing the corresponding PfTPR2A sequence (amino acids 318 — 330:
AKLYNRLAISYIN) was custom synthesized by Genscript (Hong Kong) and prepared as a 1
mM stock solution in DMSO. The YFP-PfCdom protein and the TPR2A peptide were mixed
in a 96-well black plate to yield concentrations of 0.38 uM and 200 uM for the protein and
peptide respectively, in a volume of 50 pl. The plate was left at room temperature rocking on
a MiniMix™ rocker (Enduro™). After 20 min, 50 ul of the CFP-PfTPR2A domain was added
to achieve final concentrations of 0.19 pM YFP-PfCdom, 0.41 pMCFP-PfTPR2A and 100 uM
peptide. The peptide inhibitor was also included in the background and negative control wells
(buffer alone and YFP + CFP-PfTPR2A respectively) and an uninhibited reaction containing
DMSO without peptide was included as a positive control. The fluorescence values were read
at 425/535 nm and 425/485 nm. As before, the FRET signal was calculated by first subtracting
the background control values and dividing the emission readings at 535 nm by those at 485

nm.
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CHAPTER 3

EXPLORING HELA CELL FRET AND BRET ASSAYS TO DETECT HSP90-HOP
INTERACTIONS

3.1 Preparation of FRET and BRET assay plasmids.

To be able to perform FRET and BRET assays, appropriate reporter proteins need to be
attached to the proteins of interest. Therefore, the gene coding sequences of the full-length
mammalian and Plasmodium falciparum Hop and Hsp90 proteins and their respective TPR2A
and C-domains were cloned into the plasmids pRluc, pCFP and pYFP containing the sequences
of Renilla luciferase (Rluc), cyan fluorescent protein (CFP; Cerulean variant) and yellow
fluorescent protein (YFP; Venus variant), respectively. The plasmids enable the mammalian
cell expression of proteins of interest fused at the N-terminus to the reporter proteins (the
plasmids were donated by Prof H. Hoppe and are described in the Methods section 2.1.1. and

Appendix I).

3.1.1 Cloning of the human and malarial Hop and TPR2A sequences in pCFP and
pRIluc.

For this study, the Hop and TPR2A sequences were fused to Rluc (for BRET assays) and CFP
(for FRET assays) respectively. The Hop and TPR2A sequences had previously been cloned
into a pACT plasmid (donated by Prof. H. Hoppe — see Methods section 2.1.1 for a description)
and were used in this study for sub-cloning. The pRIluc and pCFP plasmids were restricted with
the enzymes Kpnl and Xhol and the following pACT plasmids were restricted with Kpnl and
Sall to obtain the coding sequences of Hop and TPR2A: pACT-PfHop (P. falciparum Hop),
pACT-mHop (murine Hop), pACT-mTPR2A (murine TPR2A domain) and pACT-PfTPR2A

(P. falciparum TPR2A domain).
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The restriction digests were run on an 0.8% TAE agarose gel, the coding sequence inserts were
excised, purified and ligated with the restricted pRIuc and pCFP target plasmids, thus creating
8 new constructs (pRIuc and pCFP respectively containing the coding sequences of the full-
length Hop proteins and the TPR2A domains of murine and P. falciparum Hop). The ligation
reactions were used to transform competent E. coli XL-10 Gold cells and plated on LB-
kanamycin agar plates. Selected colonies were picked, cultured overnight and their
recombinant plasmids isolated by alkaline lysis miniprep for diagnostic restriction digests.
Plasmids were digested with BamHI and Bglll to determine if the inserts had ligated into the
plasmid. The expected sizes of the inserts were: mHop: 1629 bp, PfHop: 1692 bp, mTPR2A:
390 bp, PfTPR2A: 430bp. The expected plasmid backbone sizes were: pCFP: 4645 bp, pRluc:
4845 bp. The diagnostic digest results are shown in Fig. 1 and Fig. 2 for the pCFP and pRIluc

constructs, respectively.

Lanel Lane2 Lane3 Lane4 Lane5

Figure 1: Diagnostic digest performed on pCFP fusion constructs. An alkaline lysis plasmid
miniprep was performed on colonies that were cultured overnight to isolate potential pCFP fusion
plasmids. The plasmids were subsequently restricted with the restriction enzymes BamHI and Bglll and
analysed on a 0.8% agarose gel stained with ethidium bromide and viewed using a UV transilluminator.
Lane 1: Marker (1 kb DNA ladder [Promega]), Lane 2: pCFP-PfHop, Lane 3: pCFP-mHop, Lane 4:
pCFP-mTPR2A, Lane 5: pCFP-PfTPR2A.
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Lane 1 Lane 2 Lane 3 Lane 4

Figure 2: Diagnostic digest performed on pRIuc fusion constructs. An alkaline lysis plasmid mini
prep was performed on colonies that were cultured overnight to isolate potential pRluc fusion plasmids.
The plasmids were subsequently restricted with the restriction enzymes BamHI and Bglll and analysed
on an 0.8% agarose gel stained with ethidium bromide and viewed using a UV transilluminator. Lane
1: Marker (1 kb DNA ladder [Promega]), Lane 2: pRluc-PfHop, Lane 3: pRluc-mTPR2A, Lane 4:
PRIuc-PfTPR2A.

With the exception of pRIuc-mHop which was not successfully obtained (not shown), all lanes
contain the expected sizes of inserts present in the plasmid, showing that cloning was

successful.

3.1.2 Cloning hHsp90 and PfHsp90 sequences into pYFP

The coding sequences of human Hsp90 (hHsp90) and P. falciparum Hsp90 (PfHsp90) had
previously been cloned into a pBIND plasmid (donated by Prof. H. Hoppe; described in
Methods section 2.1.1). The plasmids did not contain compatible restriction sites for sub-

cloning the inserts in pYFP, thus a PCR cloning approach was used. The Hsp90 coding
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sequences were PCR amplified from the template plasmids pBIND-hHsp90 and pBIND-
PfHsp90 using forward and reverse primers containing Xhol and BamHI restriction sites
respectively (Fig. 3). The PCR reactions were run on an agarose gel and the appropriate bands
excised, purified and restricted with Xhol and BamHI. Simultaneously, pYFP was restriction
digested with Xhol and BamHI and purified and the PCR products and plasmids were ligated,
used to transform E. coli cells and plated on LB-kanamycin agar plates. The resulting colonies
were propagated overnight, plasmids isolated by alkaline lysis miniprep and a diagnostic
restriction digest was performed using BamHI and Xhol (Fig. 4). The expected sizes of the
hHsp90 and PfHsp90 coding sequences were 2172 bp and 2235 bp, respectively, and 4600 bp

for the pYFP plasmid backbone.

Lane 2

Figure 3: PCR reaction amplifying the hHsp90 and PfHsp90 coding sequences. The PCR products
were analyzed on an 0.8% agarose gel stained with ethidium bromide and viewed using a UV
transilluminator. (A) Lane 1: 1 kb DNA ladder [Promega]), Lane 2: PCR of hHsp90. (B) Lane 1: 1 kb
DNA ladder [Promega]), Lane 2: unrelated sample, Lane 3: PCR of PfHsp90.
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Figure 4: Diagnostic digest performed on pYFP fusion constructs. An alkaline lysis plasmid
miniprep was performed on colonies that were cultured overnight to isolate potential pYFP fusion
plasmids, which were subsequently restricted with the restriction enzymes BamHI and Bglll and
analysed on an 0.8% agarose gel stained with ethidium bromide and viewed using a UV
transilluminator. Lane 1: pYFP-PfHsp90, Lane 2: pYFP-hHsp90.

3.1.3 Cloning hCdom and PfCdom sequences in pYFP

In order to clone the human Hsp90 C-domain (hCdom) and P. falciparum Hsp90 C-domain
(PfCdom) coding sequences into the pYFP vector, a PCR reaction was performed using
forward and reverse primers with Xhol and BamHI restriction sites respectively and the
templates pBIND-hHsp90 and pBIND-PfHsp90 (Fig. 5). Expected amplicon sizes for hCdom

and PfCdom were 290 bp and 273 bp, respectively.
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Lane 1 Lane 2 Lane 3

250

Figure 5: PCR reaction amplifying the hCdom and PfCdom DNA sequences. The PCR reactions
were analysed on an 0.8% agarose gel stained with ethidium bromide and viewed using a UV

transilluminator. Lane 1: marker (1 kb DNA ladder [Promega]), Lane 2: hCdom, Lane 3: PfCdom.

The PCR products were gel purified after restriction with Xhol and BamHI. The vector, pYFP,
was restricted with Bglll and Sall and gel purified and the PCR products and vector ligated.
The ligation reactions were used to transform E. coli cells and plated on LB-agar plates
containing kanamycin. The resulting colonies were picked and cultured overnight, an alkaline
lysis plasmid miniprep was performed and a restriction digest was performed with the
restriction enzymes Agel and Kpnl to determine if the insert had ligated into the plasmid (Fig.
6). The Agel site is upstream of the YFP coding sequence and Kpnl downstream of the Cdom
inserts. The digest should therefore release the YFP sequence fused to the Cdom insert from
the plasmid backbone. This was done since the small sizes of the Cdom inserts complicates
agarose gel analysis. For comparison, the pYFP plasmid was also restricted with Agel and Kpnl
and run alongside the C-domain constructs in the diagnostic agarose gel. Successful cloning of
the C-domain inserts should have resulted in restriction fragments slightly larger than YFP

(990 bp and 1007 bp for YFP-PfCdom and YFP-hCdom respectively; 717 bp for YFP).
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Figure 6: Diagnostic digest performed on YFP C-domain fusion constructs. An alkaline lysis
plasmid miniprep was performed on E. coli cells harbouring potential YFP-C-domain fusion constructs
and subsequently restricted with the restriction enzymes BamHI and Agel and analysed on a 0.8%
agarose gel stained with ethidium bromide and viewed using a UV transilluminator. Lane 1: Marker (1
kb DNA ladder [Promega]), Lane 2: pYFP, Lane 3-4: pYFP-PfCdom, Lane 5-6: pYFP-hCdom.

The digests of the PfCdom plasmids (Fig. 6, lanes 3-4) yielded inserts larger than YFP alone
(Fig. 6, lane 2), suggesting the presence of the PfCdom insert in the plasmids, however the
hCdom inserts (Fig. 6, lanes 5-6) could not be distinguished from YFP alone. A PCR reaction

was subsequently performed to verify the cloning.

The recombinant plasmids obtained from 4 colonies of E. coli transformed with the pYFP-
hCdom ligation reaction and 2 colonies transformed with pYFP-PfCdom were used as
templates. In the PCR reaction, forward and reverse primers were used that annealed to the 5’
end of the YFP sequence and 3’ ends of the Cdom inserts, respectively (Fig. 7). Expected sizes

of amplicons were 1007 bp for YFP-hCdom (Fig. 7A) and 990 bp for YFP-PfCdom (Fig. 7B).

48
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Figure 7: PCR reactions verifying the cloning of pYFP-hCdom and pYFP-PfCdom. The PCR
products were analysed on an 0.8% agarose gel stained with ethidium bromide and visualised with a
UV transilluminator. (A) Lane 1: Marker (1 kb DNA ladder [Promega]), Lane 2-5: PCR reactions of
pYFP-hCdom. (B) Lane 1: Marker, Lanes 2-3: PCR reactions of pYFP-PfCdom.

One plasmid from each of the YFP-hCdom and YFP-PfCdom colonies yielded positive PCR
reactions (Fig. 7A, lane 5; Fig. 7B, lane 3), indicating the presence of the Cdom inserts. Further
confirmation was obtained by sequencing of the purified plasmid multiple cloning sites (Ingaba

Biotech).

In summary, the cloning experiments yielded 11 plasmid constructs for use in mammalian cell

BRET and FRET assays:

pRluc-PfHop, pRIuc-PfTPR2A, pRIuc-mTPR2A (BRET assay);

pCFP-PfHop, pCFP-mHop, pCFP-PfTPR2A, pCFP-mTPR2A (FRET assay);

pYFP-PfHsp90, pYFP-hHsp90, pYFP-PfCdom, pYFP-hCdom (BRET and FRET assay).
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3.2 Performing the BRET assay

To explore whether P. falciparum and mammalian Hsp90-Hop interactions can be detected in
HeLa cells using a BRET assay format, HeLa cells were plated at a density of 1x10* cells in
100 pL medium per well in a Greiner white/clear bottom 96-well plate. The following day cells
were transfected with BRET plasmids using Xfect transfection reagent (Clontech). After 24 h,
the medium was replaced with 50 pL Rluc substrate (coelenterazine reagent, Promega; 1 in100
dilution in PBS) and after a 10 min incubation period, luminescence readings were obtained at
535 nm (YFP stimulated emission) and 485 nm (Renilla luciferase emission) in a Molecular
Devices Spectramax M3 plate reader. Background readings were obtained from wells
containing untransfected cells and subtracted from the other values and BRET signals
calculated as the ratio of the emissions at 535 nm and 485 nm (Fig. 8). As a positive control,
cells were transfected with pBRET — a plasmid containing the YFP coding sequence directly
fused to Rluc (donated by Prof. H. Hoppe; Methods section 2.1.1). Negative control wells were
co-transfected with pRIluc and pYFP (i.e. plasmids containing the respective reporter protein

coding sequences alone).
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BRET signal 535/485

Figure 8: HeLa cell BRET assay using P. falciparum and mammalian Hsp90 and Hop constructs.
HelLa cells were co-transfected with expression plasmids for Rluc-PfHop + YFP-PfHsp90, Rluc-
MTPR2A + YFP-hCdom and Rluc-PfTPR2A + YFP-PfCdom. Emission was measured at 535 nm and
485 nm and the 535 nm/485 nm ratio calculated to obtain BRET signals. Positive control wells were
transfected with pBRET plasmid and negative control wells with pYFP and pRluc plasmids. The
bargraphs show the mean BRET signals + standard deviation for 5 wells (n = 5). *p<0.05 compared to

negative control.

The representative experiment presented in Fig. 8 shows that, while a BRET signal could be
obtained with the positive control (Rluc-YFP fusion), none of the Hsp90-Hop partners yielded
a detectable BRET signal compared to the negative control (YFP and Rluc expressed
separately). The lower signals obtained with the Hsp90/Hop constructs compared to the
negative control may have been due to lower relative expression levels of the YFP fusion
proteins (535 nm emission) vs. the Rluc fusion proteins (485 nm emission), resulting in reduced
535/485 nm ratios. The results suggested that, either the P. falciparum full-length Hsp90 and
Hop proteins and the corresponding C-domain and TPR2A domain don’t interact in HeLa cells,
or the expression levels of the proteins were insufficient to generate BRET signals. The same

applies to the mammalian C-domain and TPR2A domain.
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3.3 Performing the FRET assay

Having failed to detect Hsp90-Hop interactions in HelLa cells using the BRET assay, FRET
assays were performed to determine if it is a more suitable assay format. HeLa cells were plated
at a density of 1x10* cells in 100 uL medium per well in a Greiner white/clear bottom 96-well
plate. The following day cells were transfected with FRET plasmids using Xfect transfection
reagent (Clontech). After 24 h, the plate was read in a Molecular Devices Spectramax M3 plate
reader in well scanning bottom read mode. The medium was replaced with 50 pL PBS and
fluorescence readings were obtained using excitation/emission wavelength pairs of 425 nm/535
nm (YFP stimulated emission) and 425 nm/485 nm (CFP emission). FRET signals were
calculated as the ratio of the 535 nm/485 nm emissions, after subtracting background
fluorescence readings obtained from wells containing untransfected cells (Fig. 9). As a positive
control, cells were transfected with a pFRET plasmid (donated by Prof. H. Hoppe; Methods
section 2.1.1) containing the coding sequence of YFP directly fused to CFP. Negative control
wells were co-transfected with pYFP and pCFP (i.e. the reporter proteins not fused to suspected

interaction partners).
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Figure 9: HeLa cell FRET assay using P. falciparum and mammalian Hsp90 and Hop constructs.
HelLa cells were co-transfected with expression plasmids for CFP-mHop + YFP-hHsp90, CFP-PfHop
+ YFP-PfHsp90, CFP-mTPR2A + YFP-hCdom, CFP-PfTPR2A + YFP-Cdom and YFP + CFP
(negative control), as well as a YFP-CFP fusion (positive control). Fluorescence at 425-535nm
(stimulated YFP emission) and 425-485 nm (CFP) was measured and the 535 nm/485 nm ratio
calculated to obtain FRET signals. Graphs represent the mean and standard deviation of 5 wells per

transfection (n=5). "p<0.05 compared to negative control.

In the representative experiment shown in Fig. 9, the positive control FRET signal was more
robustly detected (compared to the negative control) than the signals obtained for the positive
control in BRET experiments (Fig. 8). In addition, unlike the BRET experiments, an interaction
could be detected for the full-length P. falciparum and mammalian Hsp90-Hop pairs. By
contrast, the C-domain/TPR2A domain pairs failed to produce a FRET signal above the
negative control for both malaria and mammalian constructs. This suggests that the full-length
proteins may interact with a higher affinity than the respective minimal interaction domains
and/or that the expression levels of the YFP-Cdom/CFP-TPR2A proteins were insufficient to

yield a FRET signal.
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3.4 Performing Western blotting to determine protein expression

To determine why there was no detectable FRET signal for the TRP2A/Cdom interaction for
both mammalian and malarial constructs, as well as why the BRET assay failed to produce
signals for the Hsp90-Hop interactions, western blotting was performed to gauge protein
expression. HelLa cells were transfected with the plasmids and subsequently mixed with SDS-
PAGE loading buffer and proteins separated on a 12% SDS-PAGE gel. Subsequently, the gel
was transblotted onto a nitrocellulose membrane and the proteins detected using the following
antibodies: mouse anti-GFP for YFP and CFP fusion proteins, rabbit anti-Renilla luciferase for
Rluc fusion proteins and rabbit anti-actin as a loading control. The secondary antibodies used
were goat anti-mouse or goat anti-rabbit Ig conjugated to horseradish peroxidase (HRP) and

they were visualised using a colorimetric TMB membrane peroxidase substrate.
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Figure 10: Western blotting to detect Rluc fusion protein expression in HeLa cells. (A) HeLa cells
transfected with Rluc fusion constructs were mixed with SDS-PAGE loading buffer and analysed on a
12% SDS gel. The proteins were transblotted onto a nitrocellulose membrane and probed using rabbit
anti-Rluc primary antibodies and anti-rabbit secondary antibodies conjugated to HRP which were
visualised with TMB membrane peroxidase substrate. Lane 1: Marker (Broad Range Protein Ladder,
New England Biolabs), Lane 2: BRET positive control (Rluc fused to YFP), Lane 3: Rluc, Lane 4:
untransfected cells, Lane 5, Rluc-PfHop, Lane 6: Rluc-mTPR2A, Lane 7: Rluc-PfTR2A. (B) A parallel
blot was probed with rabbit anti-actin antibodies followed by HRP-conjugated goat anti-rabbit
secondary antibodies and TMB membrane peroxidase substrate. Lane 1: BRET positive control, Lane
2: Rluc, Lane 3: Rluc-PfHop, Lane 4: Rluc-mTRR2A, Lane 5: Blank, Lane 6: Rluc-PfTPR2A, Lane 7:
untransfected cells.

For the Rluc western blotting experiment (Fig. 10), the expected sizes of the proteins were:
BRET (YFP fused to Rluc): 60.9 kDa, Rluc: 34.4 kDa, Rluc-PfHop: 97 kDa, Rluc-mTPR2A:

48.84 kDa, Rluc-PfTPR2A: 50.32 kDa. The antibody cross-reacted with some cellular proteins
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as shown by the presence of faint bands in the untransfected (blank) cell lane which correspond
to bands in the other lanes. However, there is a more intense band correlating with the expected
Rluc fusion protein sizes in each lane (arrows), suggesting that all the proteins were being
expressed. Although a smaller apparent degradation product corresponding to the size of Rluc
was present in the BRET lane, the BRET band (RIuc-YFP fusion positive control) was the most
intense compared to the other Rluc fusion proteins, which could potentially mean that more
protein was being expressed and would correlate with the BRET assay results where only the
positive control produced a detectable BRET signal (Fig. 8). To ensure that this was not due to
unequal loading of the lanes, a second blot with the Rluc fusion proteins was also probed with
rabbit anti-actin antibodies (Fig. 10B). This suggested that the cell samples used for blotting

contained equivalent amounts of protein.
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Figure 11: Western blotting to detect CFP fusion protein expression in HelLa cells. HeLa cells

transfected with CFP fusion constructs were mixed with SDS-PAGE loading buffer and analysed on a
12% SDS gel. The proteins were transblotted onto a nitrocellulose membrane and probed using mouse
anti-GFP primary antibodies and anti-mouse secondary antibodies conjugated to HRP which was
visualised with TMB membrane peroxidase substrate. Lane 1: Marker (Broad Range Protein Ladder,
New England Biolabs), Lane 2: CFP, Lane 3: Blank, Lane 4. CFP-mHop, Lane 5: CFP-PfHop, Lane 6:
CFP-mTPR2A, Lane 7: CFP-PfTPR2A, Lane 8: FRET (YFP-CFP positive control).
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For the western blotting analysis of CFP fusion proteins (Fig. 11), the expected sizes of the
proteins were: FRET (YFP-CFP positive control): 53 kDa, CFP: 26.5 kDa, CFP-mHop: 86.8
kDa, CFP-PfHop: 89.1 kDa, CFP-mTPR2A: 40.9 kDa, CFP-PfTPR2A: 42.4 kDa. Due to the
presence of a band in the expected size in most lanes (arrows), it suggests that the respective
proteins were being expressed, despite the presence of apparent degradation products in the
CFP, CFP-mTPR2A and FRET lanes. The exception was CFP-mHop which was not detected,

compared to the faint band corresponding to CFP-PfHop (lane 5, arrow).

Figure 12: Western blotting to detect YFP fusion protein expression in HelLa cells. HeLa cells
transfected with YFP fusion constructs were mixed with SDS-PAGE loading buffer and analysed on a
12% SDS gel. The proteins were transblotted onto a nitrocellulose membrane and probed using mouse
anti-GFP primary antibodies and anti-mouse secondary antibodies conjugated to HRP which was
visualised with TMB membrane peroxidase substrate. Lane 1: Marker (Broad Range Protein Ladder,
New England Biolabs), Lane 2: YFP, Lane 3: Blank, Lane 4: YFP-hHsp90, Lane 5: YFP-PfHsp90,
Lane 6:YFP-hCdom, Lane 7: YFP-PfCdom, Lane 8: FRET (YFP-CFP positive control).

For the western blotitng analysis of YFP fusion protein expression (Fig. 12), expected sizes of

the proteins were: FRET: 53 kDa, YFP: 26.5 kDa,YFP-hHsp90: 106.9kDa, YFP-PfHsp90:
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109.2 kDa, YFP-hCdom: 37.2 kDa, YFP-PfCdom: 36.6 kDa. A feint band shows the detection
of YFP-hHsp90 (arrow). YFP-hCdom, YFP and FRET were also detected (smaller arrows),
although the latter contained degradation products, as was found in the CFP expression
experiments. In the case of YFP-PfHsp90, a prominenent degradation product corresponding
in size to YFP was present, but the full length protein as well as the C-domain construct (YFP-

PfCdom) could not be detected.

In summary, for the BRET constructs expression of the Rluc fusion proteins could be
confirmed (PfHop, PfTPR2A and mTPR2A; Fig. 10). However, the same could not be said for
the corresponding YFP fusion proteins. The human C-domain was detected, but not the Pf C-
domain, while PfHsp90 appeared to be degraded (Fig. 12). This could explain the absence of
BRET signals for the Pf proteins in the BRET experiments. In the case of the mammalian C-
domain-TPR2A domain interaction, the absence of a BRET signal may be due to the low
affinity of the interaction (see Chapter 4). However, the western botting results do not correlate
with the FRET assay results. CFP-PfHop expression could be detected (Fig. 11) and a PfHop-
PfHsp90 FRET signal was obtained (Fig. 9), despite the presence of YFP-PfHsp90 as a
degradation product. Similarly, YFP-hHsp90 expression was detected (Fig. 12) and an hHsp90-
mHop FRET signal was obtained (Fig. 9), despite the absence of detectable CFP-mHop
expression (Fig. 11). One possibility is that the western blotting detection of the intact large
YFP-PfHsp90 and CFP-mHop proteins (109 kDa and 87 kDa repsectively) was compromised
by the high percentage acrylamide SDS-PAGE gel used to resolve the smaller YFP and CFP
proteins and thus poor transfer of the larger proteins to the membrane during transblotting
and/or the lack of correlation between the blotting results and FRET experiments reflects

inherent inconsistencies in inter-experimental cell transient transfection and protein expression
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efficiencies. Given these obstacles, an alternative protein-based FRET assay format was

explored (Chapter 4).
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CHAPTER 4:

ESTABLISHING AN IN VITRO PROTEIN-BASED FRET ASSAY FOR P.
FALCIPARUM HSP90-HOP INTERACTION

In the previous chapter, cell-based BRET and FRET assay formats were explored as a means
to detect the interactions of malaria and mammalian Hsp90 and Hop proteins and their
respective interaction domains (C-domains and TPR2A domains). BRET experiments failed to
yield positive interaction results. The FRET experiments demonstrated that interaction of the
full-length malaria and mammalian Hsp90 and Hop proteins could be detected in the context
of live cells using this assay format. However, the experiments required repeated transient
transfections of HeLa cells with expression plasmids which makes them prone to problems
with intra- and inter-experimental reproducibilty, as suggested by the relatively large error bars
(inter-well variations in FRET and BRET signals) and failure to robustly detect protein
expression by western blotting. This is not ideal, given that the overall goal of the project was
to attempt to develop an assay that can be used to screen compounds for inhibitors of Hsp90-
Hop intercations, with a particular emphasis on P. falciparum for the discovery of potentially
novel anti-malarials. While the HeLa cell FRET assay can potentially be used as a secondary
assay to validate “hit” compounds for inhibition of Hsp90-Hop interaction, we explored the
possibility of developing an alternative in vitro FRET assay using purified proteins as a more

practical primary assay for compound screening.
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Development of an in vitro protein-based assay required the expression and purification of
recombinant proteins using E. coli. To simplify protein expression and purification, we opted
to use the smaller C-domains and TPR2A domains of the P. falciparum and mammalian
proteins as opposed to the full-length proteins (using full-length Hsp90 and Hop fused to YFP
and CFP respectively would have required the successful expression and purification of
proteins of approx. 110 kDa and 90 kDa in size). To enable expression in E. coli, YFP-hCdom,
YFP-PfCdom, CFP-mTPR2A and CFP-PfTPR2A coding sequences were cloned into the E.
coli expression plasmid pET-28a(+) which inroduces a histidine tag at the N-terminus of the

protein for affinity purification using Ni-NTA columns.

4.1 Preparation of pET expression plasmids

Primers were used to PCR amplify the Cdom and TPR2A coding sequences of both mammalian
and P. falciparum Hsp90 and Hop, fused to YFP and CFP at the 5* end respectively, using the
pYFP-Cdom and pCFP-TPR2A FRET constructs previously prepared for the HelLa cell
experiments as templates. Negative control sequences (CFP and YFP separately) were also
amplified using the pYFP and pCFP plasmids used in the HeLa cell experiments as templates.
Each primer was designed to have Nhel and Xhol sites (forward and reverse primers,
respectively) for ligation into the pET plasmid. PCR reactions were analysed using ethidium
bromide-stained 0.8% agarose gels (Fig. 16). Expected sizes of the amplicons were: YFP and
CFP: 717 bp (Fig. 16A, lanes 2 and 3), CFP-mTPR2A and CFP-PfTPR2A: 1107 bp and 1147
bp (Fig. 16A, lanes 4 and 5), YFP-hCdom and YFP-PfCdom: 1008 bp and 990 bp (Fig. 16B,

lanes 2 and 3).
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Figure 13: PCR reactions amplifying the DNA sequences used for pET cloning. The PCR reactions
were analysed on an 0.8% agarose gel stained with ethiduim bromide and viewed using a UV
transilluminator. (A) Lane 1: Marker (1 kb ladder, Promega) Lane 2: YFP, lane 3: CFP, lane 4: CFP-
MTPR2A, Lane 5: CFP-PfTPR2A. (B) Lane 1: Marker (1 kb ladder Promega), Lane 2: YFP-hCdom,
Lane 3: YFP-PfCdom.

The PCR products were purified from agarose gels using a Nucleospin Gel and PCR Clean-up
kit (Macherey-Nagel), restricted with Nhel and Xhol and re-purified. In parallel, pET28a was
restricted with Nhel and Xhol and gel purified using the Nucleospin Gel and PCR Clean-up Kit.
The digested and purified PCR products and pET plasmid were ligated together ina 3:1 molar
ratio (insert:plasmid) using T4 DNA ligase (Promega). The ligation reactions were transformed
into XL10-Gold E. coli cells and plated on kanamycin-LB plates. Colonies were picked and
propagated in LB broth containing 50 ng/pl kanamycin. Alkaline lysis plasmid minipreps were
performed to obtain plasmids from selected colonies and restriction digests with Nhel and
Xhol were performed and analysed on an 0.8% agarose gel to confirm the presence of the
expected inserts (Fig. 14). Expected sizes were: pET plasmid backbone: 5369 bp (Fig. 14, all
lanes), YFP: 717 bp (Fig. 14A, lanes 2-3), , CFP-PfTPR2A: 1147bp (lanes 4-6), CFP-
MTPR2A: 1107 bp (lane 7), YFP-hCdom: 1007 bp (Fig. 14B, lane 2) YFP-PfCdom: 990 bp

(Fig. 14B, lane 3).
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Figure 14: Restrcion digestion performed on pET recombinant plasmids. An alkaline lysis was
performed on cultured E. coli colonies containing potential pET recombinant constructs,subsequently
restricted with Nhel and Xhol restriction enzymes and analysed on an 0.8% agarose gel stained with
ethidium bromide and viewed using a UV transilluminator. (A) Lane 1: Marker (1 kb DNA ladder,
Promega), Lanes 2-3: pET-YFP, Lanes 4-6: pET-CFP-PfTPR2A, Lane 7: pET-CFP-mTPR2A. (B)
Lane 1: Marker (1 kb DNA ladder, Promega), Lane 2: pET-YFP-Cdom, Lane 3: pET-YFP PfCdom

Two colonies contained pET plasmids with expected YFP inserts (Fig. 14A, lanes 2-3) and one
colony each the CFP-PfTPR2A, CFP-mTPR2A (Fig. 14A, lanes 6 and 7), YFP-hCdom and

YFP-PfCdom (Fig, 14B, lanes 2 and 3) inserts.
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4.2 Small-scale protein expression analysis

To determine if the expected recombinant proteins could be expressed in E. coli and whether
they were present as soluble proteins vs. insoluble inclusion bodies, small-scale expression
analysis was conducted using 5 ml bacterial cultures. The pET plasmid constructs were
transformed into BL21(DE3) competent cells and plated onto LB plates containing 50 pg/ml
kanamycin. The plates were left at 37 degrees C overnight. The resulting colonies were picked
and propagated in 5 ml LB broth containing 50 ug/ml of kanamycin. This broth was used to
innoculate 2 sets of fresh 5 ml LB broth (with kanamycin) with 1/20 of the pre-culture and was
incubated at 37 degrees C until ODeggo 0.4 — 0.6 was reached. Expression in one set was then
induced by adding 1 mM IPTG, while the other set was left un-induced and culturing was
continued at 37 degrees C for a further 4 h. The cultures were centrifuged at 6000 rpm for 6
mins in a microfuge and the bacterial pellet was resuspended in 500 pl PBS buffer. This
resuspended pellet was probe sonicated at 60 Hrtz for 30 secs and centrifuged again to separate
out the solube (supernatant) and insoluble (pellet) fractions. The pellets were resuspended in a
volume of PBS equal to the supernatant, the fractions were mixed with SDS-PAGE sample
buffer and run on a 12% SDS-PAGE gel which was stained with Coomassie stain to visualise
protein bands. Alternatively, proteins were transblotted onto nitrocellulose membranes, stained
with Ponceau S to visualise protein bands and probed with a mouse anti-GFP monoclonal
antibody to detect recombinant protein expression (the anti-GFP antibody cross-reacts with
YFP and CFP). Alternatively, western blotting was perfomed with a Ni-NTA-HRP cojugate to

detect His-tagged proteins (HisDetector™, SeraCare).

For the initial expression analysis, E. coli transformed with pET-YFP was used. Using a

Coomassie-stained SDS-PAGE gel, no differences could be observed in the protein content of
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the IPTG induced and non-induced samples (i.e. the presence of a distinct YFP band in the
induced samples - not shown). Western blotting was therefore performed with an anti-GFP
antibody to determine the presence of expressed YFP in the samples (Fig. 16). As shown in the
Ponceau S-stained blot (Fig. 16A), a prominent band corresponding to the expected size of
YFP (26.5 kDa) was present in both the induced and non-induced soluble protein fractions.
Western blotting confirmed that this band contained YFP (Fig. 22B). YFP is thus expressed in

a soluble form in the pET-YFP transformed E. coli cells.

Induced Mon-induced Induced Mon-induced
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Figure 15: Western blotting analysis of YFP expression. IPTG induced and non-induced pET-YFP
transformed E. coli soluble and insoluble fracions were run on a 12% SDS-PAGE gel, transblotted onto
a Hybond ECL nitrocellulose membrane and probed with a mouse anti-GFP antibody. (A)
Nitrocellulose membrane stained with Ponceau S. (B) Western blot using mouse anti-GFP primary
antibody and goat anti-mouse-HRP secondary antibodies, visualized with a colorimetric TMB
peroxidase substrate. The sizes of protein size markers (in kDa) are indicated on the left.

Due to the fact that the pET 28a plasmid displayed “leaky expression” in the BL21(DE3) cells
and the YFP protein was being expressed with and without induction with ITPG, for subsequent

experiments an alternative control was used to determine whether the correct protein was being
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expressed in tranformed cells. For the control, untransformed BL21 cultures were used. A
Bradford’s assay was performed to ensure that the untransformed control and tranformed
experimental samples were diluted to the same protein concentration before SDS-PAGE gel
loading. For the next experiment, expression of the FRET positive control (CFP fused at its C-
terminus to YFP) was analysed. As with the YFP expression experiment, differences in protein
content in IPTG induced and non-induced samples could not be discerned by Coomassie
staining, hence western blotting was performed with the anti-GFP antibody (Fig. 16B). The
Ponceau S-stained blot showed the presence of a unique band (compared to untransformed
cells) corresponding to the size of the CFP-YFP fusion protein (53 kDa) in the soluble and
insoluble fractions of both induced and non-induced pET-FRET transformed cells (Fig. 16A,
left 4 lanes). Probing with the anti-GFP antibody confirmed that this band represented the
positive control protein (Fig. 16B). Though the protein was also present in the insoluble

fraction, it was concluded to be sufficiently soluble to proceed to purification.
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Figure 16: Western blotting analysis of CFP-YFP (FRET control) expression. The soluble and
insoluble fractions of IPTG induced and non-induced pET-FRET transformed E. coli (lanes 1-4) and
untransformed E. coli (lanes 5-8) were run on a 12% SDS-PAGE gel and transblotted onto a
nitrocellulose membrane. (A) Ponceau-stained nitrocellulose membrane. (B) Western blot using mouse
anti-GFP primary antibodies and goat anti-mouse-HRP secondary antibodies visulised with TMB
peroxidase substrate. The sizes of protein size markers (in kDa) are indicated on the left.
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Seeing as the pET 28a plasmid had again displayed leaky expression when analysing the CFP-
YFP samples and there was no difference between induced and non-inducd samples (Fig. 16),
for the expression analysis of the rest of the proteins induction with ITPG was not performed,
but untransformed BL21 cells were still used as a control. For the next experiment, expression
of the mammalian domains (CFP-mTPR2A and YFP-hCdom) was analysed using a Coomassie
stained SDS-PAGE gel and a second gel that was used for western blotting using a nickel-HRP
conjugate for detecting His-tagged proteins (HisDetector, SeraCare) (Fig. 17). Predicted sizes
of the recombinant proteins were 41 kDa (CFP-mTPR2A) and 37 kDa (YFP-hCdom). In the
case of CFP-mTPR2A, a prominent unique band was present in the soluble fraction in the
expected size range in the Coomassie-stained gel (Fig. 17A, arrow). Western blotting
confirmed the presence of a His-tagged protein at this position (Fig. 17B). The blot also showed
a significant amount of CFP-mTPR2A in the insoluble fraction. However, this may be
symptomatic of poor E. coli lysis by the sonication protocol used here, as evidenced by the
similarity of the protein content in the soluble and insoluble fractions in the Coomassie-stained
gel. The “insoluble” fraction may thus have contained unlysed cells, leading to an under-
estimation of protein solubility. The Coomassie-stained gel also suggested the presence of
YFP-hCdom in the soluble fraction (Fig. 17A, arrow) and the western blot of the YFP-hCdom

samples (Fig. 17B) confrimed this.
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Figure 17: SDS-PAGE and western blotting analysis of CFP-mTPR2A and YFP-hCdom
expression. Soluble and insoluble fractions of E. coli transformed with pET-CFP-mTPR2A and pET-
YFP-hCdom and untransformed cells were run on 12% SDS-PAGE gels. (A) Gel stained with
Coomassie. (B) Western blot performed on a parallel gel using a Ni-NTA-HRP conjugate
(HisDetector), visualised with TMB membrane peroxidase substrate. Sizes of protein standards in kDa
are indicated on the left.

Virtually identical results were obtained analysing the expression of the P. falciparum domains
(CFP-PfTPR2A, YFP-PfCdom) (Fig. 18). Predicted recombinant protein sizes were 42 kDa
and 36.5 kDa for the TPR2A and Cdom fusion proteins respectively. CFP-PfTPR2A was

prominent in both the soluble and insoluble fracions of pET-CFP-TPR2A transformed cells as
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determined by SDS-PAGE (Fig. 18A, arrow) and blotting (Fig. 18B). As with the murine
TPR2A expression experiment, the amount of CFP-PfTPR2A in the insoluble fraction may
have been attributable to inclomplete E. coli lysis. As with the YFP-hCdom samples , the
western blot of YFP-PfCdom samples (Fig. 18B) showed the presence of a YFP-PfCdom

protein only in the soluble fraction.
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Figure 18: SDS-PAGE and western blotting analysis of CFP-PfTPR2A and YFP-PfCdom
expression. Soluble and insoluble fractions of E. coli transformed with pET-CFP-PfTPR2A and pET-
YFP-PfCdom and untransformed E. coli were run on 12% SDS-PAGE gels. (A) Gel stained with
Coomassie. (B) Western blot using Ni-NTA-HRP (HisDetector) with TMB membrane peroxidase
substrate.
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In summary, the expression analyses suggested that sufficient CFP-YFP, YFP, CFP-mTPR2A,
CFP-PfTPR2A ,YFP-hCdom and YFP-PfCdom proteins were expressed in the E. coli soluble

fractions to proceed to protein purification.

4.3 Protein purification
To be able to perform assays with the proteins, a large scale protein expression and purification

was performed.

To purify the recombinant proteins from soluble fractions, BL21(DES3) cells transformed with
the respective pET plasmids were propagated in 5 ml LB broth with kanamycin overnight. Two
hundred and fifty ml of fresh LB broth with kanamycin was inoculated with 2.5 ml of the
overnight culture. Culturing was continued at 37 degrees C until an ODego of 0.4 - 0.6 was
achieved. Although the previous experiments had shown ample protein expression in the
absence of IPTG induction, 1 mM ITPG was added to ensure maximal expression and culturing

at 37 degrees °C continued for a further 4 h before pelleting the cells by centrifugation.

The pellet was re-suspended in 10 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8) per 1 g of wet bacterial pellet, lysozyme was added to a final concentration
of 1 mg/ml and the suspension was left on ice for 20 mins. The lysate was then sonicated and
centrifuged at 30678xg for 30 mins. The cleared supernatant was filtered and a sample was
collected for SDS-PAGE analysis. A Ni-NTA super flow pre-packed column containing 1.5
ml packed resin (Qiagen) was equilibrated with 5 ml lysis buffer, the cleared lysate was added
to the column and a sample of the flow-through was removed for SDS-PAGE analysis. Samples
were also removed for SDS-PAGE analysis from two subsequent washing steps with lysis
buffer. The protein was eluted with two consecutive elution steps using elution buffer (lysis
buffer containing 500 mM imidazole) and samples removed for analysis. All samples were

analysed on 12% SDS-PAGE gels which were stained with Coomassie to determine if protein
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purification was successful.

Figure 19: SDS-PAGE analysis of the purification of the FRET positive control (CFP-YFP) (A),
YFP (B), CFP-mTPR2A (C) and CFP-PfTPR2A (D). Samples obtained from Ni-NTA column
affinity purification were run on 12% SDS-PAGE gels and stained wth Coomassie. Lane 1: Marker
(kDa), Lane 2: Soluble lysate, Lane 3: Column flow-through, Lane 4: Wash 1, Lane 5: Wash 2, Lane
6: Elution 1, Lane 7: Elution 2.

Figure 19 shows the purification results obtained for the CFP-YFP fusion protein (FRET
positive control; Fig. 19A), YFP (Fig. 19B), CFP-mTPR2A (Fig. 19C) and CFP-PfTPR2A
(Fig. 19D). Predicted recombinant sizes for the respective proteins (including the N-terminal

extension and histidine tag encoded by the pET-28a plasmid) were:

CFP-YFP: 53 kDa
YFP: 26.5 kDa
CFP-mTPR2A: 41 kDa

CFP-PfTPR2A: 42.4 kDa
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All proteins were purified to a high degree as shown by the presence of prominent bands of the
expected size in the elution samples (lanes 6) and the absence of contaminating proteins. The
CFP-YFP sample did contain smaller proteins (likely degradation products of the full-length
protein and/or contaminating E. coli proteins; Fig. 19A, lane 6), but these were present at very
low concentrations relative to the purified protein. YFP also contained a comparitively low
concentration of a low molcular weight protein running at the gel front (Fig. 19B, lane 6). In
the case of both TPR2A proteins, some of the recombinant protein was possibly still present in
the column flow-through (Fig. 19C and D, lanes 3) suggesting relatively inefficient binding to
the column or exceeding of column binding capacity, but more likely the band represents a
prominent E. coli protein migrating at the same position in the gel (a prominent band just below
the 46 kDa marker was also present in the lysate and flow-through of the CFP-YFP and YFP

samples — Fig. 19A and B, lanes 2 and 3).

The results of the purification of PfCdom and hCdom are shown in Fig. 20. Predicted sizes of
the recombinant proteins were:

YFP-hCdom: 37.2 kDa

YFP-PfCdom: 36.6 kDa

The purification experiments yielded pure proteins migrating at the position of the 32 kDa

marker (Fig. 20, lane 6).
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Figure 20 SDS-PAGE analysis of the purification of YFP-hCdom (A) and YFP-PfCdom (B).
Samples obtained from Ni-NTA affinity purification were run on a 12% SDS-PAGE gel and stained
with Coomassie. Lane 1: Marker (kDa), Lane 2: Soluble lysate, Lane 3: Column flow-throuh, Lane 4:
Wash 1, Lane 5: Wash 2, Lane 6: Elution 1, Lane 7: Elution 2.

The proteins were desalted using desalting size exclusion coloums from GE Healthcare. The
coloumn was eqilibrated with assay buffer (TBS) and 2.5 ml of the protein eluate was added
and eluted with 3.5 mL TBS. These desalted proteins were stored at 4°C or in 20% glycerol at

-20°C. A Bradfords assay was used to determine protein concentration.

4.4 FRET assay with Purified Proteins

In preparation for FRET assays, the purified and desalted proteins were individually placed in
a black 96 well plate at different dilutions. The proteins underwent two-fold serial dilutions
starting at half their original concentrations: YFP-hCdom (0.94 uM), YFP-PfCdom (1.9 uM),
CFP-mTPR2A (2.70 uM), CFP-PfTPR2A (3.20 uM), YFP (2.64 uM). The fluorescence
obtained with the different dilutions of the flourescent proteins was read according to their
wavelenghts: The YFP proteins were read at 485/535 nm (excitation/emisison) and the CFP
proteins at 425/535 nm. Based on the fluorescence readings, the proteins were prepared as

dilutions that yielded similar flourescence values. This was done in an attempt to minimise the
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problems commonly experienced with FRET assays that can obscure signals — cross-talk
(excitation of the YFP acceptor fluorophore by the wavelength intended to exclusively excite
the CFP donor) and bleed-through (detection of donor emission in the acceptor emission
wavelength range and vice versa). For example, if the CFP fluorescence partner is present in
a large quantum yield excess, due to overlap in the CFP and YFP emission spectra, large “YFP
emission’ may be detected during CFP excitation even in the absence of a protein interaction
and could obscure YFP emissions caused by FRET. Conversely, an excess in the YFP partner
and an inadvertent excitation of YFP by the wavelength intended to excite CFP (425 nm) due
to excitation spectrum overlap may result in excessive YFP emission that is not attributable to

FRET.

Having equalised the protein fluorescence emissions, a FRET assay was subsequently
performed using 0.23 uM YFP-hCdom + 0.68 uM CFP-mTPR2A and 0.48 uM YFP-PfCdom
+ 0.81 uM CFP-PfTPR2A (Fig. 22). As a negative control, 0.66 uM YFP + 0.81 uM CFP-

PfTPR2A was used.
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Figure 21: FRET assay with purfied fusion proteins. YFP and CFP fusion proteins were mixed
together in assay buffer in a black 96 well plate. The fluorescence was read at 425-535 nm (FRET) and
425-485 nm (CFP) for the interaction of CFP-mTPR2A + YFP-hCdom and CFP-PfTPR2A + YFP-
PfCdom. The negative control was YFP mixed with CFP-PfTPR2A. To obtain the final FRET reading,
the fluorescence readings at 535 nm were divided by the readings at 485 nm after deduction of
background values (wells without protein). The bargraphs show the mean FRET signals * standard

deviation for 5 wells (n = 5). *p<0.05 compared to negative control.

While the assay failed to show a FRET signal above the negative control using the mammalian
proteins, the P. falciparum interaction was detected. To estimate the robustness of the assay,

the Z’ factor was calculated using the following formula:

3(op+on)

Z'=1
|pp—pn|

where op and on are the positive interaction and negative control standard deviations,
respectively and pp and pn the respective mean FRET signals. It was calculated to be 0,53.

Since this value is above 0,5 which is the acknowledged standard for a robust assay, this assay

76



was able to confidently detect the postive interaction of the Pf domains compared to the

negative controls (Zhang et al., 1999).

4.4.1 TPR peptide inhibition assay

To confirm that the positive FRET signal for the interaction between the CFP-PfTPR2a and
the YFP-PfCdom proteins was due to protein interaction and explore whether the assay could
potentially be used to identify inhibitors of the interaction, a peptide inhibitor based on a
peptide designed by Horibe et al., (2011) was used. The original Horibe peptide contained the
amino acid sequence of the human TRP2A domain which is thought to bind to the CEEVD
motif of the C-terminus of Hsp90. For this study, a peptide containing the corresponding
PfTPR2A domain sequence was custom prepared and supplied by Genscript and included in
the assay at a final concentration of 100uM (Fig. 22). To control for effects the peptide might
have on CFP and YFP fluorescence emissions, it was also included in the negative control

sample.
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Figure 22: FRET assay with purified fusion proteins in the presence of a TPR peptide inhibitor.
The YFP-PfCdom protein (0.38 uM) was incubated with 200 uM of the TPR peptide, followed by the
addition of the CFP-PfTPR2A binding partner (final concentrations: YFP-PfCdom — 0.19 uM, CFP-
PfTPR2A — 0.4 uM, TPR peptide — 100 puM). The uninhibited reaction was performed in the same way,
but with vehicle control (DMSO) instead of peptide. The negative control with and without peptide
contained 0.33 uM YFP instead of YFP-PfCdom. The fluorescence was read at 425-535 nm (FRET)
and 425-485 nm (CFP). To obtain the final FRET reading, the fluorescence readings at 535 nm were
divided by the readings at 485 nm after deduction of background values obtained from wells without
protein. The bargraph show the mean FRET signals + standard deviation for 3 wells (nh = 3). *p<0.05

(compared to negative control); **p<0.05 (compared to un-inhibited reaction)

The FRET signal for the interaction between CFP-PfTPR2A and YFP-PfCdom decreased by
53.7 % in the presence of the inhibitor, suggesting that the observed positive FRET signal is
due to the interaction of the P. falciparum C-domain and TPR2A domain and that the TPR
peptide containing the PFTPR2A sequence is capable of inhibiting the interaction.

For further confirmation, the experiment was repeated with varying TPR peptide

concentrations (Fig. 23).
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Figure 23: FRET assay with purified fusion proteins with the presence of varying concentrations
of TPR peptide inhibitor. The YFP-PfCdom protein was incubated with varying concentrations of the
TPR peptide (200 uM, 100 uM and 50 uM) followed by the addition of the CFP-PfTPR2A domain to
yield final TPR peptide concentrations of 100 uM, 50 uM and 25 pM. An uninhibited reaction (no
peptide) and negative control reaction (YFP instead of YFP-PfCdom) was also included. The
fluorescence was read at 425-535 nm (FRET) and 425-485nm (CFP) and the final FRET signals by
dividing the fluorescence readings at 535 nm with those at 485 nm after deduction of background values
obtained from wells without protein. The bar graphs show the mean FRET signals + standard deviation
for 3 wells (n = 3). *p<0.05 (compared to negative control); **p<0.05(compared to uninhibited

reaction)

The PfCdom and PfTPR2A interaction FRET signal showed a dose dependant recovery with
reduced concentrations of the TRP peptide inhibitor. At the lowest concentration of inhibitor
(25 uM) the FRET signal of PfCdom and PfTPR2A was still lower than the FRET signal of
the un-inhibited reaction. This experiment further supports the conclusion that the observed
positive FRET signal for PfTR2A and PfCdom is due to the interaction of these protein

domains.
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CHAPTER 5

DISCUSSION AND CONCLUSION

5.1 DISCUSSION

Even though great inroads have been made to reduce the number of deaths from malaria, the
increase in drug and insecticide resistance means that new drug compounds as well as novel
drug targets are always in demand. In this study, the drug target focused on was inhibiting the
protein-protein interaction (P-PI) between the highly expressed heat shock protein, Hsp90, and
its co-chaperone, Hop. To achieve this, it was attempted to create an assay to confirm the
interaction of these two proteins and which could potentially be used to detect small drug-like

molecule inhibitors of the interaction.

Interaction of the malarial PfHsp90 and PfHop in cultured parasite lysates was previously
demonstrated by co-immunoprecipitation and gel filtration column co-elution of the proteins
(Gitau, et al., 2011). Inaddition, the PfCdom was shown to bind to the PfHop TPR2A domain in
E. coli using a GFP-complementation (“split-GFP”’) assay (Zininga, et al., 2015). In principle,
the latter assay format conforms to the requirements of a high-throughput assay. However, the
interaction takes place in E. coli bacteria. The chemical characteristics of compounds capable of
penetrating bacterial cell walls often differ significantly from those required for compounds to
diffuse across eukaryotic cell membranes (Davis et al., 2014). Consequently, employing the
assay in a screen may rule out compounds that are, in fact, able to enter parasites and inhibit
PfHsp90-PfHop interaction (and vice versa, i.e., select for compounds that are incapable of
penetrating parasites). In this study, we explored the use of mammalian cell-based assays that
should more closely mimic the context of malaria parasites. BRET and FRET assay formats

were chosen due to their widespread use for detecting protein interactions in mammalian cells.
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To provide an overview of how the BRET assay format works: when the donor reporter protein,
the luciferase Rluc, oxidises coelenterazine (substrate), it emits light at 485 nm. This light is
absorbed by the acceptor reporter protein YFP (Venus variant used in this study), which emits
light at 535 nm. Two proteins each attached to the respective reporter proteins can be said to
interact if the two reporter proteins are in close enough proximity for an increased emission at
535 nm to be read after the addition of the coelenterazine substrate. The BRET assay in this
study was performed in HelLa cells using full-length PfHsp90 + PfHop, as well as PfCdom +
PfTPR2A (the PfHsp90 C-terminal and PfHop TPR2A domains, respectively) and hCdom +
MTPR2A (human Hsp90 C-terminal and murine Hop TPR2A domains) as interaction partners.
After several attempts, only the positive control (Rluc fused directly to YFP) yielded positive
BRET signals, with the other interaction pairs yielding signals lower than the negative control
(the reporters Rluc and YFP expressed as separate individual proteins). When a western blot
was performed on cells transfected with the YFP-fusion constructs using anti-GFP antibodies,
it could not detect the YFP-PfHsp90 and YFP-PfCdom proteins, potentially explaining the lack
of BRET signals, although all the Rluc-fusion proteins were detected using anti-Rluc
antibodies. Low expression of proteins is not an uncommon problem, however (Gersting, et
al., 2012). One explanation for this may be differences in HelLa cell transfection efficiency
with the plasmid pairs in individual wells and from one experiment to the next. Increased
expression of the proteins may be achievable by increasing transient transfection efficiency
(increasing the percentage of cells successfully transfected and/or the plasmid copy number in
individual cells) by using alternative transfection reagents or host cells. The transfection
reagent used in this study was Xfect (Clontech), which uses a cell-penetrating peptide to enable
the DNA to enter the cell. Other transfection methods include: lipofection (the use of liposomes
to cross the phospholipid bilayer), calcium phosphate co-precipitation of DNA onto the cell

membrane, electroporation (the use of short electric impulses to make the cell membrane more
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permeable) and optical transfection (the use of a laser to create a small perforation in the
membrane).  Alternative host cell lines include COS-7 cells (African green monkey
fibroblasts), HEK293 (human embryonic kidney) cells, NIH 3T3 cells (mouse embryo
fibroblasts) and CHO K1 (Chinese hamster ovary) cells. Choosing an appropriate cell line to
transfect depends on what is expected from the cells, e.g. high production of recombinant
proteins, the type of transfection used and the transfection protocol implemented (Chen and

Okayama, 1987).

Conceivably another reason for failing to detect interaction signals may have been that
endogenous Hsp90 and Hop proteins in HelLa cells were binding to the expressed fusion
proteins and outcompeting their mutual binding. Despite low recombinant protein expression
levels, conceptually a very sensitive means to determine if the Hsp90 and Hop Rluc and YFP
fusion proteins are interacting in transiently transfected cells may be to perform immuno-
precipitation of the YFP fusion protein from cell lysates using anti-GFP antibody coated beads
and detecting co-precipitation of the Rluc fusion partner using Rluc luminescent substrates.
This approach, however, would be cumbersome in a drug-screening scenario. A possible
solution to the low and/or variable protein expression levels may be rather to create stable cell
lines with the plasmid pairs, i.e. cell lines that have incorporated the expression plasmids into
their genomes and in which the proteins are constantly expressed (Paddison, et al., 2002). For
the BRET assays, however, the procedure is complicated by the fact that two plasmids — not
one — would need to be successfully incorporated and their respective proteins expressed in

appropriate ratios in individual cells.

From a cell-based screening point of view, disrupting a P-Pl is hard to achieve and, therefore,
in the past, the assays developed were in vitro biochemical assays that allowed the test

compound to be added to the reaction before sequentially adding the protein interaction
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partners. The compound is thus present before the interaction takes place. In living cells,
however, a fast-inducible protein-expression system needs to be introduced in BRET to allow
the compound to be added before the target interaction can take place (Corbel, et al., 2011).
This approach was followed to identify inhibitors of the cdk5 and p25 protein interaction in
yeast cells stably transformed with inducible expression plasmids (Corbel, et al., 2011).
Mammalian expression plasmids with inducible promoters include the Tet-on systems,
ecdysone systems and derivatives and Qmate™. This is not required if the studied interaction
can be naturally induced, such as by the interaction of signalling receptors and their effectors
upon ligand addition. Inducible expression also allows a donor saturation assay that can be
performed to characterise the P-Pls and to separate the positives from spurious interactions.
An inducible assay allows one to control the levels of BRET proteins to get the optimum ratio
of acceptor to donor. An acceptor (YFP) to donor (Rluc) expression ratio is chosen that
produces a half maximal BRET signal. The acceptor to donor levels are increased and the
BRET signal is read. Plotted on a graph of acceptor/donor ratio vs BRET signal, a hyperbolic
curve symbolises a positive P-PI. A linearly increasing BRET signal (straight line), however,
is more likely the product of non-specific interaction caused by random collisions between the

proteins (Mercier, et al., 2002).

Finally, BRET assays could be improved by using alternative luciferase enzymes and
substrates. In this study, commonly used Rluc and YFP were employed as the reporter pair
and coelenterazine as the Rluc substrate. To improve the sensitivity of the BRET assay,
different pairings that emit more light can be used. For example, the use of Gaussia luciferase
(Gluc) with native coelenterazine as substrate or Rluc and enduren (a modified coelenterazine)
as substrate emits light 8- to 15-fold brighter than other pairings (Kimura, et al., 2010). The

following luciferases and their mutants emit light in the 450-500 nm range and can, therefore,
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also be considered for BRET assays in conjunction with YFP: Vargular luciferase (Vluc),
Metridia longa luciferase (Mluc) and Metridia pacific luciferase 1 (MPlucl). There is also a
new luciferase evolved from a deep-sea shrimp (Oplophorus gracilirostris) commercialised by
Promega as Nanoluc™. It uses furimazine as a substrate and it is reported to have more than
a 100-fold higher luciferase activity than Rluc. As it has a maximum emission peak of 465

nm, it is compatible for use in current BRET assays using YFP as acceptor (Hall, et al., 2012).

Similar to the BRET assay, the FRET assay also depends on the donation of photons from a
donor reporter protein to an acceptor reporter protein. While the YFP protein is still used as
the acceptor, a variant of CFP is used as the donor. By contrast to the BRET assay, the FRET
assay did suggest an interaction of the full-length human and malarial proteins. In addition,
the positive control gave a robust FRET signal in comparison to the negative control.
Unexpectedly, the C-domains and the TPR2A domains showed no interaction for either
malarial or mammalian proteins, even though western blotting showed the expression of the
two respective TPR2A domains and the human C-domain. Interestingly, this lack of interaction
of the mammalian domains was also found using the purified E. coli expressed proteins. In the
case of the malarial domains, the lack of an apparent interaction in the HelLa cells contradicts
the results that were found using the E. coli expressed protein, which could possibly be
attributed to the lack of detectable PfCdom expression in HeLa cells as determined in western
blotting. Alternatively, detection of a FRET signal using the full-length Hop and Hsp90
proteins could be indicative of a higher affinity of the interaction, possibly due to the presence
of additional interacting regions outside the C-terminal and the TPR2Adomains respectively
(Onuoha, et al., 2008). In the western blotting experiments, however, expression of the PfHop
and hHsp90 could be faintly detected, not their respective interaction partners. A degradation

product of PfHsp90 was present on the blot, but it is unclear if degradation occurred in the live
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cells or during the lysis procedure in preparation in western blotting. As with the FRET assay
using the purified E. coli expressed proteins, the veracity of the interactions may need to be
confirmed using inhibitors. If the TPR peptide used in this study to inhibit the E. coli expressed
protein interaction is to be employed for this purpose, it would need to be attached to a cell-
penetrating peptide sequence to make it membrane permeable, as was done by Horibe, et al.,
(2011). In addition, as discussed for the BRET assay, to ameliorate inconsistencies in assay
signals and protein expression possibly brought about by variations in transient transfection
efficiencies, further pursuit of the cell-based FRET assay might require the preparation of
stably transfected cell lines, despite the complications involved in achieving this for the co-

expression of two separate proteins in the same cell.

There are additional factors that compromise the accuracy of FRET assays, however. Some of
the flaws include fluorescence cross-talk and bleed-through, as described in the Introduction.
Another limitation is that the energy transfer is dependent upon the appropriate orientation of
the donor and acceptor fluorophores. Occasionally, the conformational orientations of the two
interacting proteins may lock them in a position that is unfavourable for energy transfer
between the fluorophores that are fused to their ends. In this way, the two proteins might be
interacting but not allowing the two fluorophores to get close enough to each other for an
energy transfer to take place (Xu, et al., 1998). A negative FRET result would, therefore, not
necessarily mean that the two proteins are not interacting. A possible way to solve this would
be to clone the fluorophores on both the C- and N-termini of the respective interacting proteins
and to determine which combination can detect the protein-protein interaction. In this study,
the YFP and CFP fluorophores were fused to the N-termini of the Hsp90 and Hop proteins
respectively. In the case of Hsp90, this is a prerequisite owing to the requirement of the C-

terminal MEEVD sequence for Hop binding. A model of Hsp90-Hop interaction (Southworth
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and Agard, 2011) suggests that, in the case of Hop, an N-terminally fused CFP should place it
in a better position for FRET interaction with the YFP fused to Hsp90 N-terminus, but this

could be explored experimentally with C-terminal Hop-CFP fusions.

In the FRET experiments using the E. coli expressed and purified proteins, it was observed that
the interaction between PfCdom and PfTPR2A yielded a significant and reproducible positive
FRET signal in comparison to the negative control. By contrast, an interaction between the
mammalian hCdom and mTPR2A proteins could not be detected. Interestingly, similar results
were found in an alternative assay format developed with purified proteins in a parallel project
(Lynn Wambua, MSc dissertation submitted). In this format, the His-tagged C-domain proteins
were immobilised on nickel-coated plates and binding to glutathione-S-transferase (GST)-
tagged TPR2A domains detected using a GST enzyme assay. While hCdom and mTPR2A
interaction could be confidently detected, it consistently yielded signals significantly lower
than the interaction of the corresponding malarial domains. It might be insightful to perform
in silico modelling and docking studies to make an attempt at identifying the molecular basis
for this apparent difference in interaction affinity. To confirm the observed interaction between
the two malarial proteins, a peptide based on the peptide described by Horibe, et al. (2011)
which mimics the sequence of the TPR2A domain responsible for Hsp90 binding was designed
and used as an inhibitor. At a final peptide concentration of 100 uM, there was a significant
decrease in the FRET signal obtained by the interaction between PfCdom and PfTPR2A in
comparison to the uninhibited reaction. From a general drug discovery point of view, a
concentration of 100 pM is high, considering that drug discovery projects are typically
stimulated by compounds displaying inhibitory concentrations <10 uM. In the Horibe, et al.,
(2011) study, a concentration of 140 uM of the human peptide was required to inhibit the

interaction of human Hsp90 and the human Hop TPR2A domain in surface plasmon resonance
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(SPR) experiments. This could suggest that mimicking the TPR2A domain sequence
responsible for EEVD motif binding with competitive peptide inhibitors may not be an optimal

strategy for disrupting Hsp90-Hop interaction.

The relatively small difference between the FRET signals of the negative control and the test
reactions could be explained by the fact that the FRET assay technique is often plagued by
background ‘“noise” (including fluorescence cross-over and bleed-through described
previously), making it problematic to observe positive signals (Woehler et al., 2010). By using
purified proteins, however, sufficient accuracy could be achieved consistently to produce Z’
factor values of over 0.5, meaning that the assay is sufficiently robust for drug screening
(Zhang, et al., 1999). In addition, the assay requires minimal liquid handling steps, no other
reagents are required besides the interacting recombinant proteins and results can be obtained
using a standard fluorescence plate reader. Based on these considerations, the assay may be a
convenient primary screening format for identifying potential P. falciparum Hsp90-Hop

interaction inhibitors.

5.2 CONCLUSION

In conclusion, the FRET assay in HeLa cells showed promising interactions between the two
full-length mammalian and P. falciparum Hsp90 and Hop proteins. Owing to the failure to
detect expression of all the individual fusion proteins by western blotting, however, validation
of the observed interactions with an inhibitor or a preparation of stable cell lines would need
to be implemented. By contrast, using purified E. coli expressed proteins in an FRET assay
format showed promising detection of P. falciparum C-domain and TPR2A domain

interactions with Z’ factor values suitable for a compound screening assay.
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However, there is still room for improvement of assay sensitivity and robustness. In this study,
protein concentrations in the assay were chosen to equalise the quantum yields of the YFP and
CFP fluorophores of the respective interaction partners. Careful titration of the concentration
ratios of the interacting proteins may result in improved FRET signals. In addition, 425 nm,
485 nm and 535 nm were selected as the respective CFP excitation, CFP emission and YFP
emission wavelengths. Whether these are the most optimal wavelengths in the current assay
format was not explored. Further optimisation of incubation conditions to maximise interaction
of the C-domain/TPR2A domain partners was also not attempted. TBS (pH 7.5) containing
0.1% BSA was used as buffer and incubations carried out for 20 minutes at room temperature
before obtaining FRET readings in this study. The effect of pH, incubation temperature and
incubation time on FRET assay performance may be further explored, as well as buffer
composition, e.g. using HEPES or phosphate instead of Tris, KCl instead of NaCl and including

divalent cations.
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APPENDIX I — Plasmid constructs and cloning strategies

Mammalian expression plasmids donated for this study:

¢ pRIluc - Renilla luciferase coding sequence cloned between the Agel and Bglll sites of

pEGFP-CL1.

e pCFP — CFP (Cerulean) coding sequence cloned between the Agel and Bglll sites of pEGFP-
Cl.

o pPYFP - YFP (Venus) coding sequence cloned between the Agel and Bglll sites of pEGFP-
C1.

pEGFP-C1 (Clontech; shown below) contains the coding sequence of enhanced green fluorescent
protein (EGFP) with an upstream cytomegalovirus (CMV) promoter and a downstream multiple cloning
site (MCS — the sequence is shown below the plasmid map). It thus allows the expression of a coding
sequence cloned into the MCS as protein fused at the N-terminus to EGFP in mammalian cells. To
create the above plasmids, the EGFP sequence in pEGFP-C1 was replaced by the coding sequences of
Rluc, CFP and YFP respectively.
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e pBRET - Contains the coding sequence of YFP cloned between the Kpnl/BamHI sites in the
MCS of pRIluc.

e pFRET - Contains the coding sequence of CFP cloned between the Kpnl/BamHI sites in the
MCS of pYFP.
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The latter two plasmids thus respectively enable the expression of Rluc-YFP and YFP-CFP fusion

proteins in mammalian cells for use as BRET and FRET positive controls.

Hsp90 and Hop template plasmids donated for this study:

e pACT-mHop — murine Hop coding sequence

e pACT-PfHop - P. falciparum Hop coding sequence

e pPACT-mTPR2A — murine Hop TPR2A domain coding sequence

o pACT-PfTPR2A - P. falciparum TPR2A domain coding sequence

The Hop and TPR2A coding sequences in the above plasmids were inserted between the Sall and Xbal
sites in the multiple cloning region (MCR) of the plasmid pACT (Promega; shown below).
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Iln'.'-:n'

| {T7 Promoter

[ I.h_:Jr:ar Locslization Sequence

Iy RamHl 1333
/ /| Sall (1330
{ | Accl 1340
{ ! Miul_ 1348
| |Amg’ Fugion b | EcofV 1357
ACT Protein . ¥bal 1362
ector MCR  |Batzn (1360
[N (5566 bp) | Fot] 1360
Voo | AccES| 1377
K.on 381
T3
SvdaD Late
neQ Polyadenylation
- T Signal
Synithetic P
Polyadenylation ™ -—____ " S\AD Earh 3
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e pBIND - hHsp90 — human Hsp90 coding sequence
e pPBIND — PfHsp90 — P. falciparum Hsp90 coding sequence

The Hsp90 coding sequences in the above plasmids were inserted between the Sall and Xbal sites of

MCR of the plasmid pBIND (Promega; shown below).
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Cloning strateqy to prepare mammalian BRET and FRET plasmids

pRluc pPACT-mHop pYFP pBIND-hHsp90
pCFP pPACT-PfHop pBIND-PfHsp90
PACT-mTPR2A i
PACT-PfTPR2A
l PCR
Xhol/Kpnl digestion Sall/Kpnl digestion Xhol/BamHI digestion
! hHsp90, PfHsp90
| Ligate mHop, PfHop hCdom, PfCdom
l‘ mTPR2A, PfTPR2A
Ligate Xhol/BamHI digestion
pRluc-mHop v
pRluc-PfHop
pRuc-mTPR2A Mammalian cell expression PYFP-hHsp50 Mammalian cell expression
pRluc-P/TPR2A of Hop and TPR2A domains pYFP-P/Hsp90 of Hsp90 and C-domains as
" as N-terminal Rluc and CEP pYFP-hCdom N-terminal YFP fusion
pCFP-mHop fusion proteins pYFP-PfCdom proteins
pCFP-PfHop
pCFP-mTPR2A
pCFP-PfTPR2A

Cloning strategy to prepare E. coli expression FRET plasmids

The E. coli expression plasmid used in this study was pET-28a(+) (Novagen; plasmid and cloning
region shown below). It allows the IPTG-inducible expression of proteins with an N-terminal

hexahistidine tag for Ni-NTA affinity purification.

103



Xho 1158}
Mot 1{168)
Eag {166}
Hind {173}
Sal I{179)
Sac I{1%0)
EcoR 1{192)
BamH I{138)

Bpul102 I{z0)
Dra I1{5127)

Pvu lj#426)
Saf Ij4428)

¥
. &
Sma 14200 of 1 & W Miu I1123)
,l'l."lu"l c g \\ Bel l{1137)
Cla li#117) o | & =1\ I\
Nru |.;4uaa;.1J = || |BstE 134
W
L pET-28a(+) £ ‘ hapatiizas
| (5368bp) @ | [ I
N
I'-. ~ .l"’ BssH I1{1534)
EcoS7 [(3772) 4

EcoR V(1573)
Hpa lj1828)

AlwN 13540

BssS 13327

BspLU11 I(3224)
Sap l(3108)
Bist1107 lizaes) /|

Tth111 I2080)

Psha 1{1088)
Bagl 1(2187)
Fsp l{2205)
Psp5 lli2230)

T7 promoter primer #608343-3
- @O

pET upst'arﬂlprirner #E0214-3 T7 promater

——» _Bg lac: operator Xbal rbs
ABATC TCEATCCOEL BAAATT AATACEAL TCAC TATAGEGEAA TT TETAGAAATAAT
Neol
AT ACCATEGECABE AGC CATCACAGCALLE
HelGl yierSer HisHi sSerSerblyleuya gE| ¥
Eagl thrombin
EcoR | Sacl Sall Hind Il _ Notl  _Xhel His*Tag
AT TEEAGETECETE A T TETe -

FC P TAS! L euhr ghraG! oA alyoE yarat b Ar o8

pYFP
pYFP-hCdom

pET-28a(+) pYFP-PfCdom
pCFP-mTPR2A
pCFP-P/TPR2A

}

v PCR
Nhel/Xhol digestion l

YFP, YFP-hCdom, YFP-PfCdom
CFP-mTPR2A, CFP-PfTPR2A

Ligate

Nhel/Xhol digestion

pET-YFP

ET-YFP-hCd E.coli expression of YFP, C-
pkE1- - om

domains as N-terminal YFP

pET-YFP-PfCdom fusion proteins and TPR2A
pET-CFP-mTPR2A domains as N-terminal CFP
pET-CFP-PfTPR2A fusion proteins

T=2Bai*]
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Appendix Il — Hsp90 and Hop sequences

Human Hsp90 (Homo sapiens HSP90OAB1; NCBI reference sequence NM_001271969.1).

The sequence of the C-domain is highlighted.

724 amino acids (2172 bases), MW=83152

61
21

121
41

181
61

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021

ATGCCTGAGGAAGTGCACCATGGAGAGGAGGAGGTGGAGACTTTTGCCTTTCAGGCAGAA
M p E E V H H G E E E V E T F A F O A E

ATTGCCCAACTCATGTCCCTCATCATCAATACCTTCTATTCCAACAAGGAGATTTTCCTT
r Ao L M s L I I N T F Y S N K E I F L

CGGGAGTTGATCTCTAATGCTTCTGATGCCTTGGACAAGATTCGCTATGAGAGCCTGACA
R E L I s N A S D A L D K I R Y E S L T

GACCCTTCGAAGTTGGACAGTGGTAAAGAGCTGAAAATTGACATCATCCCCAACCCTCAG
b p s K L bs G K E L K I DI I P N P O

GAACGTACCCTGACTTTGGTAGACACAGGCATTGGCATGACCAAAGCTGATCTCATAAAT
E R T L T L Vv D T GG I G M T K A D L I N

AATTTGGGAACCATTGCCAAGTCTGGTACTAAAGCATTCATGGAGGCTCTTCAGGCTGGT
N L 6 T I A K S GG T K A F M E A L QO A G

GCAGACATCTCCATGATTGGGCAGTTTGGTGTTGGCTTTTATTCTGCCTACTTGGTGGCA
A DI s M I G Q F GV GG F Y S A Y L V A

GAGAAAGTGGTTGTGATCACAAAGCACAACGATGATGAACAGTATGCTTGGGAGTCTTCT
E K vv Vv I T K HN D D E Q Y A W E S S

GCTGGAGGTTCCTTCACTGTGCGTGCTGACCATGGTGAGCCCATTGGCAGGGGTACCAAA
A G G S F T V R A D H G E P I G R G T K

GTGATCCTCCATCTTAAAGAAGATCAGACAGAGTACCTAGAAGAGAGGCGGGTCAAAGAA
v I L H L K E D ¢ T E Y L E E R R V K E

GTAGTGAAGAAGCATTCTCAGTTCATAGGCTATCCCATCACCCTTTATTTGGAGAAGGAA
v vV K K H s 9 F I G Y P I T L Y L E K E

CGAGAGAAGGAAATTAGTGATGATGAGGCAGAGGAAGAGAAAGGTGAGAAAGAAGAGGAA
R £E K E I s b b E A E E E K G E K E E E

GATAAAGATGATGAAGAAAAACCCAAGATCGAAGATGTGGGTTCAGATGAGGAGGATGAC
b K b b E E K P K I E DV G S D E E D D

AGCGGTAAGGATAAGAAGAAGAAAACTAAGAAGATCAAAGAGAAATACATTGATCAGGAA
s G K D K K K K T K K I K E K Y I D Q E

GAACTAAACAAGACCAAGCCTATTTGGACCAGAAACCCTGATGACATCACCCAAGAGGAG
E L N K T K p I W T R N P D D I T Q E E

TATGGAGAATTCTACAAGAGCCTCACTAATGACTGGGAAGACCACTTGGCAGTCAAGCAC
Yy 6 E F ¥ K s L T N D W E D H L A V K H

TTTTCTGTAGAAGGTCAGTTGGAATTCAGGGCATTGCTATTTATTCCTCGTCGGGCTCCC
F $S VEG O L E F R A L L F I P R R A P

TTTGACCTTTTTGAGAACAAGAAGAAAAAGAACAACATCAAACTCTATGTCCGCCGTGTG
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341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

1861
621

1921
641

1981
661

2041
681

2101
701

2161
721

¥ DL F E N K K K K N N I K L Y V R R V

TTCATCATGGACAGCTGTGATGAGTTGATACCAGAGTATCTCAATTTTATCCGTGGTGTG
rF I M D s ¢ D E L I P E Y L N F I R G V

GTTGACTCTGAGGATCTGCCCCTGAACATCTCCCGAGAAATGCTCCAGCAGAGCAAAATC
v b s E D L P L N I S R E M L QQ Q S K I

TTGAAAGTCATTCGCAAAAACATTGTTAAGAAGTGCCTTGAGCTCTTCTCTGAGCTGGCA
L K vl R KNI V K K C L E L F S E L A

GAAGACAAGGAGAATTACAAGAAATTCTATGAGGCATTCTCTAAAAATCTCAAGCTTGGA
E D K EN Y K K F Y E A F 5 K N L K L G

ATCCACGAAGACTCCACTAACCGCCGCCGCCTGTCTGAGCTGCTGCGCTATCATACCTCC
I H E DS TN R R R L S E L L R Y H T S

CAGTCTGGAGATGAGATGACATCTCTGTCAGAGTATGTTTCTCGCATGAAGGAGACACAG
o s 6 b EMT S L S E Y V S R M K E T Q

AAGTCCATCTATTACATCACTGGTGAGAGCAAAGAGCAGGTGGCCAACTCAGCTTTTGTG
K s 1 vy Yy I T 6 E S K E 9 V A N S A F V

GAGCGAGTGCGGAAACGGGGCTTCGAGGTGGTATATATGACCGAGCCCATTGACGAGTAC
E R VR KIRGF EV VY M T E P I D E Y

TGTGTGCAGCAGCTCAAGGAATTTGATGGGAAGAGCCTGGTCTCAGTTACCAAGGAGGGT
c v 0 L K BE F D G K S L v s Vv T K E G

CTGGAGCTGCCTGAGGATGAGGAGGAGAAGAAGAAGATGGAAGAGAGCAAGGCAAAGTTT
L £E L P E D E E E K K K M E E S K A K F

GAGAACCTCTGCAAGCTCATGAAAGAAATCTTAGATAAGAAGGTTGAGAAGGTGACAATC
E N L C K L. M K E I L D K K Vv E K Vv T I

TCCAATAGACTTGTGTCTTCACCTTGCTGCATTGTGACCAGCACCTACGGCTGGACAGCC
s N R L vs s Ppp c c I Vv T s T Y G W T A

AATATGGAGCGGATCATGAAAGCCCAGGCACTTCGGGACAACTCCACCATGGGCTATATG
N M E R I M KA QAL R DN S T M G Y M

ATGGCCAAAAAGCACCTGGAGATCAACCCTGACCACCCCATTGTGGAGACGCTGCGGCAG
M A K K H L E I N P D H P I V E T L R O

AAGGCTGAGGCCGACAAGAATGATAAGGCAGTTAAGGACCTGGTGGTGCTGCTGTTTGAA
K A E A D KN D K AV K D L V V L L F E

ACCGCCCTGCTATCTTCTGGCTTTTCCCTTGAGGATCCCCAGACCCACTCCAACCGCATC
T A L L S s G F S L E D P O T H S N R I

TATCGCATGATCAAGCTAGGTCTAGGTATTGATGAAGATGAAGTGGCAGCAGAGGAACCC
Yy R M I K L 6 L 6 I D E D E V A A E E P

AATGCTGCAGTTCCTGATGAGATCCCCCCTCTCGAGGGCGATGAGGATGCGTCTCGCATG
N A AV P D E I P P L E G D E D A S R M

GAAGAAGTCGATTAG
E E VvV D *
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P. falciparum Hsp90 (PfHsp90; PlasmoDB reference number PF3D7_0708400).

Sequence codon-optimised for human expression by Genscript (Hong Kong). The sequence of the C-

domain is highlighted.

745 amino acids (2235 bases), MW=86051

1
1

61
21

121
41

181
61

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021

ATGTCCACTGAGACTTTTGCTTTCAACGCAGATATTCGGCAGCTGATGTCACTGATTATT
M s T E T F A F N A DI R Q L M S L I I

AACACTTTCTATTCCAACAAGGAGATTTTCCTGCGGGAGCTGATCTCAAATGCCAGCGAC
N T F ¥ S N K E I F L R E L I S N A S D

GCTCTGGATAAGATCAGATACGAGTCTATTACTGACACCCAGAAACTGAGTGCCGAGCCC
A L DK I R Y E s I T DT ©Q K L S A E P

GAATTCTTTATTCGCATCATTCCTGATAAGACCAACAATACACTGACTATCGAGGACTCT
E F P I R I I P D K T N N T L T I E D S

GGAATTGGCATGACAAAAAACGATCTGATCAACAATCTGGGGACTATTGCCCGAAGTGGA
G I 66 M T KN DL I NNIL G T I A R S G

ACCAAGGCTTTCATGGAGGCAATCCAGGCCAGCGGCGACATCTCCATGATTGGGCAGTTC
T K A F M E A I Q0 A S G D I s M I G Q F

GGGGTGGGATTTTACTCCGCTTATCTGGTCGCAGATCACGTGGTCGTGATCTCTAAGAAC
G v G F Y s A Y L VvV A D H V V Vv I S K N

AATGACGATGAACAGTATGTGTGGGAGAGTGCAGCTGGAGGCAGCTTCACCGTCACAAAG
N D D E QY V W E S A A G G S F T V T K

GACGAGACAAATGAAAAACTGGGCAGGGGGACTAAGATCATTCTGCACCTGAAAGAAGAC
p £ T N E K L G R G T K I I L H L K E D

CAGCTGGAGTACCTGGAGGAAAAACGCATCAAGGATCTGGTGAAGAAACATTCTGAATTC
¢ L E Yy L E E K R I K D L VvV K K H S E F

ATCAGTTTCCCAATTAAGCTGTACTGCGAGCGACAGAACGAGAAAGAAATTACCGCATCT
I s ¥ P I K L ¥ C E R Q N E K E I T A S

GAGGAAGAGGAAGGAGAGGGCGAAGGAGAGCGAGAAGGAGAGGAAGAGGAAGAGAAGAAA
E E E E G E G E G E R E G E E E E E K K

AAGAAAACAGGAGAAGACAAGAACGCTGATGAGAGCAAAGAAGAGAATGAAGACGAAGAG
K K T 6 E b K N A D E S K E E N E D E E

AAGAAAGAGGATAACGAAGAGGACGATAATAAGACTGACCACCCCAAAGTGGAGGATGTC
K XK ¢ D N E E D D N K T D H P K V E D V

ACCGAAGAGCTGGAGAATGCCGAAAAGAAAAAGAAAGAAAAAAGAAAGAAAAAGATCCAC
T & E L E N A E K K K K E K R K K K I H

ACCGTGGAGCATGAATGGGAAGAGCTGAACAAACAGAAGCCTCTGTGGATGAGGAAGCCA
T v E H E W E E L N K ¢ K P L W M R K P

GAAGAGGTGACAAATGAAGAGTACGCTTCATTCTATAAGAGCCTGACTAACGACTGGGAG
EE VTN E E Y A S F Y K S L T N D W E

GATCACCTGGCAGTGAAACATTTTTCCGTCGAAGGCCAGCTGGAGTTCAAGGCTCTGCTG
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341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

1681
561

1741
581

1801
601

1861
621

1921
641

1981
661

2041
681

2101
701

2161
721

2221
741

b H L AV K HF SV E G QL E F K A L L

TTTATCCCAAAAAGGGCACCCTTCGACATGTTTGAGAATAGGAAAAAGCGCAACAATATC
¥F I P K R A P F DM F E N R K K R N N I

AAGCTGTACGTGCGGAGAGTCTTCATTATGGACGATTGCGAAGAGATCATTCCAGAGTGG
K L ¥y v R RV F I M DD CE E I I P E W

CTGAACTTTGTGAAGGGGGTCGTGGACAGCGAAGATCTGCCCCTGAACATCTCCCGCGAG
L N F V K G v Vv DS E DL P L N I S R E

TCTCTGCAGCAGAACAAGATCCTGAAAGTGATCAAGAAGAACCTGATCAAGAAGTGTCTG
s L. 9 0 N K I L K v I K K N L I K K C L

GACATGTTCAGCGAGCTGGCCGAAAACAAGGAGAACTACAAGAAGTTCTACGAGCAGTTT
pbp M F S E L A E N K E N Y K K F Y E Q F

TCCAAGAATCTGAAGCTGGGCATCCACGAAGACAACGCTAATAGAACTAAGATTACCGAG
S K N L K L 6 I H E D N A N R T K I T E

CTGCTGAGGTTTCAGACCAGCAAGTCCGGAGATGAAATGATCGGCCTGAAAGAGTACGTG
L LR F QT S K S GG D E M I G L K E Y V

GACCGGATGAAGGAAAACCAGAAGGATATCTACTACATCACTGGAGAGTCTATTAACGCC
b R MK EN QO K D I Y Y I T G E S I N A

GTGTCTAATAGTCCTTTCCTGGAAGCTCTGACCAAAAAGGGCTTTGAAGTGATCTACATG
v s N s p F L E A L T K K G F E V I Y M

GTCGACCCAATTGATGAGTATGCCGTGCAGCAGCTGAAGGACTTCGATGGAAAAAAGCTG
v b p I D E Y A V Q Q L K D F D G K K L

AAGTGCTGTACAAAAGAGGGCCTGGACATCGACGATAGCGAAGAGGCAAAAAAGGATTTT
Kk ¢ ¢ T K E 66 L DI D D S E E A K K D F

GAGACTCTGAAGGCCGAGTACGAAGGCCTGTGCAAAGTGATCAAGGACGTCCTGCATGAA
E T L K A E Y E G L ¢ K Vv I K D V L H E

AAAGTGGAGAAGGTCGTGGTCGGCCAGCGGATTACCGATAGCCCTTGTGTGCTGGTCACA
K v E XK vv VvV 6 0 R I T D S P C V L V T

AGCGAATTCGGGTGGTCCGCCAATATGGAGCGCATCATGAAGGCACAGGCCCTGCGAGAC
s E F G W S A NME R I M K A Q A L R D

AACAGTATGACCTCATATATGCTGTCCAAAAAGATCATGGAGATTAACGCAAGACACCCC
N s m T s Yy M L §$ K K I M E I N A R H P

ATCATTTCAGCCCTGAAACAGAAGGCTGACGCAGATAAAAGCGACAAGACAGTGAAAGAT
I I s A L K 0 K A D A D K S D K T V K D

CTGATCTGGCTGCTGTTTGATACATCCCTGCTGACTTCTGGGTTCGCCCTGGAAGAGCCT
L T w L L ¥ D T S L L T s G F A L E E P

ACCACCTTCAGCAAGCGAATCCATCGGATGATCAAGCTGGGACTGTCAATCGACGAAGAG
T T ¥ § K R I H R M I K L G L S I D E E

GAAAACAATGACATTGATCTGCCCCCTCTGGAGGAAACCGTGGACGCTACAGATAGCAAG
E N N DI DL P P L E E T V D A T D S K

ATGGAGGAAGTCGATTGA
M E E VvV D *
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Murine Hop (Mus musculus stress-induced phosphoprotein 1; NCBI reference sequence
NM_016737.2), The sequence of the TPR2A-domain is highlighted. The sequence of the TPR peptide
used by Horibe et al. (2011) to inhibit human Hsp90-Hop interaction is underlined.

543 amino acids (1629 bases), MW=62493

1 ATGGAGCAGGTGAATGAGCTAAAGGAGAAGGGCAATAAGGCCCTGAGTGCTGGGAACATT
1 M E 9 VvV N E L K E K G N K A L S A G N I
61 GATGATGCCTTACAGTGCTACTCTGAGGCAATTAAACTAGATCCCCAGAACCATGTGCTC
21 p b AL Q CY S E A I K L D P Q N H V L
121 TACAGCAATCGCTCTGCAGCCTACGCCAAGAAAGGAGACTACCAGAAGGCCTATGAGGAC
41 Yy S N R S A A Y A K K G D Y Q K A Y E D
181 GGCTGCAAGACTGTTGACCTGAAGCCTGACTGGGGCAAGGGTTATTCAAGAAAAGCAGCA
61 G ¢ K T v b L K P D WG K G Y S R K A A
241 GCCCTTGAATTCCTAAACCGGTTTGAGGAAGCCAAACGAACCTATGAAGAAGGTTTAAAA
81 A L E F L N R F E E A K R T Y E E G L K
301 CATGAAGCCAATAATCTCCAGCTTAAGGAGGGCTTGCAGAACATGGAGGCCAGGTTGGCA
101 H E A NN L 9 L K E G L Q N M E A R L A
361 GAGAGGAAATTCATGAATCCATTCAACTTGCCTAATCTATACCAAAAGTTGGAAAACGAC
121 ER K F M N P F N L P N L Y O K L E N D
421 CCCAGGACAAGGTCGCTGCTCAGTGACCCCACCTACAGGGAGCTCATAGAACAGCTGCAG
141 pP R TR S L L S D P T Y R E L I E QO L O
481 AACAAGCCGTCAGACCTGGGCACGAAACTACAGGATCCCCGGGTGATGACTACTCTGAGT
161 N K P S D L G T K L Q D P RV M T T L S
541 GTCCTCCTTGGGGTTGATCTGGGCAGCATGGATGAAGAGGAAGAGGCAGCAACACCCCCA
181 v . L GV DL 6 S M D EE E E A A T P P
601 CCCCCACCTCCTCCCAAAAAGGAGCCCAAGCCAGAACCAATGGAAGAAGATCTTCCAGAG
201 p p P P P K K E P K P E P M E E D L P E
661 AATAAGAAACAGGCACTGAAAGAGAAGGAGCTGGGAAATGATGCCTACAAGAAGAAAGAT
221 N K K 0 A L K E K E L G N D A Y K K K D
721 TTTGACAAGGCCCTGAAGCATTATGACAGAGCCAAGGAACTGGACCCTACCAACATGACC
241 ¥F D K A L K H Y D R A K E L D P T N M T
781 TACATAACTAATCAAGCAGCTGTGCACTTTGAGAAGGGCGACTATAACAAATGCCGGGAG
261 y I T N O A A V H F E K G D Y N K C R E
841 CTCTGTGAGAAGGCCATTGAAGTGGGCAGAGAGAACCGAGAGGACTACCGGCAGATCGCC
281 L ¢ E KA I EV G R ENIRE D Y R Q I A
901 AAAGCTTATGCCCGAATTGGCAATTCCTATTTCAAAGAAGAAAAGTACAAGGATGCTATA
301 K A Y A R I G N S Y F K E E K Y K D A I
961 CATTTCTACAACAAGTCTCTAGCAGAGCACCGAACCCCAGATGTGCTCAAGAAGTGCCAG
321 H F ¥ N K s L. A E H R T P D V L K K C Q
1021 CAGGCAGAGAAAATTCTGAAGGAACAGGAGCGCTTGGCTTATATCAACCCTGACTTGGCT
341 A E K I L K E 0 E R L A Y I N P D L A
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1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

1621
541

TTGGAGGAGAAGAACAAGGGCAACGAATGCTTCCAGAAAGGGGACTACCCCCAAGCCATG
L E E K N K G N E CF Q K G D Y P QO A M

AAGCACTATACAGAAGCCATTAAAAGGAACCCGAGAGATGCCAAACTGTACAGCAACCGA
K H Yy T E A I K RN P R DA AI KL Y S N R

GCTGCCTGCTACACCAAGCTCCTGGAGTTTCAGCTGGCACTCAAGGACTGTGAGGAGTGC
A A C Y T K L L. EF Q L A L K D C E E C

ATCCAGCTAGAGCCAACCTTCATCAAGGGTTATACACGGAAAGCAGCTGCTCTGGAAGCC
I o L. B P T F I K G Y T R K A A A L E A

ATGAAGGACTATACAAAAGCCATGGATGTGTACCAAAAAGCGTTAGACCTGGACTCCAGC
M K DYy T K A M D V Y QQ K A L DL D S S

TGTAAGGAAGCAGCAGATGGTTACCAACGCTGTATGATGGCACAGTACAACAGACATGAT
c K E A A D GY Q R CMMA Q Y N R H D

AGCCCTGAGGATGTGAAGCGGCGGGCCATGGCTGACCCTGAGGTGCAGCAGATAATGAGT
s p E DV K R R AMAD P E V Q O I M S

GACCCAGCCATGAGACTCATCCTGGAGCAGATGCAAAAGGACCCCCAGGCTCTGAGCGAA
p p A M R L I L E O M QO K D P Q A L S E

CACTTAAAGAATCCTGTAATAGCGCAGAAGATCCAGAAGCTGATGGATGTGGGTCTCATC
H L K N P V I A Q K I 0 K L M D V G L I

GCAATTCGGTGA
A I R *

P. falciparum Hop (PfHop; PlasmoDB reference number PF3D7_1434300). Sequence codon-

optimised for human expression by Genscript (Hong Kong). The sequence of the PFTPR2A-domain is
highlighted. The sequence of the TPR peptide used in this study to inhibit PfCdom-PfTPR2A

interaction is underlined.

564 amino acids (1692 bases), MW=65964

61
21

121
41

181
61

241
81

301
101

361

ATGGTCAACAAGGAGGAGGCACAGAGGCTGAAGGAACTGGGCAACAAATGCTTTCAGGAG
M Vv N K E E A QO R L K E L G N K C F Q E

GGCAAATACGAAGAGGCCGTCAAATACTTCTCTGACGCCATCACTAATGACCCCCTGGAT
G K Yy E E A V K Y F S DA I T N D P L D

CACGTGCTGTACTCAAACCTGAGCGGAGCTTTCGCAAGTCTGGGCCGGTTTTATGAGGCT
H v L ¥ s N L s G A F A S L G R F Y E A

CTGGAAAGTGCAAATAAGTGCATCTCAATTAAGAAAGATTGGCCCAAGGGATACATCCGG
L E S A N K C I S5 I K K D W P K G Y I R

AAAGGCTGTGCTGAGCATGGGCTGAGACAGCTGAGCAACGCAGAGAAGACATATCTGGAA
K 6 ¢ A E H G L R O L S N A E K T Y L E

GGCCTGAAGATTGACCCTAACAACAAGAGCCTGCAGGATGCCCTGTCCAAGGTGAGAAAC
G L K I b P N NK S L O D A L S K V R N

GAGAATATGCTGGAAAATGCCCAGCTGATCGCTCACCTGAACAATATCATTGAGAACGAC
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121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

1381
461

1441
481

1501
501

1561
521

E N ML ENAOQ L I A H L NN I I E N D

CCCCAGCTGAAGTCTTACAAGGAGGAAAACAGTAACTACCCTCATGAACTGCTGAATACC
p o L K S ¥ K E E N S N Y P H E L L N T

ATCAAGTCCATTAACTCTAATCCTATGAACATCCGCATCATTCTGTCAACATGCCACCCA
I K s I N S N P M N I R I I L S T C H P

AAGATTAGCGAGGGGGTGGAAAAGTTCTTTGGCTTCAAGTTCACCGGCGAGGGGAATGAT
K I s £E G VvV E K F F G F K F T G E G N D

GCCGAGGAAAGACAGAGGCAGCAGCGAGAGGAAGAGGAAAGAAGAAAGAAAAAGGAGGAA
A E E R O R QO 0 R E E E E R R K K K E E

GAGGAAAGGAAAAAGAAAGAGGAAGAGGAAATGAAGAAACAGAATCGCACTCCAGAGCAG
E E R K K K E E E E M K K Q N R T P E Q

ATCCAGGGCGATGAACATAAGCTGAAAGGGAACGAGTTCTACAAGCAGAAGAAATTTGAC
I 0 6 b E H KL K GG N E F Y K QO K K F D

GAGGCCCTGAAAGAATATGAGGAAGCTATCCAGATTAACCCCAATGATATCATGTACCAC
E A L K E Y E E A I Q9 I N P N D I M Y H

TATAATAAGGCCGCTGTGCATATTGAGATGAAGAACTACGACAAAGCAGTCGAGACCTGT
Y N K A AV H I E M K N Y D K A V E T C

CTGTACGCCATCGAAAATCGATATAACTTCAAGGCTGAGTTTATTCAGGTGGCAAAACTG
L Yy A I E N R Y N F K A E F I Q0 V A K L

TACAATCGGCTGGCCATCAGCTACATCAACATGAAGAAGTACGATCTGGCCATCGAGGCT
Yy N R L A I 5 ¥ I N M K K Y D L A I E A

TATCGGAAGTCCCTGGTCGAAGACAACAATCGCGCAACACGAAACGCCCTGAAAGAGCTG
Yy R K s L v E D N N R A T R N A L K E L

GAAAGGCGCAAGGAGAAAGAGGAAAAGGAAGCTTACATCGACCCTGATAAAGCAGAGGAA
E R R K E K E E K E A Y I D P D K A E E

CACAAGAACAAGGGCAACGAGTACTTCAAGAACAATGACTTTCCAAATGCCAAGAAAGAG
H K N K G N E Y F K N N D F P N A K K E

TATGATGAAGCTATTCGACGGAACCCCAATGACGCTAAGCTGTACAGTAACAGAGCAGCC
Yy b E A I R RN P NDAI K L Y S N R A A

GCTCTGACTAAACTGATCGAGTATCCTTCAGCACTGGAAGACGTGATGAAGGCCATTGAG
A L T K L I E Y P S A L E D V M K A I E

CTGGACCCCACCTTTGTCAAGGCCTATTCCAGGAAAGGGAATCTGCATTTCTTTATGAAG
L b p T F V K A Y S R K G N L H F F M K

GATTACTACAAGGCACTGCAGGCCTACAACAAGGGGCTGGAGCTGGACCCAAACAACAAG
b Yy ¥ K AL Q A Y N K G L E L D P N N K

GAGTGCCTGGAAGGATATCAGAGGTGTGCTTTCAAGATCGATGAGATGAGCAAGTCCGAA
E ¢C L £E G Y Q R C A F K I D E M S K S E

AAAGTGGACGAGGAACAGTTTAAGAAATCCATGGCCGATCCCGAGATTCAGCAGATCATT
K v b E E 0 F K K s M A D P E I O O I I

TCTGACCCTCAGTTCCAGATCATTCTGCAGAAGCTGAACGAGAATCCAAACTCTATCAGT
s bp Q F @ I I L Q K L N E N P N S I S
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1621 GAATACATTAAGGACCCCAAAATCTTTAACGGACTGCAGAAGCTGATCGCAGCCGGCATT

541 E vy I K b P K I F N G L O K L I A A G I
1681 CTGAAAGTCCGCTGA
561 L K VvV R *
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