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1.1 Malaria

Malaria is one of the most ancient and deadliest infectious diseases. It still possesses a threat
to mankind as half of the world population lives in the endemic regions and are at risk of
malaria. According to the WHO report, in 2020 there were 241 million cases recorded
worldwide, accounting for 6,27,000 deaths (1). Malaria is prevalent in more than 100 countries
and territories of Africa, south Asia, southern and central parts of America, Middle East and
Oceania. The causative agent of malaria is a protozoan parasite Plasmodium. The five species
responsible for the manifestation of disease in human are P. falciparum, P. vivax, P. malariae,
P. ovale, and P. knowlesi. P. falciparum is the deadliest among all the species, also causes the
cerebral malaria and is responsible for maximum number of deaths due to malaria. The
transmission of disease occurs through bite of the infected female Anopheles mosquitoes. A
sub population is at greater risk of succumbing to the disease which includes children under
age of 5 years, pregnant women, patients with HIV and immune compromised migrants. The
initial symptoms of the disease include fever, chills, headache, vomiting and diarrhoea. If not
treated, severity of the disease can increase and might lead to other complications like severe
anaemia, respiratory distress, multiple organ failure, seizures, coma and death. The alarming
scenario is that till date, there is no potent and commercial vaccine available and the emergence

and spread of drug resistance in the parasites.

1.2. Obstacles in curbing malaria

Effort for controlling and curbing malaria have been made since ages, but still malaria
continues to be one the major health problems. The factors which are major roadblocks in

eradicating the disease include complex life cycle of the parasite, growing insecticide resistance
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in vector mosquitoes, increasing drug resistance in the parasites and the most important is the

ability of the parasites to elicit antigenic variation.

1.2.1 The complex life cycle of the malaria parasite

The parasite Plasmodium requires two hosts to complete its life cycle, making its biology
difficult to understand, thereby making the task of curbing malaria difficult. The asexual cycle
occurs in a human host while the sexual development of the parasite takes in the mosquito.
When an infected mosquito bites the human host, it injects parasites in the form of sporozoites.
These sporozoites migrate to the liver and infects the hepatocyte. Within the hepatocytes,
exoerythrocytic schizogony occurs which leads to the formation of merozoites. These
merozoites are released in the blood stream and invade the RBC. The parasites then undergo
asexual development that comprises of ring, trophozoites and schizonts stages. The formed
schizonts ruptures to release 16- 32 merozoites and these merozoites can further infect new
RBC. This intra- erythrocytic stage is responsible for the manifestation of the clinical
symptoms as the rupture of schizonts and lysis of the RBC induces fever and chills in the human
host. Some of the merozoites differentiates to form the male and the female gametocytes. These
gametocytes are taken up by the mosquito during its blood meal and further sexual
development takes place in the mosquito. The male and female gamete fuses to form zygote
that develops into ookinite, which further matures to form oocysts. The oocysts rupture to
release the sporozoites which migrate to the salivary gland and can be injected to human on

mosquito bite.
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Figurel.l: Life cycle of the malaria parasite P. falciparum involving mosquito and

human host.
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1.2.2 Growing insecticide resistance in the mosquitoes

Global endeavours to combat the malarial burden by using the integrated approach of
consolidated measure of vector control mechanism involving use of long-lasting insecticidal
nets (LLINs) and indoor residual spraying (IRS) with early diagnosis, greater access to
improved antimalarial drugs has led to remarkable reduction in malarial cases and mortality in
Africa by 42% and 66% respectively. This has also helped to reduce burden of malaria in
various endemic regions. The insecticides currently used to control the vector of malaria are
organochlorines, organophosphates, carbamates and pyrethroids. But there are reports of the
emergence and spread of insecticide resistance in the majority of the malaria vectors,

compromising the credibility of efficient malarial control strategy (2-4).

1.2.3 Increasing drug resistance in the parasites

Emergence of drug resistance in the parasites to most of known anti-malarial drugs is the
greatest menace. This has proved to be a huge set back in the disease management and is
responsible for the resurgence of the disease leading to increase in mortality and morbidity
related to malaria. The parasites have developed resistance to several antimalarial drug, which
includes chloroquine sulphadoxinepyrimethamine, amodiaquine, mefloquine, and quinine.
Currently, most effective drug available is artemisinin and artemisinin based combination
therapy is widely being used for the treatment. Increase in drug resistance to amodiaquine has
also been observed in the parasite in eastern Africa which has resulted reduction in
effectiveness of combination therapy of artesunate and amadiaquine. Unfortunately, resistance

in P. falciparum to artisunate have also been reported in Thai-Cambodian border (5, 6).
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1.2.4 Antigenic variation and immune evasion

The most important reason for failure in curbing malaria is due to the ability of the parasite to
elicit antigenic variation. Antigenic variation is the strategy by which parasite evade the host
immune response by the mono allelic expression of its virulence gene and also by employing

its switching (7-10).

As parasite requires human RBC for replication, it is essential for the parasite to evade host
immune response for its survival and proliferation. When merozoites infects the RBC, the
parasite undergo a series of biochemical and morphological changes, it also induces
modification in structure of the RBC and exports several proteins to the surface of the RBC
which aid the parasites in establishing the infection. The RBC infected by P. falciparum on its
surface display erythrocyte membrane protein 1 (PfEMP1), repetitive interspersed family
(RIFIN) and sub-telomeric variable open reading frame (STEVOR) proteins. RIFIN and
STEVOR are the minor epitopes and human immune response is majorly generated against the
PfEMP1, which is encoded by a family of var gene (11). There around 59 copies of var gene
present per haploid genome of the parasite and out of these only one PfEMPL1 protein is found
to be expressed at surface of the infected RBC at trophozoite and schizont stage. As PFEMP1
is recognised by the human immune system as immunogenic target, body generate antibody
against the displayed antigen, for augmenting the process of opsonisation and thereby clearance
of the infected RBC. But the parasite is able to escape this immune attack of the host as it has
ability of switching the expression of the var gene, evades the recognition by antibody and
thus parasite is able to maintain the infection via clonal antigenic variation. The parasite is able
to switch the expression of var gene at rate of 2% per cycle which enable it to generate new

clone with different antigenic PFEMP1 (12-14).
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Another mechanism adopted by the parasite to evade the host immune response is
sequestration. RBC infected by P. falciparum undergo modification and there is an increase in
the rigidity of the erythrocyte. The erythrocyte with increased rigidity can be recognised as
abnormal cell and cleared from the circulation through splenic filtration, but parasite is able to
escape this immune response of the host also, as PFEMP1 displayed on the surface of infected
RBC allows it adhere to endothelial tissue and sequester into the microvasculature of different
organs. The parasite P. falciparum of stage trophozoite and schizonts are not present in the
blood circulation, rather found sequestered in the microvasculature of several tissues (15)
whereas the gametocyte stage (I-1V) are found sequestered in organs like spleen and bone
marrow (16-18). Additionally parasite infected RBC forms rosette with uninfected RBC and
also auto agglutinate with infected RBC bridging through platelets to escape the splenic

filtration (19-21).

1.3 Molecular mechanism of antigenic variation in P. falciparum

var genes are the key determinant of antigenic variation in the parasites encoding Erythrocyte
Membrane Protein 1 (PfEmp1), which is found to be decorated on the surface of infected RBC
(22). In natural isolates of P. falciparum the number of var genes varies from 45 to 90 (23). In
the reference genome of P. falciparum 3D7 strain. The 59 var genes present per haploid
genome of the parasite, are found to be distributed on 13 out of 14 chromosomes (24). Most of
them are localised at sub-telomeric regions, whereas 24 of them are present at internal
chromosomal loci (24). The var genes have been classified into four subgroups based on the
sequence similarity of their 5’promoter regions: Ups A, Ups B, Ups C, and Ups E (25). Hybrid
promoter BA and BC have also been reported (26). Ups C comprises of var genes that are

localised at central chromosomal locus, UpsB consists of var genes that are either subtelomeric



1 | Sntrodustion

and transcribed away from the telomere or chromosome central in tandem arrays with other
UpsB or Ups C var genes. Ups A and Ups E- type var genes are subtelomeric but transcribed
towards the telomere in the opposite direction to the Ups B var gene (24, 25). The expression
of var genes occur in mutual exclusive fashion and are expressed differentially in different
developmental stages. Out of the 59 var genes, only one of the var gene is transcriptionally
expressed at ring stage, whereas at trophozoite and schizonts stage, single PfEmplis found on
the surface of infected RBC (27, 28). Certain studies based on RT PCR analysis of the var
transcripts, suggests that all var genes are expressed during the ring stage and only one is found
to be expressed at trophozoite stage (10, 29), however, through northern blot analysis full
length transcripts were only found to be expressed at ring stage (29, 30). Another study
indicates that transcription of only one dominant var gene as functional mMRNA occurs at ring

stage whereas the all other var gene are transcribed as truncated transcripts (31).

The transcriptional activation of only one var gene and silencing of the all others are reported
to be mediated by epigenetic regulation. The 5 end of the active var gene is found to be
associated with activation epigenetic marks H3K4me2, H3K3me3, H3K9ac. The histone
variant H2A.Z known to increase the transcriptional activity (32) is found incorporated around
the transcription start site of active var gene in the ring stage and removed in the later stages
(33). The promoter of the silent var genes are marked by heterochromatin marks H3K9me3
and HP1 protein (34). Heterochromatin is confined in the nuclear periphery and silent var genes
are also found in the region pertaining to the heterochromatin (35, 36). A report indicates that
DNA helicase RecQ1, play role in maintaining the clonal expression of the var gene by
maintaining its location at active transcription site in peri nucleus and allowing the decrease of

heterochromatin mark H3K9me3 from its promoter (37). PfSir2, the known histone deacetylase
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has been reported to localize within the telomeric clusters in the nuclear periphery and
promoters of the var genes. PfSir2, has been implicated to play important role in regulating the
expression of var genes and is involved in the silencing of the var genes by promoting hypo-
acetylation of upstream of the var genes which in turn favours the deposition of H3K9me3
heterochromatin mark (35, 36). There are two paralogue of SIR2 present in P. falciparum i.e.,
PfSIR2A and PfSIR2B. Studies suggest that knock out of PfSIR2A leads to de-repression of var
gene under the control of Ups A, Ups E, and Ups C whereas var genes under the control of Ups
B are found to be highly up-regulated when PfSIR2B is disrupted (26).

1.4 Malaria biology: a goldmine for discovering novel drug targets

The malarial parasite P. falciparum possesses exceptionally unique biology with strikingly
different genome. It has most AT rich genome sequenced till date and out of 5268 predicted
protein product, 2/3 of its protein are indigenous (specific) to the parasite (24). Additionally
parasite harbours distinct organelle apicoplast which is absent in the higher eukaryotes. Several
metabolic pathways have been reported which are exclusive to the parasite and are different
from the pathways known to operate in its human host. These features extends several parasite

specific targets which can be exploited for the drug therapy.

The degradation of haemoglobin is the primary requisite of the parasite as it is the source of
amino acid pool essential for its growth. The major haemoglobin degradation takes place in
specialised organelle food vacuole, this degradation pathway offers several promising
antimalarial targets. Free heme is produced as a by-product of haemoglobin digestion, which
is known to be toxic for the parasite and need to be detoxified. The pathways dedicated for its
removal can also serve as potent target for antimalarial (38). Apicoplast is a crucial organelle
for the parasite as various parasite specific metabolic pathway like synthesis of fatty acid,

isoprenoid precursor and heme biosynthesis occur in it (39). These pathways are essential
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for the parasite survival but does not operate in the human host, so can serve as promising
targets (40-42). Although apicoplast has its own genome, but various nuclear encoded proteins
are required in apicoplast and need to be transported, so pathway operating for the trafficking
of these proteins can also serve as an excellent drug target (38, 43). Additionally, several
essential metabolic pathways like shikimate pathway , methionine synthesis pathway,
glycolytic pathway and Purine biosynthesis pathway occur in cytoplasm and either parasite
specific or employ structurally different enzyme from host (38), thus offering the advantage of
usage of enzymes involved in it as drug targets. Mitochondria are another vital organelle for
the parasite survival and are involved protein synthesis and electron transport chain. As there
exists molecular and functional difference in mitochondria of parasite and its human
counterpart and therefore organelle accounts for promising antimalarial drug target (44).
Numerous other pathways like transport, DNA repair, membrane biosynthesis, protein
synthesis, autophagy and players like kinases and tubulin with parasite specific, unique aspects

can also be exploited for the development of antimalarial chemotherapy (38).

1.5 Double strand break repair pathway a lucrative target

The prime requisite of any organism for survival is the maintenance of genome integrity. The
most detrimental form of DNA damage is double strand beak (DSB). Parasite during its life
cycle are under constant assault of the genotoxic stress due to the various cellular processes
like haemoglobin degradation and generation of free radicals, error in replication, immune
response of the host. These genotoxic insults are responsible for the generation of DSB in the
parasite genome. As single unrepaired DSB confers lethality to the unicellular organism hence
parasite for its viability need to repair it (45). Thus the players of DSB repair pathway have the

potential of promising drug target.
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1.6 Plasmodium biology and heat shock response

Malaria is associated with cyclical fever. So the Plasmodium during its life cycle encounters
periodic cycle of heat shock which is reported to coincide with the rupture of schizonts (46).
There is variation in the episode of cyclical fever among different species of Plasmodium,
which depend on the duration of erythrocytic cycle. In the case of P. falciparum it is 48 hours.
In vitro studies performed on P. falciparum culture, suggests that elevated temperature has an
adverse impact on the growth of the parasite culture. As observed, when the asynchronous
culture was grown at 41°C for 2, 8 and 16 hours, there was reduction in survival of the parasite
by 23%, 66% and 100% respectively (47). However, recurrent fever has been reported to
accelerate the parasite growth rather than hinder, as study indicates that there was no reduction
in growth when parasites were subjected to two heat shock episodes separated by the recovery
period of 10 hours at 37°C (48). It is also observed that heat shock leads to synchronisation of
intra-erythrocytic stages of the P. falciparum parasites (49). From all these studies it is
speculated that the parasite has acquired mechanism to deal with the heat shock experienced
during the malaria fever and also elevated temperature might be serving as communication

signal to the parasite to maintain the synchrony.

It is observed that exposure of parasite to the febrile temperature induces formation of pyknotic
and hypo-segmented schizonts i.e., the crisis form of the parasite and TUNEL positive parasite
was detected by the TUNEL assay. This indicates that the killing of the parasite on exposure

to heat shock is mediated by apoptosis (50).

In a study aimed to elucidate the molecular alteration induced in the parasite on exposure to
febrile temperature. Microarray analysis was conducted on the asynchronous parasite grown at

37°C and exposed to heat shock at 41°C. Transcriptional up-regulation two molecular

12
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chaperones HSP90 and HSP70 along with nine other DNA J domain proteins which are the
reported co-chaperones of Hsp70 indicating that these proteins might be playing role in heat
shock mediated response. Additionally, it was observed that exposure to febrile temperature,
slowed down the process of protein degradation, replication, translation, as genes involved in
the process were down regulated. Also, there was induction in transcriptional expression of
five var gene responsible for encoding the PFEMP1 and surprisingly PfSIR2A, the epigenetic
regulator of var gene, involved in its silencing was found be transcriptionally up regulated
(47). This reveals that malarial fever augments the cytoadherence of the parasite by altering the

expression of antigenic variants.

1.7 Heat shock protein 90 (Hsp90) in model organisms

Cells are under the constant assaults of environmental and endogenous stress, which might
induce alteration in the state of proteins by modulating its folding and thereby having
detrimental effect on their function. To counter the effect of the stress, cell expresses various
sets of stress proteins and among them one of the important proteins is molecular chaperones.
Molecular chaperones play critical role in ensuring the integrity of the cells by maintaining the
protein homeostasis and preventing aggregation and misfolding of the proteins. One prominent
group involved in this adaptive process is Heat shock proteins (51-53). Hsp40 and Hsp70
complex are involved in the folding of the nascent polypeptides. A specialised group of
chaperone Hsp90, is known to be involved in folding of a of partially folded proteins which
require additional folding for their stability and functional maturity (54). Hsp90 is known to be
one of highly conserved chaperonic protein in eukaryotes. It plays critical role in several
cellular processes which includes replication, transcription, translation, telomere maintenance,

apoptosis, cell cycle progression, signal transduction and DNA repair (55-57). Hsp90 is found
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to be localised in cytosol, ER, mitochondria, Chloroplast and nucleoplasm. Most of the
eubacteria harbours one copy of Hsp90 but due to the gene duplication, eukaryotes have two
isoform of Hsp90 in the cytosol. One form is constitutively expressed in the cell while the other

is the inducible form, the expression of which is induced upon stress (58, 59).

There exits basic, structural similarity between the members of Hsp90 family. Hsp90 exists as
dimer and comprises of three sub-domains: N terminal domain which consists of the ATP
binding site known as Bergerate fold. The middle domain has been predicted to be the site of
binding of the client proteins and linked to the N terminal domain by charged linker region. C
terminal domain aid in the dimerization and consists of conserved MEEVD motif which allow

binding of the co-chaperones. The chaperonic action relies on its ATPase activity (59).

1.7.1 Heat shock protein 90 in model organisms: the canonical functions

Hsp90 being a cytosolic chaperone play prime role in maturation of its client proteins, which
require additional folding for their stability and functioning under normal and stressful
condition. Under stress the expression of Hsp90 is increased from 2% to 10% of the cellular
protein, and thereby it prevents aggregation of misfolded proteins (60). Hsp90 is able to

regulate the folding, assembly and functional maturity of its various client proteins by the
concerted action of protein partners, imunophilins and cochaperones which includes Hsp40,
Hsp70, Hip, Hop, Cdc37, p23 and several others. These act in precise and dynamic fashion and
facilitates Hsp90 to form a functional super chaperone complex and thereby aid it in performing
the diverse role in various cellular processes. The nascent polypeptide formed or the misfolded
protein is bound by Hsp40/Hsp70/ADP complex to prevent its aggregation and this complex is
further bound by Hsp70-interacting protein (HIP) or Bcl2 for its stabilization and exchange of

ADP to ATP. Hsp90 binds to its client protein bound by the HSP70 complex and its interaction
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with Hsp70 is aided by HOP/Stil (Hsp90-Hsp70 organising protein). After loading of the client
protein to Hsp90, several other co-chaperone and immunophilns bind the Hsp90 complex,
leading to the formation of functional heteroprotein complex and the release of the Hsp70, Hip
and Hop. Further ATP binds at the NTD of Hsp90 in the complex and induces conformational
change which switches Hsp90 from open state to the closed state. This is followed by ATP
hydrolysis and folding of the client protein by Hsp90 assisted by binding and action of other
co-chaperones. The folded protein along with the co-chaperones are then released (55). When
Hsp90 is inhibited, its client protein losses its stability and either aggregate or are degraded by
the proteasomal pathway (61).

The prominent clients of Hsp90 are transcription factors including steroid hormone receptors,
signalling kinases and DNA repair proteins (62, 63). Hsp90 enables the cell to withstand the
stress as it has the ability to modulate the expression of several genes as various transcription
factors are its clients. HIF1a, ATF3, p53, NF-xB, STATS, and Bcl-6 are some of the TFs which
are the clients of Hsp90 (60). Thus, by ensuring the stability and functional maturity of the
transcription factor, Hsp90 is able to govern several biological pathways and thereby plays
crucial role in the advancement of numerous diseases. Hsp90 is also involved in conferring
conformational stability to the steroid hormone receptors like estrogen receptor, glucocorticoid
receptor, progesterone receptor and facilitates high affinity hormone binding state (60, 62). It
is instrumental in the process of signal transduction, as kinases such as elF-2, Cdk4, Raf-1,
Mek, Weel, EGFR, B-raf, and SRC rely on Hsp90 for their maturity and functional activity
(62). Hsp90 also plays crucial role in the DNA repair pathway of homologous recombination
(HR) as it regulates the recruitment of HR machinery on the damaged site. MRN complex,
BRACA2, FANCA, Rad51, BIm known to be involved in the HR mediated DNA repair

pathway are stabilised and maintained at functionally active state by Hsp90 (63-67).
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In S. cerevisiae, loss of function of Hsp90 ortholog leads to decrease in expression of Rad51
and Rad52 and reduction in foci formation of Rad51 thereby renders cells more sensitive
towards DNA damaging agents MMS and UV rays (65).

1.7.2 Heat shock protein 90 in model organisms: the non-canonical roles

Hsp90 apart from performing its classical chaperoning function also executes its non-canonical
nuclear roles to perform moonlighting functions which includes nuclear import, assembly and
disassembly of protein complexes on the chromatin and chromatin remodelling (60).

Hsp90 has been reported to interact with several chromatin modifiers, for instance Hsp90 on
interaction with SMYD3, a histone methyl transferase, augments its activity and thereby aid in
the progression of colorectal-, liver- and breast cancer (68-70). In S. cerevisiae overexpression
of Hsp90 leads to transcriptional repression of an epigenetic eraser SIR2 (histone deacetylase)
and leads to decrease in its abundance (71). Reports suggest that in Drosophila melanogaster,
Hsp90 associates with a chromatin modifier complex TrithoraxG and in turn regulates the
development of Drosophila. Inhibition of Hsp90 results in depletion of trithorax which leads
to reduction in active chromatin at several gene loci (72). Additionally, genome wide ChIP
analysis indicated that Hsp90 is associated with the transcription start site of at least 50% of
the genes in Drosophila genome and thereby play a global role in transcriptional regulation
(73). Hsp90 also assists in nucleosome eviction from the promoters and loss of function of
Hsp90 in yeast halts transcriptional activation of GAL1 due to detention of the nucleosome
(74). Hsp90 is also known to remove several other proteins from the promoters as observed it
dictates the removal of the steroid hormone receptor from the nuclear locus (60). Hsp90 also
governs the DNA protein interaction at the telomere of the eukaryotes. In yeast, Hsp90 has
been reported to be involved in the removal of the primary capping complex (CST) present at.

the chromosome end to provide access to the telomerase for the extension the DNA ends.
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Moreover Hsp90 stimulates the telomerase activity of DNA binding and nucleotide addition,
as reported mutation in Hsp90 leads to shortening of the telomere (63).

1.8 Plasmodium Heat shock protein 90

PfHsp90 is expressed in all the three blood stages of the parasite and account for 2% of the
proteome of the parasite (75). Four paralogs of PfHsp90 are encoded by the parasites genome.
PF3D7_0708400 (PF07_0029) is the inducible form of Hsp90 and is present in the cytoplasm.
PF3D7_1443900 (PF14_0417) is the cytosolic constitutive Hsp90 (76), although certain report
suggests its presence in the apicoplast (77). PF3D7_1222300 (PFL1070c) is reported to be
confined in the ER and PF3D7_1118200 (PF11_0188) is known to localise in the mitochondria
(76). The cytosolic inducible PfHsp90 is found to be quite similar to the canonical Hsp90
ortholog and is reported to have 64% amino acid sequence identity with its human Hsp90. It
shares basic domain similarity with Hsp90 found in other organisms and comprises three
similar domains: N-terminal domain, Middle domain, and C-terminal ending with MEEVD
motif and a charge linker domain connecting the NTD and the MD. Interestingly PfHsp90
possesses longer charge linker region with more negative charge compared to the human and

yeast counterparts (77).

As it is evident that parasite during course of its life cycle experiences heat shock i.e., during
the transition from mosquito to human and when the human host experiences fever. In order
to withstand these temperature variations and episodes of heat shock, parasite need to have
robust chaperone protein control system for proper folding of the protein and to prevent
aggregation and misfolding of the protein. Among them one potent chaperone is Hsp90, which
is known to be induced upon the heat shock and known to play role in the manifestation of the
infection in its human host and governs the stage switch or play role in the transition of the

stage (48, 78). Hsp90 in model organism has been reported to provide stability and maturation
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to variety of its clients, but the clients of this chaperone in Plasmodium biology are yet to be
identified. Additionally, none of its nuclear functions have been reported till date in the

protozoan parasite.

1.9 Plasmodium Hsp90 as an antimalarial drug target

As PfHsp90 is found to be expressed in intra-erythrocytic stage of the parasite which is induced
upon stress and is essential for the survival of the parasite (79, 80). Although PfHsp90 is 70%
identical to the HsHsp90, still it possesses the potential of serving as an excellent
chemotherapeutic target as PfHsp90 harbours a unique long charged acidic linker region and
slightly varied binding pocket due to amino acid substitution which leads to more constricted
and the hydrophobic end of the binding pocket (81, 82). Various inhibitors of Hsp90 like
Geldanamycin, Radicicol, 17AAG, 17-DMAG, has been reported to inhibit the in vitro growth
of Plasmodium culture (83, 84). Additionally, 17AAG is known to inhibit the activity of
purified protein (85). Reports depict that PfHsp90 has more binding affinity towards GA than
HsHsp90 and has more efficient ATPase activity as compared to other Hsp90 counterpart (85).
Complementation assay performed in yeast revealed that yeast strain harbouring PfHsp90 is
hyper-sensitive to Hsp90 inhibition- mediated growth arrest (86). Thus, this small difference
in PfHsp90 from its human ortholog, would allow to design drugs that can specifically inhibit
PfHsp90. Geldanamycin has been reported to show synergism with anti-malarial drug
chloroquine against the asexual stage of the parasite and also acts synergistically with
cyclosporine A (inhibitor of calcineurin) in anti plasmodial activity (80, 87, 88). Inhibitors of
Altogether, this suggest that PfHsp90 can serve as a potent antimalarial target and using
inhibitors of Hsp90 in combination therapy with anti-malarial drugs would be an excellent

approach to curb malaria.

23



1 | Sntrodustion

1.10 Significance of the study

Malarial parasite Plasmodium possesses very unique biology and resides in two hosts which
are very unlike each other. One is the invertebrate mosquito while the other is the vertebrate
human host. The body temperature of the two hosts are quite different. Thus, the parasite on
transition from mosquito to human host encounters temperature variation of 10° C.
Additionally parasite also encounters the febrile temperature when human host undergoes
episodes of fever. The specialised molecular chaperone Hsp90 is reported to play very crucial
role in maintaining the protein homeostasis when parasites are under the temperature stress.
Hsp90 enables the parasite withstand the stress by preventing the aggregation of the misfolded
proteins and by aiding in various other process. In this study, we have established PfRad51, the
chief player of the HR pathway for the DNA repair as the client of PfHsp90. Here we uncover
the canonical role of PfHsp90 in the client maturation of PfRad51 and its role in governing the
DSB repair pathway in the parasites. We demonstrate that PfRad51 interacts with PfHsp90 and
on inhibition of PfHsp90, PfRad51 undergo proteasomal degradation resulting in the
abrogation of its DNA repair activity. It suggests new drug combination therapy, which can be
used to tackle malaria. Additionally, it can be used as a model to get further insights of the
Hsp90 chaperone cycle. Apart from this we have also probed into the non-canonical function
of PfHsp90 in transcriptional regulation of the epigenetic eraser PfSIR2. We found that the
master epigenetic regulator of virulence gene in Plasmodium, namely PfSir2, is itself regulated
transcriptionally by epigenetic modification. Here we show that Hsp90, a molecular chaperone
that modulates chromatin states in other eukaryotes, is the key link between environmental heat
stress and chromatin modification in this parasite. Our study reveals that PfSIR2 is
transcriptionally down-regulated upon exposure of the parasite to heat shock. This down

regulation was found
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to be mediated by PfHsp90 via epigenetic modifications. Additionally, it is observed that
exposure to febrile temperature modulates the expression of virulence genes which could
impact chronicity of malaria infection. Thus, understanding the molecular mechanism
underlying PfSIR2 gene regulation might offer novel intervention strategies for curbing

malaria.
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1.11 Objectives of the study

Emergence of drug resistance in the malaria parasites against the variety of first line drugs and
unavailability any potent vaccine are the causes for greater morbidity due to malaria. So there
is a need to develop new drugs and identify new drug targets to win the war against malaria.
Thereby current situation is compelling us to understand the parasite biology for identification
of new drug targets. Hsp90 is the molecular chaperone which is essential for the parasite
survival, and inhibition of PfHsp90 halts the in vitro growth of the parasite. Additionally,
inhibitors of PfHsp90 have been reported to show synergism with the anti-malarial drugs and
thus indicates that PfHsp90 can serve as excellent drug target. In the model organism, Hsp90
drives several cellular processes by providing functional maturity to its client protein and by
executing its non-canonical nuclear functions. However, in Plasmodium clients of Hsp90 are
still unidentified and none of its non-canonical function has been elucidated. In this study, we
have investigated the clientship of PfHsp90 which is its canonical function and also explored
its non-canonical nuclear functions in regulating the transcriptional repression of PfSIR2 upon

heat shock.
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1.12 Aims of the study

1)
2)

3)

1)

2)

3)

To decipher the canonical functions of PfHsp90 in Plasmodium biology
In this regard, we aimed to determine whether PfRad51 is a client of PfHsp90 and
studied the following aspects
Physical interaction of PfRad51 and PfHsp90
Effect of PfHsp90 inhibition on the steady state of PfRad51
Effect of PfHsp90 inhibition on DSB repair function of PfRad51
To explore the non-canonical functions PfHsp90 in Plasmodium biology
In this regard we aimed to probe in role of PfHsp90 in epigenetic regulation of PfSIR2
transcription and studied the following aspects
Effect of heat-shock on PfSIR2 expression and activity
Identification of heat induced alterations in chromatin landscape of PfSIR2
A. Study of chromatin state
B. Identification of the altered epigenetic mark(s)
Role of PfHsp90 in altering the chromatin state of PfSIR2 upon heat shock
A. Inhibition of PfHsp90
I.  Effect on PfSIR2 transcription
Il.  Effect on chromatin state
I1l.  Effect on epigenetic mark(s)

B. Association of PfHsp90 at PfSIR2 promoter-proximal region
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2.1 Recombinant DNA techniques

2.1.1 Bacterial competent cell preparation

The primary inoculum of the bacterial culture was given using a single colony of the bacteria
in LB media with appropriate antibiotic. The culture was allowed to grow overnight at 37°C,
200 rpm. 1 % Secondary culture was set with the primary culture on next day in 40 ml LB
media with appropriate antibiotic and was grown in the similar condition till the O.D reaches
0.5. Further the cells were harvested by centrifuging the bacterial culture at 8000rpm, 4°C for
8 minutes. The cell pellet obtained was gently re-suspended in ice- cold 12.5ml calcium
chloride (0.1M) and the suspension was then centrifuged again at 8000rpm, 4°C for 8 minutes.
The supernatant was discarded and the cell pellet was again re-suspended gently in ice- cold
12.5ml calcium chloride (0.1M). The cell suspension was incubated on ice for 4 hours. After
the incubation, the cells were harvested by centrifugation at 8000rpm, 4°C for 8 minutes. The
bacterial pellet was then very gently re-suspended in 1.07 ml of ice- cold calcium chloride
(0.2M) and 170 pl of glycerol. The prepared bacterial competent cells (100 ul) were aliquot
in pre chilled micro-centrifuge tubes. For storage, the cells were frozen in liquid nitrogen and

kept at -80°C.

2.1.2 Bacterial transformation

The bacterial competent cells stored at -80°C, was allowed to thaw on ice. The plasmid DNA
(20- 25ng) was then added to the cells and incubated on ice for 30 min. Depending upon the
cell type, the cells were subjected to heat shock at 42 °C for various time periods: TOP10 cells
for 30sec and the expression cells for 90 sec. The cells were immediately incubated on ice for

2 minutes after the heat shock. LB broth (900 ul) was further added to the cells and allowed
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to grow at 37°C, 200 rpm for 1 hour. The cells were then centrifuged at top speed for 2 min
and most of the supernatant was discarded. The cell pellet was re-suspended in the remaining
media and was plated on LB plate with appropriate antibiotics followed by incubation at 37°C

for 12 -16 hours.

2.1.3 Plasmid DNA isolation by alkaline lysis method

The bacterial inoculum was given in 5 ml of LB broth containing appropriate antibiotics using
a single bacterial colony harbouring the plasmid of interest and was grown overnight 37°C,
200 rpm. The bacterial cells were harvested by centrifuging the culture at 4500 rpm for 10
minutes. The cell pellet was re-suspended in 200 ul of solution 1 (Tris 25 mM pH 8.0, EDTA
10 mM pH 8.0) and transferred to micro-centrifuge tube. Then 200 pl of solution 2 (NaOH 0.2
M, SDS 1%) was added to the cell suspension and vigorous mixing was performed by inverting
the tubes several times for the cell lysis. Two hundred microliter of solution 3 (NaOAc 3M, pH
5.2) was then added to the suspension and the tube was inverted 4-5 times for mixing, followed
by incubation on ice for 5 minutes with intermittent mixing. The sample was further centrifuged
at 1200 rpm for 10 minutes, RT to separate the white precipitate formed. The supernatant
obtained is transferred to fresh micro-centrifuge tube and 400 ul of absolute ethanol was added
followed by incubation at -20 °C for 45 minutes. After the incubation, the sample was
centrifuged at 12000, 4°C for 30 min for DNA precipitation. The pellet obtained was washed
with 70 % ethanol by centrifugation at 12000 rpm for 5 minutes. The supernatant was then
discarded and the pellet was air dried. The pellet was further re-suspended in 50 pl of 1X TE
(20 mM Tris pH 8.0, EDTA 1 mM pH 8.0) and 5 ul of RNase (10mg/ml) was added to it and
incubated at 37 °C for 30 minutes. 1X TE was added to the sample to make its volume to 400ul

and then 400 ul of PCIA (Phenol: Chloroform: Isoamyl alcohol=25:24:1) was added.
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The sample was vortexed for 3 minutes for mixing and then centrifuged at 14.5 rpm, RT for 10
minutes. The aqueous layer formed was transferred into fresh micro-centrifuge tube avoiding
the interface and the organic layer. Then 1/10th volume of solution 3 and 2.2 volume of
absolute ethanol was added to it and incubated at -80 °C for 1 hour. The sample was then
centrifuged at 12000, 4°C for 30 minutes and the pellet obtained was subjected to washing with
500 ul of 70 % ethanol by centrifugation at 12000 rpm for 5 minutes. The pellet was then air

dried and re-suspended in 30 pl of 1 X TE.

2.1.4. Recombinant protein expression

Induction of recombinant protein PfSIR2A- GST was performed as described previously (89).
PfSIR2A cloned in bacterial expression vector pGEX-6p2 vector was transformed in bacterial
expression strain BL21 codon plus and primary inoculum was given in LB containing
ampicillin from these transformed bacterial cell. The primary culture was grown overnight at
37 °C, 200rpm. Next day secondary inoculum was given using 1% of the primary culture and
grown at 37 °C, 200rpm till the ODsoo reached 0.6. For induction, 0.4 mM isopropyl-p-
thiogalactopyranoside (IPTG, sigma) was added to the culture and incubated at 22 °C for 10
hours. The bacterial pellet was collected and re-suspended in 1X laemmli buffer. The induced
recombinant protein was visualised by SDS- PAGE

2.2 Yeast methods

2.2.1 Yeast competent cell preparation

Primary inoculum for the yeast culture was given with a single colony of required strain in 5mi
of appropriate medium and was grown overnight at 30°C, 200 rpm. ODsgo of the primary
culture was determined next day and secondary inoculum was given in 40 ml of appropriate

medium using the formula: Volume of inoculum = (Final volume of secondary culture x 0.5
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OD) / (Initial OD x 22). The secondary culture was grown at 30°C, 200 rpm till the ODsoo
reaches 0.6 - 0.8. The cells were harvested by centrifugation at 3500 rpm, 4°C for 5 minutes.
To remove the media, the cell pellet was washed by re-suspending in 10 ml sterilized Milli-Q
water followed by centrifugation at 3500 rpm, 4°C for 5 minutes. For making the cells

competent, cell pellet was re-suspended in 300 pl of Lithium solution (1X TE, 1X LiOAc).
2.2.2 Yeast Transformation

DNA sample (0.5-1 pg) was mixed with 10ug of the carrier DNA (salmon sperm DNA) in a
micro-centrifuge tube and 200 ul of the competent cells were added to it. Then, 1.2 ml of PEG
solution (for 10 ml, 1 ml of 10X LiOAc, 1 ml of 10X TE, 8 ml of 50% PEG2000 solution) was
added to it and the cells were allowed to grow at 30°C, 200 rpm for 30 minutes. The cell were
then subjected to heat shock at 42°C for 15 minutes followed by incubation on ice for 2 minutes.
The cells were then harvested by centrifugation at top speed for 10 seconds, the pellet obtained
was re-suspended in 100 pl of 1X TE buffer and plated on appropriate plates followed by the

incubation at 30°C till the transformant colonies were observed.
2.2.3 Protein isolation by TCA method

Primary inoculum was given with a single colony of the required yeast strain in 5 ml of
appropriate growth medium and was grown overnight at 30°C. The temperature sensitive
iG170Dhsp82 strain was grown at 25°C. Secondary inoculum was given next day in 20 ml of
growth medium with the primary culture using the formula: Volume of inoculum = (Final
volume of secondary culture x 0.5 OD) / (Initial OD x 22). The secondary culture was grown
till the ODeoo reaches 0.5. After that the culture was divided in two parts , one part of the culture

was grown at 25°C for 4 hours while the other part was grown at 37 °C for 16 hours. The cells
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equivalent to 10 OD were harvested by centrifugation at 3500 rpm, 4°C for 5 minutes. The cell
pellet obtained was re-suspended in 500 ml sterilized Milli-Q water and transferred to 2 ml
centrifuge tube. At this point, the cells were either stored at -80°C or were right away used for
the protein isolation. For protein isolation, cells are initially washed by re-suspending it in 500
pl of 20% TCA and then centrifuged at 12000rpm, 4°C for 5 minutes. The cell pellet was then
re-suspended in 200ul of 20% TCA and glass bead was added. The sample was vortexed for
10 minutes and placed on ice for 5 minutes rest. This step was repeated 2 more times. The
supernatant was collected and transferred to fresh microfuge tube when glass beads settled.
The remaining glass bead and cell mixture was washed with 200 ul of 5% TCA by mixing
thoroughly and then supernatant was collected after settling of the glass beads. This steps was
repeated till the supernatant obtained after washing of glass beads became clear. The
supernatant collected was centrifuged at 3000 rpm, RT for 10 minutes. The supernatant was
then discarded and the precipitate was re-suspended in 90 pl 1X SDS-PAGE loading buffer.
10 pl of IM DTT and 50 pl of 1 M Tris pH 8.8 were added to the sample and was then boiled

for 5 minutes and spun at top speed for 5 minutes.

2.2.4. Yeast-two-hybrid analysis

PJ694a yeast strain was used for the Y2H analysis. To determine the interaction between
PfHsp90 and PfRad51, PfHSP90 was cloned in pGBDUCL and fused to the binding domain
while PIRAD51 was cloned in pPGADCL to fuse with the activation domain. Both the plamsids
were transformed in the PJ694a strain and the transformants were selected on double drop out
plate Sc-Leu-Ura. The interaction between Pf Hsp90 and PfRad51 was confirmed by the
growth on triple dropout plates Sc-Leu-Ura-His and Sc-Leu-Ura-Ade. Growth on Sc-Leu-Ura-

His depicts weak interaction while growth on Sc-Leu-Ura-Ade suggests strong interaction. The

33



2 | WMiaterials and methods

possibility of the self-activation of the reporter gene was ruled out by screening the interaction
PfHsp90 and PfRad51 with empty prey and empty bait vector. Additionally to ascertain the
specificity of the interaction, PFACTIN was cloned in the pGADC1 and screened for its
interaction with PfHsp90. For the comparative growth analysis of the control and test strains,
spotting analysis was performed in which serially diluted strains were spotted on the double

and triple drop out plates. The plates were incubated in 30°C and further observed for growth.

2.3 Methods in Plasmodium falciparum experiments

2.3.1 Washing of RBCs

The collected blood (10 ml) was taken in 15ml centrifuge tube and was spun at 15000 rpm for
15 minutes. The upper yellow serum layer obtained along with the white buffy layer was
removed with the Pasteur pipette. The volume of RBC obtained was monitored and then equal
volume of incomplete medium was added to it and mixed gently. The blood was then
centrifuged at 3000 rpm for 15 minutes. The supernatant was aspirated and washing of RBC
pellet was repeated twice with the incomplete medium. To obtain 50% haematocrit, the washed
RBC pellet was mixed gently with equal volume of incomplete medium. The tube was marked

and stored at 4°C.

2.3.2 Thawing of the parasites from liquid nitrogen

A cryovial of the frozen parasites was taken out from the liquid nitrogen tank and was thawed
by partially dipping the vial in 37°C pre-warmed water for 2- 3 minutes. In order to avoid
contamination, vial was bathed with 70 % alcohol and wiped. The thawed parasite culture was
transferred into 50ml centrifuge tube and solution - I (0.2 ml of solution- I /1 ml of parasite

culture) was added with gentle shaking maintaining the drop rate one drop per second. The
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culture was then left undisturbed for 5 minutes. Further, 10ml of solution — Il (1.6% NaCl) per
1ml of thawed parasites was added in similar drop wise manner. The sample was centrifuged
at 1000 rpm for 10 minutes at room temperature and supernatant was aspirated using the
Pasteur pipette. The tube was gently tapped to loosen the pellet and then 10 ml of solution — 111
(0.9% NaCl, 0.2% Glucose) per 1ml of thawed parasites was added to the pellet in similar drop
wise manner with gentle mixing. The sample was centrifuged 1000 rpm for 10 minutes and
supernatant was removed using the Pasteur pipette. The obtained pellet was re-suspended in 3
ml of complete medium and 0.2 ml of washed blood was added to it and then the culture was

transferred to culture plate and kept in the incubator.

2.3.3 Maintenance of the parasite culture

In vitro culture of P. falciparum was maintained at haematocrit of 5%, 37 °C by candle jar
method in RPMI media supplemented with 1% albumax and 0.005% hypoxanthine. The
medium of the culture was changed every day under aseptic condition. RBC in the culture tend
to settle at bottom of the culture plate, the used medium was aspirated from top with the help
of Pasteur pipette carefully without disturbing the bottom cellular layer and then required
volume of pre-warmed complete medium was added to the culture. The culture plate was gently
shaken for mixing the culture. The culture plate was then placed in the candle jar in the
incubator, candle was lit and lid of the jar was closed with small opening. When the candle
extinguished, the lid was completely closed. The parasitemia of the culture was regularly
monitored through Giemsa stained smear made from the culture. Subculture was performed
when the parasitemia of the culture reached 2%. For sub-culturing 0.5 ml of the culture, 0.5 ml
of RBC (50 % haematocrit) and 4ml of pre-warmed complete media was added to the new well

and mixed gently.
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2.3.4 Synchronisation of the parasites by sorbitol method

The parasite culture consisting of mostly ring stage was taken in 15ml centrifuge tube and
centrifuged at 3000 rpm at room temperature for 10 minutes. The supernatant was aspirated
using the Pasteur pipette and the pellet was re-suspended in twice the pellet volume of pre-
warmed 5% sorbitol. The culture tube was incubated at 37 °C for 15 minutes with intermittent
shaking. Incomplete RPMI 1640 medium was added to the culture for diluting the sorbitol and
was then centrifuged 3000 rpm at room temperature for 10 minutes. The supernatant was
removed and the pellet was washed with incomplete RPMI 1640 medium 3 more times. After
washing, the pellet was re-suspended in appropriate volume of the pre-warmed complete
medium and then placed back in the culture plate. The culture plate was then kept back in the

incubator.

2.3.5 Freezing of the parasite culture

For freezing, 10 ml of ring stage parasite culture with 4-6% parasitemia was taken in 50 ml
centrifuge tube and spun at 2500 rpm, RT for 10 min. The supernatant was aspirated with
Pasteur pipette and freezing solution equal to pellet volume was added with a speed of 1 drop/
second. The sample was left undisturbed for 5 minutes. Then 1.3 volume of freezing solution
was added tin drop wise manner. Then, 1ml of the culture was transferred to each cryo-vial and
placed in iso-propanol bath at -20 °C for one day. Next day, the frozen culture was transferred
to liquid nitrogen tank

2.3.6 MG132 treatment

Synchronous ring stage culture was treated with 133 nM MG132 for 12 h, then culture was
removed from MG132 containing medium and was grown in complete medium till late and

trophozoite/ early schizont stage. Parasites were then harvested and total protein was extracted
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and used for western blot analysis.

2.3.7 Harvesting of the parasites by saponin lysis

The parasite culture was transferred to a centrifuge tube and centrifuged at 3000 rpm, room
temperature for 10 minutes. The supernatant was aspirated and double the volume of pellet
0.15% saponin was added. The sample was vortexed for mixing and then incubated at 37 °C
water bath for 15 minutes with intermittent mixing. Five volume of cold 1X PBS was added to
the sample to dilute the concentration of saponin and then centrifuged at 5000rpm, 4°C for 10
minutes. Supernatant was removed along with the top layer of ghost RBC. The parasite pellet
obtained was washed with cold 1X PBS 3 times or till reddish colour disappear. The parasite
pellet was then stored at -80°C till further use.

2.3.8 Genomic DNA isolation from the parasites

Ten millilitre of the parasite culture was harvested by saponin lysis. The obtained pellet was
re- suspended in 75 pl of Milli-Q water and 25 pl of lysis buffer (10mM Tris HCI pH-8, 20
mM EDTA pH-8, 0.5% SDS 0.1mg proteinase K) and vortexed for 1 minute for mixing. The
sample was then incubated in 37°C water bath for 3 hours with intermittent mixing every 30
minutes. 350 pl of Milli-Q water and 400 ul of PCIA solution was added to the sample after
incubation and vortexed for 3 minutes. The sample was then centrifuged at top speed RT for
15 minutes. The aqueous layer obtained was transferred to fresh microfuge tube and 50 ul of
RNase (10mg/ml) was added. The RNase treatment was performed for 30 minutes and then the
PCIA extraction was repeated. 2.2 volume of 100% ethanol and 1/3 volume of solution Il was
to the aqueous layer was collected and the sample was incubated in -80 “C overnight for the
DNA precipitation. The sample was centrifuged next day at 12000 rpm, 4°C for 30 minutes,
the supernatant was discarded and the pellet obtained was washed with 70 % ethanol 12000

rpm, 4°C for 5 minutes. The obtained pellet was air dried and then re-suspended in 1X TE.
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buffer and the quality of the genomic DNA was assessed by running it on the agarose gel.

2.3.9 Protein preparation from the parasites

The parasite pellet obtained after saponin lysis from 10-15 ml of the culture was re-suspended
in 1X laemmli buffer (63 mM Tris-HCI — pH6.8, 10% glycerol, 0.005% Bromophenol blue,
0.1% 2- Mercaptoethanol). The sample was boiled in boiling water bath for 10 minutes and

then centrifuged at 8000 rpm for 8 minutes. The protein quality was checked on SDS-PAGE.

2.3.10 RNA isolation from the parasites

Total RNA was isolated following the protocol described elsewhere (90). Ten milliliters of
synchronised culture was centrifuged at 1800 rpm for 3 minutes and supernatant was removed.
Pre-warmed TRIzol was added to the pellet. For ring stage 10 pellet volume and for trophozoite
and schizont 20 pellet volume of TRIzol was used. The sample was shaken to dissolve the
clumps and then incubated at 37°C for 5 minutes. The sample was vortexed for 3 minutes after
adding 0.2 TRIzol volume of chloroform and then allowed to stand for 3 minutes. To extract
the aqueous layer, the sample was centrifuged at 4500 rpm, 4°C for 30 minutes. The aqueous
layer obtained was transferred to new microfuge tube, 0.5 TRIzol volume of 2-propanol was
added and then incubated overnight at 4°C. Next day, the sample was spun at 14000 rpm, 4°C
for 30 minutes. One milliliter of 75 % ethanol was added to the pellet and mixed. The sample
was pooled in single tube if multiple tube were used and centrifuged at 14000 rpm, 4°C for 30
minutes. The pellet obtained was air dried for 5 minutes and re-suspended in 30 pl nuclease

free water. The quality of RNA was assessed by running it in FA agarose gel.
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2.3.11 cDNA preparation

The concentration of isolated RNA was measured by spectroscopic analysis using JASCO
spectrophotometer EMC-709. Five microgram of total RNA was subjected to DNase
(Fermentas) treatment in order to remove the genomic DNA contamination. PCR analysis was
performed without cDNA preparation (— RT) to confirm the complete removal of genomic
DNA prior to cDNA synthesis. For cDNA synthesis, 1 pg of RNA was reverse transcribed with
oligo dT primer (Sigma) using Omniscript reverse transcriptase. The synthesized cDNA was
further subjected to PCR analysis.

2.4 Real time PCR.

Applied Biosystems 7500 Fast Real Time PCR system was used for the Real time analysis.
10 pl of reaction mixture was prepared which comprised of 0.5 pl of the forward and reverse
primers (concentration 10 pmole / pl) each, 5 pl of SYBR premix (Takara), 2 pl of Milli Q
water and 2ul of the template. The fold change was calculated using AACT method.

The mean values (+SEM) from three independent experiments were plotted using Graph Pad
Prism 6 software.

2.5 MMS sensitivity assay

Synchronous ring stage parasites were treated with different concentrations of 17AAG (170
nM to 850 nM) or Radiciciol (1.5 uM) and grown till late trophozoite/ early schizont stage.
Pretreated parasite (1% parasitemia) was then subjected to MMS treatment (0.001%, 0.005%
and 0.1%) for 2 hours. Further 3 times washing with RPMI was performed in order to remove
the MMS. Then the parasites were allowed to grow for 48 hours in the presence of the
respective concentrations of 17AAG or Radicicol. The parasitemia was monitored by the

Giemsa-stained smear.
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The percent survivability was calculated using the following equation:

% Survivability = (% parasitemia in the absence of MMS/ % parasitemia in the presence of
MMS) x 100.

2.6 PCR-based method to quantify DNA damage

To monitor the repair kinetics of damaged nuclear DNA, ring stage culture with parasitemia
6% was pre-treated with 17AAG (1.7 uM), with B02 (1 uM) or with Atovaquone (0.3 nM).
DNA damage was induced at early trophozoite stage through UV exposure at 100 J/m?. Further,
the cultures were maintained in the presence of the respective inhibitors for 24 hours. Parasites
were harvested for genomic DNA isolation before the damage (UT), just after the damage (0
h), at 12 h and at 24 h. PCR for long-range (7200 bp) and short range (269 bp) fragment were
performed from equal amount isolated genomic DNA for each time point using the primer-sets
mentioned in table 2.1. Quantification of the PCR product was performed using SYBR green |
dye, and the fluorescence readings of the long-range PCR products were normalized by the
reading obtained from the short-range PCR product. The amount of damaged DNA at any given
time point was deduced from the following equation: damaged DNA = 1- (fluorescence
intensity of the long PCR product/ fluorescence intensity of the short PCR product x 26.76),
where the factor 26.76 represents the ratio of the sizes of the two amplicons. The amount of
damaged DNA from the UV-untreated sample was considered as 0% and the zero-hour sample
was considered as 100%. The amount of residual damaged DNA at each time point was plotted
using GraphPad Prism 6 software.

2.7 Chromatin Immunoprecipitation

The crosslinking of the parasites for ChIP was performed as described previously (91).
Hundred millilitre of synchronised ring stage cultures treated under different conditions were

harvested and lysed by saponin treatment. The liberated parasites were washed with pre-
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warmed 1X PBS 3-4 times till the lysed RBC was removed. The harvested parasite pellet was
re-suspended in 3.65 ml of pre-warmed 1X PBS. Then 50ul of 37% formaldehyde (final
concentration 0.5%) was added to it and incubated on rocker for 10 minutes at RT for the cross-
linking. For stopping the reaction, 300ul of 1.67 M glycine (in PBS) was added and the
parasites were incubated on ice for 5 minutes. The parasites were then centrifuged at 4000g RT
for 5 minutes. The supernatant was removed and parasite pellet was washed with ice- cold
PBS. The obtained parasite pellet after centrifugation was frozen in liquid nitrogen and stored
in -80°C or used for the further processing. The cross-linked parasites were thawed on ice if
frozen. The parasites were then re-suspended in 2ml of cold lysis buffer (L0mM HEPES pH7.9,
10mM KCI, 0.1mM EDTA pH8, 0.1ImM EGTA pH8, 1mM DTT, protease inhibitor) and
incubated on ice for 1 hour with intermittent mixing. Nonidet -40 was added to final
concentration of 0.25% and the re-suspended parasites were transferred to the pre chilled
dounce homogenizer and 200 strokes were given for the lysis of the parasites. The lysate was
transferred to 1.5 ml microfuge tube, 1ml in each and then centrifuged for 10 minutes at 14000
rpm, 4°C. The supernatant was discarded and the pellet in each tube were re-suspended in 125
ul of SDS lysis buffer (1% SDS, 10mM EDTA pHS8, 50mM Tris HCI pH8 supplemented with
Pl, PMSF and DTT). The DNA was then sheared using EIma water bath sonicator, sonication
of the chromatin solution was performed for 6 sessions (10 sec burst and 5 min rest) at 37 hz
frequency. The chromatin solution were pooled in single tube and was 10 fold diluted by adding
2250 pl of chromatin dilution buffer (0.01% SDS, 1.1% tritonX100, 1.2 mM EDTA, 16.7 mM
Tris HCI pH8, 150mM NaCl, Pl and PMSF). The chromatin shearing was monitored by
running the chromatin solution on the agarose gel. For the pre cleaning of the chromatin
solution, 190 pl of equilibrated protein A agarose beads with the equilibration buffer (0.1%

BSA, 0.1% Na azide, 1X TE) was added to it and incubated on rocker, 4°C for 2 hours. The
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protein A agarose beads were removed by spinning the chromatin solution at 2500 rpm, 4°C
for 10 seconds. The supernatant was transferred to fresh tube and for each immunoprecipitation
400ul and for input 250pul of chromatin solution were used. For immunoprecipitation, 10 ul of
antibodies against H3K9me3 (Millipore Sigma), H3K36me2 (Abcam), Hsp90 (Sigma),
PfSir2A (generated in this study) and IgG were added to the chromatin solution and incubated
on rocker, 4°C for overnight. Next day 45ul of equilibrated protein A agarose beads were
added to the chromatin solution containing the respective antibodies and incubated on rocker,
4°C for 2 hours. The samples were then centrifuged at 7000 rpm for 10 seconds. The
supernatant obtained was stored at -20°C and was used as IP supernatant samples. The bound
beads were then subjected to washing on rocker 4°C for 5 minutes with 1ml of each the
following cold buffers. The wash buffers were discarded after each wash by centrifuging the

sample at 7000 rpm for 10 seconds

1- Low saltimmune complex wash buffer —0.1% SDS, 1% Triton X100, 2mM EDTA, 20mM
Tris HCI pH8, 150mM NaCl.

2- High salt immune complex wash buffer — 0.1% SDS, 1% Triton X100, 2mM EDTA,
20mM Tris HCI pH8, 500 mM NacCl

3- LiCl immune complex wash buffer — 0.25M LiCl, 1% NP-40, 1% Deoxycolate, 1mM
EDTA, 10mM Tris HCI pH8.

4- TE —10mM Tris HCI pH8 and 1mM EDTA.

After washing, 500ul of TE was added to the beads, mixed gently and transferred into fresh
microfuge tube, again 500ul of TE was added to the old tube mixed gently and transferred into
new microfuge tube. Further, spinning of the samples were performed as before and for elution

of the immune complexes freshly prepared 250ul of SDS/ NaHCO3 (1% SDS, 0.1M NaHCO3)
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buffer was added to the beads, mixed by vortexing and was incubated on rocker 4°C for 15
minutes. The samples were spun and the supernatant was transferred into fresh microfuge tube
and the elution step was repeated once more with the beads. The sample were again spun and
the supernatant was collected and combined with supernatant obtain in the previous elution
step. The obtained supernatant was once again spun to remove any residual beads and

transferred in fresh microfuge tube.

For reverse HCHO crosslinking, 20ul of 5M NaCl was added to the eluted immune complexes
(pellet fraction), 2.5ul to 300ul of IP supernatant fraction and 10ul to the input. The samples
were mixed by vortexing, subjected to short spin and then incubated at 65°C for 5 hours.
Further, samples were spun briefly and then transferred into new tube. 2.2 volume of absolute

ethanol was added to it and then kept for precipitation at -20°C for overnight.

Next day, samples were centrifuged at 12000 rpm, 4°C for 30 minutes and the pellet was
washed with 70 % ethanol for 5 minutes. The pellet was then air dried for about 5 minutes and
re-suspended in 100ul of TE followed by incubation on ice for 10 minutes. Further 25ul of 5X
proteinase K buffer (50mM Tris HCI pH8, 25mM EDTA, 1.25% SDS) and 1.5ul of proteinase
K (20mg/ml) was added to the sample, mixed and incubated at 42°C for 2 hours. After
incubation, 175ul of TE was added to the IP pellet fraction and 275ul of TE to the input and
the IP supernatant fraction. Equal volume of PCIA ( phenol: chloroform: Isoamyl alcohol -
25:24:1) was added to the samples, mixed by vortexing for 3 minutes and then centrifuge at
the top speed, RT for 10 minutes. The obtained aqueous layer is then transferred to fresh
microfuge tube. The organic extraction step is repeated for the input and the IP supernatant
fraction once more. Sug of glycogen, 1/10 volume of 3M sodium acetate and 2.2 volume of

absolute ethanol was added to the samples and kept for precipitation at -20°C for overnight.
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The samples were spun at 12000 rpm, 4°C for 30 minutes and the pellet was washed with 70
% ethanol for 5 minutes. The pellet was air dried and IP pellet fraction was re-suspended in
150ul of TE, input in 250 pl of TE and IP supernatant fraction in 300ul of TE. The DNA
obtained was analysed through PCR and the primer sets used for amplifying various

chromosomal loci are listed in table 2.1

2.8 FAIRE

The procedure for FAIRE was performed as previously described (92, 93). Synchronised 30
ml of mid-ring stage P. falciparum in vitro cultures were centrifuged to remove the media and
re-suspended in 30 ml of 1X PBS. For crosslinking, culture was treated with 37% formaldehyde
(final concentration 1%) and incubated at room temperature on an orbital shaker at 80 rpm, for
20 min. Formaldehyde was quenched by treatment with 2.5 M glycine (final concentration 125
mM) and incubated at room temperature on an orbital shaker at the 80 rpm for 10 min. Further
cultures were spun at 3000 rpm for 10 min. Pellet obtained was washed with ice cold PBS
containing 2 mM PMSF for three times. Washed pellet was frozen under liquid nitrogen and
stored in -80°C or proceeded for DNA extraction. For reference sample, 10 ml of mid- ring
stage un-cross-linked cultures were used. Pellets were thawed if stored in -80°C and then re-
suspended in lysis buffer (25 mM Tris-HCl at pH7.8, 1 mM EDTA, 0.25% [v/v] IGEPAL CA-
630, complete mini EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland), 20mM
N-ethylmaleimide). One millilitre of lysis buffer was used per 0.4 g of pellet. The lysate was
further sonicated for 6 sessions in EIma water bath sonicator (10 sec burst and 5 min rest on
ice) followed by centrifugation at 16,000 g for 20 min at 4°C. For isolation of DNA, the
supernatant was treated with equal volume of Phenol-Chloroform-Isoamyl alcohol (25:24:1)

and DNA precipitation was performed from the aqueous layer obtained by adding 2 volume of

44



2 | WMiaterials and methods

100 % ethanol, 1/10 volume of 3M sodium acetate and 1ul glycogen, followed by incubation
at -20 °C. Next day, the sample was then centrifuged at 12000, 4°C for 30 minutes and the
pellet obtained was subjected to washing with 500 pl of 70 % ethanol by centrifugation at
12000 rpm for 5 minutes. The pellet was then air dried and re-suspended in 1X TE. The

obtained DNA was analysed through PCR using the primer sets listed in table 2.1

2.9 Co-immunoprecitation

ColP was performed using Pierce Crosslink Immunoprecipitation Kit (Thermo Scientific)
following the manufacture’s protocol with slight modification. 50 pl of Pierce Protein A/G Plus
Agarose bead was taken in the screw cap column and washed twice with 1X coupling buffer.
The supernatant was discarded and then antibody solution (25ul anti-PfRad51 antibody and
125ul of 1X coupling buffer) was added to the column. The column was incubated on a rotator
for 2 hours at room temperature. The column was then placed into collection tube and
centrifuged. The resin was initially washed with 100 pl of 1X coupling buffer and then twice
with 300ul of 1X coupling buffer. Then the bound antibody to bead was cross-linked using
DSS solution on the rotator at RT for 90 minutes. After that, column was centrifuged to remove
the DSS solution. 50l of elution buffer was added to column and centrifuged. To quench the
crosslinking, beads were washed twice with 100ul of elution buffer followed by washing twice
with 200ul of IP Lysis/ wash buffer. Beads were re-suspended in IP lysis buffer and stored at
4°C. Parasites released after saponin treatment from 80 ml schizont stage culture with
parasitemia 8%, were re-suspended in 700ul of IP lysis buffer and incubated on ice for 30
minutes with intermittent mixing. The lysate was separated from the cell debris by

centrifugation at 13000g, 4°C for 10 minutes. 80ul of Control agarose resin was taken in new
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screw cap column and centrifuged to remove the storage buffer. The control beads were washed
with 100ul of coupling buffer. For pre- cleaning, 600ul of the lysate was added to the column
with control agarose resin and incubated on rotator at 4°C for 60 minutes. The antibody bound
beads were centrifuged to remove the buffer. Further pre-cleaned lysate was added to the
antibody bound beads and incubated on the rotator at 4°C for overnight. Next day, the column
was placed in a collection tube and flow through was collected and stored as supernatant
fraction. Beads were then subjected to washing thrice with 200ul of wash buffers and once with
100ul of 1X conditioning buffer. Next for elution of the bound antigen, the column containing
the beads was placed in collection tube containing 5ul of Tris-HCI pH 9.5 and 10ul of elution
buffer was added followed by centrifugation. Further 50pl of elution buffer was added to the
column and incubated for 5 minutes at RT. The tube was centrifuged and flow through was
collected as IP fraction. The lysate (input), supernatant fraction and IP fraction was mixed with
the sample buffer, boiled and then subjected to western blot analysis. All the centrifugation of
the beads was carried out at 2000g, 4°'C for 60 seconds. The lysis buffer; wash buffer;

conditioning buffer; and the elution buffer used was provided in the kit.

2.10 Western blotting

The appropriate amount of protein was separated on 12 % SDS polyacrylamide gel and
transferred to Polyvinylidene difluoride (PVDF) membrane pre-treated with methanol for
30sec, double distilled water for 2 minutes and 1X semi-dry transfer buffer (5.86 gm Glycine,
11.64Tris base, 0.75 gm SDS dissolved in final volume of water 1600ml with added 400 ml of
methanol) for 5 minutes. The transfer was performed at 250mA for 80 minutes. The blocking
of the membrane was then performed on rocker for 2 hours at room temperature using blocking

buffer (5% skimmed milk in 1X TBST). The blot was then incubated in primary antibody
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overnight at 4°C under rocking condition. The primary antibody anti-PfSir2A raised in rabbit
was used at 1:10,000 dilutions. Anti-PfRad51 (raised in rabbit), anti-Actin, anti-ScActin, anti-
Hsp90 (all raised in mouse) were used at 1:5000 dilutions. Next day blot was initially washed
thrice at room temperature under rocking condition with large volume of 1X TBST(0.2M Tris
base, 9% sodium chloride, pH 7.6, 0.1% Tween 20) for 1minute . Blot was then subjected to
1X TBST wash thrice for 15 minutes each with 1 minute, internment wash of water. After

washing, blot was incubated in secondary antibody at room temperature under rocking
condition for 2 hours. HRP conjugated anti-rabbit and anti-mouse secondary antibodies
(Promega) were used at 1:10,000 dilutions. Further, washing of the blot was performed in
similar manner. The signal for the protein was detected using enhanced chemiluminescence kit
(Pierce) in Bio-rad Chemi-doc system. Quantification of the band intensity was performed

using Image J software and the graph was plotted using GraphPad Prism 6 software.
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Table 2.1: List of the primers used in the study

Gene name and | Primer
purpose
PfHSP90 Gene OMKB 469 FP TCAGGA TCCATGTCAACGGAAACATTCGC
amplification
OMKB 470 RP TCAGTCGACATCCTTTAGTCAACTTCTTCC
PfACTIN Gene OMKB 766 FP
amplification TCAGGATCCATGGGAGAAGAAGATGTTCAAG
OMKB 767 RP
TCAGTCGACAATTTAGAAACATTTTCTGTGGAC
Long range PCR OMKB463
Repair Kinetics FPTCAGTCGACATGTTGAATGATATGAATGATAAAAAAG
OMKB464 RP

TCAGTCGACTCAACCTATGTAACCTTTACACTTC

Short range PCR
Repair kinetics

0SB94 FP CTGTAACACATAATAGATCCGAC

0OSB9 RP TTAACCATCGTTATCATCATTATTTC

SIR2A(A0): gRT PCR
and ChlP

OMKB 244 FP GTAATTGGCACATCGTCTACTG

OMKB 245 RP TATATATGTGCGTGTGAGCTAC

SIR2B(B0): qRT PCR
and ChlP

OMKB 246 FP A AATACCAAAATATGTAAAGCCAC

OMKB 247 RP TTACATAATTTAGGATCCAATAAGG

UPSB: ChIP OMKB 419 FP TATTACAGGATATGTCATATATTATAT
OMKB 420 RP AAATACGAAAATACATACATATAAAA

UPSA: ChIP OMKB 445 FP ATGGATACATATTATAGATAATAGAG
OMKB 446 RP TTTCTATACCAAAGGTTTGCC

Cox3: FAIRE OSB 177 FP GCT TCT GAT ATT ATG ATA GAT AAC

OMKB 418 RP TTACGGCACATTATCTCACCG

ARP ups: FAIRE and
ChIp

OMKB 409 FP GAAAACAAAGTTCTATTTATCATC

OMKB 410 RP TCTTACGTATGCTTGGGGTC

SIR2A ups(Al) : ChIP
and FAIRE

OMKB 407 FP TAAACTTAACACTTGTGTACTG

OMKB 261 RP
GCTATGCATTTATTTTAATCTTAACAAATTATG

SIR2B ups (B1) :ChIP
and FAIRE

OMKB 408 FP AATGTGTATACCTCCTAAATG

OMKB 259 RP
CTATGCATTAATATGTTATTGATAAATAAATGTG

SIR2A ups(A2) : ChIP

OMKB 721 FP ATATTTCTTCTTCCTGATTAAC

OMKB 722 RP CGAAAAGACCTTCTAATTCG

SIR2B ups (B2) :ChIP

OMKB 727 FP ATATGTTTCTTTTCTTATATAAG

OMKB 728 RP AATGATGAAATAAGTAATTTTATTG

SIR2A ups(A3) : ChIP

OMKB 719 FP TTGTATTGATATTTCTCTTCATATTC

OMKB 720 RP TTTCAATGTGCATAGAAAATTAAATG

SIR2B ups (B3) :ChlP

OMKB 725FP TGTATAAAGTTCAATATGAAAAAG

OMKB 726 RP AGATCTTGTATAACATATATAATC

SIR2A ups(A4) : ChIP

OMKB 717 FP  TGAATGTTAATAAAAGTATAATAATG

OMKB 718 RP TTATTATATAGTTATTCTTTTTCATC

SIR2B ups (B4) :ChIP

OMKB 723 FP  ACAATATACGCAATGAAGGTTAG

OMKB 724 RP CTGACTTAATAATATGAATATTTTCG
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var PF3D7_0400400

OMKB280 FP ATATGGGAAGGGATGCTCTG

gRT PCR OMKB281 RP TGAACCATCGAAGGAATTGA
var PF3D7_0800200 OMKB564 FP GGTGTCAAGGCAGCTAATGA
gRT PCR OMKBS565 RP TATGTCCTGCGCTATTTTGC
var PF3D7_0937600 OMKB705 FP CGTAAAACATGGTGGGATGA
gRT PCR OMKB706 RP GGCCCATTCAGTTAACCATC
var PF3D7_1100200 OMKB580 FP GACGGCTACCACAGAGACAA
gRT PCR OMKBS581 RP GTCATCATCGTCTTCGTTT
var PF3D7_1150400 OMKB282 FP TGCTGAAGACCAAATTGAGC
gRT PCR OMKB283 RP TTGTTGTGGTGGTTGTTGTG
var PF3D7_1300300 OMKB240 FP CACAGGTATGGGAAGCAATG
gRT PCR OMKB241 RP CCATACAGCCGTGACTGTTC
var PF3D7_0100100 OMKB544 FP TGCGCTGATAACTCACAACA
gRT PCR OMKB545 RP AGGGGTTCATCGTCATCTTC
var PF3D7_0115700 OMKB546 FP AACCCCCAATACCATTACGA
gRT PCR OMKB547 RP TTCCCCACTCATGTAACCAA
var PF3D7_0200100 OMKB548 FP ATGTGCGCTACAAGAAGCTG
gRT PCR OMKB549 RP TTGATCTCCCCATTCAGTCA
var PF3D7_0223500 OMKB550 FP CAATTTTGGGTGTGGAATCA
gRT PCR OMKB551 RP CACTGGCCACCAAGTGTATC
var PF3D7_0324900 OMKB234 FP CAATCTGCGGCAATAGAGAC
gRT PCR OMKB235 RP CCACTGTTGAGGGGTTTTCT
var PF3D7_0300100 OMKB234 FP CAATCTGCGGCAATAGAGAC
gRT PCR OMKB235 RP CCACTGTTGAGGGGTTTTCT
var PF3D7_0400100 OMKB683 FP GACGACGATGAAGACGAAGA
gRT PCR OMKB684 RP AGATCTCCGCATTTCCAATC
var PF3D7_0426000 OMKB552 FP TGACGACTCCTCAGACGAAG
gRT PCR OMKB553 RP CTCCACTGACGGATCTGTTG
var PF3D7_0500100 OMKB554 FP GAAGCTGGTGGTACTGACGA
gRT PCR OMKB555 RP TATTTTCCCACCAGGAGGAG
var PF3D7_0632800 OMKB558 FP GACAAATACGGCGACTACGA
gRT PCR OMKBS559 RP TGTTTCACCCCATTCTTCAA
var PF3D7_0733000 OMKB453 FP TGACGACGATAAATGGGAAA
gRT PCR OMKB448 RP TTCTTTTGGAGCAGGGAGTT
var PF3D7_0800100 OMKB562 FP GTCGTGGAAAAACGAAAGGT
gRT PCR OMKB563 RP TATCTATCCAGGGCCCAAAG
var PF3D7_0937800 OMKB572 FP CACACGTGGACCTCAAGAAC
gRT PCR OMKB573 RP AAAACCGATGCCAATACTCC
var PF3D7_1000100 OMKB574 FP GACGAGGAGTCGGAAAAGAC
gRT PCR OMKB575 RP TGGACAGGCTTGTTTGAGAG
var PF3D7_1041300 OMKB576 FP GTGCACCAAAAGAAGCTCAA
gRT PCR OMKBS577 RP ACAAAACTCCTCTGCCCATT
var PF3D7_1100100 OMKB578 FP GAGGCTTATGGGAAACCAGA
gRT PCR OMKB579 RP AGGCAGTCTTTGGCATCTTT

var PF3D7_1200100
gRT PCR

OMKB286 FP CGGAGGAGGAAAAACAAGAG

OMKB287 RP TGCCGTATTTGAGACCACAT
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var PF3D7_1219300

OMKB586 FP GACGCCTGCACTCTCAAATA

gRT PCR OMKB587 RP TTGGAGAGCACCACCATTTA
var PF3D7_1240400 OMKBG677 FP AAAGCCACTAGCGAGGGTAA
gRT PCR OMKB678 RP TGTTTTTGCCCACTCCTGTA
var PF3D7_1255200 OMKB284 FP GGCACGAAGTTTTGCAGATA
gRT PCR OMKB285 RP TTTGTGCGTCTTTCTTCGTC
var PF3D7_1300100 OMKB588 FP ACAAAGGAACGTCCATCTCC
gRT PCR OMKB589 RP GCCAATACTCCACATGATCG
var PF3D7_1373500 OMKB242 FP CGGAATTAGTTGCCTTCACA
gRT PCR OMKB243 RP CATTGGCCACCAAGTGTATC
var PF3D7_0412400 OMKB447 FP ACCGCCCCATCTAGTGATAG
gRT PCR OMKB458 RP CACTTGGTGATGTGGTGTCA
var PF3D7_0412700 OMKB449 FP TAAAAGACGCCAACAGATGC
gRT PCR OMKB450 RP TCATCGTCTTCGTCTTCGTC
var PF3D7_0412900 OMKBG681 FP ACTTTCTGGTGGGGAATCAG
gRT PCR OMKB682 RP TTCACCGCCACTTACTTCAG
var PF3D7_0420700 OMKB451 FP AGAGGGTTATGGGAATGCAG
gRT PCR OMKB452 RP GCATTCTTTGGCAATTCCTT
var PF3D7_0420900 OMKB451 FP AGAGGGTTATGGGAATGCAG
gRT PCR OMKB452 RP GCATTCTTTGGCAATTCCTT
var PF3D7_0421300 OMKB685 FP TGCAACGAAACATTAGCACA
gRT PCR OMKB686 RP AGCAGGGGATGATGCTTTAC
var PF3D7_0617400 OMKB556 FP ATTTGTCGCACATGAAGGAA
gRT PCR OMKB557 RP AACTTCGTGCCAATGCTGTA
var PF3D7_0711700 OMKB691 FP CAATTTTTCCGACGCTTGTA
gRT PCR OMKB692 RP CACATATAGCGCCGTCCTTA
var PF3D7_0712000 OMKB697 FP GTTGAGTCTGCGGCAATAGA
gRT PCR OMKB698 RP CTGGGGTTTGTTCAACACTG
var PF3D7_0712600 OMKB701 FP CGTGGTAGTGAAGCACCATC
gRT PCR OMKB702 RP CCCACCTTCTTGTGGTTTCT
var PF3D7_0712900 OMKB699 FP CACACATGTCCACCACAAGA
gRT PCR OMKB700 RP ACCCTTCTGTGGTGTCTTCC
var PF3D7_1240600 OMKB679 FP CATCCATTACGCAGGATACG
gRT PCR OMKB680 RP AAATAGGGTGGGCGTAACAC
var PF3D7_1200600 OMKB584 FP TGGTGATGGTACTGCTGGAT
gRT PCR OMKB585 RP TTTATTTTCGGCAGCATTTG
var PF3D7_0632500 OMKB558 FP ATGTGTGCGAGAAGGTGAAG
gRT PCR OMKB559 RP TGCCTTCTAGGTGGCATACA
var PF3D7_0600200 OMKB236 FP TGGAAAGAACATGGACCTGA
gRT PCR OMKB237 RP TTCCTCGAGGGAAGAATCAC
var PF3D7_0800300 OMKB566 FP TTTGGGATGACACCAAGAAA
gRT PCR OMKB567 RP GTCGCTTGATGAAGGAGTCA
var PF3D7_1200400 OMKB582 FP TCGATTATGTGCCGCAGTAT
gRT PCR OMKB583 RP TTCCCGTACAATCGTATCCA

var PF3D7_0413100
gRT PCR

OMKB681 FP ACTTTCTGGTGGGGAATCAG

OMKB682 RP TTCACCGCCACTTACTTCAG
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var PF3D7_0421100 OMKB236 FP ACCAAGTGGTGACAAAGCAG
gRT PCR OMKB237 RP GGGTGGCACACAAACACTAC
var PF3D7_0712300 OMKB695 FP ACCAAATGGTGACTTGCTCA
gRT PCR OMKB696 RP TTTTCATCGACGGATGATGT
var PF3D7_0712400 OMKB693 FP GCGACGCTCAAAAACATTTA
gRT PCR OMKB694 RP TCATCCAACGCAATCTTTGT
var PF3D7_0712800 OMKB560 FP ACGTGGTGGAGACGTAAACA
gRT PCR OMKBS561 RP CCTTTGTTGTTGCCACTTTG
var PF3D7_0808700 OMKB568 FP TTTGTCCGGAAGACGATACA
gRT PCR OMKB569 RP ATCTGGGGCAGAATTACCAC
var PF3D7_0809100 OMKB707 FP TGCAAGGGTGCTAATGGTAA
gRT PCR OMKB708 RP CCTGCATTTTGACATTCGTC
var PF3D7_0900100 OMKB288 FP TGCAAACCACCAGAAGAAAG
gRT PCR OMKB289 RP GTTCTCCGTGTTGTCCTCCT
var PF3D7_1240300 OMKBG675 FP AGCAAAATCCGAAGCAGAAT
gRT PCR OMKB676 RP CCCACAGATCTTTTCCTCGT
seryl-tRNA synthetase OMKB592 FP AAGTAGCAGGTCATCGTGGTT
gRT PCR OMKB593 RP TTCGGCACATTCTTCCATAA
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Table 2.2: List of yeast strains used in the study

Strain Genotype

PJ69-4A MATa trpl-901 leu2-3, 112 ura3-52 his3-200 gal4D gal80D
LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ

1IG170Dhsp82 MATa
canl-100 ade2-1 his3-11, 15 leu2-3, 112 trpl-1 ura3-1
hsp82::LEU2 hsc82::LEU2 HIS3::HSP82G170D

W303a MATa leu2-3, 112 his3-11, 15 ade2-1, trpl, ura3-1

TAY1 MATacan1-100 ade2-1 his3-11, 15 leu2-3, 112 trpl-1 ura3-1
hsp82::LEU2  hsc82::LEU2  HIS3::HSP82G170D  pTA
PfRAD51:TRP1

TAY?2 MATa leu2-3, 112 his3-11, 15 ade2-1, trpl, ura3-1 pTA
PfRAD51:TRP1
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3.1 Introduction

Heat shock protein 90 (Hsp90) is an evolutionary conserved molecular chaperone that regulates
the conformation and stability of a specific group of proteins, known as its clients (94) and
hence governs several cellular processes (55-57). It is one of the most active players involved
in stress response of cell by maintaining the protein homeostasis.

Parasite during its life cycle encounters various endogenous and environmental genotoxic
agents which are responsible for extensive DNA damage. Most lethal among them are double
strand break (DSB) and parasite being an unicellular organism needs to repair it for its survival
(45). The classical Non-homologous end joining pathway (NHEJ) is absent and homologous
recombination (HR) pathway is the predominant pathway which operates in P. falciparum to
mend the DSB (95). As reported previously the deficiency of HR cannot be compensated by
any other pathway (96). This underlines the importance of targeting the exclusive DSB repair
HR pathway. The Plasmodium recombinase, PfRad51 which has been identified and
characterised, has been reported to execute a pivotal role in HR repair pathway of homology
search and strand exchange (97-99). Small molecule inhibitor, BO2 has been reported to bind
PfRad51 and prevent the homomerisation of PfRad51 molecules and thereby inhibits its
ATPase and strand exchange activity (100). Additionally, it was noted that P. falciparum in
vitro culture on treatment with B02 becomes more susceptible to methyl methanesulfonate
(MMS), as BO2 treatment leads to significant reduction in MMS-induced Rad51 nuclear foci
formation and hence increases accumulation of unrepaired DNA in the parasites (100). A report
also suggests that mice infected with a mutant Plasmodium berghei strain harbouring a
dominant negative mutant allele of rad51 (Pfrad51:K143R), exhibits remarkable reduction in
parasite burden (96) reinforcing the essentiality of Rad51. It was also observed that the loss of

Rad51 activity could not be compensated by other DSB repair pathways (96).
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Hsp90 is reported to act as an important regulator of the DNA damage response pathway as
well as the DNA break repair pathway. Hsp90 inhibitors are found to show synergistic
antitumor activities with DNA-damaging agents (101). Multiple components of the DSB repair
pathways have been described as the clients of Hsp90 (102). In budding yeast, Rad51 acts as a
client of yHsp90 (65) and dynamic interaction between yRad51 and yHsp90 is crucial for the
DNA damage-induced nuclear function of yRad51 (103). Whether the abundance and activity
of PfRad51 are regulated by the PfHsp90 chaperone system was unexplored. With this we were
curious to investigate whether PfRad51 is a client of PfHsp90 and whether Rad51 mediated
HR repair pathway is regulated by PfHsp90.We hypothesize that if PfRad51 comes under
PfHsp90 clientele group, then PfRad51 must interact with PfHsp90. Also the stability of
PfRad51 protein and its function should be compromised upon PfHsp90 inactivation and thus
PfHsp90 should control the PfRad51-mediated HR pathway in response to DSBs at the
Plasmodium chromosomes. The following questions have been addressed here: first, whether
PfRad51 physically interact with PfHsp90? Second, whether PfRad51 is depleted upon Hsp90
inhibition? Third, whether DSB repair function of PfRad51 is lost upon inhibition of PfHsp90?
This study provides insights into the interaction of PfRad51 with PfHsp90 and effect of

PfHsp90 inhibition on the stability and function of PfRad51.
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3.2. Results

3.2.1 Physical interaction between PfHsp90 and PfRad51:

To test the hypothesis that PfRad51 is the client of PfHsp90, we first intended to study their
physical interaction. To monitor the physical interaction between PfRad51 and PfHsp90 Yeast
-two- hybrid analysis was performed. Two yeast expression vectors, one harbouring PfHsp90
fused to the Gal4 DNA binding domain (bait) and another harbouring PfRad51 fused to the
Gal4 activation domain (prey) were generated. The yeast strain PJ69-4A, which allows scoring
both weak and strong interactions by the measurement of HIS3 and ADE2 reporter genes
activities, respectively was used. It was found that the yeast strain carrying both the vectors
was able activate the HIS3 as well as the ADE2 reporter genes and thereby was able to grow
on both the triple drop out plates SC-leu-ura-his and SC-leu-ura-ade. This indicated a strong
physical association between PfHsp90 and PfRad51 (Fig. 3.1). Yeast strains harbouring empty
bait and empty prey vectors were used as the negative control and no growth for these strain
were observed in either of the triple drop out plates. The PFACTIN gene was cloned in the prey
vector and scored for its interaction with PfHsp90. It served as an additional negative control
as no growth was observed in both the triple drop out plate and hence no interaction was found
between PfHsp90 and PfActin (Fig. 3.1).

To further confirm the interaction between PfRad51 and PfHsp90, co-immunoprecipitation
experiment was performed using the parasite lysate. Anti Rad51 antibody was used for the pull-
down. Western blot analysis performed with the ColP fractions revealed that PfHsp90 was co-
immunoprecipitated with PfRad51 (Fig. 3.2). A protein extract of the same culture pulled down
with pre-immune IgG was used as a negative control and PfHsp90 was not observed to be co-
immunoprecipitated. Thus, the data presented here demonstrate a specific interaction between

PfHsp90 and PfRad51 in the parasite.
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Figure 3.1: Yeast-two-hybrid analysis demonstrating physical interaction between
PfRad51 and PfHsp90. The interaction of PfRad51 and PfHsp90 was confirmed by yeast two-
hybrid assay. PfRAD51 or PfACTIN genes were cloned in pGADC1 vector and was fused to
GAL4 activation domain (GAL4-AD) while PFHSP90 gene was cloned in pPGBDUCL1 vector
and fused to GAL4 DNA binding domain (GAL4-BD). Yeast strain PJ69-4A with ADE2 and
HIS3 as reporter genes was used for the interaction studies. For spotting, the cells were grown
till ODeoo 0.5, further were 10-fold serially diluted and spotted onto plate lacking leucine and
uracil to check for the presence of the bait and the prey plasmids. The interaction was checked
by spotting onto triple dropout plates lacking leucine, uracil, histidine or leucine, uracil,
adenine. Each assay was repeated three times.
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Figure 3.2: Co-immunoprecipitation experiment demonstrating physical interaction
between PfRad51 and PfHsp90. A representative western blot analysis out of three
independent experiments depicting the co-immnunoprecipitation of PfRad51 and PfHsp90
from the parasite lysate. Anti-PfRad51 and 1gG antibodies were used for the
immunoprecipitation. Probing was performed with anti-PfRad51 and anti-PfHsp90 antibodies.
The lanes are I- input, P- IP pellet fraction, S- supernatant. The pellet fraction was loaded 12-
times more (12X) than the input or supernatant fraction (1X).
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3.2.2 Chemical inhibition of Hsp90 function induces proteasomal degradation of
PfRad51:

To decipher whether PfRad51 is dependent on PfHsp90 for its stability, the steady-state level
of PfRad51 was measured in the Hsp90 inhibitory condition i.e., in the presence of 17-AAG.
To elucidate this, ring stage-specific parasites were treated with increasing doses of 17-AAG
(425nM tol.7mM). As the half-maximal inhibitory concentration (ICso) of 17-AAG was
determined to be 510 nM, a sub-1Cso concentration was chosen as the starting dose. The treated
cultures were harvested at the late trophozoite/early schizont stage. Ideally, when Hsp90 is
inhibited, its client proteins tend to undergo depletion. Through western blot analysis, a dose-
dependent depletion of PfRad51 protein was observed (Fig. 3.3A). The levels of PfRad51 were
quantified in untreated and 17-AAG-treated samples which indicated that there was 15%, 26%,
and 87% reductions in the level of PfRad51 in the presence of 425 nM, 850 nM, and 1.7mM

17-AAG, respectively (Fig. 3.3B).

Reports suggest that when Hsp90 is inhibited, its clients undergo proteasomal degradation (61),
so we were keen to know whether PfRad51 undergo proteasomal degradation upon PfHsp90
inhibition. In order to investigate this, ring stage parasite culture was taken and divided in three
parts, one part was left untreated, which served as a control, second part was treated only with
17AAG, while third part was treated with both 17AAG and proteasome inhibitor MG132. The
parasites were harvested at the late trophozoite/early schizont stage and total proteins were
isolated. Western blot analysis performed with isolated proteins indicated that the 17-AAG-
induced reduction in PfRad51 was reversed in the presence of the proteasome inhibitor MG132
(Fig. 3.4A and B). This suggests that PfHsp90 protects PfRad51 from degradation via a

proteasomal pathway.
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Figure 3.3: Treatment with 17-AAG induces depletion of PfRad51. (A) Western blot
analysis showing steady-state level of PfRad51 protein, performed with total protein isolated
from untreated parasites and parasites treated with three different concentrations of 17-AAG
(as indicated). Actin was used as the loading control. (B) Graph was plotted from the
quantification of band intensities, depicting lower abundance of PfRad51 upon 17-AAG
treatments. Error bar indicates the SEM obtained from four individual experiments. The P
value was calculated using the two tailed t-test (* means P value < 0.05; ** means P value <
0.01).
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Figure 3.4: 17-AAG induces proteasomal degradation of PfRad51. (A) Western blot
analysis depicting PfRad51 protein level, performed with total protein isolated from untreated,
17-AAG treated (1.7 uM), and 17-AAG (1.7 uM) plus MG132 (133 nM) treated parasites.
Actin was used as the loading control. (B) Graph was plotted from the value of band intensities
obtained from three independent experiments with error bar indicating the SEM. The P value
was calculated using the two tailed t-test (** means P value < 0.01; *** means P value <0.001).
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3.2.3 Genetic loss of Hsp90 function induces depletion of PfRad51:

To further support our conclusion that Hsp90 activity is required for the PfRad51stability, we
employed a yeast surrogate system to conduct genetic analysis. PfRad51 was expressed in a
temperature-sensitive yeast strain, iG170Dhsp82 (104), which harbours non-functional
Saccharomyces cerevisiae Hsp90a (ScHsp90a), when the strain is grown at the restrictive
temperature of 37°C. The steady state level of PfRad51 was compared using the total protein
isolated from the yeast culture grown at restrictive temperature (37°C) and permissive
temperature (25°C). Although yeast Hsp90a shares 74% sequence similarity and only 57%
sequence identity with PfHsp90, western blot analysis indicates that, it can provide stability to
PfRad51, as evident from the steady-state level of PfRad51, when the strain was grown at a
permissive temperature (25°C). However, a significant reduction in the stability of PfRad51
was observed under the non-permissive condition (37°C), where ScHsp90a was non-functional
(Fig. 3.5A and B). To rule out the possibility that the reduction in the PfRad51 level was not a
temperature effect, PfRad51 was expressed in a wild-type yeast strain (W303a), and proteins
were extracted after growing the strain at two different temperatures, as used earlier. Through
western blot analysis, no noticeable difference was observed in the stability of PfRad51 at 25°C
and 37°C (Fig. 3.5A). Together, these data establish that Hsp90 provides stability to the

PfRad51 protein.
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Figure 3.5: Temperature sensitive yHsp90 mutant induces depletion of PfRad51 at the
non-permissive temperature. Western blot analysis showing the PfRad51 level performed
with total protein isolated from, yeast temperature sensitive strain of Hsp90, iG170Dhsp82
harbouring PfRad51 plasmid (left panel), grown at permissive temperature 25°C and restrictive
temperature 37°C, or from wild-type yeast strain W303a harbouring PfRad51 plasmid (right
panel) . ScActin was used as the loading control. The molecular weight of the respective
proteins is marked on the right side of each gel. (F) Graph was plotted from the value of band
intensities obtained from three independent experiments with error bar indicating the SEM.
The P value was calculated using the two tailed t-test (**** means P value <0.0001).
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3.2.4 Abrogation of the UV-induced DNA repair activity of PfRad51 under Hsp90-
inhibitory condition:

The physical interaction between PfHsp90 and PfRad51 and dependence of PfRad51 on Hsp90
for its stability prompted us to investigate the effect of the PfHsp90 inhibitor on PfRad51 DNA
repair activity. We reasoned that if PfRad51 is a client of PfHsp90, there must be lost of
function of PfRad51 in PfHsp90 inhibitory condition. To investigate the effect of inhibition of
PfHsp90 on PfRad51-dependent DNA repair activity, the effect of 17-AAG on the repair
kinetics of the damaged Plasmodium genome upon UV irradiation was monitored. UV-C
irradiation produces reactive oxygen species, which result in the formation of DSBs at the
chromosomes (105, 106). In response to UV- induced DNA damage, Rad51 is localized to the
damaged chromatin and forms foci, which are a hallmark for the HR-mediated DNA repair
pathway (100, 107). Thus, UV sensitivity is an indirect measure of the HR-mediated DSB
repair efficiency of the cells. Here, we have developed a direct measure of the repair of UV-
induced DNA damage. To this end, P. falciparum in vitro cultures were exposed to UV doses
(100 J/m2) to induce genome-wide DNA double-strand breaks and then allowed to recover.
Kinetics of DSB repair were followed using a highly sensitive PCR based DNA repair assay
(108). The assay is based on the fact that if the DNA is intact, there will be amplification of the
short range amplicon (269bp) using the primer set FP and RP1 as well as the long range
amplicon (7200bp) with the primer pair FP and RP2. However, if the DNA is damaged,
amplicon of short fragment will be obtained whereas amplicon of the longer fragment will not
be obtained. It is assumed that the amplification of long fragment will occur when the DNA is
repaired, as there is a greater probability for the longer segment of the genome to harbour the
UV induced break. Lesser the amplification of the longer fragment greater is the damaged and

unrepaired DNA.

64



8 | Canonicatfimations

The amplification of short fragment will occur irrespective of the fact, whether DNA is
damaged or repaired, as the likelihood of DNA damage within the short segment of DNA is
very less and hence can be used for normalisation of the DNA (Figure 3.6A). It was previously
established in our laboratory that trophozoite stage-specific parasites, once subjected to the UV
doses, require 24 h for complete repair of the damaged DNA (108). This repair activity is
directly linked to the active PfRad51 protein levels in the parasite. Under conditions in which
the parasites were pre-treated with B02, a complete loss of DNA repair activity was observed
even after 24 h after UV irradiation (Fig. 3.6B). So to determine the effect of PfHsp90
inhibition on the DNA repair activity of PfRad51, the DNA repair kinetics of the parasite
genome in the presence of 17-AAG were measured and compared to the repair Kinetics of the
untreated parasites. It was observed that parasites pre-incubated with 17-AAG, once subjected
to UV irradiation, behaved similar to the BO2-treated parasites, i.e., there was no reduction in
the residual damaged DNA by 12 h, or even at the end of a 24-h recovery period (Fig. 3.6B).
An unrelated chemical, atovaquone, was used as a negative control for this experiment.
Atovaquone-pretreated parasites exhibited similar repair kinetics to those of the untreated
parasites, i.e., 70% repair was achieved at the end of 12 h, and100% repair was seen after 24
h. These data indicate that, similarly to the recombinase inhibitor B02, the PfHsp90 inhibitor

17-AAG blocks the repair of UV irradiation-induced DNA damage in the parasite.
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Figure 3.6: Abrogation of the UV-induced DNA repair activity of PfRad51 under Hsp90
inhibitory condition. (A) Schematic representation of the principle of DNA repair assay. The
relative position of the primer pair for the long and short range amplicon used in the assay. (B)
At the trophozoite stage, 17-AAG (1.7 uM), B02 (1 uM), and Atovaquone (0.3 nM) pretreated
and mock-treated cultures were UV irradiated at 100 J/m?. Post UV treatment, cultures were
maintained in the respective drug for 24 hours, along with this the mock treated culture was
maintained in complete medium lacking any drug. Genomic DNA was isolated from the
harvested parasite at the indicated time points: before UV damage, after 0 hour, 12 hours and
24 hours post damage. The mean values + SEM from three independent experiments are
plotted.
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3.2.5 Hsp90 inhibition sensitizes P. falciparum to MMS-induced DNA damage:

To further elucidate the role of PfHsp90 in the PfRad51-mediated DSB repair pathway, the
effects of 17-AAG on MMS-induced cytotoxicity was studied. MMS is known to promote DSB
by creating stalled replication fork (109). In response to MMS induced DNA damage, Rad51
is localized to the damaged DNA and forms foci, the requisite for HR mediated DNA repair
pathway. Thus, MMS sensitivity also serves as an indirect measure of the HR mediated DSB
repair efficiency of the cells.

So, to monitor the effect of Hsp90 inhibition on DSB repair efficiency of the cells, parasite
culture pre-treated with 17-AAG were subjected to three different doses of MMS for 2 h and
then subsequently returned to growth in a medium containing 17-AAG. As a control, parasite
culture which was not treated with 17-AAG (mock-treated) was taken. The parasitemia of the
MMS-treated and the untreated parasites were measured to determine the survivability upon
MMS treatment. It was found that for the mock-treated parasites, the survivability was around
85% upon 0.001% MMS treatment, considering the survivability of MMS-untreated cultures
to be 100%. No significant difference in the survivability was observed for the 17-AAG pre-
treated cultures when exposed to 0.001% MMS. However, a significant 2-fold reduction in
survivability was observed between the mock-treated and the 17-AAG-treated cultures when
both were subjected to 0.005% MMS treatment. At a much higher dose of MMS (0.1%), both
mock-treated and 17-AAG pre-treated cultures showed extreme MMS sensitivity, and thus any
difference in survivability was indistinguishable (Fig. 3.7A). As at 0.005% MMS
concentration, a measurable difference in the survivability was observed, so this concentration
of MMS was used for further studies. In order to ascertain the specificity of PfHsp90 inhibition

by 17-AAG, the parasites were treated with various doses of 17-AAG to investigate whether
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the sensitivity of the parasites increases in a dose-dependent manner. Our study shows that
increasing doses of 17-AAG cause increased MMS sensitivity in a dose-dependent manner
(Fig. 3.7B). In order to establish our conclusion, another established inhibitor of PfHsp90,
namely, radicicol, was used in the assay. The parasite culture was treated with 1.5 mM
radicicol, as it was observed previously that treatment with higher concentrations of this drug
results in the arrestation of the parasite culture at the schizont stage (84). It was observed that
the parasites pre-treated with radicicol manifest about 30% reduction in parasite survival upon
MMS treatment compared to that of the mock-treated parasites (Fig. 3.7B). Since MMS-
induced DNA damage, if unrepaired, could be lethal for the parasites, the efficiency of the
repair process can be assayed as a function of parasite viability. Thus, our study suggests that

the impact of PfHsp90 inhibition on the DSB repair machinery of the parasite is severe.
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Figure 3.7: Hsp90 inhibition sensitizes P. falciparum to MMS induced DNA damage. (A)
Return to growth assays were performed to determine the sensitivity of mock treated and 17-
AAG treated 3D7 parasites at different concentration of MMS (as indicated on the X-axis).
Graph depicts the percent survival of parasites after 48-hour return-to-growth post MMS
treatment. Each data point indicates mean value + SD from three independent experiments. (B)
Return to growth assay performed to determine the MMS sensitivity of 3D7 parasites treated
with different doses of 17-AAG and Radicicol compared to mock treated parasite. Graph
depicts the mean percent survival (£ SD) after 48 hours post MMS treatment (0.005%) from
four experiments. The P value was calculated using the two tailed t-test (* means P value <
0.05; ** means P value < 0.01).
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3.3 Discussions

In this chapter, through yeast two hybrid assay and co-immunoprecipitation, the interaction of
PfRad51 and PfHsp90 was established. The proteasomal degradation of PfRad51 in the
presence of Hsp90 inhibitor 17AAG, indicated the requirement of PfHsp90 activity for
maintaining the steady state of PfRad51. Dependence of PfRad51 on Hsp90 for its stability
was also verified using the yeast surrogate system. The DNA repair activity of PfRad51 was
also found to be compromised on PfHsp90 inhibition. The parasites were unable to repair the
UV irradiation induced damaged DNA in the presence of 17AAG, as activity of PfRad51 was
abrogated. Additionally, inhibition of Hsp90 rendered parasites more sensitive to DNA
damaging agent MMS. Altogether, this study establishes PfRad51 as a bonafied client of
PfHsp90 and illustrates the canonical function of PfHsp90 in regulating DNA repair pathway

in the protozoan parasites.
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4.1 Introduction

Hsp90 in spite of being a cytoplasmic chaperone, has been reported to mark its presence in the
nucleus by executing its non-canonical functions. Additionally, Hsp90 has been found to be
associated with the chromosomes at the promoter-proximal regions in higher organisms and

modulate the gene expression (70, 72).

Chronicity of malaria caused by Plasmodium falciparum is maintained by antigenic variation
which is the outcome of mutually exclusive expression of var genes encoding PfEMPL. This
selective mode of var gene expression, its switching and thereby exhibition of only one
particular PFEMP1 at the surface of infected RBC enable the parasite to bypass the immune
response of the host and prolong the infection (7-10, 22). The silencing of entire repertoire of
var gene except one has been reported to be mediated by the epigenetic modifier Plasmodium
Sirtuins (PfSir2A and PfSir2B) (35). PfSir2 being a histone deacetylase is recruited at var
promoter and is involved in the deacetylation of H3K9 thereby allowing the methyl transferase

to deposit the silencing marks (110). Thus, PfSir2 aids the parasite to maintain its virulence.

In model organism, budding yeast S. cereviaiae, expression of Hsp90 is induced at higher
temperature and its non -canonical function is also found to be modulated by the change in
temperature. As reported, heat shock results in down regulation of ScSIR2 expression, in turn
there is loss of telomere silencing. ScHsp90 is able to dictates the expression of ScSIR2 by
governing the steady state level of transcription factor (Cup9) and its recruitment at SIR2
promoter (71, 111). Till date, the chromosomal occupancy of Hsp90 or its role in modulating
chromatin dynamics has not been reported in any protozoan parasites. In P. falciparum four
paralogues of the HSP90 genes have been identified (24). However, any direct or indirect roles

of PfHsp90 in transcriptional regulation has not been established yet.
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Recurrent fever is the hallmark of malaria, and the parasite encounters heat shock when the
human host experiences the fever. It is the ring stage of the parasite that is exposed to the higher
temperature as the rupture of schizont is accompanied by release of haemozoin and
glycosylphosphatidylinositol (GPI), responsible for the fever in the host (46, 112). PfHsp90
has also been reported to be induced, when P.falciparum in vitro culture is subjected to higher
temperature (47). Interestingly, certain report suggests that multiple var transcript are observed
at the ring stage whereas at other stage only one of the var transcript is found to be expressed
(10, 29). This prompted us to investigate whether febrile temperature modulates the activity
Hsp90 and whether PfSIR2 transcription is also a function of temperature in the protozoan
parasite. We hypothesized that, as exposure of the parasite to heat shock leads to over
expression of Hsp90 and if PfSIR 2 expression is dictated by the non-cannonical function of
PfHsp90, expression of PfSIR2 must also be altered upon heat treatment. The following
questions have been addressed here: First, whether PfSIR2 expression is altered in response to
higher temperature? Second, whether PfSIR2 expression is guided by altered chromatin state?
Third, whether PfHsp90 plays any role in altering the chromatin state? In this study, we have
explored the mechanism of PfSIR2A and PfSIR2B gene expression in response to heat shock.
Interestingly, we found that upon heat shock, PfSIR2A and PfSIR2B are down-regulated in a
mid-ring stage specific manner and concomitantly majority of var genes are also de-repressed.
Further, our work shows that heat shock leads to increased occupancy of trimethylated-H3K9
at both SIR2uas causing heterochromatinization of this locus. We have further established that
such process is directly dependent on PfHsp90 activity at the promoter proximal region of
PfSIR2A and PfSIR2B. Thus, this work depicts that an environmental cue, such as heat shock,

amends PfSIR2A and PfSIR2B gene expression via Hsp90 dependent epigenetic modifications.
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4.2 Results

4.2.1 Expression of PfSir2A and antibody generation:

For generation of antibody against PfSir2A, the gene PfSIR2A cloned in expression vector
pPGEX-6p2 was expressed in BL21 DE3* bacterial strain. The induction of protein was
performed using 0.4 mM IPTG at 20 °C for 10 hours (89) (Fig 4.1A). The expressed protein
was used for antibody generation. The specificity of the antibody was checked by Western blot
analysis using parasite lysate. The antibody detected a specific band of molecular weight 30
kDa corresponding to PfSir2A but did not recognise PfSir2B protein, whose molecular weight
is around 143 kDa (Fig.4.1B). The specificity of this antibody was ascertained by the absence

of a similar band on a blot probed with the pre-immune sera.
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Figure 4.1: Expression of recombinant PfSir2A and specificity check of anti-PfSir2
antibody. (A) SDS-PAGE analysis showing expression of recombinant protein PfSir2A,
Lanes: Oh- before induction, U-un-induced, M-marker, 1- induced. (B)Western blot analysis
performed with total parasite proteins to depict the specificity of anti- PfSir2A antibody versus
the pre-immune sera. The position of molecular marker is indicated on the left.
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4.2.2 Brief exposure to elevated temperature results in down-regulation of PfSIR2 protein

at the mid-ring stage:

Changes in the environment often leads to changes in gene transcription through epigenetic
modifications of chromatins (113, 114). Since the epigenetic erasers PfSir2A and PfSir2B have
been implicated to play crucial roles in parasite physiology by virtue of regulating the virulence
gene expression, we sought to explore whether the steady-state levels of these two proteins are
altered due to exposure to febrile temperatures. To address this, we took synchronous parasite
cultures of early-ring, mid-ring, trophozoite and schizont stages and divided each stage specific
culture in two parts: one part was subjected to heat shock at 41°C for two hours, while the other
part was grown at normal condition (37°C). Western blot analysis was performed with the total
protein isolated from parasites grown under these conditions. PfSir2A antibody raised in this
study was used to detect the steady state level of PfSir2A on Western blot, whereas PfActin
was used as a loading control (Fig. 4.2A). Due to the lack of a PfSir2B antibody, the steady
state level of this protein could not be measured. We observed 2.2-fold reduction in the steady
state level of PfSir2A protein upon heat treatment at the mid-ring stage (Fig. 4.2B). No such
reduction of PfSir2A protein was observed if heat treatment was given at the early-ring,

trophozoite or schizont stages.
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Figure 4.2: Heat induced down-regulation of PfSir2A protein is specific to the mid-ring
stage. (A) Western blot analysis of PfSir2A expression performed with total protein isolated
from parasites of different stages grown under normal condition (37°C) and heat-treated
condition (41°C). PfActin was used as a loading control. (B) Quantification of band intensities
shows a lower abundance of PfSir2A upon heat shock at the mid-ring stage. Error bar indicates
the SEM obtained from three individual experiments. Asterisks indicate values significantly
different from the control, as follows: **** P<0.0001. The abbreviation h.p.i stands for hours
post infection of RBC with merozoite.
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4.2.3 Exposure to heat shock leads to transcriptional down-regulation of PfSIR2A and

PfSIR2B specifically at mid-ring stage:

In order to investigate whether the less abundance of PfSir2 protein upon heat shock is due to
any down-regulation at the transcriptional level, real-time RT-PCR analysis was performed
with RNA isolated from control and heat-treated parasites and the expression of PfSIR2A and
PfSIR2B were then analysed. Rivetingly it was observed that there is almost 8 fold down
regulation in transcripts of both PfSIR2A and PfSIR2B upon heat shock (Fig. 4.3A,B) and this
down regulation was specific to the mid-ring stage (8-12 hours post invasion). In the case of
trophozoite or schizont stages slight increase in the level of mMRNA was observed in the heat
treated parasites. While no alteration in the transcript level at the very early-ring stage (0-4

hours post invasion) was witnessed.
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Figure 4.3: Exposure to heat shock leads to transcriptional down-regulation of PfSIR2A
and PfSIR2B specifically at the mid-ring stage. (A) Real time RT PCR analysis showing
MRNA levels of PfSIR2A at the four different stages of parasites in control 37°C and heat-
treated conditions. (B) Real time RT PCR showing mRNA levels of PfSIR2B at four different
stages of parasites in control and heat-treated conditions. The RT qPCR results are
representative of three independent experiments, error bar indicates the SEM and SERYL-tRNA
SYNTHETASE was used as the normalising control. Asterisks indicate values significantly
different from the control, as follows: **** P<0.0001.
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4.2.4 Reduction in recruitment of PfSir2A at the var promoter Ups A upon heat shock:

As it was evident that exposure to heat shock, induces transcriptional down-regulation of
PfSIR2 which in turn leads to lower abundance of PfSir2 protein. We were further keen in
investigating whether lower abundance of PfSir2 under heat-treated condition results in lower
occupancy of this protein at the var promoter leading to de-repression of var genes. To this
end, chromatin-immuno-precipitation (ChlIP) analysis using anti-PfSir2A antibody was
performed and the occupancy of PfSir2A at two var promoters: Ups A and Ups B were
investigated. The primer set used is listed in Table 2.1. For amplification of Ups A we have
used a primer set that would amplify two Ups A sequences (PF3D7_0400400;
PF3D7_1300300). For Ups B (PF3D7_10 v3:1650432.1650766) amplification we have used
a previously used primer set (115). The ChIP analysis indicated that only Ups A is associated
with PfSir2A protein (Fig. 4.4A,B ). The ChIP performed with IgG antibody acted as a negative
control. Lack of PfSir2A recruitment at the Ups B locus also acted as an internal negative
control, emphasising the specificity of the anti-PfSir2A antibody. This finding corroborates
well with previous finding that PfSir2A regulates Ups A type var genes and PfSir2B regulates
Ups B type var genes (26). As expected, upon heat shock there was almost 3 fold reduced

occupancy of PfSir2A at the Ups A loci.
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Figure 4.4: Reduction in recruitment of PfSir2A at the var promoter Ups A upon heat
shock. (A) ChIP assay was performed using mid-ring stage parasites grown under normal and
heat-treated conditions. Anti PfSir2A antibody was used for precipitations. Input and
immunoprecipitated DNA were amplified by PCR with primers specific to two Ups A
sequences  (PF3D7_0400400; PF3D7_1300300) and Ups B (PF3D7_10 v3:
1650432.1650766). Gel picture depicts enrichment of PfSir2A at Ups A, lanel: Input (37°C),
lane2: Sir2A IP (37°C) 3: Input (41°C), lane4: Sir2A IP (41°C), lane5: IgG IP. (F) Graph was
plotted from the value of band intensities obtained from three independent experiments with

error bar indicating the SEM. Asterisks indicate values significantly different from the control,
as follows ***, P<0.001.
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4.2.5 Brief exposure to elevated temperature results in de-repression of multiple sub-
telomeric var genes:

In P. falciparum 3D7 strain PfSir2A and PfSir2B have been implicated as the negative
regulators of sub-telomeric var gene expressions (26). However, for FCR3 or NF54 strains
such strong negative correlation could not be established (116). Thus, we were interested in
finding out whether heat-shock induced down-regulation of PfSir2A and PfSir2B correlates
with the de-repression of sub-telomeric var genes in P. falciparum 3D7 strain. To investigate
this, the synchronous parasites from the mid-ring stage of P. falciparum in vitro culture was
exposed to heat treatment and analysed the level of var transcripts by g-RT-PCR using the
primer sets developed earlier (117) and is listed in the Table2.1. These var genes belong to the
different promoter types such as Ups A, Ups B, Ups C, Ups E types and hybrid promoters Ups
BA, and Ups BC. In this study, any pseudo-var or var-like sequences have not been included.
For the analysis in vitro grown parasite population which are expected to express the var genes
randomly have been used, instead of taking pan-selected or drug-selected parasites where
expression of a single var gene in the entire population is artificially induced. The majority of
the var genes were observed to be up-regulated irrespective of their chromosomal locations
(Fig.4.5A). Fourteen var genes exhibited more than 9-fold up-regulation in their expression,
eighteen var genes were up-regulated more than 3-fold but less than 9-fold, twelve var genes
depicted less than 3-fold but more than 1.5-fold up-regulation, and the remaining var genes
showed less than 1.5-fold change in their expression upon heat shock (Fig 4.5B, Table 4.1).
These observations suggest that indeed environmental cue, such as temperature plays crucial
role in governing activity of PfSir2 and thereby the expression of var genes in P. falciparum
3D7 strain and such regulation was found to correlate well with the steady-state level of the

prominent epigenetic modifier PfSir2 protein.
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Figure 4.5: De-repression of var genes upon heat shock. (A) The graph depicting the
abundance of var transcripts with respect to SERYL-tRNA SYNTHETASE at normal condition
(37°C) and upon heat shock at 41°C at mid-ring stage, quantified through real time RT PCR.

The qPCR results are representative of three independent experiments with data indicating the
meanz SEM. The corresponding UPS type of each var gene is also marked (B) Graph indicating

the fold change in expression of var gene upon heat treatment at 41°C at mid-ring stage,
determined through real time RT PCR. The Gene ID of each var gene is written on the X-axis.
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Table 4.1: Fold change in the expression of var genes upon heat shock.

No. | GenelD Fold change in
expression
1 PF3D7_0400400 11.4
2 PF3D7_0800200 8.1
3 PF3D7_0937600 3.6
4 PF3D7_1100200 2.2
5 PF3D7_1150400 35.8
6 PF3D7_1300300 13
7 PF3D7_0100100 6.5
8 PF3D7_0115700 13
9 PF3D7_0200100 13.6
10 PF3D7_0223500 7
11 PF3D7_0324900 16.2
12 PF3D7_0300100 16.2
13 PF3D7_0400100 2.4
14 PF3D7_0426000 7.8
15 PF3D7_0500100 3.5
16 PF3D7_0632800 3
17 PF3D7_0733000 2.7
18 PF3D7_0800100 8.9
19 PF3D7_0937800 6.8
20 PF3D7_1000100 8.1
21 PF3D7_1041300 11.4
22 PF3D7_1100100 5
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23 | PF3D7_1200100 5.4
24 | PF3D7_1219300 2.6
25 | PF3D7_1240400 16
26 | PF3D7_1255200 21.1
27 | PF3D7_1300100 6.9
28 | PF3D7_1373500 9.8
29 | PF3D7_0412400 0.6
30 | PF3D7_0412700 14
31 | PF3D7_0412900 3.1
32 | PF3D7_0420700 23
33 | PF3D7_0420900 2

34 | PF3D7_0421300 1.6
35 | PF3D7_0617400 4.9
36 | PF3D7_0711700 15
37 | PF3D7_0712000 1.6
38 | PF3D7_0712600 0.9
39 | PF3D7_0712900 1.1
40 | PF3D7_1240600 14
41 | PF3D7_1200600 1.2
42 | PF3D7_0632500 26
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43 PF3D7_0600200 26
44 PF3D7_0800300 3.2
45 PF3D7_1200400 6.5
46 PF3D7_0413100 3.1
47 PF3D7_0421100 2
48 PF3D7_0712300 0.8
49 PF3D7_0712400 0.9
50 PF3D7_0712800 9.8
51 PF3D7_0808700 3.9
52 PF3D7_0809100 0.8
53 PF3D7_0900100 22.4
54 PF3D7_1240300 2
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4.2.6 Heat-shock leads to heterochromatinization of chromatin at PfSIR2 UAS:

In order to get mechanistic insights into the heat induced down-regulation of PfSIR2A and
PfSIR2B expression, the chromatin status of the upstream sequence of PfSIR2A (SIR2Aups) and
PfSIR2B (SIR2Bups) genes before and after heat-treatment were investigated. Since the
promoter or the transcription start site (TSS) are not defined for PfSIR2A or PfSIR2B, region
of 300 bp sequence up-stream of the translation start site (ATG) for both the genes were used
for the analysis. To this end, FAIRE (Formaldehyde Assisted Isolation of Regulatory Elements)
technique, where the enrichment of FAIRE DNA represents the nucleosome-free state and the
absence of FAIRE DNA represents the nucleosome-occupied state of the locus under
investigation (92, 93) was performed. Upon heat treatment a significant shift from the
nucleosome-free state to the nucleosome-occupied state of both SIR2Aups and SIR2Bups loci
(Fig. 4.6A) was observed. The mitochondrial gene COX3 acted as a normalising control as the
mitochondrial genome is not associated with histones. Quantitative PCR analysis revealed 2.1-
fold and 1.5-fold increase in the chromatin compaction at the SIR2Aups locus and SIR2Bups
locus, respectively (Fig. 4.6B). Thus, this result reveals that the heterochromatinization of the
upstream regions of the PfSIR2 genes are responsible for the down regulation of PfSIR2
expression. As a negative control, the promoter region of PfARP gene was also analysed as it
is abundantly expressed at the ring stage. The analysis indicated that there was no change in
the chromatin compaction before or after the heat-treatment at this locus (Fig. 4.5A). Thus, the
promoter region of PfARP acted as a control for the FAIRE experiments emphasizing that the

compaction of the PfSIR2A and PfSIR2B up-stream regions upon heat treatment are specific.
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Figure 4.6: Heat-shock lead to heterochromatinization of chromatin at PfSIR2 UAS.
(A) FAIRE was performed using mid-ring stage parasites grown at normal condition and heat-
treated condition to determine the change in chromatin compactness at SIR2ups upon heat
shock. Lane 1- 37°C reference, lane 2- 37°C test, lane 3- 41°C reference, and lane 4- 41°C test,
lane 5- no template control. Semi-quantitative PCR was performed using DNA obtained
through FAIRE and total DNA as reference DNA as templates. COX3 was used for
normalisation and ARP acted as a negative control for the assay. (B) Real time PCR was
performed to quantify the change in DNA abundance of nucleosome free DNA upon heat
shock. UPS stands for up-stream sequences. The mean values £ SEM from three independent
experiments are plotted Asterisk indicates values significantly different from the control as
follows *, P< 0.05; ns, non-significant.
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4.2.7 Heat induced recruitment of H3K9me3 is responsible for repression of PfSIR2

transcription:

As it was elucidated that heat-shock lead to tightening of chromatin structure at PfSIR2
promoter, we wanted to decipher the epigenetic marks associated with such
heterochromatinization of the PfSIR2A and PfSIR2B promoter proximal regions. To unravel
this, ChIP analysis with synchronous mid-ring stage parasite cultures grown at 37°C (control
sample) or at 41°C (heat treated sample) using anti-H3K9me3, anti-H3K36me2, and pre-
immune IgG antibodies were performed. These antibodies used have been well established in
detecting specific modifications on Plasmodium histones (118, 119). A dramatic increase in
the recruitment of H3K9me3 was observed at both SIR2Aups and SIR2Bups 10ci upon heat-shock.
Any recruitment of H3K36me2 at the SIR2Aups or SIR2Bups loci before and after heat treatment
was not detected (Fig. 4.7A). The different recruitment patterns of the two repressor marks
emphasize the specificity of the findings. ChIP experiment with 1gG acted as a negative control.
No recruitment was observed at the control locus ARP. As var-loci are known to be associated
with H3K9me3, var-Ups A was used as a positive control for ChlIP analysis. Quantitative PCR
analysis with ChIP DNA revealed that upon heat treatment there were almost 13 folds and 6
folds increased recruitment of H3K9me3 at the SIR2Aups and SIR2Bups, respectively (Fig.
4.7B). These results suggest that the trimethylation of H3K9 is responsible for the heat induced
heterochromatinization of PfSIR2 promoter proximal region leading to the down-regulation of
PfSIR2 transcription. The recruitment of H3K9me3 at the var-UPS A loci was found to be little

less upon heat-treatment. However, such reduction was not statistically significant
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Figure 4.7: Heat induced recruitment of H3K9me3 is responsible for repression of PfSIR2
transcription. ChlIP assay was performed using mid-ring stage parasites grown under normal
condition (37°C) and parasite that were subjected to heat shock (41°C). Anti- H3K9me3 and
IgG antibodies were used for immune-precipitation. (A) Semi quantitative PCR was performed
with the input and immune-precipitated DNA with primers specific to SIR2Aups and SIR2Bups
and also of ARPups which served as negative control and varyps that acted as the positive
control. (D) Quantitative PCR from three different ChIP assay were performed and mean
density+ SEM are plotted. Asterisk indicates value significantly different from the control, as
follows *** P<0.001; ns, non-significant.
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4.2.8 Heat shock leads to overexpression of PfHsp90 at ring stage:

As the molecular chaperone PfHsp90 was found to be induced when asynchronous cultures of
P. falciparum were exposed to heat-treatment (47) and Hsp90 orthologues are known to play
regulatory roles during transcription of several genes in a variety of organisms (60, 120), we
sought to investigate whether the stage specific down-regulations of PfSIR2A and PfSIR2B
genes are mediated by PfHsp90. To address this, we were interested to first investigate whether
PfHsp90 is induced in highly synchronous parasites belonging only to the ring stage upon heat-
shock. There are four paralogues of Hsp90 in P. falciparum genome having IDs as following:
PF3D7_0708400; PF3D7_1222300, PF3D7_1118200; and PF3D7_1443900. Out of these, the
gene product of PF3D7_0708400 (old ID: PF07_0029) is known to be recognised by the anti-
Hsp90 antibody used in this study (80). Western blot analysis reveals that indeed there was
around 2.5 fold induction of PfHsp90 upon heat-treatment (Fig. 4.8 A, B). PfActin was used

as a loading control.
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Figure 4.8: Heat shock leads to overexpression of PfHsp90 at ring stage. (A) Western blot
analysis showing PfHsp90 is over expressed in heat shock treated ring stage parasites. (B)
Graph plotted with the values of band intensity quantified from three different set of
experiments Data was normalised against PfActin and mean density + SEM were plotted
Asterisk indicates value significantly different from the control, as follows **, P <0.01.
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4.2.9 Heat induced down-regulation of PfSIR2 transcription is dependent on Hsp90

activity:

In order to investigate whether PfHsp90 activity is required for transcriptional down-regulation
of PfSIR2A and PfSIR2B, a potent chemical inhibitor of Hsp90, 17AAG was used for the
analysis. To this end in vitro cultures of P. falciparum were treated with 170 nM 17AAG (1x)
to inactivate PfHsp90 according to the previously established protocol (84). Synchronous
parasite cultures of mid-ring stage were divided in four parts: two such cultures were grown at
normal condition at 37°C with or without 17AAG treatment, while the other two cultures were
subjected to heat treatment with and without 17AAG treatments. Real-time RT-PCR analysis
on RNA isolated from the aforementioned four groups of parasites revealed that the heat
induced down regulation of PfSIR2A and PfSIR2B transcripts do not take place in cultures that
were treated with 17AAG (Fig.4.9A). In order to ascertain the specificity of this finding that
17AAG mediated inhibition of PfHsp90 is responsible for the reversal of the heat-induced
transcriptional down-regulation of PfSIR2A and PfSIR2B genes a dose-dependent study was
performed: where in a parallel experiment the cultures were treated with half the concentration
of 17AAG (85 nM = 0.5x). With this a significant reversal of the phenotype, albeit to a lesser
extent was observed (Fig. 4.9 A). Additionally, an experiment was performed where the
parasite cultures were not pre-incubated with 17AAG and instead 17AAG (1x) was added at
the onset of the 2-hour heat-treatment. A partial reversal of the phenotype, which was
significant for PfSIR2B but not for PfSIR2A was found (Fig. 4.9 A). Besides Geldanamycin
and its derivatives, such as 17AAG, there is another unrelated chemical inhibitor, namely
Radicicol, available that is found to be effective against PfHsp90 (86). We sought to investigate
if treatment with Radicicol also can exert a similar effect on the heat-induced down regulation

of PfSIR2A and PfSIR2B transcription. To this end, parasite cultures were treated with 1.5 uM
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Radicicol as it was observed earlier that higher concentrations of the drug results in the
arrestation of the culture at the schizont stage (84). Parasites pre-treated with Radicicol were
subjected to heat-treatment for 2 hours at the mid-ring stage and were evaluated for the level
of PfSIR2A and PfSIR2B transcripts. Parallel cultures maintained at 37°C with or without
Radicicol treatment were also evaluated. It was observed that heat-induced transcriptional
down-regulation of both the genes do not take place if the cultures are treated with Radicicol
(Fig. 4.9B). These experiments clearly demonstrate that heat induced down-regulation of

PfSIR2A and PfSIR2B expression is dependent on PfHsp90.
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Figure 4.9: Heat induced down-regulation of PfSIR2 transcription is dependent on Hsp90
activity. (A) Real time RT-PCR were performed to quantify the relative abundance of PfSIR2A
and PfSIR2B transcripts in 17AAG treated and untreated mid-ring stage parasites grown under
normal and heat-treated conditions. Transcript levels were normalised by the housekeeping
genes SERYL-tRNA SYNTHETASE transcript. The mean values + SEM from three independent
experiments are plotted. (B) Real time RT-PCR were performed to quantify the relative
abundance of PfSIR2A and PfSIR2B transcripts in Radicicol treated and untreated mid-ring
stage parasites grown under normal and heat-treated conditions. Transcript levels were
normalised by SERYL-tRNA SYNTHETASE transcript. The real time plot is indicative of three
independent experiments + SEM. Asterisks indicate values significantly different from the
control, as follows***, P<0.001**, P <0.01.
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4.2.10 Hsp90 inhibition prevents compaction of SIR2 promoter on heat shock:

As heat-induced transcriptional down-regulation of PfSIR2 genes was found to be associated
with the heterochromatinization of PfSIR2ups, we were curious to find out whether treatment
with 17AAG or Radicicol prevent the heat-induced compaction of the local chromatin. To this
end parasite cultures were treated with 17AAG or Radicicol and FAIRE analysis was
performed with mid- ring stage parasite culture to determine the chromatin status at PfSIR2
locus under conditions with and without heat treatment. It was indeed observed that there is no
reduction in the abundance of nucleosome free DNA of PfSIR2Aups and PfSIR2Bups loci upon
heat-shock when the cultures were treated with 17AAG or Radicicol (Fig. 4.10 A, B). PfCOX3
was used as normalising control. This suggests that Hsp90 activity is required for heat-induced

heterochromatinization of PfSIR2A and PfSIR2B promoter proximal regions.
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Figure 4.10: Hsp90 inhibition prevents compaction of SIR2 promoter on heat shock.
FAIRE was performed to determine the chromatin compactness at PfSIR2A and PfSIR2B loci
in 17AAG or Radicicol treated mid-ring stage parasite grown at 37°C and at 41°C. (A) Semi-
quantitative PCR was performed using DNA obtained through FAIRE and reference DNA as
templates. COX3 was used for normalisation Lane 1- 37°C reference (R), lane 2- 37°C test (T),
lane 3- 41°C reference ®, lane 4- 41°C test (T), lane 5- no template control (NC). (B)
Quantitative PCR was performed with the FAIRE DNA to quantify the change in DNA
abundance of nucleosome free DNA. Mean valuex SEM were plotted. UPS stands for up-
stream sequences.
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4.2.11 Hsp90 inhibition prevents heat induced enrichment of H3K9me3 at PfSIR2

promoter proximal regions:

In order to test that the failure in establishing the heterochromatic state is owing to a defect in
the recruitment of H3K9me3 under Hsp90 inhibitory condition, ChIP experiments with the
control and heat-treated mid-ring stage parasite cultures in the presence or absence of 17AAG
were performed. Anti-H3K9me3, and pre-immune IgG antibodies were used for the assay.
Interestingly, a complete abolishment of H3K9me3 recruitment in 17AAG treated samples
(Fig. 4.11A, B) was noted. This indicates that PfHsp90 activity is required for the heat- induced
epigenetic modification of the chromatin present at the PfSIR2A and PfSIR2B promoter

proximal regions.
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Figure 4.11: Hsp90 inhibition prevents heat induced enrichment of H3K9me3 at PfSIR2
promoter proximal regions. ChIP assay was performed with 17AAG treated mid-ring
parasites grown under normal and heat-treated conditions. The antibodies used are marked on
the left side. (A) Input and immunoprecipitated DNA were amplified by PCR with primers
specific to SIR2Aups, SIR2Bups and ARPups, Which served as a negative control. (B)
Quantitative PCR from three different ChIP experiments were performed the Input and
immunoprecipitated DNA and mean density+ SEM are plotted. Asterisk indicates values
significantly different from the control as follows: ***, P<0.001.
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4.2.12 Occupancy of PfHsp90 at the upstream regions of PfSIR2A and PfSIR2B genes:

As it was established that PfHsp90 modulates the epigenetic mark and chromatin state of
PfSIR2 promoter upon heat shock. We were keen to investigate whether PfHsp90 plays any
direct role in PfSIR2A and PfSIR2B down-regulation. ChIP experiment using anti-Hsp90
antibody was performed to investigate its recruitment at PfSIR2uas. Five probes for each gene
(PfSIR2A and PfSIR2B) were used to map the recruitment zones. Four probes were used to scan
the upstream region (UPS) and one probe was within the ORF (Fig. 4.12A). Under heat treated
condition it was observed that, there is increased recruitment of PfHsp90 at the immediate
upstream sequences of PfSIR2 genes (Al/ B1 regions). No recruitment was observed at control
ARP locus (Fig. 4.12B). Quantitative analysis of the ChIP DNA from the heat treated samples
revealed 2.8 folds and 2.2 folds more occupancy of PfHsp90 at PfSIR2Aups (A1) and
PfSIR2Bups (B1) loci, respectively (Fig. 4.12C). Further upstream regions (A2 to Az or B2 to By)
were not found to be associated with PfHsp90 protein and hence acted as internal negative
controls for this experiment. PfHsp90 occupancy was not observed within the ORF of any of
the genes (Ao or Bo regions). Thus, this indicates that not only the recruitment of PfHsp90 at
the immediately upstream region of PfSIR2 genes is very specific, but also its increased
recruitment upon heat shock is very significant. The results from these experiments are
suggestive of a direct non-canonical role of PfHsp90 in modulating PfSIR2A and PfSIR2B

transcription.
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Figure 4.12: Occupancy of PfHsp90 at the upstream regions of PfSIR2A and PfSIR2B
genes. (A) Schematic representation of PfSIR2A and PfSIR2B gene loci. Positions of PCR
amplicons using ChIP DNA as template are marked as Ao to A4 and Bo to B4. (B) ChIP assay
was performed using parasites grown under normal or heat-treated conditions to determine the
recruitment of PfHsp90 at PfSIR2Aups and PfSIR2Bups. Antibodies used are marked on the
left side. Input and immunoprecipitated DNA were amplified by PCR with primers specific to
A1 region, B: region, and ARPups, which served as a negative control. (C) Recruitment of
PfHsp90 at different regions of the PfSIR2A and PfSIR2B gene loci. Quantitative PCR of three
different ChlIP experiments were performed and the mean density+ SEM are plotted. Asterisks
indicate values significantly different from the control, as follows *, P< 0.05.
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4.3 Discussions

In this chapter, it has been established that the cellular abundance of PfSir2 is subjected to the
change in temperature in a developmentally regulated manner. PfSIR2A and PfSIR2B were
found to be transcriptionally down-regulated specifically at the mid-ring stage in response to
febrile temperature. Chip analysis also revealed reduced enrichment of PfSir2A at UpsA, the
var promoter upon heat shock as a result de-repression of majority of var gene expression was
observed. FAIRE analysis depicted that heat shock leads to shift of PfSIR2 promoter from
nucleosome free state to heterochromatic state. Chip analysis further indicated that the
heterochromatinization of PfSIR2 promoter occur due to deposition of repression epigenetic
mark H3K9me3 on exposure to heat shock. Interestingly, it was deciphered that the heat
induced transcriptional down-regulation of PfSIR2 and hence its reduced activity is mediated
by PfHsp90. As it was observed that brief exposure to heat-shock leads to the induction of
PfHsp90 protein in the mid- ring stage parasite and inhibition of PfHsp90 by its potent inhibitor
17AAG and Radicicol prevented the heat induced transcriptional repression of PfSIR2.
Additionally it was also established that inhibition of PfHsp90 prevents the heat induced
deposition of the epigenetic mark H3K9me3 on PfSIR2 promoter and hence its
heterochromatinization. It was further validated by ChIP analysis that, upon heat treatment
greater abundance of PfHsp90 results in greater chromosomal occupancy of this protein at the
immediate promoter proximal regions of PfSIR2A and PfSIR2B genes, where PfHsp90 helps in
recruiting H3K9me3 and thereby confer heterochromatic state. This leads to the down-
regulation of PfSIR2 transcription. As a result, the steady-state level of PfSir2 also goes down,
leading to its reduced occupancy at the corresponding var promoters that eventually causes the
de-repression of var genes. Interestingly, as heat induced down-regulation of PfSIR2

transcription was found to be specific to the mid-ring stage, it is noteworthy to mention that
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during an in vivo infection in human host, it is the ring stage parasites which are exposed to
febrile temperature.

Thus, this study altogether provides insight on the non-canonical function of PfHsp90 and
establishes its moonlighting role in the transcriptional regulation of PfSIR2. Additionally, this

study provides a link between environmental cue, epigenetics and malaria pathogenesis.
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5.1 Discussions

This study unravels the essential canonical and non-canonical roles of PfHsp90 in the
Plasmodium biology. It provides insights into the chaperoning activity of PfHsp90 in rendering
stability to PfRad51. Additionally, this study also uncovers the moonlighting role of PfHsp90
in regulating the expression of epigenetic eraser PfSIR2 in response to an environmental cue

such as temperature.

In the first part of the study, the canonical function of PfHsp90 in terms of providing stability
to its client has been explored. This work provides evidence that PfRad51 acts as a direct client
of PfHsp90. It was observed that PfHsp90 interacts with PfRad51 both under in vivo and in
vitro conditions. The nature and the extent of 17-AAG-mediated inhibition of the repair of UV-
induced damage in the parasite genome was positively correlated with the inhibitory effect of
B02, a potent inhibitor of recombinase PfRad51. Most importantly, it was noted that treatment
of 17-AAG resulted in the depletion of PfRad51 by accelerating the proteasomal degradation
of the protein. The essentiality of PfHsp90 in Plasmodium biology has been rightfully
advocated previously (121-124). However, no client of PfHsp90 that is important in parasite
biology has been identified earlier. To our knowledge, this is the first report that identifies a
bona fide client of PfHsp90. As PfRad51 and its mutants can be easily expressed and purified
using bacterial expression systems (96), this now allows biochemical investigation of the
PfHsp90 chaperone cycle and the involvements of its co-chaperones, using PfRad51 as a model

client protein.

The malaria parasites during their intraerythrocytic life cycle encounter extraordinarily high

levels of genotoxic stresses that cause various modifications of DNA bases, single-stranded
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DNA (ssDNA) breaks, and most deleterious of all, DNA DSBs in the haploid chromosomes.
As the unrepaired DSBs lead to the death of the unicellular parasite Plasmodium falciparum
(45), targeting its DSB repair pathway is a promising option. It has been previously
demonstrated that PfRad51 plays an indispensable function in the parasite’s biology under
DNA damage conditions (96). None of the components of the non-homologous end-joining
pathway is found in the parasite genome. Besides, some of the proteins involved in homologous
recombination, namely Rad52 and BRCAL, are also not annotated in the Plasmodium genome.
Thus, PfRad51 has emerged as one of the major targets for blocking HR-mediated DSB repair
in this parasite. Previously, B02 has been established as a specific inhibitor of PfRad51, but its
IC50 was found to be in the micro molar range (3 to 8mM) (100). While lead optimization
could be a strategy for increasing the potency of the chemical derivatives of B02, regulating
the cellular abundance of the target protein, i.e., PfRad51, could also, in principle, reduce the
IC50 of native B02. As our study indicates that treatment with the PfHsp90 inhibitor induces
the proteasomal degradation of PfRad51, and we speculate that, this would lead to decrease in
the ICso of B02. In a subsequent work it was observed that BO2 and 17-AAG acted
synergistically and the I1Cso of BO2 was reduced more than 250 folds in the presence of Hsp90
inhibitor (125). Thus, this result serves as a proof of concept that the regulation of the
abundance or activity of PfRad51 could be key to increasing the effectiveness of the
recombinase inhibitors (Fig 5.1). This will now stimulate research on the identification of the
negative modulators of Plasmodium homologous recombination machinery. The highly
synergistic interaction between B02 and 17-AAG indicates that these two target proteins may
also act in a non-epistatic manner. Our finding shows that inhibition of PfHsp90 and PfRad51
together causes a profound effect on parasite survivability and raises the possibility that

PfHsp90 might control other DNA repair pathways as well. In humans, Hsp90 has been found
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Figure 5.1: Model depicting the reduction in activity of PfRad51 upon Hsp90 inhibition.
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to regulate DNA damage response (DDR), as well as the base excision repair (BER), the
nucleotide excision repair (NER), and the mismatch repair (MMR) pathways by providing
clientship to some of the major proteins involved in these pathways (102). In the budding yeast,
it was observed that ScHsp90 modulates the DDR pathway by regulating a DNA repair
signalling kinase, Rad53 (126). In malaria parasites, the long-patch BER pathway has been
identified previously (127). Recently, in silico analyses have identified almost all components
of NER (128) and MMR (129) pathways in the Plasmodium genome. However, it is still not
known whether the enzymes involved in these pathways are regulated via the PfHsp90
chaperone system, which can be explored.

The second part of the study, deciphers a non-canonical function of PfHsp90 in negatively
regulating the expression of Plasmodium sirtuins, The Sirtuin paralogues from P. falciparum,
namely PfSir2A and PfSir2B have been implicated to play pivotal roles in negatively regulating
var gene expression (26). Additionally, expression of var genes has been correlated with the
changes in environment, especially temperature (47). Here, we report for the first time that the
expressions of these two epigenetic modifiers are also subjected to the change in temperature.
We report that a brief exposure to heat-shock leads to the induction of PfHsp90 protein. Greater
abundance of PfHsp90 results in greater chromosomal occupancy of this protein at the
upstream regulatory regions of PfSIR2A and PfSIR2B genes, where PfHsp90 brings about
changes in the associated chromatin structure, from the nucleosome-free state to the
heterochromatic state and thereby repressing the expression of PfSIR2A and PfSIR2B genes.
As a result, the steady-state level of PfSir2 goes down, leading to less occupancy at the
corresponding var promoters that eventually leads to the de-repression of var genes (Fig 5.2).

Interestingly, such down-regulation of PfSIR2 genes was found to be specific to the ring stage.
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It is possible that there is an innate transcriptional wiring that sets in transcriptionally repressed
state for the sub-telomeric genes during trophozoite and schizont stages which is relaxed to
some extent in the ring stage allowing de-repression of multiple sub-telomeric genes and such
de-repression is more pronounced upon exposure to heat-shock. At this point it is noteworthy
to mention that during an in vivo infection in human host the ring stage parasites are exposed
to febrile temperature. Thus, it is not unlikely that the parasites at the ring stage are equipped
with a multicomponent machinery that would sense the rise in temperature; transduce such
signal to the chromatin and finally regulate the expression of the stress-induced genes. It is
very tempting to speculate that a coordinated action of the components of such machinery
would give the parasite an opportunity to break the tightly controlled mutually exclusive mode
of var gene expression and allow the high-level expression of multiple var genes at the ring
stage under febrile condition. Thus, leaving the parasite with multiple alternatives to choose
from during switching for one var gene to another, which will eventually impact the chronicity
of infection. Interestingly two of the three var genes found to be highly de-repressed in our
study, were also reported to be highly de-repressed in sir2 knockout parasites (26). Thus, it
could be possible that the effect of lower abundance of PfSir2 is more pronounced on certain
var genes, while there is a general effect on all the sub-telomeric var genes. Currently, we do
not have any mechanistic insights into this.

Contrary to our finding on PfSIR2A and PfSIR2B down-regulation, an earlier study reported
up-regulation of PfSIR2A transcription upon heat-shock (47). Although the heat-treatment
protocols were the same between our study and the previous study, the difference was that we
have used highly synchronous mid-ring stage culture for our experiment and in the previous
study asynchronous parasite cultures were used. In order to investigate whether the difference

stems from the use of cultures belonging to different developmental stages of the parasites, in
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our study we have tested the effect of heat-shock on four different asexual stages of the parasite
life cycle. We observed transcriptional down-regulation of PfSIR2A and PfSIR2B transcripts at
elevated temperatures only with highly synchronous mid-ring stage culture. Such down-
regulation was observed neither at more advanced stages not at the very early-ring stage of the
in vitro cultures. Interestingly, at the trophozoite or schizont stages moderate up-regulations of
PfSIR2A and PfSIR2B were observed instead. This observation underscores the fact that heat
induced transcriptional down regulation of PfSIR2A and PfSIR2B is tightly controlled in a
developmental stage specific manner.

It is unlikely that the difference in the transcription profile between the treated and control
cultures is due to any delay in the parasite development owing to the treatment, because in our
study RNA was isolated from the cultures immediately after the brief exposure to heat stress
while both the untreated and treated cultures were still in the mid-ring stage.

With highly synchronous early to mid-ring stage culture we observed transcriptional down-
regulation of PfSIR2 transcripts at elevated temperatures, especially at 41°C. Such down-
regulation was not observed at more advanced stages of the in vitro cultures. Interestingly, at
the trophozoite or schizont stages moderate up-regulations of PfSIR2 were observed instead.
This observation underscores the fact that heat induced transcriptional down regulation of
PfSIR2 is tightly controlled in a developmental stage specific manner. This observation
probably explains why heat induced transcriptional up-regulation of PfSIR2 was observed with
asynchronous P. falciparum cultures while var transcription remained de-repressed (47). These
findings corroborate with an earlier report demonstrating slight increase in PfSIR2 transcripts
from parasites isolated from patients with temperatures above 37.5°C. The same study also
correlated PfSIR2 expression with lactate levels in the patient and with severity of malaria

(130). Thus, the regulation of PfSIR2 gene appears to be dependent on several environmental
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factors. Our study dissects out the contribution of one of the major factor, temperature and
establishes the link between environment, epigenetics and malaria pathogenesis. We observed
that the down-regulation of PfSIR2 upon heat-shock is specific to the mid-ring stage, although
PfHsp90 is not only present in all the asexual blood stages but is also up-regulated upon heat
treatment. Currently, we do not know why PfHsp90 mediated transcription repression of
PfSIR2 does not take place in all the stages. It could be possible that Hsp90 mediates
transcriptional down-regulation of PfSIR2 via one of the histone-methyl-transferase (HMT)
proteins as our results reveal that there is more occupancy of H3K9me3 at the PfSIR2 upstream
regions. In P. falciparum there are ten HMT proteins (named as SET 1 to SET 10)(131). Itis
reasonable to propose that one or more of these Set proteins are engaged with PfHsp90 and
such interaction could be ring stage specific. It could also be possible that the expression or
heat-shock induced up-regulation of the client Set protein is ring stage specific. In mammalian
cell it has been observed that a HMT protein (SMYD3) physically interacts with Hsp90 (69,
70). Future experimentation would be required to establish any such interaction in P.
falciparum. In a previous study, it was established that in budding yeast S. cereviaiae Hsp90
acts as a repressor of SCSIR2 expression, down-regulating its expression upon heat stress. To
that end a transcription factor, Cup9 was identified whose steady state level and recruitment at
SIR2 promoter is controlled by Hsp90 activity (71). In fact, a number of transcription factors
have been found to be the clients of Hsp90 in a variety of organisms (60). In Plasmodium not
many TFs are identified and no association of any of the TFs with PfHsp90 has been established
yet. However, the possibility of a ring stage specific TF regulating PfSIR2 expression upon
heat stress cannot be ruled out.

It is widely accepted in the field that in P. falciparum gene regulation happens through

epigenetic modifications on histones. The relative occupancy of the activation marks and
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repression marks co-ordinately brings out the heterochromatic or euchromatic states and thus
control gene expression (119). Genome-wide studies have revealed that H3K9me3
modifications are associated with repressed sub-telomeric var genes and H3K36me2
modification is found around the transcriptionally silent genes that are located at internal
chromosomal sites (34, 119, 132). Our findings that the involvement of H3K9me3 in repression
of non-sub-telomeric PfSIR2 genes, suggests that such binary distribution of repressor marks
may not always be the case. Another possibility is that H3K36me2 might be the general
repressor mark under normal situation and under heat stress condition H3K9me3 may play an
important role. A comparative genome wide ChlP-seq analyses with H3K9me3 or H3K36me2
antibodies under normal and heat stressed condition would be useful to test such hypothesis.
Hsp90, initially discovered as a cytoplasmic chaperone, is found to play several functions at
the nucleus, particularly at the chromatin (68, 70-73, 111, 120). Although chromosomal
occupancy of Hsp90 or its role in modulating chromatin dynamics, which is its non-canonical
function, has not been reported in any of the protozoan parasites. It is noteworthy that Hsp90
itself is not a DNA binding protein. Thus its occupancy at various DNA elements must be via
interactions with other DNA binding proteins. At this point the identity of such DNA binding
protein(s) remains elusive. Nonetheless, this is the first report that demonstrates a non-
canonical function of Hsp90 in Plasmodium biology and provides evidence not only for its
recruitment at the PfSIR2 promoter-proximal region but also its probable action as a
transcriptional repressor. Other components of such repressor complex that along with
PfHsp90 are involved in transcriptional repression are yet to be identified in this parasite.
Taken together, the two components of this study establish the chaperoning function and the
moonlighting function of Hsp90 in Plasmodium biology. Our data provides evidence for its

canonical function in providing stability to its client protein PfRad51. Hence, our findings open
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up new avenues of research to target both the DNA repair machinery and the Hsp90 chaperone
system for arresting parasite growth and suggest new drug combination therapy for malaria
treatment. This work also reports the non-canonical function of PfHsp90 in transcriptional
regulation of the chromatin modifier PfSIR2. Since PfSir2A &B play key roles in the silencing
of the var genes and ensures mono-allelic expression of the virulence genes, insufficient
amount of Sir2 protein is likely to de-repress the var genes and thereby, results in the non-
mutually exclusive expression of multiple var genes at the same time. This would express a
large number, if not the entire var repertoire to the host immune-system and limits the parasite’s
ability of immune evasion through antigenic variation. Thus, understanding the molecular
mechanism underlying PfSIR2 gene regulation might offer novel targets and intervention
strategies for limiting antigenic variation and vaccine development to curb malaria. In
conclusion, this work unravels two important functions of PfHsp90 in Plasmodium chromatin
biology- in maintain genome integrity, and in regulating genome expression. Both of these
crucial processes of parasite biology can be exploited to develop novel strategies to tackle

malaria.
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Synopsis

Malaria caused by the protozoan parasite, Plasmodium continues to be one of the most life
threatening disease responsible for millions of death every year. Among the five species known
to infect humans, P.falciparum is responsible for the most severe form of malaria. It is spread
by bite of infected female anopheles mosquito. Complex life cycle of the parasite, its ability to
exhibit the antigenic variation, emergence of drug resistance in the parasite to the known
antimalarial drugs, lack of any potent vaccine and increasing insecticide resistance in the
mosquitoes are the hurdles in curbing malaria. The ability of the parasite to elicit the
phenomenon of antigenic variation and evade host immune response has made eradication of
malaria difficult. Antigenic variation is the strategy by which parasite exhibits mono-allelic
expression of the virulence (var) gene. The ability of parasite to express only one var gene at
a particular time out of 59 copy present and to switch its expression, enables the parasite to
evade the host immune response (1-4). The expression of var gene is known to be regulated by
the histone deacetylase P{Sir2. The two paralogues of PfSir2 reported in Plasmodium biology
are PfSir2A and PfSir2B (5). The RBC infected by the parasite possess a knob like structure,
PfEmpl molecule (encoded by var gene) on its surface which enables it to cling to the
endothelial lining of the blood vessels and escape the splenic filtration (6). So there is a dire
need to understand and explore Plasmodium biology in order to identify more of new drug

targets.

Plasmodium during course of life cycle experiences various temperature variations and also
encounters heat shock when the human host experiences fever. Several proteins responds to
heat shock to combat this stress and majority among them are chaperons. Prominent among

them are cytosolic chaperons. Hsp40/70 are known to be involved in folding of the nascent
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peptide while Hsp90 serves as a specialised chaperon and provides additional folding to a
subset of proteins (clients) required for their stability and functioning (7). This highlights the
essentiality of Hsp90 in Plasmodium biology. In model organisms, Hsp90 has been reported to
perform diverse functions (8, 9). Hsp90 interacts with its client proteins to provide it
maturation, which is its canonical function. Also, it interacts with its non-client proteins to
execute its non-canonical nuclear function of regulating assembly and dis-assembly of protein
complexes, nuclear import and chromatin remodelling (10). In Plasmodium several inhibitors
of Hsp90, such as Geldanamycin, 17AAG, 17-DMAG, Radicicol, has been identified which
inhibit the in vitro growth of the parasite (11, 12). 17AAG has also been reported to inhibit the
function of purified Hsp90 (13). In Plasmodium biology none of the Hsp90 clients have been
identified, nor has any of its non-canonical functions reported. In this study we aimed to study
the clientship of PfHsp90 and explore its nuclear functions with a view of targeting the

chaperon machinery to curb malaria.

Majority of Hsp90 clients are signalling kinases, transcription factors, and DNA repair proteins
(10, 14-16). In Plasmodium biology signalling kinases which has been identified are very
poorly conserved and there is a paucity of transcription factors (17). As DNA repair proteins
has been identified and very well characterised (18-22), so we started our quest to discover the
first client of PfHsp90 with DNA repair proteins. HR pathway is the predominant repair
pathway and its loss can cannot be compensated by any other pathway, inhibition of Rad51 by
small molecule inhibitor BO2 leads to abrogation of repair of the Plasmodium genome (18, 19,
21, 23). The DNA repair protein Rad51 in model organism yeast has been reported to be client
of Hsp90 (15) and its ortholog in Plasmodium has been characterised (18, 19). So in first part
of my study, I was interested in investigating whether PfRad51 is a client of PfHsp90. To this

end, three objectives were framed: First, whether PfRad51 interacts with PfHsp90? Second,
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whether PfRad51 is depleted upon inhibition of PfHsp90? Third, whether DSB repair function
of PfRad51 is lost upon inhibition of PfHsp90. To investigate whether PfRad51 interacts with
PfHsp90, yeast two hybrid analysis was performed. For which PfHSP90 was cloned in bait
vector and PfRADS51 in prey vector and transformed in yeast strain PJ694a. Their interaction
was scored in SC- Leu- Ura- His and SC- Leu- Ura- Ade plates. It was observed that yeast
strain harbouring both PfRad51 and PfHsp90 was able to activate both the reporter genes, HIS
and ADE suggesting strong interaction. Further, ColP was performed to ascertain the
interaction using the parasite lysate. Anti Rad51 antibody was used for pull down and PfHsp90
was also found to be co-immunoprecipitated, confirming the interaction of PfHsp90 and
PfRad51. The next objective was to study the effect of PfHsp90 inhibition upon the steady state
of PfRad51. To investigate this the parasite culture was treated with different concentrations of
17AAG. Ideally, when Hsp90 is inhibited its client proteins tend to undergo depletion and
through western blot analysis similar result was observed, with increasing concentration of
17AAG treatment to the parasite culture there was dose dependent depletion of PfRad51.
Reports suggest that when Hsp90 is inhibited its clients undergo proteasomal degradation (24).
In order to investigate whether PfRad51 undergo proteasomal degradation upon PfHsp90
inhibition, the parasite culture was treated with MG132 (inhibitor of proteasomal degradation
pathway) along with 17AAG. Through western blot analysis it was observed that PfRad51
level were restored upon PfHsp90 inhibition in the presence of MG132. This suggest that upon
PfHsp90 inhibition i.e., on treatment with 17AAG, PfRad51 undergo proteasomal degradation
and activity of PfHsp90 is required for the stability of PfRad51. To further support this finding
PfRad51 was expressed in yeast temperature sensitive strain of Hsp90, iG/70D hsp82 and the
steady state of PfRad51was then compared when yeast culture were grown under permissive

and restrictive temperatures. It was observed that PfRad51 is stable when the yeast strain is
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grown at permissive temperature 25°C but it loses its stability when the yeast strain was grown
at restrictive temperature of 37°C. This further strengthen the finding that inhibition of Hsp90
leads to loss of stability of PfRad51. The third objective was to probe into the effect of PfHsp90
inhibition on DNA repair activity of PfRad51. So to monitor this, the effect of 17AAG on the
repair kinetics of the damaged Plasmodium genome upon UV irradiation was analysed. To
investigate this, P. falciparum in-vitro culture was exposed to UV (100/m?) to induce genome
wide DNA damage and allowed for recovery and then kinetics DSB repair was monitored using
highly sensitive PCR based DNA repair Assay. Previous reports from our laboratory suggest
that parasite exposed to UV irradiation require 24 hours to repair the damage and this repair is
hindered if Rad51is inhibited by BO2 (22). Similarly, in this study it was observed that parasite
were unable to repair its damaged DNA in 24 hours when treated with 17AAG on UV exposure.
This indicated that the DNA repair activity of PfRad51is abrogated upon PfHsp90 inhibition
by 17AAG. We were also curious to investigate the effect PfHsp90 inhibition on MMS induced
DNA repair activity of PfRad51. To monitor this, the effect of 17AAG treatment on MMS
induced cytotoxicity was determined. For this, parasite pre-treated with 17AAG and mock
treated parasite were subjected to MMS and return to growth assay was performed. It was
observed that there is two-fold reduction in survival of 17AAG pre-treated parasite on MMS
exposure. To further ascertain the finding, dose dependent assay was performed and pre-treated
the parasite with different concentration of 17AAG and also with another inhibitor of Hsp90,
Radicicol and was then subjected to MMS treatment. It was noted that the increased dose of
17AAG treatment lead to increased MMS sensitivity in dose dependent manner and 30%
reduction in parasite survival was observed for Radicicol treated parasite when compared to
mock treated parasite. This indicates that PfHsp90 inhibition sensitizes P. falciparum to MMS

induced DNA damage. As it was observed that PfRad51 and PfHsp90 interacts and inhibition
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of Hsp90 leads proteasomal degradation of PfRad51, in turn abrogates its DNA repair activity.
Thus it can be concluded that PfRad51 is client of PfHsp90. Implication of the study is that if
PfHsp90 is inhibited by 17AAG, PfRad51 is depleted and less of Rad51 is available in the cell.
So if one want to completely halt the process of HR pathway of DNA repair by inhibiting
PfRad51, less of PfRad51 inhibitor will be required for the inhibition and lead to reduction in

its lethal concentration.

Second part of my study was to explore the non-canonical functions of Hsp90, specifically
probe into role of PfHsp90 in epigenetic regulation of PfSIR2 transcription. In model organisms
report suggests that PfHsp90 in spite of being cytoplasmic chaperon, is also present in the
nucleus and perform various functions, including the regulation of assembly and dis-assembly
of several chromatin modifiers (10, 25-29). In Plasmodium, it has been observed that the
expression of var genes are regulated by heat shock (30) and PfSir2 is involved in its silencing.
Also in yeast, Hsp90 has been reported to regulate heat induced down regulation of ScSir2 by
modulating the transcription factor Cup9 (29). Thus it would be a great idea to explore the non-
canonical function of PfHsp90 in transcription of PfSIR2. So I was curious to study whether
expression of PfSIR2 is regulated by PfHsp90 and framed three objectives: First, whether
PfSIR2 expression is altered in response to higher temperature? Second, whether PfSIR2
expression is guided by altered chromatin state? Third, whether PfHsp90 plays any role in
altering the chromatin state? As Hsp90 has been reported to be induced by higher temperature
and in model organism it has been observed that non- canonical function of Hsp90 is modulated
by high temperature so the first objective was to explore whether PfSIR2 expression is a
function of temperature. For this purpose PfSir2 antibody was required, so recombinant
PfSIR2A was expressed and was used for antibody production. In order to investigate the effect
of heat shock on PfSIR2 expression, the different stages of parasite culture were subjected to a
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higher temperature of 41 °C for two hours. The western blot analysis revealed that heat shock
leads to decrease in abundance of PfSir2A protein specifically at mid ring stage by 2.2 fold,
whereas it remain unaltered at other stages. Due to lack of PfSirB antibody, the impact of heat
shock on Sir2B protein levels could not be monitored. Real time RT PCR analysis indicated,
down-regulation in transcription of PfSIR2A and PfSIR2B both specifically at mid ring stage
by 8 fold upon heat shock. As it was observed that heat shock leads to altered expression of
PfSIR2A/B and PfSir2A is known to be recruited at UpsA promoter, it was further interesting
to investigate whether heat shock have impact on PfSir2A recruitment at var promoter. ChIP
analysis was performed and it was noted that there is 3 fold reduced recruitment of PfSir2A
on var promoter UpsA upon heat shock. We were also curious to explore the effect of heat
shock on the activity of PfSir2A/B. As PfSir2 is known to regulate the expression of var gene
so as a read out the effect heat shock on expression of var genes was investigated. Real time
RT PCR analysis indicated that majority of var gene get up-regulated upon heat shock
confirming the effect of heat shock on activity of PfSir2A/B. In Plasmodium gene regulation
is majorly governed by epigenetic modification (17, 31), so the next objective was to determine
the alteration occurring in the chromatin landscape of PfSIR2A/B promoter upon heat shock,
which is responsible for its altered expression. To monitor this, an experiment named as
Formaldehyde Assisted Isolation of Regulatory Element (FAIRE) was performed. It was
discovered that upon heat shock there is reduction in abundance of nucleosome free DNA of
both PfSIR2A/B locus which suggested that heat shock leads to compactness of the PfSIR2A/B
promoter. Next, we were curious to know what exact epigenetic modification occur at
PfSIR2A/B which leads to its compactness. To probe into this, ChIP was performed with known
repressor marks in Plasmodium biology, H3K9me3 and H3K36me?2 (32-34). ChIP analysis

depicted that there is increase in enrichment of H3K9me3 on PfSIR2A/B promoter region upon
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heat shock. The next objective was to decipher whether heat induced down-regulation of
PfSIR2A/B is mediated by PfHsp90 activity. To elucidate this, aim was to inhibit Hsp90 and
determine its effect on heat induced transcriptional down-regulation of PfSIR2A/B, alteration
in chromatin landscape and epigenetic modification of PfSIR2A/B promoter. In order to
investigate the role of PfHsp90 in transcriptional regulation of PfSIR2A/B, mid ring stage
parasite culture was treated with 17AAG to inhibit PfHsp90 and the effect of heat shock was
then determined. Real time RT PCR analysis indicated that the heat induced transcription
down- regulation of PfSIR2A/B does not take place when PfHsp90 is inhibited. To ascertain
specificity of the finding dose dependent study was conducted and 0.5X concentration of
17AAG treatment was used and also in a set of experiment, treatment of 17AAG was given for
short duration. In both the cases, partial reversal of the phenotype was noted. Inhibition of
Hsp90 by another inhibitor Radicicol also prevented the transcriptional down-regulation of
PfSIR2A/B upon heat shock. Thus the data suggests that heat induced transcriptional down-
regulation of PfSIR2A/B is mediated by PfHsp90. Further we were keen to know whether
inhibition of PfHsp90 prevents the heat induced compaction of PfSIR2A/B promoter. To
investigate this, FAIRE was performed after inhibiting PfHsp90 by 17AAG and Radicicol
individually in different set of experiments. In both set of experiments it was observed that
there is no reduction in abundance of nucleosome free DNA of PfSIR2A/B locus upon heat
shock, which indicates that PfHsp90 activity is required for heat induced compaction of
PfSIR2A/B promoter. ChIP analysis was also performed after inhibiting PfHsp90 by 17AAG
to determine whether activity of PfHsp90 is required for heat induced epigenetic modification
of PfSIR2A/B promoter. It revealed that there is complete abolishment of enrichment of
H3K9me3 upon heat shock on PfSIR2A/B promoter suggesting the requirement of PfHsp90

activity for the process. Lastly, we were keen to investigate whether PfHsp90 play direct role
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in heat induced down-regulation of PfSIR2A/B and is itself recruited to PfSIR2A/B promoter.
To monitor this, ChIP analysis was performed and observed that the recruitment of PfHsp90 at
immediate upstream PfSIR2A/B gene is increased upon heat shock. Thus, we could establish
the non- canonical moonlighting function of the specialised chaperon PfHsp90 in gene
regulation of the chromatin eraser PfSIR2A/B. Implication of this study is that if we could
artificially perturb the Sir2/ Hsp90 axis. There might be abrogation of antigenic variation in
the parasite, multiple var gene will be expressed and parasite will not be able to evade the host

immune response.

Through First part of the study, I was able to establish PfRad51 as the first client of PfHsp90
and it can be used as model for further research to understand Plasmodium Hsp90 chaperone
cycle involving its co-chaperones. The findings of the study also opens new avenue on
regulation of homologous regulation and suggests new drug combination therapy to curb
malaria. Second part of the study impart light on the non-canonical function of PfHsp90. It
provides link between environment, epigenetics and malaria pathogenesis which can be further
explored to identify new drug targets. It highlights that novel strategy aimed at regulating

PfSir2 activity may limit antigenic variation and help in vaccine development.
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ABSTRACT The DNA recombinase Rad51 from the human malaria parasite Plasmodium
falciparum has emerged as a potential drug target due to its central role in the homolo-
gous recombination (HR)-mediated double-strand break (DSB) repair pathway. Inhibition
of the ATPase and strand exchange activity of P. falciparum Rad51 (PfRad51) by a small-
molecule inhibitor, B02 [3-(phenylmethyl)-2-[(1E)-2-(3-pyridinyl)ethenyl]-4(3H)-quinazoli-
nonel, renders the parasite more sensitive to genotoxic agents. Here, we investigated
whether the inhibition of the molecular chaperone PfHsp90 potentiates the antimalarial
action of B02. We found that the PfHsp90 inhibitor 17-AAG [17-(allylamino)-17-demethox-
ygeldanamycin] exhibits strong synergism with B02 in both drug-sensitive (strain 3D7)
and multidrug-resistant (strain Dd2) P. falciparum parasites. 17-AAG causes a greater than
200-fold decrease in the half-maximal inhibitory concentration (ICy,) of B02 in 3D7 para-
sites. Our results provide mechanistic insights into such profound synergism between 17-
AAG and B02. We report that PfHsp90 physically interacts with PfRad51 and promotes
the UV irradiation-induced DNA repair activity of PfRad51 by controlling its stability. We
find that 17-AAG reduces PfRad51 protein levels by accelerating proteasomal degradation.
Consequently, PfHsp90 inhibition renders the parasites more susceptible to the potent
DNA-damaging agent methyl methanesulfonate (MMS) in a dose-dependent manner.
Thus, our study provides a rationale for targeting PfHsp90 along with the recombinase
PfRad51 for controlling malaria propagation.

KEYWORDS Plasmodium DNA repair, PfHsp90, PfRad51, 17-AAG, B02, synergy between
17-AAG and B02

he genetic material of Plasmodium falciparum is exposed to various endogenous

and environmental genotoxic agents throughout its life cycle. The intraerythrocytic
parasites degrade hemoglobin, thereby releasing heme, which is further oxidized from
ferrous (Fe?™) to ferric (Fe3™). During this process, reactive oxygen species are gener-
ated, which are harmful DNA-damaging agents (1). Out of various types of damage,
double-strand breaks (DSBs) in the chromosome are the most deleterious to the cell if
left unrepaired. The apparent loss of the classical nonhomologous end joining (C-
NHEJ)-mediated DSB repair pathway in the malaria parasites underlines the importance
of targeting the homologous recombination (HR) pathway, as this is the exclusive DSB
repair machinery (2). The Rad51 recombinase executes an important step in the HR-
mediated DSB repair pathway. It searches for the homologous template and catalyzes
the DNA strand exchange reaction, which is the pivotal step in the HR pathway (3). The
Plasmodium recombinase P. falciparum Rad51 (PfRad51) has been previously identified
(4) and biochemically characterized (5). Recently, we presented evidence that a small
molecule, B02, binds to P. falciparum recombinase Rad51 (6). Upon binding to PfRad51,
B02 inhibits ATP hydrolysis activity, DNA strand exchange activity, and the homodimerization
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of PfRad51. Plasmodium cultures treated with B02 were found to be more susceptible to
methyl methanesulfonate (MMS), as B02 treatment significantly reduced MMS-induced
Rad51 nuclear focus formation and hence increased accumulation of unrepaired DNA in
the parasites. Earlier, we demonstrated that mice infected with a mutant Plasmodium ber-
ghei strain harboring a dominant negative mutant allele of rad51 (Pfrad51:K143R), showed
significantly reduced parasite burden (7), reinforcing the essentiality of Rad51. It was also
observed that the loss of Rad51 activity could not be compensated by other DSB
repair pathways (7).

In addition to inducing cyclobutene pyrimidine dimers between the two adjacent
thymidine residues, which are primarily repaired by the nucleotide excision repair
(NER) pathway, UV-C irradiation also produces reactive oxygen species, which result in
the formation of DSBs at the chromosomes (8, 9). Similarly, MMS alkylates the bases of
DNA, produces an adduct that blocks DNA polymerase (10), and eventually generates
stalled replication forks, which in turn promote DSBs in the chromosomes (11). It was
observed that HR-deficient cells are more sensitive than the NHEJO-deficient cells to
MMS-induced DNA damage (12). In response to UV- and MMS-induced DNA damage,
Rad51 is localized to the damaged chromatin and forms foci, which are a hallmark for
the HR-mediated DNA repair pathway (6, 13). Thus, UV and MMS sensitivity are indirect
measures of the HR-mediated DSB repair efficiency of the cells.

Heat shock protein 90 (Hsp90) is an evolutionary conserved molecular chaperone
that regulates the conformation and stability of a specific group of proteins, known as
its clients (14). The Hsp90 N-terminal domain has a characteristic pocket known as the
Bergerat fold, in which ATP binds (15). The function of Hsp90 was found to be depend-
ent on its ability to hydrolyze ATP (16). 17-AAG (an analog of geldenamycin) and radici-
col bind specifically to the ATP binding site of Hsp90 and thereby inhibit its function
(17, 18). Although a number of chemical inhibitors of Hsp90 have been identified that
exhibit antiplasmodial activity (19, 20), 17-AAG is the only chemical whose inhibitory
activity has been verified on purified PfHsp90 protein (21). Similarly, using a yeast-
based assay system, it was found that radicicol inhibits the function of PfHsp90 (22).

In recent years, Hsp90 is found to act as an important regulator of the DNA damage
response, as well as the DNA break repair pathway. Hsp90 inhibitors were found to
show synergistic antitumor activities with DNA-damaging agents (23). Multiple compo-
nents of the DSB repair pathways have been described as the clients of Hsp90 (24). In
budding yeast, Rad51 acts as a client of yHsp90 (25) and dynamic interaction between
yRad51 and yHsp90 is crucial for the DNA damage-induced nuclear function of yRad51
(26). Whether the abundance and activity of PfRad51 are regulated by the PfHsp90
chaperone system is currently unknown. We hypothesize that if PfHsp90 is engaged
with PfRad51, then PfHsp90 also should control the PfRad51-mediated HR pathway in
response to DSBs at the Plasmodium chromosomes. The following two questions are
addressed here: first, whether PfHsp90 controls the DSB repair pathway in the malaria
parasites, and second, whether a small-molecule inhibitor of PfHsp90 could potentiate
the action of B02. We provide evidence that PfHsp90 promotes the stability of
PfRad51. Furthermore, we show that PfHsp90 inhibition causes the accumulation of
UV-induced DNA damage in the parasite and sensitizes it to MMS. Also, PfHsp90 and
PfRad51 inhibitors show profound synergistic interaction in both drug-sensitive and
drug-resistant parasites. Thus, our study has opened a new avenue to target the
malaria parasite, which should be explored more in the future.

RESULTS

Physical interaction between PfHsp90 and PfRad51. To test our hypothesis
regarding whether PfHsp90 controls the Rad51-dependent DNA repair pathway, we
first studied their physical interaction. We generated two yeast expression vectors, one
harboring PfHsp90 fused to the Gal4 DNA binding domain (bait) and another harbor-
ing PfRad51 fused to the Gal4 activation domain (prey). We used the PJ69-4A strain,
which allows scoring both weak and strong interactions by the measurement of HIS3
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FIG 1 Physical interaction between PfRad51 and PfHsp90. (A) The interaction of PfRad51 and PfHsp90
was confirmed by yeast two-hybrid assay. PFRAD51 or PfACTIN genes were cloned in pGADC1 vector
and fused to the GAL4 activation domain (GAL4-AD), while the PfHSP90 gene was cloned in
pGBDUC1 vector and fused to the GAL4 DNA binding domain (GAL4-BD). Yeast strain PJ69-4A with
ADE2 and HIS3 as reporter genes was used for the interaction studies. For spotting, the cells were
grown until an optical density at 600 nm (ODy,,) of 0.5 and then were 10-fold serially diluted and
spotted onto a plate lacking leucine and uracil to check for the presence of the bait and the prey
plasmids. The interaction was checked by spotting onto triple-dropout plates lacking either leucine,
uracil, and histidine or leucine, uracil, and adenine. Each assay was repeated at least three times. (B)
Representative Western blot analysis out of three independent experiments depicting the
coimmunoprecipitation of PfRad51 and PfHsp90 from the parasite lysate. Anti-PfRad51 and IgG
antibodies were used for the immunoprecipitation. Probing was performed with anti-PfRad51 and
anti-PfHsp90 antibodies. Lanes are as follows: |, input; P, immunoprecipitation (IP) pellet fraction; S,
supernatant. The pellet fraction was loaded 12x, and the input and supernatant fractions were
loaded 1x.

or ADE2 reporter genes activities, respectively. It was found that the yeast strain carry-
ing both the vectors can activate both the HIS3 and the ADE2 reporter genes, indicat-
ing a strong physical association between PfHsp90 and PfRad51 (Fig. 1A, subpanel 4).
Yeast strains harboring empty bait and empty prey vectors were used as the negative
control for these yeast two-hybrid experiments. The PfACTIN gene cloned in the prey
vector was used as an additional negative control, as no interaction was observed
between PfHsp90 and PfActin (Fig. 1A, subpanel 6). In order to investigate any such
interaction between PfRad51 and PfHsp90 proteins within the parasite itself, we per-
formed a coimmunoprecipitation experiment. PfHsp90 was coimmunoprecipitated
with PfRad51 in P. falciparum 3D7 in vitro cultures (Fig. 1B). A protein extract of the
same culture pulled down with preimmune IgG was used as a negative control. Thus,
the data presented here demonstrate a specific interaction between PfHsp90 and
PfRad51 in the parasite.

Abrogation of the UV-induced DNA repair activity of PfRad51 under Hsp90-
inhibitory condition. The physical interaction between PfHsp90 and PfRad51
prompted us to investigate the effect of the PfHsp90 inhibitor on PfRad51 DNA repair
activity. We reasoned that if PfHsp90 is a positive regulator of PfRad51, then PfHsp90
inhibition would have a negative effect on PfRad51 function; however, if PfHsp90 is a
negative regulator of PfRad51, then inhibition of PfHsp90 would promote PfRad51 ac-
tivity. To investigate the effect of PfHsp90 on PfRad51-dependent DNA repair activity,
we studied the effect of 17-AAG on the repair kinetics of the damaged Plasmodium ge-
nome upon UV irradiation. To this end, P. falciparum in vitro cultures were exposed to
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FIG 2 Abrogation of the UV-induced DNA repair activity of PfRad51 under Hsp90-inhibitory
conditions. At the trophozoite stage, 17-AAG (1.7 uM), B02 (1uM), and atovaquone (0.3nM)
pretreated and mock-treated cultures were UV-irradiated at 100 J/m?2 After UV treatment, cultures
were maintained in the respective drug for 24h; along with this, the mock-treated culture was
maintained in complete medium lacking any drug. Genomic DNA was isolated from the harvested
parasites at the indicated time points, namely, before UV damage and at Oh, 12h, and 24h
postdamage. The mean value * standard error of the mean (SEM) from three independent experiments
is plotted.

UV doses (100 J/m?) to induce genome-wide DNA double-strand breaks and then
allowed to recover. Kinetics of DSB repair were followed using a highly sensitive PCR-
based DNA repair assay (27). It was previously established in our laboratory that troph-
ozoite stage-specific parasites, once subjected to the UV doses, require 24 h for com-
plete repair of the damaged DNA (27). This repair activity is directly linked to the active
PfRad51 protein levels in the parasite. Under conditions in which the parasites were
pretreated with B02, a complete loss of DNA repair activity was observed even after
24 h after UV irradiation (Fig. 2). The DNA repair kinetics of the parasite genome in the
presence of 17-AAG were measured and compared to the repair kinetics of the
untreated parasites. It was observed that parasites preincubated with 17-AAG, once
subjected to UV irradiation, behaved similar to the B02-treated parasites, i.e., there was
no reduction in the residual damaged DNA by 12 h, or even at the end of a 24-h recov-
ery period (Fig. 2). An unrelated chemical, atovaquone, was used as a negative control
for this experiment. Atovaquone-pretreated parasites show similar repair kinetics to
those of the untreated parasites, i.e., 70% repair was achieved at the end of 12 h, and
100% repair was seen after 24 h. These data indicate that, similarly to the recombinase
inhibitor BO2, the PfHsp90 inhibitor 17-AAG blocks the repair of UV irradiation-induced
DNA damage in the parasite.

17-AAG induces proteasomal degradation of PfRad51. To understand the bio-
chemical basis of 17-AAG-induced suppression of DNA repair activity in UV-treated par-
asites, the steady-state level of PfRad51 was measured in the presence of 17-AAG. Ring
stage-specific parasites were treated with increasing doses of 17-AAG (425nM to
1.7 uM). As the half-maximal inhibitory concentration (IC;,) of 17-AAG was determined
to be 510 nM in our study, a sub-IC;, concentration was chosen as the starting dose.
The treated cultures were harvested at the late trophozoite/early schizont stage. A
dose-dependent depletion of PfRad51 protein was observed (Fig. 3A). These experi-
ments were performed four times, and the levels of PfRad51 were quantified in
untreated and 17-AAG-treated samples. Our data show 15%, 26%, and 87% reductions
in the level of PfRad51 in the presence of 425 nM, 850 nM, and 1.7 uM 17-AAG, respec-
tively (Fig. 3B). It was observed that the 17-AAG-induced reduction in PfRad51 was
reversed in the presence of the proteasome inhibitor MG132 (Fig. 3C and D). This sug-
gests that PfHsp90 protects PfRad51 from degradation via a proteasomal pathway. To
further support our conclusion, PfRad51 was expressed in a temperature-sensitive
yeast strain, iG170Dhsp82 (28), which harbors nonfunctional Saccharomyces cerevisiae
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FIG 3 17-AAG induces proteasomal degradation of PfRad51. (A) Western blot analysis showing
steady-state level of PfRad51 protein, performed with total protein isolated from untreated parasites
and parasites treated with three different concentrations of 17-AAG (as indicated). Actin was used as
the loading control. (B) The graph was plotted from the quantification of band intensities, depicting
lower abundance of PfRad51 upon 17-AAG treatments. Error bar indicates the SEM obtained from
four individual experiments. (C) Western blot analysis depicting PfRad51 protein level, performed with
total protein isolated from untreated, 17-AAG-treated (1.7 uM), and 17-AAG (1.7 uM) plus MG132
(133 nM)-treated parasites. Actin was used as the loading control. (D) The graph was plotted from the
values of band intensities obtained from three independent experiments, with error bar indicating
the SEM. (E) Western blot analysis showing the PfRad51 level, performed with total protein isolated
from the temperature-sensitive yeast strain iG170Dhsp82 harboring the PfRad51 plasmid (left), grown
at a permissive temperature of 25°C and a restrictive temperature of 37°C, or from yeast strain W303a
harboring the PfRad51 plasmid (right). ScActin was used as the loading control. The molecular weight
of the respective proteins is marked on the right side of each gel. (F) Graph was plotted from the
value of band intensities obtained from three independent experiments, with error bar indicating the
SEM. The P value was calculated using a two-tailed t test (¥, P<0.05; **, P<0.01; ***, P < 0.001; ****,
P < 0.0001; ns, nonsignificant).

Hsp90« (ScHsp90a), when the strain was grown at the restrictive temperature of 37°C.
Although yeast Hsp90« shares 74% sequence similarity and only 57% sequence iden-
tity with PfHsp90, it can provide stability to PfRad51, as evident from the steady-state
level of PfRad51, when the strain was grown at a permissive temperature (25°C) (Fig.
3E). However, a significant reduction in the stability of PfRad51 was observed under
the nonpermissive condition (37°C), where ScHsp90« is nonfunctional (Fig. 3E and F).
To rule out the possibility that the reduction in the PfRad51 level is not due to a tem-
perature effect, PfRad51 was expressed in a wild-type yeast strain (W303a), and pro-
teins were extracted after growing the strain at two different temperatures, as used
earlier. No noticeable difference was observed in the stability of PfRad51 at 25°C and
37°C (Fig. 3E). Together, our data establish that Hsp90 provides stability to the PfRad51
protein.

Hsp90 inhibition sensitizes P. falciparum to MMS-induced DNA damage. In our
study, we found that PfHsp90 inhibition impairs the stability of PfRad51 in the parasite.
Hence, to further elucidate the role of PfHsp90 in the PfRad51-mediated DSB repair
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FIG 4 Hsp90 inhibition sensitizes P. falciparum to methyl methanesulfonate (MMS)-induced DNA damage.
Return-to-growth assays were performed to determine the sensitivity of mock-treated and 17-AAG-treated 3D7
parasites at different concentration of MMS (as indicated on the x axis). The graph depicts the percent survival
of parasites after a 48-h return to growth after MMS treatment. Each data point indicates mean value =
standard deviation (SD) from three independent experiments. (B) Return-to-growth assay performed to
determine the MMS sensitivity of 3D7 parasites treated with different doses of 17-AAG and radicicol compared
to that of mock-treated parasite. Graph depicts the mean percent survival (=SD) after 48h after MMS
treatment (0.005%) from four experiments. The P value was calculated using a two-tailed t test (*, P <0.05; **,
P<0.01).

pathway, the effects of 17-AAG on MMS-induced cytotoxicity were studied. Parasites
pretreated with 17-AAG were subjected to three different doses of MMS for 2 h and
then subsequently returned to growth in a medium containing 17-AAG. As a control,
parasites which were not treated with 17-AAG (mock-treated) were taken. The parasite-
mia of the MMS-treated and the untreated parasites was measured to determine the
survivability upon MMS treatment. It was found that for the mock-treated parasites,
the survivability is around 85% upon 0.001% MMS treatment, considering the surviv-
ability of MMS-untreated cultures to be 100%. No significant difference in the surviv-
ability was observed for the 17-AAG-pretreated cultures when exposed to 0.001%
MMS. However, a significant 2-fold reduction in survivability was observed between
the mock-treated and the 17-AAG-treated cultures when both were subjected to
0.005% MMS treatment. At a much higher dose of MMS (0.1%), both mock-treated and
17-AAG pretreated cultures showed extreme MMS sensitivity, and thus any difference
in survivability was indistinguishable (Fig. 4A). A 0.005% MMS concentration, a measur-
able difference in the survivability was observed, so this concentration of MMS was
used for further studies. In order to ascertain the specificity of PfHsp90 inhibition by
17-AAG, the parasites were treated with various doses of 17-AAG to investigate
whether the sensitivity of the parasites is increased in a dose-dependent manner. Our
study shows that increasing doses of 17-AAG cause increased MMS sensitivity in a
dose-dependent manner (Fig. 4B). In order to establish our conclusion, another estab-
lished inhibitor of PfHsp90, namely, radicicol, was used in our assay. The culture was
treated with 1.5 uM radicicol, as it was observed previously that treatment with higher
concentrations of this drug results in the arrestation of the parasite culture at the schiz-
ont stage (29). It was observed that the parasites pretreated with radicicol manifest
about 30% reduction in parasite survival upon MMS treatment compared to that of the
mock-treated parasites (Fig. 4B). Since MMS-induced DNA damage, if unrepaired, could
be lethal for the parasites, the efficiency of the repair process can be assayed as a func-
tion of parasite viability. Thus, our study suggests that the impact of PfHsp90 inhibition
on the DSB repair machinery of the parasite is severe.

17-AAG decreases the IC;, value of B02 in a synergistic way. We wanted to inves-
tigate the interaction between 17-AAG and B02. Since 17-AAG causes proteasomal
degradation of PfRad51 and B02 inactivates the PfRad51 function, we predicted that
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TABLE 1 Potentiation of BO2 action by 17-AAG and vice versa

P. falciparum strain Combination of drugs IC;, (mean = SD [M]) Potentiation factor
3D7 BO2 (alone) 7.45+0.89 1

B02 (17-AAG)* 0.034 = 0.0017 219.1

17-AAG (alone) 0.51 = 0.0005 1

17-AAG (B02)® 0.039 = 0.005 13.07
Dd2 B02 (alone) 3.73 +0.35 1

B02 (17-AAG)© 0.022 = 0.004 169.54

17-AAG (alone) 0.537 = 0.06 1

17-AAG (B02)d 0.018 = 0.0017 29.8

aThe ICy, concentration of 17-AAG in strain 3D7 was used.
The IC,, concentration of B2 in strain 3D7 was used.
The IC;, concentration of 17-AAG in strain Dd2 was used.
9The IC, concentration of BO2 in strain Dd2 was used.

the depletion of PfRad51 due to the action of 17-AAG would render the parasites more
sensitive to B02 action. The IC;, concentrations of both B02 and 17-AAG were deter-
mined in our experimental setup. To this end, synchronous late ring-stage cultures
were treated with the respective drugs at different concentrations for 48 h, and the
ICs, values were determined in the drug-sensitive strain 3D7 and in the multidrug-re-
sistant strain Dd2. The IC,, values of B02 were found to be 7.45+0.89 uM and
3.73 = 0.35 uM for the 3D7 and Dd2 strains, respectively (Table 1). These values are in
good agreement with the previously reported values (6). The IC,, value of B02 was also
determined by incubating the parasite cultures with different concentrations of B02 in
the presence of the IC,, concentration of 17-AAG. It was found that the presence of 17-
AAG could reduce the IC,, value of BO2 to 34 nM in the 3D7 and to 22 nM in the Dd2
parasites. Thus, the potentiation factor is about 219 in the 3D7 strain. Similarly, the
potentiation factor in the Dd2 strain was found to be 169 (Table 1). Thus, 17-AAG treat-
ment greatly potentiates the inhibitory effect of B02 in both drug-sensitive and multi-
drug-resistant parasite strains. We then sought to investigate whether B02 could also
potentiate the antiparasitic action of 17-AAG. To determine this, the parasites were
incubated at various doses of 17-AAG in the presence of the IC,, concentration of B02.
As different IC,, values of 17-AAG are reported in the literature depending upon the
parasitic stages when the treatment is begun and also upon the duration of the treat-
ments (19, 29, 30), we first determined the IC;, of 17-AAG under our experimental con-
ditions. The IC;, values of 17-AAG were found to be 510nM and 537 nM in 3D7 and
Dd2 strains, respectively (Table 1). In the presence of ICy, concentrations of B02, the
ICs, value of 17-AAG dropped to 39nM and 18 nM in 3D7 and Dd2 in vitro cultures,
respectively (Table 1). Thus, there was 13- to 30-fold potentiation of 17-AAG by B02. As
each of the drugs potentiated the other’s action, we wanted to investigate whether
the interaction between these two drugs is additive or synergistic in nature. To this
end, a fixed-ratio drug combination assay was performed. The mean fractional inhibi-
tory concentration (FIC) values derived from the dose-response curve of each combina-
tion were compiled, as shown in Table 2. The sum of FICs was plotted in isobolograms
for 3D7 (Fig. 5A) and Dd2 (Fig. 5B) strains. Our study demonstrates profound synergis-
tic interactions between 17-AAG and B02 in both drug-sensitive (3D7) and multidrug-
resistant (Dd2) parasites.

DISCUSSION

We have provided evidence that PfRad51 acts as a direct client of PfHsp90. First, we
found that PfHsp90 interacts with PfRad51 both in vivo and in vitro. Second, the nature
and the extent of 17-AAG-mediated inhibition of the repair of UV-induced damage in
the parasite genome positively correlates with the inhibitory effect of B02, a potent in-
hibitor of recombinase PfRad51. Third, and most importantly, treatment of 17-AAG
resulted in the depletion of PfRad51 by accelerating the proteasomal degradation of
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TABLE 2 FIC values of drug combinations

P. falciparum strain 17AAG:B02 Rl FICs,, > FIC
3Db7 5:0 1 0 1
4:1 0.39 0.1 0.49
3:2 0.25 0.2 0.45
2:1 0.07 0.11 0.18
1:4 0.03 0.14 0.17
0:5 0 1 1
Dd2 5:0 1 0 1
4:1 0.48 0.17 0.65
3:2 0.22 0.21 043
2:1 0.04 0.08 0.12
1:4 0.05 0.3 0.35
0:5 0 1 1

the protein. The essentiality of PfHsp90 in Plasmodium biology has been rightfully
advocated previously (31-34); however, no client of PfHsp90 that is important in para-
site biology has been identified yet. To our knowledge, this is the first report that iden-
tifies a bona fide client of PfHsp90. Given that PfRad51 and its mutants can be easily
expressed and purified using bacterial expression systems (7), this now allows bio-
chemical investigation of the PfHsp90 chaperone cycle and the involvements of its
cochaperones, using PfRad51 as a model client protein.

The malaria parasites during their intraerythrocytic life cycle encounter extraordi-
narily high levels of genotoxic stresses that cause various modifications of DNA bases,
single-stranded DNA (ssDNA) breaks, and most deleterious of all, DNA DSBs in the hap-
loid chromosomes. As the unrepaired DSBs lead to the death of the unicellular parasite
Plasmodium falciparum, targeting its DSB repair pathway is a promising option. Our
previous study demonstrated that PfRad51 plays an indispensable function in the para-
site’s biology under DNA damage conditions (7). None of the components of the non-
homologous end-joining pathway is found in the parasite genome. Besides, some of
the proteins involved in homologous recombination, namely Rad52 and BRCA1, are
also not annotated in the Plasmodium genome. Thus, PfRad51 has emerged as one of
the major targets for blocking HR-mediated DSB repair in this parasite. Previously, B02 was
established as a specific inhibitor of PfRad51, but its ICs, was found to be in the micromolar
range (3 to 8 uM) (6). While lead optimization could be a strategy for increasing the po-
tency of the chemical derivatives of B02, regulating the cellular abundance of the target
protein, i.e., PfRad51, could also, in principle, reduce the IC, of native B02. Here, we find
that the treatment with the PfHsp90 inhibitor induces the proteasomal degradation of
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FIG 5 Synergistic interaction between the PfHsp90 inhibitor 17-AAG and the PfRad51 inhibitor B02.
Isobolograms of 17-AAG and B02 in the 3D7 (A) and Dd2 (B) strains. Fixed-ratio drug combination assays were
performed. Each point represents the mean half-maximal inhibitory concentration (IC;,) of the drug
combination from three independent experiments. A solid line is drawn between the IC,, values of each drug
when used alone. FIC, fractional inhibitory concentration.
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PfRad51, resulting in a dramatic decrease in the steady-state level of the target of B02 and
thereby reducing the IC;, of B02 to the nanomolar range (22 to 34 nM). Thus, this result
serves as a proof of concept that the regulation of the abundance or activity of PfRad51
could be key to increasing the effectiveness of the recombinase inhibitors. This will now
stimulate research on the identification of the negative modulators of Plasmodium homol-
ogous recombination machinery.

The highly synergistic interaction between B02 and 17-AAG indicates that these
two target proteins may also act in a nonepistatic manner. Our finding showing that in-
hibition of PfHsp90 and PfRad51 together causes a profound effect on parasite surviv-
ability raises the possibility that PfHsp90 might control other DNA repair pathways as
well. In humans, Hsp90 has been found to regulate DNA damage response (DDR), as
well as the base excision repair (BER), the nucleotide excision repair (NER), and the mis-
match repair (MMR) pathways by providing clientship to some of the major proteins
involved in these pathways (24). In the budding yeast, it was observed that ScHsp90
modulates the DDR pathway by regulating a DNA repair signaling kinase, Rad53 (35).
In malaria parasites, the long-patch BER pathway has been identified previously (36).
Recently, in silico analyses have identified almost all components of NER (37) and MMR
(38) pathways in the Plasmodium genome. However, it is still not known whether the
enzymes involved in these pathways are regulated via the PfHsp90 chaperone system.
Hence, our findings open up new avenues of research to target both the DNA repair
machinery and the Hsp90 chaperone system for arresting parasite growth.

MATERIALS AND METHODS

Plasmids. The plasmids pTA:PfRAD51, and pGADC1:PfRad51 have been previously described (7).
PfHSP90 was amplified using the forward primer OMKB 469 (TCAGGA TCCATGTCAACGGAAACATTCGQ)
and the reverse primer OMKB 470 (TCAGTCGAC ATCCTTTAGTCAACTTCTTCC), and PfACTIN was amplified
using the forward primer OMKB 766 (TCA GGATCCATGGGAGAAGAAGATGTTCAAG) and the reverse
primer OMKB 767 (TCAGTCGACAATTTAGAAACATTTTCTGTGGAC), using P. falciparum 3D7 genomic DNA
as the template. PfHSP90 and PfACTIN were cloned in pGBDUC1 vector and pGADC1 vector, respectively,
for yeast two-hybrid analysis.

Antibodies used. Anti-PfRad51 was generated in our laboratory (7). The anti-actin antibody (Sigma,
St. Louis, MO) recognizes PfActin, as previously described (27). The anti-Hsp90 antibody (Sigma) recog-
nizes PfHsp90 protein, as previously described (39), and the anti-ScActin antibody (Abcam, Cambridge,
UK), recognizes ScActin (7). Horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse sec-
ondary antibodies (Promega, Madison, WI) were used.

Parasite culture. P. falciparum cultures were maintained in RPMI 1640 medium supplemented with
1% AlbuMax (Invitrogen, Carlsbad, CA) and 0.005% hypoxanthine at 5% hematocrit by the candle jar
method at 37°C as described previously (40). Synchronization of the parasite culture was performed
using 5% sorbitol (Sigma) treatment at the ring stage.

Yeast strains. pTA vector harboring PfRAD51 was transformed into strains iG170Dhsp82 (MATa
can1-100 ade2-1 his3-11, 15 leu2-3, 112 trp1-1 ura3-1 hsp82:LEU2 hsc82::LEU2 HIS3:HSP82G170D) (28) and
W303a (MATa leu2-3, 112 his3-11, 15 ade2-1, trp1, ura3-1) (41) to generate the strains TAY1 and TAY2,
respectively. pGADC1 vector harboring PfRAD51 or PFACTIN and pGBUC1 vector harboring PfHSP90 were
transformed into the PJ69-4A strain (MATa trpl-901 leu2-3, 112 ura3-52 his3-200 gal4A gal80A LYS2:
GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ) (42) for yeast two-hybrid studies.

Yeast transformation. Yeast transformation was done as described previously (43). The transformed
yeast cells with pTA:PfRAD51 plasmid were selected on synthetic complete medium lacking tryptophan
(SC-trp). The transformants with the bait plasmids (pGBDUC1 and its derivatives) were selected on SC
medium lacking uracil (SC-ura), and the transformants with the prey plasmids (pGADC1 or PGADC1-
PfRad51) were selected on SC medium lacking uracil and leucine (SC-ura-leu).

Yeast two-hybrid analysis. The yeast two-hybrid analysis was done as described previously (43).
Briefly, 10-fold serial dilutions of PJ69-4A cells transformed with both bait and prey plasmids were plated
on SC medium lacking uracil, leucine, and histidine (SC-ura-leu-his) or SC medium lacking uracil, leucine,
and adenine (SC-ura-leu-ade) to score for the expression of the HIS3 reporter gene or the ADE2 reporter
gene, respectively. As a control, the cells were also plated on the SC-ura-leu double-dropout plates.

Coimmunoprecipitation. Coimmunoprecipitation was performed using the Pierce cross-link immu-
noprecipitation kit (Thermo Scientific) following the manufacturer’s protocol. Briefly, the anti-PfRad51
antibody was coupled to Pierce Protein A/G Plus agarose in a screw-cap column on a rotator. Then, the
antibody-bound beads were cross-linked using disuccinimidyl suberate (DSS) solution on the rotator.
Washes were performed per the protocol to quench the cross-linking. Parasites released after saponin
treatment were lysed using the immunoprecipitation (IP) lysis buffer (0.025 M Tris, 0.15 M NaCl, 0.001 M
EDTA, 1% NP-40, and 5% glycerol [pH 7.4]). The lysate was then separated from the cell debris by centrifu-
gation. Protein concentrations of lysates were determined, and 1 mg of lysate was precleaned using the
control agarose resin slurry. Then, the precleaned lysate was incubated overnight with antibody-bound
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beads. The column was placed in a collection tube, and flowthrough was collected. Antigen-antibody-
bound beads were then subjected to washes with wash buffers and conditioning buffer. Bound antigen
was further eluted using the elution buffer, mixed with the sample buffer, and then subjected to Western
blot analysis. The lysis buffer, wash buffer, conditioning buffer, and elution buffer were from the kit.

Western blot analysis. Total extracted protein from the parasite was separated on a 12% SDS poly-
acrylamide gel, and the Western blot analysis was performed as described earlier (43). All of the primary
antibodies, i.e., anti-PfRad51 (raised in rabbits), anti-actin, anti-ScActin, and anti-Hsp90 (all raised in
mice), were used at 1:5,000 dilutions. HRP-conjugated secondary antibodies (anti-rabbit or anti-mouse)
were used at 1:10,000 dilutions. An enhanced chemiluminescence (ECL) kit (Pierce) was used for the
detection of the protein signal. Quantification of the band intensity was performed using Image J, soft-
ware and the graph was plotted using GraphPad Prism 6 software.

MG132 treatment. Synchronous ring stage culture was treated with 133 nM MG132 for 12 h; then,
culture was removed from MG132-containing medium and grown in complete medium until the late
trophozoite/early schizont stage. Parasites were then harvested, and total protein was extracted and
used for Western blot analysis.

MMS sensitivity assay. Synchronous ring stage parasites were treated with different concentrations
of 17AAG (170 nM to 850 nM) or radicicol (1.5 uM) and grown until the late trophozoite/early schizont
stage. Pretreated parasites (1% parasitemia) were then subjected to MMS treatment (0.001%, 0.005%,
and 0.1%) for 2 h. Further washing with RPMI medium was performed in order to remove the MMS.
Then, the parasites were allowed to grow for 48 h in the presence of the respective concentrations of
17AAG or radicicol. Parasitemia was monitored by Giemsa-stained smear. The percent survivability was
calculated using the following equation: % survivability = (% parasitemia in the absence of MMS/% para-
sitemia in the presence of MMS) x 100.

PCR-based method to quantify DNA damage. Repair kinetics of damaged nuclear DNA were stud-
ied as previously described (27). Briefly, ring stage culture with a parasitemia of 6% was pretreated with
17AAG (1.7 uM), with B02 (1 uM), or with atovaquone (0.3 nM). Since treatment with 1.7 uM 17-AAG
resulted in a dramatic depletion of PfRad51 protein, this particular dose of 17-AAG was chosen for the
DNA repair experiment. In a previous study, sublethal concentrations of B02 (1 «M) and atovaquone
(0.3nM) were used as the positive control and negative control, respectively (27). DNA damage was
induced at the early trophozoite stage through UV exposure at 100 J/m?. Then, the cultures were main-
tained in the presence of the respective inhibitors for 24 h. The parasite was harvested for genomic DNA
isolation before the damage (UT), just after the damage (0 h), at 12 h, and at 24 h. PCRs for long-range
(7,200 bp) and short range (269 bp) fragments were performed from equal amounts of isolated genomic
DNA for each time point, using the primer sets described earlier (27). Quantification of the PCR product
was performed using SYBR green | dye, and the fluorescence readings of the long-range PCR products
were normalized by the reading obtained from the short-range PCR product. The amount of damaged
DNA at any given time point was deduced from the following equation: damaged DNA=1 — (fluores-
cence intensity of the long PCR product/fluorescence intensity of the short PCR product x 26.76), where
the factor 26.76 represents the ratio of the sizes of the two amplicons. The amount of damaged DNA
from the UV-untreated sample was considered to be 0% and the zero-hour sample was considered to
be 100%. The amount of residual damaged DNA at each time point was plotted using GraphPad Prism 6
software.

Fixed-ratio isobologram method for the determination of interaction between 17AAG and B02.
Synchronous P. falciparum cultures of the late ring stage were used to determine the interactions
between 17AAG and B02. For the determination of the IC;, of 17AAG, parasite cultures were incubated
in the presence of various concentrations of 177AAG (0.1 nM to 1 mM) for 48 h, followed by parasite
quantification using a SYBR green I-based method. The IC,, value was determined from a semilogarith-
mic plot of percent inhibition versus concentrations of 17AAG using GraphPad Prism 6. Similarly, the 1C;,
of B02 was also determined. For the drug interaction study, a fixed-ratio method was used as previously
described (6). Briefly, in the combination assay, 17AAG and B02 were combined in four fixed ratios (4:1,
3:2, 2:3, and 1:4). Approximately 8-fold IC,, concentrations of each compound were taken as 100% so
the IC,, of the individual compound fell in between the third and fourth of a 2-fold serial dilution. For
each dilution, triplicate readings were taken. A SYBR green I-based evaluation of parasitemia was done
to estimate percent inhibition. Semilogarithmic graphs were plotted using GraphPad Prism 6 software
for each combination from three independent experiments to determine the IC,, values. The fractional
inhibitory concentration (FIC) for each drug was determined by using the following equation: FIC = IC,,
of the drug in the mixture/IC, of the drug alone. The FIC values of both drugs were used to determine
the interaction between 17AAG and B02 by using the following equation: Y FIC = (IC,, of 17AAG in the
mixture/IC, of 17AAG alone) + (IC,, of BO2 in the mixture/ICy, of BO2 alone). An isobologram was plot-
ted by using GraphPad Prism 6 software. An Y FIC of 1 represents synergism, > FICs of =1 and <2 rep-
resent additive interactions, and an }_FIC of =2 represents antagonism.
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Abstract

Sirtuins (PfSIR2A and PfSIR2B) are implicated to play pivotal roles in the silencing of
sub-telomeric genes and the maintenance of telomere length in P. falciparum 3D7
strain. Here, we identify the key factors that regulate the cellular abundance and
activity of these two histone deacetylases. Our results demonstrate that PfSIR2A
and PfSIR2B are transcriptionally downregulated at the mid-ring stage in response
to febrile temperature. We found that the molecular chaperone PfHsp90 acts as a
repressor of PfSIR2A & B transcription. By virtue of its presence in the PfSIR2A & B
promoter proximal regions PfHsp90 helps recruiting H3K9me3, conferring hetero-
chromatic state, and thereby leading to the downregulation of PfSIR2A & B transcrip-
tion. Such transcriptional downregulation can be reversed by the addition of 17-(ally
lamino)-17-demethoxygeldanamycin or Radicicol, two potent inhibitors of PfHsp90.
The reduced occupancy of PfSir2 at sub-telomeric var promoters leads to the de-
repression of var genes. Thus, here we uncover how exposure to febrile temperature,
a hallmark of malaria, enables the parasites to manipulate the expression of the two

prominent epigenetic modifiers PfSir2A and PfSir2B.

KEYWORDS

antigenic variation, heat shock proteins, Sir2, telomere silencing, var gene

In P. falciparum two Sirtuin genes, namely PfSIR2A and PfSIR2B are

characterized as epigenetic erasers (Tonkin et al., 2009). The PfSir2

Malaria caused by the parasite Plasmodium falciparum continues to
possess a serious threat to mankind due to failure in curbing the
disease. Lack of an effective vaccine, development of resistant
parasites to all the available antimalarial drugs, and emergence of
insecticide-resistant mosquitos are the major impediments in con-
trolling the disease. Thus, there is an urgent need to discover novel
drug targets from the parasite biology. The developmental biology
of P. falciparum is mainly controlled by the epigenetic regulations of
gene transcriptions. Thus, characterizing the various epigenetic writ-
ers, readers, and erasers with a special emphasis on their regulation
could discover novel druggable targets.

proteins are NAD"-dependent histone deacetylases (Chakrabarty
et al., 2008; Merrick & Duraisingh, 2007; Prusty et al., 2008). In
model organisms the Sir2 proteins play important regulatory roles
in several physiological processes, including mating-type silencing,
rDNA silencing, prevention of ectopic recombination at rDNA loci,
telomere position effect, DNA repair, replicative senescence, and
caloric restriction (Guarente, 1999; Hasty, 2001). So far in malaria
parasites PfSir2A/ PfSir2B have been implicated in heterochroma-
tin silencing, telomere length maintenance, and antigenic variation
(Tonkin et al., 2009). Although individual knockouts of both PfSIR2A
and PfSIR2B genes have been generated (Tonkin et al., 2009), the
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double knockout has not been possible yet implying that the pres-
ence of at least one of these genes is essential for the parasite biol-
ogy. Thus, it is of significant importance to study the mechanism of
PfSIR2 expression and regulation. As not many of the transcription
factors are found in Plasmodium genome, epigenetic mode of gene
regulation might play pivotal role in controlling PfSIR2 gene expres-
sion (Hakimi & Deitsch, 2007; lyer et al., 2008). In P. falciparum the
known repressive marks are H3K9me3 and H3K36me2 (Chookajorn
et al.,, 2007; Karmodiya et al., 2015; Lopez-Rubio et al., 2007).
Keeping all these in mind, we hypothesize that the selective enrich-
ment and cross talks of these epigenetic marks at PfSIR2 promoter
regions could dictate the transcriptional fate of PfSIR2 genes.

Hsp90, initially discovered as a cytoplasmic chaperone, is found
to play several functions at the nucleus of higher eukaryotes and in
the budding yeast (Brown et al., 2015; Hamamoto et al., 2006; Laskar
et al,, 2011, 2015; Sawarkar & Paro, 2013; Sawarkar et al., 2012;
Tariq et al., 2009). A number of transcription factors have been
found to be the clients of Hsp90 in a variety of organisms (Khurana
& Bhattacharyya, 2015). Additionally, Hsp90 has been found to be
associated with the chromosomes at the promoter-proximal regions
in higher organisms (Brown et al., 2015; Tariq et al., 2009). Till date
the chromosomal occupancy of Hsp90 or its role in modulating chro-
matin dynamics has not been reported in any protozoan parasites.
In P. falciparum four paralogs of the HSP90 genes have been identi-
fied (Gardner et al., 2002). However, any direct or indirect roles of
PfHsp90 in transcriptional regulation has not been established yet.

Antigenic variation is a strategy of the parasite by which they
escape the host defense mechanism by exhibiting mono-allelic ex-
pression of var genes (Baruch et al., 1995; Scherf et al., 1998; Smith
et al., 1995; Su et al., 1995). In natural isolates of P. falciparum the
number var genes varies from 45 to 90 (Otto et al., 2018). In the
reference genome of P. falciparum 3D7 strain there are at least 59 var
gene present per haploid genome of the parasite, which are found to
be distributed on 13 out of 14 chromosomes (Gardner et al., 2002).
Majority of them are localized at sub-telomeric regions, whereas
24 of them are present at internal chromosomal loci (Gardner
et al., 2002). The var genes have been classified into four subgroups
based on the sequence similarity in their 5'promoter regions: Ups
A, Ups B, Ups C, and Ups E (Kraemer et al., 2007). Among all of the
59 var genes, only one is found to be expressed at the protein level
(PFEMP1) at trophozoite and schizont (intra erythrocytic) stages of
the parasite while others remain silenced (Kraemer & Smith, 2006).
Studies suggest that knockout of SIR2A leads to de-repression of var
genes under the control of Ups A, Ups E, and Ups C, whereas var
genes under the control of Ups B are found to be highly upregulated
when SIR2B is disrupted (Tonkin et al., 2009).

Malaria parasites during the course of their complicated life cycle
are subjected to various temperature variations: 37°C in the human
host, 25°C-26°C in vector mosquito, and to higher febrile tempera-
ture above 40°C during malaria-induced fever in the host. It is well
established in several organisms that changes in the environment
lead to global changes in the transcriptome and at the mechanistic
level they are governed by epigenetic modifications (Lobo, 2008;

Vinci, 2012). Studies aimed at investigating the transcriptome profil-
ing upon exposure of parasite to febrile temperature have revealed
that there is a tremendous impact of heat treatment on the tran-
scriptome profile of the human malaria parasite P. falciparum (Oakley
et al., 2007). In vitro transcriptome analysis done after subjecting
these parasites to heat shock at 41°C for 2 hr revealed that there
is upregulation in the expression of var genes (Oakley et al., 2007).
Counter intuitively, it has also been observed that exposure of heat
shock to asynchronous parasite leads to upregulation of SIR2A
(Oakley et al., 2007). These findings were interesting, but puzzling.
It remained unclear how upregulation of SIR2 and upregulation of
var gene both happen upon heat shock where Sir2 is a known nega-
tive regulator of var expression, at least in the 3D7 strain. However,
in other organism like yeast it has been observed that exposure of
heat shock leads to downregulation of SIR2 with a concomitant de-
repression of sub-telomeric genes (Laskar et al., 2015). During the
infection cycle of P. falciparum within the human host, the rupture
of schizonts coincides with the malarial cyclical fever indicating that
the ring stage of the parasite is subjected to high febrile tempera-
ture (Golgi, 1886). This prompted us to ask the following question:
whether the effect of heat shock on the expression of PfSIR2 gene
is stage-specific.

In this study, we have explored the mechanism of PfSIR2A and
PfSIR2B gene in response to heat shock. Interestingly, we found that
upon heat shock PfSIR2A and PfSIR2B are downregulated in a mid-
ring stage-specific manner and concomitantly majority of var genes
are also de-repressed. Further our work shows that heat shock leads
toincreased occupancy of trimethylated-H3K9 at both SIR2,,,c caus-
ing heterochromatinization of this locus. We have further estab-
lished that such process is directly dependent on PfHsp90 activity
at the promoter proximal region of PfSIR2A and PfSIR2B. Thus, this
work depicts that an environmental cue, such as heat shock amends

PfSIR2A and PfSIR2B gene expression via epigenetic modifications.

2 | RESULTS

2.1 | Brief exposure to elevated temperature
results in downregulation of PfSIR2A and PfSIR2B
expressions at the ring stage

Changes in the environment often leads to changes in gene transcrip-
tion through epigenetic modifications of chromatins (Lobo, 2008;
Vinci, 2012). Since the epigenetic erasers PfSir2A and PfSir2B have
been implicated to play crucial roles in parasite physiology by virtue
of regulating the virulence gene expression, we sought to explore
whether the steady-state levels of these two proteins are altered due
to exposure to febrile temperatures. To address this, we took synchro-
nous parasite cultures of ring, trophozoite and schizont stages and di-
vided each stage-specific culture in two parts: one part was subjected
to heat shock at 41°C for 2 hr while the other part was grown at nor-
mal condition (37°C). Western blot analysis was performed with the
total protein isolated from parasites grown under these conditions. To
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FIGURE 1 Heat-induced downregulation PfSir2A and PfSir2B expression are specific to the ring stage. (a) Western blot analysis of
PfSir2A expression performed with total protein isolated from parasites of different stages grown under normal condition (37°C) and heat-
treated condition (41°C). PfActin was used as a loading control. (b) Quantification of band intensities shows a lower abundance of PfSir2A
upon heat shock at the mid-ring stage. Error bar indicates the SEM obtained from three individual experiments. (c) Real-time RT PCR analysis
showing mRNA levels of PfSIR2A at the four different stages of parasites in control 37°C and heat-treated conditions. (d) Real-time RT

PCR showing mRNA levels of PfSIR2B at four different stages of parasites in control and heat-treated conditions. The RT gPCR results are
representative of three independent experiments, error bar indicates the SEM and SERYL-tRNA SYNTHETASE was used as the normalizing
control. (e) ChIP assay was performed using mid-ring stage parasites grown under normal and heat-treated conditions. Anti PfSir2A antibody
was used for precipitations. Input and immunoprecipitated DNA were amplified by PCR with primers specific to two Ups A sequences
(PF3D7_0400400; PF3D7_1300300) and Ups B (PF3D7_10_v3:1650432.1650766). Gel picture depicts enrichment of PfSir2A at Ups A,
lanel: Input (37°C), lane2: Sir2A IP (37°C), lane 3: Input (41°C), lane4: Sir2A IP (41°C), and lane5: I1gG IP. (f) Graph was plotted from the value
of band intensities obtained from three independent experiments with error bar indicating the SEM. Asterisks indicate values significantly
different from the control, as follows: ****p <.0001, ***p <.001
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this end, we have raised an anti-PfSir2A antibody against recombinant
PfSir2A protein that showed enzyme activity in an earlier study (Prusty
et al., 2008). The specificity of the antibody was checked by Western
blot analysis using parasite lysate. The antibody detected a specific
band of molecular weight 30 kDa corresponding to PfSir2A but did not
recognize PfSir2B protein (Figure S1). The specificity of this antibody
was ascertained by the absence of a similar band on a blot probed with
the pre-immune sera. PfSir2A antibody was used to detect the steady-
state level of PfSir2A on Western blot, whereas PfActin was used as
a loading control (Figure 1a). Due to the lack of a PfSir2B antibody we
could not measure the steady-state level of this protein. We observed
2.2-fold reduction in the steady-state level of PfSir2A protein upon
heat treatment at the mid-ring stage (Figure 1b). No such reduction of
PfSir2A protein was observed if heat treatment was given at the early-
ring, trophozoite, or schizont stages. In order to investigate whether
the less abundance of PfSir2 protein is due to any downregulation
at the transcriptional level, we performed real-time RT-PCR analysis
with RNA isolated from control or heat-treated parasites and analyzed
the expression of PfSIR2A and PfSIR2B. Rivetingly we observed that
there is almost 8-fold downregulation in transcripts of both PfSIR2A
and PfSIR2B upon heat shock (Figure 1c,d) and this downregulation is
specific to the mid-ring stage (8-12 hr post invasion). In the case of
trophozoite or schizont stages slight increase in the level of mMRNA was
observed in the heat-treated parasites. While we did not observe any
change in the transcript level at the very early ring stage (0-4 hr post
invasion). We were curious to investigate whether such downregula-
tion in PfSIR2 expression is a sudden change that happens at only at
41°C or there is a trend of gradual downregulation with increasing tem-
perature. To investigate this, synchronous mid-ring stage parasite cul-
ture was divided in five parts, one part was kept as control and grown
at 37 °C, while others were subjected to heat stress at 38°C, 39°C,
40°C, and 41°C for 2 hr. Real-time RT-PCR analysis revealed that there
is a gradual decrease in the transcript levels of PfSIR2A and PfSIR2B
with increase in temperature and there was a significant reduction in
transcription of both PfSIR2A and PfSIR2B upon heat shock even at
39°C (Figure S2).

We were interested in investigating whether lower abundance of
PfSir2 under heat-treated condition results in lower occupancy of this
protein at the var promoter leading to de-repression of var genes. To
this end, we have performed chromatin immunoprecipitation (ChIP)
experiment using anti-PfSir2A antibody and investigated the occu-
pancy of PfSir2A at two var promoters: Ups A and Ups B. For amplifi-
cation of Ups A we have used a primer set that would amplify two Ups
A sequences. For Ups B amplification we have used a previously used
primer set (Deshmukh et al., 2012). We observed that only Ups A is
associated with PfSir2A protein (Figure 1e,f). The ChIP with IgG acted
as a negative control. Lack of PfSir2A recruitment at the Ups B locus
also acted as an internal negative control, emphasizing the specificity
of the anti-PfSir2A antibody. This finding corroborates well with pre-
vious finding that PfSir2A regulates Ups A type var genes and PfSir2B
regulates Ups B type var genes (Tonkin et al., 2009). As expected, we
also observed that upon heat shock there is almost 3-fold reduced oc-
cupancy of PfSir2A at the Ups A loci (Figure 1f).

2.2 | Heat-induced recruitment of H3K9me3 is
responsible for the repression of PfSIR2 transcription

In order to get mechanistic insights into the heat-induced down-
regulation of PfSIR2A and PfSIR2B expression, we investigated the
chromatin status of the upstream sequence of PfSIR2A (SIR2A )
and PfSIR2B (SIR2B, ) genes before and after heat treatment. Since
the promoter or the transcription start site (TSS) is not defined for
PfSIR2A or PfSIR2B we have taken about 300 bp sequence upstream
of the translation start site (ATG) for both the genes for our analysis.
To this end, we performed FAIRE (Formaldehyde Assisted Isolation
of Regulatory Elements) technique, where the enrichment of FAIRE
DNA represents the nucleosome-free state and the absence of
FAIRE DNA represents the nucleosome-occupied state of the locus
under investigation (Giresi & Lieb, 2009; Ponts et al., 2010). We
observed that upon heat treatment there is a significant shift from
the nucleosome-free state to the nucleosome-occupied state of
both SIR2A s and SIR2B, ¢ loci (Figure 2a). The mitochondrial gene
COX3 acted as a normalizing control as the mitochondrial genome
is not associated with histones. Quantitative PCR analysis revealed
2.1-fold and 1.5-fold increase in the chromatin compaction at the
SIR2A ;ps locus and SIR2B, . locus, respectively (Figure 2b). Thus,
this result reveals that the heterochromatinization of the upstream
regions of the PfSIR2 genes are responsible for the downregulation of
PfSIR2 expression. As a negative control we have also analyzed the
promoter region of PfARP gene as it is abundantly expressed at the
ring stage. We observed that there was no change in the chromatin
compaction before or after the heat treatment (Figure 2b). Thus, the
promoter region of PfARP acted as a control for the FAIRE experi-
ments emphasizing that the compaction of the PfSIR2A and PfSIR2B
upstream regions are specific.

Furthermore, we wanted to decipher the epigenetic marks asso-
ciated with such heterochromatinization of the PfSIR2A and PfSIR2B
promoter proximal regions. To unravel this, we performed ChIP with
synchronous mid-ring stage parasite cultures grown at 37°C (control
sample) or at 41°C (heat-treated sample) using anti-H3K9me3, anti-
H3K36me2, and pre-immune IgG antibodies. These antibodies are
well established in detecting specific modifications on Plasmodium
histones (Kafsack et al., 2014; Karmodiya et al., 2015). A dramatic
increase in the recruitment of H3K9me3 was observed at both
SIR2A jps and SIR2B, 5 .. (Figure 2c). We failed to detect any recruit-
ment of H3K36me2 at the SIR2A ¢ or SIR2B, ¢ loci before and after
heat treatment (data not shown). The different recruitment patterns
of the two repressor marks emphasize the specificity of the findings.
ChIP experiment with IgG acted as a negative control. No recruit-
ment was observed at the control locus ARP. As var-loci are known
to be associated with H3K9me3, var-Ups A was used as a positive
control for ChIP. Quantitative PCR analysis with ChlIP DNA revealed
that upon heat treatment there were almost 13-fold and 6-fold in-
creased recruitment of H3K9me3 at the SIR2A ,,; and SIR2B,, re-
spectively (Figure 2d). These results suggest that the trimethylation
of H3K9 is responsible for the heat-induced heterochromatinization
of PfSIR2 promoter proximal region leading to the downregulation of



TABASSUM ET AL.

WILEY-L®

(@) (c)

SIR2A locus SIR2B locus ARP locus

var locus

37°C 41°C §
" 2w = o) et 37°C 41°C 37°C 41°C 37°C 41°C 37°C 41°C
2 @ 8 @23

SIR2B

(b) (d) =

m1.5' g-

2 230-

p =

S X

0 —

g * * ™

£1.04 §20-

o (2]

3} % %k %k %k

= 2 =

3 s

£0.5- += 10 * % % %

S £ ns

et ns E i

ke —_— = ns

“0.0 B S ol

U T [

©O O O 0 0 O x PPLHLLLOOY
?\ C:_ °'\ °F ?\ °F N e NN NN -
= = b = B Oz RTINS SR SR
SIR2A-UPS ~ SIR2B-UPS  ARP-UPS SIRZAURS o upd o PP yns ijps

FIGURE 2 Heat-induced recruitment of H3K9me3 is responsible for the repression of PfSIR2A and PfSIR2B transcription. (a) FAIRE

was performed using mid-ring stage parasites grown at normal condition and heat-treated condition to determine the change in chromatin
compactness at SIR2 ,c upon heat shock. Lane 1—37°C reference, lane 2—37°C test, lane 3—41°C reference, lane 4—41°C test, and lane

5- no template control. Semi-quantitative PCR was performed using DNA obtained through FAIRE and total DNA as reference DNA as
templates. COX3 was used for normalization and ARP acted as a negative control for the assay. (b) Real-time PCR was performed to quantify
the change in DNA abundance of nucleosome-free DNA upon heat shock. UPS stands for upstream sequences. The mean values + SEM
from three independent experiments are plotted (c) ChlP assay was performed using mid-ring stage parasites grown under normal condition
(37°C) and parasite that were subjected to heat shock (41°C). Anti- H3K9me3 and IgG antibodies were used for immunoprecipitation. Input
and immunoprecipitated DNA were amplified by PCR with primers specific to SIR2A ;s and SIR2B, ¢ and also of ARP ;s which served as
negative control and var ,,; that acted as the positive control. (d) Quantitative PCR from three different ChIP assay were performed and
mean density + SEM are plotted. Asterisks indicate values significantly different from the control, as follows: ****p <.0001, ***p <.001, and
*p <.05

PfSIR2 transcription. The recruitment of H3K9me3 at the var-UPS A
loci was found to be little less upon heat treatment. However, such
reduction was not statistically significant.

2.3 | Brief exposure to elevated temperature results
in de-repression of multiple sub-telomeric var genes

In P. falciparum 3D7 strain PfSir2A and PfSir2B have been implicated as
the negative regulators of sub-telomeric var gene expressions (Tonkin
et al.,, 2009). However, for FCR3 or NF54 strains such strong nega-
tive correlation could not be established (Merrick et al., 2015). Thus,

we were interested in finding out whether heat shock-induced down-
regulation of PfSir2A and PfSir2B correlates with the de-repression of
sub-telomeric var genes in P. falciparum 3D7 strain. To investigate this,
we have exposed synchronous parasites from the mid-ring stage of P.
falciparum in vitro culture to heat treatment and analyzed the level of
var transcripts by g-RT-PCR using the primer sets developed earlier
(Salanti et al., 2003). These var genes belong to the different promoter
types such as Ups A, Ups B, Ups C, and Ups E types and hybrid promot-
ers Ups BA and Ups BC. In our study, we did not include any pseudo-
var or var-like sequences. We have performed our studies with in vitro
grown parasite population that are expected to express the var genes
randomly, instead of taking pan-selected or drug-selected parasites
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where expression of a single var gene in the entire population is arti-
ficially induced. We observed that the majority of the var genes were
upregulated irrespective of their chromosomal locations (Figure 3).
Fourteen var genes exhibited more than 9-fold upregulation in their
expression, 18 var genes were upregulated more than 3-fold but less
than 9-fold, 12 var genes depicted less than 3-fold but more than
1.5-fold upregulation, and the remaining var genes showed less than
1.5-fold change in their expression upon heat shock (Table S1). These
observations suggest that indeed environmental cue, such as tempera-
ture plays crucial role in governing the expression of var genes in P.
falciparum 3D7 strain and such regulation is correlated well with the

steady-state level of the prominent epigenetic modifier PfSir2 protein.

2.4 | Heat-induced downregulation of PfSIR2
transcription is dependent on Hsp90 activity

As the molecular chaperon PfHsp90 is found to be induced when
asynchronous cultures of P. falciparum are exposed to heat treat-
ment (Oakley et al., 2007) and Hsp90 orthologs are known to play

regulatory roles during transcription of several genes in a variety of

Ups B

organisms (Khurana & Bhattacharyya, 2015; Sawarkar & Paro, 2013),
we sought to investigate whether the stage-specific downregula-
tions of PfSIR2A and PfSIR2B genes are mediated by PfHsp90. To
address this, we first investigated whether PfHsp90 is induced in
highly synchronous parasites belonging only to the ring stage. There
are four paralogs of Hsp90 in P. falciparum genome having IDs as fol-
lowing: PF3D7_0708400; PF3D7_1222300; PF3D7_1118200; and
PF3D7_1443900. Out of these, the gene product of PF3D7_0708400
(old ID: PFO7_0029) is known to be recognized by the anti-Hsp90
antibody used in this study (Kumar et al., 2003). We observed that
indeed there is 3-fold induction of PfHsp90 upon heat treatment
(Figure 4a). PfActin was used as a loading control. We further ob-
served that such induction is due to the transcriptional upregula-
tion of PfHSP90 (Figure S3). Additionally, we observed that except
for gene PF3D7_1443900 all other PfHSP90 genes are upregu-
lated upon heat shock (Figure S3). In order to investigate whether
PfHsp90 activity is required for transcriptional downregulation of
PfSIR2A and PfSIR2B we used a potent chemical inhibitor of Hsp90,
17AAG. To this end we have treated in vitro cultures of P. falcipa-
rum with 170 nM 17AAG (1x) to inactivate PfHsp90 according to
the previously established protocol (Chalapareddy et al., 2014).
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Synchronous parasite cultures of mid-ring stage were divided in four
parts: two such cultures were grown at normal condition at 37°C
with or without 17AAG treatment, while the other two cultures
were subjected to heat treatment with and without 17AAG treat-
ments. Real-time RT-PCR analysis on RNA isolated from the afore-
mentioned four groups of parasites revealed that the heat-induced
downregulation of PfSIR2A and PfSIR2B transcripts do not take place
in cultures that were treated with 17AAG (Figure 4b). In order to as-
certain the specificity of this finding that 17AAG-mediated inhibition

WiLEY-

of PfHsp90 is responsible for the reversal of the heat-induced tran-
scriptional downregulation of PfSIR2A and PfSIR2B genes we have
performed a dose-dependent study: where in a parallel experiment
we have treated the cultures with half the concentration of 17AAG
(85 nM = 0.5x). We observed significant reversal of the phenotype,
albeit to a lesser extent (Figure 4b). Additionally, we have performed
an experiment where the parasite cultures were not pre-incubated
with 17AAG and instead 17AAG (1x) was added at the onset of the
2-hrheat treatment. We observed a partial reversal of the phenotype,
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FIGURE 4 Heat-induced downregulation of PfSIR2A and PfSIR2B transcription is dependent on Hsp90 activity. (a) Western blot analysis
to show PfHsp90 is over expressed in heat shock-treated ring stage parasites. Band intensity from three different experiments were
quantified. Data were normalized against PfActin and mean density + SEM were plotted. (b) Real-time RT-PCR were performed to quantify
the relative abundance of PfSIR2A and PfSIR2B transcripts in 17AAG treated and untreated mid-ring stage parasites grown under normal
and heat-treated conditions. Transcript levels were normalized by the housekeeping genes SERYL-tRNA SYNTHETASE transcript. The mean
values + SEM from three independent experiments are plotted. (c) Real-time RT-PCR were performed to quantify the relative abundance

of PfSIR2A and PfSIR2B transcripts in Radicicol treated and untreated mid-ring stage parasites grown under normal and heat-treated
conditions. Transcript levels were normalized by SERYL-tRNA SYNTHETASE transcript. The real-time plot is indicative of three independent
experiments + SEM. (d) FAIRE was performed to determine the chromatin compactness at PfSIR2A and PfSIR2B loci in 17AAG or Radicicol-
treated mid-ring stage parasite grown at 37°C and at 41°C. Lane 1—37°C reference, lane 2—37°C test, lane 3—41°C reference, lane 4—41°C
test, and lane 5- no template control. Semi-quantitative PCR was performed using DNA obtained through FAIRE and reference DNA as
templates. COX3 was used for normalization. Quantitative PCR was performed to quantify the change in DNA abundance of nucleosome-
free DNA. Mean value + SEM were plotted. UPS stands for upstream sequences. () ChlP assay was performed with 17AAG-treated mid-ring
parasites grown under normal and heat-treated conditions. The antibodies used are marked on the left side. Input and immunoprecipitated
DNA were amplified by PCR with primers specific to SIR2A ., SIR2B, .., and ARP ¢, which served as a negative control. Quantitative PCR
from three different ChIP experiments were performed and mean density + SEM are plotted. Asterisks indicate values significantly different

from the control, as follows: ***p <.001, **p <.01, and *p <.05

which was significant for PfSIR2B but not for PfSIR2A (Figure 4b).
Besides Geldanamycin and its derivatives, such as 17AAG, there is
another unrelated chemical inhibitor, namely Radicicol, available
that is found to be effective against PfHsp90 (Wider et al., 2009).
We sought to investigate if treatment with Radicicol also can exert
a similar effect on the heat-induced downregulation of PfSIR2A and
PfSIR2B transcription. To this end, we have treated parasite cultures
with 1.5 uM of Radicicol as it was observed earlier that higher con-
centrations of the drug results in the arrestation of the culture at
the schizont stage (Chalapareddy et al., 2014). Parasites pre-treated
with Radicicol were subjected to heat treatment for 2 hr at the mid-
ring stage and were evaluated for the level of PfSIR2A and PfSIR2B
transcripts. Parallel cultures maintained at 37°C with or without
Radicicol treatment were also evaluated. We observed that heat-
induced transcriptional downregulation of both the genes do not
take place if the cultures are treated with Radicicol (Figure 4c). These
experiments clearly demonstrate that heat-induced downregulation
of PfSIR2A and PfSIR2B expression is mediated by PfHsp90. As heat-
induced transcriptional downregulation of PfSIR2 genes is associated
with the heterochromatinization of PfSIR2 .., we wanted to find
out whether treatment with 17AAG or Radicicol prevent the heat-
induced compaction of the local chromatin. It was indeed observed
that there is no reduction in the abundance of nucleosome-free DNA
of PfSIR2A s and PfSIR2B, ;¢ loci upon heat shock when the cultures
were treated with 17AAG or Radicicol (Figure 4d). Primer specific
to PfCOX3 was used as normalizing control. This suggests that
Hsp90 activity is required for heat-induced heterochromatinization
of PfSIR2A and PfSIR2B promoter proximal regions. In order to test
that such failure in establishing the heterochromatic state is owing
to a defect in the recruitment of H3K9me3 under Hsp90 inhibitory
condition, we performed ChIP experiments with the control and
heat-treated parasite cultures in the presence or absence of 17AAG.
We observed a complete abolishment of H3K9me3 recruitment in
17AAG-treated samples (Figure 4e), suggesting that PfHsp90 activ-
ity is required for the epigenetic modification of the chromatin pre-
sent at the PfSIR2A and PfSIR2B promoter proximal regions.

To investigate whether PfHsp90 plays any direct role in PfSIR2A
and PfSIR2B downregulation, we performed ChIP experiment using
anti-Hsp90 antibody to investigate its recruitment at PfSIR2 ;.. We
have used five probes for each gene (PfSIR2A and PfSIR2B) to map
the recruitment zones. Four probes were used to scan the upstream
region (UPS) and one probe was within the gene (Figure 5a). Under
heat-treated condition it was observed that, there is increased re-
cruitment of PfHsp90 at immediate upstream sequences of PfSIR2
genes (A1/ B1 regions). No recruitment was observed at control ARP
locus (Figure 5b). Quantitative analysis of the ChIP DNA from the
heat-treated samples revealed 2.8-fold and 2.2-fold more occupancy
of PfHsp90 at PfSIR2A ¢ (A,) and PfSIR2B, ¢ (B,) loci, respectively
(Figure 5c). Further upstream regions (A, to A, or B, to B,) were
not associated with PfHsp90 protein and hence acted as internal
negative controls for this experiment. PfHsp90 occupancy was not
observed within the ORF of any of the genes (A0 orB, regions). Thus,
not only the recruitment of PfHsp90 at the immediately upstream
region of PfSIR2 genes is very specific, but also its increased recruit-
ment upon heat shock is very significant. The results from these ex-
periments are suggestive of a direct role of PfHsp90 in modulating
PfSIR2A and PfSIR2B transcription.

3 | DISCUSSION

Here, we report for the first time that the cellular abundance of
PfSir2 is subjected to the change in temperature in a developmen-
tally regulated manner. We report that a brief exposure to heat shock
leads to the induction of PfHsp90 protein. Greater abundance of
PfHsp90 results in greater chromosomal occupancy of this protein
at the upstream regulatory regions of PfSIR2A and PfSIR2B genes,
where PfHsp90 brings about changes in the associated chromatin
structure: from the relatively nucleosome-free state to the hetero-
chromatic state and thereby repressing the expression of PfSIR2A
and PfSIR2B genes. As a result, the steady-state level of PfSir2
goes down, leading to the less occupancy at the corresponding var
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FIGURE 5 Occupancy of PfHsp90 at the upstream regions of PfSIR2A and PfSIR2B genes. (a) Schematic representation of PfSIR2A

and PfSIR2B gene loci. Positions of PCR amplicons using ChIP DNA as template are marked as A, to A, and B, to B,. (b) ChIP assay was
performed using parasites grown under normal or heat-treated conditions to determine the recruitment of PfHsp90 at PfSIR2A ., and
PfSIR2B,;p. Antibodies used are marked on the left side. Input and immunoprecipitated DNA were amplified by PCR with primers specific

to A, region, B,region, and ARP .., which served as a negative control. (c) Recruitment of PfHsp90 at different regions of the PfSIR2A and
PfSIR2B gene loci. Quantitative PCR of three different ChIP experiments were performed and the mean density + SEM are plotted. Asterisks
indicate values significantly different from the control, as follows *p <.05

promoters that eventually leads to the de-repression of var genes
(Figure 6). Such loss of regulation is likely to impact antigenic vari-
ation and ultimately the pathophysiology of malaria infection.
Interestingly, such downregulation of PfSIR2 genes was found to
be specific to the mid-ring stage. At this point it is noteworthy to

mention that during an in vivo infection in human host the ring stage
parasites are exposed to febrile temperature.

In contrast to our finding on PfSIR2A and PfSIR2B downregula-
tion, an earlier study reported upregulation of PfSIR2A transcription
upon heat shock (Oakley et al., 2007). Although the heat treatment
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41°C

FIGURE 6 Model depicting transcriptional regulation of PfSIR2A and PfSIR2B and its consequence. At normal temperature (i.e., 37°C) the
promoter region of PfSIR2A and PfSIR2B remains acetylated and in euchromatin form. Hence there are abundant SIR2 transcript and protein,
which deacetylate the var UPS regions that are further methylated by any of the histone methyl-transferases (SET domain-containing
proteins) leading to silencing of var genes. At higher temperatures, that is, on exposure to heat shock of 41°C, PfHsp90 in coordination with a
methyl transferase leads to methylation of PfSIR2A and PfSIR2B promoter and thereby results in the heterochromatinization of the promoter.
As a result, there would be less abundance of PfSIR2A and PfSIR2B transcript and protein, which would fail to completely deacetylate the

var ps and would lead to de-repression of the majority of the var genes

protocols were the same between our study and the previous study,
the difference was that we have used highly synchronous mid-ring
stage culture for our experiment and in the previous study asynchro-
nous parasite cultures were used. In order to investigate whether
the difference stems from the use of cultures belonging to different
developmental stages of the parasites, in our study we have tested
the effect of heat shock on four different asexual stages of the
parasite life cycle. We observed transcriptional downregulation of
PfSIR2A and PfSIR2B transcripts at elevated temperatures only with
highly synchronous mid-ring stage culture. Such downregulation
was observed neither at more advanced stages nor at the very early
ring stage of the in vitro cultures. Interestingly, at the trophozoite
or schizont stages moderate upregulations of PfSIR2A and PfSIR2B
were observed instead. This observation underscores the fact that
heat-induced transcriptional downregulation of PfSIR2A and PfSIR2B
is tightly controlled in a developmental stage-specific manner.

It is unlikely that the difference in the transcription profile be-
tween the treated and control cultures is due to any delay in the
parasite development owing to the treatment, because in our study
RNA was isolated from the cultures immediately after the brief ex-
posure to heat stress while both the untreated and treated cultures
were still in the mid-ring stage. Our findings also emphasize that
the extent of downregulation of PfSIR2A and PfSIR2B transcription
increases with the rise in temperature: while maximum effect was

observed at or beyond 41°C, no significant effect was found below
39°C. These findings corroborate with an earlier report demonstrat-
ing a slight increase in PfSIR2A and PfSIR2B transcripts from para-
sites isolated from patients with temperatures above 37.5°C. The
same study also correlated PfSIR2 expression with lactate levels in
the patient and with severity of malaria (Merrick et al., 2012). Thus,
the regulation of PfSIR2 genes appears to be dependent on several
environmental factors. Our study dissects out the contribution of
one of the major factor, temperature.

We observed that the downregulation of PfSIR2 upon heat
shock is specific to the mid-ring stage, although PfHsp90 is not
only present in all the asexual blood stages but also is upregulated
upon heat treatment. Currently we do not know why PfHsp90-
mediated transcription repression of PfSIR2A and PfSIR2B does
not take place in all the stages. It could be possible that Hsp90
mediates transcriptional downregulation of PfSIR2A and PfSIR2B
via one of the histone-methyl-transferase (HMT) proteins as our
results reveal that there is more occupancy of H3K9me3 at the
PfSIR2A and PfSIR2B upstream regions. In P. falciparum there are
10 HMT proteins (named as SET 1 to SET 10) (Chen et al., 2016).
It is reasonable to propose that one or more of these SET pro-
teins are engaged with PfHsp90 and such interaction could be
ring stage-specific. It could also be possible that the expression
or heat shock-induced upregulation of the client SET protein is
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ring stage-specific. In mammalian cell it has been observed that
a HMT protein (SMYD3) physically interacts with Hsp90 (Brown
et al.,, 2015; Hamamoto et al., 2004). Future experimentation
would be required to establish any such interaction in P. falci-
parum. In a previous study, it was established that in budding yeast
S. cerevisiae Hsp90 indirectly regulates the expression of ScSIR2
by modulating the stability of a transcription factor, Cup9 (Laskar
et al., 2015). In fact, the stability of a number of transcription fac-
tors have been found to be maintained by Hsp90 in a variety of
organisms (Khurana & Bhattacharyya, 2015). In Plasmodium not
many TFs are identified and no association of any of the TFs with
PfHsp%0 has been established yet. However, the possibility of
a ring stage-specific TF regulating PfSIR2 expression upon heat
stress cannot be ruled out.

It is widely accepted in the field that in P. falciparum gene reg-
ulation happens through epigenetic modifications on histones. The
relative occupancy of the activation marks and repression marks co-
ordinately brings out the heterochromatic or euchromatic states and
thus control gene expression (Karmodiya et al., 2015). Thus it could
be also possible that there may not be any transcription factor regu-
lating PfSIR2A or PfSIR2B expression.

It is noteworthy that Hsp90 itself is not a DNA-binding protein.
Thus its occupancy at various DNA elements is via interactions with
other DNA-binding proteins. This is the first report that demon-
strates the recruitment of PfHsp90 at the PfSIR2 promoter-proximal
region and its action as a transcriptional repressor. Other compo-
nents of such repressor complex that along with PfHsp90 are in-
volved in transcriptional repression are yet to be identified in this
parasite.

This is the first study delineating some of the components
involved in the transcriptional regulation PfSIR2A and PfSIR2B
genes. Simultaneous downregulation of PfSIR2A and PfSIR2B tran-
scripts and proteins in response to the overproduction of PfHsp90
could provide us an experimental strategy to identify newer cel-
lular functions of these two Sirtuins that remained elusive so far
due to the absence of a parasite line carrying the double knockout
of these two genes. Thus, understanding the molecular mecha-
nism underlying PfSIR2A and PfSIR2B gene regulation might offer
novel biological insights and hence newer intervention strategies

for curbing malaria.

4 | EXPERIMENTAL PROCEDURES
4.1 | Parasite culture and synchronization

P. falciparum 3D7 cultures were maintained at 5% of hematocrit in
RPMI 1640 medium supplemented with 1% albumax (Invitrogen,
Carlsbad, CA, USA) and 0.005% of hypoxanthine by candle jar
method at 37°C as described previously (Trager & Jensen, 1976).
Parasite cultures were synchronized at the ring stage by treatment
with 5% of sorbitol (Sigma, St. Louis, MO, USA).

4.2 | Heat shock

For heat shock treatment, cultures were subjected to higher tem-
perature of 41°C for 2 hr.

4.3 | 17AAG and radicicol treatment

Synchronous ring stage parasite cultures were treated with 170 nM
17AAG (1x) or 85 nM (0.5x) (Sigma, St. Louis, MO, USA) for 48 hr as
previously described (Chalapareddy et al., 2014). For Radicicol ex-
periment 1.5 mM of Radicicol (Sigma, St. Louis, MO, USA) was used
instead of 17AAG.

4.4 | RNA isolation

Synchronous asexual parasite stages such as ring, trophozoite, or
schizonts were used. Total RNA was isolated following the protocol
described elsewhere (Moll et al., 2013). Briefly, culture was gently
spun and supernatant was removed, pre-warmed TRIzol (Sigma, St.
Louis, MO, USA) was added to the pellet. For ring stage 10 pellet
volume and for trophozoite and schizont 20 pellet volume of TRIzol
was used. The sample was shaken to dissolve the clumps and then,
incubated at 37°C for 5 min. A total of 0.2 TRIzol volume of chlo-
roform was added to the sample to extract the aqueous layer. The
aqueous layer containing RNA was precipitated by adding 0.5 TRIzol
volume of 2-propanol and then, incubated at 4°C. Precipitated sam-
ple was then spun, obtained pellet was air-dried, and resuspended in

nuclease-free water.

4.5 | Real-time PCR

The concentration of isolated RNA was measured by spectroscopic
analysis using JASCO spectrophotometer EMC-709. Fifteen micro-
gram of total RNA was subjected to DNase (Fermentas, Burlington,
Ontario) treatment in order to remove the genomic DNA contamina-
tion. PCR analysis was performed without cDNA preparation (- RT)
to confirm the complete removal of genomic DNA prior to cDNA
synthesis. For cDNA synthesis, 1 ug of RNA was reverse transcribed
with oligo dT primer (Sigma, St. Louis, MO, USA) using Omniscript
reverse transcriptase (Qiagen, Hilden, Germany). The synthesized
cDNA was further subjected to Real-time analysis using SYBR pre-
mix Ex taq (Takara Bio, Kusatsu, Shiga, Japan). Applied Biosystems
7500 fast real-time PCR machine was used for the real-time analysis.
Primer used and real-time analysis for var genes were performed as
described previously (Salanti et al., 2003). PCR cycling conditions for
the analysis used was 95°C for 15 min followed by 40 cycles of 94°C
for 30 s, 54°C for 40 s, and 72°C for 50 s with a final extension at
72°C for 10 min. The house keeping gene SERYL-tRNA SYNTHETASE
was used as controls. As reported previously that SERYL-tRNA
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SYNTHETASE serves as best endogenous control for analysis of var
genes expressions (Salanti et al., 2003), in this study also it was used
to normalize and calculate the fold change in transcription of var gene
upon heat shock using AACT method. For analyzing the effect of
heat shock on transcription of PfSIR2A, PfSIR2B, and PfHSP90 genes,
the primer used in the study has been listed in Table S2. All primers
were obtained from IDT (Coralville, IA, USA). PCR cycling conditions
used was 95°C for 15 min followed by 40 cycles of 94°C for 30 s,
57°C for 40 s, and 72°C for 50 s with a final extension at 72°C for
10 min. SERYL-tRNA SYNTHETASE was used for the normalization of
the transcripts. The mean values (+SEM) from three independent ex-

periments were plotted using GraphPad Prism 6 software.

4.6 | Chromatin immunoprecipitation

ChlP experiments were performed as described previously (Bozdech
etal., 2013). Briefly cultures treated under different conditions were
harvested and lysed by saponin treatment. The harvested parasites
were then cross-linked with 0.5% of formaldehyde. The parasite
plasma membrane was disrupted by applying 200 strokes in Dounce
homogenizer and DNA was sheared using Elma water bath sonica-
tor, sonication was done for six sessions (10 s burst and 5 min rest).
For immunoprecipitation antibodies against H3K9me3 (Millipore
Sigma, Burlington, MA, USA), H3K36me2 (Abcam, Cambridge, UK),
Hsp90 (Sigma, St. Louis, MO, USA), and PfSir2A (generated in this
study) were used. The primer sets used for amplifying various chro-
mosomal loci using the precipitated DNA as template are listed in
Table S2.

4.7 | FAIRE

The procedure for FAIRE was performed as previously described
(Giresi & Lieb, 2009; Ponts et al., 2010). Briefly, P. falciparum in
vitro cultures were harvested and resuspended in 1X PBS. For
cross-linking culture was treated with 37% of formaldehyde (final
concentration 1%) and incubated at room temperature on an orbital
shaker at 80 RPM for 20 min. Formaldehyde was quenched by treat-
ment with 2.5 M of glycine (final concentration 125 mM) and incu-
bated at room temperature on an orbital shaker at the 80 RPM for
10 min. Further cultures were spun at 3,000 RPM for 10 min. Pellet
obtained was washed with ice-cold PBS containing 2 mM of PMSF
for three times. Washed pellet were frozen under liquid nitrogen.
For reference sample, un-cross-linked cultures were frozen. Pellets
were resuspended in lysis buffer (25 mM of Tris-HCl at pH7.8, 1 mM
of EDTA, 0.25% of [v/v] IGEPAL CA-630, complete mini EDTA-free
protease inhibitor cocktail (Roche, Basel, Switzerland), 20mM of N-
ethylmaleimide). One milliliter of lysis buffer was used per 0.4 g of
pellet. The lysate was then sonicated for six sessions in EIma water
bath sonicator (10 s burst and 5 min rest on ice) followed by cen-
trifuging at 16,000 g for 20 min at 4°C. For isolation of DNA the

supernatant was treated with equal volume of Phenol-Chloroform-
Isoamyl alcohol (25:24:1) and DNA precipitation was performed
from the aqueous layer.

4.8 | Western blot analysis

To check the effect of heat shock on expression of PfSir2A and
PfHsp90 total parasite proteins were extracted from synchronous
stages of the parasites. Further appropriate amount of protein was
loaded and separated on 12% SDS polyacrylamide gel for western
blot analysis as described earlier (Badugu et al., 2015). The primary
antibody anti-PfSir2A raised in rabbit was used at 1:10,000 dilu-
tions. Anti-Hsp90 and anti-Actin (Sigma, St. Louis, MO, USA) raised
in mouse were used at 1:5,000 dilutions. HRP conjugated anti-rabbit
and anti-mouse secondary antibodies (Promega, Madison, WI, USA)
were used at 1:10,000 dilutions. The signal for the protein was de-
tected by enhanced chemiluminescence kit (Pierce, Appleton, WI,
USA). The band intensity was measured using ImageJ software and

graphs were plotted using Graphpad prism 6 software.
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ABSTRACT DNA damage-induced Rad51 focus formation is the hallmark of homol-
ogous recombination-mediated DNA repair. Earlier, we reported that Rad51 physi-
cally interacts with Hsp90, and under the condition of Hsp90 inhibition, it undergoes
proteasomal degradation. Here, we show that the dynamic interaction between
Rad51 and Hsp90 is crucial for the DNA damage-induced nuclear function of Rad51.
Guided by a bioinformatics study, we generated a single mutant of Rad51, which re-
sides at the N-terminal domain, outside the ATPase core domain. The mutant with
an E to L change at residue 108 (Rad51E198L) was predicted to bind more strongly
with Hsp90 than the wild-type (Rad51WT). A coimmunoprecipitation study demon-
strated that there exists a distinct difference between the in vivo associations of
Rad51WT-Hsp90 and of Rad51E198L-Hsp90. We found that upon DNA damage, the as-
sociation between Rad51WT and Hsp90 was significantly reduced compared to that
in the undamaged condition. However, the mutant Rad518'98- remained tightly as-
sociated with Hsp90 even after DNA damage. Consequently, the recruitment of
Rad51E198L to the double-stranded broken ends was reduced significantly. The E7108L-
rad51 strain manifested severe sensitivity toward methyl methanesulfonate (MMS)
and a complete loss of gene conversion efficiency, a phenotype similar to that of
the Arad51 strain. Previously, some of the N-terminal domain mutants of Rad51
were identified in a screen for a Rad51 interaction-deficient mutant; however, our
study shows that Rad518'98L js not defective either in the self-interaction or its inter-
action with the members of the Rad52 epistatic group. Our study thus identifies a
novel mutant of Rad51 which, owing to its greater association with Hsp90, exhibits a
severe DNA repair defect.

IMPORTANCE Rad51-mediated homologous recombination is the major mechanism
for repairing DNA double-strand break (DSB) repair in cancer cells. Thus, regulating
Rad51 activity could be an attractive target. The sequential assembly and disassem-
bly of Rad51 to the broken DNA ends depend on reversible protein-protein interac-
tions. Here, we discovered that a dynamic interaction with molecular chaperone
Hsp90 is one such regulatory event that governs the recruitment of Rad51 onto the
damaged DNA. We uncovered that Rad51 associates with Hsp90, and upon DNA
damage, this complex dissociates to facilitate the loading of Rad51 onto broken
DNA. In a mutant where such dissociation is incomplete, the occupancy of Rad51 at
the broken DNA is partial, which results in inefficient DNA repair. Thus, it is reason-
able to propose that any small molecule that may alter the dynamics of the Rad51-
Hsp90 interaction is likely to impact DSB repair in cancer cells.

KEYWORDS DNA repair, Hsp90, homologous recombination, Hsp90-Rad51
interaction, Rad51 recruitment to chromatin, molecular chaperone
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henever cells are exposed to DNA-damaging agents, the family of DNA repair

proteins must relocate to the nucleus and be recruited to the damaged chrom-
atins to elicit a DNA damage response and to ensure efficient repair of damaged DNA
(1-3). These groups of proteins include DNA damage signaling proteins (Mre11, ATM,
ATR, and DNA-PKcs), cell cycle checkpoint effectors (Chk1 and Chk2), and DNA pro-
cessing enzymes (Mre11, Exol, Sae2, Rad51, Rad52, Rad54, BRCA1/2, BLM, Ku70/80,
ligase IV, etc.) (4). The sequential assembly and disassembly of DNA repair proteins at
DNA broken ends depend on reversible protein-protein interactions. Rad51, a central
player of homology-directed double-strand break (DSB) repair, remains in the cyto-
plasm under normal conditions. DNA damage leads to the redistribution of Rad51 from
the cytoplasm to the nucleus and its loading onto the broken ends of DNA. It is
reasonable to propose that insufficient recruitment of Rad51 onto the chromatin is
likely to have a severe impact on homologous recombination (HR) efficiency. Earlier
reports demonstrated that in a human cell line, BRCA1 promotes the localization of
BRCA2 to damage foci through the BRCA2 binding protein PALB2 (5-8). BRCA2 interacts
with RAD51 and promotes RAD51 assembly onto single-stranded DNA (ssDNA) (9-11).
However, BRCA2 is absent in lower eukaryotes, where HR is the predominant pathway
for DNA repair. It is reported that in Saccharomyces cerevisiae, Rad52 promotes Rad51
filament assembly (12) by interacting with RPA. Rad52 is thought to replace RPA bound
to ssDNA with Rad51 or provide a seeding site within the RPA-bound ssDNA for
subsequent binding of Rad51 (13).

Our previous study revealed that Rad51 is a direct client of Hsp90 and is dependent
upon Hsp90 for its maturity and activity (14). Apart from merely providing maturity to
the client proteins, Hsp90 also assists in the translocation of proteins to different
cellular compartments (15). Previous reports have established that the Hsp90 chaper-
one machinery not only escorts steroid hormone receptors (SHRs) to the nucleus but is
also responsible for the recycling of the receptor on chromatin and stabilizing the
DNA-binding properties of the receptor (16). Two cochaperones of Hsp90, p23 and
Bag-1L, are found to modulate steroid hormone receptor function by controlling
receptor binding to chromatin (16).

Our earlier study demonstrated that the charged linker deletion mutant of yHsp90
(A211-25%9hsp82) inhibits effective Rad51 focus formation in the nucleus upon DNA
damage (14). This finding was positively correlated with severe methyl methanesulfo-
nate (MMS) sensitivity (comparable to that for the Arad51 strain) and with the complete
loss of Rad51-dependent gene targeting function. We demonstrated that the charged
linker deletion (A217-259hsp82) mutant strain is strikingly different than the wild-type
strain in the distribution of Rad51 foci upon MMS treatment. Although there was only
a 20% overall reduction in the Rad51 focus formation, the number of nuclei having
multiple foci was drastically reduced in the mutant strain. This clearly indicates that in
mutant nuclei, effective Rad51 levels may be low. Since the charged linker region is
responsible for providing structural flexibility between amino and carboxyl-terminal
domains of Hsp90 (17), an optimum interaction between Rad51 and Hsp90 may be
compromised in the mutant. Hence, we hypothesize that effective Hsp90 and Rad51
interaction may be crucial for nuclear function of Rad51. To prove this, we utilized a
bioinformatics approach to design a point mutant with an E to L change at residue 108
(Rad51E108L), which has a stronger affinity toward Hsp90. Our data reveal that there
exists a dynamic equilibrium between the association of wild-type Rad51 (Rad51WT)
and Hsp90 under a normal condition and dissociation under DNA-damaging condi-
tions. In the case of Rad51E'08L, due to tighter association, the interaction between
Hsp90 and mutant Rad51 becomes irreversible; hence, even under DNA-damaging
conditions, the mutant Rad51 protein does not proficiently dissociate from Hsp90. As
a result, the mutant Rad51E798L is not recruited to the broken DNA ends as efficiently
as wild-type Rad51. Hence, the ET08L-rad51 strain shows extreme sensitivity toward
DNA-damaging agents and poor gene conversion activity. This study points out that
the DNA damage-induced reversible protein-protein interaction between Rad51 and
Hsp90 plays a critical role in Rad51 function.
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Novel Rad51 Mutant Defective in DNA Repair

.:cerevisiae 105HTHERVAYAP RKDLLEIKGI SEAKADKLLN EAARLVPMGF
H. sapiens 47 HTVERVAYAP KKELINIKGI SEAKADKILA EAARKLVPMGF
M. musculus 47 HTWERVAYAP KKELINIKGI SEAKADKILT EAAKLVPMGF
C. elegans 68 YTYEFLAFTT RRELRNVKGI SDQKAEKIMK EAMKFVQMGF
G. gallus 4THTVWEPVAHAP KKELLNIKGI SEAKADKILA EAAKLVEMGF
D. rerio 48HTWERVAYAP KKELLNIKGI SEAKADKILT EAAKMVEMGF

D. melanogaster 44HTVEFVANAT KKQLMAIPGL, GGGKYEQUT EANKLVPLGF
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FIG 1 Generation of RAD5T mutant strain. (A) Multiple sequence alignment of Rad51 (N-terminal
domain) protein sequences of S. cerevisiae (yeast) with Homo sapiens (human), Mus musculus (mouse),
Gallus gallus (bird), Danio rerio (zebrafish), Caenorhabditis elegans (nematode), and Drosophila melano-
gaster (fruit fly). The conserved glutamic acid residues among various organisms are represented by the
red box. (B) Schematic representation of Rad51 domains demonstrating boundaries of N-terminal,
ATPase (AD), and C-terminal domains along with the Walker A and Walker B motifs. The star depicts the
approximate location of E108 in the N-terminal domain of Rad51. (C) Western blot was performed using
protein extracts from wild-type, Arad51, and ET08L-rad51 strains. Actin was used as a loading control.

RESULTS

Generation of RAD51 mutant strain based on the molecular docking studies
between yHsp90 and Rad51. Earlier studies in our lab demonstrated that yHsp90 and
Rad51 can physically interact (14). Unlike other chaperones, there is no specific binding
pocket present in Hsp90 through which it binds to the client proteins. Hence, in order
to understand the point of contacts between yHsp90 and Rad51, we employed a
bioinformatics approach. To that end, Rad51 proteins (PDB identifier [ID] 1SZP) having
various combinations of monomers, dimers, and hexamers were allowed to dock with
yHsp90 (PDB ID 2CG9) using the fully automated web-based program ClusPro 2.0 (18),
which employs the improved fast Fourier transform (FFT)-based rigid docking program
PIPER (19). Thirty models of the protein-protein complex for each type of interaction,
namely, balanced, electrostatic favored, hydrophobic favored, and van der Waal’s plus
electrostatic, were generated for each docking. It was found that a hydrophobic-
favored interaction showed the lowest energy scores; hence, the corresponding protein
complex model with the largest cluster was chosen. The surface view of the three-
dimensional structure of Rad51 displays a characteristic pocket in each of the mono-
mers into which the yHsp90 is found to dock. The docked complex models showed that
the N-terminal residue of the Rad51 E chain, Glu 108 (1.88 A), has the shortest bond
distance with yHsp90 C-terminal residues. We conducted a multiple-sequence align-
ment of Rad51 (Fig. 1A) and found that E108, which is predicted to have the strongest
association with Hsp90, is evolutionarily conserved. In Rad51, the amino acid residue
E108 is present in the N-terminal domain of Rad51, which lies outside its catalytic
domain (Fig. 1B). To explore whether the Hsp90 and Rad51 association mediates Rad51
nuclear function under DNA-damaging conditions, one approach may be the genera-
tion of a Rad51 mutant with a reduced affinity for Hsp90. However, as Rad51 is a client
of Hsp90, we reasoned that any mutant of Rad51 that fails to interact with Hsp90 due
to a low affinity would be unstable in the cell. Hence, we designed a strong-affinity
mutant to establish our hypothesis. By in silico mutation, we created four single
mutants of Rad51 where the glutamic acid at the 108th position was replaced by
neutral residues (glycine, alanine, leucine, and isoleucine). Table 1 displays a compar-
ison of the parameters of yHsp90 docking with the wild-type and mutant Rad51 based
on ClusPro results. Our study shows that the mutant Rad518'°8- and Hsp90 docked
complex results in @ maximum increase in cluster size of 139 compared to 71 for the
wild type. This implies a greater probability of the receptor-ligand complex being found
in that specific conformation. Furthermore, there is a decrease in the energy score from
—1,407.2 to —1,512.6 between the wild-type and Rad51E'%8L mutant, respectively,
which points to an increased stability of the protein complex. The rad57 mutant was
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TABLE 1 ClusPro results depicting cluster sizes and energy scores of yHsp90 (2CG9A) with

wild-type and mutant Rad51

Rad51 (1SZP ABCDEF) strain

Hydrophobic-favored interaction

Wild-type (E108)
E108G

E108A

E108I

E108L

Cluster size Energy score
71 —1,407.2
117 —1,534.0
117 —-1,518.4
113 —1,543.3
139 -1,512.6

subsequently cloned into a yeast 2 expression vector pTA (20) having the GPD
promoter. As the Rad51 and Hsp90 interaction is essential for the stability of Rad51, we
determined the stability of Rad51 mutant proteins by Western blot analysis. For this, we
generated yeast strains NRY1, NRY2, and TSY17 by transforming empty vector (pTA),
pTA-RAD51, and pTA-E108L-rad51 vectors into a null rad51 yeast strain. The steady-state
level of the mutant Rad51 was comparable to that of the wild type (Fig. 1C).
Rad51E798- shows a stronger association with Hsp90 than the wild-type Rad51.
To investigate the interaction between Rad51 and yHsp90, we performed coimmuno-
precipitation experiments under normal as well as MMS treatment conditions. To
capture a detectable association between yHsp90 and Rad51, we overexpressed both
yHSP90 and RAD51 (or its mutant version) from two 2u vectors, each having a GPD
promoter. The yHsp90-Rad51 complex was coimmunoprecipitated from the whole-cell
extract with an anti-Rad51 antibody, followed by detection on a Western blot using an
anti-Hsp82 antibody (Fig. 2A and B). Under normal conditions, in the wild-type strain,
a small fraction of Hsp90 was associated with Rad51, whereas, in the case of the mutant
strain, a significantly larger fraction of Hsp90 was associated with Rad51. Quantification
of the several experimental repeats showed that the relative association between
Hsp90 and Rad51E'98L was almost double the association found between Hsp90 and
Rad51WT. This signifies a stronger association of Hsp90 with Rad51E'%8L than with
Rad51WT, In the presence of MMS, Hsp90 and Rad51 association was reduced in the
wild-type strain. On the other hand, in the E108L-rad51 strain, even in the presence of
MMS, there was no detectable reduction in the association between Hsp90 and

IP:Rad51
A Untreated MMS Treated C
—I s P —I s P Untreated
2 0.15% MMS treated
RadS51| e — mmos® - I [ NS
© 1004
(Short ‘ 2
exposure) - - £
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(Long) W— L e o ‘_ 535
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WT 5o
.g &
IP:Rad51 <
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wr E108Lrad51
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FIG 2 Rad51E798L shows a stronger association with Hsp90 than the wild-type Rad51. (A) Western blot
showing coimmunoprecipitation of Rad51 with Hsp90 from whole-cell extracts of wild-type strain and cells
treated with 0.15% MMS for 2 h. |, input; S, supernatant; P, pellet. (B) Western blot showing coimmuno-
precipitation of Rad51E198L with Hsp90 from whole-cell extracts of E108L-rad51 mutant strain untreated and
treated with 0.15% MMS for 2 h. Immunoprecipitation (IP) was performed using an anti-Rad51 antibody. An
anti-Hsp90 antibody was used for Western blotting. (C) Relative association of Hsp90 with Rad51 was
calculated from at least three independent experiments, and standard deviations are plotted for both
wild-type and mutant strains. P values were calculated using the two-tailed Student’s t test. **, P = 0.0046;

N.S., not significant.
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Rad51E708L We repeated this experiment three times and calculated the relative
association of Hsp90 with Rad51 in the presence and absence of MMS. Our analysis
shows that approximately 50% dissociation of the Rad51WT-Hsp90 complex occurs
upon MMS treatment, whereas no significant dissociation of the Rad518'98.-Hsp90
complex was observed under similar conditions (Fig. 2C). Thus, from this experiment,
we conclude that there is a dynamic equilibrium between Rad51-Hsp90 complexes: in
the presence of DNA damage, the equilibrium is shifted toward the dissociation of
Rad51-Hsp90. However, this dynamic interaction is absent in the E108L-rad51 strain,
and the complex remains in the associated form even in the presence of the DNA-
damaging agent.

HO-induced Rad51 recruitment to the broken DNA ends is compromised in the
E108L-rad51 strain. During homologous recombination-mediated DNA repair, Rad51
is recruited to the ssDNA overhangs. It searches for the homologous DNA and, once
found, facilitates the repair by performing a strand exchange reaction. The recruitment
of Rad51 to the broken ends is the hallmark of DNA repair. Our previous observations
suggest that the E108L-rad51 mutant is defective in dissociating from Hsp90 upon DNA
damage. This defect may cause inadequate recruitment of Rad51 mutants to the
broken DNA. To study the recruitment of mutant Rad51 to the DSB, we employed
chromatin immunoprecipitation (ChIP) assays. To that end, we used NA14 strains (21)
harboring null rad51. We modified the NA14 strain and generated three strains, namely,
TSY20, TSY21, and TSY22, where native RAD51 is knocked out, and into those back-
grounds, the empty plasmid, wild-type RAD51, and the mutant rad57 were transformed,
respectively. These strains have a cassette inserted in chromosome V with two copies
of URA3, separated by 3 kb, of which one ura3 copy is inactivated by the insertion of an
HO endonuclease restriction site (Fig. 3A). The KANMX gene is incorporated within the
two URA3 genes. HO endonuclease is expressed in the strain by a galactose inducible
promoter. A double-strand break (DSB) is generated in the ura3 gene upon induction
of HO endonuclease. We pulled down the Rad51-bound DNA segments from unin-
duced and HO-induced samples and subsequently compared the recruitment of mu-
tant Rad51 protein to the donor URA3 locus (22). This experiment was repeated three
times, and representative data from one of these are presented (Fig. 3B). To ensure the
specificity of Rad51 recruitment to the broken locus, we probed its recruitment at
the ACT1 locus, which does not contain an HO cut site. We did not detect any band at
the ACTT locus. We quantified the extent of recruitment of Rad51 proteins by measur-
ing the ratio of amplification in the pellet sample with respect to the amplification
observed in the input. To confirm the specificity of Rad51 recruitment to the DSB, we
performed ChIP with 1gG, which does not result in any amplification with the precip-
itated sample (Fig. 3B). Although there was no recruitment of Rad51 in the HO-
uninduced condition, upon HO induction, the recruitment of Rad515'%8L was only 40%
of that for the wild type (Fig. 3C). To ensure that the defect in the recruitment of the
mutant Rad51 to the DSB was not due to the inefficiency of galactose-induced DSB, we
probed the HO endonuclease recognition site in the presence and absence of HO
induction. To that end, we amplified the HO site flanking the ura3 region using a
forward primer, which is 20 bp upstream of the HO site, and a reverse primer, which is
complementary to the middle part of KANMX gene. We observed the amplification of
the target region in a galactose-untreated sample; however, after 1 h of galactose
induction, the amplicon disappeared, indicating the successful generation of DSBs in all
the strains (Fig. 3D). Overall, from these experiments, we conclude that the effective
concentration of the Rad518'98L mutant at broken DNA ends is less than that of the
wild-type Rad51.

Mutation at the E108 position of Rad51 sensitizes the cells to MMS and renders
them deficient in gene conversion. In S. cerevisiae, homologous recombination is the
preferred pathway for repairing DSBs, in which Rad51 plays a central role. To under-
stand the effect of rad57 mutation, we performed the return-to-growth assay upon
DNA damage. This was conducted by exposing the strains to 0.03% MMS (methyl
methanesulfonate) for 2 h. Subsequently, treated and untreated cells were serially
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FIG 3 HO-induced Rad51 recruitment to the broken DNA ends is severely compromised in E108L-rad51 mutant. (A) Schematic diagram
of a cassette incorporated in the strain used for studying gene conversion efficiency. It harbors two copies of URA3, one of which is
mutated by the insertion of an HO endonuclease site. Induction with galactose creates single DSB in the mutated ura3, repair of which
takes place in either a Rad51-dependent or Rad51-independent manner. KANMX cassette will be retained only if repair happens via the
Rad51-dependent manner. (B) Chromatin immunoprecipitation (ChIP) of strains expressing wild-type Rad51 and E108L-rad51. Gel image
showing one of the representative PCR products of input and precipitated samples using URA3 donor-specific primer and ACT1-specific
primer. Immunoprecipitation was performed using anti-Rad51 and IgG antibodies. Input represents the total amount of DNA in the
sample. (C) Each set was repeated three times, and the band intensities of the recruited samples upon HO induction were quantified using
ImageJ software; comparative recruitment of Rad51 and Rad518'8t js plotted with respect to the input. Error bars indicate standard
deviations (SDs); n =3 (P values were calculated using the two-tailed Student’s t test). **, P <0.01. (D) Semiquantitative reverse
transcriptase PCR (RT-PCR), representing the amplification of DNA around the DSB site in ura3 before and after HO endonuclease
induction. Lower intensity of band in HO-induced sample indicates the DSB generation in strains having wild-type Rad51 and E7108L-rad51.
Actin was used as a loading control.

diluted by 10-fold as presented in Fig. 4A and spotted on selective medium. We
observed that the ET08L-rad51 strain showed a slow growth phenotype compared to
that of the wild type and Arad51 strains. The survivability of the cells was positively
correlated with the efficiency of DNA repair. We observed that E108L-rad51 cells were
highly sensitive to MMS-induced DNA damage, similar to that observed in Arad57 cells.
The mechanism of homologous recombination involves repairing the DSBs by utilizing
a homologous sequence from the genome. If the genome contains repetitive se-
quences and a double-strand break is created in any one of the repeats, it can be
repaired by gene conversion, which is Rad51 dependent. We examined the gene
conversion efficiency of the Rad51 mutant in the yeast strain NA14 (21). The DSB can
be repaired by either of the two HR pathways (gene conversion or single strand
annealing), and the repair products are easily distinguishable. If repaired by the
Rad51-dependent gene conversion pathway, the strain behaves as G418 sulfate resis-
tant; if it is repaired by the Rad51-independent single-strand annealing (SSA) pathway,
the strain will be G418 sulfate sensitive (Fig. 3A) (21). The percent gene conversion was
scored by growing cells on G418 sulfate-containing plates after galactose induction.
Our experimental data indicate that there was no significant change in the gene
conversion (GC) efficiency of the wild type (near 40%). However, the GC score for the
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FIG 4 Mutation at E108 position of Rad51 sensitizes the cells to MMS and renders them deficient in gene
conversion. (A) Pictorial representation of return-to-growth assay upon MMS treatment. Cells were
spotted after serial dilution of treated and untreated cells for wild-type and mutant strains. First lane for
each strain shows untreated and second lane shows treated cells. (B) Graph showing the percentages of
gene conversion. Cells were spread on galactose-containing plates and subsequently obtained colonies
were patched on G418 sulfate plates. Percentage was determined by calculating the number of colonies
grown on G418 sulfate plate versus number of colonies obtained on galactose plate. Error bars indicate
SDs; n = 3; P values were calculated using the two-tailed Student’s t test. ****, P <0.0001; N.S., not
significant.

E108L-rad51 mutant (10.5%) was comparable to that of the Arad57 strain (7%) (Fig. 4B).
Overall, we conclude from our experimental data that the E108L-rad51 mutant behaved
as a complete loss-of-function mutant of Rad51 in our assay.

Rad51E798L can form homodimers and interacts efficiently with the Rad52 epis-
tasis group of proteins. It has been established that to execute the nuclear function,
Rad51 interacts with itself. Also, Rad52 and Rad54 modulate the catalytic activity of
Rad51 via direct physical interaction. We wanted to test whether Rad515'98L has any
defect in self-association or association with Rad52 and Rad54. To that end, we used a
yeast two-hybrid assay to measure the protein-protein interaction between Rad51E108L
and the Rad52 epistasis group. Figure 5 (top) shows the results with wild-type Rad51,
which acts as a positive control in our study. The bottom of Fig. 5 shows that Rad518108-

SC- LEU-URA SC- LEU-URA-ADE

GAL4-BD - GAL4-AD
pGBDUCI - RADS1

RAD51 - pGADC1
| RADS1 - RADSIE

RAD52 - RAD51 ]

RAD54 - RAD51 [
pGBDUCI - pGADCI[
pGBDUCI - E108Lrad51f |
E108Lrad51 - pGADCI
F108Lrad51 - £108Lrad51
RADS2 - E108Lrad51
RAD54 - E108Lrad51

FIG 5 Rad518'98 can form homodimers and bind efficiently to the Rad52 epistasis group of proteins.
Yeast two-hybrid analysis depicting the interaction of RAD51/rad51 mutants with Rad52 epistasis group.
Various strains harboring bait and prey vectors are represented on the left. Cells of each strain were
grown to an ODgq, of 0.5 and serially diluted before spotting. To monitor the interaction between
proteins, diluted cells were spotted on medium lacking Leu and Ura (left panel) as well as on medium
lacking Leu, Ura, and Ade. Homodimerization as well as interaction of Rad51 (positive control) (I) and
Rad51E%98L (]]) with Rad52 and Rad54 was unaltered.
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interacted efficiently with itself as well as with Rad52 and Rad54. We verified that Rad52
and Rad54 do not cause self-activation of a reporter gene (data not shown). No growth
in a triple-drop-out plate for the strains PMY11 and PMY14 indicated that there was no
self-activation for the indicative strains.

DISCUSSION

Rad51 protein, which facilitates homologous strand exchange, is the central player
for HR in mammalian cells. Disruption of this gene is associated with embryonic
lethality in mice (23). It is reported that haploinsufficiency of this gene is linked with
defects in human neurodevelopment (24, 25). The Rad51 focus formation in response
to DNA damage is one of the regulatory events in HR.

Previously, we established that besides providing stability to the Rad51 protein,
Hsp90 also controls its nuclear function, i.e., DNA damage-induced focus formation.
Taking that study further, we show that the dynamic interaction between Hsp90 and
Rad51 can influence the nuclear function of Rad51. We are reporting for the first time
that DNA damage triggers the dissociation of Rad51 and Hsp90, which could be a
prerequisite for the nuclear function of Rad51. Due to a stronger association with
Hsp90, the Rad51E'98L protein probably remains locked with Hsp90; hence, the recruit-
ment of Rad51E'08L to the broken DNA ends, even at a very high MMS concentration
(0.15%), is considerably defective. This is evident by 10.5% GC efficiency and complete
loss of cell survivability in the ET08L-rad51 mutant cells under DNA-damaging condi-
tions. Thus, our study shows that there is a positive correlation between the extent of
Hsp90-Rad51 dissociation after DNA damage and Rad51 nuclear activity. It appears that
in the case of E108L-rad51, a major portion of the Hsp90 pool is associated with Rad51,
which might result in an insufficient availability of free Hsp90 for other cellular
functions. This is supported by our observation that the E108L-rad517 mutant strain
showed a slow growth phenotype compared to that of the wild-type strain. However,
it is possible that the constitutive form of yHsp90, namely, Hsc82, might be sufficient
for the essential cellular function of Hsp90, ensuring the survivability of the mutant
strain.

A defect in recruitment to the damaged DNA may result from a defect in DNA
binding or defects in its interactions with other nuclear proteins. An earlier report
showed that glycine at the 103rd position of Rad51 is crucial for DNA binding (26).
Another report showed that valine at 328, proline at 339, and isoleucine at 345 are also
involved in DNA binding (27). Although there is no report available regarding the DNA
binding capacity of the mutant used in our study, we do not anticipate any defect in
DNA binding, as the mutant was recruited to the chromatin DNA albeit at lesser extent,
probably due to the lesser availability of free Rad51598L proteins. In the case of the
Rad51E198L mutant, despite its apparent defect in reversible dissociation from Hsp90
under DNA-damaging conditions, its 40% recruitment confirms that it is not defective
in DNA binding.

In our study, we expressed RAD51 and E108L-rad51 from episomal plasmids in a
Arad51 background and compared their phenotypes. Thus, it is important to ensure
that the observed phenotypes were not due to overexpression. In an earlier study, it
was observed that overexpression of Rad51 does not have any effect on MMS sensitivity
or repair of a single DSB in wild-type cells. However, it sensitizes Asrs2 and Aku70 strains
toward MMS (28). It was also observed that a high level of Rad51 reduces the frequency
of but does not eliminate HR (28). In our study, the steady-state levels of Rad51"T and
Rad51E108L were comparable. Thus, the severe DNA repair defects observed in the
E108L-rad51 strain compared to that in RAD51 cells are not due to overexpression but
rather to the point mutation.

It did not escape our notice that nearly 50% less recruitment of Rad51 in the
E7108L-rad51 strain had a profound effect on DNA repair. It is not unexpected, as our
earlier study demonstrated that an only 20% reduction of Rad51 focus formation in the
A211-259hsp82 strain led to severe sensitivity to MMS and UV treatment (14). These
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findings prompted us to conclude that 20% to 50% less occupancy of Rad51 at the
broken DNA ends is sufficient to perturb DSB repair.

The E108 residue of Rad51 that is in close proximity to Hsp90 resides outside the
ATPase domain of Rad51 and is evolutionary conserved. The N-terminal domain of
Rad51 is implicated in the monomer-monomer interaction as well as the interactions
with the members of the Rad52 epistasis group (27, 29). Although the mutation is
present in the N-terminal domain, it was not previously identified in Rad51 interaction-
deficient mutants (30). The yeast two-hybrid assay confirms that the ability of
Rad51E198L for self-association as well as for associations with Rad52 and Rad54 are
comparable to that of wild-type Rad51. As Rad51 recruitment to the broken DNA ends
is an upstream event, the defect will be dominant over any other defects. Thus, the
drastic phenotype found in the E108L-rad51 strain is likely to be one of the primary
causes for the loss-of-function phenotype in the mutant strain.

It is known that Hsp90 shows a variable degree of association with its clients. Hsp90
clients such as kinases are primarily associated with Hsp90 through transient interac-
tions, and once chaperoned, they are readily released from Hsp90 as functional
proteins. On the other hand, clients such as steroid hormone receptors remain asso-
ciated with Hsp90 to maintain their functional forms. Also, the extent of association
between Hsp90 and its client can alter the cellular function of its client. For example,
the single point mutations in the epidermal growth factor receptor (EGFR-858R) and
B-Raf kinase (B-RafVe°°E) promote tumor formation. It was observed that these point
mutants have enhanced levels of association with Hsp90 compared to those of their
wild-type counterparts (31, 32). While binding with its clients, Hsp90 exhibits specificity
toward the hydrophobic residues of proteins (33). The incorporation of leucine at the
108th position of Rad51 increases the hydrophobic stretch on Rad51 (107 to 113 amino
acids). We speculate that such an increase in hydrophobicity might result in a tighter
binding between Hsp90 and mutant Rad51 protein.

Collectively, our work establishes the importance of Hsp90 in the HR pathway,
where it appears to regulate the stability and functions of Rad51. Increasing lines of
evidence suggest that the functions of several DNA repair proteins, such as BRCAT,
BRCA2, Chk1, DNA-PKcs, FANCA, and the Mre11/Rad50/NBS, are likely to be dependent
on Hsp90 (34). A recent report showed that overexpression of Hsp90 leads to genomic
instability through a negative regulation of the checkpoint kinase RAD53 (22). Our work
along with these reports embarks on the relationship of Hsp90 with DNA repair.
Currently, DNA repair along with the Hsp90 inhibitor is being targeted in many cancer
studies. Understanding the detailed regulation of HR will be beneficial for further
knowledge in the field.

There are many reports which show that in response to various signals, Hsp90/
Hsp82 gets posttranslational modifications (PTMs), and such PTMs help the release of
the client protein (35-37). Currently, it is not known whether such PTM of Hsp90 occurs
due to MMS treatment and that causes the decrease in association between Rad51WT
and Hsp90. It is also unclear how the stronger association between Rad518'%8L and
Hsp90 was not overcome during the DNA damage response (DDR). These questions are
interesting but beyond the scope of this report, and future studies might unravel the
mechanism underlying the dissociation of Rad51 from Hsp90 upon DNA damage.

MATERIALS AND METHODS

Plasmids. The sequences of all the primers used in this paper are tabulated in Table 2. The RAD51
mutant (E7108L-rad51) was cloned in 2u yeast expression vector pTA (20) between the BamH1 and Pst1
restriction sites to generate the pTA-E108L-rad51 plasmid. pTA-RAD51 was used as a positive control in
our study (20). Full-length RAD51 and E108L-rad51 were subcloned into prey vector pGADC1 and bait
vector pGBDUC1 from pTA-RAD51 and pTA-E108L-rad51, respectively. Thus, the plasmids pGADC1/
RAD51, pGBDUC1/RAD51, pGADC1/E108L-rad51, and pGBDUC1/E108L-rad51 were generated. Full-length
RAD52 was amplified using the OSB330/0SB331 primer set and cloned into pGBDUCT vector between
EcoRI and Sall restriction sites to create the pGBDUC1/RAD52 plasmid. To generate the pGBDUC1/RAD54
plasmid, RAD54 was amplified using the OSB332/0SB333 primer set and cloned into pGBDUCT vector
between EcoRI and Sall restriction sites.
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TABLE 2 Primer list

mSphere’

Primer Sequence (5'—3’) Purpose

OMKB90 GGATCCATGTCTCAAGTTCAAGAAC Forward primer to amplify full-length RAD51

OMKB88 CTGCAGCTACTCGTCTTCTTCTC Reverse primer to amplify full-length RAD51

OMKB149 GTCGACCTCGTCTTCTTCTCTGG Reverse primer used to clone E108L-rad51 into pET22b vector
0OSB305 CTCGGATCCATGTCTCAAGTTCAAGAACAAC Forward primer used to amplify full-length rad57 mutants
0SB293 GTCGTCGACCTCGTCTTCTTCTCTGGGG Reverse primer used to amplify full-length rad57 mutants
0OSB315 AGTGGGCTTCACACTGCTTTGGCGGTAGCA Forward primer to create rad57 E108L mutation

0OSB314 TCTGGGAGCATATGCTACCGCCAAAGCAGTG Reverse primer to create rad57 E108L mutation

0SB278 CATGCAAGGGCTCCCTAGC Forward primer used to amplify URA3 region for ChIP
0SB279 CAACCAATCGTAACCTTCATCT Reverse primer used to amplify URA3 region for ChIP
0SB289 GTTAGTTGAAGCATTAGGTCC Forward primer used to confirm HO digestion

KanB1 TGTACGGGCGACAGTCACAT Reverse primer used to confirm HO digestion

0OSB21 GACGGATCCATGGCTAGTGAAACTTTTGAATTTC Forward primer to amplify full-length hsp82

0SB22 CGGGTCGACCTAATCTACCTCTTCCATTTCGG Reverse primer to amplify full-length hsp82

OSB16 TGACCAAACTACTTACAACTCC Forward primer to amplify 307 bp of 3’ end of ACT1
0OSB14 TTAGAAACACTTGTGGTGAACG Reverse primer to amplify ACT1

0OSB330 CATGAATTCATGAATGAAATTATGGATATCGATG Forward primer to amplify RAD52

0OSB331 CATGTCGACTCAAGTAGGCTTGCGTGCATG Reverse primer to amplify RAD52

0SB332 CATGAATTCATGGCAAGACGCAGATTACC Forward primer to amplify RAD54

0OSB333 CATGTCGACTCAATGTGAAATATATTGAAATGC Reverse primer to amplify RAD54

Site-directed mutagenesis. Point mutations were introduced in RAD51 by using the splice overlap
extension (SOE) PCR technique. A primer set was designed to incorporate the required mutation in
RADS51 at the desired location. Yeast genomic DNA was used as a template, and the full-length gene was
amplified in two segments in order to insert the point mutation. For amplifying the first and second
segments to generate the E708L-rad51 mutation, primer sets OSB305/0SB314 and OSB315/0SB293 were
used, respectively. Full-length RAD51 containing the E108L mutation was then amplified by using the first
two segments along with primer set OMKB90/OMKB88. The rad51 mutant was then cloned into the pTA
2y yeast expression vector using the sites BamH1 and Pstl. After successful cloning, the pTA-E108L-rad51
construct was sequenced to confirm the desired mutation. To create the ET08L-rad51 mutant, we
changed the codon GAA to TTG.

Yeast strains. The strains used in this study are tabulated in Table 3. LS402 Arad51 was transformed
with empty vector (pTA), pTA-RAD51, and pTA-E108L-rad51 to generate NRY1, NRY2, and TSY17,
respectively. For the gene conversion assay, pTA-RAD51 and pTA-E108L-rad51 were transformed into
NA14 Arad51 (21) to generate TSY21 and TSY22. For a negative control, the NA14 Arad51 strain was
transformed with pTA empty vector to generate TSY20. To perform the yeast two-hybrid analysis, empty
pPGADC1 and pGBDUC1 vectors were transformed into a pJ694a parent strain to generate the PMY3 yeast
strain. To study the interaction of wild-type Rad51 with itself and with Rad52 and Rad54 proteins, PMY8,
PMY9, and PMY10 were created by transforming prey-RAD51 plus bait-RAD51, prey-RAD51 plus bait-
RAD52, and prey-RAD51 plus bait-RAD54 constructs, respectively, into the pJ694a strain. Similarly, to
study the interaction of Rad51E'°8 with itself and with Rad52 and Rad54, strains TSY10, PMY12, and
PMY13 were generated by transforming prey-£108L-rad51 plus bait-E108L-rad51, prey-E108L-rad51 plus
bait-RAD52, and prey-E108L-rad51 plus bait-RAD54 constructs, respectively. Strains PMY4, PMY7, PMY14,
and PMY11 were utilized as controls. These strains were generated by transforming empty prey plus
bait-RAD51, prey-RAD51 plus empty bait, empty prey plus bait-E108L-rad51, and prey-E108L-rad51 plus
empty bait vectors, respectively, into the pJ694a strain.

Yeast two-hybrid analysis. Yeast two hybrid analysis was performed as described earlier (20). The
strains PMY3, PMY8, PMY9, PMY10, TSY10, PMY12, PMY13, PMY4, PMY7, PMY14, and PMY11 were grown
in SC-Ura-Leu medium until logarithmic phase. They were then diluted serially as shown in Fig. 5 and
spotted on SC-uracil (Ura)-Leu and SC-Ura-Leu-adenine (Ade) medium. The plates were kept at 30°C for
3 to 4 days. The strain PMY3 was used as the negative control in our study.

MMS sensitivity assay. NRY1, NRY2, and TSY17 were tested for DNA damage sensitivity. All strains
were grown in tryptophan dropout synthetic medium overnight at 30°C. The next day, a secondary
culture was grown to an optical density at 600 nm (OD,) of 0.5 at 30°C. The culture was then divided
into two sets. One set of cells was treated with 0.03% (vol/vol) of methyl methanesulfonate (MMS)
(Sigma-Aldrich) and grown at 30°C for 2 h, and the other set was continuously grown at 30°C for 2 h
without MMS. After that, the cells were serially diluted as mentioned, spotted on selective medium, and
incubated at 30°C for 2 to 3 days.

Gene conversion assay. TSY20, TSY21, and TSY22 strains were generated by transforming pTA
(empty vector), pTA-RAD51 and pTA-E108L-rad51, respectively, into the NA14 Arad51 strain. The trans-
formed cells were initially patched on a plate containing glycerol as a sole carbon source. Next, equal
numbers of cells were counted and spread on two different plates, one containing glycerol and other
containing galactose as a carbon source, and incubated at 30°C for 3 to 5 days. Cells which survived on
galactose plates were then patched on another plate containing G418 sulfate and incubated at 30°C for
36 h in order to determine the percentage gene conversion. Cells grown on G418 sulfate-containing
plates utilize the Rad51-mediated gene conversion pathway for repair as they retain KANMX6. The ratio
of the number of cells grown on the G418 sulfate plate to the number of cells grown on the galactose
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plate was calculated to determine the percent gene conversion. The assay was performed more than 3
times, and the mean values were plotted using GraphPad Prism.

Chromatin immunoprecipitation. TSY21 and TSY22 were grown in the selective medium to an
0Dy, of 0.3 in the presence of 3% glycerol. Half of the batch of cells was then treated with 3% galactose
for 3 h, and other half continued to grow in glycerol medium. The ChIP assay was performed as described
earlier (38). One microgram anti-Rad51 antibody was added to the sample to precipitate Rad51-bound
DNA fragments. Recruitment of Rad51 was then monitored by PCR with 30 cycles using primer set
0SB278/0SB279 in a reaction mixture volume of 50 ul using the immunoprecipitate and input DNA
samples. Samples were subjected to electrophoresis on 2% agarose. For control, ChIP was performed
with rabbit 1gG antibody. To verify whether a double-stranded break (DSB) was generated by HO
digestion in the assay strain, we used OSB289 as a forward primer, which is complementary to the 20 bp
upstream of HO cut site (HOcs), and a reverse primer (KanB1) which is complementary to the KANMX
gene. We amplified full-length ACTT using OSB14 and OSB16 as a normalization control.

Western blotting. Western blottin was performed to check Rad51 levels in NRY1, NRY2, and TSY17
strains. Protein samples were loaded on an SDS polyacrylamide gel. A polyvinylidene difluoride (PVDF)
membrane was used for the transfer as described earlier (39). The primary antibodies used were mouse
anti-Act1 (Abcam), rabbit anti-Rad51 (Santa Cruz), and mouse anti-Hsp82 (Calbiochem) at 1:5,000
dilutions. For subcellular fractionation, we used anti-Pgk1 antibody (Novus Biologicals) and mouse
anti-Nsp1 antibody (Abcam) at 1:3,000 and 1:5,000 dilutions, respectively. For secondary antibodies,
horseradish peroxide-conjugated anti-rabbit antibody (Promega) and anti-mouse antibody (Santa Cruz
Biotechnology Inc., CA, USA) were used at 1:10,000 dilutions. The Western blots were developed using
a chemiluminescent detection system (Pierce). Every experiment was repeated at least 3 times, and band
intensities were quantified by using Image J software. Mean relative densities were plotted using
GraphPad prism.

Protein-protein docking. The protein sequence of Rad51 with entry P25454 and the ATP-dependent
molecular chaperone yHsp90 (Hsp82) with entry P02829 of Saccharomyces cerevisiae (strain ATCC
204508/5288c¢) are publicly available from the central repository of protein sequence and function,
UniProt (Universal Protein Resource). The three-dimensional (3D) structures of Rad51 (PDB ID 1SZP) and
yHsp90 (PDB ID 2CG9) were retrieved from the RCSB protein data bank. Protein-protein docking was
conducted using a fully automated web-based program ClusPro 2.0, which employs an improved fast
Fourier transform (FFT)-based rigid docking program PIPER. The program output is a short list of putative
complexes ranked according to their clustering properties (18). Biovia Discovery Studio Visualizer is
utilized for visualization and analysis of protein complexes. For mutation studies, the sequence of Rad51
protein retrieved from PDB (1SZP ABCDEF) was viewed in the sequence viewer of Biovia Discovery Studio
software. The critical amino acids to be mutated were selected in all six chains and replaced. The sulfate
ions were removed, and the structure of the protein generated was subjected to clean geometry and
energy minimization before using for protein-protein docking. The amino acid Glu108 (E108) was
mutated with four different amino acids, namely, leucine (E108L), alanine (E108A), glycine (E108G), and
isoleucine (E108l), in chains A, B, C, D, E, and F to generate single mutant hexamers. The mutated Rad51
proteins were again subjected to protein-protein interaction with yHsp90 2CG9A. Protein-protein
docking similar to that of the wild type was repeated with the mutant protein against Hsp90 using the
online tool ClusPro.

Coimmunoprecipitation. Wild-type and E108L-rad51 cells harboring yHsp90 overexpression plasmid
(under GPD promoter; 2w vector) were grown to an ODg,, of 0.5. Ten milliliters of each culture was
harvested, resuspended in 1 ml spheroplast buffer (50 mM Tris-HCI [pH 8], 25 mM HEPES [pH 7.4], 0.2%
Casamino Acids, 0.2% yeast nitrogen base [YNB], 1% glucose, 18.2% sorbitol) containing dithiothreitol
(DTT) and lyticase, and incubated at 30°C for 90 min. Subsequently, glass beads were added and the cells
were intermittently vortexed and incubated on ice six times for a period of 30s each. An anti-Rad51
antibody was added to the supernatant for overnight incubation at 4°C. Protein A agarose (25%;
Calbiochem) was added, and the mixture was incubated for 2 h at room temperature. The beads were
then spun down for 15s at 1,000 rpm, and the pellet was washed 3 times with NETNS buffer (20 mM
Tris-HCl [pH 8], T mM EDTA, 1 M NacCl, 0.5% [vol/vol] NP-40 with protease inhibitor) and twice with NETN
buffer (20 mM Tris-HCI [pH 8], 1 mM EDTA, 100 mM NaCl, 0.5% [vol/vol] NP-40 with protease inhibitor).
The bound protein was eluted with 4X Laemmli buffer by boiling for 10 min and was further spun down,
and the supernatant was collected and used for Western blotting. The proteins in the supernatant were
precipitated using 20% trichloroacetic acid, eluted using 4 X SDS loading dye containing dithiothreitol
(DTT) and Tris (pH 8.8), and boiled for 10 min. The sample was spun down and the proteins in the
supernatant were used for Western blotting. After the coimmunoprecipitation, the relative association of
Hsp90 with Rad51 was calculated for each experiment using the following formula: relative association
of Hsp90 with Rad51 = (Hsp90 in the pellet/Hsp90 in the input) + (Rad51 in the pellet/Rad51 in the
input).
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ABSTRACT Recent studies have demonstrated that aberrant sister chromatid cohe-
sion causes genomic instability and hence is responsible for the development of a
tumor. The Chl1 (chromosome loss 1) protein (homolog of human ChIRI/DDX11 heli-
case) plays an essential role in the proper segregation of chromosomes during mito-
sis. The helicase activity of Chl1 is critical for sister chromatid cohesion. Our study
demonstrates that Hsp90 interacts with Chl1 and is necessary for its stability. We ob-
serve that the Hsp90 nonfunctional condition (temperature-sensitive iG170Dhsp82
strain at restrictive temperature) induces proteasomal degradation of Chl1. We have
mapped the domains of Chl1 and identified that the presence of domains Il, Ill, and
IV is essential for efficient interaction with Hsp90. We have demonstrated that Hsp90
inhibitor 17-AAG (17-allylamino-geldenamycin) causes destabilization of Chl1 protein
and enhances significant disruption of sister chromatid cohesion, which is compara-
ble to that observed under the Ach/T condition. Our study also revealed that 17-
AAG treatment causes an increased frequency of chromosome loss to a similar ex-
tent as that of the Achll cells. Hsp90 functional loss has been earlier linked to
aneuploidy with very poor mechanistic insight. Our result identifies Chl1 as a novel
client of Hsp90, which could be further explored to gain mechanistic insight into an-
euploidy.

IMPORTANCE Recently, Hsp90 functional loss has been linked to aneuploidy; how-
ever, until now none of the components of sister chromatid cohesion (SCC) have
been demonstrated as the putative clients of Hsp90. In this study, we have estab-
lished that Chl1, the protein which is involved in maintaining sister chromatid cohe-
sion as well as in preventing chromosome loss, is a direct client of Hsp90. Thus, with
understanding of the molecular mechanism, how Hsp90 controls the cohesion ma-
chinery might reveal new insights which can be exploited further for attenuation of
tumorigenesis.

KEYWORDS Chl1, Hsp90, chromosome segregation, sister chromatid cohesion

enome stability is of paramount significance, and the failure to maintain it is

associated with genetic diseases, abnormal immune responses, and susceptibility
to cancer (1). The role of heat shock protein 90 (Hsp90) in maintaining genomic stability
is well appreciated, as considerable progress has been made to understand the
molecular mechanism that illustrates how Hsp90 inhibition synergizes with the radia-
tion sensitivity of the cancer cell. Molecular insight into varied potential mechanisms
through which Hsp90 orchestrates the DNA repair pathway unveils several major
proteins of DNA break repair machinery as the clients of Hsp90 (2-5). In lower
eukaryotes, it has been demonstrated that Hsp90 function is indispensable for homol-
ogous recombination (HR) and the stability of the Rad51 protein, which is a key player
in searching for the homologous templates (6). Owing to the ability of Hsp90 to
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regulate gene expression, one of the previous works has established a link between
Hsp90 abundance and genomic instability (7). Following various lines of evidence,
Hsp90 has been shown to negatively regulate RAD53 (DNA damage signaling kinase)
transcription and thereby attenuate the DNA damage response pathway (7).

However, genome integrity is measured not only by the capability of the cells to
repair broken DNA. A crucial factor which decides the fate of genome integrity is sister
chromatid cohesion (SCC). A mutation in the family of genes that controls sister
chromatid cohesion can cause various human diseases, and in all these cases, the
patients suffer from increased genomic instability (8). Errors in the proper functioning
of SCC lead to frequent improper segregation of chromosomes which eventually results
in aneuploidy (9). Evidence suggests indirect implications of Hsp90 inhibition for sister
chromatid cohesion. It has been found that the Hsp90-Sgt1 chaperone-cochaperone
complex modulates the kinetochore assembly by providing stability to the Mis12
complex (10). However, Mis12 is a bona fide kinetochore protein and is not involved in
sister chromatid cohesion. A recent study has shown that Hsp90 functional loss is linked
to aneuploidy (11), but whether the effect of Hsp90 inhibition on chromosome segre-
gation is because of instability of any component of the SCC machinery has not been
studied until now.

A genome-wide screen by Zhao et al. in 2005 has revealed several interactors with
Hsp90 (12); however, interaction with Chl1 could not be detected. Interestingly, in
another screen with the N-terminal domain of Hsp90, Chl1 protein was found to
interact. Earlier, it has been demonstrated that the chl/7 mutation induces mitotic
chromosome loss and is responsible for increased frequency of spontaneous mitotic
recombination (13). Chl1 has been found to function as an establishment factor in the
cohesin complex responsible for efficient SCC (14). Its significant role in chromosome
segregation is evident from the studies which show that loss of Chl1p leads to reduced
retention of cohesin complex subunit (Scc1p) at centromeres, and Achl/T mutants lose
sister centromere cohesion in both S phase and G, phase (15). In mammals, ChIR1 is
found to be crucial for embryonic development and in preventing aneuploidy, as it is
required for binding of the cohesin complex to the centromere as well as the chro-
mosome arms (16). ChIR1 in humans is unique in its ability to resolve the DNA triplex
helix (17) and two-stranded antiparallel G quadruplex DNA (18) and thereby protects
the cells from genomic instability. Biallelic mutations in the CHLRT gene in humans have
been associated with the occurrence of the neurological disease termed Warsaw
breakage syndrome (WABS) (19). Another family of WABS was identified with a muta-
tion in the Fe-S domain (R263Q) of the chlrl gene which drastically reduces the
DNA-dependent ATP hydrolysis activity of ChIR1, and hence, its helicase activity is
significantly impaired (20). ATP binding mutants of both Chl1 (yeast) and ChIR1
(human) have been found to be compromised in their ability to perform the catalytic
function in chromosome segregation (19-22). Interestingly, recent studies have claimed
that under genotoxic stress conditions, the helicase activity of Chl1 is essential for its
recruitment to the replisome but is dispensable for its function in SCC (23). A wide
range of functions performed by this protein makes it an important target of study
regarding its activity and regulation.

Sister chromatid cohesion is a crucial determinant of genome integrity as it facili-
tates the accurate flow of genetic material to daughter cells via faithful segregation of
chromosomes and thereby provides the homologous template for DNA repair to occur.
Among the cohesion establishment factors, Chl1 acts at the interface between DNA
repair and sister chromatid cohesion. Its participation in DNA repair was reported in
2006 (24), where Achll mutants displayed hypersensitivity toward DNA-damaging
agents. A study also suggests a more direct role of Chl1 and Ctf4 in homologous
recombination (HR) repair, which is not directed via the establishment of SCC (25).
ChIR1 depletion leads to the accumulation of DNA damage, and the defects are
observed in the repair of DNA double-strand breaks during DNA replication (26).

Keeping in view the role of Hsp90 in the maintenance of genome integrity and the
vital role of Chl1 and ChIR1 in efficient DNA repair, we intended to ask whether Hsp90
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is essential for Chl1 stability and in mediating chromosome segregation and sister
chromatid cohesion. To this end, we have used Saccharomyces cerevisiae as a model
organism. We were able to show that Hsp90 and Chl1 physically interact, and using a
yeast two-hybrid assay, we have determined the domains of Chl1 which are required
for maintaining such interaction. Our study demonstrates that Hsp90 inhibition leads to
the degradation of Chl1 and hence causes the abrogation of Chl1-dependent sister
chromatid association and alters faithful segregation of chromosomes.

RESULTS

Inhibition of Hsp90 function causes destabilization of Chl1 and promotes its
proteasomal degradation. In order to understand the role of Hsp90 in Chl1-mediated
proper segregation of chromosomes, we first set out to determine whether yeast Hsp90
(yHsp90) is required for Chl1 stability. Yeast has two paralogs of Hsp90: Hsp82, which
is the inducible form, and Hsc82, which is the constitutively expressed form. Hence, to
figure out the effect of yHsp90 on Chl1p, the steady-state level of Chl1p was studied
under single-knockout conditions as Ahsp82 and Ahsc82 mutants. Western blot analysis
was performed to investigate the steady-state level of Chl1 (Fig. 1A). The quantification
of band intensities in Fig. 1B shows that under single-knockout conditions, i.e., Ahsp82
and Ahsc82 mutants, the levels of Chl1p remain unaffected. This observation can be
attributed to the functional redundancy observed between the two isoforms of Hsc82
and Hsp82. To overcome the obstacle of functional redundancy of Hsp82 and Hsc82,
we treated the cells with 40 uM 17-AAG for 18 h to inactivate both the isoforms. The
Western blot analysis of 17-AAG-treated cells is compared with that of the untreated
cells, and Fig. 1C shows that Chl1 levels are significantly reduced in treated cells. The
quantification of band intensities in Fig. 1D reveals that the steady-state level of Chl1p
is reduced by 3-fold under the condition where the yHsp90 function is lost. However,
there is no reduction in the CHLT transcript under such a condition (Fig. 1E). It was
earlier established that inhibition of Hsp90 induces proteasomal degradation of the
proteins that are Hsp90 clients (27). So, we monitored Chl1 protein level in the presence
and absence of proteasome degradation pathway inhibitor MG132 (Fig. 1F). For this
experiment, we have used a temperature-sensitive strain, iG170Dhsp82 (28), which is a
double knockout for endogenous Hsc82 and Hsp82 and harbors a TS (temperature-
sensitive) mutant of hsp82 at the HIS3 gene locus under the noninducible GPD
(glyceraldehyde-3-phosphate dehydrogenase) promoter. This copy bears an alteration
of glycine to aspartic acid at a conformationally restrictive position which leads to an
improper folding of Hsp82 at a high temperature such as 37°C. Consequently, the
function of Hsp82 is compromised at 37°C; however, at a lower temperature such as
25°C, the strain behaves as wild type, keeping the Hsp82 function intact. We incubated
the strain at 37°C with a potent proteasome inhibitor, MG132, at the concentration of
50 wM. The protein extract was isolated from the cells growing under three condi-
tions—at 25°C (wild-type condition), 37°C (Hsp90 loss-of-function condition), and 37°C
with MG132 supplementation in the medium (proteasome inhibition along with Hsp90
functional loss). Hsp90 level was used as a loading control, because in this strain Hsp90
is expressed from a plasmid under the control of the constitutively expressed GPD
promoter. Thus, its level should not change at a different temperature or with MG132
treatment. Upon analyzing the Western blot, we have found that MG132 treatment
resulted in the accumulation of Chl1, which supports the idea that the proteasome
pathway is involved in regulating basal levels of Chl1 (Fig. 1F). To confirm the efficiency
of treatment by MG132, Rad51 (client of Hsp90) levels were monitored under the same
conditions, and we observed that Rad51 levels are also accumulated upon MG132
treatment, which accords with our previous finding (6). Taken together, these data
suggest that Hsp90 chaperone activity is required to maintain the endogenous level of
Chl1 and that inhibition of Hsp90 function induces the proteasomal degradation of
Chl1. We did not, however, observe any reduction in the CHLT transcript in the
iG170Dhsp82 strain while it was grown at the restrictive and permissive temperature
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FIG 1 Inhibition of Hsp90 function causes destabilization of Chl1 and promotes its proteasomal degradation. (A) Western blot analysis shows the steady-state
levels of Chl1 under single-knockout conditions of either form of yHsp90. Actin acts as a loading control. WT, wild type. (B) Quantification of the band intensities
shows that Chl1 level remains unchanged under the conditions mentioned above. The band intensities in each lane are normalized against actin, and mean
densities = SDs are plotted. N.S., not significant. (C) Western blots revealing the effect of 17-AAG on the stability of Chl1 compared to the untreated condition.
UT, untreated; T, treated. (D) Quantification of the band intensities from three different experiments displays 3-fold reductions in the level of Chl1 upon loss
of function of Hsp90. The band intensities are normalized against actin, and mean densities = SDs are plotted. (E) Semiquantitative reverse transcription-PCR
analysis showing no effect on CHLT transcript levels under 17-AAG-treated condition normalized against ACTIN. (F) Western blot analysis showing the
reaccumulation of Chl1 upon the inhibition of the proteasome degradation pathway when Hsp90 is nonfunctional. The experiment was carried out in a
temperature-sensitive strain at permissive and restrictive temperatures. Levels of Hsp90 remain unaffected owing to its regulation under the noninducible GPD
promoter. (G) Semiquantitative reverse transcription-PCR analysis showing no effect on CHLT transcript levels under permissive and restrictive temperatures
normalized against ACTIN.

(Fig. 1G). Thus, it suggests that destabilization of Chl1 is likely the major mechanism for
ChlI1 loss under the Hsp90-inactivated condition.

Hsp90 physically interacts with Chl1. In view of being a client of Hsp90, the
protein must physically interact with Hsp90. To study whether Chl1 exhibits physical
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FIG 2 Hsp90 physically interacts with Chl1. (A) Coimmunoprecipitation data showing the interaction of Hsp90 with Chl1. The pulldown assay was performed
with anti-Hsp90 antibody as well as with preimmune sera, and the assay mixture was immunoblotted with anti-Myc antibody to probe Chl1. IP, immunopre-
cipitate; SN, supernatant. (B) The right panels show yeast two-hybrid analysis exhibiting the extent of the interaction between Hsp90 and different constructs
of Chl1. To study the protein-protein interaction, equal numbers of cells were serially diluted and spotted on medium lacking uracil, leucine, and histidine. The
left panels show various combinations of bait and prey vectors. They show that all the strains are viable under normal conditions. In the right panels, growth
is displayed only by the strains harboring Hsp90-bait vector and Chl1-prey vector, which indicates that interaction exists between these proteins. (C) Schematic
representation of the domain organization of full-length Chl1 and different truncated versions created for interaction analysis with Hsp90. P, PEST sequences.

(D) Interaction evaluated according to growth in triple dropout medium: strong (++), weak (+), or no (—) interaction.

interaction with Hsp90, we performed a coimmunoprecipitation (Co-IP) assay. The
result demonstrated that a significant amount of Chl1 protein is associated with Hsp90.
However, the control strain lacking Chl1 showed no detectable background, although
a significant proportion of Hsp90 was immunoprecipitated from cellular extract
(Fig. 2A). The interaction between Hsp90 and Chl1 was further validated using yeast
two-hybrid (Y2H) analysis. Full-length CHLT was cloned into a prey vector (pGADCT),
and full-length HSP90 was cloned in a bait vector (pGBDUCT). After transformation of
these plasmids into the PJ69-4A strain, the transformants were scored for interaction on
synthetic medium plates lacking histidine (for HIS3 reporter gene activity). The results
indicate that Chl1 interacts with Hsp90 (Fig. 2B, panel I). To map the domains of Chl1
which are crucial for interaction with Hsp90, we cloned four truncated regions of CHL1
in the pGADCT vector. The schematic representation is given in Fig. 2C. The first
construct comprises the N-terminal 466 amino acids of Chl1 (N-466) (29). This will
express domain | (Walker A motif) and domain Il (Walker B motif) of the Chl1 protein,
which contain its ATP binding domain. Between domain | and domain Il, there are two
PEST sequences (P1 and P2), the presence of which reduces the stability of a protein.
The second construct comprises 648 amino acids of Chl1 (C-648) that express domains
I, I, and IV of Chl1 protein. Thus, it lacks the Walker A motif along with two PEST
sequences. The third construct contains domain Ill and domain IV of Chl1. The fourth
construct comprises the last 160 amino acids containing the C-terminal domain, which
expresses domain V. We transformed four different constructs of chl7-fused prey
vectors to PJ69-4A cells harboring pGBDUCT/HSP90, and they were plated in synthetic
medium lacking histidine (Fig. 2B, panel Ill). We observed substantial interaction when
domains I, I, and IV were present. We also found feeble interaction when domains llI
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and IV were present. However, the presence of domains | and Il together was not
sufficient to ensure interaction. Similarly, domain IV alone did not show any interaction.
The extent of interaction between various truncated forms of Chl1 and Hsp90 is
schematically represented (Fig. 2C). From our experiments, it can be concluded that
there are several contact points between Chl1 and Hsp90 which span domains Il, Ill, and
IV of Chl1. Deletion of any part of this region eliminates the strong interaction between
Chl1 and Hsp90.

Inhibition of Hsp90 function exhibits a defect in chromosome segregation to
the same extent as that of the chl1 deletion mutant. Chl1 prevents chromosome loss
from the cells, and Hsp90 has been associated with the chromosome loss phenotype
earlier (11). However, we wanted to determine whether the extent of chromosome loss
under the 17-AAG treatment condition is similar to what would occur under the Achl1
condition. To that end, we used an assay strain where one nonessential chromosome
was inserted which carries a SUPT1 gene that suppresses ade2 mutation of the assay
strain (30). Retention of the extra chromosome (the 17th chromosome) allows the cell
to bypass the ade2 null phenotype, and the cells grow as a white colony. However, the
loss of the extra chromosome (the total number of chromosomes is 16) produces a
red-pigmented phenotype like that of the Aade2 mutant, implying loss of SUP11. This
strain was made AchlT to score for the frequency of chromosome loss under such
conditions. The PDR5 gene was knocked out to ensure the uptake of 17-AAG. The
frequency of first-division chromosome loss was evaluated for this experiment. Fig-
ure 3A shows the schematic representation of chromosome loss assay with the possible
outcome of the different-color colonies. Figure 3B represents the images of the kinds
of colonies obtained under different conditions, i.e., wild-type cells, 17-AAG-treated
cells, and Achl1 cells. The first two panels show more than or at least 50% red colonies,
which implies first-division chromosome loss, and these were the kinds of colonies
taken into account. The third and fourth images correspond to the colonies which were
excluded from the analysis as they were either a completely red colony or less than 50%
red sectored, implying that the chromosome loss happened either before plating or
later than first division. Upon analysis, we found that the frequency of first-division
chromosome loss obtained for the Achl7 and Hsp90 inhibition conditions was 4- and
5-fold higher than the wild type, respectively, but similar to each other (Fig. 3C). Next,
we wanted to determine whether the interaction between Chl1 and Hsp90 is crucial for
the chromosome segregation function of Chl1. Earlier, it had been demonstrated that
the ATP binding site of Chl1 is essential for chromosome segregation (31). However, it
is not known whether other domains of Chl1 are required for chromosome segregation.
To decipher that, we expressed truncated Chl1 (domain I and ) in the Achl7 strain and
performed a chromosome loss assay. We generated isogenic positive and negative
controls by expressing full-length Chl1 and empty vector in the Achl1 strain. Our result
shows that the absence of the Hsp90-interacting region of Chl1 causes a 4-fold increase
in chromosome loss compared to the full-length Chl1 (Fig. 3D). Thus, the presence of
the ATPase domain (domains | and Il) alone is not sufficient to prevent chromosome
loss. The presence of the entire Hsp90-interacting domain (domains Il to IV) is also
required.

Inhibition of Hsp90 is associated with a reduction in sister chromatid cohesion.
Since the stability of Chl1 depends upon Hsp90, we wanted to investigate whether the
loss-of-function mutation of Hsp90 would affect Chl1 function in sister chromatid
cohesion. Chl1 is known to promote the loading of Scc2 and cohesion proteins on DNA
and thereby plays a critical role in sister chromatid cohesion (32). The strain lacking ch/1
exhibits severe chromosome segregation and cohesion defects (13, 14). We intended to
assess sister chromatid dissociation upon Hsp90 inhibition. For this purpose, we used
a strain, NKY4, where TET operator sites are integrated at the URA3 location at
chromosome V. Expression of red fluorescent protein (RFP)-tagged Tet repressor pro-
tein (RFP-TetR) allows the visualization of the sister chromatids. The illustration of the
principle behind this assay is shown in Fig. 4A. We have tagged the Myc epitope at the
chromosomal locus of PDST so that we can use indirect immunofluorescence to
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FIG 3 Inhibition of Hsp90 function exhibits a defect in chromosome segregation to the same extent as that of the chl/1 deletion mutant. (A) Schematic
representation of the chromosome loss assay, indicating the possible outcome of different-color colonies. (B) Representative images of the colonies obtained.
The black arrows indicate the colony with first-division chromosome loss; the yellow arrows show the colonies that are not considered for the analysis, as a
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avavyd3dAH 40 ALISHIAINN ¥& 1202 ‘91 ydJtep uo /Bio wse alaydswy/:dny wolj papeojumoq

visualize Pds1 expression as a marker for preanaphase cells. We knocked out ch/7 from
the assay strain, which was used as the negative control in our assay. To determine the
effect of Hsp90 inhibition on sister chromatid cohesion, we treated the assay strain with
17-AAG. In order to achieve maximum uptake of 17-AAG, PDR5 was knocked out in the
assay strain. To assay for the cohesion defect, we used the nocodazole-arrested
wild-type strain, the 17-AAG (Hsp90 inhibitor)-treated strain, and the Achl7 strain. To
verify that cells were arrested at the preanaphase stage, we monitored cell morphology
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FIG 4 Inhibition of Hsp90 is associated with a reduction in sister chromatid cohesion. (A) Illustration of the principle behind the assay. The mRFP (monomeric
red fluorescent protein) molecule fused with the Tet repressor indirectly labels the chromosome, which can be visualized under the confocal microscope. The
cells are arrested with nocodazole at preanaphase. After duplication of chromosomes, if the sister chromatids are associated, then that will appear as one red
focus, and if they are dissociated, then that will appear as either two distinct foci or one diffused focus. (B) Representative images for different strains (wild type,
Achl1, and 17-AAG treated) are shown. The top panel shows the cells in bright field. The second panel depicts the associated/dissociated sister chromatids
marked by red foci which are indicated by yellow arrowheads in a single cell. The third panel shows the expression of Pds1p as marked by green fluorescence.
The bottom panel shows the merged image. DIC, differential interference contrast. (C) Graph showing average percentage of cells displaying dissociated sister
chromatids from three different sets of experiments. For each strain, at least 1,000 cells were counted. The error bars represent standard deviations. The Western
blot panel at right confirms that Chl1 protein levels are diminished upon Hsp90 inhibition by 17-AAG treatment. UT, untreated; T, treated.

and Pds1 expression. Pds1-positive cells were monitored for RFP-tagged chromosomal
loci. The wild-type cells predominantly produced single red dots, indicating that sister
chromatids are tightly associated. On the other hand, Achl/7 cells mostly showed two
closely spaced dots, indicating that the sister chromatids are dissociated (Fig. 4B). Our
study showed that in wild-type cells only 17% of sister chromatids are dissociated,
whereas the Achll strain showed 35% sister chromatid dissociation. These results
strongly corroborate previous reports (14), suggesting that the assay system is repro-
ducible. Once the assay was established, we wanted to investigate the effect of Hsp90
inhibition on sister chromatid cohesion. We observed that 17-AAG treatment causes a
significant increase in the amount of sister chromatid dissociation (about 38%) (Fig. 4C),
which is comparable to that found in the case of Achll strains. The accompanying
Western blot in this figure confirms that Chl1 is significantly destabilized upon 17-AAG
treatment. These data put forward the critical role of Hsp90 in preventing missegre-
gation of chromatids among daughter cells under normal conditions.

DISCUSSION
In recent years, several studies have established the important role of Hsp90 in
maintaining genome integrity. Multiple components of DNA double-strand break repair
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pathways have been demonstrated to be the direct client of Hsp90 (5). In this work, we
have established for the first time that Chl1, one of the major components of sister
chromatid cohesion machinery, serves as a bona fide client of Hsp90. Genome-wide
yeast hybrid screens identified that the N-terminal domain of yHsp90 (1 to 220 amino
acids) interacts with Chl1, but such studies failed to detect any interaction with the
full-length Hsp90 (12). Our study demonstrates that the full-length Hsp90 could also
associate itself with Chl1. We have also confirmed the physical association between
Chl1 and Hsp90 using coimmunoprecipitation. Hsp90 shows a variable degree of
association with its clients. Some of the clients like heat shock factor, steroid hormone
receptors, Rad51, etc., remain associated with Hsp90 to maintain their functional form.
However, Hsp90 kinase clients are primarily associated with Hsp90 through transient
interaction, and once chaperoned, they are readily released from Hsp90 as a functional
protein. As a result, they are not detectable in coimmunoprecipitation (33). In the case
of Chl1, we found that a significant proportion of Chl1 remains associated with Hsp90
as detected in coimmunoprecipitation. This indicates that Chl1 requires continuous
association with Hsp90 to main its stability.

The exquisite importance of Chl1 in cohesion establishment came into light when
it was shown to play a role in the Ecol-independent cohesion stabilizing pathway. Chl1
and Ctf4 (cohesion establishment factors) contribute to cohesion establishment in a
way distinct from the mere cohesin stabilization on the chromosomes (34). This study
describes the importance of the contribution of Chl1 in sister chromatid cohesion. Our
results for the first time demonstrate that the stability of Chl1 depends on Hsp90 and
inhibition of Hsp90 leads to sister chromatid dissociation. We do not rule out the
possibility that 17-AAG-mediated increased percent sister chromatid dissociation may
occur due to the inactivation of additional clients of Hsp90 in the cohesion family.
However, the fact that Hsp90 inhibition also results in a defect in chromosome
segregation strongly suggests that Chl1 is one of the main clients of Hsp90 that
controls aneuploidy, as the mutation of Chl1 has been shown to produce defects in
both chromosome segregation and sister chromatid cohesion. To establish specificity
toward Hsp90 inhibition and Chl1 stability, we tried to overexpress Chl1 under the
Hsp90-inactivated condition and look for the reversal of phenotype. However, our work
showed that the overexpression of Chl1 manifests a dominant negative effect (data not
shown). It may be possible that a higher abundance of Chl1 may have detrimental
effects on the cell. This may be explained by the presence of two PEST sequences at the
amino-terminal domain of Chl1 which destabilize the protein. Our study also shows
that the interaction between Hsp90 and Chl1 is essential for Chl1-dependent chromo-
some segregation. This conclusion is derived from our finding that in cells harboring
truncated Chl1, where Hsp90-interacting domains are absent, the chromosome loss
frequency is comparable to that of cells devoid of Chl1, and it is enhanced by 4-fold
compared to the cells harboring wild-type Chl1. However, we cannot formally rule out
the possibility that the truncated version of the Chl1 protein might lack other important
but unidentified domains which might be required for Chl1-mediated chromosome
segregation.

Earlier studies have shown that CHLT-deficient cells are more sensitive to DNA-
damaging agents such as methyl methanesulfonate (MMS) and UV radiation than are
the wild-type cells (35). Thus, any condition that destabilizes Chl1 should also reduce
cell survivability under DNA-damaging conditions. Previously, we have also observed
that the HSP90-inactivated condition causes sensitivity toward DNA-damaging agents
in S. cerevisiae (6), and our work established that the important proteins of homologous
recombination such as Rad51 and Rad52 are destabilized under such conditions. As the
establishment of sister chromatid cohesion is essential for HR, destabilization of Chl1
may also be responsible for inefficient HR and decreased survivability under DNA-
damaging conditions. Since Hsp90 may have several clients involved in the DNA repair
pathway, we have monitored specialized functions of Chl1 under the Hsp90-inactivated
condition. The increased frequency of chromosome loss, as well as increased frequency
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of sister chromatid dissociation, pinpoints that Chl1 function is lost specifically under
the Hsp90-inhibitory condition.

The deregulated activity of Chl1/ChIR1 has been associated with cancer. The dereg-
ulated expression of ChIR1 leads to its amplification in a variety of tumors like
melanomas, breast cancer, ovarian cancer, and pancreatic and lung cancer. Our study
has important implications for cancer therapy as recent studies have shown that
inhibition of sister chromatid cohesion along with anaphase-promoting complex
(APC/c) leads to the fetal mitotic arrest in several cancer cell lines (36). Thus, under-
standing the molecular mechanism of how Hsp90 controls the cohesion machinery
might reveal new target molecules within the cohesion family, which can be explored
further to understand the molecular mechanism of formation/development of tumors
in humans.

MATERIALS AND METHODS

Plasmids. The plasmids used for yeast two-hybrid assays were pGBDUCT as the bait vector and
PGADCT as the prey vector (37). We have amplified the full-length HSP82 using the primer pairs OSB 21
and OSB 22 and cloned it into the bait vector. Similarly, the full-length CHLT and truncated versions of
chl1 were amplified using the primer pairs OSB 90-OSB 91, OSB 90-OSB 381 (which amplifies bp 1 to 1398
of chlT), OSB 382-0SB 91 (which amplifies bp 640 to 2586 of chl7), OSB 383-OSB 91 (which amplifies bp
1825 to 2586 of chl1), and OSB 384-OSB 91 (which amplifies bp 2074 to 2586 of chl1), generating
full-length CHL1, chl1-N466, chl1-C648, chl1-C253, and chl1-C170 (as presented in Fig. 2C), respectively,
and cloned into the prey vector. Full-length CHLT and chl1-N466 were subcloned into 2 yeast expression
vector pLA, which expresses CHLT under the control of the GPD promoter. The C-terminal MYC tagging
of CHL1 at the chromosomal locus was done by using pFA6a-13MYC-KANMX and pFA6a-13MYC-TRP
vectors (38) as a template. The primers used for MYC tagging of CHL1 and confirmation of the tag were
OSB 78, OSB 79, and OSB 80, respectively. The knockout of CHL1 was achieved by using pFA6a-TRP and
pFA6a-HIS vectors as the templates and primers OSB 107 and OSB 108 (38). To confirm the generation
of the Achl1 knockout strain, OSB 109 and OSB 108 were used. To knock out PDR5, the knockout cassette
pFA6a-TRP (38) was amplified using the primer pairs OMKB 411 and OMKB 412. The Apdr5 knockout
strain was confirmed using the primer pair OMB 413 and OSB 290. Another strategy taken up to knock
out PDR5 in NKY2 was the amplification of the knockout cassette at the PDR5 locus from the SLY89 strain
using the primers OSB 318 and OSB 319. For the amplification of CHLT cDNA, we have used the OSB 160
and OSB 91 primer pair, and for the amplification of ACTIN cDNA, the primer pair OSB 16 and OSB 14 was
used. Sequences of all the primers used in this paper are shown in Table 1.

Yeast strains. The strains used in this study are listed in Table 2. For monitoring the level of Chl1,
we incorporated the MYC tag at the C-terminal end of CHLT in isogenic wild-type, Ahsc82, and Ahsp82
strains and in the temperature-sensitive iG170Dhsp82 strain to generate NKY2, NKY39, NKY40, NKY41, and
NKY45 strains. To determine the level of Chl1 in the presence of 17-AAG, we knocked out PDR5 from the
NKY2 strain to generate NKY43, so that maximum uptake of 17-AAG is ensured. For the sister chromatid
cohesion assay, we used NKY4 as a parental strain. To visualize the expression of PDST under our assay
condition, we MYC tagged PDST in NKY4 to generate NKY9. To perform the sister chromatid cohesion
assay in the presence of 17-AAG, PDR5 was knocked out in NKY9 to generate NKY61. Also, to perform the
same in the absence of CHLT, CHLT was knocked out from NKY9 to generate NKY62. The parental strain
used for chromosome loss assay is YMH58a. CHLT and PDR5 knockouts were created in this background
to generate NKY46 and NKY47, respectively. We have transformed truncated Chl1 (pLAchl1-N466),
full-length Chl1, and empty vector individually to the NKY46 strain to create SBY1, SBY2, and SBY3 strains,
respectively. To perform yeast two-hybrid analysis, the PJ69-4A strain was employed (37). We have
transformed pGBDUC1/HSP82 and pGADCI1/CHLT into the PJ69-4A strain to generate NKY49. The trans-
formants were selected in medium lacking uracil and leucine. In order to check for self-activation of bait
and prey fusion products, NKY48, NKY50, and NKY51 were created. To map the domains of Chl1 that are
responsible for interaction with Hsp90, we have transformed four truncated chl7-prey vectors,
PGADCIchl1-N466, pGADCI1chl1-C648, pGADC1chl1-C253, and pGADCI1chl1-C170, to the pGBDUCTHSP90-
containing strain to generate NKY56, NKY57, NKY58, and NKY59, respectively. For checking self-activation
of the truncated chl1-prey vectors, NKY52, NKY53, NKY54, and NKY55 strains were generated.

Treatment with inhibitors. For treatment with 17-AAG, the cells were grown until they reached an
optical density at 600 nm (ODg,,) of 0.3 at 30°C. Next, we added 17-AAG at the working concentration
of 40 uM and cells were allowed to grow overnight. In the case of experiments which required
mid-log-phase cells, a secondary inoculum was given the next day in the presence of 17-AAG, and the
cells were grown until the required ODg,, was reached. For treatment with MG132, the NKY45 strain was
grown at 37°C overnight in the presence of MG132 at the working concentration of 50 uM.

Western blotting. For protein extraction, exponentially growing cells of the strains NKY2 and NKY43
were taken. To achieve the functional loss of Hsp82 in NKY45 strains, one batch of cells was grown at
37°C overnight, and the other batch of cells was allowed to grow at 25°C. Equal amounts of cells were
finally harvested, and protein was isolated from them by the trichloroacetic acid (TCA) method and
subsequently followed for Western blotting (39). The antibodies used were mouse anti-Act1 antibody
(Abcam) and mouse anti-Hsp82 antibody (Calbiochem) at 1:5,000 dilutions. Rabbit anti-Myc antibody
(Abcam) was used at 1:8,000 dilutions. For secondary antibodies, horseradish peroxide-conjugated
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TABLE 1 Primers used in this study

mSphere’

Primer name Sequence Purpose
0SB 90 5" CTG TGG ATC CAT GGA CAA AAA GGA ATA TTC 3’ Forward primer used to amplify full-length CHL1
0SB 91 5" CGA TGT CGA CTT AGC GTG AAT TCA GGC TGC 3’ Reverse primer used to amplify full-length CHLT
0SB 78 5" AAC ACG GAA GTT TTT TTC AAT GCG CAG CCT GAA Forward primer used to generate MYC tag

TTC ACG CCG GAT CCC CGG GTT AAT TAA 3/ at the C-terminal end of CHLT at the chromosomal locus
OSB 79 5" ATA TAG TAG TAA TCA CAG TAT ACA CGT AAA CGT Reverse primer used to generate MYC tag

ATT CCT TGA ATT CGA GCT CGT TTA AAC 3’ at the C-terminal end of CHLT at the chromosomal locus
OSB 80 5’ CGG CAT GCA AAT GAT TAC GC 3’ Forward primer used to confirm MYC tagging of CHL1
0SB107 5" GTA GAA AAC CAG GCT AAA AAC AGT CAC ACT Forward primer used for CHLT knockout

AGT CCA AAA ACG GAT CCC CGG GTT AAT TAA 3/
0SB 108 5’ ATA TAG TAG TAA TCA CAG TAT ACA CGT AAA CGT Reverse primer used for CHL1 knockout

ATT CCT TGA ATT CGA GCT CGT TTA AAC 3’
OSB 109 5’ CGT AAC CAC AGA GTT GAG GTA G 3’ Forward primer used for CHLT knockout confirmation
OMKB 411 5" AAG TTT TCG TAT CCG CTC GTT CGA AAG ACT TTA Forward primer used for PDR5 knockout

GAC AAA ACG GAT CCC CGG GTT AAT TAA 3’ using pFA6a-TRP plasmid
OMKB 412 5" TCT TGG TAA GTT TCT TTT CTT AAC CAA ATT CAA Reverse primer used for PDR5 knockout

AAT TCT AGA ATT CGA GCT CGT TTA AAC 3’ using pFA6a-TRP plasmid
OMKB 413 5" AAG TCA CGC AAA GTT GCA AAC 3’ Forward primer used for confirmation of PDR5 knockout
0SB 290 5’ CCG TAA TCA TTG ACC AGA GCC 3’ Reverse primer used for confirmation

of PDR5 knockout using pFA6a-TRP plasmid

0SB 318 5’ CTG TTG AAC GTA ATC TGA GC 3’ Forward primer used for PDR5 knockout from SLY89 strain
OSB 319 5" TTC TCG GAA TTC TTT CGG AC 3’ Reverse primer used for PDR5 knockout from SLY89 strain
OSB 160 5" GGA AGA GGA AGC TTC ACG AG 3’ Forward primer used to amplify CHLT for semiquantitative PCR
OSB 91 5" TTA GCG TGA ATT CAG GCT GC 3’ Reverse primer used to amplify CHLT for semiquantitative PCR
0SB 16 5" TGA CCA AAC TAC TTA CAA CTC C 3’ Forward primer used to amplify ACTT for semiquantitative PCR
OSB 14 5" TTA GAA ACA CTT GTG GTG AAC G 3’ Reverse primer used to amplify ACTT1 for semiquantitative PCR
OSB 381 5" TAT TTC TTG TCC TAT CTT C 3/ Reverse primer used to amplify N-466 of chl/1
OSB 382 5’ TCG AGA GAT CCA AAC AAT GGC 3’ Forward primer used to amplify C-648 of chl1
0SB 383 5" TCG TGC AAT CAT GTT ATA CCG 3’ Forward primer used to amplify C-253 of chl1
OSB 384 5" GTG AGG AAA ATA TTC TAT GAA GC 3’ Forward primer used to amplify C-170 of chl1

anti-rabbit antibody (Promega) and anti-mouse antibody (Santa Cruz Biotechnology Inc., CA, USA) were
used at 1:10,000 dilutions. The Western blots were developed using a chemiluminescent detection
system (Pierce). The bands on the blots were quantified using ImageJ software, and the relative densities
thus obtained were plotted using GraphPad Prism 6 software. The mean values from three independent
experiments were plotted (+ standard deviation [SD]).

RNA isolation and semiquantitative PCR. RNA isolation and cDNA preparation from two batches
of NKY1 strains were performed by growing the strain at 25°C and 37°C overnight, respectively. The cells
corresponding to an ODg,, of 10 were harvested, and total RNA was then isolated by using the acid
phenol method as described previously (39). The cDNA was synthesized in the same way as depicted in
the above reference and then subjected to PCR amplification (27 cycles) with gene-specific primers to
score for CHL1 transcription by amplifying 262 bp at the 3" end of the transcript. As a normalization
control, the ACTT transcript was amplified, corresponding to 307 bp.

Co-IP assay. Wild-type and Achl1 cells were grown until mid-logarithmic phase in 10 ml medium. We
performed the coimmunoprecipitation (Co-IP) assay using the protocol described previously (6). The
anti-Hsp82 antibody was used to immunoprecipitate Hsp82. Western blotting was then performed with
the immunoprecipitate obtained along with the supernatant and total cellular protein of the cell serving
as input. The membrane was probed with anti-Myc antibody to witness the physical interaction between
Hsp90 and Chl1. The control antibody used for Co-IP was rabbit IgG.

Yeast two-hybrid analysis. For yeast two-hybrid analysis, HIS3 reporter gene expression was
monitored as the readout of protein-protein interactions. The cells were grown to an ODg, of 0.5 and
then subjected to serial dilutions. The diluted cells were then spotted simultaneously on two plates: one
lacking uracil and leucine and the other lacking uracil, leucine, and histidine. Growth on these plates was
scored after 5 days of incubation at 30°C. The self-activation was scored for baits in PJ69-4A, and the lack
of growth ensured that the bait fusions did not lead to self-activation.

Sister chromatid cohesion assay. The percentage of sister chromatid cohesion was determined by
indirect immunofluorescence. The NKY61 and NKY62 strains were grown until reaching an OD,,, of 0.2
in an appropriate selective medium. Nocodazole was then added at the final concentration of 15 pg/ml,
and the cells were allowed to grow for 1.5 h to 2 h to achieve a high number of budding cells, which
was confirmed by observing them under the microscope. After the complete arrest of a maximum
number of cells, 107 to 108 cells from each strain were harvested by centrifugation. The spheroplasts were
fixed on a slide with poly-L-lysine (Sigma) and incubated with anti-RFP as primary antibody at a dilution
of 1:200 (Allied Scientific) overnight at 4°C. This step was followed by washing the slide five times with
buffer W.T. (1% nonfat dry milk, 200 mM NaCl, 50 mM HEPES-KOH, pH 7.5, T mM NaNj, 0.1% Tween 20).
Incubation with anti-goat-Alexa Fluor 594 (Invitrogen catalog no. A-11032) at 1:200 dilutions was carried
out for 90 min in the dark. The samples were then washed with buffer W.T. five times. Slides were covered
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TABLE 2 Yeast strains used in this study
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Strain Genotype Source or reference
W303«a MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 This study
NKY39 MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 VIIL:ADE2 CHL1-13MYC:TRP This study
NKY40 MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 VIIL::ADE2 HSC82:KAN" CHL1-13MYC::TRP This study
NKY41 MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 VIIL::ADE2 HSP82:KAN" CHL1-13MYC::TRP This study
NKY43 MAT« 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 CHL1-13MYC:TRP Apdr:loxP-leu2-loxP This study O
NKY2 MAT« 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 CHL1-13MYC::TRP This study g
NKY3 MAT« 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3 chl1::TRP This study S
SLY89 Ahsc82:kanMX4Ahsp82:kanMX4/piHGpd-G170Dhsp82-HIS Apdr:loxP-leu2-loxP This study o
trp1-289 leu2-3,112 his3-A200URA 3-52 ade2-101Ac lys2-801 am Q
NKY45 Ahsc82:kanMX4Ahsp82:kanMX4/piHGpd-G170Dhsp82-HIS Apdr::loxP-leu2-loxP trp1-289 This study %
leu2-3,112 his3-A200URA 3-52 ade2-101Ac lys2-801 am CHL1-13MYC::TRP o
7D MATa 7D MATa SPC29-CFP:KAN mRFP-TETR URA3:TETO Gift from Santanu K. Ghosh =
GFP-LACI:LEU2 YCPlac112GAL CEN LACO-TRP1 o
NKY4 7D MATa SPC29-CFP:KAN mRFP-TETR URA3:TETO GFP-LACI:LEU2 YCPlac112GAL This study 3
NKY9 7D MATa SPC29-CFP:KAN mRFP-TETR URA3:TETO This study =
GFP-LACI:LEU2 YCPlac112GAL PDS1-13MYC::TRP ol
NKY61 7D MATa SPC29-CFP::KAN mRFP-TETR URA3:TETO This study Q
GFP-LACI:LEU2 YCPlac112GAL PDS1-13MYC:TRP pdr5:HIS3 3
NKY62 7D MATa SPC29-CFP:KAN mRFP-TETR URA3:TETO This study n
GFP-LACI:LEU2 YCPlac112GAL chl1:HIS3 PDS1-13MYC::TRP -g—
YMH58a MATa 15ade2-1 ura3-1,112 his3-11 trp1-1 leu2-3 CFIll (CEN3.L.YMH58) URA3 SUPT1 Gift from Akash Gunjan D
NKY46 MATa 15ade2-1 ura3-1,112 his3-11 trp1-1 leu2-3 CFIll (CEN3.L.YMH58) URA3 SUP11 chl1:TRP This study C_I;
NKY47 MATa 15ade2-1 ura3-1,112 his3-11 trp1-1 leu2-3 CFlll (CEN3.L.YMH58) URA3 SUP11 pdr5::TRP This study ®
SBY1 MATa 15ade2-1 ura3-1,112 his3-11 trp1-1 leu2-3 This study 0
CFIll (CEN3.L.YMH58) URA3 SUP11 chl1:TRP pLAchl1-N-466 3
SBY2 MATa 15ade2-1 ura3-1,112 his3-11 trp1-1 leu2-3 This study 2
CFIll (CEN3.L.YMH58) URA3 SUP11 chl1:TRP pLACHL1 Q
SBY3 MATa 15ade2-1 ura3-1,112 his3-11 trp1-1 leu2-3 This study o
CFIll (CEN3.L.YMH58) URA3 SUP11 chl1:TRP pLA >
PJ69-4A MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A 37 =
gal80A LYS2: GAL1-HIS3 GAL2-ADE2 met2:GAL7-lacZ Q
NKY48 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A gal180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study o
met2:GAL7-lacZ pGBDUCT pGADC1 =)
NKY49 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study 6;
met2:GAL7-lacZ pGBDUC1/HSP82 pGADCI1/CHL1 -
NKY50 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A gal180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study 8
met2:GAL7-lacZ pGBDUC1/HSP82 pGADCT N
NKY51 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A gal180A LYS2:GAL1-HIS3 GAL2-ADE2 This study -
met2::GAL7-lacZ pGBDUCT pGADC1/CHL1 Q
NKY52 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A gal180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study cC
met2:GAL7-lacZ pGBDUCT pGADC1/chl1-N466 zZ
NKY53 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study Z
met2::GAL7-lacZ pGBDUCT pGADC1/chl1-C648 m
NKY54 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A ga180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study my)
met2:GAL7-lacZ pGBDUCT pGADC1/chl1-C253 w
NKY55 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A gal80A LYS2:: GAL1-HIS3 GAL2-ADE2 This study 3
met2:GAL7-lacZ pGBDUCT pGADC1/chl1-C170 <
NKY56 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study O
met2::GAL7-lacZ pGBDUC1/HSP82 pGADC1/chl1-N466 M
NKY57 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A ga180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study T
met2:GAL7-lacZ pGBDUC1/HSP82 pGADC1/chl1-C648 <
NKY58 MATa trpl-901 leu2-3,112 ura3-52 his3-200 gal14A gal180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study O
met2:GAL7-lacZ pGBDUC1/HSP82 pGADC1/chl1-C253 m
NKY59 MATa trpl-901 leu2-3,112 ura3-52 his3-200 ga14A gal180A LYS2:: GAL1-HIS3 GAL2-ADE2 This study g
met2::GAL7-lacZ pGBDUC1/HSP82 pGADC1/chl1-C170 w
>
O

with a mounting solution and observed under a confocal fluorescence microscope (Zeiss LSM 510 Meta).
The mean values (+SDs) from three independent experiments were plotted using GraphPad Prism 6

software.

Chromosome loss assay. Strains NKY46 and NKY47 were grown overnight in synthetic complete
(SC)-Ura medium. Similarly, SBY1, SBY2, and SBY3 were grown in the SC-Ura-Leu medium. The next day,
the secondary inoculum was given such that the starting ODy,, was 0.1. The cells were allowed to grow
until reaching an OD, of 0.3 to 0.4. Cells to the number of 10* were then spread from each culture on
the yeast extract-peptone-dextrose (YPD) plates. After the colonies were obtained, the plates were kept
at 4°C for 5 to 6 days for color development. For determining first-division chromosome loss, only the
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sectored colonies showing at least 50% but not 100% red color were taken into account. We calculated
the number of at least 50% red colonies in wild-type cells as well as the ch/T null strain or the 17-AAG
treatment condition. Fold change in the chromosome loss frequencies was plotted. The mean values
(==SDs) from three independent experiments were plotted using GraphPad Prism 6 software.
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ABSTRACT: The thioester surrogate 3,4-diaminobenzoic acid (Dbz)
facilitates the efficient synthesis of peptide thioesters by Fmoc chemistry
solid phase peptide synthesis and the optional attachment of a solubility AA
tag at the C-terminus. The protection of the partially deactivated ortho-
amine of Dbz is necessary to obtain contamination-free peptide
synthesis. The reported carbamate protecting groups promote a serious
side reaction, benzimidazolinone formation. Herein we introduce the
Boc-protected Dbz that prevents the benzimidazolinone formation,
leading to clean peptide o-aminoanilides suitable for the total chemical

synthesis of proteins.

Native chemical ligation (NCL) is a well-established
protocol for the condensation of unprotected peptide
segments in aqueous media.' NCL has been routinely used for
the total synthesis of a wide variety of protein molecules over
the past two and half decades.” In recent times, membrane-
associated proteins have also become frequent targets for total
chemical protein synthesis using NCL. The NCL polypeptide
condensation reaction requires effective syntheses, handling,
purification, and characterization of peptide thioester seg-
ments. Among the several methods reported to date,® the two
most common strategies used to prepare the peptide thioester
surrogate by Fmoc chemistry solid phase peptide synthesis
(SPPS) involve the utilization of a 3,4-diaminobenzoic acid
(Dbz) (1 Flgure 1A) derivative (Dawson linker)** and a
hydrazide™ linker, respectively. Both of these linkers can be
converted to a peptide thioester by NaNO,-mediated oxidation
under aqueous conditions.””*

The majority of the functional proteins contain a hydro-
phobic patch in their polypeptide sequence. Hydrophobic
peptide segments are sometimes difficult to purify, even after
their successful synthesis using advanced SPPS methods,*
mainly due to their restricted solubility in the solvent systems
generally used for purification by high-performance liquid
chromatography (HPLC). The limited solubility of such
peptides in ligation buffer can also contribute to difficulty in
the NCL reaction. This poor solubility can be overcome by
adding a “solubility tag”, consisting of multiple Arg residues, at
the C-terminus of the thioester or thioester surrogate
peptide.”* The polyarginine “solubility tag” assists peptide
purification and enhances peptide solubility in aqueous buffer

- ACS Publications  © 2019 American Chemical Society
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Boc protection prevents benzimidazolinone "byproduct” formation
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in NCL reaction but does not end up in the ligation product.
The hydrazide linker, however, does not allow the incorpo-
ration of a solubility tag at the peptide C-terminus. Therefore,
the use of a Dbz linker is the method of choice for attaching a
polyarginine tag when making peptide o-aminoanilides as a
thioester surrogate.”

One of the difficulties in making peptide o-aminoanilides as
thioester surrogates is the overacylation of the deactivated
ortho-amine group of the Dbz linker. Substantial research
efforts by several research groups around the world have been
devoted to circumventing the overacylation issue (Figure 1A).°
These include the utilization of 4-amino-3-nitrobenzoic acid
(2; Figure 1A) as an alternative thioester surrogate,”* and the
orthogonal carbamate protection of the deactivated amine
group of Dbz by Alloc (3; Figure 1A)," Proc (4; Figure 1A),*
or 2-CIZ (5; Figure 1A, designed specifically for Boc chemistry
SPPS).°! However, these strategies suffered from either
racemization at the C-terminal residue, restricting the
applicability to the synthesis of peptides having a Gly residue
only at the C-terminus,”* or the need for an additional step, as
in case of Alloc or Proc, that involves palladium catalyst
treatment®™ for the removal of the protecting groups.

Nowadays, high-temperature Fmoc SPPS is very common. It
is widely believed that peptide synthesis at an elevated
temperature results in more efficient chain assembly by
Fmoc chemistry SPPS. However, for the synthesis of peptide
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Figure 1. (A) Various 3,4-diaminobenzoic acid derivatives used as thioester surrogates over the years. (B) Benzimidazolinone byproduct (8)
observed during Fmoc chemistry SPPS at elevated temperature when Alloc- or Proc-protected Dbz was used. The (0-Boc)Dbz linker gives clean
synthesis without any peptide chain loss or benzimidazolinone formation. (C) Possible mechanism of the formation of 8.° Step 1: Peptide
benzimidazolinone forms under basic conditions. Step 2: Nucleophilic attack by piperidine results in chain loss. (D) HPLC chromatogram of the
crude Pf-AMA1(Cys149—Phel83) peptide having an (Arg)s tag at the C-terminus synthesized on Proc-protected Dbz-resin (top) and Boc-
protected Dbz-resin (bottom). * indicates the benzimidazolinone-Arg;-CONH, byproduct. # indicates the acetylated Dbz-Arg;-CONH, obtained
from the acetylation in the capping step after first residue coupling on (0-Boc)Dbz.

o-aminoanilides at elevated temperatures, a serious drawback
of both Alloc and Proc protection has been the formation of a
significant amount of benzimidazolinone byproduct (8; Figure
1B,C) in every Fmoc deprotection step during Fmoc chemistry
SPPS.°*8 Interestingly, the most efficient strategy to date to
prevent overacylation was reported by Dawson’s group by the
methylation of the deactivated amine of the DBz linker
(MeDBz, 6; Figure 1A) that delivered a benzimidazolinone-
free peptide using Fmoc deprotection even at 90 °C under
microwave irradiation conditions.®® However, MeDbz is
resistant to NaNO,-mediated oxidation. Hence, on-resin
activation was obligatory for the peptides synthesized using
the MeDBz linker.

Here we sought to introduce the fert-butyloxycarbonyl
(Boc) group as a very simple, acid-labile, and efficient
protecting group for the deactivated amine of Dbz. The Boc
group has several advantages. It can be introduced easily by
either on-resin or off-resin treatment of Fmoc-Dbz with Boc-
anhydride in 20% water in dimethylformamide (DMF). Unlike
Proc or Alloc, the Boc group can be removed by trifluoroacetic
acid (TFA) during the global deprotection of the peptide from
resin without the need for an additional step. Boc deprotection
also avoids the usage of a Pd catalyst, thus preventing the
possibility of the contamination of chemically synthesized
peptides with toxic heavy-metal impurities.” Most importantly,
being a poor leaving group, the sterically crowded tert-butyloxy
group abrogates acylbenzimidazolinone formation during
Fmoc chemistry SPPS under heating conditions, preventing
undesired peptide chain loss during every Fmoc deprotection
cycle and improving the purity and yield of the peptides.

The protection of the deactivated ortho-amine group of Dbz
with a Boc group was readily performed either in solution or
on a solid support. Solution phase synthesis of the building

9041

block Fmoc-(0-Boc)Dbz-OH was straightforward (Scheme 1A;
Suppporting Information (SI) Section 2.2). The Boc
protection of Fmoc-Dbz-OH with (Boc),O in the presence
of 20% water in DMF furnished Fmoc-(0-Boc)Dbz-OH with
quantitative conversion (based on the UV intensity in the RP-
HPLC chromatogram). The presence of a polar protic solvent
(in this case, 20% water) in the reaction mixture has been
found to reduce the unwanted side products drastically. The
Fmoc-(0-Boc)Dbz-OH was then successfully coupled to the
Rink Amide aminomethyl resin and used for further peptide
chain assembly. We have also shown that the Boc protection
can be carried out using the same reaction conditions on a
solid support, if preferred (Scheme 1B, SI Section 2.5).
However, because of the difficulty associated with the on-resin
monitoring of Boc protection (see SI Section 2.5), we
recommend using the solution phase synthesis of Fmoc-(o-
Boc)Dbz-OH.

a
Scheme 1
A Standard
FmocNH COOH  (Boc),0, DIEA ~ FmocNH COOH  sPPs FmocNH co-
T GRS
HoN DMF/H20 (4:1)  Boc-NH coupling Boc-NH
condition
B Standard
FmocNH]©/COOH SPPS FmocNH CO (Boc),0, DIEA  FmocNH. Co-
—_—
HN coupling HND/ DMF/H20 (4:1) BWNH]@/
condition 2
c

HoN COOH HATU, DIEA  Fmoc-Arg(Pbf)-CONH COOH Fmoc-Arg(Pbf)-CONH COOH

2 ]@/ DMF ol D/ (Boc),0, DIEA T MOCATO(PED) D/
—— o

HN NH. Boc-NH

2 Fmoc-Arg(Pbf)-OH 3 DMF:H,0 (4:1)
9 10 i

“(A) Off-resin chemical synthesis and coupling of Fmoc-(0-Boc)Dbz
linker on to the resin. (B) On-resin Boc protection of Fmoc-Dbz-
resin. (C) Solution-phase coupling of Fmoc-Arg(Pbf)-COOH on
Dbz, followed by Boc protection.
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Boc protection of one of the amines was expected to reduce
the reactivity of the remaining amine on (0-Boc)Dbz after
Fmoc deprotection. Therefore, it was imperative to check the
efficiency of the first amino acid coupling on the Boc-protected
Dbz linker. We selected 10 representative amino acids to study
the coupling efficiency onto (0-Boc)Dbz-resin (Table S1; see
SI Section 3.1) using high-temperature coupling conditions.
DIC/Oxyma (0.1 equiv N,N-diisopropylethylamine (DIEA))
activation with 0.5 M amino acid provided near-quantitative
conversion for most of the amino acids in a single coupling
cycle at 75 °C (Figure SS). To avoid racemization, His and
Cys were coupled at room temperature (Figure S6). Attempts
to couple Fmoc-Arg(Pbf)-OH at 75 °C gave very poor (<20%)
conversion. It is well known that during the activation and
coupling step, the nucleophilic side chain of arginine is
susceptible to &-lactam formation.** This side reaction is
known to be favored at elevated temperaturesSb and effectively
reduces the activated arginine concentration during high-
temperature coupling. In contrast, room-temperature coupling
of arginine does not lead to significant d-lactam formation
because the rate of coupling to form a peptide bond would be
higher than the J-lactam formation. DIC/Oxyma (0.1 equiv
DIEA) activation with 0.5 M Fmoc-Arg(Pbf)-OH at room-
temperature triple coupling resulted in ~90% conversion
(Figure S7C).

To avoid multiple coupling cycles for Arg residues on-resin,
we preferred the coupling of a preformed Fmoc-Arg(Pbf)Dbz-
(0-Boc)-OH. We prepared the Fmoc-Arg(Pbf)Dbz(o-Boc)-
OH in only two simple steps by coupling Fmoc-Arg(Pbf)-OH
to commercially available DBz, followed by the protection of
the deactivated amine by a Boc group using the same protocol
as previously discussed (Scheme 1C; SI Section 3.2). Thus our
result represents an opportunity to choose either an on-resin or
an off-resin route for the efficient coupling of any amino acid
on the Boc-protected Dbz linker.

To demonstrate the feasibility of the synthesis of a large
peptide segment on Fmoc-(0-Boc)Dbz-(Arg(Pbf)),-Rink-
Amide aminomethyl resin, we carried out the synthesis of a
35-residue hydrophobic peptide segment, (Cys149-Phel83),
associated with Plasmodium falciparum protein apical mem-
brane antigen 1 (P~AMA1 (3D7 strain)), with a poly-Arg tag
at the C-terminus, which had defied our repeated synthesis
attempts with a Proc-protected Dbz derivative under heating
conditions. The high-temperature peptide chain assembly
(coupling at 60 °C and Fmoc deprotection at S0 °C) on
Fmoc-(o-Proc)Dbz-(Arg(Pbf) )s-Rink-Amide aminomethyl
resin resulted in significant peptide chain loss during every
Fmoc deprotection cycle, leaving virtually no desired target
peptide (o-Proc)aminoanilide (Figure 1D, top). The mecha-
nism of the peptide chain loss most likely involves the
formation of peptide—benzimidazolinone in basic medium
under thermal conditions and the subsequent cleavage of the
peptide—benzimidazolinone by the nucleophilic attack of
piperidine used for Fmoc deprotection (Figure 1C).°“¢ The
formation of benzimidazolinone is reminiscent of the
aspartimide formation often observed during Fmoc chemistry
SPPS. Because of the very early retention time shift in the
standard HPLC gradient, the byproduct 8 usually remains
unnoticed and is frequently ignored. In contrast, peptide
synthesis at an elevated temperature using Fmoc-(0-Boc)Dbz-
(Arg(Pbf))s-Rink-Amide aminomethyl resin produced a clean
synthesis of the crude peptide without the formation of
“branched” byproducts and benzimidazolinone derivatives,
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demonstrating the extremely high thermal stability of the
Boc group compared with the Proc group (Figure 1D, bottom;
see SI Section 4).

Finally, we demonstrated the general utility of Fmoc-(o-
Boc)Dbz chemistry by the total chemical synthesis of two
proteins, ubiquitin and the extra cellular domain of the
membrane protein “rhoptry neck protein 2” (RON2), a key
protein associated with the human red blood cell invasion by
malaria parasites.

Ubiquitin is an important protein marker that is covalently
conjugated with other proteins and modulates their bio-
chemical properties, triggering unique cellular functions, such
as proteasomal degradation, the re%ulation of the chromatin
structure, and protein localization.”*” Several researchers have
chemically synthesized the ubiquitin protein to investigate its
biochemical and biophysical properties.” * The nonaromatic
hydrophobic cluster located at the N-terminus of ubiquitin
makes the segment spanning the first two beta strands
sparingly soluble in aqueous solvent’® and may require a
solubility tag for the easy handling and purification; hence we
selected ubiquitin as a suitable protein target to demonstrate
the applicability of Fmoc-(o-Boc)Dbz-linker.

Human ubiquitin contains a 76-residue polypeptide chain
having no cysteines (Figure 2A). We prepared ubiquitin from
three unprotected peptide segments using two consecutive N-
to-C ligation reactions, followed by desulfurization (Figure
2B). We synthesized the N-terminal hydrophobic peptide
segment, Metl-Lys27-Dbz-(Arg),-CONH, (12), with a poly-

A Sequence of Ubiquitin
MQIFVKTLTG!? KTITLEVEPS2° DTIENVKAKI3® QDKEGIPPDQ%°
QRLIFAGKQLS® EDGRTLSDYN®® IQKESTLHLV’® LRLRGG’®

B [Met' - Lys?"}Dbz-(Arg)s-NH, [cys™ - Phe*-cO-NHNH,

12 i) NaNO,, pH 3.0 13
ii) MPAA, pH 5.0

(Met' - Lys®” )-MPAA
12 |

lpH 6.8 (NCL)
SH

Cys* - Gly’®|-oH

15

o
1
[met" - Lys? }/l\u k{l_ysﬂ?. Phes -CO-NHNH,

14 i) NaNO,, pH 3.0
ii) MPAA, pH 5.0

SH
[}
Met' - Lys?’ })J\N/(ﬂys29 - Phe® ‘-MPAA
H
L
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l pH 6.8 (NCL)

SH SH 7N

[o} o oS \
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Figure 2. Total chemical synthesis of ubiquitin. (A) Sequence and
(B) synthetic strategy. The cartoon representation of 17 was taken
from PDB ID 1YIW. (C) LC—MS data of purified ubiquitin and (D)
CD of the folded ubiquitin.
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Arg tag at the C-terminus on Fmoc-(0-Boc)Dbz-(Arg(Pbf)),-
Rink-Amide aminomethyl resin with excellent crude purity
(Figure S16). As described in the synthetic strategy, the N-
terminal peptide segment was first activated at low temperature
with NaNO, (20 mM) and thioesterified with 4-mercapto-
phenylacetic acid (MPAA) (100 mM), giving the peptide-C*-
MPAA-thioester (12’), which upon reaction with the second
segment Cys28-Phe45S-CONHNH, (13) at pH 6.8 gave the
NCL product Met1-Phe45-CONHNH, (14) within 15 h. The
purified polypeptide 14 (64% based on the limiting peptide
12) was then further activated by NaNO, and exchanged with
MPAA to give peptide C*-MPAA-thioester (14’). The C-
terminus segment Cys1-Gly76 (15) was then added, and the
pH was adjusted to 6.8. Within 3 h, the NCL was complete,
furnishing the target full-length polypeptide Met1-Gly76 (16)
in 79.4% isolated yield (based on the limiting peptide 14).

The radical mediated desulfurization'® of 16 in the presence
of VA044 (100 mM), 150 mM tris(2-carboxyethyl)phosphine
(TCEP), and MESNa (75 mM) at 42 °C produced the native
ubiquitin polypeptide. The purified ubiquitin had the desired
mass (Figure 2C) and was obtained in very good yield (5.5 mg,
60% based on 16). Circular dichroism (CD) data in phosphate
buffer revealed the presence of the characteristic secondary
structural elements of the folded ubiquitin protein molecule
(Figure 2D).

As a part of our ongoing research using phage display to
design protein inhibitors to interfere with the P. falciparum
parasite invasion of human red blood cells, we undertook the
total chemical synthesis of a biotinylated analogue of the
membrane-associated extracellular domain of the parasite
protein rhoptry neck protein 2 (here designated as Pf-
RON2ed). We selected RON2ed as our target protein because
the sequence is highly conserved among all of the available
strains of P. falciparum. The sequence of PFRON2ed is shown
in Figure 3A. We attached a biotin tag at the N-terminus,
keeping a 38-atom spacer and a Gly residue to facilitate the
immobilization of the target protein for phage screening in the
future. The chemical structure of the biotin tag is shown in
Figure 3B.

We synthesized P-RON2ed by the NCL of two unprotected
peptide segments, followed by folding under air oxidation
conditions, as shown in the synthetic strategy (Figure 3C).
Because the N-terminus segment was found to be poorly
soluble in aqueous solvents, we synthesized the N-terminus
segment with an Arg, tag attached at the C-terminus preceding
the (0-Boc)Dbz linker. The Arg,-tagged peptide was obtained
in very high crude purity, as evidenced from the chromatogram
shown in Figure S24. The low-temperature activation of the
purified N-terminal segment 19 by NaNO, at pH 3.0, followed
by MPAA exchange gave the corresponding thioester 19’,
which upon reaction with the Cys peptide 20 at pH 6.8
furnished the desired biotin-tagged full-length polypeptide 21
in 35% vyield. The purified full-length polypeptide was then
folded under air oxidation conditions with the concomitant
formation of the disulfide bond. The folded and purified
protein had a mass of 4949.4 Da (Figure 3D). The chemically
synthesized biotin-tagged RON2ed inhibited the growth of the
P. falciparum (3D7) parasite in the growth inhibition activity
(GIA) assay in vitro (Figure 3E).

In summary, we have demonstrated the use of the Boc group
as a very simple and efficient protection strategy for the
deactivated ortho-amine of the Dbz thioester equivalent used in
Fmoc chemistry SPPS. The Boc-proteced Dbz derivative,
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Figure 3. Total chemical synthesis of the biotinylated analogue of the
extracellular domain of PFRON2. (A) Sequence, (B) chemical
structure of the biotin tag with spacer, (C) synthetic strategy, (D)
LC—MS data of the purified chemically synthesized biotinylated
ectodomain of RON2, and (E) in vitro parasite growth inhibition
activity (GIA) of the chemically synthesized biotinylated analogue of
the extracellular domain of PFRON2 protein (3D7 strain).

Fmoc-(0-Boc)Dbz-OH, can be utilized as an effective linker for
attaching a solubility tag at the C-terminus when synthesizing
peptide o-aminoanilides as thioester surrogates using Fmoc
chemistry SPPS under heating conditions. The protection of
the Fmoc-Dbz ortho-amine by the Boc group has been found
to be superior to other reported protecting groups, such as
Alloc and Proc. Boc protection precludes the possibility of the
formation of an undesired benzimidazolinone byproduct under
standard high-temperature Fmoc chemistry SPPS. The Boc
group removal does not need any additional step and is
removed using TFA during the global deprotection of the
peptide. Boc deprotection also avoids the usage of toxic heavy-
metal catalysts frequently used for Alloc or Proc group
removal. Therefore, we believe that the (0-Boc)Dbz linker will
find many applications in the field of chemical protein

synthesis.
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Prohibitins (PHBs) are evolutionarily conserved mitochondrial integral membrane proteins, shown to regulate mitochondrial structure and
function, and can be classified into PHB1 and PHB2. PHB1 and PHB2 have been shown to interact with each other, and form heterodimers
in mitochondrial inner membrane. Plasmodium falciparum has orthologues of PHB1 and PHB2 in its genome, and their role is unclear.
Here, by homology modelling and yeast two-hybrid analysis, we show that putative Plasmodium PHBs (P/PHB1 and P/PHB2) interact with
each other, which suggests that they could form supercomplexes of heterodimers in Plasmodium, the functional form required for optimum

mitochondrial function.

Keywords: Mitochondria, Plasmodium falciparum, prohibitins, supercomplex, yeast two-hybrid analysis

INTRODUCTION

Prohibitins (PHBs) cluster into PHB1 and PHB2, and these
proteins share >50% similarity, and are evolutionarily conserved
across all phyla.l'! PHBs, along with stomatin, flotillin and
HfIK/C, belong to the SPFH family.” Alternating blocks of
PHBI1 and PHB2 form high-molecular-weight complexes (~1.2
MDa) in the mitochondrial inner membrane.®'PHBs are made
up of an N-terminal transmembrane domain, a conserved PHB
domain and a C-terminal coiled-coil domain through which
the two PHBs interact with each other.) Even though PHBs
are considered to be pleiotropic proteins with diverse cellular
functions, their role in mitochondrial function has been of
considerable interest.l'”! In mitochondria, PHBs maintain the
copy number and organisation of mitochondrial DNA, support
mitochondrial protein synthesis, act as membrane-bound
chaperones in assisting respiratory complex assembly, maintain
structural integrity, regulate respiratory complex assembly
and respiration and are thought to serve as protein and lipid
scaffolds in mitochondria.!-!

Mitochondrial electron transport chain (mtETC) in Plasmodium
falciparum (Pf) is an established drug target.!! Atovaquone, an
inhibitor of the bc1 complex of the mtETC, is already in clinical
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use, and drug discovery efforts have led to the advancement of
ELQ-300, a mtETC inhibitor as a pre-clinical drug candidate.
1 Given the importance of mtETC as an attractive drug
target, it is a high priority that we understand the structure
and functional importance of the mitochondrial membrane
proteins in Plasmodium. Pf contains two PHBs: P/PHB1
and P/PHB2. In addition, stomatin-like protein and unusual
PHB-like protein are also present in the Plasmodium genome.
PHBI1 and PHB2 of Plasmodium berghei (Pb) localise to the
mitochondria, and are suggested to be essential.® Here, based
on homology modelling, and yeast two-hybrid studies, we
show that P/PHB1 and P/PHB2 are structurally similar to other
PHBs, and physically interact with each other, presumably to
form heterodimers, required for regulating the structure and
function of mitochondria.
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MEeTHODS

Homology modelling

Phyre2 (Protein Homology/Analog Y Recognition Engine)®!
server was used to predict the protein structure of PfPHB1 and
P/PHB?2 (http://www.sbg.bio.ic.ac.uk/phyre2). The output of
Phyre2 was analysed using RasMol as shown in Figure 1. After
Phyre2 prediction, P/PHB1 and P/PHB2 were modelled based
on the crystal structure of a core stomatin domain (chain c) of
c3bk6e from Pyrococcus horikoshii. The confidence rate of
prediction is >99.9%, with 57% and 51% sequence coverage
for P/PHB1 and P/PHB2, respectively.

Interacting sites in PfPHB1 and PfPHB2 modelled protein
structures were determined in the Phyre2 web portal for
protein modelling, prediction and analysis,” and the interacting
residues are shown in red for P/PHB1 and P/PHB2 [Figure 1c
and d]. Two continuous interface regions are seen in P/PHB1
and P/PHB2, and the sequences are FQTPYTY-IK/HLSYGK-A
and FERSITY-VR/HLSFSN-E, respectively. These amino
acids could facilitate interaction with one another and with
other proteins.

Yeast two-hybrid analysis

Yeast two-hybrid experiments were carried out to identify the
interaction between P/PHB1 and P/PHB2. Yeast two-hybrid
assay was done as described by James et al.l'% using the
pGADCI1 and pGBDUCI plasmids encoding GAL4 activation
domain and DNA-binding domain, respectively.

The constructs, pPGADC1:P/PHB1 and pGBDUCI1:P/PHB?2,
were transformed into PJ69-4A yeast cells using the lithium
acetate method.[" The cells transformed with empty pGADCI
and pGBDUCI1 were used as negative control. Two-hybrid
interactions were tested with the yeast strain PJ69-4 A which has
the ADE2 reporter gene. The transformed strains were grown
in SC-Ura-Leu medium till log phase at 30°C. Tenfold serial
dilutions were prepared starting with an equal optical density
of 0.5 OD ml ! and spotted on the control plate (Sc-Ura-Leu)
and experimental plate (Sc-Ura-Leu-Ade) to test the strength
of the protein—protein interaction. The plates were incubated at
30°C for 72 h. The colonies on the control plate were observed
from the 2" day of incubation. The colonies in the experimental
plate (Sc-Ura-Leu-Ade) were observed after 3 days, and
their growth was slow compared to that of the control plate
(Sc-Ura-Leu). Growth was measured in liquid media, and the
number of cells in the media was equalised before spotting.
Transformation efficiency and expression of URA3 and LEU2
genes in the plasmids were assessed by the growth of colonies
in the SC-Ura-Leu plates. Two random clones were taken to test
the strength of protein—protein interaction, and both the clones
responded equally. Both the clones grew till the third dilution
(107%) on SC-Ura-Leu-Ade plates, which suggests a strong
interaction between P/PHB1 and P/PHB2, as shown in Figure le.

ResuLts anp Discussion
PHBI1 and PHB2 have been found to be integral membrane
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Figure 1: Phyre2 predicted structures of P/PHB1 (a) and P/PHB2 (b). The colour bars represent the quality of prediction. ProQ2 quality assessment
algorithm was used to predict the local and global quality of the protein model. The quality (bad to good) of P/PHB1 and P/PHB2 models is represented
by the colour scale (a and b). Protein—protein interface residues of PfPHB1 (c) and PfPHB2 (d) interface (red) and non-interface (blue) residues are
represented in different colours. (e) Yeast two-hybrid analysis of PFPHB1 and P/PHB2. pGDBUC1 and pGADC1 represent empty plasmids. pGADC1:PfPHB1
represents full-length P/PHB1 in pGADC1 plasmid. pGDBUC1:PfPHB2 indicates full-length P/PHB2 in pGDBUC1 plasmid. The control plate: Sc-Ura-Leu
and experimental plate: Sc-Ura-Leu-Ade shows spots with increasing order of dilution
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proteins of the mitochondrial inner membrane.’! PHBI and
PHB?2 physically interact, and the PHB complex is considered
to be the physiologically active form as loss of one subunit leads
to the degradation of the other." Yeast has been shown to be
an excellent heterologous model system to study the function
of Plasmodium proteins.® Homology modelling predicts the
presence of putative interacting sites in P/PHBs. Yeast two-hybrid
experiments show that P/PHB1 and P/PHB2 strongly interact
with each other. These experiments strongly suggest that P/PHBs
could make similar physiological interactions in the Plasmodium
mitochondrion. Native page experiments on isolated Plasmodium
mitochondria will help us identify the size of the PHB complex.

Knockdown of PHBs in other organisms has been shown
to disrupt the mitochondrial morphology.l'*!*] Processes
regulating mitochondrial morphology and mitochondrial DNA
organisation and maintaining copy number in Plasmodium
are poorly understood, and PfPHBs may play an important
role. Attempts to knockout PHB1 and PHB2 in Pb have
been unsuccessful.® Whole-genome saturation screen in Pf
suggests that PHB2 is non-mutable in the coding sequence.
1161 Qverall, we provide an important mechanical insight into
the functioning of P/PHB1 and P/PHB2 by showing that they
physically interact with each other. Future studies should focus
on understanding the role of PHB1 and PHB2 in Pf biology.
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ABSTRACT

Background and objectives: The mitochondrial electron transport chain (mtETC) of Plasmodium falciparum is an
important drug target. Identification and functional validation of putative mitochondrial proteins of the mtETC is
critical for drug development. Many of the regulatory subunits and assembly factors of cytochrome c oxidase readily
identifiable in humans and yeast are missing in P. falciparum. Here, we describe our efforts to identify and validate
the function of putative Pfsurfl, a key assembly factor of complex IV of the mtETC.

Methods: Multiple sequence alignment of SURF 1/Shy 1 was carried out in Clustal X 2.1. Phylogenetic tree was
constructed using “Draw tree” option in Clustal X, and was analyzed using interactive Tree of Life software. To
identify the conserved sequences, domain search was done using Jalview version 2.8.2 (BLOSUM 62 scoring). The
haploid Saccharomyces cerevisiae strain (BY4741) containing the null allele shy! (Orf: YGR112w) (shyl::Kan)
was complemented with putative Pfsurf1 to study its ability to rescue the growth defect.

Results: Similarity searches of P/SURF1-like protein in the Pfam shows statistically significant E = 4.7¢-10 match
to SURF1 family. Sequence alignment of P/SURF1 with other SURF1-like proteins reveals the conservation of
transmembrane domains, a-helices and f-pleated sheets. Phylogenetic analysis clusters putative P/SURF1 with
apicomplexan SURF1-like proteins. Yeast complementation studies show that PfsurfI can partially rescue the yeast
shyl mutant, YGR112w.

Interpretation & conclusion: Bioinformatics and complementation studies in yeast show that P, falciparum’s SURF1
is the functional ortholog of human SURF1 and yeast Shy1.

Key words Plasmodium falciparum, SURF1, Yeast complementation

INTRODUCTION

Cytochrome ¢ oxidase (COX) or complex IV is a
multisubunit catalytic enzyme of the electron transport
chain that participates in energy conservation under aero-
bic conditions. COX is located in the inner mitochondrial
membrane and is made up of 14 structural subunits in hu-
man and 11 in yeast'>. The core subunits: COX1, COX2
and COX3 are mitochondrially encoded and are highly
conserved across organisms, while the rest of the subunits
are encoded in the nucleus and are imported from the cy-
tosol*. COX1 and COX2 are mechanistically important
subunits that contain CuB (two haem molecules and a
copper ion) and CuA (two copper ions) sites respectively;
these sites along with the haem a, molecule form the ac-
tive centre of the enzyme'.

COX being a multi-protein and multi-cofactor en-
zyme, requires many assembly factors to help in its as-

sembly. In Saccharomyces cerevisiae, more than 25 as-
sembly factors that help in Cox maturation have been
described*®. Human COX does not have all the yeast
homologs, but more than 15 proteins involved in COX
biogenesis have been identified* 7. One of the well-stud-
ied assembly factors in Saccharomyces cerevisiae Cox
is Shy1. Disruption of Shy1 leads to drastic reduction of
Cox and mutants show growth defect in non-fermentable
carbon sources’. Biochemical and genetic studies of Shy
have helped identify several key proteins (Coal- Coa4)
involved in Cox assembly'®'*. Surfeit locus proteinl
(SURF1), the human homologue of Shyl, was used as
the starting bait to identify other assembly factors such as
MITRACI12, TIM21, MITRAC15 and CMC1’. Shyl and
its homologues have been suggested to play an important
role in the maturation of Cox1 by direct incorporation of
haem a3 or by acting as a chaperone'>'5-'7, Shy1 has been
suggested to play arole in the release of Mss51 from Cox|1
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assembly intermediate!''> 15, Mutations in SURF 1 lead to
COX deficiency and patients exhibit the phenotype of the
Leigh syndrome!® "°.

The 6 kb mitochondrial genome of Plasmodium en-
codesjust 3 proteins — Cytochrome 5, COX 1 and COX3%.
Intriguingly, COX2 is split into COX2a and COX2b,
and are coded in the nucleus?'. In addition to these core
subunits, Plasmodium database PlasmoDB (http://www.
plasmodb.org/) has yeast and human orthologs of COX4,
COX5B, COX6B and COX7A. Many of the putative
assembly factors (COX10, COX11, COX14, COXI15,
COX17, COX19, SCO1, OXA1, PET117, PET191, and
SURF1-domain containing protein) of COX have been
annotated in PlasmoDB.

The role of assembly factors in Plasmodium COX
biogenesis has not been investigated so far. This study
details the bioinformatics analysis and functional comple-
mentation of putative PfsurfI in a yeast shy/ mutant.

MATERIAL AND METHODS

Multiple sequence alignment and domain analysis

The Shyl and SURF1 protein sequences were re-
trieved from NCBI (https://www.ncbi.nlm.nih.gov/pro-
tein) and used in multiple sequence alignment and domain
analysis. The protein sequences include: Homo sapiens
SURF1 (Swiss-Prot: Q15526.1), Drosophila melanogas-
ter Surfeit 1 (NCBI reference sequence: NP _524758),
Caenorhabditis elegans SURF1-like protein (GenBank:
CCD72250.1), Monosiga brevicollis MX1 predicted
protein (GenBank: EDQ90553.1), Saccharomyces cere-
visiae Shyl (GenBank: KZV11341.1), Schizosaccha-
romyces pombe SURF-family protein Shyl (predicted)
(GenBank: CAB50922.1), Arabidopsis thaliana Surfeit
locus 1 cytochrome ¢ oxidase biogenesis protein (NCBI
reference sequence: NP_566592.1), Dictyostelium dis-
coideum SURF1 family protein (NCBI reference se-
quence: XP 644359.2), Chlamydomonas reinhardtii
cytochrome ¢ oxidase assembly protein (NCBI reference
sequence: XP 001701449), Babesia microti SURF1
family (NCBI reference sequence: XP 012648526),
Toxoplasma gondii SURF1 family protein (GenBank:
KFHO02210.1), Trypanosoma brucei gambiense DAL972
hypothetical protein, conserved (NCBI reference se-
quence: XP_011779678.1), Plasmodium falciparum
conserved Plasmodium protein with unknown function
(NCBI reference sequence: XP_001351864.1). Multiple
sequence analysis was performed in Clustal X 2.1 using
complete sequences from the selected prokaryotic and
eukaryotic species?. Phylogenetic tree was constructed
using “Draw tree” option in Clustal X using Neighbour-

Joining algorithm with default settings (Gap opening: 10,
Gap extension:0.2, bootstrap number: 1000), and the out-
put PHYLIP file was analyzed using interactive Tree of
Life (iTOL) software for scientific representation®. Do-
main search was done to identify the conserved sequenc-
es in the selected sequences using Jalview version 2.8.2
(BLOSUM 62 scoring)*.

Plasmids

Full length gene of Pfsurfl (2127 bp) and Sc-
SHYI1(1167 bp) were cloned in the pPBMFH plasmid
between BamHI and Sall sites, and is under the control
of the bi-directional GPD promoter. The plasmids were
sequence verified before transformation. The pPBMFH
plasmid is a fusion plasmid containing the GPD promoter
frompBEVY-T, and selection marker (HIS3) and tag from
pESC-His plasmid (Stratagene, La Jolla, USA).

Yeast transformation and complementation studies

Ahaploid Saccharomyces cerevisiae strain (BY4741)
containing the null allele shy/ (Orf: YGRI112w)
(shyl::Kan) was purchased from European Saccharo-
myces cerevisiae Archive For Functional Analysis (EU-
ROSCAREF); referred to as YGR112w. YGR112w was
transformed with either full length Pfsurfl or ScSHY1
genes using lithium acetate procedure®. Transformants
were selected by their growth in synthetic medium lack-
ing histidine and containing glucose as carbon source.
Approximately 10° yeast cells, and their subsequent 10
fold serial dilutions were spotted on yeast extract, peptone
(YEP) plates containing either 2% glucose or 2% glycerol
as carbon source. With glucose as carbon source, plates
were incubated at 30 °C for three days and with glycerol
as carbon source, plates were incubated at 30 °C for five
days.

Fluctuation assay

To estimate the phenotypic complementation rate,
fluctuation assay?® was performed for YGR 112w+ pBM-
FHScSHY1,YGR112w+pBMFHPfsurfl and YGR112w-
pBMFH. A single clone of each transformant was grown
overnight to saturation in a synthetic medium lacking
histidine with glucose as carbon source. The cells were
grown till uniform cell density was reached. Equal num-
berofcells (~500 cells) were spread on YEP (2% glycerol)
plates at 30 °C, and individual colonies were counted af-
ter 3—4 days of incubation, and their growth is shown as
percentage survival. The percentage complementation of
PfSURF1 and ScSHYI in YGR112w was calculated by
Rosche and Foster method?.
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g. 1:(a) Bioinformatics analysis of P/SURF1. Conserved domain
in SURF1/Shyl proteins from different organisms using
Jalview as listed below (numbers represent the amino acid
residues of domains coverage in each organism). Conserva-
tion bars represents the degree of conservation in the amino
acid residues in numbers.

RESULTS

Multiple sequence alignment and phylogenetic analysis
of PfSURF1

PfSURF1 is listed as a putative SURF1 domain con-
taining protein (PF3D7 0531000) in PlasmoDB, and has
not been characterized yet. SURF1-like proteins are con-
servedandare seen inevolutionarily disparate groups such
as mammals and bacteria. Multiple sequence alignment
(Fig. 1a) shows that the putative PfSURF1 shares both
the conserved transmembrane domains with SURF1-like
proteins from evolutionarily disparate spp. Fig. 1a shows

W303aa
YGR112w+pBMFH
YGR112w+pBMFHScSHY1

YGR112w+pBMFHPfsurf1 [~

2% Glucose

2% Glycerol

Fig. 2:(a) Growth of different yeast strains on Y EP agar plates contain-
ing either 2% glucose or 2% glycerol. Changes in the amount
of growth among different yeast strains after their spot in-
oculation with equal number of cells on YEP agar containing
2% glycerol. Different yeast strains were: wild type (W303a);
YGR112w+pBMFH (mutant with Shy1 deletion and the emp-
ty plasmid [pBMFH]); YGR112w+pBMFHScShy! (mutant
complemented with ScShyl); YGRI112w+pBMFHPfsurf1
(mutant complemented with Pfsurfl). Sc = Saccharomyces
cerevisiae. Pf= Plasmodium falciparum.
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Fig. 1:(b) Phylogenetic analysis of putative PfSURF1. H. sapien:
Homo sapien; D. melanogaster: Drosophila melanogaster,
C. elegans: Caenorhabditis elegans; M. brevicollis: Mono-
siga brevicollis; S. cerevisiae: Saccharomyces cerevisiae; S.
pombe: Schizosaccharomyces pombe; A. thaliana: Arabidop-
sis thaliana; D. discoideum: Dictyostelium discoideum; C.
reinhardtii: Chlamydomonas reinhardtii; B. microti: Babesia
microti; P. falciparum: Plasmodium falciparum; T. gondii:
Toxoplasma gondii; T. brucei: Trypanosoma brucei. *Api-
complexans are highlighted in grey.

the conservation of one of the transmembrane domains
across all aligned SURF1-like proteins. The a-helices
and p-sheets of P/SURF1 align at a similar conserved
region of other SURF-1 like proteins (Supplementary
Fig. 1, Supplementary Table 1). Similarity searches of
PfSURF1-like protein in the Pfam shows statistically sig-
nificant E = 4.7e-10 match to SURF1 family. In NCBI
CD databases, itis a E = 8.82e-09 match to CDD ¢d06662
SURF1 superfamily. Phylogenetic analysis of putative
PfSURF1 indicates that it clusters with SURF-1 like pro-
teins of other apicomplexans (Fig. 1b).

Yeast complementation studies

To assess the extent of growth of the colony, wild
type and transformed yeasts were uniformly spot-
ted on YEP plates containing 2% glucose or 2% glyc-
erol as carbon source. The inoculated plates were
grown at three different temperatures-30 °C, 25 °C
and 19 °C. As the growth of YGR112w with emp-
ty plasmid pBMFH was very slow at 25 °C and 19 °C
(data not shown), growth was compared at 30 °C.
With glucose as carbon sugar, growth (morphology ofthe
colony) of wild type yeast (W303a), transformed yeasts
(YGR112w+pBMFH, YGR112w+pBMFHScShy 1,
and  YGRI112w+pBMFHPfsurfl)  were  similar
(Fig. 2a). With glycerol as carbon source, the growth of
YGR112w+pBMFH is slower and lesser when compared
to either W303a or YGR112w+pBMFHScShy1 (Fig. 2a).
However, the growth of YGRI112w+pBMFHPfsurf]
is more than the growth of YGR112w+pBMFH and
lesser than W303a. To better understand the growth
phenotype, a fluctuation assay was performed. While
57+1% cells of YGRI112w+pBMFH seeded cells
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formed colonies, 68+0.7% and 68+0.1% cells, re-
spectively  of  YGRI112w+pBMFHScShyl  and
YGR112w+pBMFHPfsurf1, survived and formed colo-
nies (Fig. 2b). The number of survived cells were sig-
nificantly higher for YGR112w+pBMFHScSAhy1 and
YGRI112w+pBMFHPfsurfl, when compared to those
of YGR112w+pBMFH (p < 0.001). The difference in
% survival between YGRI112w+pBMFHScShy! and
YGR112w+pBMFHPfsurf1 was not significant.

DISCUSSION

The SURFI proteins are evolutionarily conserved
across cukaryotes and prokaryotes®. Sequence align-
ment shows that P/SURF1 contains the two conserved
hydrophobic transmembrane domains found in all
SURFT1 sequences. The a-helices and B-sheets of the pu-
tative PfSURF1 align at the similar predicted location
of SURF1-like proteins. Phylogenetic analysis clusters
putative P/SURF1 with apicomplexan SURF1-like pro-
teins. Bioinformatics analysis strongly suggest that the
PfSURF1 is the ortholog of human SURFI and yeast
Shyl.

Saccharomyces cerevisiae is an excellent model
organism to understand the mechanism of cellular and
biochemical maintenance of respiration. In yeast, even
under aerobic conditions, ATPs are primarily generated
by fermentation and glycolysis®.Yeast cells grown on
non-fermentable carbon sources like glycerol or ethanol

80
A
60 -

40

% of cells that formed colonies

0 T T T

YGR112w+pBMFH YGR112w+pBMFHScShy1 YGR112w+pBMFHPfsurf1

Fig. 2:(b) Fluctuation assay was done by inoculating 500 cells of
three yeast strains (YGR112w+ pBMFH, YGR112w+ pBM-
FHScShyl, and YGR112w+ pBMFHPfsurf1) onto the YEP
agar containing 2% glycerol and counting the colonies after
3 days at 30 °C. Values (% of cells that formed colonies) are
means (n = 3) along with +1 standard error of the mean. The
bars connected by different letters are significantly different
(F = 85.55; P <0.001). The bars connected by the same let-
ter are not statistically different (one-way ANOVA along with
Tukey’s post hoc tests for multiple comparisons; [SPSS v20;
IBM Inc.]).

require fully active and functional mitochondria for res-
piration®’. The shylA mutants are defective in oxidative
capacity; their size is smaller and their doubling time is
much longer than the wild type?!. A similar slow growth
rate and small colonies were observed when the shylA
mutant was grown in glycerol, and when complemented
with Pfsurfl or ScSHY 1, the growth rate and colony mor-
phology could be partially restored to that of the wild type.
The fluctuation assay showed a significant difference in
the number of colonies between the YGR112w (shylA)
and YGR112w complemented with Pfsurfl or ScSHY1,
strongly indicating a growth defect in the YGR 112w mu-
tant that is rescued by complementing with PfsurfI or Sc-
SHYI. Rescue of YGR112w was more efficient with Sc-
SHYI when compared to PfsurfI,and this is not surprising
as the tertiary structure of P/SURF1 may not be the same
as that of Shy1, and the slight differences in conformation
could affect protein function.

The minimalistic mitochondrion of Plasmodium is
essential for the parasite survival, and hosts several path-
ways involved in the production of molecules essential for
nucleic acid metabolism, DNA transcription, replication
and other key processes?**2, A recent saturation mutagen-
esis study in P. falciparum has shown that many proteins
and assembly factors of the mtETC are essential for para-
site survival®*, The mutagenesis index score and mutant
fitness score based on the saturation mutagenesis study are
0.12 and -3.156 respectively for Pfsurf1, indicating that it
is highly essential for the parasite lifecycle®*. Similarly, a
CRISPR screen in the related apicomplexan Toxoplasma
gondii shows the putative Tgsurfl to be indispensable
for its life cycle™. The mitochondrial electron transport
chain of P._falciparum is an established target, and several
drug molecules targeting the mtETC are constantly being
evaluated by the drug development programs®. Valida-
tion of the function of Pfsurfl is an important first step
for future studies that could use P/SURF1 as a bait to pull
down Complex IV, as done in humans and yeast'>3, and
characterize the novel subunits of PACOX complex, some
of them could be attractive drug targets.

CONCLUSION

Bioinformatics and complementation studies in yeast
show that P. falciparum’s SURF1 is the functional ortho-
log of human SURFI1 and yeast Shyl. In yeast and hu-
mans, using Shyl/SURF1, many of the assembly factors
and assembly intermediates of Complex IV have been
characterized. Efforts have been initiated to pull down the
PfCOX complex using P/SURF1 as the bait.
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