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Introduction

1.1 Hsp90 among other molecular chaperones

Maintaining homeostasis in the cell is vital for the growth and proper functioning of any living
organism. Molecular chaperones play a large role in maintaining cellular homeostasis by aiding
proteins to attain a stable folded state and hence prevent their aggregation in a constantly
changing cellular environment (1). There are a wide variety of molecular chaperones and
protein-remodelling factors present in the cell which are primarily involved in the correct folding
and maturation of newly synthesized proteins. The eukaryotic heat shock response involves an
upregulation of these molecular chaperones so as to keep the cellular proteins in a stable,
functional state during stress. This enables the cell to maintain proteostasis at all times and cope

with the environmental stress (2—4).

The major class of molecular chaperones which are involved in the stabilization of proteins and
helping them to attain a conformation which is functionally active are termed as “heat shock
proteins” due to their unique feature of being upregulated in response to cellular stresses such as
high temperature. Among these, the Heat Shock Proteins, Hsp70s and Hsp90s utilize ATP and
co-chaperone mediated chaperone cycles for the folding and maturation of client proteins. Both

Hsp70 and Hsp90 molecular chaperones consist of constitutive and stress inducible isoforms (4).

Hsp90 is a unique molecular chaperone which interacts with a select subset of proteins known as
its clients which constitute proteins involved in signal transduction pathways such as
transcription factors, protein kinases, DNA repair proteins, steroid hormone receptors etc. (5-

10). Along with ensuring their stability and maturation, Hsp90 also mediates the transport of its
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client proteins into various cellular compartments and their activation in accordance with cellular
signals (11, 12). Due to such a diverse clientele, Hsp90 is an integral part of various essential
pathways in the cell such as telomere maintenance, DNA repair, cell cycle progression,
apoptosis, etc. (13). Hsp90 is found to be evolutionary conserved across all forms of life except

archaebacteria (14, 15).

1.2 Hsp90 structure

The molecular structure of the Hsp90 protomer is comprised of three basic domains, namely; the
N-terminal domain, the Middle domain and the C-terminal domain (Fig.1). The functional form
of Hsp90 exists as a dimer wherein each protomer of Hsp90 is linked via the C-terminal domain.
The N-terminal domain and the Middle domain are connected with a highly charged linker
region in eukaryotes. Each of these domains carry out specific functions which are essential to

the Hsp90 chaperonic cycle (16, 17).
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N-terminal domain

Charged linker

Middle domain

C-terminal domain

NTD - owm [an ]

Fig. 1. Hsp90 consists of 3 domains; N-terminal domain, Middle domain and C-terminal domain. The NTD and MD

are linked together via a highly charged, flexible linker region. Hsp90 exists as a dimer in the cell.
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1.2.1 N-Terminal domain (NTD)

The N-terminal domain consists of a highly conserved ATP binding site consisting of a unique
afy sandwich motif known as the Bergerat fold which is distinctly different from the more
common P-loop NTPase fold which forms the ATP binding pocket of most ATPases (18, 19).
This Bergerat fold is also found in the ATP binding pockets of GyrB, MutL and histidine kinases
prompting scientists to combine these proteins into the GHKL family (18, 19). This Bergerat fold
comprises the catalytic site in the Hsp90 NTD wherein ATP binds and is hydrolysed to ADP.
This ATPase activity of Hsp90 fuels the Hsp90 chaperonic cycle which is essential for client
maturation and fuction(20-22). Drugs like Geldanamycin and Radicicol competitively bind to
the ATP binding pocket of Hsp90 and hence prevent the binding of ATP; effectively preventing
the ATPase activity of Hsp90 (23). Since the Hsp90 chaperone cycle is ATP driven, these drugs

essentially block the functioning of Hsp90 in the cell (23).

1.2.2 Charged Linker Region (CL)

The charged linker region is a variable, unstructured region consisting of highly charged amino
acids such as arginine and lysine which links the NTD and the MD of Hsp90. In the prokaryotic
counterpart, HtPG, the CL is very short as compared to eukaryotic Hsp90 (24). Nevertheless, the
charged linker region provides flexibility to the molecular chaperone in both eukaryotes as well
as prokaryotes to effectively undergo the chaperone cycle for the maturation of client proteins
(24). In eukaryotes, the CL also facilitates the binding of Hsp90 co-chaperone proteins, which
are absent in prokaryotes, to Hsp90. This linker region is also known to enable the different
conformations attained by Hsp90 during its chaperonic cycle including the closing of the NTD

lid after binding ATP helping in effective ATPase activity of Hsp90 (25, 26).
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1.2.3 Middle Domain (MD)

The MD has binding sites for clients and co-chaperones. The MD also contains interaction sites
for the binding of the y phosphate of ATP and hence, assists in the binding of ATP to the NTD
and its subsequent hydrolysis (27). The MD helps in stabilizing the closed, ATP bound complex
of Hsp90 as it facilitates the docking of the lid domain present in the NTD which contains the
ATP binding pocket (27). The MD also contains hydrophobic patches which provide sites for the

binding of Hsp90 clients (27).

1.2.4 C-Terminal Domain (CTD)

The CTD is predominantly known as the homodimerization domain of the Hsp90 dimer (28).
Another characteristic feature of the CTD is the presence of a highly conserved unstructured
MEEVD motif which is important for the binding of co-chaperones, such as HOP, having a TPR
domain (29, 30). A nucleotide binding site is present in the CTD which acts as an allosteric

regulatory site for the ATPase activity of Hsp90 (31).

1.2.5 Hsp90 isoforms

Hsp90 is evolutionary conserved across species with 60% identity between human and yeast
Hsp90 homologs and 40% identity between human and bacterial Hsp90 homologs (32). In
mammalian cells, Hsp90 exists in a variety of isoforms which are localized to different
organelles, for example, GRP94 is present in the endoplasmic reticulum; Hsp90a and Hsp90f
remain in the cytosol; and TRAP1 resides in the mitochondria (33). Although all these organelle

isoforms have similar protein structure consisting of the N-terminal domain, the middle domain
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and the C-terminal domain, they differ in their conformational changes during the chaperone

cycle and also differ in client binding and specificity (17).

The cytoplasmic Hsp90a and Hsp90p comprise 1-2% of the whole cellular protein and serve as
the main functional Hsp90s in the cell having a wide variety of clients. Hsp90p remains
constitutively expressed in the cell whereas Hsp90a is the inducible isoform which gets

upregulated in the presence of stress such as heat shock and starvation conditions.

In lower eukaryotes such as Saccharomyces cerevisiae, only the homologs of the cytoplasmic
Hsp90s are present, namely; Hsc82 which is the homolog of Hsp90p; and Hsp82 which is the
homolog of the Hsp90a (34). In prokaryotes like Escherichia coli, only a single form of Hsp90 is
present known as HtpG, which is homologous to Hsp90a (34). Although the prokaryotic Hsp90
is dispensable, the yeast Hsp90s are indispensable and the deletion of both Hsc82 and Hsp82

renders the cell unviable (32, 35).

1.3 Hsp90 Chaperone cycle

Numerous proteins which participate in various essential cellular pathways governed by signal
transduction are kept stabilized in the cell and are quickly activated at the correct moment to
carry out their function by the help of the Hsp90 cycle. The Hsp90 cycle functions downstream
of Hsp70 for the maturation of client proteins. Hsp90 keeps these client proteins in a stable, non
functional form and when a signal is provided to the cell, Hsp90 releases the mature proteins

using its dynamic chaperonic cycle (13).

During the chaperone cycle, the Hsp90 dimer undergoes a wide variety of conformational shifts

(Figure 2) essential for the binding and maturation of the client proteins. When not bound with
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any client proteins, Hsp90 exists in the ‘open’ conformation in the cell wherein the two
monomers are bound together by the CTD but the two NTDs remain separate and unbound with
ATP or ADP. Binding with ATP molecules to both the NTDs shifts the Hsp90 conformation to
the ‘closed 1’ conformation wherein the ATP bound NTDs come close together and dock onto
the MDs (36, 37). The client protein also binds when Hsp90 is in the intermediate stage between
open to closed conformations (38). This is followed by a conformational switch to the ‘closed 2’
conformation which is more tightly closed than the closed 1 conformation and facilitates an
enhancement of the Hsp90 ATPase activity (38). The shift from closed 1 to closed 2 complex
requires the hydrolysis of one ATP molecule and the subsequent activation of the client protein
requires the hydrolysis of the second ATP molecule. Once both ATPs are hydrolysed to ADP,
the mature client is released from Hsp90 which subsequently shifts back to its open conformation

(38-41) .
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Fig. 2. Schematic diagram of the Hsp90 chaperone cycle showing its different conformational changes
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1.4 Hsp90 Co-chaperones

In eukaryotic cells, Hsp90 is dynamically associated with a wide variety of co-chaperones which
assist Hsp90 during its chaperonic cycle. Different co-chaperones specifically bind to different
conformations of Hsp90 during its chaperonic cycle and hence regulate its function. These co-
chaperones are largely conserved in eukaryotic cells; however, they are not present in
prokaryotic cells. These Hsp90 co-chaperones help in the proper binding and dissociation of
Hsp90 client proteins, ATP binding, the conformational changes that Hsp90 undergoes during

the chaperone cycle, and ATP hydrolysis during the chaperone cycle progression, etc. (42—44).

According to their function, these chaperones are grouped into three different categories namely,

remodelling co-chaperones; client recruiters and late acting co-chaperones.

1.4.1 Remodelling co-chaperones

Remodelling co-chaperones such as Ahal, peptidyl-prolyl isomerases and Pptl induce a
conformational shift in Hsp90 during its chaperone cycle, hence helping in stabilizing the
different conformations of Hsp90 ranging from ‘open’ to ‘closed’ so as to help maintain the
dynamic chaperonic cycle of Hsp90. Ahal is a unique co-chaperone which enhances the ATPase

activity of Hsp90 (43).

1.4.2 Client recruiter co-chaperones

Since Hsp90 functions downstream of Hsp70, client recruiters like Cdc37, Stil and Sgtl help in
the movement of client proteins from Hsp70 to Hsp90. These co-chaperones inhibit the Hsp90

ATPase activity and hence stabilize the open conformation of Hsp90. Some of these client
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recruiters are client specific, for example, Cdc37 aids in the transfering of kinase clients from

Hsp70 to Hsp90 (44).

1.4.3 Late acting co-chaperones

Late acting co-chaperones such as Shal (yeast ortholog of mammalian p23) (45) stabilize the
closed conformation of Hsp90 and also partially inhibit the ATPase activity of Hsp90, hence
helping in the maturation of the client. Shal is a unique co-chaperone which possesses
independent chaperone function and directly interacts with client proteins and support their

maturation (42).

1.4.4 Co-chaperones with a TPR motif

Some of the co-chaperones contain the TPR motif such as Stil, Ppt, Cpr6, Cpr7 etc. and
specifically interact with the MEEVD domain present in the Hsp90 CTD. Some of these TPR
domain containing co-chaperones also consist of a PPlase domain such as in Cpr6 and Cpr7 and

can catalyse the cis-trans isomerization of peptide bonds (43, 44).

1.5 Hsp90 co-chaperones: functions other than the Hsp90 chaperone cycle

Apart from assisting Hsp90 during its chaperonic cycle, Hsp90 co-chaperones also have various
other functions in the cell as well. Studies have revealed that Hop (mammalian ortholog of Stil)
is crucial in preserving the hormone binding ability of the progesterone receptor (46).
Furthermore, in mammalian cells, the knockdown of Hop or Ahal can prevent the degradation of
misfolded mutant AFSO8CFTR protein which, if allowed to be expressed on the cell surface, has
the ability to be functional (47, 48). Hence the knockdown of Hop/Ahal allows AF508CFTR

protein to reach the cell surface without being degraded, restoring its function (47, 48). Other



28

INTRODUCTION

studies have proved that although Stil is a non-essential protein, the double knockout of Stil
along with Ydjl (yeast ortholog of Hsp40) or Shal leads to the loss of viability (49, 50). TPR
containing co-chaperones such as FKBP38 in mammalian systems has been shown to affect
neuronal apoptosis by preventing the anti-apoptotic activity of Bcl-2 (51). Furthermore, the
knockdown of FKBP8, an isoform of FKBP38, in mammalian cells infected with Hepatitis C
virus prevents its RNA replication (52). Previous literature indicates that few Hsp90 co-
chaperones also have potential roles in the DNA repair pathway as well. In HelLa cell extracts, it
was found that Ahal could interact directly with the DNA repair proteins, Ku70, Ku80 and
DNA-PKcs(53). Another study revealed that Shal deletion leads to sensitization of yeast cells
towards different agents which cause genotoxic stress such as UV, bleomycin and MMS which
could be reversed upon introduction of Sbal in the Asbal cells (54). Studies done with the
essential Hsp90 co-chaperone, Cdc37 revealed that a loss of function mutation of Cdc37 leads to

a synthetic growth defect which in turn led to a loss in genome integrity (55).

1.6 The cellular roles of Ahal, Sbal and Cdc37

1.6.1 The unique relationship between Ahal and Hsp90 conformational dynamics

As previously mentioned, the NTD and the MD of Hsp90 are linked by a highly charged,
unstructured CL. The charged linker region is a 63 amino acids long sequence ranging from 211-
272 amino acids in yeast Hsp82 and 224-285 in human Hsp90a. This linker region is primarily
involved in providing flexibility to the Hsp90 structure, facilitating it to attain the many different
conformations during its chaperonic cycle (56). The charged linker imparts a net negative charge
to the Hsp90 molecule which varies between different species and post translational

modifications that affect this net charge also affect the conformation of Hsp90 as well as its
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binding with co-chaperones such as Ahal (25, 57). In a study using the secreted form of Hsp90,
Tsutsumi et. al discovered that a single mutation of 1205A in yeast Hsp82 and the corresponding
mutation of 1218A in human Hsp90 present at the junction of the NTD and the CL led to an
increase in the conformational flexibility in the Hsp90 structure which interestingly led to a
negative effect in its chaperone function and also inhibited Ahal mediated ATPase enhancement
activity (58). This phenotype was found to be rescued by a CL deletion. In a study using
successive CL deletion constructs of yeast Hsp82, it was observed that the deletion of the
charged linker beyond 211-263 lead to a loss in the viability of cells while the shorter CL
deletion mutants showed mild temperature sensitivity defects (59). It was further observed that
although the co-chaperone Ahal could bind with all the CL deletion mutants, the successive
deletions of the charged linker led to a successive decrease in the Ahal mediated ATPase
enhancement activity of Hsp82 with a complete inhibition of ATPase enhancement in the CL
deletions beyond the 263" amino acid (59). Studies have shown that post translational
modifications of Hsp90 such as SUMOylation(60), acetylation(61) and phosphorylation (62-64)
regulates the recruitment and binding of Ahal to the Hsp90 dimer. In a study by Mollapur et. al.,
it was shown that the SUMOylation of K191 lysine residue of human Hsp90a as well as the
corresponding K178 of yeast Hsp90 lead to the recruitment of Ahal to Hsp90 (60). Another
study revealed that yeast Hsp90 is phosphorylated by SWE1WEEl at Tyrosine24 which
epigenetically modulates the interaction of Ahal with Hsp90 (62). In a contrasting study, it was
observed that the phosphorylation of Threonine 22 residue prevents the binding of Ahal to
Hsp90, hence affecting Hsp90 ATPase activity and chaperone function (63). Ahal binds to
Hsp90 in a sequential, asymmetric manner with the NTD of Ahal binding to a highly conserved,

phosphorylated tryrosine residue present at the 313 position of the MD of Hsp90 followed by the
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binding of the CTD of Ahal with the NTD of Hsp90 (64). This asymmetric binding of Ahal then
induces a unique conformational shift in Hsp90 from “closed 1” to “closed 2” which in turn

enhances the ATP hydrolysis activity of the Hsp90 chaperone (64, 65).

Yeast cells contain another homolog of Ahal, known as Hchl, which is absent in mammalian
cells. Hchl was first identified as a high copy number suppressor of an Hsp90 temperature
sensitive mutant, E381K (66). Hchl shares 36.6% identity and 50.3% similarity to the N-
terminal domain of Ahal and also shares its ability to stimulate the Hsp90 ATP hydrolysis
activity (67). In normal conditions, Hchl and Ahal are dispensable in yeast cells. However,
during elevated temperature conditions and in the presence of Hsp90 inhibitors like NVP-
AUY922, the presence of Ahal and Hchl is crucial for the normal functioning of Hsp90 required
for the activation of client proteins (68, 69). In higher eukaryotes, Hsp90 has a lower rate of
ATPase activity as compared to yeast; hence, the Ahal mediated ATPase enhancement of Hsp90
is important in higher eukaryotes for the regulation of Hsp90 function and the activation of its

client proteins (69).

1.6.2 Cdc37: linkng Hsp90 with signal transduction

The Hsp90 co-chaperone, Cdc37 was first discovered during a cell cycle screening (70) although
it does not have any role in cell cycle checkpoints. However, it has been found that, Cdc37 is
involved in the proper folding, maturation and activation of upto 300 protein Kinases till date.
Most of these protein kinases are important for various signal transduction pathways, including
EGFR, CDKs, LCK, SRC, etc. making it an essential protein in the cell (55, 71). Studies have
shown that the binding of the kinase family of clients to Hsp90 requires the assistance of Cdc37

which binds to the kinase client as well as to the Hsp90 dimer, forming a tripartite complex (72,
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73). The amino acids 1-126 comprise the kinase binding domain of human Cdc37 where the
kinase clients bind followed by phosphorylation of a serine 13 (S13) residue by casein kinase Il
which stabilises the binding of the kinase client to Cdc37 (74, 75). The amino acids 127-282 of
Cdc37 comprise the Hsp90 binding domain and this region binds to Hsp90 NTD and hence, links
the interaction between kinase clients and Hsp90. Apart from facilitating the binding of kinase
clients to Hsp90, Cdc37 also regulates the chaperone activity of Hsp90 by inhibiting the ATPase
hydrolysis activity of Hsp90, prolonging the interaction of Hsp90 with the kinase clients and
hence promoting their proper folding. The dephosphorylation of the S13 residue of Cdc37 by
protein phosphatase 5 (PP5) promotes the release of the mature kinase (76). Cdc37 is an
oncogene and increasing levels of this Hsp90 co-chaperone promotes tumorigenesis (72). Studies
have shown that when Cdc37 was overexpressed along with c-Myc, the proto-oncogene, it lead
to the development of prostate cancer in mice (77). Since Cdc37 is crucial for the activation of
CDKs which are essential for cell cycle progression and cell proliferation, it is not surprising that

cancer cells have elevated levels of Cdc37, making it an attractive target for cancer therapy.

1.6.3 Sbal: expanding the Hsp90 chaperone network

Shal was first described in mammalian systems as p23 (78). Shal/p23 was found to associate
preferentially with the ATP-bound, NTD dimerized, closed complex of Hsp90 during the late
stage of the Hsp90 chaperone cycle (79, 80). Sbal/p23 increases the efficiency of the Hsp90
chaperone cycle by slowing down the ATP hydrolysis step and prolonging the client bound state,
enabling Hsp90 to efficiently fold and subsequently activate the client (81, 82). Studies have
shown that the binding of Sbal is sequential with Stil first binding to the Hsp90 open
conformation, followed by the binding of ATP which reduces the affinity of Hsp90 with Stil.

Stil is then competitively displaced by Cpr6, allowing the Hsp90 dimer to switch to the closed
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conformation subsequently allowing Shal binding to the closed NTDs of Hsp90 (82, 83). A
recent study by Echtenkamp et. al. revealed that Shal has a vast interactome of proteins out of
which only 25% coincided with the Hsp90 interactome (54). This study suggested that Shal has
the independent ability to chaperone proteins and intersect with Hsp90 at different points of
biological processes such as cell motility, DNA repair, post translational modifications of
proteins and protein translocation, forming a triaxial relationship between various cellular
pathways and Hsp90 and hence expanding the reach of regulation of cellular processes by the
Hsp90 chaperone system (54). Atomic resolution structures of glucocorticoid receptor-Hsp90-
p23 maturation complex revealed that apart from stabilizing the closed conformation of Hsp90,
p23 also directly interacts with the client and stabilizes it via a conserved helix identified as a

FxxXMMNxM motif present in the C terminal end of p23 (84).

1.7 Hsp90 in disease: a novel target

Hsp90 has been known to play roles in different diseases such as cancer, infectious diseases as
well as neurodegenerative disorders. Hence, further studies on Hsp90 can illuminate it as a novel

drug target in the treatment of various diseases.

1.7.1 Hsp90 in Cancer

Tumour cells have an extensive dependency on signaling pathways driving the cell cycle, most
of which are governed by Hsp90 and its clients such as p53, Proto-oncogene SRC, UHRF1 and
HIFla. Since cancer cells survive in stressful, nutrient deficient environments, these stressful
conditions release HSF1 which then induces the increased expression of Hsp90 (85, 86).
Although elevated levels of Hsp90 in cancer cells help in their survival rate (87), increased

Hsp90 levels in normal cells does not induce tumorigenesis in normal cells (88, 89). In lower
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eukaryotes, the over-expression of Hsp90 was found to negatively affect the steady state levels
of Rad53 (90). It was observed that even upon DNA damage, Rad53 levels could not reach the
threshold required to elicit an efficient DNA damage response leading to increased DNA damage
sensitivity in the yeast cells (90). Hsp90 also enhances motility in malignant tumour cells by
secretion into the extracellular matrix (91). Studies show that this secreted Hsp90 further
activates the matrix metalloproteinase-2 (MMP-2) which in turn cleaves the components of the

extracellular matrix, facilitating the invasion of malignant cells into the bloodstream (91-93).

1.7.2 Hsp90 role in neurodegenerative disorders

Many neurodegenerative disorders such as Huntington disease, Alzheimer’s disease, Parkinson’s
disease, etc. are associated with an increased aggregation of misfolded proteins. Since molecular
chaperones like Hsp70, Hsp90 and their co-chaperones are involved in the proper folding and
final maturation of proteins, they are increasingly coming into the spotlight as drug targets for

these neurodegenerative diseases (94).

Recent studies have shown that the inhibition of Hsp90 plays a dual therapeutic role in

neurodegenerative diseases (95).

It has been found that Hsp90 stabilizes the kinases responsible for hyperphosphorylation of tau
proteins which further leads to their aggregation which contributes to neurodegenerative diseases
and hence, the inhibition of Hsp90 helps in activation of the Hsp70 pathway which in turn helps
in the proper folding of the misfolded proteins (96-98). Further studies have shown that the
inhibition of Hsp90 co-chaperones such as Cdc37 and Ahal contributes to a reduction in Ap and
tau aggregates, serving as therapeutic targets for the treatment of neurodegenerative diseases (99,

100). Recent reports have found that the inducible form of Hsp90, i.e. Hsp90a was in elevated
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levels at sites of inflammation which is associated with various neurodegenerative diseases and

the reduction of Hsp90a helped in the reduction of inflammation (101-104).

However, in contrast, reports have also suggested that the expression of Hsp90 activates
phagocytosis in microglia which in turn helps in clearing Af aggregates (105). Furthermore, it
has been found that the Hsp90 co-chaperones, CHIP and Hop assist in the clearance of abnormal

tau aggregates (106-108).

1.7.3 Hsp90 in infectious diseases

During a viral infection, as the virus undergoes multiple rounds of replication, it also has to
undergo vast amounts of translation using the host machinery to produce complex,
multifunctional proteins. Hence, these viruses heavily depend on the Hsp90 chaperone
machinery of the host for the proper functioning of their proteins during viral replication (52,
109, 110). Furthermore, the proteins encompassing the structural components of the viral particle
are prone to misfolding and subsequent aggregation especially during fever temperatures and
hence, require increased amounts of Hsp90 in the host to promote the stability of these proteins
and assemble into mature viral particles (111, 112). These characteristics make Hsp90 an

appealing target for antiviral drugs (113, 114).

The importance of the Hsp90 chaperone system has also been implicated in the development and
differentiation of parasites such as Leishmania donovani,Plasmodium falciparum, Toxoplasma,

Trypanosoma, Theileria, Eimeria etc (115).

The parasite known to cause malaria, Plasmodium falciparum, has been extensively studied and

it has been revealed that it can cleverly utilize its Hsp90 chaperone machinery during periodic
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fluctuations of host temperature as the human host experiences periodic high fever in response to
the parasitic infection (116, 117). When the human host experiences fever, PfHsp90 levels also
are increased in the parasite and the parasite uses this temperature cycle to transition between
different stages from early ring stage to trophozoite stage in the erythrocytes with the help of its
Hsp90 machinery (118, 119). Studies have reported that the inhibition of PfHsp90 led to severe

growth defects in the malaria parasite making it an attractive drug target (120).

Another well known parasite which causes leishmaniasis, Leishmania donovani, is also closely
dependent on Hsp90 for the transition of the motile promastigote stage to the non motile
amastigote stage inside the human host. This occurs during the down regulation of Hsp90 with
the help of Hop during a sudden temperature rise in the human host (121). Hsp90 suppression
has been linked to the transition of promastigote to amastigote stage in vitro conditions as well

(122, 123).

1.7.4 Hsp90 in Cystic fibrosis

Cystic fibrosis is a result of mutations in a transmembrane chloride channel known as the cystic
fibrosis transmembrane conductance regulator (CFTR). The most common mutation encountered
in the CFTR channel is 4F508 which inactivates the protein, which further results in its
degradation leading to the inhibition of its translocation to the plasma membrane. Studies have
shown that the Hsp90 chaperone machinery is important for the final folding and subsequent
translocation of CFTR to the plasma membrane. The AF508 mutation in CFTR leads to a defect
in its folding, leading to its degradation rather than its movement to the plasma membrane. A
recent study has shown that the downregulation of Ahal helps to prevent misfolding of

AF508CFTR resulting in its increased transport to the plasma membrane (48).
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1.8 Non canonical roles of Hsp90

Apart from its classical chaperone role, Hsp90 is being recognised to perform various non
canonical roles in the cell such as transcription regulation, chromatin remodelling, assembly of

multimeric complexes, vesicular protein transport and telomere maintenance (124, 125).

1.8.1 Hsp90 in Telomere maintenance

Recent studies revealed that not only does Hsp90 stabilize the telomerase reverse transcriptase
protein (TERT) and helps assemble the telomerase enzyme (8); but Hsp90 also facilitates
telomerase function by aiding in the DNA binding and DNA extension activities of the
telomerase enzyme (126, 127). Studies in both human and yeast systems, revealed that Hsp90
and p23/Shal work cooperatively to aid telomerase function wherein p23/Shal functions to
dissociate the telomerase enzyme from DNA while Hsp90 works to facilitate its DNA binding
(8, 127, 128). Furthermore it was also revealed that Human Hsp90 remains associated with
telomerase during DNA extension leading to the addition of multiple telomere repeats (128).
However, in yeast the association between Hsp90 and telomerase has a short half life leading to
constant dissociation of Hsp90 and telomerase during telomere extension leading to short,

degenerate telomeric repeats (129).

1.8.2 Hsp90 in Transcription regulation

Among the vast clientele of Hsp90, various transcription factors such as NF-kB, Specificity
protein 1 (SP1), p53, B-cell lymphoma 6 (Bcl-6) and STATS also serve as clients of Hsp90 and
indirectly impart the ability to Hsp90 to regulate transcription (130). Apart from ensuring steady

state levels of mature transcription factors, Hsp90 has also been found to be essential for the late
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folding of transcription factors which activates their DNA binding domain and enables the DNA
binding capacity of transcription factors (131). Although Hsp90 does not have an NLS or a DNA
binding domain, however early reports suggested a functional role of Hsp90 in the nucleus with
relation to transcriptional regulation (132, 133). Morcillo et. al. found that upon heat shock,
Hsp90 formed loci at chromosomal puffs which indicated transcriptionally active sites.
Furthermore, it was observed that the prevention of transcription whilst keeping protein synthesis
processes intact, prevented Hsp90 loci formation at the chromosomal puffs (133). A recent study
revealed that Hsp90 is recruited near the promoters of various genes and regulates the pausing of
RNA polymerase Il during transcription, leading to the regulation of global genetic expression
(134). In yeast cells, it was found that the upregulation of Hsp90 during heat shock leads to a
subsequent upregulation of CUP9 protein which binds to the activator region of SIR2 gene and
transcrptionally represses the production of Sir2 histone deacetylase which maintains the
heterochromatinized state of various chromosomal regions such as the ribosomal DNA,
telomeres, and the silent mating type loci (135). Hence, the Hsp90 mediated transcriptional

regulation of Sir2 rewires the genetic expression during heat shock conditions (135).

1.8.3 Hsp90 in Chromatin remodelling

Expanding its nuclear role beyond transcription regulation, Hsp90 has also been known to
associate with chromatin modifiers and hence, plays a role in chromatin remodelling as well. A
recent study has revealed that Hsp90 and its co-chaperone, p23/Shal work cooperatively to
regulate the remodel the structure of chromatin (RSC) complex (136). In the cell, RSC is
required to remodel a number of nucleosomes across the genome within mins with a high
efficiency. However, in vitro studies with purified RSC complex demonstrated that the speed and

efficiency of nucleosome remodelling with only RSC is very low (137, 138). Hence, RSC is
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assisted by Hsp90, which helps in RSC dissociation from DNA with a higher kinetics, and p23,
which enhances the efficiency of nucleosome remodelling, hence increasing the overall kinetics
of RSC function within the cell (136). Another study demonstrated that Hsp90 enhances the
histone H3-lysine 4 (H3K4) specific methyltransferase activity of SMYD3 in colorectal cancer
cells (139). Studies in Drosophila revealed that Hsp90 facilitates the function of Trithorax (Trx)
which is a transcription factor responsible for the epigenetic modulation of the Trithorax group
of genes (TrxG) resulting in phenotypic variations in Drosophila (140). In yeast cells, it was
found that the activation of GAL genes required the removal of nucleosomes at the promoter
regions which was facilitated by the Hsp90-Stil-Hsp70 complex and the deletion of any of these

components lead to inefficient nucleosome removal (141).

1.8.4 Hsp90 in multimeric protein complex assembly

Since Hsp90 is important for the stability and maturation of a variety of proteins, recent studies
have found that it also plays a central role in the assembly and stabilization of various multimeric
complexes. A study by Zhao et. al. revealed that Hsp90 and its co-chaperones, Pihl and Tahl
form a Hsp90-Tahl-Pihl ternary complex which then interacts with the helicases, Rvbl and
Rvb2 resulting in the formation of a R2TP complex. R2TP and Hsp90 then cooperatively
function to ensure that the box C/D snoRNPs are properly assembled (142). The R2TP complex
along with Hsp90 has also been found to facilitate cytoplasmic RNA polymerase 11 assembly
(143). Studies have shown that apart from providing stability to PIKKs in mammalian cells such
as DNA PKcs, ATR and ATM (144); Hsp90, along with the Serine/threonine protein kinase
Tell, has also been found to mediate the assembly of the PIKKs, ATR and mammalian target of
rapamycin (mTOR) (145, 146). It was found that the inhibition of Hsp90 or the deletion of its co-

chaperone, Tel2 lead to the impairment of mTOR binding with TORC1 and TORC2 (145).
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Furthermore, the deletion of Tel2 or the inhibition of Hsp90 inhibited the association of ATR
with ATR-interacting protein (ATRIP) (146). Kinetochore assembly has also been linked to
Hsp90 function in the cell. The kinetochore is a multimeric complex composed of many small
complexes which are sequentially assembled at the centromere to form the kinetochore complex.
The assembly of the kinetochore is initiated first by the assembly of the CBF3 which is
composed of the proteins, Ctfl3, Cep3, Skpl, and Ndc10. Studies have shown that Hsp90 is
important for the assembly of this CBF3 complex (147, 148). Furthermore, Hsp90 has also
shown to be important for the assembly of the RISC complex which is crucial in the RNA
silencing pathway. Studies have shown using purified RISC protein components that the
Hsp90/Hsp70 chaperone system is required for the ATP-dependent loading of RISC with small
RNA duplexes (149-151). It was also observed that the inhibition of Hsp90 using ATPase
inhibitors such as geldenamycin significantly reduced the activity of RISC (150). Studies have
shown that the inhibition of Hsp90 causes the 26S proteasome to disassemble into its individual
components, the lid complex and 20S core particle which demonstrated that Hsp90 was crucial

in preserving the structural integrity of the 26S proteasome (152, 153).

1.8.5 Hsp90 and Protein transport

Compartmentalization in eukaryotic cells requires a multi-faceted delivery mechanism for the
transport of proteins between various organelles within the cell. Recent studies are illuminating
Hsp90 as a mediator of protein transport between different cellular compartments. The yeast
Hsp90 isoforms have been found to interact with 202 proteins which drive the intracellular
protein transport and secretion (154). Hsp90, has been shown to assist the post-translational
import of nuclear encoded chloroplast and mitochondrial proteins to their respective outer

membrane translocases, TOC and TOM respectively (155-157). Hsp90 has also been well
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documented in the regulation of endosomal vesicular transport mechanisms via regulation of Rab
cycling. Studies have revealed that Hsp90 modulates the Rab recycling process by facilitating the
binding of GDP-dissociation inhibitors (GDIs) to Rab-GDP, allowing Rab to be retrieved from
membranes and enabling continuous vesicular transport (158). Along with endosomal vesicular
transport, Hsp90 has also been implicated in exocytic vesicular transport pathways. Studies have
shown that the inhibition of Hsp90 impairs the endoplasmic reticulum to Golgi vesicular
transport as well as intra-Golgi vesicular transport (11, 159). Furthermore, Hsp90 along with its
co-chaperone, HOP, has been found to influence the membrane conformation and allows the

secretion of proteins via exocytic vesicles (160).

1.8.6 Hsp90 in DNA repair

Recent studies have shown that Hsp90 has various clients which are involved in chromatin
remodeling pathways and DNA repair pathways as well such as BRCAL, BRCA2, FANCA,
ATM, DNA PKcs, CHK1, Rad51, components of the MRN complex and cohesion proteins(161).
Previous studies revealed that the inhibition of Hsp90 leads to inefficient chromosome
segregation, leading to chromosome loss (162). The inhibition of Hsp90 has been linked to
decreased cell survivability in the presence of genotoxic stresses. Studies have shown that Hsp90
regulates ATM/ATR signaling complex as well as the MRN complex which are important for
DNA damage response pathways (163). Another study revealed that Hsp90 inhibition leads to
reduced levels of Rad51 foci formation which is a hallmark for homologous recombination
mediated DNA repair pathway, the major pathway for DNA repair in lower eukaryotes like yeast

(164).

1.9 Post translational modifications of Hsp90
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Since Hsp90 has been implicated in a vast variety of canonical and non canonical functions and

hence plays a regulatory role in a wide number of cellular processes, Hsp90 itself is required to

be regulated in diverse ways. Hence, not only is Hsp90 function and conformation regulated by

its co-chaperones, but also by various post translational modifications such as SUMOQylation,

phosphorylation, acetylation, deacetylation, methylation etc. (165) (Table 1).

Table 1. Hsp90 post-translational modifications and their effects

Post translational | Residue Enzyme Regulatory effect | References
modification
Hsp90a. Hsp90p
Tyrosine Y38 Y33 Swel Hsp90 chaperone | (62, 166)
phosphorylation cycle
Y313 Y305 Hsp90 chaperone | (65, 167,
cycle 168)
Y197 Y192 v-Src, Yes Hsp90 co- | (168-172)
chaperone
binding
Y627 Y619 Hsp90 co- | (167, 168,
chaperone 173)
binding
Y309 Y301 c-Src VEGF signalling | (174, 175)
Serine/threonine S68 S63 CK2 (176)
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phosphorylation

T5 NA ATM, DNA-PK DNA  damage | (177-181)
response/DNA
repair

S63 S58 CK2 (167, 176)

S72 S67 CK2 (176)

T88 T83 PKA (167, 182,

183)

T7 NA ATM, DNA-PK DNA  damage | (177-181,
response/DNA 184, 185)
repair

T65 T60 CK2 (176, 186)

T36 T31 CK2 Hsp90 chaperone | (63, 187,
cycle 188)

T90 T85 PKA Hsp90 chaperone | (167, 182,
cycle 189-191)

S164 S159 Cdc7-Dbf4 Cancer (163, 192)
regulation;

ATM/ATR
signalling

S211 S206 PKA/PKG Cancer (193, 194)
regulation

S113 S108 HopBF1 (195)
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T115 T110 Mpsl, Cdc14, | Hsp90 chaperone | (196, 197)
PKCy cycle

N373 S365 CK2 Hsp90 chaperone | (198)
cycle

S399 S391 ATP binding to | (199-201)
Hsp90

S231 S226 CK2, PP5 Hsp90 co- | (202-208)
chaperone
binding

S263 S255 CK2, B-Raf, PP5 Hsp90 co- | (202-208)
chaperone
binding

S460 S452 PKA (194)

T425 S417 PKCy Kinase client | (196)
regulation

S505 S497 ATP binding to | (201)
Hsp90

T603 T595 PKCy Kinase client | (196)
regulation

S595 S587 Mitogen-activated Cancer (166, 209,

protein kinase 12 | therapeutics 210)

(p38y)
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cycle

M625 M617 Hsp90 chaperone | (201)
cycle

T725 A717 CK2, CK1, GSK3B | Maintenance of | (211, 212)
proteostasis

S623 S615 ATP binding to | (201, 213)
Hsp90

T624 T616 EGFR regulation | (214, 215)

S726 S718 CK2, CK1, GSK3p | Maintenance of | (211, 212)
proteostasis

Acetylation K41 K36 Drug resistance (216-218)

K74 K69 Hsp90 chaperone | (166, 210)
cycle

K69 K64 HAT p300 Hsp90 chaperone | (219-222)
cycle

K292 K284 HAT p300 Hsp90 co- | (219, 221)
chaperone
binding

K294 K286 HDAC6 Hsp90 co- | (61, 188, 216,
chaperone 217, 223,
binding 224)

K100 K95 HAT p300 Hsp90 chaperone | (221)

44
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K407 K399 ATP binding to | (219, 225)
Hsp90

K419 K411 ATP binding to | (225, 226)
Hsp90

K327 K319 HAT p300 Hsp90 chaperone | (166, 221)
cycle

K546 K538 HAT p300 Hsp90 chaperone | (221, 226)
cycle

K478 S470 HAT p300 Hsp90 chaperone | (221)
cycle

K558 K550 HAT p300 Hsp90 chaperone | (221)
cycle

Thiocarbamylation C597 C589 STCA Client (227)

degradation

C529 C521 6-HITC-ME (228)

Monomethylation K209 K204 SMYD2 Myofilament (188, 229)

organisation

K582 K574 SMYD2 Cancer cell | (230)
proliferation

K539 K531 SMYD?2 Cancer cell | (230)
proliferation

K615 K607 SMYD2 Hsp90 co- | (188, 229,
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chaperone 231-233)
binding;
Myofilament
organisation
S-Nitrosylation C597 C589 Nitric oxide Hsp90 chaperone | (234, 235)
cycle
SUMOylation K191 K186 SUMO-1 Hsp90 co- | (60)
chaperone
binding
K559 K551 SUMO  peptidase (236)
sentrin/SUMO-
specific protease 2
(SENP2)
Ubiquitination K224 K219 CHIP (237-239)
K112 K107 CHIP DNA  damage | (237, 238,
bypass 240)
K283 K275 CHIP (237-239)
K209 K204 CHIP (237-239)
K292 K284 CHIP (237-239)
K407 K399 CHIP (237-239)
R355 K347 CHIP (237)
K485 K477 CHIP (237, 238)
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K546 K538 CHIP DNA damage | (237, 238,
bypass 240)
K558 K550 CHIP (237, 238)
K631 K623 CHIP (237, 238,
241)
K489 K481 CHIP (237-239)
K615 K607 CHIP (237, 238,
242)
O-GIcNAcylation S442 S434 (243)
S460 S452 (243)
Nitration Y38 Y33 Apoptosis; (244, 245)
Mitochondrial
metabolism
Y61 Y56 Apoptosis (244)

1.10 DNA repair by Homologous recombination

Eukaryotic cells employ various mechanisms for the repair of breaks in the DNA such as BER,
HR, NHEJ, and NER. In mammalian cells, the most common mechanism employed to repair
DSBs is NHEJ. However, unlike mammalian cells, lower eukaryotes such as yeast employ HR as
the preferred means to repair double strand DNA breaks as the three major proteins involved in

NHEJ, namely DNA-PKcs, Artemis and BRCAL are missing in yeast. The formation of a double




48

INTRODUCTION

strand DNA break in yeast leads to the recruitment of sensor proteins such as Rad17, Rad24,
Ddcl and Mec3 along with signal transducers such as Rad53, Mec1/Ddc2 and Dunl. This is
followed by the formation of a PCNA-like complex known as the 9-1-1 complex which includes
Rad17/Mec3/Ddcl and form a clamp-like structure at the DNA break site (246). This leads to the
activation of Tell which is the yeast ortholog of the human ATM and Mecl which is the yeast
ortholog of the human ATR. the checkpoint kinases CHK11 and CHK2 are hyperphosphorylated
by Tell and Mecl. Since CHK1 and CHK2 regulate the DNA damage checkpoint, they arrest the
progression of the cell cycle until the DNA damage is repaired (247). The recruitment of the
MRX complex (MRN in humans) to the DSB site initiates the recruitment of the 5’ exonuclease,
Sae2 (CtIP in humans) which leads to the initial resectioning of the 5° ends which is then
completed by Exol to produce 3’ single strand DNA overhangs (248-250). These single strand
DNA overhangs are recognized and bound by the single strand DNA binding protein known as
replication protein A (RPA). Rad51 replaces RPA with the help of Rad51 epistatic group of
proteins such as Rad52 (BRCAZ2 in humans) which physically interacts with Rad51, RPA and
ssSDNA and facilitate the exchange of RPA with Rad51 at the resectioned ssDNA overhangs.
Another group of mediator proteins include the Rad51 paralogs, Rad54 and Rad57 (Rad51B,
Rad51C, Rad51D, XRCC2 and XRCC3 in humans) which form a heterodimer that can interact
and stabilize the Rad51 nucleofilament and further helps in the Rad51 mediated strand exchange
(248, 251, 252). Once the Rad51 nucleofilament is formed and stabilized, the next step in the HR
mediated DNA repair pathway is homology search and strand invasion (251, 252). Rad54 is the
motor protein that facilitates strand invasion by the Rad51 nucleo-filament in an ATP dependent
manner to form the intermediate D-loop structure followed by the formation of the double

Holliday junction (251-253). The double Holliday junction is then resolved into crossover/non
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crossover products by the Sgsl-Top3-Rmil dissolvasome complex which consists of a RecQ
helicase, Sgsl (BLM in humans), type IA topoisomerase Top3 (Topollla in humans) and the
topoisomerase accessory factor Rmil (254). The recombination process is negatively regulated
by Srs2, which is an anti recombinosome and prevents Rad51 nucleofilament formation (255).
This process of DNA repair by HR is majorly conserved across species and is important for

maintaining genomic integrity (256).
1.11  Hsp90 in homologous recombination mediated DNA repair

In our lab, studies have revealed that Hsp90 inhibition using inhibitors like 17AAG or by using
the mutant Hsp90'®17%P |eads to a reduction in the protein levels of Chll, Rad51 and Rad52
(162, 164). These proteins were found to be dependent on Hsp90 for their stability and activation
and under Hsp90 limiting conditions; these proteins underwent proteasomal degradation and
hence were established as Hsp90 clients (162, 164). Furthermore, during DNA damaging
conditions it was observed that Hsp90 displayed a dynamic interaction with Rad51 and
perturbation of this dynamic interaction lead to severe DNA damage sensitivity in the cells

(257).

Since many of Hsp90 clients belong to the DNA repair family, there was an indication of a
potential function of Hsp90 in DNA repair. Studies have been done with mammalian cells which
suggest the direct involvement of Hsp90 in DNA repair. In a study it was observed that when a
DNA damage response was triggered using short double strand DNA molecules called Dbait 32
Hc(258), mammalian Hsp90a was phosphorylated at the Thr7 residue by phosphatidylinositol-3-
kinases such as DNA-PKcs which is also responsible for the phosphorylation of YH2AX histone

during the DNA damage response pathway (185). These two phosphorylation events were found
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to have similar kinetics and the phosphorylated form of Hsp90a was found to be recruited at the
DNA break sites along with yYH2AX histone (185). Another study done using mouse embryonic
fibroblasts (MEF) showed that mammalian Hsp90a gets phosphorylated at the Thr5 and Thr7
residues in response to ionizing radiation. This phosphorylation event is primarily governed by
ATM immediately after the cells are exposed to IR (181). It was also observed that only the
nuclear localized Hsp90a and not the cytoplasmic pool is phosphorylated by ATM in response to
IR (181). It was furthermore shown that the deletion of Hsp90a sensitized the MEF cells to IR

(181).

However, in lower eukaryotes like Saccharomyces cerevisiae, the first 14 amino acids which are
present in mammalian Hsp90a are absent in yeast Hsp82, thus the Thr5 and Thr7 residues are
absent. Furthermore, yeast does not contain DNA-PKcs which has been shown in mammalian
system to have a function of phosphorylating Hsp90a. In addition, Tell, which is the yeast
ortholog of ATM, does not have any reported function of Hsp82 phosphorylation. Since DNA
repair mechanisms as well as Hsp90 structure and function are conserved from lower to higher
eukaryotes, it is important to determine whether there is any conserved function of Hsp90 in

DNA repair even in lower eukaryotes such as yeast.
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1.12  Objectives of the study

Previous study from our lab demonstrated that Hsp90 provides clientship to Rad51, Rad52 and
Chl1, the critical proteins which are crucial for the HR mediated DNA repair. However, whether
Hsp90 directly regulates the nuclear function of Rad51 remains elusive. Our lab identified a
separation of function mutant of Hsp90 which had no effect on Rad51 stability but it
substantially reduces the formation of Rad51 foci in the nucleus in response to MMS treatment,
which is a hallmark of HR mediated DNA repair. We hypothesize that Hsp90 acts as a positive

regulator of HR mediated DNA repair pathway.

The main objective of my research is to decipher how Hsp90 controls the HR mediated DNA
repair pathway. Using Saccharomyces cerevisiae as a model organism, we have addressed three
important questions which has helped to decipher the potential function of Hsp90 in HR
mediated DNA repair pathway. My study establishes that the dynamic interaction between
Rad51 and Hsp90 is important for the nuclear function of Rad51 in the presence of genotoxic
stress. Further, we have shown that Hsp90 is redistributed to the nucleus in the presence of DNA
damage and is also associated to the damaged chromatin. We have identified that the nuclear

import of Hsp90 is dependent on one of its co-chaperones Ahal.
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1.13  Specific Aims

In our study, we have asked the following three main questions:

Q1. Whether yHsp90a regulates the nuclear function of Rad51 during DNA repair?

We will determine whether the physical association between Hsp90 and Rad51 play any
regulatory role in the DNA damage induced Rad51 function. Using the wild-type Rad51 and a
HR deficient Rad51 mutant Rad5151%t we have established that DNA damage induced

dissociation between Rad51 and Hsp90 is one of the prerequisites for nuclear function of Rad51.

Q2. Whether yHsp90a is imported to the nucleus during genotoxic stress and recruited to the

damaged chromatin?

To identify whether Hsp90 plays a direct role in HR mediated DNA repair, the chaperone should
be present in the nucleus under such condition and physically be associated with the damaged
chromatin. Using various DNA damaging agents we have established that Hsp90 is translocated
to the nucleus during genotoxic stress and also recruited to the damaged chromatin in response to

double strand break created in the chromosome.
Q3. What is the mechanism of the nuclear import of yHsp90a during DNA repair?

Using various N-terminal as well as CL deletion mutants we have established that Ahal
dependant conformational flexibility of Hsp90 is essential for its nuclear import during the

condition of genotoxic stress.
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Materials and Methods

2.1 Molecular Biology Techniques

2.1.1 Bacterial competent cell preparation

A single bacterial colony was inoculated in LB media and incubated at 37°C, overnight in a
shaker incubator. Next day, 500 pl of primary culture was inoculated in 25 ml of LB media and
the secondary culture was incubated at 37°C till the ODeoo reached 0.5. Cells were then harvested
by centrifuging the culture at 8,000 rpm, 4°C, for 8 mins. The supernatant was discarded and the
pellet was very gently re-suspended in 12.5 ml of sterile, ice-cold 0.1M CaCl, solution. The
suspension was centrifuged at 8,000 rpm, 4°C for 8 mins and the supernatant was discarded. The
pellet was again re-suspended in 12.5 ml of ice-cold 0.1M CaCl; and incubated on ice for 4-8 hrs
to make cells competent. The cells were harvested by centrifuging the culture at 8,000 rpm, 4°C,
for 8 mins. The pellet was re-suspended in 1.070 ml of ice-cold 0.1M CaCl; and 170 ul of sterile
glycerol. The cell suspension was then divided into 100 pl aliquots in pre-chilled microfuge

tubes, frozen in liquid nitrogen and kept at -80°C.

2.1.2 Bacterial transformation

Approximately 100 ng of DNA was added on the top layer of competent cells and kept on ice for
30 mins. Cells were exposed to heat shock at 42°C for 60 s and immediately chilled on ice for 2-
3 mins. 900l of Luria Broth was added to the cells and kept at 37°C shaker incubator for 1 hr.
The cells were then centrifuged at 10,000 rpm for 2 mins and most of the supernatant was
discarded. The pellet was re-suspended in the remaining supernatant and spread on Luria agar

plate containing appropriate antibiotic. Plates were incubated at 37°C for 12-16 hrs.
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2.1.3 Bacterial plasmid DNA isolation by alkaline lysis method

Bacterial cells harbouring the required plasmid were inoculated in 10 ml of LB medium and
incubated overnight at 37°C, 200 rpm. The cells were harvested the next day by centrifugation at
4,000 rpm for 15 mins. The cell pellet was re-suspended in 400 pl of solution I (Tris 25 mM pH
8, EDTA 10 mM) and was transferred to a 2 ml micro-centrifuge tube. 400 pl of solution II (0.2
N NaOH, 1% SDS) was added to the tube and mixed well by inverting 4-5 times and incubated
for less than 5 mins at RT. Subsequently, 300 ul of ice cold solution III (3 M sodium acetate)
was added to the tube and incubated on ice for 5 mins with intermittent mixing. It was then
centrifuged at 12,000 rpm for 15 mins at RT and the supernatant was collected in a 1.5 ml tube.
The supernatant was then mixed with 2.2 volume of absolute alcohol and kept at - 20°C for 45
mins for precipitation. After incubation at -20°C, the sample was centrifuged at 12,000 rpm at
4°C to precipitate the DNA. The pellet was washed with 70 % alcohol and resuspended in 50 pl
of 1X Tris-EDTA buffer. For removing RNA from the sample, 2-3 ul of 100 mg/ml RNase was
added to the sample and kept at 37°C for 20 mins. Then, equal volume of PCIA was added and
mixed well by vortexing for 3 mins. Subsequently, centrifuged at 12,000 rpm for 15 mins at RT
and the upper aqueous layer containing DNA was taken out in micro-centrifuge tube. DNA was
then precipitated by adding 2.2 volumes of 100% ethanol and 1/10th volume of solution Il and
placed at -80°C for 2 hrs. Plasmid was precipitated by centrifuging sample at 12,000 rpm, 4°C.
Plasmid DNA was then washed with 70% alcohol by centrifuging for 5 min at 12,000 rpm, 4°C.

The pellet containing plasmid was air-dried and re-suspended in 30 ul 1X TE buffer.

2.1.4 Site-directed mutagenesis
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The CL deletion mutants, hsp824(211-242) and human hsp9004(224-279)-FLAG were created
using splice overlap extension PCR. To generate the hsp82A(211-242) deletion mutant, yeast
genomic DNA was used as a template, and the full-length gene was amplified in two fragments
to delete the desired region. For amplifying the first and second fragments, primer sets
0OSB21/0SB537 and OSB538/0SB22 were used respectively. Finally, Asp82A(211-242) deletion
was generated by annealing the first two PCR products followed by a third PCR using the primer
set OSB21/0SB22. To generate the human Asp90aA(224-279) deletion mutant, the full-length
gene was amplified as two fragments one using primer set OSB531/0SB533 and the other using
0OSB534/0SB539 primer pair. The two PCR products were denatured, allowed to hybridize with
each other and subsequently amplified using the primer pair OSB531/OSB539 to create human
hsp900A (224-279) deletion. To create the human T774hsp90c. mutant by site directed
mutagenesis, pcDNA3.1+/C-(K)-DYK vector was used as a template along with the primer set
0SB535/0SB539. The codon ACC was changed to GCT within the primer OSB535 to create the

human T74hsp900. mutant. All the mutants were confirmed by sequencing.

2.1.5 Plasmid DNA subcloning

Full length HSP82, AHA1 and RAD51 were amplified using the primer pairs OSB21/0SB22,
0SB215/0SB216 and OMKB90/OMKBS88 respectively and individually cloned in the 2u vector
pTA between the BamH1 and the Sall restriction sites to create pTA-HSP82, pTA-AHAL and
pTA-RAD51 respectively.Full length HSP82 was also cloned in pHCA vector between the
BamH1 and the Sall restriction sites to create pHCA-HSP82. We purchased the mammalian
expression vector pcDNA3.1+/C-(K)-DYK from GenScript, USA, which harbors full length
human HsHSP90a with C-terminal FLAG tag. We amplified HsHSP90a-FLAG using the primer

pairs OSB531/0SB539 and subcloned in the centromeric pHCA vector (259)between the BamHI
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and the Sall restriction sites. Two mutants of HsHsp90a namely hsp900T7A4 and the CL deletion
mutant Asp9004(224-279) were generated by splice overlap extension (SOE) and ultimately
subcloned in pHCA with C-terminal FLAG tag.The CL deletion mutant Asp824(211-259) was
amplified using the genomic DNA isolated from HH1a-p2HG/hsp824(211-259) strain(164, 260)
with the primer pairs OSB21/OSB22. It was subsequently subcloned into pTA orpHCA vector
within the BamHI and Sall restriction sites. Hsp82 deletion mutant hsp824(211-242) was
generated by SOE and subsequently subcloned in pHCA within the BamHI and Sall restriction
sites to create pHCA-hsp82(4211-242). In order to create GFP-Hsp82 fusion constructs, GFP
was first amplified from the plasmid, p2U/S65T using the primer pair OSB517/0SB518 and
subcloned within the BamH1 restriction site, which is present in the N-terminal end of HSP82,
hsp824(211-259) and hsp824(211-242). The orientation of GFP was checked using Pstl
digestion to create pHCA-GFPHSP82, pHCA-GFPhsp824(211-259), and pHCA-
GFPhsp824(211-242) fusion constructs, where GFP is fused at the N-terminal end of Hsp82 in

all the cases. DNA sequencing (Eurofins) was done to confirm the cloning.

2.2 Methods in yeast genetics

2.2.1 Yeast transformation

Yeast cells were grown overnight in 5 ml of respected media at 30°C shaker incubator for
obtaining the primary culture. Next day, the primary culture was used to inoculate the secondary
culture for a final absorbance of 0.6-0.8 in 40 ml medium. The culture was incubated at 30°C till
the ODsoo reached 0.6-0.8. The culture was then harvested by centrifugation at 3500 rpm for 5
mins and the cell pellet was washed with 10 ml sterilized water. Washed cells were finally re-

suspended in 300 pl Lithium solution (1X TE, 1X Lithium Acetate) to make them competent.
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(0.5-1) ug of DNA was mixed with 10 pg of carrier in a tube and 200 pl of competent yeast cells
were added gently over the DNA mixture in each transformation tube. 10 pg of carrier DNA in a
tube with 200 ul of competent cells was taken as negative control. Next, 1.2 ml of PEG solution
[10X LiOAc (Sigma), 10X TE, 50% PEG 2000 (Sigma)] was added and it was incubated at 30
°C for 30 mins with shaking. After that cells were exposed to heat shock at 42°C, 15 mins
followed by incubation on ice for 5 mins. The cells were then collected by centrifugation at
10,000 rpm for 10 s. The pellet was re-suspended in 200 pl 1X Tris-EDTA buffer and then
spread on appropriate plates. The plates were incubated at 30°C till transformed colonies were

observed.

2.2.2 Gene tagging and gene knockout

In W303a yeast background, SBA1 and CDC37 genes were MYC tagged by homologous
recombination using HIS cassettes(261) flanked by 40 bp homologous sequencespresent
upstream and downstream of the stop codons of the respective genes to create the MYC tagged
SBAL and CDC37 strains namely, NFY14 and NFY15 respectively. For creating NFY14 strain,
the homologous sequence was added in the primers (OSB389 and OSB390) used for amplifying
the HIS cassette from pFA6a-His-Myc plasmid. This cassette was then transformed into W303a
strain and the cells were grown in a histidine drop out medium. The MYC tagging of SBA1 was
confirmed by PCR using the primer pairs OSB391 and OSB390. For creating NFY15 strain, the
homologous sequence was added in the primers (OSB398 and OSB399) used for amplifying the
HIS cassette from pFA6a-His-Myc plasmid. This cassette was then transformed into W303a
strain and the cells were grown in a histidine drop out medium. The MYC tagging of CDC37 was
confirmed by PCR using the primer pairs OSB400 and OSB399. P82aharboring wild-type

HSP82 expressing vector (TRP) was transformed with centromeric pHCA-hsp824(211-242)
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plasmid and the transformed strain was grown in histidine drop out complete medium to generate
KRAY16 strain, where the HSP82 was replaced by the mutant by plasmid shuffling. In W303a
yeast background, AHA1 gene was knocked out by homologous recombination using a HIS
cassette (261) flanked by 40 bp homologous sequence of the upstream and downstream regions
of the AHAL1 gene to create the strain NFY24. The homologous sequence was added in the
primers (OSB273 and OSB274) used for amplifying the HIS cassette from pFA6a-His plasmid.
This cassette was then transformed into W303a strain and the cells were grown in a histidine
drop out medium. The knockout was confirmed by PCR using the primer pairs OSB275 and

0OSB274.

2.2.3 Real-time RT-PCR

W303a strain was grown at 30°C till the ODeoo reaches to 0.5. It was subsequently exposed to
0.15% MMS for 2 hrs. Total RNA was isolated from the untreated and MMS treated cells using
the acid phenol method as described previously (164). Further cDNA was synthesized using the
reverse transcriptase enzyme (Omni Script; Qiagen, Hilden, Germany) as described previously
(164). The primer-pair, OSB 14 and OSB 16 was used to amplify 307 bp at the 3’ end of ACT1.
In order to amplify 326 bp at the 3’ end of RAD51, the primer-pair OSB 44 and OSB 45 was
used. Similarly, to amplify 291 bp at the 3° end of AHAL transcript the primer-pair OSB 216 and
OSB 394 was used. Finally, to amplify 276 bp at the 3’ end of SBA1, the primer-pair OSB 391
and OSB 445 was used. For RT-PCR, cDNA was diluted (1:50) and used for PCR using a
Takara TB Green RT-PCR kit as described earlier (164). GraphPad Prism 6 software was used to

plot the mean values (£SD) from independent experiment sets.

2.3 Yeast Cell biology methods
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2.3.1 Fluorescence imaging

GFP fluorescence imaging was done using the strains NFY31, NFY32, NFY33, and NFY35as
described earlier (262). Typically, the cells were grown till 0.5 ODsoo in selective media. Half
batch of cells were treated with 0.15% of MMS and grown for 2 h along with the untreated batch
of cells. NFY31 was additionally treated with 15 pg/ml of Nocodazole (Cell Signalling
Technology) for 2 hrs. Nocodazole-induced cell cycle arrest at G2/M was confirmed by
visualization of large number of dumbbell-shaped budding cells under the microscope.
Subsequently, the cells were harvested and washed with Milli-Q water. The cells were then
treated with 70% ethanol for 1 min at 30°C with shaking and were again washed with water. The
cells were resuspended in 100 pl of water and the nuclei of the live cells were stained using
Hoechst 33342 (Thermo Fisher Scientific) stain at a concentration of 20 pg/ml for 10 min. The
cells were mounted on glass slides using 25 % glycerol and were visualized under the 100X
objective using a Nikon Eclipse (Ni-E AR) upright fluorescence microscope. The images were
captured, using monochrome camera (Andor), which were subsequently processed and
deconvoluted using NIS elements Advanced Research software (TOWA OPTICS PRIVATE
LIMITED). Three independent sets of experiments were performed and more than 100 cells per

condition were analysed. The results represent mean + SD.

2.3.2 Indirect immunofluorescence assay

W303a strain was grown in YPD media till 0.5 OD600 and half batch of cells were treated with
0.15% MMS and both the batches were grown for additional two hrs. The cells were washed and
fixed using 4% formaldehyde for 2 hrs. 107 — 108 cells were taken and washed with 1XPBS

(containing ImM DTT and 0.5mM PMSF). The cells were resuspended in spheroplast buffer
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(18.2% Sorbitol, 1% Glucose,0.2% Yeast Nitrogen Base, 0.2% Casamino acids, 25 mM HEPES
pH 7.4, 50 mM Tris, 1 mM DTT) containing YPDS (YPD, 1M sorbitol) and Lyticase. The cells
were then incubated for 1.5 hrs at 30°C with gentle shaking for spheroplasts to form. The slides
were meanwhile prepared by coating each well with 0.1% poly L lysine and incubated for more
than 20 mins at RT. Extra liquid was removed by aspiration and the wells were dried completely.
The fixed yeast spheroplasts were then loaded into each well and allowed to settle for 20 mins.
Extra liquid was aspirated and the wells were washed with 1X PBS for 5 mins. Permeabilization
of the cell membrane of the fixed yeast cells was done with a 1:3 mixture of acetone and
methanol for 15 mins. After washing with 1X PBS, the wells were blocked using 3% BSA for
1.5 hrs. The liquid was aspirated and 1:50 dilution of rabbit anti-Ahal primary antibody
(Invitrogen) diluted in 3% BSA was added to each well and incubated at 37°C for 1 hr. After
incubation, the extra liquid was aspirated and the wells were washed subsequently with 1X PBS,
1X PBST and 1X PBS for 15 mins each at 37°C. To each well, 1:250 dilution of the secondary
antibody, Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
(Life Technologies) diluted in 3% BSA along with 10 pg/ml Hoechst 33342 vital stain (Thermo
Fisher Scientific), was added and the slides were incubated at 37°C for 45 mins. All the liquid
was then aspirated and the slides were allowed to dry completely after which the samples were
mounted using gold antifade (Thermo Fisher Scientific) and the slides were visualized under the
100X objective using a Nikon Eclipse (Ni-E AR) upright fluorescence microscope. The images
were captured using monochrome camera (Andor), which were subsequently processed and
deconvoluted using the NIS elements Advanced Researchsoftware (TOWA OPTICS PRIVATE

LIMITED).Three independent sets of experiments were performed and more than 100 cells per
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condition were analysed. The results represent mean = SD. The two-tailed Student’s t test was

used to calculate P values.

2.4 Biochemical methods

2.4.1 Protein isolation

Yeast cells were inoculated in 5 ml of appropriate medium and grown overnight at 30°C at 200
rpm. Overnight grown culture was inoculated into fresh 20 ml of appropriate media and grown
till the ODeoo reached 0.5. Cells were harvested by centrifuging the secondary culture at 3000
rpm for 5 mins. Pellet was washed in 500 ul of autoclaved water followed by a TCA wash. The
supernatant was removed and the pellet resuspended in TCA. Glass beads were then added in the
sample and vortexed thoroughly. Supernatant containing protein was taken in a new 1.5 ml
microfuge tube. The mixture of cells and glass beads was washed with TCA by vortexing with
intermittent cooling on ice and the supernatant was again collected into the same tube. Sample
was centrifuged and the supernatant was discarded. The precipitated protein was dissolved in 60
ul 1X sample buffer (Tris-HCI, pH 6.8, 2% SDS and bromophenol blue). The sample was then
boiled for 3-5 mins and centrifuged at top speed for 5 min and then subjected to western blot

analysis.

2.4.2 Cellular Fractionation

The nuclear fractionation was done with wild-type, NA14(263), Asbal (SLY6), Aahal (NFY24)
and tscdc37S14A strains (grown at restrictive temperature 37°C). Similar fractionations were
also performed with the strains carrying wild type HsHsp90o-FLAG (KRAY15) and that carrying

the human Asp90aT74-FLAG (KRAY17)and human hsp9004(224-279)-FLAG (KRAY18). To
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measure whether the nuclear level of yHSP90a depends on Ahal, we did nuclear fractionation of
Aahal strain carrying empty plasmid (NFY26) and that carrying AHAL over-expression plasmid
(NFY27). Finally, various mutants of hsp82 namely; HHla-p2HG/hsp824(211-259),
T1011hsp82, hsp824(211-242) (KRAY16) and the isogenic control strain P82a were also
subjected to nuclear fractionation. Typically,cells were grown till 0.5 ODego in selective media.
Half batch of cells were treated with 0.15% of MMS and continuously grown at 30°C for 2 hrs
along with the untreated batch of cells. In NA14 strain, DNA damage was induced as a specific
double strand DNA break at an HO restriction site by inducing HO endonuclease within the cell
using 3% Galactose (263). After DNA damage 100 ODeoo cells were harvested and washed with
PBS containing DTT and PMSF. In each case, cells were then incubated with spheroplast buffer
(18.2% Sorbitol, 1% Glucose, 0.2% Yeast Nitrogen Base, 0.2% Casamino acids, 25 mM HEPES
pH 7.4, 50 mM Tris, 1 mM DTT) for 15 mins at 30°C with gentle shaking. After incubation,
cells were re-suspended in spheroplast buffer containing YPDS (YPD, 1M Sorbitol) and lyticase
enzyme. It was then allowed to grow at 30°C with gentle shaking for 1.5 hrs. Again, YPDS was
added into spheroplast and spun at 4000 rpm for 10 mins. Washing of the spheroplast was
performed with ice cold YPDS followed by spinning at 4000 rpm for 5 mins. Spheroplast was re-
suspended in ice-cold sorbitol and spun at 4000 rpm for 5 mins. Ultimately the spheroplast was
re-suspended in 5 ml of Buffer N (25 mM K2SO4, 30 mM HEPES pH 7.6, 5 mM MgSOg4, 1 mM
EDTA, 10% Glycerol, 0.5% NP40, 3 mM DTT, 1% protease inhibitor cocktail) and
homogenized by giving 20 strokes under chilled condition. Homogenized spheroplast was spun
at 2000 rpm at 4°C for 15-20 mins to pellet down the cell debris. The nuclei were pelleted down
at 6000 rpm for 25 mins at 4°C. This nuclear fraction sample was then re-suspended in 50 pl of

buffer N. The sample was then boiled for 10 mins and used for the western blotting analysis.
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2.4.3 Coimmunoprecipitation

Wild-type and E108Lrad51 cells harboring yHsp90 over expression plasmid (under GPD
promoter, 2|1 vector) were grown to an ODegoo of 0.5. 10 ml 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 30 s 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 hr
at RT. The beads were then spun down for 15 s at 1,000 rpm, and the pellet was washed 3 times
with NETNS buffer (20 mM Tris-HCI [pH 8], 1 mM EDTA, 1M 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 NacCl, 0.5% [vol/vol] NP-40 with protease inhibitor). The bound protein was eluted
with 4X Laemmli buffer by boiling for 10 mins which 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 and were eluted using 4X SDS loading dye
containing dithiothreitol (DTT) and Tris (pH 8.8) and boiled for 10 mins. The sample was spun
down and the proteins in the supernatant were used for Western blot analysis. After the
coimmunoprecipitation we calculated the relative association of Hsp90 with Rad51 for each

experiment using the formula given below:

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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2.4.4 Western blotting

Protein samples obtained via protein extraction or coimmunoprecipitation or cellular
fractionation studies were loaded on SDS polyacrylamide gel. Polyvinylidene difluoride (PVDF)
membrane was used for the western which was pre-treated with methanol for 20 s followed by
water wash then transfer buffer (Tris buffer, glycine, SDS and methanol) for 5 mins. Protein
from gel was then transferred to pre-treated PVDF membrane. Subsequently, the blot was
incubated with the blocking buffer (5 % nonfat milk powder dissolved in 1X TBS-T) for 2 hrs at
RT. The blot was then incubated with the required primary antibodies for overnight at 4°C. Next
day, the blot was washed with 1X TBS-T buffer (0.2 M Tris base, 9 % NaCl, pH 7.6, 0.1 %
Tween-20). After washing, the, blot was incubated with appropriate secondary antibody for 2 hrs

at RT followed by washing with TBS-T buffer.

2.4.5 MMS sensitivity assays

W303a, KRAY16, and HH1la-p2HG/hsp824(211-259) strains were grown in YPD medium for
overnight at 30°C. Next day, secondary culture was grown till 0.5 ODsgo at 30°C. After ODsoo
reached to 0.5, the culture was divided into two sets. One set of cells was treated with 0.03 %
(vol/vol) of MMS (Sigma Aldrich) and grown at 30°C for 2 hrs and another set was continuously
grown at 30°C for 2 hrs without MMS. After that the cells were washed twice, serially diluted
and 1000 cells of each culture were spread on YPD plates. The plates were incubated at 30°C for
40 hrs and the colonies obtained were counted in both treated and untreated conditions.

Subsequently, the % survivability was calculated using the following formulae:

% survivability = [(Number of cells grown on MMS plate) / (Number of cells grown on

untreated plate)] *100
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2.4.6 Repair Kinetics of a single double strand DNA break

NA14 cells (263) were grown in YPD media in the presence of 3% glycerol till 0.3 at ODsgoo. 60
OD of cells were harvested (untreated or 0 h) and the remaining cells were treated with 3%
galactose for different time points (1 h, 2 h, 3 h and 4 h). At each time point, 5 ODeoo 0f cells
were harvested. The yeast cells were disrupted using 0.3 g glass beads and 200 pl breaking
buffer [2% Triton X 100, 1% SDS, 10 mM NaCl, 10 mM Tris (pH 8), 1 mM EDTA (pH 8). The
genomic DNA was subsequently extracted from the yeast cells using PCIA. The extracted
genomic DNA was treated with RNase and resuspended in 30 pl 1X Tris-EDTA solution. The
kinetics of a single double stranded break repair at the HO restriction site was monitored by PCR
using the primers OSB289 and KanB1l which are specific to the upstream and downstream

regions of the HO restriction site.

2.4.7 Chromatin immunoprecipitation

The strains, NFY21, NFY22, NFY23, NFY25 and KRAY19 were grown in the selective media
without tryptophan till 0.3 at ODeoo in presence of 3% glycerol. 60 ODsoo Of cell was taken out
and treated with 1% formaldehyde for 15 mins (untreated or O h) and the remaining cells were
treated with 3% galactose for different time points (1 h, 2 h, 3 h and 4 h). At each time point, 60
ODesoo of cells were taken out and treated with 1% formaldehyde for 15 mins each.
Formaldehyde mediated protein crosslinking was stopped using 2.5 M glycine. After
formaldehyde treatment, each set of cells were harvested and washed with 1 X PBS. ChIP assay
was performed for each set of cells as described earlier (135). Pull down was done with each set
using 10 pg anti-Hsp90 antibody (Calbiochem), 10 pg anti-Rad51 antibody (Abcam), 10 pg anti-

Ahal antibody (Abcam) and 10 pg anti-GFP antibody (Abcam) to precipitate HSP90o, Rad51,
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Ahal and GFP bound DNA fragments respectively at each time point. Recruitment of HSP90a,
Rad51 and Ahal were then monitored at the HO cleavage proximal site and up to -5 kb distal
position by PCR using the immune precipitate and input DNA samples for each time point.
Recruitment near the broken region was studied by subjecting the samples to PCR using the
primers OSB519 and OSB520 while recruitment to the 1 kb, 2 kb, 3 kb, 4 kb and 5 kb away from
the HO cleavage side towards the left direction were measured using the primers
OSB567/0SB568, OSB569/0SB570, OSB571/0SB572, OSB573/0SB574 and
OSB575/0SB576, respectively. Samples were subjected to electrophoresis on 2 % agarose. For a
negative control, ChIP was performed with 1gG antibody. We amplified 300 bp at the 3’ end of

ACT1 using OSB14 and OSB16 (259), which was used as a normalization control.

Table 2. Yeast strains used in this study

Strain Genotype Source

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

MATa 15ade2-1 ura3-1,112 his3-11 trpl leu2-3, SBAl-
NFY14 This study
13MYC-HIS3MX6

MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3, CDC37-
NFY15 This study
13MYC-HIS3MX6

MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO
NA14 (263)
ade2-1 leu2-3112 his3-11,15 trp1-1 canl1-100

MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO
KRAY19 ade2-1 leu2-3112 his3-11,15 trp1-1 can1-100, AHA1-2u-TRP This study

[PTA/AHAL]
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MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO

NFY21 ade2-1 leu2-3112 his3-11,15 trp1-1 canl-100 HSP82-2u- This study
TRP [ pTA/HSP82]
MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO

NFY22 ade2-1 leu2-3112 his3-11,15 trp1-1 canl-100, RAD51-2p- This study
TRP [pTA/RAD51]
MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO

NFY23 ade2-1 leu2-3112 his3-11,15 trp1-1 can1-100, GFP-HSP82- This study
2u-TRP [pTA/GFP-HSP82]
MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO

NFY25 ade2-1 leu2-3112 his3-11,15 trp1-1 can1-100, GFP- This study
hsp824(211-259) -2-TRP [pTA/GFP- hsp824(211-259)]

NFY24 MATa 15ade2-1 ura3-1,112 his3-11 trpl leu2-3 AHAL::HIS This study
MATa 15ade2-1 ura3-1,112 his3-11 trpl leu2-3 AHAL::HIS,

NFY 26 This study
2U-TRP[pTA]
MATa 15ade2-1 ura3-1,112 his3-11 trpl leu2-3 AHAL::HIS,

NFY27 This study
AHAL-2u-TRP[pTA/AHAL]
MATa 15 ade2-1 ura3-1,112 his3-11 trpl leu2-3, GFP-

NFY31 This study
HSP82-CEN-HIS [pHCA/GFP-yHSP90o]
MATa his3A1 leu240 met1540 ura340 ahal : :kanMX4, GFP-

NFY32 This study
HSP82-CEN-HIS [pHCA/GFP-HSP82]

NFY33 This study

MATa 15 ade2-1 ura3-1,112 his3-11 trpl leu2-3, GFP-
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hsp824(211-259) -CEN-HIS [pHCA/GFP-/sp824(211-259)]

MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trp1 ura3-1

NFY35 hsp82::LEU2 hsc82::LEU2, GFP-hsp824(211-242)-CEN- This study
HIS [pHCA/GFP hsp824(211-242)]
MATa 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3,
SLY6 (259)
VII::ADE2 SBAL1::KAN'
MATa 15ade2-1 ura3-1,112 his3-11 trpl leu2-3, hHHSP90a-
KRAY15 This study
FLAG-CEN-HIS [pHCA/hHSP90a-FLAG]
MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trpl ura3-1
KRAY16 hsp82::LEU2 hsc82::LEU2, hsp824(211-242)-CEN-HIS This study
[pHCA/ hsp824(211-242)]
MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3,
KRAY17 This study
hT7A4hsp900-FLAG-CEN-HIS [pHCA/hT7Ahsp90a-FLAG]
MATa 15ade2-1 ura3-1,112 his3-11 trp1 leu2-3,
KRAY18 Hshsp9004(224-279)-FLAG-CEN-HIS [pHCA/hsp900A(224- This study
279)-FLAG]
MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trpl ura3-1 .
KRAY29 hsp82::LEU2 hsc82::LEU2, HSP82-CEN-HIS This study
[PHCA/HSP82], AHAL-FLAG-2pu-TRP [pTA/AHAL-
FLAG]
HH1a-
MATa hsp82::LEU2 hsc82::LEU2 ade2 his3 leu2 trpl ura3,
P2HG/hsp824(211- (260)
hsp824(211-259)-2-HIS [p2HG/hsp824(211-259)]
259)
MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trp1 ura3-1
T1011 (264)

hsp82::LEU2 hsc82::LEU2 CEN pTGPD/T3-138
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P82a

MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trp1 ura3-1

hsp82::LEU2 hsc82::LEU2 CEN pTGPD/P82

(264)

BY4741

MATa his3A41 leu2A40 met1 540 ura340 ahal : :kanMX4

Open Biosystems

Table 3. Primers used in this study

Primer
Sequence Purpose
Name
0OSB389 5’AGAAGATGAAGAAGAGGAAATAGAGCCGGAAGTGAAA FP to MYC tag SBA1
GCTCGGATCCCCGGGTTAATTAA 3’
0SB390 5’GTTACTCATTCTAGCACTCCAGGTTGATTTGCTCCT RP to MYC tag SBA1
CCTTGAATTCGAGCTCGTTTAAAC 3’
0SB391 5" GATGAAGATGAACAAGACGAAG 3’ FP to confirm MYC
tagged SBA1
0OSB445 5" GACGTCGACTTAAGCTTTCACTTCCGGCTC 3’ RP to amplify 3 end
of SBA1
0OSB398 5’TAACCATGAAGAGGTCA ACATACTGCCGACAC FP to MYC tag
TGTTGACCGGATCCCCGGGTTAATTAA 3’ CDC37
0SB399 5’GTAGATGCACGCTGCACCAGTAAAATAGCTACA RP to MYC tag
TAAATTTGAATTCGAGCTCGTTTAAAC 3’ CDC37
0SB400 5> AAAAATGCAAGAAGCCATAATGAC 3° FP to confirm MYC

tagged CDC37
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0SB273 S’TCTTATTCTTAATCGTTTATAGTAGCAACAATATATCAA FP to knockout AHA1
TCGGATCCCCGGGTTAATTAA 3’
0SB274 S’ATTTACGCATACTTTTATTGAAACATGAGAACAATATAT RP  to  knockout
CGAATTCGAGCTCGTTTAAAC 3 AHA1
0sSB275 5" GTGTTACCCAGTTCACAATGG 3’ FP to confirm Aahal
0SB21 5’GACGGATCCATGGCTAGTGAAACTTTTGAATTTC 3° FP to amplify full
length HSP82
0SsB22 5 CGGGTCGACCTAATCTACCTCTTCCATTTCGG 3’ RP to amplify full
length HSP82
0SB215 5’ATCGGATCCATGGTCGTGAAAACCCAAATAAC 3° FP to amplify full
length AHAL
0OSB216 5’ GTCGTCGACTTATAATACGGCACCAAAGCCG 3’ RP to amplify full
length AHAL
0OSB394 5°CTG GAG ACC AAA GAA AAATTCG FP to amplify ~300bp
of 3” end of AHA1
OMKB90 5’GGATCCTGTCTCAAGTTCAAGAAC 3’ FP to amplify full
length RAD51
OMKBS88 5’ CTG CAG CTA CTC GTC TTC TTC TC 3° RP to amplify full
length RAD51
OSB531 5’ GACGGATCCATGCCTGAGGAAACCCAGAC 3’ FP to amplify full
length hHSP90o-
FLAG

70
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0OSB539 5>GACGTCGACTTATCACTTATCGTCGTCATCC3’ RP to amplify full
length hHSP90a-
FLAG
0OSB535 5’GACGGATCCATGCCTGAGGAAACCCAGGCTCAAGAC 3’ FP to create
hT7Ahsp90a
mutation
0OSB517 5> GCAGGATCCATGAGTAAAGGAGAAGAAC 3’ FP to amplify full
length GFP
0OSB518 5>GCAGGATCCCTGCAGCTTGTATAGTTCATCCTAG 3’ RP to amplify full
length GFP
0OSB537 5’TCGACTTCTTCCAATTTGGTGACGACTAATTGGATTGGGT RP to Create
AGG3’ hsp824(211-242)
mutation
0OSB538 5’CCAATTAGTCGTCACCAAATTGGAAGAAGTCGATGA FP to create
AGAAG 3 hsp824(211-242)
mutation
0SB533 5S’ATGTACTTTTCCTTAATCTCCACAAAAAGAGTAATGGGAT | RP to create human
ATC 3’ hsp9004(224-279)
mutation
0SB534 S’ TACTCTTTTTGTGGAGATTAAGGAAAAGTACATCGATCAA | FP to create human
G3’ hsp9004(224-279)
mutation
0sB289 5 GTTAGTTGAAGCATTAGGTCC 3’ FP to study repair

kinetics of a single
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DSB at HO site

KanB1

5" TGTACGGGCGACAGTCACAT 3’

RP to study repair
kinetics of a single

DSB at HO site

0OSB519

5> ATGTCGAAAGCTACATATAAG 3°

FP used to study
recruitment at the HO

cleavage site

0OSB520

5> AATGCTTCAACTAACTCCAG 3’

RP used to study
recruitment at the HO

cleavage site

OSB14

5° TTAGAAACACTTGTGGTGAACG 3’

RP to amplify ACT1

OSB16

5> TGACCAAACTACTTACAACTCC 3’

FP to amplify 307

base pair of

3’ end of ACT1

OSB567

5" GGAGAATCCATACAAGAAATCG 3’

FP to amplify -1 kb

upstream of HO site

0OSB568

5 CATCTCATTAGTTGGAATTTCG 3’

RP to amplify -1 kb

upstream of HO site

0OSB569

5’ TTTGGTAGATCATTTAAGGGTC 3°

FP to amplify -2 kb

upstream of HO site

OSB570

5> CAGGAGATGGCTTAGGCAAG 3’

RP to amplify -2 kb

upstream of HO site

72
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OSB571 5’ TTTCATTGCTTCCGACTCCG 3’ FP to amplify -3 kb
upstream of HO site
OSB572 5’ TACGCAGACGAGAAGGCTTC 3’ RP to amplify -3 kb
upstream of HO site
OSB573 5 ATTGAAGGCCGATACAATTGG 3’ FP to amplify -4 kb
upstream of HO site
0SB574 5" GGATCCTGGAATTTGATCTTG 3’ RP to amplify -4 kb
upstream of HO site
0SB575 5" ATATTGGCATAAGAGGTAAACC 3’ FP to amplify -5 kb
upstream of HO site
0OSB576 5 TTTATTGTCTATGGTTTACAAGC 3’ RP to amplify -5 kb
upstream of HO site
OSB44 5 GTGGTGAACTAAGCGCAAG 3’ FPto amplify 326 bp
of the 3> end of
RAD51
OSB45 5’ CTACTCGTCTTCTTCTCTGG 3’ RPto amplify 326 bp

of the 3 end of

RADS51
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Specific Aim 1: To study whether yHsp90a regulates the nuclear function

of Rad51 during DNA repair

3.1 Introduction

Previous studies in our lab have found Rad51 to be a direct client of yHsp90a since it depends on
yHsp90a for its stability and undergoes proteasomal degradation upon the inhibition of yHsp90a
(164). Studies in our lab have also characterised a separation of function mutant of yHsp90a.
wherein the CL is deleted, giving rise to yHsp90a”?'!?>® mutant. This CL mutant was found to
retain its chaperone function and hence the stability of Rad51 was not found to be affected.
However, the nuclear function of Rad51 during DNA repair was severely reduced leading to a
reduction in the Rad51 mediated gene targeting function as well as the formation of Rad51 foci
which is the hallmark of HR mediated DNA repair (164). Furthermore, yeast cells harbouring the
yHsp9002?'1-2%° mutant were severely sensitive to agents which cause DNA damage such as
MMS, showing a phenotype similar to that of Arad51 strain (164). Since the charged linker
region is responsible for providing structural flexibility between amino and carboxyl terminal
domain of yHsp90o (265), an optimum interaction between Rad51 and yHsp90o may be
compromised in the mutant. Hence, we hypothesized that effective Hsp90 and Rad51 interaction
may be crucial for nuclear function of Rad51. To that end, we have determined the physical
association between Rad51 and yHsp90a in presence and absence of MMS treatment.We
observed that there exists a dynamic equilibrium between Rad51"T association with yHsp90a. In
response to MMS treatment, Rad51 dissociates from yHsp90awhich is one of the regulatory
events for Rad51 nuclear function. We utilized a point mutant Rad51F'%L which has been

characterised in our lab and has been found to show a stronger affinity towards yHsp90a (257).



75

SPECIFIC AIM 1

In case of Rad51F1% due to tighter association, the interaction between yHsp90a and mutant
Rad51 becomes irreversible, and hence even under DNA damaging conditions, the mutant
Rad5151%L protein could not proficiently dissociate from yHsp90a rendering the cells HR

deficient.
3.2 Results
3.2.1 yHsp90a exists in a dynamic physical association with Rad51"'"

In order to investigate the interaction between Rad51"" and yHsp90o, we performed co-
immunoprecipitation experiments under normal as well as MMS treated conditions. In order to
capture detectable association between yHsp90a and Rad51'WT we over-expressed both yHSP90«
and RAD51 from two 2p vectors, each having GPD promoter. The yHsp90a-Rad51"T complex
was co-immunoprecipitated from the whole cell extract with a-Rad51 antibody, followed by
detection on Western blot using a-Hsp82 antibody (Fig.3). We find that under normal conditions,
a small fraction of yHsp90a is associated with Rad51WT which is further reduced upon the
addition of 0.15% MMS. Thus, from this experiment, we concluded that there exists a dynamic
equilibrium between Rad51VT-yHsp90a complexes: in the presence of DNA damage, the

equilibrium is shifted towards the dissociation of Rad51-Hsp90.
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Fig. 3. Western blot showing coimmunoprecipitation of Rad51"" with yHsp90a from whole cell extracts of wild-
type strain in conditions of cells untreated and treated with 0.15% MMS for 2 hrs. Immunoprecipitation (IP) was
performed using an anti-Rad51 antibody. An anti-Hsp90 antibody was used for Western blotting. I: input; S:

supernatant P: pellet.
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3.2.2 The dynamic physical association of yHsp90a with Rad51V" is lost in the case of the

mutant Rad51F108L

Studies in our lab identified the Rad515%®mutant as an HR dead mutant. Rad5151%% exhibits a
defective nuclear function during HR mediated DNA repair and hence, is defective in Rad51
mediated gene conversion activity and cannot recruit to the broken DNA site as efficiently as
Rad51VT(257). Cells harbouring Rad5151%8- were found to be highly sensitive to DNA damage, a

phenotype similar to Arad51 strain (257).

In order to investigate the interaction between Rad51F%t and yHsp90o, we performed co-
immunoprecipitation experiments under normal as well as MMS treated conditions. In order to
capture detectable association between yHsp90a and Rad51E1%- we over-expressed both
yHSP90a and E108Lrad51 from two 2u vectors, each having GPD promoter. The yHsp90a-
Rad515%L complex was co-immunoprecipitated from the whole cell extract with o-Rad51
antibody, followed by detection on Western blot using a-Hsp82 antibody (Fig.4). We found that
under normal conditions, in case of the mutant strain, a significantly large fraction of yHsp90a. is
associated with Rad51F'% as compared to the wild type strain. In the E108Lrad51 strain, even
in the presence of 0.15% MMS, there was no detectable reduction in the association between
yHsp90a and Rad5151%8E, Thus, from this experiment, we conclude that the dynamic equilibrium
observed between the Rad51"T-yHsp90o complex is lost in case of E108Lrad51 and the
Rad5151%L-yHsp90o complex remains in the associated form even in DNA damage conditions

created by the addition of 0.15% MMS.
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Fig. 4. Western blot showing coimmunoprecipitation of Rad5151%8- with yHsp90a from whole cell extracts of
E108Lrad51 mutant strain in conditions of cells untreated and treated with 0.15% MMS for 2 hrs.

Immunoprecipitation (IP) was performed using an anti-Rad51 antibody. An anti-Hsp90 antibody was used for

Western blotting. I, Input; S, supernatant; P, pellet
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3.2.3 Quantitative analysis shows stronger association of yHsp90o with Rad5151% as

compared to Rad51'WT

Quantification of the several coimmunoprecipitation repeats shows that the relative association
between yHsp90a and Rad5151%L is almost double than the association found between yHsp90a
and Rad51WT. This signifies stronger association of yHsp90a with Rad51F%L compared to
Rad51VT. In the presence of 0.15% MMS, yHsp90o and Rad51'WT association was found to be
reduced by approximately 50% in the wild type strain. On the other hand, in E108Lrad51 strain,
even in the presence of 0.15% MMS, there was no detectable reduction in the strong association
between yHsp90a and Rad51E1%L (Fig.5). Hence, it was concluded that apart from imparting
stability to Rad51, yHsp90a also regulates the nuclear function of Rad51 during genotoxic stress

conditions.
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Fig. 5. Relative association of yHsp90a with Rad51 is calculated from at least three independent
coimmunoprecipitation experiments and standard deviations are plotted for both wild type RAD51 and mutant

E108Lrad51 strain. P values were calculated using the two-tailed Student’s t test, **: P = 0.0046; ***: P=0.0008
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Specific Aim 2: To study whether yHsp90a is imported to the nucleus

during genotoxic stress and recruited to the damaged chromatin

4.1 Introduction

It was reported earlier that upon DNA damage, human HSP90a is phosphorylated by DNA-
dependent protein kinase (DNA-PKc) at threonine 5/7 residues and the phosphorylated
HsHsp90a forms foci at the site of DNA damage (181, 266). Although DNA-PK can
phosphorylate both the cytoplasmic and nuclear pool of HsHsp90a upon DNA damage, it was
never addressed whether there is a DNA damage induced upsurge of Hsp90a in the nucleus and
whether this import is dependent on the threonine 5/7 phosphorylation. In lower eukaryotes such
as in budding yeast, neither does yHsp90a possess the first 14 stretch of amino acids, including
the Thr5 and Thr7 residues, nor does it harbour DNA-PK. Furthermore, although the orthologs
of ATM i.e., Tell/Mecl are present in yeast, there is no report showing their physical association
with yHsp90a. This raises the question of whether DNA damage induced chromatin recruitment
of Hsp90a occurs in these organisms. We investigated whether the nuclear translocation of
yHsp90a occurs in aforementioned phosphorylation independent manner in S. cerevisiae, in
which the first 14 amino-acids are absent (Fig.6, red circle). We observed significant import of
yHsp90a into the nucleus in response to genotoxic stress conditions imparted by the addition of
MMS. To delineate whether the nuclear import ofHsp90a is due to the DNA damage or due to
the cell cycle arrest, we used agents that cause S-phase arrest (hydroxyurea) or G2/M arrest
(nocodazole) and monitored the nuclear import of Hsp90a. We observed that there was no
detectable nuclear import ofHsp90a in presence of HU/Nocodazole, thus confirming that the

nuclear import of Hsp90a is induced by DNA damage. We further investigated whether the
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nuclear pool of yHsp90a is recruited to the damaged chromatin in response to a single specific
double strand break created in the chromosome. To that end, we used NA14 strain (263), where a
site specific DSB was created within the mutant ura3 locus by expressing a galactose-inducible
HO endonuclease.In NA14 yeast cells, the DSB created at the ura3 locus can be repaired by
homologous recombination using a donor template (URA3) that is located 3 kb apart.We
performed ChIP analysis immediately after HO induction and at every 1-hr interval, up to 4
hrsand observed that yHsp90a. is recruited to the damaged chromatin with maximum recruitment
observed at 2hrs post HO induction when the DNA breakage appeared to be maximum. We
further monitored the extent of occupancy of yHsp90a upto -5kb of the DNA break site and
found thatyHsp90a binds to the flanking region of the DNA break site with kinetics comparable

to that of Rad51, a known protein involved in the HR pathway.
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Fig. 6. The pairwise sequence alignment between human Hsp90a and yeast Hsp82 shows that the first 14 amino
acids are absent in Hsp82 as indicated by the red circle. Green parenthesis show the charged linker region of human

Hsp90a and yeast Hsp82.
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4.2 Results

4.2.1 Nuclear accumulation of yHSP90a during DNA damage

We examined the level of yHsp90a in whole-cell extract and in nuclear fraction of W303a strain
upon exposure to MMS treatment (0.15%). We found that there was no difference in the
expression of yHsp90a in response to DNA damage (Fig.7A, left panel), however, it was
redistributed to the nucleus (Fig.7A, right panel). The experiment was repeated multiple times
and one set of the representative western blot images is presented. Rad51 level was monitored as
a positive control which showed more than 2-fold and 3-fold of induction in the whole-cell
extract and in the nuclear fraction respectively (Fig.7B). The nuclear fractionation data showed
that upon MMS treatment, there was a 2.5-fold nuclear enrichment of yHSP90a (Fig.7B). Nspl,
the nuclear marker protein was used as a loading control. The nuclear accumulation of yHsp90a
was further supported by the live cell imaging of the strain NFY31, that harbors a single-copy
GFP fused yHSP90a plasmid. We observed that in untreated condition, GFP-yHsp90o was
uniformly distributed throughout the cell (Fig.7C). However, when treated with 0.15% MMS,
GFP-yHsp90a moved to the nucleus and coincided with Hoechst 33342 (Fig.7D). As MMS
delays S-phase progression, we wanted to distinguish whether the nuclear translocation of
yHsp90a occurs due to cell cycle arrest or as a consequence of DNA damage. For that, we used
hydroxyurea induced S-phase arrested cells and the nocodazole-induced G2/M arrested cells and
looked for the distribution of GFP-yHsp90a. We found that GFP fluorescence was distributed
majorly in the cytoplasm and to a little extent in the nucleus of the hydroxyurea-arrested cells
(Fig.7E). We also found that GFP-yHsp90a was evenly distributed throughout the cytoplasm in

the nocodazole-arrested cells (Fig.7F) and didn’t coincide with the blue fluorescence of Hoechst.
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Thus, our study concludes that nuclear redistribution of yHsp90a is associated with MMS

induced DNA damage.



86

SPECIFIC AIM 2

7A MMS0.15% - + o MMS0.15% - +
yHSP90a - " s yHSP90q — |
. . —:
Rad51 i Radsl RS
Nspl 6l Nspl — T
s —
Whole cell :
7B RS X J— Nuclear Fraction
25-ZA RadsS1L] Hsp90 PR |
3 ]:l Hsp90 T
o 2.0 ® 5 Rad51 | I
o [ N %
© %
® 15 e % T
(%) o2
£ 2 2- \ o
- R T = \
2 Z S \
L 0.5 / s w \Q \ .......
Untreated MMS treated Untreated MMS Treated

Whole Cell Nuclear Fraction

Hoechst GFP-yHsp90a  Merged
- : /(V\
e

M
NFY31 [W303a + pGFP-yHSP90d]

¥ & & 8 B

Mt santance of b2

g & £

Sative snrcens of M
PR I3
e B &

| 38 207

]

X

Nocodazole Hydroxyurea
|

Mot ve st rebines of Hap 22
R R

Nocodazole treated

Fig. 7. Accumulation of yHsp90a in the nucleus in response to MMS induced DNA damage: (A) Western blots
showing no difference in the steady state expression of yHsp90a in the whole cell with (+) and without (-) MMS
treatment (left panel). yHsp90a was accumulated in the nuclear fraction upon MMS treatment (right panel); Rad51
acted as a positive control for MMS treatment; Nspl acted as a nuclear marker. (B) The above experiment was

repeated three times, and the mean values (£SD) were plotted. (C) Live-cell imaging shows the distribution of GFP-
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yHsp90a (green) in the whole cell in untreated condition (D) Fluorescence imaging of 0.15% MMS treated cells
show the localization of GFP-yHsp90a (green) inside the nucleus (blue) (E) Fluorescence images showing no
nuclear accumulation of GFP-yHsp90a (green) in 200mM hydroxyurea-arrested early S phase cells (F) Fluorescence
images showing no nuclear accumulation of GFP-yHsp90a (green) in 15ug/ml nocodazole-arrested G2/M cells.
Nucleus was stained using Hoechst 33342. Intensity profiles were derived for all fluorescence experiments using
NIS elements AR software; the relative fluorescence intensities of GFP-yHsp90a in the nucleus and cytoplasm were
quantified and the mean values (£SD) were plotted using GraphPad Prism 6. P values were calculated using the two-

tailed Student’s t test (****, P< 0.0001; N.S., Not significant).



88

SPECIFIC AIM 2

4.2.2 The nuclear import of HsHsp90o. during genotoxic stress is independent of Thr7

phosphorylation

We further examined whether human HsHsp90a shows similar localization dynamics in response
to MMS treatment. We used the strain harbouring a plasmid that expresses human HSP90«. fused
with FLAG. The nuclear fractionations showed increased level of HsHsp90o in MMS treated
sample compared to the untreated sample (Fig.8A). Quantification of gel images from
independent set of experiments showed about 4-fold increase in the HsHsp90a level within the
nucleus (Fig.8B). We sought to determine whether this import is dependent on the presence of
Thr 7 residue of HsHsp90a. Using a mutant protein HsHsp90a.'"A where threonine is mutated to
alanine, we observed that its nuclear import remained unperturbed (Fig.8C). Estimation of
multiple WBs showed about 5-fold increase in the nuclear fraction with respect to the untreated
cell (Fig.8D). Thus, our study shows that DNA damage induces an increased import of HSP90a
in the nucleus from the cytoplasm which is independent of phosphorylation of the threonine 7

residue.
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Fig. 8. Accumulation of HsHsp90a. in the nucleus in response to MMS induced DNA damage: (A) Western blot
showing the nuclear fractionation of FLAG tagged HsHSP90a strain with and without MMS treatment conditions.
(B) The experiment was repeated with fresh batch of cells and estimation of band intensities showed 4-fold increase
in the nuclear accumulation of HsHsp90a. in presence of MMS. (C) Western blot showing the results of nuclear
fractionation of FLAG tagged Hshsp90aT7A4 strain with and without MMS treatment conditions. (D) Quantification
of band intensities of independent experiments showed 5-fold increase in the nuclear distribution of the mutant

protein (**, P< 0.01; *, P< 0.05).
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4.2.3 Nuclear accumulation of yHSP90a upon induction of a single double strand break

MMS alkylates DNA bases and thereby causes DNA-base mispairing (267). To understand
whether the increased nuclear yHSP90a reflects a true response to DNA damage, we induced a
single double strand break in DNA and determined the cellular redistribution of yHSP90a. To
that end, we used NA14 strain (263), where a site specific DSB was created within the mutant
ura3 locus by expressing a galactose-inducible HO endonuclease (Fig.9A). By designing the
primers complementary to the region adjacent of the HOcs (OSB 289), and the regions within the
KANMX cassette (kanB1), we measured the extent of DNA cleavage by the HO endonuclease.
We have repeated the repair kinetics upon HO induction with 3 independent batch of cells and
one of the representative images is provided (Fig.9B). We found that the HO endonuclease
resulted in 75% cleavage at the ura3 locus within the 1% hr of induction and 100% by the end of
the 2" hr (Fig.9C). The DSBs are repaired by HR using a donor URA3 sequence, that is placed 3
kb apart. We observed that 50% repair was achieved at the end of the 3™ hr and the damage was
completely healed by the end of the 4™ hr (Fig.9B and 9C). As, in our experimental set-up, we
always observed maximum damage at the 2" hr of galactose induction (Fig.9C), we harvested
the cells before and at the 2" hr after the galactose treatment, and performed the nuclear
fractionation. We observed that there was no difference in the expression of yHSP90a in the
whole cell and at the 2" hr post induction, the protein showed significant nuclear enrichment
upon formation of a single DSB in chromosome (Fig.9D). Quantification of the independent WB
image showed about 4-fold increase in the nuclear level of yHSP90a at 2 h post HO induction
(Fig.9E). Hence, we observe that even a single DSB in chromosome causes an increased nuclear

accumulation of yHSP90a.
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Fig. 9. Nuclear accumulation of yHSP90a upon induction of a single double strand break: (A) Schematic
representation of the cassette incorporated in the NA14 strain in which two homologous URA3 sequences are
separated by 3 kb intervals on chromosome V with the sequence of KANMX integrated in between. One of the URA3
sequences has HO endonuclease recognition site (HOcs) incorporated in it. The relative positions of the primer pairs
0SB289 and KanB1 were shown, which were used to detect the DNA damage upon HO induction. (B) NA14 cells
were grown and HO induction was done by growing cells in galactose medium. Genomic DNA was extracted at
different time intervals (0 to 4 h) and subsequently amplified using the primer pairs OSB289 and KanB1, where the
absence of band indicated DNA damage. DNA levels were normalised with respect to ACT1. (C) Three independent
experiments were done and the mean values (£SD) were plotted. The repair kinetics showed maximum damage at
2" h of HO induction and complete repair was seen at 4" h of induction. The mean values (+ SD) were plotted; the

significance was calculated with respect to the untreated sample (0 h); P values were calculated using the two-tailed
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Student’s t test (**, P< 0.01, NS, not significant). (D) The steady state levels of yHsp90a in NA14 strain were
presented at 2 h before (-) and after (+) HO induction (left panel). In the same conditions nuclear fractionations were
done which showed increased nuclear accumulation of yHsp90o. at the 2™ h of induction (right panel). Rad51
upregulation served as a control for DSB; protein levels were normalized with respect to Nspl. (E) Quantification of
yHsp90a levels as obtained from independent set of experiment showed 4-fold increase, at 2 h post HO induction.

The mean values (+SD) were plotted.
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4.2.4 Extent and kinetics of occupancy of yHSP90a at DSB ends

In mammalian cells it was demonstrated that DNA-damage induced T7-phosphorylated form of
HsHsp90a is recruited to the damaged chromatin. However, whether this phosphorylation is a
criterion for its chromatin recruitment was not addressed. In Saccharomyces cerevisiae yHsp90a
lacks the stretch of 14 residues, including T7 of HsHsp90a. We wanted to check whether the
nuclear pool of yHsp90a was associated with the damaged chromatin. We utilized the chromatin
immunoprecipitation technique to visualize the extent and kinetics of yHsp90a binding following
DSB induction and during its repair by homologous recombination. In NA14 yeast cells, the DSB
created at the ura3 locus can be repaired by homologous recombination using a donor template
(URAJ) that is located 3 kb apart (Fig.10A). We monitored the binding of yHSP90a to DSB
ends, using ChIP analysis which we performed immediately after HO induction and at every 1-hr
interval, up to 4 hrs (the time required for its complete repair). We found significant binding of
yHsp90a to sequences close to the HO cleavage site at the 2" and 3™ hrs, using a pair of primers
(shown in red colour), OSB 519 and OSB 520, that amplify sequences 55 bp to 205 bp proximal
to the HO cut site (Fig.10B). There was no association of yHsp90a to other locus (ACT1). The
maximum recruitment of yHsp90a to DSB was observed at the 2" hr. It is noteworthy that the
maximum break was generated during the 2" hr post HO treatment and by the third hr 50%
break was repaired (Fig.9C). Thus, the entry and exit of Hsp90 correlated well with the presence
of maximum break as seen in Fig.9B and it remained associated up to the 3" hr until 50% of the
DSB remained unrepaired (Fig.9C). At a later time-point (4" hr), the recruitment was
substantially reduced. As a reference, we monitored the recruitment of Rad51 under similar
condition and observed a slightly different pattern (Fig.10C). We calculated the fraction of

recruitment of yHsp90a and Rad51 and plotted against different time intervals. We found that
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yHsp90a recruitment was highest at the time of maximum damage (2" hr) and it was dislodged
from the chromatin at the 4" hr of HO induction, once repair was complete (Fig.10D). Rad51
recruitment had been initiated at the 2" hr, which remained maximum at the 3" hr and
significant amount of Rad51 remained associated even at the 4™ hr (Fig.10D). We also measured
the association of yHsp90a and Rad51, at the leftward direction (up to 5 kb) from the cleavage
sites. We found a similar pattern, i.e., significant recruitment of yHsp90a and Rad51 was
observed throughout - 4 kb regions during 2" and 3" hr post HO induction (Fig.10E). Thus, our
study has established that DNA damage induced increase in association of yHSP90a to the

chromatin is independent of the N-terminal 14 residues present in HsHsp90a.
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Fig. 10. Extent and Kinetics of occupancy of yHSP90a at DSB ends: (A) Schematic representation of the position
of DSB, at the ura3 locus and the presence of a homologous template (URA3). The position of the primers (as
indicated in red colour) near the DSB were presented, which were used to detect the recruitment of yHsp90a and
Rad51 near the HO cleavage site. The map of the sites (up to - 5 kb) distal to the DSB were shown. (B) yHsp90a
bound chromatin was amplified to detect the kinetics of its recruitment to the HO cleavage site and at the ACT1
locus. (C) ChIP analysis showing the kinetics of Rad51 recruitment to the DSB ends as well as at the ACT1 locus
following HO induction. (D) Quantification of the independent ChIP experiments (n=3, in each case), was plotted.
Error bars indicated standard deviation. (E) The association of yHsp90a and Rad51 were measured at increasing

distances up to 5 kb upstream of the HO cleavage site at different time points post HO induction. Quantification of
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two independent ChIP experiments were plotted to compare the extent of recruitment between yHsp90a and Rad51.

Error bars indicated standard deviation. ChlIP assay done with 1gG antibody as a negative control.
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Specific aim 3: To study the mechanism of yHsp90a nuclear import during

DNA repair

4.3 Introduction

Hsp90a is associated with a wide variety of co-chaperones that are essential for its reaction cycle
and also assists the conformational changes that Hsp90a undergoes during its chaperone cycle.
Although the contribution of co-chaperones towards the conformational cycle of HSP90a is well
understood, however, their physiological significance remains obscure. Previous studies have
identified three co-chaperones, Sbal, Cdc37 and Ahal to have potential roles in the DNA repair
pathway. In HelLa cell extracts, Ahal was found to interact with the proteins Ku70, Ku80 and
DNA-PKcs which are involved in DNA repair (53). The Sbal network was found to have a
significant nuclear component that includes DNA repair activities (54). A previous study showed
that Asbal strain shows susceptibility towards various DNA damaging agents like MMS,
bleomycin and ultraviolet light, which could be reversed by the complementation of Shal in the
null Asbal cell. Loss of function of Cdc37 causes synthetic growth defect with several genes
involved in genome integrity (55). Although previous studies indicate that these co-chaperones
may play a role in DNA repair, their exact function during the HR pathway have never been
addressed. In our present study, we have addressed the potential involvement of the above co-
chaperones in the nuclear import of yHsp90a during the condition of genotoxic stress. To this
end, we used cell fractionation studies as well as fluorescence studies which establish that Ahal
plays an important role in the DNA damage mediated nuclear import of yHsp90a. We found that
Ahal shows an increased nuclear accumulation in response to DNA damage conditions created

with the addition of 0.15% MMS. We further observed that Aahal cells show a defect in Hsp90
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nuclear import upon DNA damage, rendering the cells sensitive to DNA damaging agents and

this phenotype is reversed upon the re-introduction of Ahal to these cells.

During the chaperone cycle, Hsp90a faces large-scale conformational rearrangements from an
open inactive conformation to a closed active conformation, (268) which in turn modulates its
catalytic activity. The NTD and the MD are separated by a disordered CL, which provides
flexibility for the domain rearrangement during Hsp90a. chaperone cycle (25). This linker region
is evolutionarily conserved among all eukaryotic orthologs of Hsp90a studied till date, although
its physiological significance is poorly understood. To address the importance of CL domain in
the mechanism of the in-vitro function of Hsp90a, a series of successively shortened CL mutants
of yHSP90a were generated (269). It was observed that successive deletion of CL gradually
reduces the capability of Ahal to stimulate the ATP turnover in the mutants, without altering its
binding affinity to those mutants (269). It was reported that Ahal mediated ATPase activity of
yHsp9002?!11-259) was reduced by 2.5-fold, although that of yHSP90a*!1-242) showed a similar
fold stimulation similar to yHSP90o'". One of the CL mutants was characterized in detail for its
role in DNA repair pathway. It was reported that although Rad51 levels remain stable in the
hsp82(A211-259) mutant, the strain displays a severe reduction in the gene targeting efficiency
(164). Moreover, the MMS induced Rad51 foci formation, which is the hallmark of HR mediated
DNA repair, was significantly reduced in this mutant background. However, the mechanism
behind such phenotype is not understood well. In our current study, we have determined the
structural determinant that is crucial for the DNA damage induced import of yHsp90a.To this
end, we investigated the MMS induced nuclear import of the two mutant proteins yHSP90a ?!!-
259) andyHSP90a ?!1-242) We observed that the yHSP90a ?!!2%%) mutant showed a complete

abrogation in its nuclear import in response to DNA damage. However, the phenotype was
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reversed in the case of the shorter CL deletion mutant, yHSP90a?!!-42), Furthermore the cells
harbouring yHSP90a*?!!-259 mutant showed high DNA damage sensitivity which was reversed
in cells harbouring the yHSP90aA?!'!-242) mutant similar to wild type condition. Hence, our study
establishes that the nuclear function of yHSP90a is essential for effective DNA repair in yeast. If
the nuclear import of yHsp90a during genotoxic stress is hampered; the cells are rendered
sensitive to the DNA damaging agents.

4.4 Results
4.4.1 Increased nuclear localization of Ahal in response to DNA damage

We further investigated DNA damage induced nuclear accumulation of Hsp90 co-chaperone
Ahal. We employed indirect immunofluorescence to monitor the cellular localization of Ahal in
W303a strain. We observed that Ahal was equally distributed in the nucleus and in the
cytoplasm before (Fig.11A) and after MMS treatment (Fig.11B).However, there was an overall
increase in the Ahal fluorescence intensity in the cell in response to MMS (Fig.11B). Such
induction corroborated well with our western data with the whole cell, where we found that
endogenous level of Ahal was significantly induced upon MMS treatment (Fig.11C, left panel).
We also observed a concomitant increase in Ahal level in the nucleus (Fig.11C, right panel)
upon MMS treatment. We wanted to determine whether induction of single ds break in the
chromosome could also induce the import of Ahal to the nucleus. For that, we used the NA14
strain. Our results showed that in this strain, the Ahal protein level in the nucleus was
significantly increased, about 1.5-fold, at the 2nd hr of HO induction (Fig.11D and 11E),
whereas yHsp90a level was increased about 3-fold. Next, to investigate whether other co-
chaperones such as Sbhal and Cdc37 are imported to the nucleus upon DNA damage, we used

carboxy-terminal MYC tagged SBAL and CDC37 strains for our analysis. We found that there
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was no such increase in the levels for Cdc37 in the whole cell as well as in the nucleus upon
DNA damage (Fig.11F). In case of Shal, we found that its endogenous level was significantly
induced upon MMS treatment similar to that of Ahal (Fig.11G, left panel). However, unlike
Ahal, there was no such increase in Sbal level in the nucleus (Fig.11G, right panel). We have
repeated these experiments 3-times and the nuclear distribution of each of the co-chaperones
were plotted in presence and absence of MMS. It was found that in the whole cell extract, the
abundance of Ahal and Sbal were 3-fold and 4-fold respectively (Fig.11H), however only Ahal
showed about 2-fold increased accumulation in nucleus upon MMS treatment, while Sbal and
Cdc37 showed no significant increase (Fig.111). In order to address whether MMS induced
upregulation of Ahal and Shal occurs at the transcription level, we compared the relative
expression of the above-mentioned co-chaperones in absence and presence of 0.15% MMS
(Fig.12A). Quantitative RT-PCR shows 1.5-fold increase in expression of AHALl and no
significant increase in expression of SBA1 upon MMS treatment (Fig.12B). Increase in RAD51
transcript was used as a positive control in our study. We speculate that the higher abundance of

SBAL1 may result due to increased protein stability during genotoxic stress
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Fig. 11. Increased nuclear presence of Ahal during the conditions of DNA damage: (A) Indirect
immunofluorescence shows the distribution of Ahal (green) in the whole cell of W303a. (B) A part of Ahal
fluorescence (green) merges with the Hoechst fluorescence (blue) in the MMS treated condition, although at is
distributed in the cytoplasm as well. Nuclear staining was done using Hoechst dye and Ahal was detected using
Alexa fluor 488 conjugated secondary antibodies. Intensity profiles were derived for all fluorescence experiments
using NIS elements AR software; relative fluorescence intensities of Ahal in the nucleus and cytoplasm were
quantified and the mean values (xSD) were plotted using GraphPad Prism. P values were calculated using the two-
tailed Student’s t test (N.S., Not significant).(C) Ahal is induced in the whole cell (left panel) in presence of MMS
and its level in the nucleus in increased (right panel) in response to 0.15% MMS treatment. (D) NA14 strain was
subjected to HO induction in the same manner as discussed in Fig.9.A representative Western blot was presented out
of the multiple independent repeats of the experiment. (E) Quantification of the levels of yHsp90a and Ahal showed
3-fold and 1.5-fold increased nuclear accumulation respectively at 2 h post HO induction. The mean values (£SD)
were plotted. P values were calculated using the two-tailed Student’s t test (**, P< 0.01). (F) Cdc37 level is not
altered significantly upon 0.15% MMS treatment in the whole cell (left panel) as well as in the nucleus (right panel).
(G) Shal is induced in the whole cell (left panel) in response to 0.15% MMS, however nuclear fractionation shows
no change in nuclear level of Shal in presence and absence of MMS (right panel). (H) and (1) The experiments C),
F) and G) were repeated with independent batch of cells and the quantification of the data was done using Image J
and mean values (£SD) were plotted. Left panel shows the levels of individual co-chaperones in the whole cell and

right panel shows the levels of the same in the nuclear fraction.
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Fig. 12. Expression of AHAL and SBA1 in response to MMS: (A) Semi-quantitative RT-PCR showed relative
expression of AHAL and SBAL upon exposure to 0.15% MMS for 2 hrs. RAD51 acts as a positive control. (B)
Quantitative RT-PCR analysis showed a 1.5-fold increase in expression of AHAL and no significant increase in

expression of SBA1 upon MMS treatment.
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4.4.2 yHsp90a transport to the nucleus upon DNA damage is independent of Cdc37 and

Shal

Next, we wanted to address whether DNA damage dependent increased nuclear accumulation of
yHsp90a is dependent on Cdc37 and Sbal. A temperature sensitive cdc37S14A mutant strain
was used, which shows normal phenotype at 25°C but displays complete loss of function when
grown at restrictive temperature, 37°C. Our study showed no difference in the endogenous level
of yHsp90a in cdc37S14Amutant strain, when grown at 37°C in presence or absence of MMS
(Fig.13A). The nuclear fractionation under similar conditions showed 4-fold increase in the
accumulation of yHsp90a upon DNA damage (Fig.13B and 13C), as was also observed in the
wild-type strain. In order to address the dependency on Shal, we generated Asbal strain in
isogenic W303a background. We found that in Asbal strain, yHsp90a level was induced by 3.6-
fold in the whole-cell in response to MMS treatment (Fig.13D and 13F). In addition, DNA
damage dependent nuclear import was observed to be identical to the phenotype of wild-type
cells (Fig.13E and 13F). Together, this study concludes that MMS induced nuclear import of

yHsp90a is independent of Cdc37 and Shal



SPECIFIC AIM 3

13A 138
MMS 0.15% 5 + MMS0.15% - +
yHSPOOq  “EG— il yHSP90 —_—
- Rad51
Nspl | — e — i Nspl —— — —— i
tsede37 (37°C) tsede37 (37°C)
Whole cell Nuclear Fraction
13C
54 E1 MMS Treated a
Bl Untreated
4+ yHSP90a
S
£3-
=
(%]
527 N.S
14
0- : o
Untreated MMS Treated Untreated MMS Treated
13D Whole cell 13E Nuclear Fraction
MMS0.15%  ~ ok MMS0.15% - £ - *
—t100 100
yHSP90« — | HSPOO| e S —_—
Lol——————s s
100 —t100
e L L
A sbal wT A sbal
Whole cell Nuclear Fraction
13F 51 =23 Twwms N.S.
mm U
44
@ yHSP90a
=y
& 37
e
(& ]
T 24
[}
Lo
14
; H B W
U  Twuwms U Tuwms U  Twums
Asbal wTt Asbal

Whole cell

Nuclear Fraction

Fig. 13. yHsp90a transport to the nucleus upon DNA damage is independent of Cdc37 and Shal: (A) Western

blot showing no change in the endogenous level of yHsp90aupon MMS treatment in the temperature sensitive

BT




106

SPECIFIC AIM 3

tscdc37S14A strain at non-permissive temperature (37°C). (B) Western blot shows that cdc37 loss of function
mutation does not alter increased nuclear accumulation of yHsp90o upon MMS treatment. (C) The above
experiments (A and B) were repeated with three independent batch of cells and the densitometric image analysis of
yHsp90o. was presented, P values were calculated using the two-tailed Student’s t test (**, P< 0.01; NS, not
significant). (D) In Asbal strain endogenous level of yHsp90a are induced upon MMS treatment (E) Nuclear
fractionation of untreated and MMS treated wild-type and 4sbal strain shows accumulation of yHsp90a. in the wild-
type W303aas well as isogenic Asbal strains. (F) The experiments (6D and 6E) were repeated three times and the
mean values (£SD) were plotted, P values were calculated using the two-tailed Student’s t test (**, P< 0.01, NS: not

significant).
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4.4.3 yHsp90a transport to the nucleus upon DNA damage is dependent on Ahal

To decipher whether Ahal plays any role during MMS induced nuclear import of yHsp90a, we
generated Aahal strain. We transformed empty plasmid and AHA1 over-expression plasmid to
Aahal strain to generate two isogenic strains. AHAL expression was detected specifically in
Aahal strain harbouring the AHAL over-expression plasmid (Fig.14A, third lane). Interestingly,
we found that Ahal deletion was positively correlated with MMS induced upregulation of
endogenous yHsp90a (Fig.14A), and the phenotype is reversed with ectopic expression of AHAL
as presented in Fig.14A (first lane). Further, we observed that although Ahal deletion resulted in
3.5-fold increase in the endogenous level of yHsp90a upon MMS treatment (Fig.14B), it
couldn’t be translocated to the nucleus (Fig.14C, first lane). However, ectopic expression of
AHAL1 resulted in the increased nuclear import of both yHsp90a (approximately 3-fold) and Ahal
upon DNA damage (Fig.14C and 14D). We used live-cell fluorescence to visualize the
localization of yHsp90a in the dahal strain NFY32, that harbours a centromeric GFP-yHSP90a
plasmid. We didn’t find any nuclear localization of yHsp90a under MMS treated (Fig.14F) or
untreated (Fig.14E) condition. This experiment was performed along with its isogenic control

strain (Fig.7C and 7D).
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not significant). (C) Negligible accumulation of yHsp90a occurs in the nucleus of Aahal cells upon 0.15% MMS
treatment, whereas a marked increase was observed upon ectopic expression of AHAL in Adahal cells under similar
condition. (D) The nuclear level of yHsp90a was estimated from multiple independent experiments and presented, P
values were calculated using the two-tailed Student’s t test (**, P< 0.01, NS: not significant). (E) Fluorescence
images showing the distribution of GFP-yHsp90o (green) in the whole cell of Aahal untreated cells. (F)
Fluorescence images showing the distribution of GFP-yHsp90a (green) in the whole cell of Aahal cells treated with
0.15% MMS. Nucleus (blue) was stained with Hoechst dye. Intensity profiles were derived for all fluorescence
experiments using NIS elements AR software. Isogenic WT control are presented in Fig.7C, 7D. Relative
fluorescence intensities of GFP-yHsp90ain the nucleus and cytoplasm were quantified and the mean values (+=SD)

were plotted using GraphPad Prism.
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4.44 The Ahal dependent nuclear import of yHsp90a is independent of genotypic

background

To understand whether the Ahal dependent nuclear import of yHsp90a is a generalized
phenomenon in budding yeasts, we used another Aahal strain in BY4741 background and wanted
to test the same in this strain background. In BY4741 whole cell extract, where Ahal protein was
completely absent (Fig.15A, left panel), we found similar upregulation of yHsp90a in response
to MMS. However, we find complete abrogation of the nuclear accumulation of yHsp90a
(Fig.15A, right panel). We loaded higher amount of protein in MMS treated condition compared
to the other lanes, as seen by the amount of Nspl (Fig.15A right panel, last lane), however there
was no signal of yHsp90a in the nuclear fraction. We overexpressed AHAL in BY47414ahal
strain and performed the nuclear fractionation in presence and absence of MMS. The western
blot of the whole cell extract showed no change in the endogenous level of yHsp90a in presence
and absence of MMS (Fig.15B, left panel). However, the presence of Ahal promoted the nuclear
import of yHsp90a in MMS dependent manner (Fig.15B, right panel). Together, our data

establish that presence of the Ahal is essential for the nuclear localization of yHsp90a



Fig. 15. yHsp90o transport to the nucleus upon DNA damage is dependent on Ahal in BY4741 strain: (A)
Western blot analysis shows significant induction of endogenous levels of yHsp90aupon 0.15% MMS treatment
inBY47414ahal strain (left panel). The increased nuclear accumulation of yHsp90a was observed in WT strain but
no signal of yHsp90a was traced in the BY4741Aahal strain upon 0.15% MMS treatment (right panel). (B) The left
panel represents the expression of respective proteins in the whole cell extract of BY4741Aahal strain harbouring
AHAL expression plasmid. The right panel displays that ectopic expression of AHAL rescued the defect in nuclear

accumulation of yHsp90a in BY4741Aahal strain. In all the experiments Rad51 served as a control for DNA
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445 The charged linker domain of yHsp90a is essential for its nuclear translocation

upon DNA damage

It was earlier established that the conformational flexibility between the NTD andMD of
yHsp90a is mediated by a flexible CL spanning 211-259 residues, as presented in the schematic
diagram (Fig.16A). The deletion of these highly charged amino acid stretches (211-259), leads to
significant reduction in Ahal-stimulated ATP hydrolysis of yHsp90a(269). However, deletion of
a shorter stretch (211-242) does not alter the conformational flexibility of the mutant protein and
it shows comparable Ahal mediated ATPase activation of yHsp90a as that of the wild-type
protein(269). We wanted to determine whether this domain known for providing conformational
flexibility between the NTD and the MD is important for its nuclear import. We investigated the
MMS induced nuclear import of the two mutant proteins yHsp900*?!'!"%%) andyHsp900 (!!-242)
using live-cell fluorescence imaging. For that, we generated NFY33 and NFY35 strains that
harbor a centromeric plasmid expressing GFP-yHsp9002?'1259  andGFP-yHsp90o ?!1-242)
respectively. We observe that in the GFP-yHsp90a”?*29harboring strain, GFP fluorescence
does not merge with Hoechst fluorescence in the presence (Fig.16C) as well as absence of MMS
(Fig.16B). However, there is a distinct nuclear accumulation in case of the shorter deletion
mutant GFP-yHsp90a'!-%42) ypon MMS treatment (Fig.16D and 16E). A representative image
from each sample is presented. In order to confirm the result by an alternate method, we isolated
the nuclear fraction from the previously characterized CL deletion strain(260) which was shown

to be severely defective in HR activity(164).
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Fig. 16. The domain responsible for the conformational flexibility between the NTD and the MD of yHsp90a
is essential for its nuclear translocation upon DNA damage: (A) Schematic representation of wild-type and two
CL deletion mutants of yHsp90a. (B) Fluorescence images showing the distribution of GFP-yHsp90o/®!!-259)
(green) in the whole cell both in the untreated and (C) in 0.15% MMS treated condition. (D) Fluorescence images
showing the distribution of GFP-yHsp90a’?!1-42) (green) in the whole cell in untreated condition but (E) nuclear
localization in 0.15% MMS treated condition. Intensity profiles were derived for all fluorescence experiments using
NIS elements AR software; relative fluorescence intensities of GFP-yHsp900. mutants in the nucleus and cytoplasm

were quantified and the mean values (£SD) were plotted using GraphPad Prism. P values were calculated using the

two-tailed Student’s t test (*****, P< 0.00001; N.S., Not significant).
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We observed complete absence of the mutant protein yHsp90a*?!'?5% in the nucleus of the
MMS treated cell (Fig.17A, right panel). We loaded higher amount of the mutant protein
compared to the wild-type as seen by the level of Nspl (last lane, Fig.17A, right panel), but
could not detect the protein in the nucleus. The western blot analysis of the whole-cell extracts
with the mutant strain confirmed the expression of the mutant protein (Fig.17A, left panel). To
test whether Ahal over-expression can promote the MMS induced nuclear import of the longer
CL deletion mutant, we transformed AHAL1 over-expression plasmid in the Asp824(211-259)
strain. We found that AHA1 over-expression did not impact the movement of the mutant protein
to the nucleus (Fig.17B, right panel). It was previously shown that the charged linker region of
human Hsp90a provides flexibility for domain rearrangements and acts as a modulator of
chaperone activity(25). We wanted to determine whether the deletion of identical stretch of
charged residues from human Hsp90a causes a similar defect. To that end, we have generated a
strain harbouring human HsHsp90022427  still expressing endogenous yHsp90a (Fig.6). We
found that the mutant human protein did not show (Fig.17C) any increased nuclear accumulation
upon DNA damage. The level of yHsp90o was increased in the nucleus under such conditions
(third panel, Fig.17C). Next, we performed the nuclear fractionation to detect the level of the
shorter CL deletion mutant yHsp90a?!1-242) ypon MMS treatment. For that, we created a strain
KRAY16, in which the endogenous Hsp82 and Hsc82 are knocked out and the strain expresses
yHsp90~(11-242) from a single copy plasmid. We observed that the mutant protein is accumulated
to the nucleus in response to MMS treatment, correlating our live-cell imaging data (Fig.17D).
The experiment was repeated 3-times and we estimated that the band intensities showed about 4-
fold increase in the nuclear level of the mutant yHsp90a’?!!2#2) in this strain background

(Fig.17E). Taken together, we conclude that the CL domain of Hsp90a is essential for its import
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to the nucleus. To support our conclusion further, we measured the single DSB induced
chromatin recruitment of the mutant yHsp90a“?!!2%9), For that, we created a modified NA14
strain harboring a plasmid that expressed the mutant yHsp90a’?'"%59 fused with GFP at its
amino terminal end. We studied the recruitment of wild-type (GFP-yHsp90a) and mutant GFP-
yHsp9002C!1-29) on the broken DNA at 2"hr post DNA damage induction, as there was
maximum damage at the 2"hr time point. We found no detectable recruitment of GFP-
yHsp90a2?!'1-259): whereas wild-type GFP-yHsp90a was detected at the HO cleavage site, 2-hr
post HO induction and IgG precipitation acted as a negative control (Fig.17F). Using western
blot analysis, we determined the levels of the wild-type and the mutant protein in the
immunoprecipitated samples of the 2-hr post HO induction, and didn’t observe any noticeable
difference (Fig.17F, lower panel). We repeated the chromatin immunoprecipitation assay thrice
with these two strains and quantified the occupancy of the wild type and the CL deleted protein
at the HO cleavage site. We found that the mutant protein was severely defective in its
recruitment compared to the WT protein (Fig.17G). In order to determine the specificity of the
CL domain for the nuclear import we have investigated the effect of an ATPase dead mutant,
hsp82T1011(264), that also affects the amino-terminal association of yHsp90a,(270). We exposed
the mutant strain and the isogenic wild-type strain to MMS and observed that the nuclear import
of the mutant protein showed a similar trend as that of the wild-type yHsp90a (Fig.17H). We
have estimated the levels of yHsp90o and Rad51 from the P82a and mutant strain and presented
graphically (Fig.171). We observed that both yHsp90a and yHsp90a.™!! showed nearly 2-fold
increased level in the nucleus. However, as expected and reported earlier(164), the level of
Rad51 was highly reduced in the mutant strain, although showed similar fold upregulation in the

nucleus upon MMS treatment. Thus, using two separation of function mutants of yHsp90a our
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study reveals that the CL domain of yHSP90, which is responsible for the Ahal mediated
conformational rearrangement, but not the ATPase domain, is required for the nuclear import of

yHsp90a.
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Fig. 17. The subcellular fractionation of various mutants of yHSP90a in response to DNA damage: (A)

Western blots showing the endogenous levels of yHsp90a 259 in whole cell extract in presence and absence of

MMS treatment (Left panel). Increased nuclear accumulation of yHsp90o™' but no nuclear accumulation of

yHsp90aA?!1-2%9) ypon 0.15% MMS treatment was observed (Right panel). (B) Endogenous levels of yHsp90aA?!!-

29 in whole cell extract (left panel) and in nucleus (right panel) shows that no nuclear accumulation of
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yHsp90a2?!1-2%) ypon 0.15% MMS treatment even if AHAL was over-expressed in the cells. (C)Western blot
showing no nuclear accumulation of FLAG tagged HsHsp90a*?24279) upon 0.15% MMS treatment. (D) Western blot
showing increased nuclear accumulation of yHsp9002?'1-242) ypon 0.15% MMS treatment. (E) The experiment was
repeated and the quantification of the western blots showed 4-fold increase in the nuclear level of the mutant
yHsp9002!11242) ypon MMS treatment. (F) Chromatin immunoprecipitation (ChIP) assay were done using NA14
strain harboring either GFP tagged yHSP90« vector or GFP tagged CL deleted mutant yhsp90a vector. Anti GFP
antibody was used to pull down WT and CL deleted mutant yHsp90a from uninduced and 2 h HO induced samples.
The pellet fraction was PCR amplified; the recruitment of GFP tagged yHsp90oWT was detected at 2h of HO
induction while the recruitment of the mutant protein was not detected. The samples were normalized with respect to
input. The lower panel shows the western blotting of the IP sample, which detects the presence of comparable
amount of the wild-type and the mutant protein in the +2 h galactose treated samples. (G) The ChIP assay was
repeated twice (n=2) and the occupancy of the GFP-Hsp82"T and the GFP-Hsp824!1-2%9) at the HO cleavage site
were plotted. (H) Western blot showing increased nuclear accumulation of yHsp90a in P82a strain as well as in an
isogenic hsp82T101I strain upon 0.15% MMS treatment. Rad51 levels were very less in the hsp82T101I strain as
expected, nonetheless it shows significant upregulation upon MMS treatment. (1) Quantification of the western blots
from multiple experiments shows significant increase in the nuclear level of both yHsp90a and Rad51 in the WT

and the mutant strain.



119

SPECIFIC AIM 3

4.4.6 Loss of nuclear translocation of yHsp90a is correlated with increased sensitivity to

MMS

Earlier study in our laboratory demonstrated that the mutant yHsp90a?!'!-2%9) displays extreme
MMS sensitivity and drastic reduction in Rad51-mediated gene targeting efficiency in
yeast(164). Our present study shows that this mutant is defective in nuclear import associated
with the induction of DNA damage. To study whether the nuclear import of yHsp90o during
genotoxic stress condition is directly linked to the protection against MMS induced cell death,
we measured the MMS sensitivity of the mutant yHsp900*?''?*2 and compared with the
isogenic wild-type and yHsp90a*?''"?9) strains. We observed that yHsp90a’?!'?42) strain
showed similar viability as that of the wild-type strain in presence of 0.03% MMS (Fig.18)
whereas the larger CL deleted mutant yHsp90a*?'"%5% showed significant reduction in cell
survivability. Hence, our study establishes that DNA damage induced enhanced nuclear
accumulation of yHsp90a is a major determinant for providing protective activity against

genotoxic stress.
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Discussion

Rad51 protein, which facilitates the homologous strand exchange, is the central player for HR in
mammalian cells. The Rad51 foci formation in response to DNA damage is one of the regulatory
events in HR. Previous studies in our lab have established that, besides providing the stability to
Rad51 protein, yHsp90a also controls its nuclear function (164). We found that yeast cells
harbouring a CL deletion mutant of yHsp90a, yHsp90022'!%5%(59), show reduced Rad51
mediated DNA damage induced foci formation (164). In our present study, we have deciphered
that the dynamic interaction between yHsp90a and Rad51 can influence the nuclear function of
Rad51. We have found that DNA damage triggers the dissociation between Rad51 and yHsp90a
which could be a prerequisite for the nuclear function of Rad51. Studies in our lab have
characterised an HR dead mutant of Rad51, i.e, Rad515%t which shows severe reduction in
Rad51 mediated gene conversion and cells harbouring this mutant are highly sensitive to DNA
damage agents (257). In Rad51F1% we observed that Rad51F%t remains locked along with
yHsp90a even when treated with 0.15% MMS and hence the dynamic association observed with
Rad51"T is lost. We have thus found that there exists a positive correlation between the extent of

yHsp90a-Rad51 dissociation post DNA damage and Rad51 nuclear activity during DNA repair.

We have, for the first time, demonstrated that apart from regulating Rad51 function, yHSP90a
displays a non-canonical nuclear function during DNA repair in yeast. We observed that
cytoplasmic yHSP90a is redistributed to the nucleus in response to DNA damage and this
phenomenon is crucial for maintaining genome stability. We analysed two well-characterized CL
deletion mutants of yHSP90a that are different by the presence of 17 amino-acid stretches in the

linker region (59). The mutant yHSP900!242) shows wild-type like survivability upon MMS
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treatment and displays increase in cytoplasm to nuclear accumulation under similar treatment.
However, the mutant yHSP90a*?!!%59 faijls to get accumulated in the nucleus and displays 4-
fold reduction in cell survivability compared to the mutant yHSP90a*!''242 This suggests

essential nuclear function of yHSP90a during DNA damage.

Comparing the kinetics of the DSB repair and extent of its recruitment we conclude that
yHSP90o may not be involved in maintenance of protein complexes that are recruited
immediately after generation of DSB. In our assay, yHSP90a didn’t show its immediate
association at the 1st hr, even when majority of the DNA was broken. Rather its binding during
2nd and 3rd hr indicates its probable function during DNA repair. Furthermore, at those time
points, YHSP90a shows significant association up to 4 kb distal position from the cleavage site,
in a similar pattern to the known HR protein, Rad51. Hence, in this study we propose that the
nuclear import and subsequent recruitment of yHSP90a to the DNA repair site is a pre-requisite
for effective DNA repair. To establish that further, we studied the extent of chromatin-
association of the mutant GFP-yHSP90a*!1-2%%) which has been previously found to be HR
deficient (164). We found that this mutant is completely defective in its recruitment to the DSB
ends. Hence, we concluded that nuclear import of yHSP90a, followed by its recruitment to the
broken ends of DNA is a pre-requisite for effective DNA repair via HR mediated DNA repair
pathway failure of which can significantly reduce Rad51 nucleoprotein filament formation. It is
noteworthy that yHSP90a does not have any DNA binding domain, so it probably associates

with chromatin via some unidentified proteins.

In this study we have also identified the structural determinant of yHSP90a that enables its
nuclear translocation. yHSP90a adopts multiple conformational changes in its chaperone cycle,

one of them being mediated by the ATPase stimulator Ahal, that regulates yHSP90a’s allosteric
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timing. However, how these conformational changes alter its physiological function remains
obscure. An earlier biochemical study showed that the conformational flexibility within the NTD
and MD of yHSP90a is crucial for Ahal mediated acceleration of ATP hydrolysis of yHSP90a
(59). We speculated that the initial step of Ahal-mediated partially closed conformational
rearrangement of yHSP90a could be essential for its nuclear import(271). Firstly, the absence of
AHAL completely abrogates the nuclear import of yYHSP90a in two different strain backgrounds
which are completely reversed on ectopic expression of AHAL. Secondly the conformationally-
rigid CL deletion mutant yHSP900A?!!259) which has a 2.5-fold reduction in Ahal-dependent
ATPase activity, is fully defective in its nuclear accumulation, although the smaller CL deletion
mutant that has wild-type like Ahal-dependent ATPase activity is fully competent in nuclear
import. Lastly, the yHSP90a %" mutant which is an ATPase-dead mutant with reduced amino-

terminal association shows no defect in nuclear translocation.

Earlier studies in our lab (164) demonstrated that the cytoplasmic function of yHSP90a is
essential for DNA repair. However, our present study illustrates that the nuclear function of
yHSP90a is also an important determinant for effective DNA repair. It is noteworthy that
although the nuclear import of yHSP90a does not depend on its canonical ATPase activity, as
seen in case of T101lhsp82, however, being an ATPase dead mutant, Rad51 stability is greatly
reduced in this mutant background. In our earlier study we reported that this mutant shows
severe sensitivity to DNA damaging agents (164). Thus, using two separation of function
mutants, namely T101lhsp82 and CL deletion mutant, we demonstrate that the N-terminal
domain and the CL domain have distinct functions in DNA repair: while the NTD is required for

the functional stability of the client proteins belonging to the HR pathway, the CL is important
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for the nuclear import of yHsp90, which is a pre-requisite for its nuclear role at the time of DSB

repair.

It was earlier reported by two independent studies that DNA-PK (266) and ATM (181), are
responsible for the Thr-5/7 phosphorylation of human HSP90a in response to DNA damage.
Both the enzymes are the members of PIKK family that are the sensors of DNA damage.
However, an ortholog of DNA-PK is absent in yeast. Besides, the first 14 amino-acids are also
absent from yHSP90a. It was never addressed whether there is an induction in the nuclear level
of HsHsp90a in response to genotoxic stress or whether T7/5 phosphorylation is essential for its
nuclear import as well as chromatin-recruitment. Using human HSP90a and its mutant (T7-A)
we have shown that in yeast the nuclear translocation of HsHsp90a is independent of T7
phosphorylation. Further, the ChIP analysis confirms that the association of yHSP90a to the
damaged chromatin is independent of the presence of first 14 amino-acid residues (including T-
7). This kind of stress induced nuclear translocation of yHSP90a was also reported earlier in

budding yeast, under the condition of glucose starvation (262).

We have established for the first time that Ahal is an important regulator for DNA repair
pathway. We observed AHA1 was transcriptionally up-regulated in response to DNA damage
and showed about 3-fold upregulation in protein level. Using two different strain background of
Aahal, we showed that Ahal regulates nuclear import of yHSP90a. The absence of nuclear
accumulation of yHSP90a in Aahal strain was fully restored with ectopic expression of AHAL.
Although enhanced accumulation of Ahal was observed into the nucleus under MMS treatment
as well as upon induction of single DSB in the genome, its nuclear function during DNA repair

has not been addressed in this study.
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DISCUSSION

In this study we observed that yHSP90a and two of its co-chaperones Shal and Ahal behaved
differently upon MMS treatment. yHSP90a is not induced but it is redistributed to the nucleus
during genotoxic stress. Although both Ahal and Sbhal are induced during genotoxic stress, in
the case of Ahal, a concomitant increase in its nuclear level was observed, whereas there was no
such increase in nuclear level of Sbal was found. It could be possible that Ahal has both nuclear
and cytoplasmic roles whereas Shal has a cytoplasmic role during DNA repair. However, further

studies are required to illuminate the significance of this finding.

To summarise, we have proposed a model (Fig.19) for this study where we claim that yHsp90a
not only regulates Rad51 function during the HR mediated DNA repair pathway but itself
displays a nuclear function important for the maintenance of genomic stability during genotoxic
stress. Furthermore, if the Ahal mediated nuclear import of yHsp90a is hampered by the
deletion of AHAL or the deletion of the charged linker region which prevents the Ahal mediated

conformational switch, the cells are rendered HR deficient.

We speculate that in mammalian system also such Ahal assisted nuclear import of Hsp90a
might exist, which need to be explored in future. Our finding is very significant as it may open
new avenues of research to target Ahal for arresting HR mediated DSB repair in cancer cells.
Besides, it has been reported earlier in Drosophila and mammals that HSP90a occupies the
promoter regions of several coding and non-coding genes and regulates the gene expression in
response to external stimuli (130, 134). If further studies confirm that even in higher eukaryotes
the nuclear import of HSP90a is dependent on Ahal, then the inhibition of Ahal can be used as a

tool to decipher the nuclear function of HSP90a.
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Appendix-1

6.1 Subcloning of yHsp90a, yHsp90a*?'2° and yHsp90a*?!'>° in pHCAvector and their

subsequent GFP tagging

Full length HSP82, was amplified from yeast genomic DNA using the primer pairs
0OSB21/0SB22 and cloned in pHCA vector between the BamH1 and the Sall restriction sites to
create pHCA-HSP82. The CL deletion mutant hsp824(211-259) was amplified using the
genomic DNA isolated from HHla-p2HG/hsp824(211-259) strain(164, 260) with the primer
pairs OSB21/0SB22. It was subsequently subcloned into pHCA vector within the BamHI and
Sall restriction sites to create pHCA-Asp824(211-259). Hsp82 deletion mutant Asp824(211-242)
was generated by SOE and subsequently subcloned in pHCA within the BamHI and Sall
restriction sites to create pHCA-Asp82(4211-242). Confirmation of the pHCA-HSP82, pHCA-
hsp824(211-259), and pHCA-Asp82(A211-242) was done by the release of the insert of size
2130bp, 1983bp, 2034bp respectively upon digestion of the plasmid with BamH1 and Sall
restriction enzymes (Fig.20). In order to create GFP-Hsp82 fusion constructs, GFP was first
amplified from the plasmid, p2U/S65T using the primer pair OSB517/0SB518 and subcloned
within the BamH1 restriction site, which is present in the N-terminal end of HSP82, hsp824(211-
259) and hsp824(211-242). The orientation of GFP was checked using Pstl digestion. Upon Pstl
digestion, a vector specific band of size 940bp was observed in all the plasmids. Along with this,
if the GFP insert was incorporated in the correct orientation, an additional band of 1368bp was
observed; whereas, if GFP insert was incorporated in the wrong orientation, an additional band

of 668bp was observed. Hence, the fusion constructs pHCA-GFPHSP82, pHCA-
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GFPhsp824(211-259),and pHCA-GFPhsp824(211-242) where GFP is fused at the N-terminal

end of Hsp82 in all the cases were created (Fig.21).

& pHCA- PHCA- (A211- 5 PHCA- (A211-
HSP82 259)hsp82 259)hsp82
L UuUC C uc L uc ¢
ek ~6k
~2kb
~2kb

Fig. 20. Cloning of HSP82, hsp824(211-259) and hsp824(211-242) into pHCAvector: (A) Clone confirmation of
pHCA-Hsp82 (left panel) and pHCA-Asp824(211-259) (right panel) was done by the release of insert of size 2130bp
and 1983bp respectively upon digestion of the plasmid using BamH1 and Sall enzymes (B) Clone confirmation of
PHCA-Ahsp824(211-242) was done by the release of 2034bp band upon digestion of the plasmid using BamH1 and

Sall enzymes. L: Ladder, UC: Uncut plasmid, C: Plasmid digested with BamH1 and Sal1 restriction enzymes.

PHCA- pHCA- GFP(A211- PHCA- GFP(A211-
GFPHSP82 259)hsp82 242)hsp82

. “Lakb
~940 b bt

Fig. 21. GFP tagging of pHCA-HSP82, pHCA-hsp824(211-259) and pHCA-hsp824(211-242): (A) Clone

~1.4kb
~940 b

confirmation of pHCA-GFPHSP82, (B) Clone confirmation of pHCA-GFPhsp824(211-259), (C) Clone
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confirmation of pHCA-GFPhsp824(211-242). The correct orientation of GFP insert incorporation at the N-terminal
of all the fusion constructs was determined by the release of an additional band of size 1368bp along with the vector
specific band of size 940bp when the plasmid was digested with Pstl. L: Ladder, UC: Uncut plasmid, C: Plasmid

digested with Pst1 restriction enzyme.

6.2 Cloning of FLAG tagged HsHSP90a, Hshsp90aT7A and Hshsp90aA(224-279) into

pHCA vector

We purchased the mammalian expression vector pcDNA3.1+/C-(K)-DYK from GenScript, USA,
which harbors full length human HsHSP90o with C-terminal FLAG tag. We amplified
HsHSP90o-FLAG using the primer pairs OSB531/0SB539 and subcloned in the centromeric
pHCA vector (259) between the BamHI and the Sall restriction sites to create pHCA-HsHSP90a-
FLAG. Clone confirmation was done by digesting the plasmid with the restriction enzymes
BamH1 and Sall and observing the release of the insert of size 2218bp (Fig.22). Two mutants of
HsHsp90o. namely hsp90aT7A4 and the CL deletion mutant Asp90aA(224-279) were generated by
splice overlap extension (SOE) and ultimately subcloned in pHCA with C-terminal FLAG tag to
create pHCA-Hshsp90aT7A4-FLAG and pHCA-Hshsp9004(224-279)-FLAG respectively. Clone
confirmation was done by digesting each of the plasmids with the restriction enzymes BamH1
and Sall and observing the release of the inserts with size 2218bp and 2050bp respectively

(Fig.22).
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PHCA- pHCA- pHCA-
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Fig. 22. Cloning of FLAG tagged HsHSP90a, Hshsp90aT7A and Hshsp90aA(224-279) into pHCA vector: (A)
Clone confirmation of pHCA-HsHSP90a-FLAG(B) Clone confirmation of pHCA-Hshsp90aT7A-FLAG (C) Clone
confirmation of Hshsp90aA(224-279)-FLAG. L: Ladder, UC: Uncut plasmid, C: Plasmid digested with BamH1 and

Sall restriction enzymes.

6.3 Subcloning AHAL into pBEVYT vector

Full length AHAL of size 1053bp was amplified using the primer pair OSB215/0SB216 and
cloned in the 2u vector pTA between the BamH1 and the Sall restriction sites to create pTA-
AHAL. Clone confirmation was done by the release of insert of size 1053bp upon digestion of the

plasmid with BamH1 and Sall restriction enzymes (Fig.23).
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pTA-AHA1
L uUc c

~6kb-

~1.1kb-

Fig. 23. Cloning of AHAL into pTA vector: Clone confirmation of pTA-AHA1 was done by the release of the insert
of size 1053bp upon digestion of the plasmid using BamH1 and Sall restriction enzymes. L: Ladder, UC: Uncut

plasmid, C: Plasmid digested with BamH1 and Sall restriction enzymes.
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7.1 Synopsis

Maintaining the genome integrity is vital for all cells. Eukaryotic cells, however, face various
DNA aberrations such as damages on the DNA bases, double and single strand DNA breaks
which challenge the stability of their genome (248). Hence, eukaryotic cells need to employ
various methods such as NER, BER, HR and NHEJ to repair such DNA damages. Higher
eukaryotes prefer the pathway of NHEJ for the repair of double strand DNA breaks while lower
eukaryotes such as yeast employ HR mediated DNA repair for the same (248). The formation of
a double strand DNA break in yeast leads to the recruitment of a cohort of proteins which sense
the double strand break, activate the DNA damage checkpoint and stall the cell cycle until the
damage is repaired (246, 247). The 5° ends are resectioned to produce 3’ single strand DNA
overhangs at the DSB site by the cooperative function of the MRX complex, followed by the 5’
exonucleases, Sae2 and Exol (248-250). These 3’ single stranded DNA overhangs are
recognized and bound by the single strand DNA binding protein, RPA which is replaced by
Rad51 with the help of Rad51 epistatic group of proteins to form a stable Rad51 nucleoprotein
filament (248, 251, 252). This is followed by homology search and strand invasion by the
Rad51resulting in the formation of the double Holliday junction which is resolved into
crossover/non crossover products (251-254). This process of DNA repair by HR is majorly

conserved across species and is important for maintaining genomic integrity (256).

Hsp90 is a molecular chaperone which cannot fold nascent proteins, but is involved in the final

protein folding of partially folded proteins to give rise to stable, mature proteins. Hsp90 interacts
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with a select subset of proteins known as its clients, a vast majority of which are involved in
signal transduction pathways. Apart from providing stability to its clients, Hsp90 also helps in
the activation of these client proteins in accordance with cellular signals. Apart from kinases and
transcription factors, many of the Hsp90 clients belong to the DNA repair family, giving an
indication that Hsp90 may have a potential role in DNA repair pathways. Studies done with
mammalian cells suggest that Hsp90 is directly involved in the DNA repair pathway. In a study
it was observed that when a DNA damage response was triggered using short double strand
DNA molecules called Dbait 32 Hc(258), the nuclear pool of mammalian Hsp90o was
phosphorylated at the Thr7 residue by DNA-PKcs which is also responsible for the
phosphorylation of yYH2AX histone during the DNA damage response pathway (185).
Furthermore, the phosphorylated form of Hsp90a present in the nucleus was found to be
recruited at the DNA break sites along with YH2AX histone (185). However, in lower eukaryotes
like Saccharomyces cerevisiae, Hsp82 which is the ortholog of mammalian Hsp90a
predominantly remains in the cytoplasm. Furthermore, the first 14 amino acids which are present
in mammalian Hsp90a are absent in yeast Hsp82, thus the Thr7 residue is absent. Furthermore,
yeast does not contain DNA-PKcs which has been shown in mammalian system to be
responsible of phosphorylating Hsp90a at the Thr7 residue. Since DNA repair mechanisms as
well as Hsp90 structure and function are conserved from lower to higher eukaryotes, it is
important to determine whether there is any conserved function of Hsp90 in DNA repair even in
lower eukaryotes such as yeast.

Previous studies in our lab have revealed that Hsp90 inhibition using inhibitors like 17AAG or
by using loss of function mutants likeHsp90™ or Hsp90'®1" |eads to a reduction in the

protein levels of Rad51 rendering the cells HR deficient (162, 164). Rad51, which is the central
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player of the HR mediated DNA repair pathway was found to be a direct client of Hsp90 and
hence, is dependent on Hsp90 for its stability and activation (162, 164). Furthermore, our lab
identified a separation of function mutant of Hsp90, i.e. Hsp8222!5° which retained its
chaperone function and hence had no effect on Rad51 stability. However, the cells harboring this
separation of function mutant of Hsp90 showed substantial reduction in Rad51 function
including Rad51 mediated gene targeting activity as well as DNA damage induced Rad51
nuclear foci formation, which is a hallmark of HR mediated DNA repair. However, whether

Hsp90 directly regulates the nuclear function of Rad51 remained elusive.

In our present study, we hypothesized that Hsp90 acts as a positive regulator of the HR mediated
DNA repair pathway. To address this, we framed the following three questions which outlined

the basis of the study:
Q1. Does yHsp90a regulate the nuclear function of Rad51 during DNA repair?

Q2. Does yHsp90a have any nuclear function during DNA damage apart from regulation of

Rad51 function?
Q3. What is the mechanism of the nuclear import of yHsp90a during DNA repair?

We first studied whether yHsp90a regulates the nuclear function of Rad51 during DNA repair.
For this purpose, we used a mutant of Rad51 i.e, Rad515%L which has been reported in our lab
to be completely defective in gene targeting activity and the cells harboring Rad515%. behave
like Arad51 cells with regard to DNA damage sensitivity (257). Coimmunoprecipitation studies
using wild type Rad51 or Rad5151% was used to study whether the physical association between

Hsp90 and Rad51 plays any regulatory role in the DNA damage induced Rad51 function. It was
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revealed that yHsp90a shows a dynamic interaction with wild type Rad51 during DNA damage
conditions. However, this dynamic relationship is completely abrogated in the case of the
Rad5151%L mytant which binds strongly to yHsp90a even in the presence of DNA damage

conditions.

To identify whether Hsp90 plays a direct role in HR mediated DNA repair, the chaperone should
be present in the nucleus under such condition and physically be associated with the damaged
chromatin. To this end, we used cell fractionation and fluorescence microscopy studies to study
whether yHsp90a is imported to the nucleus upon DNA damage and recruited to the damaged
chromatin. We used methyl methanesulfonate (MMS) as a DNA damaging agent which is
reported to cause S-phase arrest. To delineate whether the nuclear import ofHsp90a. is due to the
DNA damage or due to the cell cycle arrest, we used agents that cause S-phase arrest
(hydroxyurea) or G2/M arrest (nocodazole) and monitored the nuclear import of Hsp90a. We
observed that there was no detectable nuclear import ofHsp90a in presence of HU/Nocodazole,
thus confirming that the nuclear import of Hsp90a is induced by DNA damage. We further
investigated whether the nuclear pool of yHsp90a is recruited to the damaged chromatin in
response to a single specific double strand break created in the chromosome. To that end, we
used NA14 strain (263), where a site specific DSB was created within the mutant ura3 locus by
expressing a galactose-inducible HO endonuclease.In NA14 yeast cells, the DSB created at the
ura3 locus can be repaired by homologous recombination using a donor template (URA3) that is
located 3 kb apart.We performed ChIP analysis immediately after HO induction and at every 1-
hrintervals, up to 4 hrsand observed that yHsp90a is recruited to the damaged chromatin with
maximum recruitment observed at 2hrs post HO induction when the DNA breakage appeared to

be maximum. We further monitored the extent of occupancy of yHsp90a upto -5kb of the DNA
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break site and found thatyHsp90a binds to the flanking region of the DNA break site with
kinetics comparable to that of Rad51, a known protein involved in the HR pathway.

Hsp90 is associated with a number of proteins that assist with its chaperone cycle, known as
Hsp90 cochaperones. These cochaperones are largely conserved in eukaryotic cells; however,
they are not present in prokaryotic cells. These Hsp90 cochaperones help in the proper binding
and dissociation of Hsp90 client proteins, ATP binding, the conformational changes that Hsp90
undergoes during the chaperone cycle, and ATP hydrolysis during the chaperone cycle
progression, etc. (42-44). Apart from assisting with the Hsp90 chaperone cycle, the
cochaperones also perform various other functions in the cell. Studies have revealed that
Hop/Stil is important for the hormone binding ability of the progesterone receptor (46). In
mammalian cells, it was observed that the knockdown of Hop or Ahal can prevent the
degradation of misfolded mutant cystic fibrosis transmembrane conductance regulator
(AF508CFTR) protein which, if allowed to be expressed on the cell surface, has the ability to be
functional (47, 48). Hence the knockdown of Hop/Ahal allows AF508CFTR protein to reach the
cell surface without being degraded, restoring its function (47, 48). Other studies have proved
that although Stil is a non-essential protein, the double knockout of Stil along with Ydj1/Hsp40
or Shal leads to the loss of viability (49, 50). Previous literature also indicates that some Hsp90
cochaperones have potential roles in the DNA repair pathway as well. In HelLa cell extracts, it
was found that Ahal could interact directly with the DNA repair proteins, Ku70, Ku80 and
DNA-PKcs(53). Another study revealed that Sbal deletion leads to sensitization of yeast cells
towards different DNA damaging agents such as ultraviolet radiation (UV), bleomycin and MMS

which could be reversed upon introduction of Shal in the Adsbal cells (54). Studies done with the



Vi

APPENDIX-II

essential Hsp90 cochaperone, Cdc37 revealed that a loss of function mutation of Cdc37 leads to
a synthetic growth defect which in turn led to a loss in genome integrity (55).

Hence, we wanted to study whether the three Hsp90 cochaperones, Ahal, Cdc37 and Shal play
any role in assisting the nuclear import of yHsp90a during DNA repair. To this end we used cell
fractionation studies as well as fluorescence studies which establish that Ahal plays an important
role in the DNA damage mediated nuclear import of yHsp90a. We found that Ahal shows an
increased nuclear accumulation in response to DNA damage conditions created with the addition
of 0.15% MMS. We further observed that Adahal cells show a defect in Hsp90 nuclear import
upon DNA damage, rendering the cells sensitive to DNA damaging agents and this phenotype is
reversed upon the re-introduction of Ahal to these cells. We have also identified the structural
determinant of Hsp90, which is essential for its import into the nucleus during DNA damage. It
was earlier established that the conformational flexibility between the amino terminal domain
and the middle domain of yHSP90a is mediated by a flexible charged linker domain spanning
211-259 residues. The deletion of these highly charged amino acid stretches (211-259), leads to
significant reduction in Ahal-stimulated ATP hydrolysis of yHSP90a (257). However, deletion
of a shorter stretch (211-242) does not alter the conformational flexibility of the mutant protein
and it shows comparable Ahal mediated ATPase activation of yHSP90a as that of the wild-type
protein (257). We wanted to determine whether this domain known for providing conformational
flexibility between the amino-terminal and the middle-domain is important for its nuclear import.
To this end, we performed cell fractionation and fluorescence microscopy studies to investigate
the MMS induced nuclear import of the two mutant proteins yHSP90a*?!125% andyHSP90a ! -
242) 'We observed that the yHSP900*?!12%9) mutant showed a complete abrogation in its nuclear

import in response to DNA damage. However, the phenotype was reversed in the case of the
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shorter CL deletion mutant, yHSP90o*?!1242) Furthermore the cells harbouring yHSP90o ?!!-
259) mutant showed high DNA damage sensitivity which was reversed in cells harbouring the
yHSP90a*?!1-242) muytant similar to wild type condition. Hence, it was established that if the
nuclear import of yHsp90a during genotoxic stress is hampered; the cells are rendered sensitive
to the DNA damaging agents.

The importance of this study lies in the fact that Hsp90 has been increasingly found to play
various roles in different diseases such as cancer, infectious diseases as well as
neurodegenerative disorders. Hence, further studies on Hsp90 and its cochaperones can

illuminate Hsp90 or its cochaperones as novel drug targets in the treatment of various diseases.
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ABSTRACT The interplay between yHSP90a (Hsp82) and Rad51 has been implicated in the
DNA double-strand break repair (DSB) pathway in yeast. Here we report that nuclear trans-
location of yHSP90a: and its recruitment to the DSB end are essential for homologous recom-
bination (HR)-mediated DNA repair in yeast. The HsHSP900 possesses an amino-terminal
extension which is phosphorylated upon DNA damage. We find that the absence of the
amino-terminal extension in yHSP90o does not compromise its nuclear import, and the non-
phosphorylatable-mutant HsHSP90a™A could be imported to the yeast nucleus upon DNA
damage. Interestingly, the flexible charged-linker (CL) domains of both yHSP90o and
HsHSP90a play a critical role during their nuclear translocation. The conformational restricted
CL mutant yHSP900:A?11-259, but not a shorter deletion version yHSP900A211-242) fails to reach
the nucleus. As the CL domain of yHSP90a: is critical for its interaction with Aha1, we investi-
gated whether Ahal promotes the nuclear import of yHSP90a.. We found that the nuclear
import of yHSP90a is severely affected in Aaha1 strain. Moreover, Aha1 is accumulated in the
nucleus during DNA damage. Hence Ahal may serve as a potential target for inhibiting nu-
clear function of yHSP90a.. The increased sensitivity of Aahal strain to genotoxic agents
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strengthens this notion.

INTRODUCTION
Eukaryotic cells are susceptible to a wide variety of genotoxic
stresses which cause several types of DNA lesions including DNA
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double-strand breaks (DSBs). If DSBs remain unrepaired in the cell,
they can cause genomic instability (Aylon and Kupiec, 2004). One of
the commonly employed mechanisms to repair DSB is by homolo-
gous recombination (HR). Unlike the mammalian system, this mode
of DNA repair is preferred in budding yeast over the error-prone
nonhomologous end joining pathway. In HR-mediated DNA repair,
Rad52 and Rad51 are assembled at the 3’ ssDNA tail in an orga-
nized manner (Li and Heyer, 2008). These proteins are recruited dur-
ing the end resection of DNA DSB and catalyze the formation of
DNA (Andriuskevicius et al., 2018). Studies in the model eukaryote,
Saccharomyces cerevisiae, have shown that yHSP90a., the budding
yeast ortholog of human HSP90o. (HsHSP90a), provides stability to
Rad51 protein and plays a regulatory role in the effective recruit-
ment of Rad51 to the broken DNA (Suhane et al., 2014, 2019).
HSP90a. is associated with a wide variety of cochaperones that
are essential for its reaction cycle. Sba1 binds to HSP90o. in the pres-
ence of ATP and stabilizes the ATP bound conformation which is
required for the client protein activation (Ali et al., 2006). Cdc37 aids
in folding and activation of specific client protein kinases. It sup-
presses the ATP turnover by HSP90o. and thereby helps in client
protein loading (Kimura et al., 1997; Siligardi et al., 2002). Aha1
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accelerates the ATPase activity of HSP90a and plays an important
role in regulating the timing of HSP90o. chaperone cycle (Kimura
et al., 1997). Upon binding to the middle domain (MD) of HSP90a,
Aha1l causes a large conformational change to the amino terminal
domain (NTD) of HSP90a and acts as an allosteric activator of
HSP90o ATPase. Subsequently, monomeric Ahal binds asymmetri-
cally to the NTD of one of the protomers of HSP?0a: and accelerates
the dimerization of HSP90o. by forming a bridge between the two
protomers (Li et al., 2012). Although the contribution of cochaper-
ones toward the conformational cycle of HSP90a: is well understood,
their physiological significance remains obscure. Previous studies
have indicated the involvement of the above-mentioned cochaper-
ones in the DNA repair pathways in general (Caplan et al., 2007;
Echtenkamp et al., 2011; Sun et al., 2012). In Hela cell extracts,
Ahal was found to interact with the proteins Ku70 and Ku80 and
DNA-dependent protein kinase (DNA-PK)cs which are involved in
DNA repair (Sun et al., 2012). The Sba1 network was found to have
a significant nuclear component that includes DNA repair activities
(Echtenkamp et al., 2011). A previous study showed that Asbal
strain shows susceptibility toward various DNA-damaging agents
like MMS, bleomycin, and ultraviolet light, which could be reversed
by the complementation of Sba1 in the null Asba1 cell. Loss of func-
tion of Cdc37 causes synthetic growth defect with several genes
involved in genome integrity (Caplan et al., 2007). Although previ-
ous studies indicate that these cochaperones may play a role in
DNA repair, their exact function during the HR pathway has never
been addressed.

During its chaperone cycle, HSP90o undergoes large-scale con-
formational rearrangements from an open inactive state to a closed
active state (Mader et al., 2020) which in turn modulates its catalytic
activity. The NTD and the MD are separated by a disordered region
termed the charged linker (CL), which provides flexibility for the do-
main rearrangement during the HSP90a. chaperone cycle (Tsutsumi
et al., 2012). This linker region is evolutionarily conserved among all
eukaryotic orthologs of HSP90o. studied to date, although its physi-
ological significance is poorly understood. To address the impor-
tance of CL domain in the mechanism of the in vitro function of
HSP900,, a series of successively shortened CL mutants of yHSP90o.
were generated (Hainzl et al., 2009). It was observed that successive
deletion of CL gradually reduces the ability of Aha1 to stimulate the
ATP turnover in the mutants without altering its binding affinity to
those mutants (Hainzl et al., 2009). It was reported that Ahal-medi-
ated ATPase activity of yHSP900?11-25%) was reduced by 2.5-fold,
although that of yHSP9004?11242 showed a similar fold stimulation
as that of the wild-type yHSP?0c.. One of the CL mutants was char-
acterized in detail for its role in DNA repair pathway. It was reported
that although the stability of Rad51 remains unaffected in the
hsp82(A211-259) mutant, the strain displays a severe reduction in
the gene targeting efficiency (Suhane et al., 2014). Moreover, the
MMS-induced Rad51 foci formation, which is the hallmark of HR-
mediated DNA repair, was significantly reduced in this mutant back-
ground. However, the mechanism behind such phenotype is not
understood well.

A recent study in mammalian systems shows that DNA-PK-medi-
ated Thr7 phosphorylation of HsHSP90a. in response to DNA dam-
age causes its recruitment to the DSBs (Quanz et al., 2012). In a
separate study it has been demonstrated that exposure to ionizing
radiation causes the phosphorylation of Thr5/Thr7 residues of the
nuclear pool of Hsp90 by ataxia telangiectasia mutated (ATM) ki-
nase and this is vital for the maintenance of yH2AX levels (Elaimy
etal., 2016). In lower eukaryotes such as in budding yeast, yHSP90o.
neither possesses the first 14 stretch of amino acids, including the
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Thr5 and Thr7 residues, nor harbors DNA-PK. Furthermore, although
the orthologs of ATM, i.e., Tel1/Mec1 are present in yeast, there is
no report showing their physical association with yHSP?0o.. This
raises the question of whether DNA damage-induced chromatin re-
cruitment of HSP90o occurs in these organisms. Furthermore, it was
never addressed whether cellular redistribution of yHSP90a. occurs
in response to DNA damage and whether phosphorylation of Thr5/
Thr7 of HsHSP90o. is a prerequisite for the nuclear import. Also, it
remains unanswered whether the nuclear function of HSP90a. is es-
sential for HR-mediated DSB repair pathway.

In our present study, we have addressed all the above-men-
tioned questions and identified a novel pathway for DNA damage-
induced nuclear translocation of yHSP90c.. We have discovered that
Aha1l regulates the nuclear import of yHSP90a.. To better under-
stand the function of yHSP900: in HR-mediated DNA repair pathway,
we have used chromatin immune precipitation assay to investigate
the association of yHSP90o. and Rad51 with damaged DNA after we
artificially induce the DSB. Concurrently, the repair kinetics of the
damaged DNA were analyzed. The combined results of these two
approaches enabled us to compare the extent of occupancy of
yHSP90o and Rad51 with the DSB ends and its flanking regions. In
a HR-defective CL-deleted yHSP900. mutant strain (Suhane et al.,
2014), we observed a defect in the nuclear import and chromatin
association of the Hsp90221125% protein. Collectively, Ahal appears
to play a critical role in the nuclear import of yHSP90a, which in turn
is vital for HR-mediated DNA repair pathway. This is supported by
the sensitivity of Aaha1 strain toward different genotoxic agents.

RESULTS

Accumulation of yHSP90a. in the nucleus in response to
MMS-induced DNA damage

It was reported earlier that upon DNA damage, human HSP?0o. is
phosphorylated by DNA-PK at threonine 5/7 residues and that the
phosphorylated form of HsHSP?0a: is accumulated at the site of
DNA damage (Quanz et al., 2012; Elaimy et al., 2016). Although
DNA-PK can phosphorylate both the cytoplasmic and the nuclear
pool of HsHSP90o upon DNA damage, it was never addressed
whether there is a DNA damage-induced upsurge of HSP90o in the
nucleus and whether this import is dependent on the threonine 5/7
phosphorylation. We investigated whether the nuclear translocation
of yHSP90a occurs in an aforementioned phosphorylation-indepen-
dent manner in S. cerevisiae, in which the first 14 amino acids are
absent (Supplemental Figure S1, red circle). Earlier we observed that
the association between Rad51 and yHSP90o was reduced in the
presence of MMS (0.15%); hence we used the same dose of MMS
for our present study (Suhane et al., 2019). We examined the level of
yHSP900. in whole-cell extract and in nuclear fraction of W303a
strain upon exposure to MMS treatment (0.15%). We found that
there was no difference in the expression of yHSP90a. in response to
DNA damage (Figure 1A, left panel); however, it was redistributed to
the nucleus (Figure 1A, right panel). The experiment was repeated
more than three times and one set of the representative Western
blot images is presented. Rad51 level was monitored as a positive
control which showed more than two- and threefold of induction in
the whole-cell extract and in the nuclear fraction, respectively (Figure
1B). The nuclear fractionation data showed that upon MMS treat-
ment, there was a 2.5-fold nuclear enrichment of yHSP90a (Figure
1B). Nsp1, the nuclear marker protein, was used as a loading con-
trol. The nuclear accumulation of yHSP900: was further supported by
the live-cell imaging of the strain NFY31 that harbors a single-copy
GFP fused yHSP90o plasmid. We observed that in the untreated
condition, GFP-yHSP90a. was uniformly distributed throughout the
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cell (Figure 1C). However, when treated with 0.15% MMS, GFP-
yHSP90a moved to the nucleus and coincided with Hoechst 33342
(Figure 1D). As MMS delays S-phase progression, we wanted to dis-
tinguish whether the nuclear translocation of yHSP90c. occurs as a
consequence of cell cycle arrest or as a consequence of DNA dam-
age. For that, we used hydroxyurea-induced S-phase-arrested cells
and the nocodazole-induced G2/M-arrested cells and looked for the
distribution of GFP-yHsp900.. We found that GFP fluorescence was
distributed majorly in the cytoplasm and to a little extent in the nu-
cleus of the hydroxyurea-arrested cells (Figure 1E). We also found
that GFP-yHsp90a: was evenly distributed throughout the cytoplasm
in the nocodazole-arrested cells (Figure 1F) and didn't coincide with
the blue fluorescence of Hoechst. Thus our study concludes that
nuclear redistribution of yHsp90o is associated with MMS-induced
DNA damage. We further examined whether human HsHSP90a.
shows similar localization dynamics in response to MMS treatment.
We used the strain harboring a plasmid that expresses human
HSP?0o. fused with FLAG. We verified that FLAG antibody does not
show any cross-reactivity with other yeast proteins (Supplemental
Figure S2A). The nuclear fractionations showed increased levels of
HsHSP90a. in the MMS-treated sample compared with the untreated
sample (Figure 2A). Quantification of gel images from an indepen-
dent set of experiments showed about a fourfold increase in the
HsHSP90a level within the nucleus (Figure 2B). We sought to deter-
mine whether this import is dependent on the presence of Thr 7
residue of HsHSP90o.. Using a mutant protein HsHSP90a™A where
threonine is mutated to alanine, we observed that its nuclear import
remained unperturbed (Figure 2C). Estimation of multiple WBs
showed about a fivefold increase in the nuclear fraction with respect
to the untreated cell (Figure 2D). Thus our study shows that DNA
damage induces an increased import of HSP90o. in the nucleus from
the cytoplasm which is independent of phosphorylation of the thre-
onine 7 residues.

Nuclear accumulation of yHSP90a upon induction of a
single double-strand break

MMS alkylates DNA bases and thereby causes DNA-base mispair-
ing (Lundin et al., 2005). To understand whether the increased nu-
clear yHSP90a. reflects a true response to DNA damage, we induced
a single double-strand break in DNA and determined the cellular
redistribution of yHSP90a.. To that end, we used the NA14 strain
(Agmon et al., 2009), where a site-specific DSB was created within
the mutant ura3 locus by expressing a galactose-inducible HO en-
donuclease (Figure 3A). By designing the primers complementary
to the region adjacent of the HOcs (OSB 289) and the regions within
the KANMX cassette (kanB1), we measured the extent of DNA
cleavage by the HO endonuclease. We have repeated the repair
kinetics upon HO induction with three independent batch of cells
and one of the representative images is provided (Figure 3B). We
found that the HO endonuclease resulted in 75% cleavage at the
ura3 locus within the first hour of induction and 100% by the end of
the second hour (Figure 3C). The DSBs are repaired by HR using a
donor URA3 sequence that is placed 3 kb apart. We observed that
50% repair was achieved at the end of the third hour and the dam-
age was completely healed by the end of the fourth hour (Figure 3,
B and C). As in our experimental setup, we always observed maxi-
mum damage at the second hour of galactose induction (Figure 3C),
we harvested the cells before and at the second hour after the ga-
lactose treatment, and performed the nuclear fractionation. We ob-
served that there was no difference in the expression of yHSP90o in
the whole cell and at the second hour postinduction, the protein
showed significant nuclear enrichment upon formation of a single
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FIGURE 2: Accumulation of HsHSP90a. in the nucleus in response to
MMS-induced DNA damage. (A) Western blot showing the nuclear
fractionation of FLAG tagged HsHSP90q: strain in the presence and
absence of MMS treatment. (B) The experiment was repeated with a
fresh batch of cells and estimation of band intensities showed a
fourfold increase in the nuclear accumulation of HsHSP90o. in the
presence of MMS. (C) Western blot showing the results of nuclear
fractionation of FLAG tagged Hshsp900.T7A strain in the presence
and absence of MMS treatment. (D) Quantification of band intensities
of independent experiments showed a fivefold increase in the nuclear
distribution of the mutant protein; P values were calculated using the
two-tailed Student'’s t test (**P < 0.01; *P < 0.05).

DSB in chromosome (Figure 3D). Quantification of the independent
WB image showed about a fourfold increase in the nuclear level of
yHSP?0o at 2 h post-HO induction (Figure 3E). Hence we observe
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that even a single DSB in chromosome causes an increased nuclear
accumulation of yHSP90o..

Kinetics and extent of occupancy of yHSP90a at DSB ends

In mammalian cells it was demonstrated that DNA damage-induced
T7-phosphorylated form of HsHSP90a. is recruited to the damaged
chromatin. However, whether this phosphorylation is a criterion for
its chromatin recruitment was not addressed. In S. cerevisiae
yHSP900. lacks the stretch of 14 residues, including T7 of HsHSP90c.
We wanted to check whether the nuclear pool of yHSP90a was
associated with the damaged chromatin. We utilized the chromatin
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immunoprecipitation technique to visualize the kinetics and extent
of yHSP900. binding following DSB induction and during its repair by
HR. In NA14 yeast cells, the DSB created at the ura3 locus can be
repaired by HR using a donor template (URA3) that is located 3 kb
apart (Figure 4A). To monitor yHSP90o. binding to DSB ends, we
performed ChIP analysis immediately after HO induction and at ev-
ery 1-h interval up to 4 h (the time required for its complete repair).
Significant yHSP90a: binding to sequences close to the HO cleavage
site was observed at the second and third hours using a pair of
primers (shown as horizontal bars), OSB 519 and OSB 520, that am-
plify sequences 55 to 205 bp proximal to the HO cut site (Figure 4B).
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There was no association of yHSP90a. to other locus (ACTT). The
maximum recruitment of yHSP90a to DSB was observed at the sec-
ond hour. It is noteworthy that the maximum break was generated
during the second hour post-HO treatment and by the third hour
50% break was repaired (Figure 3C). Thus the entry and exit of Hsp%0
correlated well with the presence of maximum break as seen in
Figure 3B and it remained associated up to the third hour until 50%
of the DSB remained unrepaired (Figure 3C). At a later time point (the
fourth hour), the recruitment was substantially reduced. As a refer-
ence, we monitored the recruitment of Rad51 under similar condi-
tions and observed a slightly different pattern (Figure 4C). We calcu-
lated the fraction of recruitment of yHSP90o. and Rad51 and plotted
against different time intervals. We found that yHSP90o recruitment
was highest at the time of maximum damage (second hour) and it
was dislodged from the chromatin at the fourth hour of HO induction
once repair was complete (Figure 4D). Rad51 recruitment had been
initiated at the second hour, which remained maximum at the third
hour and a significant amount of Rad51 remained associated even at
the fourth hour (Figure 4D). We also measured the association of
yHSP900. and Rad51, at the leftward direction (up to 5 kb) from the
cleavage sites. We found a similar pattern, i.e., significant recruit-
ment of yHSP?0o. and Rad51 was observed throughout 4 kb regions
during the second and third hours post-HO induction (Figure 4E).
Thus our study has established that a DNA damage-induced increase
in association of yHSP90o. to the chromatin is independent of the
N-terminal 14-residues present in HsHSP90o.

Increased nuclear localization of Aha1 in response to DNA
damage

We further investigated DNA damage-induced nuclear accumula-
tion of the Hsp90 cochaperone Ahal. We employed indirect immu-
nofluorescence to monitor the cellular localization of Ahal in W303a
strain. We observed that Ahal was equally distributed in the nucleus
and in the cytoplasm before (Figure 5A) and after MMS treatment
(Figure 5B). However, there was an overall increase in the Aha1 fluo-
rescence intensity in the cell in response to MMS (Figure 5B). Such
induction corroborated well with our Western data with the whole
cell, where we found that endogenous level of Aha' was significantly
induced upon MMS treatment (Figure 5C, left panel). We also ob-
serve a concomitant increase in the Aha1 level in the nucleus (Figure
5C, right panel) upon MMS treatment. It is noteworthy that Aha
antibody used in this study is highly specific and does not cross-react
with any other proteins in WB and does not give any background in
IFA (Supplemental Figure S2D). We wanted to determine whether
induction of a single double-strand break in the chromosome could
also induce the import of Aha1 to the nucleus. For that, we used the
NA14 strain. Our results showed that in this strain, the Aha1 protein
level in the nucleus was significantly increased, about 1.5-fold, at the
second hour of HO induction (Figure 5, D and E), whereas the
yHSP90a: level was increased about threefold. We also monitored
whether Ahal was also recruited to DSB ends like yHSP90o.. How-
ever, we could not detect Aha1 in the ChIP assay (data not shown).
We speculate that Ahal may be transiently associated to chromatin,
which could not be detected in our assay. Next, to investigate
whether other cochaperones such as Sbal and Cdc37 are imported
to the nucleus upon DNA damage, we used carboxy-terminal MYC
tagged Sba1 and Cdc37 strains for our analysis. We found that there
was no such increase in the levels for Cdc37 in the whole cell as well
as in the nucleus upon DNA damage (Figure 5F). In the case of SbaT,
we found that its endogenous level was significantly induced upon
MMS treatment similar to that of Ahal (Figure 5G, left panel). How-
ever, unlike Aha1, there was no such increase in Sba1 level in the
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nucleus (Figure 5G, right panel). We have repeated these experi-
ments three times and the nuclear distribution of each of the cochap-
erones was plotted in the presence and absence of MMS. It was
found that in the whole-cell extract, the abundance of Ahal and
Sba1 was threefold and fourfold, respectively (Figure 5H); however,
only Ahal showed about a twofold increased accumulation in the
nucleus upon MMS treatment, while Sbal and Cdc37 showed no
significant increase (Figure 5l). To address whether MMS-induced
up-regulation of Aha1 and Sbal occurs at the transcription level, we
compared the relative expression of the above-mentioned cochap-
erones in the absence and presence of 0.15% MMS (Supplemental
Figure S3A). Quantitative reverse transcription PCR (RT-PCR) shows a
1.5-fold increase in expression of AHAT and no significant increase
in expression of SBAT upon MMS treatment (Supplemental Figure
S3B). An increase in RAD51 transcript was used as a positive control
in our study. We speculate that the higher abundance of SBAT may
result due to increased protein stability during genotoxic stress.

yHsp90a transport to the nucleus upon DNA damage is
independent of Cdc37 and Sba1

Next, we wanted to address whether DNA damage-dependent in-
creased nuclear accumulation of yHSP90o. is dependent on Cdc37
and Sbal. We used the temperature-sensitive cdc37514A mutant
strain, which shows normal phenotype at 25°C but displays a com-
plete loss of function when grown at a restrictive temperature 37°C.
Our study showed no difference in the endogenous level of
yHSP90a. in the cdc37514A mutant strain when grown at 37°C in the
presence or absence of MMS (Figure 6A). The nuclear fractionation
under similar conditions showed a fourfold increase in the accumu-
lation of yHSP90o upon DNA damage (Figure 6, B and C), similar to
that observed in the wild-type strain. To address the dependency on
Sbal, we generated a Asbal strain in an isogenic W303a back-
ground. We found that in the AsbaT strain, the yHSP90a level was
induced by 3.6-fold in the whole cell in response to MMS treatment
(Figure 6, D and F). In addition, DNA damage-dependent nuclear
import was observed in a manner nearly indistinguishable from the
wild-type cells (Figure 6, E and F). Together, this study concludes
that MMS-induced nuclear import of yHSP90o. is independent of
Cdc37 and Sbaf.

yHSP90aq transport to the nucleus upon DNA damage is
dependent on Aha1

To decipher whether Aha1 plays any role during MMS-induced nu-
clear import of yHSP900, we generated AahaT strain. We trans-
formed empty plasmid and AHAT overexpression plasmid to Aaha
strain to generate two isogenic strains. AHAT expression was de-
tected specifically in Aaha1 strain harboring the AHA1 overexpres-
sion plasmid (Figure 7A, third lane). Interestingly, we found that
Ahal deletion was positively correlated with MMS-induced up-
regulation of endogenous yHSP90a. (Figure 7A), and the pheno-
type is reversed with ectopic expression of AHAT as presented in
Figure 7A (first lane). Further, we observed that although Aha1 de-
letion resulted in a 3.5-fold induction in the endogenous level of
yHSP900. upon MMS treatment (Figure 7B), it couldn’t be translo-
cated to the nucleus (Figure 7C, first lane). However, ectopic ex-
pression of Ahal resulted in the increased nuclear import of both
yHSP90a: (approximately threefold) and Aha1 upon DNA damage
(Figure 7, C and D). We used live-cell fluorescence to visualize the
localization of yHSP90a in the AahaT strain NFY32 that harbors a
centromeric GFP-yHSP90a plasmid. We didn't find any nuclear lo-
calization of yHSP900. under the MMS-treated (Figure 7F) or un-
treated (Figure 7E) condition. This experiment was performed
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done with IgG antibody that was used as a negative control.

along with its isogenic control strain (Figure 1, C and D). To under-
stand whether yHSP90o. and Ahal remain associated under the
MMS-treated condition, we performed coimmunoprecipitation
study. We used a strain KRAY29, that harbors a plasmid with C-ter-
minal FLAG tagged Ahal. Ahal was pulled down with anti-FLAG
antibody in MMS-treated and untreated conditions and we looked
for the presence of yHSP90a. in the IP fraction. We found that Aha'
and yHSP90o. remained physically associated in both the condi-
tions (Figure 7G).
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To understand whether the Ahal-dependent nuclear import of
yHSP?0o is a generalized phenomenon in budding yeasts, we used
another Aaha1 strain in the BY4741 background and wanted to test
the same in this strain background. In BY4741 whole-cell extract,
where Ahal protein was completely absent (Figure 8A, left panel),
we found similar up-regulation of yHSP90a. in response to MMS.
However, we find complete abrogation of the nuclear accumulation
of yHSP90a (Figure 8A, right panel). We loaded a higher amount of
protein in the MMS-treated condition compared with the other
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lanes as seen by the amount of Nsp1 (Figure 8A, right panel, last
lane); however, there was no signal of yHSP90a in the nuclear frac-
tion. We overexpressed AHAT in the BY4741Aaha1 strain and per-
formed the nuclear fractionation in the presence and absence of
MMS. The Western blot of the whole-cell extract showed no change
in the endogenous level of yHSP?00. in the presence and absence
of MMS (Figure 8B, left panel). However, the presence of Ahal pro-
moted the nuclear import of yHSP90o in a MMS-dependent manner
(Figure 8B, right panel). Together, our data establish that the pres-
ence of Aha1 is essential for the nuclear localization of yHSP900..

The domain responsible for the conformational flexibility
between the amino terminal and the MD of yHSP90a. is
essential for its nuclear translocation upon DNA damage

It was earlier established that the conformational flexibility between
the amino terminal domain and the MD of yHSP90a. is mediated by
a flexible CL domain spanning 211-259 residues, as presented in
the schematic diagram (Figure 9A). The deletion of these highly
charged amino acid stretches (211-259) leads to a significant reduc-
tion in Ahal-stimulated ATP hydrolysis of yHSP90o. (Hainzl et al.,
2009). However, deletion of a shorter stretch (211-242) does not al-
ter the conformational flexibility of the mutant protein and it shows
comparable Ahal-mediated ATPase activation of yHSP90o. as that
of the wild-type protein (Hainzl et al., 2009). We wanted to deter-
mine whether this domain known for providing conformational flex-
ibility between the amino-terminal and the middle domain is impor-
tant for its nuclear import. We investigated the MMS-induced
nuclear import of the two mutant proteins yHSP900A@'1-259) and
yHSP900A211-242) ysing live-cell fluorescence imaging. For that, we
generated NFY33 and NFY35 strains that harbor a centromeric plas-
mid expressing GFP-yHSP900A@"1-259) and GFP-yHSP900A?11-242),
respectively. We observe that in the GFP-yHSP900:4?1-259 harboring
strain, GFP fluorescence does not merge with Hoechst fluorescence
in the presence (Figure 9C) as well as the absence of MMS (Figure
9B). However, there is a distinct nuclear accumulation in the case of
the shorter deletion mutant GFP-yHSP900A?11-242) ypon MMS treat-
ment (Figure 9, D and E). A representative image from each sample
is presented. To confirm the result by an alternate method, we
isolated the nuclear fraction from the previously characterized CL
deletion strain (Louvion et al., 1996) which was shown to be severely
defective in HR activity (Suhane et al., 2014). We observed a com-
plete absence of the mutant protein yHSP900:4?"1-259 in the nucleus

of the MMS-treated cell (Figure 10A, right panel). We loaded a
higher amount of the mutant protein compared with the wild-type
as seen by the level of Nsp1 (last lane, Figure 10A, right panel) but
could not detect the protein in the nucleus. The Western blot analy-
sis of the whole-cell extracts with the mutant strain confirmed the
expression of the mutant protein (Figure 10A, left panel). To test
whether Aha’l overexpression can promote the MMS-induced nu-
clear import of the longer CL deletion mutant, we transformed the
AHAT overexpression plasmid in the hsp82As211-259) strain. We
found that AHAT overexpression did not impact the translocation of
the mutant protein to the nucleus (Figure 10B, right panel). It was
previously shown that the CL region of human HSP90o. provides
flexibility for domain rearrangements and acts as a modulator of
chaperone activity (Tsutsumi et al., 2012). We wanted to determine
whether the deletion of identical stretch of charged residues from
human HSP90o. causes a similar defect. To that end, we have gener-
ated a strain harboring human HsHSP900:4?24279, still expressing
endogenous yHSP90o. (Supplemental Figure S1). The mutant pro-
tein showed expression as presented (Supplemental Figure S2B).
We found that the mutant human protein did not show (Figure 10C)
any increased nuclear accumulation upon DNA damage. The level
of yHSP90o was increased in the nucleus under such conditions
(third panel, Figure 10C). It is noteworthy that the antibody recog-
nizing HsHSP90a: (anti-FLAG) does not recognize yHSP?0o. (Supple-
mental Figure S2B). Next, we performed the nuclear fractionation to
detect the level of the shorter CL deletion mutant yHSP900A?11-242)
upon MMS treatment. For that, we created a strain KRAY16 in which
the endogenous Hsp82 and Hsc82 are knocked out and the strain
expresses yHSP904211-242) from a single copy plasmid. We observed
that the mutant protein is accumulated to the nucleus in response to
MMS treatment, correlating our live-cell imaging data (Figure 10D).
The experiment was repeated three times and the estimation of
band intensities showed about a fourfold increase in the nuclear
level of the mutant yHSP900A?11-242) in this strain background (Figure
10E). Taken together, we conclude that the CL domain of HSP90« is
essential for its import to the nucleus. To support our conclusion
further, we measured the single DSB-induced chromatin recruitment
of the mutant yHSP9002@'-259), To that end, we generated a
modified NA14 strain which harbors a plasmid that expressed the
mutant yHSP900A@11-259) fused with GFP at its amino terminal end.
The isogenic strain was generated which harbors wild-type GFP-
yHSP?00.- constructs, and both the fusion proteins were found to be

FIGURE 5: Increased nuclear localization of Aha1 in response to DNA damage. (A) Indirect immunofluorescence shows
the distribution of Aha1 (green) in the whole cell of W303a (B) A part of Aha1 fluorescence (green) merges with the
Hoechst fluorescence (blue) in the MMS-treated condition, although at is distributed in the cytoplasm as well. Nuclear
staining was done using Hoechst dye and Aha1 was detected using Alexa Fluor 488-conjugated secondary antibodies.
Intensity profiles were derived for all fluorescence experiments using NIS elements AR software; relative fluorescence
intensities of Aha1 in the nucleus and cytoplasm were quantified and the mean values (+SD) were plotted using
GraphPad Prism. P values were calculated using the two-tailed Student’s t test (N.S., not significant). (C) Aha1 is induced
in the whole cell (left panel) in the presence of MMS and its level in the nucleus in increased (right panel) in response to
0.15% MMS treatment. (D) NA14 strain was subjected to HO induction in the same manner as discussed in Figure 3.
The experiment was repeated and one of the representative Western blots was presented. (E) Quantification of the
levels of yHSP90o and Aha1 showed threefold and 1.5-fold increased nuclear accumulation, respectively, at 2 h post-HO
induction. The mean values (+SD) were plotted. P values were calculated using the two-tailed Student’s t test (**P <
0.01). (F) Cdc37 level is not altered significantly upon 0.15% MMS treatment in the whole cell (left panel) as well as in the
nucleus (right panel). (G) Sba1 is induced in the whole cell (left panel) in response to 0.15% MMS; however, nuclear
fractionation shows no change in nuclear level of Sba1 in the presence and absence of MMS (right panel). (H) and (1) The
experiments in C, F, and G were repeated with an independent batch of cells and the quantitation of the data was done
using ImageJ and mean values (+SD) were plotted; P values were calculated using the two-tailed Student'’s t test (**P <
0.01; *P < 0.05; NS, not significant). The left panel shows the levels of individual cochaperones in the whole cell and the

right panel shows the levels of the same in the nuclear fraction.
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FIGURE 6: yHsp900:. transport to the nucleus upon DNA damage is independent of Cdc37 and Sba1. (A) Western blot
showing no change in the endogenous level of yHSP900. upon MMS treatment in the temperature-sensitive
tscdc37S14A strain at nonpermissive temperature (37°C). (B) Western blot shows that cdc37 loss of function mutation
does not alter increased nuclear accumulation of yHSP900. upon MMS treatment. (C) The above experiments

(A and B) were repeated with three independent batches of cells and the densitometric image analysis of yHSP90o. was
presented, P values were calculated using the two-tailed Student’s t test (**P < 0.01; NS, not significant). (D) In the
Asba strain endogenous levels of yHSP90a: are induced in response to MMS treatment (E) Nuclear fractionation of
untreated and MMS-treated wild type and Asba1 strain shows accumulation of yHSP900. in both the wild-type W303a
and isogenic Asba1 strains. (F) The experiments (D and E) were repeated three times and the mean values (+SD) were
plotted, P values were calculated using the two-tailed Student’s t test (**P < 0.01; N.S., not significant).
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expressed in a similar level (Supplemental Figure S2C). Owing to a
large molecular weight, the small difference between the molecular
weights of GFP-yHSP900 and GFP-yHSP9004211-259) was not detect-
able in the Western blot (Supplemental Figure S2C). We studied the
recruitment of wild-type (GFP-yHSP90a) and mutant GFP-
yHSP900:24@11-25% on the broken DNA at the second hour post-DNA
damage induction, as there was maximum damage at the second
hour time point (data not shown). We found no detectable recruit-
ment of GFP-yHSP900A@1-25%); whereas wild-type GFP-yHSP900.
was detected at the HO cleavage site, 2-h post-HO induction and
IgG precipitation acted as a negative control (Figure 10F). Using
Western blot analysis, we determined the levels of the wild type and
the mutant protein in the immunoprecipitated samples of the 2-h
post-HO induction and didn’t observe any noticeable difference
(Figure 10F, lower panel). We repeated the chromatin immunopre-
cipitation assay thrice with these two strains and quantified the oc-
cupancy of the wild type and the ClL-deleted protein at the HO
cleavage site. We found that the mutant protein was severely defec-
tive in its recruitment compared with the WT protein (Figure 10G).
To determine the specificity of the CL domain for the nuclear import
we have investigated the effect of an ATPase dead mutant,
hsp82T101] (Nathan and Lindquist, 1995), that also affects the
amino-terminal association of yHSP90a. (Prodromou et al., 2000).
We exposed the mutant strain and the isogenic wild-type strain to
MMS and observed that the nuclear import of the mutant protein
showed a similar trend as that of the wild-type yHSP?0o (Figure
10H). We have estimated the levels of yHSP90a and Rad51 from the
P82a and mutant strain and presented them graphically (Figure 10I).
We observed that both yHSP900 and yHSP900.™ " showed a nearly
twofold increased level in the nucleus. However, as expected and
reported earlier (Suhane et al., 2014), the level of Rad51 was highly
reduced in the mutant strain, although it showed similar fold up-
regulation in the nucleus upon MMS treatment. Thus using two
separation-of-function mutants of yHSP90a. our study reveals that
the CL domain of yHSP90, which is responsible for the Aha1-medi-
ated conformational rearrangement but not the N-terminal ATPase
domain, is required for the nuclear import of yHSP90o.

Loss of nuclear translocation of yHSP90a. is correlated with
increased sensitivity to MMS

An earlier study in our laboratory demonstrated that the mutant
yHSP900:AR11-259) displays extreme MMS sensitivity and a drastic
reduction in Rad51-mediated gene targeting efficiency in yeast
(Suhane et al., 2014). Our present study shows that this mutant is
defective in DNA damage-induced nuclear import. To study whether
DNA damage-induced nuclear import of yHSP90o. is directly linked
to the protection against MMS-induced cell death, we measured
the MMS sensitivity of the mutant yHSP9004?"1-242 and compared it
with the isogenic wild-type and yHSP900A?11-25) strains. We ob-
served that the yHSP9002?11-242) strain showed similar viability as
that of the wild-type strain in the presence of 0.03% MMS (Figure
11), whereas the larger CL-deleted mutant yHSP9002?1-25%) showed
a significant reduction in cell survivability. Hence our study estab-
lishes that DNA damage-induced enhanced nuclear accumulation
of yHSP90a. is a major determinant for providing protective activity
against genotoxic stress.

The absence of Aha1 sensitizes the cells to DNA-damaging
agents

To further ascertain the importance of Aha1 in DNA repair, we deter-
mined the sensitivity of the AahaT strain toward various DNA-dam-
aging agents. The WT and the AahaT strains were exposed to 0.03%
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MMS. We found that the absence of Aha1l led to the reduction of
cell survivability to 30%, whereas the wild-type strain showed 80%
viability (Figure 12A). However, the sensitivity was reversed with the
episomal expression of AHAT (Figure 12B). We next exposed the
WT and the AahaT strains to two different doses of zeocin, namely,
5 and 15 pg/ml. Zeocin, belonging to the bleomycin family of the
glycopeptide antibiotic, induces DSB in the chromosome. Our study
showed that the absence of Ahal made the strain more susceptible
to zeocin in a dose-dependent manner compared with the isogenic
wild-type strain (Figure 12C). However, the sensitivity of zeocin
could be reversed by the overexpression of AHAT in the Aahal
strain (Figure 12D). Together, this study suggests a direct link be-
tween the Ahal and the genomic stability in the budding yeast.

DISCUSSION
This study has demonstrated for the first time that yHSP90o. displays
a noncanonical nuclear function during DNA repair in yeast. We ob-
serve that cytoplasmic yHSP90a: is redistributed to the nucleus in
response to DNA damage and this phenomenon is essential for
maintaining genome stability. We analyzed two well-characterized
CL deletion mutants of yHSP90a that are different by the presence
of 17 amino-acid stretches in the linker region (Hainzl et al., 2009).
The mutant yHSP900:4211-242) shows wild type-like survivability upon
MMS treatment and displays an increase in cytoplasm to nuclear
accumulation under similar treatment. However, the mutant
yHSP9002@11-259) fails to get accumulated in the nucleus and dis-
plays a fourfold reduction in cell survivability compared with the mu-
tant yHSP900A@11-242) This suggests an essential nuclear function of
yHSP90a during DNA damage. Comparing the kinetics of the DSB
repair and extent of its recruitment, we conclude that yHSP900. may
not be involved in the maintenance of the assembly of protein com-
plexes that are recruited immediately after generation of DSB. In our
assay, yHSP90a didn’t show its immediate association at the first
hour, even when the majority of the DNA was broken. Rather, its
binding during the second and third hours indicates its probable
function during DNA repair. Furthermore, at those time points,
yHSP90a shows a significant association up to 4 kb distal position
from the cleavage site in a manner similar to that of Rad51. In HR-
mediated DSB repair, a long resection occurs at the broken ends
that produces a 3’ single-stranded tail region in which the Rad51
protein is coated (Singh et al., 2008). We could detect yHSP90o and
Rad51 to the furthest region from the broken side even at a time
when 50% breaks still remain unrepaired. As it was previously shown
that yHSP90a:. is physically associated with Rad51 (Suhane et al.,
2014), we propose that yHSP90a. might play a role in the initiation
and maintenance of the Rad51 nucleoprotein filament formation. To
establish that further, we studied the extent of chromatin association
of the mutant GFP-yHSP900A?"-25%), We find that this mutant is
completely defective in its recruitment to the DSB ends. It is note-
worthy that this mutant displays a significant reduction in the MMS-
induced Rad51 foci formation and shows a severe defect in Rad51-
mediated gene targeting efficiency (Suhane et al., 2014). Hence we
conclude that the nuclear import of yHSP90a, followed by its re-
cruitment to the broken ends of DNA, is a prerequisite for effective
DNA repair via HR-mediated DNA repair pathway failure of which it
can significantly reduce Rad51 nucleoprotein filament formation. It
is noteworthy that yHSP90a. does not have any DNA binding do-
main, so it probably associates with chromatin via some unidentified
proteins.

It is noteworthy that we didn’t determine the kinetics of yHSP900.
recruitment at the donor DNA (3’ end of the URA3) locus, which is 3
kb away toward the right side of the cleavage junction. The resultant
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FIGURE 8: yHSP90a: transport to the nucleus upon DNA damage is dependent on Ahal in BY4741 strain. (A) Western
blot analysis shows significant induction of endogenous levels of yHSP900. upon 0.15% MMS treatment in BY4741Aaha1
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the expression of respective proteins in the whole-cell extract of BY4741Aaha1 strain harboring AHA1 expression
plasmid. The right panel displays that ectopic expression of AHA1 rescued the defect in nuclear accumulation of
yHSP900. in the BY4741Aaha1 strain. In all the experiments Rad51 served as a control for DNA damage and Nsp1 acted

as a loading control.

amplicon during ChlIP analysis may be ambiguous as the donor se-
quence is also identical to that present in the 3" end of the mutant
ura3. Hence it will be difficult to delineate the recruitment of
yHSP?00. between the proximal and distal ends of HO cleavage site.

In this study we have identified the structural determinant of
yHSP?0o that enables its nuclear translocation. yHSP90o0. adopts
multiple conformational changes in its chaperone cycle, one of
them being mediated by the ATPase stimulator Aha1 that regulates
yHSP90o's allosteric timing. However, how these conformational
changes alter its physiological function remains obscure. An earlier
biochemical study showed that the conformational flexibility within
the amino-terminal and MD of yHSP90a. is essential for Aha1-medi-

ated acceleration of ATP hydrolysis of yHSP90o (Hainzl et al., 2009).
We speculate that the initial step of Ahal-mediated partially closed
conformational rearrangement of yHSP90a: could be essential for its
nuclear import (Wolmarans et al., 2016). First, the absence of Aha1
completely abrogates the nuclear import of yHSP90a: in two differ-
ent strain backgrounds which are completely reversed on ectopic
expression of Ahal. Second, the conformationally rigid CL deletion
mutant yHSP9004?11-259, which has a 2.5-fold reduction in Aha1-
dependent ATPase activity, is fully defective in its nuclear accumula-
tion, although the smaller CL deletion mutant that has wild type-like
Ahal-dependent ATPase activity is fully competent in nuclear im-
port. Last, the yHSP90a " mutant, which is ATPase-dead mutant

whole cell of Aaha1 cells treated with 0.15% MMS. The nucleus (blue) was stained with Hoechst dye. Intensity profiles
were derived for all fluorescence experiments using NIS elements AR software. Isogenic WT control are presented in
Figure 1, C and D. (G) Relative fluorescence intensities of GFP-yHSP900:. in the nucleus and cytoplasm were quantified
and the mean values (+SD) were plotted using GraphPad Prism. P values were calculated using the two-tailed Student'’s
t test (*P < 0.05; **P < 0.01; N.S., not significant). (H) Western blot showing coimmunoprecipitation of Aha1-FLAG with
Hsp90 in the wild-type strain from the untreated and cells treated with 0.15% MMS. Pull down was done using anti

FLAG antibody.
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ttest (*****P < 0.00001; N.S., not significant).

with reduced amino-terminal association, shows no defect in nu-
clear translocation.

While our earlier study (Suhane et al., 2014) demonstrated that
the cytoplasmic function of yHSP?0o. is essential for DNA repair, our
present study illustrates that the nuclear function of yHSP90a: is also
an important determinant for effective DNA repair. It is noteworthy
that although the nuclear import of yHSP?00. does not depend on
its canonical ATPase activity, as seen in the case of T107lhsp82, be-
ing an ATPase dead mutant, Rad51 stability is greatly reduced in this
mutant background. In our earlier study we reported that this mu-
tant shows severe sensitivity to DNA-damaging agents (Suhane
etal., 2014). Thus using two separation-of-function mutants, namely,
the T107lhsp82 and CL deletion mutant, we demonstrate that the
N-terminal domain and the CL domain have distinct functions in
DNA repair: while the N-terminal domain is required for the func-
tional stability of the client proteins belonging to the HR pathway,
the CL domain is required for the nuclear import of yHsp90, which is
a prerequisite for its nuclear role at the time of DSB repair.

It was earlier reported by two independent studies that DNA-PK
(Quanz et al., 2012) and ATM (Elaimy et al., 2016) are responsible for
the Thr-5/7 phosphorylation of human HSP90o. in response to DNA
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damage. Both enzymes are members of the phosphatidylinositol
3-kinase-like protein kinase (PIKK) family that are the sensors of DNA
damage. However, an ortholog of DNA-PK is absent in yeast. Be-
sides, the first 14 amino acids are also absent from yHSP90c. It was
never addressed whether there is an increase in the nuclear level of
HsHSP90a. in response to DNA damage or whether T7/5 phosphor-
ylation is essential for its nuclear import as well as chromatin recruit-
ment. Using human HSP90a and its mutant (T7-A) we have shown
that in yeast the nuclear translocation of HsHSP90o. is independent
of T7 phosphorylation. Further, the ChIP analysis confirms that the
association of yHSP90o. to the damaged chromatin is independent
of the presence of the first 14 amino-acid residues (including T-7).
This kind of stress-induced nuclear translocation of yHSP900. was
also reported earlier in budding yeast under the condition of glu-
cose starvation (Tapia and Morano, 2010).

We have established for the first time that Aha1 is an important
regulator for DNA repair pathway. We observed that AHAT was
transcriptionally up-regulated in response to DNA damage and
showed about a threefold up-regulation in protein level. Using two
different strain backgrounds of Aahal, we showed that Ahal
regulates the nuclear import of yHSP90a.. The absence of nuclear
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accumulation of yHSP90o. in Aaha1 strain was fully restored with ec-
topic expression of AHAT. Last, Ahal deletion shows sensitivity to-
ward genotoxic agents. Although enhanced accumulation of Ahaf
was observed into the nucleus under MMS treatment as well as
upon induction of single DSB in the genome, its nuclear function
during DNA repair has not been addressed in this study. It did not
escape our notice that our findings indicate an Ahal-mediated pro-
tein homeostasis of yHSP900. under a DNA-damaging condition.
The underlying molecular mechanism or its implications need to be
explored in future.

In this study we observed that yHSP90o and two of its cochaper-
ones, Sbal and Aha1, behaved differently upon MMS treatment.
yHSP?0o is not induced but is redistributed to the nucleus upon
DNA damage. Although both Ahal and Sbal are induced upon
DNA damage, in the case of Ahal, a concomitant increase in its
nuclear level was observed, whereas no such increase in the nuclear
level of Sba1 was found. We currently do not know the significance
of this finding. It could be possible that Aha1 has both nuclear and
cytoplasmic roles, whereas Sba1 has a cytoplasmic role during DNA
repair.

Presently, it is not understood how a genotoxic stress condition
triggers an increase in the nuclear import of yHSP90a. Intriguingly,
we find that Hsp90 and Ahal remain physically associated with each
other under normal and DNA-damaging conditions. It is yet to be
determined whether some post-translational modifications of
yHSP900o and/or Aha are necessary for this phenomenon.

We speculate that in a mammalian system also such Aha1-as-
sisted nuclear import of Hsp?00: might exist, which needs to be ex-
plored in the future. Our finding is very significant as it may open
new avenues of research to target Aha1 for arresting HR-mediated
DSB repair in cancer cells. Besides, it has been reported earlier in
Drosophila and mammals that HSP90o. occupies the promoter re-
gions of several coding and noncoding genes and regulates the
gene expression in response to external stimuli (Khurana and Bhat-
tacharyya, 2015; Sawarkar et al., 2012). If the Aha1 dependence for
the nuclear import of HSP90a: is universally conserved in higher eu-
karyotes, then inhibition of Aha1 can be used as a tool to decipher
the nuclear function of HSP90o..

MATERIALS AND METHODS

Yeast strains

Strains used in this study have been tabulated in Supplemental
Table S1. In W303a yeast background, SBAT and CDC37 genes
were MYC tagged by HR using HIS cassettes (Longtine et al., 1998)
flanked by 40 bp homologous sequence of the upstream and down-
stream regions of the stop codons of the respective genes to create
the MYC tagged SBA1 and CDC37 strains, namely, NFY14 and
NFY15, respectively. For creating the NFY14 strain, the homologous
sequence was added in the primers (OSB389 and OSB390) used for
amplifying the HIS cassette from the pFAéa-His-Myc plasmid. This
cassette was then transformed into the W303a strain and the cells
were grown in a histidine drop-out medium. The MYC tagging of
SBAT was confirmed by PCR using the primer pairs OSB391 and
OSB390. For creating the NFY15 strain, the homologous sequence
was added in the primers (OSB398 and OSB399) used for amplifying
the HIS cassette from the pFA6a-His-Myc plasmid. This cassette was
then transformed into the W303a strain and the cells were grown in
a histidine drop-out medium. The MYC tagging of CDC37 was con-
firmed by PCR using the primer pairs OSB400 and OSB399. P82a
harboring wild-type HSP82 expressing vector (TRP) was transformed
with centromeric pHCA-hsp82A(211-242) plasmid and the trans-
formed strain was grown in histidine drop-out complete medium to
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generate the KRAY16 strain, where the HSP82 was replaced by the
mutant by plasmid shuffling. In the W303a yeast background, AHA1
gene was knocked out by HR using a HIS cassette (Longtine et al.,
1998) flanked by a 40 bp homologous sequence of the upstream
and downstream regions of the AHAT gene to create the strain
NFY24. The homologous sequence was added in the primers
(OSB273 and OSB274) used for amplifying the HIS cassette from the
pFAba-His plasmid. This cassette was then transformed into the
W303a strain and the cells were grown in a histidine drop-out me-
dium. The knockout was confirmed by PCR using the primer pairs
OSB275 and OSB274. We used another Aaha1 strain which was in
the BY4741 background, purchased from Open Biosystems. Plas-
mids: Sequences of all the primers used in this paper are tabulated
in Supplemental Table S2. Full-out HSP82, AHA1, and RAD51 were
amplified using the primer pairs OSB21/0SB22, OSB215/0SB216,
and OMKB90/OMKB88, respectively, and individually cloned in the
2-p vector pTA between the BamH1 and the Sal7 restriction sites to
create pTA-HSP82, pTA-AHAT, and pTA-RADS51, respectively. We
purchased the mammalian expression vector pcDNA3. 1+/C-(K)-DYK
from GenScript, USA, which harbors full-out human HsHSP?0o. with
C-terminal FLAG tag. We amplified HsHSP90o-FLAG using the
primer pairs OSB531/0SB539 and subcloned in the centromeric
pHCA vector (Laskar et al., 2011) between the BamHI and the Sall
restriction sites. Two mutants of HsHsp90c, namely, hsp900.T7A and
the CL deletion mutant hsp?00A(224-279) were generated by splice
overlap extension (SOE) and ultimately subcloned in pHCA with C-
terminal FLAG tag. The CL deletion mutant hsp82A(211-259) was
amplified using the genomic DNA isolated from the HHTa-p2HG/
hsp82A(211-259) strain (Louvion et al., 1996; Suhane et al., 2014)
with the primer pairs OSB21/OSB22. It was subsequently subcloned
into the pTA vector within the BamHI and Sall restriction sites. Hsp82
deletion mutant hsp82A(211-242) was generated by SOE and sub-
sequently subcloned in pHCA within the BamHI and Sall restriction
sites. To create the GFP-Hsp82 fusion constructs, GFP was first am-
plified from the plasmid, p2U/S65T, using the primer pair OSB517/
OSB518 and subcloned within the BamH1 restriction site, which is
present in the N-terminal end of HSP82, hsp82A(211-259), and
hsp82A(211-242). The orientation of GFP was checked using Pst/
digestion to create pTA-GFPhsp82, pTA-GFPhsp82A(211-259),
pHCA-GFPHSP82,  pHCA-GFPhsp82A(211-259), and  pHCA-
GFPhsp82A(211-242) fusion constructs, where GFP is fused at the
N-terminal end of Hsp82 in all the cases. DNA sequencing (Eurofins)
was done to confirm the cloning.

Fluorescence imaging

GFP fluorescence imaging was done using the strains NFY37,
NFY32, NFY33, and NFY35 as described earlier (Tapia and Morano,
2010). Typically, the cells were grown until 0.5 ODggg in selective
media. Half batch of cells were treated with 0.15% of MMS and
grown for 2 h along with the untreated batch of cells. NFY31 was
additionally treated with 15 pg/ml nocodazole (Cell Signaling Tech-
nology) for 2 h. Nocodazole-induced cell cycle arrest at G2/M was
confirmed by visualization of a large number of dumbbell-shaped
budding cells under the microscope. Subsequently, the cells were
harvested and washed with Milli-Q water. The cells were then treated
with 70% ethanol for 1 min at 30°C with shaking and were again
washed with water. The cells were resuspended in 100 pl of water
and the nuclei of the live cells were stained using Hoechst 33342
(Thermo Fisher Scientific) stain at a concentration of 20 pg/ml for
10 min. The cells were mounted on glass slides using 25% glycerol
and were visualized under the 100x objective using a Nikon Eclipse
(Ni-E AR) upright fluorescence microscope. The images were
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t test (NS: not significant; **P < 0.01).

captured using a monochrome camera (Andor), which were subse-
quently processed and deconvoluted using NIS elements Advanced
Research software (Towa Optics Private Limited). We have per-
formed three independent sets of experiments and analyzed more
than 100 cells per condition. The results represent mean + SD. P
values were calculated using the two-tailed Student's t test.

Indirect immunofluorescence assay

The W303a strain was grown in YPD media until 0.5 ODgqo and a
half batch of cells was treated with 0.15% MMS and both batches
were grown for an additional 2 h. The cells were washed and fixed
using 4% formaldehyde for 2 h; 107108 cells were taken and washed
with 1x phosphate-buffered saline (PBS, containing 1 mM dithioth-
reitol [DTT] and 0.5 mM PMSF). The cells were resuspended in sphe-
roplast buffer (18.2% sorbitol, 1% glucose, 0.2% yeast nitrogen
base, 0.2% casamino acids, 25 mM HEPES, pH 7.4, 50 mM Tris,
1 mM DTT) containing YPDS (YPD, 1 M sorbitol) and lyticase. The
cells were then incubated for 1.5 h at 30°C with gentle shaking for
spheroplasts to form. The slides were meanwhile prepared by coat-
ing each well with 0.1% poly-L-lysine and incubated for more than
20 min at room temperature. Extra liquid was removed by aspiration
and the wells were dried completely. The fixed yeast spheroplasts
were then loaded into each well and allowed to settle for 20 min.

Extra liquid was aspirated and the wells were washed with 1x PBS
for 5 min. Permeabilization of the cell membrane of the fixed yeast
cells was done with a 1:3 mixture of acetone and methanol for 15
min. After washing with 1x PBS, the wells were blocked using 3%
bovine serum albumin (BSA) for 1.5 h. The liquid was aspirated and
a 1:50 dilution of rabbit anti-Aha’ primary antibody (Invitrogen) di-
luted in 3% BSA was added to each well and incubated at 37°C for
1 h. After incubation, the extra liquid was aspirated and the wells
were washed subsequently with 1x PBS, 1x PBST, and 1x PBS for 15
min each at 37°C. To each well, a 1:250 dilution of the secondary
antibody, Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 (Life Technologies) was diluted in 3% BSA
along with 10 pg/ml Hoechst 33342 vital stain (Thermo Fisher Scien-
tific), and the slides were incubated at 37°C for 45 min. All the liquid
was then aspirated and the slides were allowed to dry completely
after which the samples were mounted using gold antifade (Thermo
Fisher Scientific), and the slides were visualized under a 100x objec-
tive using a Nikon Eclipse (Ni-E AR) upright fluorescence micro-
scope. The images were captured using monochrome camera
(Andor), which were subsequently processed and deconvoluted us-
ing the NIS elements Advanced Research software (Towa Optics
Private Limited). We have performed three independent sets of ex-
periments and analyzed more than 100 cells per condition. The re-
sults represents mean = SD. P values were calculated using the two-
tailed Student’s t test.

Site-directed mutagenesis

The CLdeletion mutants, hsp82A(211-242) and human hsp900iA(224-
279)-FLAG, were created using splice overlap extension PCR. To
generate the hsp82A(211-242) deletion mutant, yeast genomic
DNA was used as a template, and the full-length gene was amplified
in two fragments to delete the desired region. For amplifying the
first and second fragments, primer sets OSB21/OSB537 and
OSB538/0OSB22 were used, respectively. Finally, hsp82A(211-242)
deletion was generated by annealing the first two PCR products fol-
lowed by a third PCR using the primer set OSB21/0SB22. To gener-
ate the human hsp900:A(224-279) deletion mutant, the full-length
gene was amplified as two fragments, one using the primer set
OSB531/0OSB533 and the other using the OSB534/OSB539 primer
pair. The two PCR products were denatured, allowed to hybridize
with each other, and subsequently amplified using the primer pair
OSB531/0OSB539 to create the human hsp900A(224-279) deletion.
To create the human T7Ahsp%00. mutant by site-directed mutagen-
esis, the pcDNA3. 1+/C-(K)-DYK vector was used as a template along
with the primer set OSB535/OSB539. The codon ACC was changed
to GCT within the primer OSB535 to create the human T7Ahsp90a
mutant. All the mutants were confirmed by sequencing.

immunoprecipitation (ChIP) assay were done using NA14 strain harboring either GFP tagged yHSP90o. vector or GFP
tagged CL-deleted mutant yhsp90a: vector. Anti GFP antibody was used to pull down WT and CL-deleted mutant
yHSP90o. from uninduced and 2 h HO induced samples. The pellet fraction was PCR amplified; the recruitment of GFP
tagged yHSP900"T was detected at 2 h of HO induction while the recruitment of the mutant protein was not detected.
The samples were normalized with respect to input. The lower panel shows the Western blotting of the IP sample, which
detects the presence of comparable amount of the wild-type and the mutant protein in the +2 h galactose treated
samples. (G) The ChIP assay was repeated twice (n = 2) and the occupancy of the GFP-Hsp82"T and the GFP-
Hsp824(211-259) at the HO cleavage site were plotted. Error bars indicate SD; P values were calculated using the two-
tailed Student's t test (***P < 0.001) (H) Western blot showing increased nuclear accumulation of yHSP900: in P82a strain
as well as in an isogenic hsp82T101] strain upon 0.15% MMS treatment. Rad51 levels were very less in the hsp82T101]
strain as expected, nonetheless it shows significant up-regulation upon MMS treatment. (I) Quantification of the
Western blots from multiple experiments shows significant increase in the nuclear level of both yHSP900. and Rad51

in the WT and the mutant strain. Error bars indicate SD; P values were calculated using the two-tailed Student'’s t test

(**P<0.01; *P < 0.05).
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Cellular fractionation

The nuclear fractionation was done with wild-type, NA14 (Agmon
et al., 2009), Asba1 (SLYé), Aahal (NFY24), and tscdc37514A strains
(grown at restrictive temperature 37°C). Similar fractionations were
also performed with the strains carrying wild-type HsHsp%0ai-FLAG
(KRAY15) and those carrying the human hsp%00.T7A-FLAG (KRAY17)
and human hsp900A(224-279)-FLAG (KRAY18). To measure whether
the nuclear level of yHSP90o. depends on Aha1, we did nuclear frac-
tionation of AahaT strain carrying empty plasmid (NFY26) and that
carrying AHA1 overexpression plasmid (NFYZ27). Finally, various mu-
tants of hsp82, namely, HH1a-p2HG/hsp82A(211-259), T101lhsp82,
and hsp82A(211-242) (KRAY16), and the isogenic control strain P82a
were also subjected to nuclear fractionation. Typically, cells were
grown until 0.5 ODgqq in selective media. A half batch of cells were
treated with 0.15% of MMS and continuously grown at 30°C for 2 h
along with the untreated batch of cells. In the NA714 strain, DNA
damage was induced as a specific double-strand DNA break at an
HO restriction site by inducing HO endonuclease within the cell us-
ing 3% galactose (Agmon et al., 2009). After DNA damage, 100
ODgqo cells were harvested and washed with PBS containing DTT
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and PMSF. In each case, cells were then incubated with spheroplast
buffer (18.2% sorbitol, 1% glucose, 0.2% yeast nitrogen base, 0.2%
casamino acids, 25 mM HEPES, pH 7.4, 50 mM Tris, 1 mM DTT) for
15 min at 30°C with gentle shaking. After incubation, cells were re-
suspended in spheroplast buffer containing YPDS (YPD, 1 M sorbi-
tol) and lyticase enzyme. It was then allowed to grow at 30°C with
gentle shaking for 1.5 h. Again, YPDS was added into spheroplast
and spun at 4000 rpm for 10 min. Washing of the spheroplast was
performed with ice-cold YPDS followed by spinning at 4000 rpm for
5 min. Spheroplast was resuspended in ice-cold sorbitol and spun at
4000 rpm for 5 min. Ultimately the spheroplast was resuspended in
5 ml of buffer N (25 mM K;SO,4, 30 mM HEPES, pH 7.6, 5 mM
MgSQy4, T mM EDTA, 10% glycerol, 0.5% NP40, 3 mM DTT, 1%
protease inhibitor cocktail) and homogenized by giving 20 strokes
under chilled conditions. The homogenized spheroplast was spun at
2000 rpm at 4°C for 15-20 min to pellet down the cell debris. We
pelleted down the nuclei at 6000 rpm for 25 min at 4°C. This nuclear
fraction sample was then resuspended in 50 pl of buffer N. The sam-
ple was then boiled for 10 min and used for the Western blotting
analysis.
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Coimmunoprecipitation

The KRAY29 strain was grown in the selective media without trypto-
phan until 0.5 at ODgqg. A half batch of cells was treated with 0.15%
of MMS and grown at 30°C for 2 h along with the untreated batch
of cells. Cells were harvested and the pull down was done by using
anti-FLAG antibody as described previously (Suhane et al., 2019).
After coimmunoprecipitation, the relative association of Hsp90 with
Aha1 was analyzed by Western blotting.

Western blotting

Western blot was done to study protein levels in whole-cell pro-
tein samples or nuclear fractions. Protein samples were loaded
onto a SDS polyacrylamide gel. Polyvinylidene difluoride mem-
brane was used for the Western blot as described earlier (Laskar
et al., 2011). The primary antibodies used were mouse anti-Act1
antibody (Abcam), rabbit anti-Rad51 (Abcam), mouse anti-Hsp82
antibody (Calbiochem), rabbit anti-Aha1 antibody (Invitrogen),
mouse Anti-DDDDK tag antibody (Abcam), and rabbit anti-GFP
antibody (Abcam) at 1:5000 dilutions. For subcellular fraction-
ation, we used mouse anti-Nsp1 antibody (Abcam) as loading
control at 1:5000 dilution. For secondary antibodies, horseradish
peroxide—conjugated anti-rabbit antibody (Promega) and anti-
mouse antibody (Promega) were used at 1:10,000 dilution. The
Western blots were developed using chemiluminescent detection
system (Thermo Fisher Scientific). Every experiment was repeated
at least three times and band intensities were quantified by using
ImageJ software. Mean relative densities were plotted using
GraphPad Prism.

Repair kinetics of a single double-strand DNA break

NA14 cells (Agmon et al., 2009) were grown in YPD media in the
presence of 3% glycerol until 0.3 at ODygp; 60 OD of cell were har-
vested (untreated or 0 h) and the remaining cells were treated with
3% galactose for different time points (1, 2, 3, and 4 h). At each time
point, 5 ODggp of cells were harvested. The yeast cells were dis-
rupted using 0.3 g glass beads and 200 pl breaking buffer (2% Triton
X-100, 1% SDS, 10 mM NaCl, 10 mM Tris [pH 8], 1 mM EDTA [pH 8)).
The genomic DNA was subsequently extracted from the yeast cells
using PCIA. The extracted genomic DNA was treated with RNase
and resuspended in 30 pl 1x Tris-EDTA solution. The kinetics of a
single double-stranded break repair at the HO restriction site were
monitored by PCR using the primers OSB289 and KanB1 which are
specific to the upstream and downstream regions of the HO restric-
tion site.

Chromatin immunoprecipitation

The strains, NFY21, NFY22, NFY23, NFY25 and KRAY19, were
grown in the selective media without tryptophan until 0.3 at ODgqo
in the presence of 3% glycerol; 60 OD of cell were taken out and
treated with 1% formaldehyde for 15 min (untreated or O h) and the
remaining cells were treated with 3% galactose for different time
points (1, 2, 3, and 4 h). At each time point, 60 ODq of cells were
taken out and treated with 1% formaldehyde for 15 min each. Form-
aldehyde-mediated protein cross-linking was stopped using 2.5 M
glycine. After formaldehyde treatment, each set of cells was har-
vested and washed with 1x PBS. ChIP assay was performed for each
set of cells as described earlier (Laskar et al., 2014). Pull down was
done with each set using 10 pg anti-Hsp?0 antibody (Calbiochem),
10 pg anti-Rad51 antibody (Abcam), 10 pg anti-Ahal antibody (Ab-
cam), and 10 pg anti-GFP antibody (Abcam) to precipitate HSP?00.,
Rad51, Aha1, and GFP bound DNA fragments, respectively, at each
time point. Recruitment of HSP900, Rad51, and Ahal was then
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monitored at the HO cleavage proximal site and up to -5 kb distal
position by PCR using the immune precipitate and input DNA sam-
ples for each time point. Recruitment near the broken region was
studied by subjecting the samples to PCR using the primers OSB519
and OSB520 while recruitment to the 1, 2, 3, 4, and 5 kb away from
the HO cleavage side toward the left direction was measured using
the primers OSB567/0SB568, OSB569/OSB570, OSB571/0OSB572,
OSB573/0OSB574, and OSB575/0OSB576, respectively. Samples
were subjected to electrophoresis on 2% agarose. For a negative
control, ChIP was performed with IgG antibody. We amplified 300
bp at the 3" end of ACT1 using OSB14 and OSB16 (Laskar et al.,
2011), which was used as a normalization control.

MMS sensitivity assay

W303a, NFY24, NFY26, and NFYZ27 strains were tested for MMS-
induced DNA damage sensitivity. All strains were grown in YPD me-
dium overnight at 30°C. The next day, secondary culture was grown
until 0.5 ODgqg at 30°C. After ODg4qg reached to 0.5, the culture was
divided into two sets. One set of cells was treated with 0.03% (vol/
vol) of methyl-methane-sulfonate (MMS) (Sigma Aldrich) and grown
at 30°C for 2 h and another set was continuously grown at 30°C for
2 h without MMS. After that, the cells were washed twice and serially
diluted, and 1000 cells of each culture were spread on respective
selective media or YPD plates. The plates were incubated at 30°C
for 40 h and the colonies obtained were counted in both treated
and untreated conditions. Subsequently, the percentage survivabil-
ity was calculated using the following formula: % survivability =
[(number of cells grown on MMS plate)/(number of cells grown on
untreated plate)] *100.

Zeocin sensitivity assay

W303a, NFY24, NFY26, and NFY27 strains were tested for zeocin-
induced DNA damage sensitivity. All strains were grown in YPD me-
dium for overnight at 30°C. The next day, secondary culture was
grown until 0.5 ODgqg at 30°C. After ODgqg reached 0.5, the culture
was divided into two sets. One set of cells was treated with 5 pg/ml
or 15 pg/ml zeocin (Invitrogen) and grown at 30°C for 1 h, and an-
other set was continuously grown at 30°C for 1 h without zeocin.
After that the cells were washed twice and serially diluted and 1000
cells of each culture were spread on respective selective media or
YPD plates. The plates were incubated at 30°C for 40 h, the colonies
obtained were counted, and the percentage survivability was
calculated.

Real-time RT-PCR

The W303a strain was grown at 30°C until the ODgqg reached to
0.5. It was subsequently exposed to 0.15% MMS for 2 h. Total RNA
was isolated from the untreated and MMS-treated cells using the
acid phenol method as described previously (Suhane et al., 2014).
Further cDNA was synthesized using reverse transcriptase (Omni
Script; Qiagen, Hilden, Germany) as described previously (Suhane
et al., 2014). The primer pair, OSB 14 and OSB 16, was used to
amplify 307 bp at the 3" end of ACT1 transcript. To amplify 326 bp
at the 3" end of RAD51, the primer pair OSB 44 and OSB 45 was
used. Similarly, to amplify 291 bp at the 3" end of the AHAT tran-
script, the primer pair OSB 216 and OSB 394 was used. Finally, to
amplify 276 bp at the 3" end of SBAT, the primer pair OSB 391 and
OSB 445 was used. For real-time RT-PCR, cDNA was diluted (1:50)
and used for PCR using a Takara TB Green RT-PCR kit as described
earlier (Suhane et al., 2014). The mean values (+SD) from three inde-
pendent experiments 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 (Rad51E'%8L) 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 Rad51E'98L-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 Rad515'%8L 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 E108L-
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 Rad51E98L is 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
(A211-259hsp82) 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 Arad57 strain) and with the complete
loss of Rad51-dependent gene targeting function. We demonstrated that the charged
linker deletion (A211-259hsp82) 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'98L, 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 Rad518'98L 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.

March/April 2019 Volume 4 Issue 2 e00082-19

mSphere’

msphere.asm.org 2

AvavdadAH 40 ALISHIAINN ¥e TZ0zZ ‘T YdJeln uo /blo wse alsydsw/:dpy wolj papeojumod


https://msphere.asm.org
http://msphere.asm.org/

Novel Rad51 Mutant Defective in DNA Repair

A

S. cerevisiae 10SHTHERVAYAP RKDLLEIKGI SEAKADKLLN EAARRLVPMGF
H. sapiens 47 HTVERVAYAP KKELINIKGI SEARADKILA EAAKLVPMGF
M. musculus 47 HTVERVAYAP KKELINIKGI SEAKADKILT EAAKLVPMGF
C. elegans 68 YT LAFTT RRELRNVKGI SDQKAEKIMK EAMKFVQMGF
G. gallus 47HT VAHAP KKELLNIKGI SEAKADKILA EAAKLVPMGF
D. rerio 48HT VAYAP KKELLNIKGI SEAKADKILT EARKMVPMGF

D. melanogaster #4HTVEFVANAT KKQLMAIPGL. GGGKVEQUT EANKLVPLGF

B C RADS51 Arad51 E108L
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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 RAD57 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 Rad518'98- and Hsp90 docked
complex results in a 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 —-1,5184
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 rad57 yeast strain. The steady-state
level of the mutant Rad51 was comparable to that of the wild type (Fig. 1C).
Rad51E798L 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 RADS5T (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'98- 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
N Untreated MMS Treated c
1 S P 1 S p Untreated
A 0.15% MMS treated
Rad51| e —  — - [NS.]
© 100
(Short ‘ 3
exposure) S - S — £
Hsp0 I 5 804
(Long) W & = r €%
exposure)® K ]
WT = T60
3 &
IP:Rad51 <
B _Untreated MMSTreated 4 340
1 S P 1 S P :
Rad516ios| WD T s - — - I .% 204
°
Hspoo| W™= — e ]] x //
F108Lrads1 wr E108Lrad51
ra

FIG 2 Rad51F'°8L 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 Rad51E98L with Hsp90 from whole-cell extracts of E708L-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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Rad51E198L. 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 Rad518'8--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 ET08L-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 rad517. 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 ACTT 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 IgG, 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 Rad518'%8- 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 1h 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 Rad518798L 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 E7108L-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 Rad518'98L is 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 E108L-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 E108L-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 ET08L-rad51 mutant behaved
as a complete loss-of-function mutant of Rad51 in our assay.

Rad51E'°8L 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 Rad51E'°8L 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 Rad518'08t

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

GAL4-BD - GAL4-AD
pGBDUC1 - RAD51

RAD51 - pGADC1
| RADS1 - RADSIE

RAD52 -RADSI

RAD54 - RAD51 [
pGBDUC1 - pGADCI[™
pGBDUCI - E108Lrad51f |
E108Lrad51 - pGADCI

E108Lrad51 - E108Lrad51
RADS52 - E108Lrad51
RAD54 - E108Lrad51

FIG 5 Rad518198L 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 ODg,, 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) () and
Rad51E108L (]) 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 Rad518798L protein probably remains locked with Hsp90; hence, the recruit-
ment of Rad51E98L 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 E108L-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 E708L-rad51 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 Rad51E'98L 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
Rad51E'98L 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
E108L-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
Rad51E108L 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 ET08L-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-2>8R) and
B-Raf kinase (B-RafV69°F) 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 BRCA1,
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 Rad51E98L 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 (E108L-rad51) was cloned in 2u yeast expression vector pTA (20) between the BamH1 and Pst1
restriction sites to generate the pTA-ET08L-rad51 plasmid. pTA-RAD51 was used as a positive control in
our study (20). Full-length RAD57 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
EcoRl 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 pGBDUC1 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
OSB305 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 rad51 E108L mutation

0OSB314 TCTGGGAGCATATGCTACCGCCAAAGCAGTG Reverse primer to create rad51 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

0SB21 GACGGATCCATGGCTAGTGAAACTTTTGAATTTC Forward primer to amplify full-length hsp82

0SB22 CGGGTCGACCTAATCTACCTCTTCCATTTCGG Reverse primer to amplify full-length hsp82

0OSB16 TGACCAAACTACTTACAACTCC Forward primer to amplify 307 bp of 3’ end of ACTT1
OSB14 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 E108L-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
2 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
PGADC1 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'%8L with itself and with Rad52 and Rad54, strains TSY10, PMY12, and
PMY13 were generated by transforming prey-E108L-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-E7108L-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 (ODg,,) 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
OSB278/0SB279 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 IgG 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 ET08L-rad51 cells harboring yHsp90 overexpression plasmid
(under GPD promoter; 2u 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-HCl [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-HCI [pH 8], 1 mM EDTA, 1 M Nacl, 0.5% [vol/vol] NP-40 with protease inhibitor) and twice with NETN
buffer (20 mM Tris-HCI [pH 8], T 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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