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DNA damage-induced nuclear import of HSP90α 
is promoted by Aha1

ABSTRACT The interplay between yHSP90α (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 yHSP90α and its recruitment to the DSB end are essential for homologous recom-
bination (HR)-mediated DNA repair in yeast. The HsHSP90α possesses an amino-terminal 
extension which is phosphorylated upon DNA damage. We find that the absence of the 
amino-terminal extension in yHSP90α does not compromise its nuclear import, and the non-
phosphorylatable-mutant HsHSP90αT7A could be imported to the yeast nucleus upon DNA 
damage. Interestingly, the flexible charged-linker (CL) domains of both yHSP90α and 
HsHSP90α play a critical role during their nuclear translocation. The conformational restricted 
CL mutant yHSP90α∆(211-259), but not a shorter deletion version yHSP90α∆(211-242), fails to reach 
the nucleus. As the CL domain of yHSP90α is critical for its interaction with Aha1, we investi-
gated whether Aha1 promotes the nuclear import of yHSP90α. We found that the nuclear 
import of yHSP90α is severely affected in ∆aha1 strain. Moreover, Aha1 is accumulated in the 
nucleus during DNA damage. Hence Aha1 may serve as a potential target for inhibiting nu-
clear function of yHSP90α. The increased sensitivity of ∆aha1 strain to genotoxic agents 
strengthens this notion.

INTRODUCTION
Eukaryotic cells are susceptible to a wide variety of genotoxic 
stresses which cause several types of DNA lesions including DNA 

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 yHSP90α, the budding 
yeast ortholog of human HSP90α (HsHSP90α), 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).

HSP90α is associated with a wide variety of cochaperones that 
are essential for its reaction cycle. Sba1 binds to HSP90α 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 HSP90α 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 HSP90α and plays an important 
role in regulating the timing of HSP90α chaperone cycle (Kimura 
et al., 1997). Upon binding to the middle domain (MD) of HSP90α, 
Aha1 causes a large conformational change to the amino terminal 
domain (NTD) of HSP90α and acts as an allosteric activator of 
HSP90α ATPase. Subsequently, monomeric Aha1 binds asymmetri-
cally to the NTD of one of the protomers of HSP90α and accelerates 
the dimerization of HSP90α by forming a bridge between the two 
protomers (Li et al., 2012). Although the contribution of cochaper-
ones toward the conformational cycle of HSP90α 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, 
Aha1 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 ∆sba1 
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 ∆sba1 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, HSP90α 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 HSP90α chaperone cycle (Tsutsumi 
et al., 2012). This linker region is evolutionarily conserved among all 
eukaryotic orthologs of HSP90α 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 
HSP90α, a series of successively shortened CL mutants of yHSP90α 
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 Aha1-medi-
ated ATPase activity of yHSP90α∆(211-259) was reduced by 2.5-fold, 
although that of yHSP90α∆(211-242) showed a similar fold stimulation 
as that of the wild-type yHSP90α. 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(∆211-259) 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 HsHSP90α 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 γH2AX levels (Elaimy 
et al., 2016). In lower eukaryotes such as in budding yeast, yHSP90α 
neither possesses the first 14 stretch of amino acids, including the 

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 yHSP90α. This 
raises the question of whether DNA damage-induced chromatin re-
cruitment of HSP90α occurs in these organisms. Furthermore, it was 
never addressed whether cellular redistribution of yHSP90α occurs 
in response to DNA damage and whether phosphorylation of Thr5/
Thr7 of HsHSP90α is a prerequisite for the nuclear import. Also, it 
remains unanswered whether the nuclear function of HSP90α 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 yHSP90α. We have discovered that 
Aha1 regulates the nuclear import of yHSP90α. To better under-
stand the function of yHSP90α in HR-mediated DNA repair pathway, 
we have used chromatin immune precipitation assay to investigate 
the association of yHSP90α 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 
yHSP90α and Rad51 with the DSB ends and its flanking regions. In 
a HR-defective CL-deleted yHSP90α mutant strain (Suhane et al., 
2014), we observed a defect in the nuclear import and chromatin 
association of the Hsp90∆(211-259) protein. Collectively, Aha1 appears 
to play a critical role in the nuclear import of yHSP90α, which in turn 
is vital for HR-mediated DNA repair pathway. This is supported by 
the sensitivity of ∆aha1 strain toward different genotoxic agents.

RESULTS
Accumulation of yHSP90α in the nucleus in response to 
MMS-induced DNA damage
It was reported earlier that upon DNA damage, human HSP90α is 
phosphorylated by DNA-PK at threonine 5/7 residues and that the 
phosphorylated form of HsHSP90α 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 HsHSP90α upon DNA damage, it was never addressed 
whether there is a DNA damage-induced upsurge of HSP90α in the 
nucleus and whether this import is dependent on the threonine 5/7 
phosphorylation. We investigated whether the nuclear translocation 
of yHSP90α 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 yHSP90α 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 
yHSP90α 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 yHSP90α 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 yHSP90α (Figure 
1B). Nsp1, the nuclear marker protein, was used as a loading con-
trol. The nuclear accumulation of yHSP90α was further supported by 
the live-cell imaging of the strain NFY31 that harbors a single-copy 
GFP fused yHSP90α plasmid. We observed that in the untreated 
condition, GFP-yHSP90α was uniformly distributed throughout the 
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FIGURE 1: Accumulation of yHSP90α in the nucleus in response to MMS-induced DNA damage. (A) Western blots 
showing no difference in the steady state expression of yHSP90α in the whole cell with (+) and without (–) MMS 
treatment (left panel). yHSP90α was accumulated in the nuclear fraction upon MMS treatment (right panel); Rad51 acted 
as a positive control for MMS treatment; Nsp1 acted as a nuclear marker. (B) The above experiment was 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; *P < 0.05). (C) Live-cell imaging shows the distribution of GFP-yHsp90α (green) in the whole cell in the untreated 
condition. (D) Fluorescence imaging of 0.15% MMS-treated cells shows the localization of GFP-yHsp90α (green) inside 
the nucleus (blue). (E) Fluorescence images showing no nuclear accumulation of GFP-yHsp90α (green) in 200 mM 
hydroxyurea-arrested early S phase cells (F) Fluorescence images showing no nuclear accumulation of GFP-yHsp90α 
(green) in 15 µg/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-yHsp90α 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).
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cell (Figure 1C). However, when treated with 0.15% MMS, GFP-
yHSP90α 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 yHSP90α 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-yHsp90α. 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-yHsp90α 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 yHsp90α is associated with MMS-induced 
DNA damage. We further examined whether human HsHSP90α 
shows similar localization dynamics in response to MMS treatment. 
We used the strain harboring a plasmid that expresses human 
HSP90α 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 
HsHSP90α 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 
HsHSP90α level within the nucleus (Figure 2B). We sought to deter-
mine whether this import is dependent on the presence of Thr 7 
residue of HsHSP90α. Using a mutant protein HsHSP90αT7A

, 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 HSP90α in the nucleus from 
the cytoplasm which is independent of phosphorylation of the thre-
onine 7 residues.

Nuclear accumulation of yHSP90α 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 yHSP90α reflects a true response to DNA damage, we induced 
a single double-strand break in DNA and determined the cellular 
redistribution of yHSP90α. 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 yHSP90α in 
the whole cell and at the second hour postinduction, the protein 
showed significant nuclear enrichment upon formation of a single 

DSB in chromosome (Figure 3D). Quantification of the independent 
WB image showed about a fourfold increase in the nuclear level of 
yHSP90α at 2 h post-HO induction (Figure 3E). Hence we observe 

FIGURE 2: Accumulation of HsHSP90α in the nucleus in response to 
MMS-induced DNA damage. (A) Western blot showing the nuclear 
fractionation of FLAG tagged HsHSP90α 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 HsHSP90α in the 
presence of MMS. (C) Western blot showing the results of nuclear 
fractionation of FLAG tagged Hshsp90αT7A 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).
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that even a single DSB in chromosome causes an increased nuclear 
accumulation of yHSP90α.

Kinetics and extent of occupancy of yHSP90α at DSB ends
In mammalian cells it was demonstrated that DNA damage-induced 
T7-phosphorylated form of HsHSP90α is recruited to the damaged 
chromatin. However, whether this phosphorylation is a criterion for 
its chromatin recruitment was not addressed. In S. cerevisiae 
yHSP90α lacks the stretch of 14 residues, including T7 of HsHSP90α. 
We wanted to check whether the nuclear pool of yHSP90α was 
associated with the damaged chromatin. We utilized the chromatin 

immunoprecipitation technique to visualize the kinetics and extent 
of yHSP90α 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 yHSP90α 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 yHSP90α 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). 

FIGURE 3: Nuclear accumulation of yHSP90α 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 
OSB289 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 normalized with respect to ACT1. (C) The above experiment was 
repeated with three independent batches of cells and the mean values (±SD) were plotted. The repair kinetics showed 
maximum damage at the second hour of HO induction and complete repair was seen at the fourth hour 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 Student’s t test (**P < 0.01, NS, not significant). (D) The steady state levels of 
yHSP90α 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 yHSP90α at the second hour of 
induction (right panel). Rad51 up-regulation served as a control for DSB; protein levels were normalized with respect to 
Nsp1. (E) Quantification of yHSP90α levels as obtained from independent set of experiment showed fourfold increase 
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 < 0.05).
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There was no association of yHSP90α to other locus (ACT1). The 
maximum recruitment of yHSP90α 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 Hsp90 
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 yHSP90α and Rad51 and plotted 
against different time intervals. We found that yHSP90α 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 
yHSP90α 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 yHSP90α 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 yHSP90α to the chromatin is independent of the 
N-terminal 14-residues present in HsHSP90α.

Increased nuclear localization of Aha1 in response to DNA 
damage
We further investigated DNA damage-induced nuclear accumula-
tion of the Hsp90 cochaperone Aha1. We employed indirect immu-
nofluorescence to monitor the cellular localization of Aha1 in W303a 
strain. We observed that Aha1 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 Aha1 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 Aha1 
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 
yHSP90α level was increased about threefold. We also monitored 
whether Aha1 was also recruited to DSB ends like yHSP90α. How-
ever, we could not detect Aha1 in the ChIP assay (data not shown). 
We speculate that Aha1 may be transiently associated to chromatin, 
which could not be detected in our assay. Next, to investigate 
whether other cochaperones such as Sba1 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 Sba1, 
we found that its endogenous level was significantly induced upon 
MMS treatment similar to that of Aha1 (Figure 5G, left panel). How-
ever, unlike Aha1, there was no such increase in Sba1 level in the 

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 Aha1 and 
Sba1 was threefold and fourfold, respectively (Figure 5H); however, 
only Aha1 showed about a twofold increased accumulation in the 
nucleus upon MMS treatment, while Sba1 and Cdc37 showed no 
significant increase (Figure 5I). To address whether MMS-induced 
up-regulation of Aha1 and Sba1 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 AHA1 and no significant increase 
in expression of SBA1 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 SBA1 may 
result due to increased protein stability during genotoxic stress.

yHsp90α 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 yHSP90α is dependent on Cdc37 
and Sba1. We used the temperature-sensitive cdc37S14A 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 
yHSP90α in the cdc37S14A 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 yHSP90α upon DNA damage (Figure 6, B and C), similar to 
that observed in the wild-type strain. To address the dependency on 
Sba1, we generated a ∆sba1 strain in an isogenic W303a back-
ground. We found that in the ∆sba1 strain, the yHSP90α 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 yHSP90α is independent of 
Cdc37 and Sba1.

yHSP90α 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 yHSP90α, we generated ∆aha1 strain. We trans-
formed empty plasmid and AHA1 overexpression plasmid to ∆aha1 
strain to generate two isogenic strains. AHA1 expression was de-
tected specifically in ∆aha1 strain harboring the AHA1 overexpres-
sion plasmid (Figure 7A, third lane). Interestingly, we found that 
Aha1 deletion was positively correlated with MMS-induced up-
regulation of endogenous yHSP90α (Figure 7A), and the pheno-
type is reversed with ectopic expression of AHA1 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 
yHSP90α upon MMS treatment (Figure 7B), it couldn’t be translo-
cated to the nucleus (Figure 7C, first lane). However, ectopic ex-
pression of Aha1 resulted in the increased nuclear import of both 
yHSP90α (approximately threefold) and Aha1 upon DNA damage 
(Figure 7, C and D). We used live-cell fluorescence to visualize the 
localization of yHSP90α in the ∆aha1 strain NFY32 that harbors a 
centromeric GFP-yHSP90α plasmid. We didn’t find any nuclear 
localization of yHSP90α under the MMS-treated (Figure 7, F and G) 
or untreated (Figure 7, E and G) condition. This experiment was 
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performed along with its isogenic control strain (Figure 1, C and D). 
To understand whether yHSP90α and Aha1 remain associated un-
der the MMS-treated condition, we performed coimmunoprecipi-
tation study. We used a strain KRAY29, that harbors a plasmid with 
C-terminal FLAG tagged Aha1. Aha1 was pulled down with anti-
FLAG antibody in MMS-treated and untreated conditions and we 
looked for the presence of yHSP90α in the IP fraction. We found 
that Aha1 and yHSP90α remained physically associated in both the 
conditions (Figure 7H).

To understand whether the Aha1-dependent nuclear import of 
yHSP90α is a generalized phenomenon in budding yeasts, we used 
another ∆aha1 strain in the BY4741 background and wanted to test 
the same in this strain background. In BY4741 whole-cell extract, 
where Aha1 protein was completely absent (Figure 8A, left panel), 
we found similar up-regulation of yHSP90α in response to MMS. 
However, we find complete abrogation of the nuclear accumulation 
of yHSP90α (Figure 8A, right panel). We loaded a higher amount of 
protein in the MMS-treated condition compared with the other 

FIGURE 4: Kinetics and extent of occupancy of yHSP90α 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 
horizontal bar) near the DSB was presented, which was used to detect the recruitment of yHSP90α and Rad51 near the 
HO cleavage site. The map of the sites (up to - 5 kb) distal to the DSB was shown. (B) yHSP90α 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 SD. 
(E) The association of yHSP90α and Rad51 was measured at increasing distances up to 5 kb upstream of the HO 
cleavage site at different time points post-HO induction. Quantification of two independent ChIP experiments were 
plotted to compare the extent of recruitment between yHSP90α and Rad51. Error bars indicated SD. ChIP assay was 
done with IgG antibody that was used as a negative control.
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lanes as seen by the amount of Nsp1 (Figure 8A, right panel, last 
lane); however, there was no signal of yHSP90α in the nuclear frac-
tion. We overexpressed AHA1 in the BY4741∆aha1 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 yHSP90α in the presence and absence 
of MMS (Figure 8B, left panel). However, the presence of Aha1 pro-
moted the nuclear import of yHSP90α 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 yHSP90α.

The domain responsible for the conformational flexibility 
between the amino terminal and the MD of yHSP90α 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 yHSP90α 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 Aha1-stimulated ATP hydrolysis of yHSP90α (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 Aha1-mediated ATPase activation of yHSP90α 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 yHSP90α∆(211-259) and 
yHSP90α∆(211-242) using live-cell fluorescence imaging. For that, we 
generated NFY33 and NFY35 strains that harbor a centromeric plas-
mid expressing GFP-yHSP90α∆(211-259) and GFP-yHSP90α∆(211-242), 
respectively. We observe that in the GFP-yHSP90α∆(211-259) 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-yHSP90α∆(211-242) upon 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 yHSP90α∆(211-259) 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 Aha1 overexpression can promote the MMS-induced nu-
clear import of the longer CL deletion mutant, we transformed the 
AHA1 overexpression plasmid in the hsp82∆s211-259) strain. We 
found that AHA1 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 HSP90α 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 HSP90α causes a similar defect. To that end, we have gener-
ated a strain harboring human HsHSP90α∆(224-279), still expressing 
endogenous yHSP90α (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 yHSP90α was increased in the nucleus under such conditions 
(third panel, Figure 10C). It is noteworthy that the antibody recog-
nizing HsHSP90α (anti-FLAG) does not recognize yHSP90α (Supple-
mental Figure S2B). Next, we performed the nuclear fractionation to 
detect the level of the shorter CL deletion mutant yHSP90α∆(211-242) 
upon MMS treatment. For that, we created a strain KRAY16 in which 
the endogenous Hsp82 and Hsc82 are knocked out and the strain 
expresses yHSP90∆(211-242) 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 yHSP90α∆(211-242) in this strain background (Figure 
10E). Taken together, we conclude that the CL domain of HSP90α is 
essential for its import to the nucleus. To support our conclusion 
further, we measured the single DSB-induced chromatin recruitment 
of the mutant yHSP90α∆(211-259). To that end, we generated a 
modified NA14 strain which harbors a plasmid that expressed the 
mutant yHSP90α∆(211-259) fused with GFP at its amino terminal end. 
The isogenic strain was generated which harbors wild-type GFP-
yHSP90α- 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 yHSP90α 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 (I) 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: yHsp90α transport to the nucleus upon DNA damage is independent of Cdc37 and Sba1. (A) Western blot 
showing no change in the endogenous level of yHSP90α 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 yHSP90α upon MMS treatment. (C) The above experiments 
(A and B) were repeated with three independent batches of cells and the densitometric image analysis of yHSP90α was 
presented, P values were calculated using the two-tailed Student’s t test (**P < 0.01; NS, not significant). (D) In the 
∆sba1 strain endogenous levels of yHSP90α are induced in response to MMS treatment (E) Nuclear fractionation of 
untreated and MMS-treated wild type and ∆sba1 strain shows accumulation of yHSP90α in both the wild-type W303a 
and isogenic ∆sba1 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-yHSP90α and GFP-yHSP90α(∆211-259) was not detect-
able in the Western blot (Supplemental Figure S2C). We studied the 
recruitment of wild-type (GFP-yHSP90α) and mutant GFP-
yHSP90α∆(211-259) 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-yHSP90α∆(211-259); whereas wild-type GFP-yHSP90α 
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 CL-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, 
hsp82T101I (Nathan and Lindquist, 1995), that also affects the 
amino-terminal association of yHSP90α (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 yHSP90α (Figure 
10H). We have estimated the levels of yHSP90α and Rad51 from the 
P82a and mutant strain and presented them graphically (Figure 10I). 
We observed that both yHSP90α and yHSP90αT101I 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 yHSP90α 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 yHSP90α.

Loss of nuclear translocation of yHSP90α is correlated with 
increased sensitivity to MMS
An earlier study in our laboratory demonstrated that the mutant 
yHSP90α∆(211-259) 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 yHSP90α is directly linked 
to the protection against MMS-induced cell death, we measured 
the MMS sensitivity of the mutant yHSP90α∆(211-242) and compared it 
with the isogenic wild-type and yHSP90α∆(211-259) strains. We ob-
served that the yHSP90α∆(211-242) 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 yHSP90α∆(211-259) showed 
a significant reduction in cell survivability. Hence our study estab-
lishes that DNA damage-induced enhanced nuclear accumulation 
of yHSP90α 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 ∆aha1 strain toward various DNA-dam-
aging agents. The WT and the ∆aha1 strains were exposed to 0.03% 

MMS. We found that the absence of Aha1 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 AHA1 (Figure 12B). We next exposed the 
WT and the ∆aha1 strains to two different doses of zeocin, namely, 
5 and 15 μg/ml. Zeocin, belonging to the bleomycin family of the 
glycopeptide antibiotic, induces DSB in the chromosome. Our study 
showed that the absence of Aha1 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 AHA1 in the ∆aha1 
strain (Figure 12D). Together, this study suggests a direct link be-
tween the Aha1 and the genomic stability in the budding yeast.

DISCUSSION
This study has demonstrated for the first time that yHSP90α displays 
a noncanonical nuclear function during DNA repair in yeast. We ob-
serve that cytoplasmic yHSP90α 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 yHSP90α that are different by the presence 
of 17 amino-acid stretches in the linker region (Hainzl et al., 2009). 
The mutant yHSP90α∆(211-242) shows wild type-like survivability upon 
MMS treatment and displays an increase in cytoplasm to nuclear 
accumulation under similar treatment. However, the mutant 
yHSP90α∆(211-259) fails to get accumulated in the nucleus and dis-
plays a fourfold reduction in cell survivability compared with the mu-
tant yHSP90α∆(211-242). This suggests an essential nuclear function of 
yHSP90α during DNA damage. Comparing the kinetics of the DSB 
repair and extent of its recruitment, we conclude that yHSP90α 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, yHSP90α 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, 
yHSP90α 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 yHSP90α 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 yHSP90α is physically associated with Rad51 (Suhane et al., 
2014), we propose that yHSP90α 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-yHSP90α∆(211-259). 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 yHSP90α, 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 yHSP90α 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 yHSP90α 
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 7: yHSP90α transport to the nucleus upon DNA damage is dependent on Aha1. (A) The endogenous level of 
yHSP90α is induced in ∆aha1 cells upon 0.15% MMS treatment. There is no difference in its expression between 
untreated and treated condition upon ectopic expression of AHA1. (B) The experiment was repeated multiple times and 
yHSP90α level was estimated from independent experiments and plotted, P values were calculated using the two-tailed 
Student’s t test (**P < 0.01; N.S., not significant). (C) Negligible accumulation of yHSP90α occurs in the nucleus of ∆aha1 
cells upon 0.15% MMS treatment, whereas a marked increase was observed upon ectopic expression of AHA1 in ∆aha1 
cells under similar conditions. (D) The experiment was repeated multiple times, the nuclear level of yHSP90α was 
estimated from independent experiments and presented, and P values were calculated using the two-tailed Student’s 
t test (**P < 0.01; N.S., not significant). (E) Fluorescence images showing the distribution of GFP-yHsp90α (green) in the 
whole cell of ∆aha1 untreated cells. (F) Fluorescence images showing the distribution of GFP-yHsp90α (green) in the 
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amplicon during ChIP 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 
yHSP90α between the proximal and distal ends of HO cleavage site.

In this study we have identified the structural determinant of 
yHSP90α that enables its nuclear translocation. yHSP90α adopts 
multiple conformational changes in its chaperone cycle, one of 
them being mediated by the ATPase stimulator Aha1 that regulates 
yHSP90α’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 yHSP90α is essential for Aha1-medi-

ated acceleration of ATP hydrolysis of yHSP90α (Hainzl et al., 2009). 
We speculate that the initial step of Aha1-mediated partially closed 
conformational rearrangement of yHSP90α could be essential for its 
nuclear import (Wolmarans et al., 2016). First, the absence of Aha1 
completely abrogates the nuclear import of yHSP90α in two differ-
ent strain backgrounds which are completely reversed on ectopic 
expression of Aha1. Second, the conformationally rigid CL deletion 
mutant yHSP90α∆(211-259), 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 
Aha1-dependent ATPase activity is fully competent in nuclear im-
port. Last, the yHSP90αT101I mutant, which is ATPase-dead mutant 

FIGURE 8: yHSP90α transport to the nucleus upon DNA damage is dependent on Aha1 in BY4741 strain. (A) Western 
blot analysis shows significant induction of endogenous levels of yHSP90α upon 0.15% MMS treatment in BY4741∆aha1 
strain (left panel). The increased nuclear accumulation of yHSP90α was observed in the WT strain but no signal of 
yHSP90α was traced in the BY4741∆aha1 strain upon 0.15% MMS treatment (right panel). (B) The left panel represents 
the expression of respective proteins in the whole-cell extract of BY4741∆aha1 strain harboring AHA1 expression 
plasmid. The right panel displays that ectopic expression of AHA1 rescued the defect in nuclear accumulation of 
yHSP90α in the BY4741∆aha1 strain. In all the experiments Rad51 served as a control for DNA damage and Nsp1 acted 
as a loading control.

whole cell of ∆aha1 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-yHSP90α 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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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 yHSP90α is essential for DNA repair, our 
present study illustrates that the nuclear function of yHSP90α is also 
an important determinant for effective DNA repair. It is noteworthy 
that although the nuclear import of yHSP90α does not depend on 
its canonical ATPase activity, as seen in the case of T101Ihsp82, 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 
et al., 2014). Thus using two separation-of-function mutants, namely, 
the T101Ihsp82 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 HSP90α in response to DNA 

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 yHSP90α. It was 
never addressed whether there is an increase in the nuclear level of 
HsHSP90α 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 HSP90α and its mutant (T7-A) we have shown 
that in yeast the nuclear translocation of HsHSP90α is independent 
of T7 phosphorylation. Further, the ChIP analysis confirms that the 
association of yHSP90α 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 yHSP90α 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 AHA1 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 ∆aha1, we showed that Aha1 
regulates the nuclear import of yHSP90α. The absence of nuclear 

FIGURE 9: The domain responsible for the conformational flexibility between the amino terminal and the MD of 
yHSP90α is essential for its nuclear translocation upon DNA damage. (A) Schematic representation of wild-type and two 
CL deletion mutants of yHSP90α. (B) Fluorescence images showing the distribution of GFP-yHsp90α∆(211-259) (green) in 
the whole cell both in the untreated and (C) in the 0.15% MMS-treated condition. (D) Fluorescence images showing the 
distribution of GFP-yHsp90α∆(211-242) (green) in the whole cell in the untreated condition but (E) nuclear localization in the 
0.15% MMS-treated condition. Intensity profiles were derived for all fluorescence experiments using NIS elements AR 
software; relative fluorescence intensities of GFP-yhsp90α 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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accumulation of yHSP90α in ∆aha1 strain was fully restored with ec-
topic expression of AHA1. Last, Aha1 deletion shows sensitivity to-
ward genotoxic agents. Although enhanced accumulation of Aha1 
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 Aha1-mediated pro-
tein homeostasis of yHSP90α under a DNA-damaging condition. 
The underlying molecular mechanism or its implications need to be 
explored in future.

In this study we observed that yHSP90α and two of its cochaper-
ones, Sba1 and Aha1, behaved differently upon MMS treatment. 
yHSP90α is not induced but is redistributed to the nucleus upon 
DNA damage. Although both Aha1 and Sba1 are induced upon 
DNA damage, in the case of Aha1, 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 yHSP90α. Intriguingly, 
we find that Hsp90 and Aha1 remain physically associated with each 
other under normal and DNA-damaging conditions. It is yet to be 
determined whether some post-translational modifications of 
yHSP90α and/or Aha1 are necessary for this phenomenon.

We speculate that in a mammalian system also such Aha1-as-
sisted nuclear import of Hsp90α 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 HSP90α 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 HSP90α is universally conserved in higher eu-
karyotes, then inhibition of Aha1 can be used as a tool to decipher 
the nuclear function of HSP90α.

MATERIALS AND METHODS
Yeast strains
Strains used in this study have been tabulated in Supplemental 
Table S1. In W303a yeast background, SBA1 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 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 
SBA1 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-hsp82∆(211-242) plasmid and the trans-
formed strain was grown in histidine drop-out complete medium to 

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 AHA1 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 
pFA6a-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 ∆aha1 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/OSB22, OSB215/OSB216, 
and OMKB90/OMKB88, respectively, and individually cloned in the 
2-μ vector pTA between the BamH1 and the Sal1 restriction sites to 
create pTA-HSP82, pTA-AHA1, and pTA-RAD51, respectively. We 
purchased the mammalian expression vector pcDNA3.1+/C-(K)-DYK 
from GenScript, USA, which harbors full-out human HsHSP90α with 
C-terminal FLAG tag. We amplified HsHSP90α-FLAG using the 
primer pairs OSB531/OSB539 and subcloned in the centromeric 
pHCA vector (Laskar et al., 2011) between the BamHI and the SalI 
restriction sites. Two mutants of HsHsp90α, namely, hsp90αT7A and 
the CL deletion mutant hsp90α∆(224-279) were generated by splice 
overlap extension (SOE) and ultimately subcloned in pHCA with C-
terminal FLAG tag. The CL deletion mutant hsp82∆(211-259) was 
amplified using the genomic DNA isolated from the HH1a-p2HG/
hsp82∆(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 SalI restriction sites. Hsp82 
deletion mutant hsp82∆(211-242) was generated by SOE and sub-
sequently subcloned in pHCA within the BamHI and SalI 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, hsp82∆(211-259), and 
hsp82∆(211-242). The orientation of GFP was checked using PstI 
digestion to create pTA-GFPhsp82, pTA-GFPhsp82∆(211-259), 
pHCA-GFPHSP82, pHCA-GFPhsp82∆(211-259), and pHCA-
GFPhsp82∆(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 NFY31, 
NFY32, NFY33, and NFY35 as described earlier (Tapia and Morano, 
2010). Typically, the cells were grown until 0.5 OD600 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 μg/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 μl of water 
and the nuclei of the live cells were stained using Hoechst 33342 
(Thermo Fisher Scientific) stain at a concentration of 20 μg/ml for 
10 min. The cells were mounted on glass slides using 25% glycerol 
and were visualized under the 100× objective using a Nikon Eclipse 
(Ni-E AR) upright fluorescence microscope. The images were 



16 | N. Fangaria et al. Molecular Biology of the Cell

FIGURE 10: The subcellular fractionation of various mutants of yHSP90α in response to DNA damage. (A) Western 
blots showing the endogenous levels of yHSP90α∆(211-259) in whole-cell extract in the presence and absence of MMS 
treatment (left panel). Increased nuclear accumulation of yHSP90αWT but no nuclear accumulation of yHSP90α∆(211-259) 
upon 0.15% MMS treatment was observed (Right panel). (B) Endogenous levels of yHSP90α∆(211-259) in whole-cell extract 
(left panel) and in nucleus (right panel) shows that no nuclear accumulation of yHSP90α∆(211-259) upon 0.15% MMS 
treatment even if AHA1 was overexpressed in the cells. (C) Western blot showing no nuclear accumulation of FLAG 
tagged HsHSP90α∆(224-279) upon 0.15% MMS treatment. (D) Western blot showing increased nuclear accumulation of 
yHSP90α∆(211-242) upon 0.15% MMS treatment. (E) The experiment was repeated and the quantification of the Western 
blots showed a fourfold increase in the nuclear level of the mutant yHSP90α∆(211-242) upon MMS treatment. Error bars 
indicate SD; P values were calculated using the two-tailed Student’s t test (**P < 0.01). (F) Chromatin 
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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 OD600 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; 107–108 cells were taken and washed 
with 1× 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 1× 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 1× 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-Aha1 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 1× PBS, 1× PBST, and 1× 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 μg/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 100× 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 CL deletion mutants, hsp82∆(211-242) and human hsp90α∆(224-
279)-FLAG, were created using splice overlap extension PCR. To 
generate the hsp82∆(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/OSB22 were used, respectively. Finally, hsp82∆(211-242) 
deletion was generated by annealing the first two PCR products fol-
lowed by a third PCR using the primer set OSB21/OSB22. To gener-
ate the human hsp90α∆(224-279) deletion mutant, the full-length 
gene was amplified as two fragments, one using the primer set 
OSB531/OSB533 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/OSB539 to create the human hsp90α∆(224-279) deletion. 
To create the human T7Ahsp90α 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 T7Ahsp90α 
mutant. All the mutants were confirmed by sequencing.

FIGURE 11: Loss of nuclear translocation of yHSP90α is correlated 
with increased sensitivity to MMS. Percent survivability of 
yHSP90α∆(211-259), yHSP90α∆(211-242) and isogenic wild-type strains were 
determined after exposure to 0.03% MMS for 2 h. Error bars indicate 
±SD (n = 3); P values were calculated using the two-tailed Student’s 
t test (NS: not significant; **P < 0.01).

immunoprecipitation (ChIP) assay were done using NA14 strain harboring either GFP tagged yHSP90α vector or GFP 
tagged CL-deleted mutant yhsp90α vector. Anti GFP antibody was used to pull down WT and CL-deleted mutant 
yHSP90α from uninduced and 2 h HO induced samples. The pellet fraction was PCR amplified; the recruitment of GFP 
tagged yHSP90αWT 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-Hsp82WT and the GFP-
Hsp82∆(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 yHSP90α 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 up-regulation upon MMS treatment. (I) Quantification of the 
Western blots from multiple experiments shows significant increase in the nuclear level of both yHSP90α 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), ∆sba1 (SLY6), ∆aha1 (NFY24), and tscdc37S14A strains 
(grown at restrictive temperature 37°C). Similar fractionations were 
also performed with the strains carrying wild-type HsHsp90α-FLAG 
(KRAY15) and those carrying the human hsp90αT7A-FLAG (KRAY17) 
and human hsp90α∆(224-279)-FLAG (KRAY18). To measure whether 
the nuclear level of yHSP90α depends on Aha1, we did nuclear frac-
tionation of ∆aha1 strain carrying empty plasmid (NFY26) and that 
carrying AHA1 overexpression plasmid (NFY27). Finally, various mu-
tants of hsp82, namely, HH1a-p2HG/hsp82∆(211-259), T101Ihsp82, 
and hsp82∆(211-242) (KRAY16), and the isogenic control strain P82a 
were also subjected to nuclear fractionation. Typically, cells were 
grown until 0.5 OD600 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 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 us-
ing 3% galactose (Agmon et al., 2009). After DNA damage, 100 
OD600 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 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 K2SO4, 30 mM HEPES, pH 7.6, 5 mM 
MgSO4, 1 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 μl of buffer N. The sam-
ple was then boiled for 10 min and used for the Western blotting 
analysis.

FIGURE 12: Aha1 deletion sensitizes the cells to DNA-damaging agents. (A) Return to growth experiments were 
conducted with the wild-type and isogenic ∆aha1 strain. Percentage survivability upon 0.03% MMS treatment were 
plotted relative to that of untreated cells. (B) Return to growth experiments were conducted with the ∆aha1 cells 
harboring AHA1 expressing vector or empty pTA vector upon exposure to 0.03% MMS. Each treatment was repeated 
three times, and the mean value (±SD) was plotted; P values were calculated using the two-tailed Student’s t test 
(****P < 0.0001; ***P < 0.001). (C) WT and ∆aha1 strains were exposed to two doses of zeocin (5 µg/ml and 15 µg/ml) 
and their relative survivability was plotted. ∆aha1 strain showed greater susceptibility toward zeocin compared with the 
WT strain. The experiment was repeated three times and the mean values were plotted; P values were calculated using 
the two-tailed Student’s t test (**P < 0.01). (D) Zeocin sensitivity of ∆aha1 strain harboring empty plasmid was reversed 
in AHA1 expressing ∆aha1 strain. The mean values were plotted (n = 3); P values were calculated using the two-tailed 
Student’s t test (**P < 0.01).
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Coimmunoprecipitation
The KRAY29 strain was grown in the selective media without trypto-
phan until 0.5 at OD600. 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 OD600; 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 OD600 of cells were harvested. The yeast cells were dis-
rupted using 0.3 g glass beads and 200 μl 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 μl 1× 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 OD600 
in the presence of 3% glycerol; 60 OD of cell were taken out and 
treated with 1% formaldehyde for 15 min (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, 60 OD600 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 1× 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 μg anti-Hsp90 antibody (Calbiochem), 
10 μg anti-Rad51 antibody (Abcam), 10 μg anti-Aha1 antibody (Ab-
cam), and 10 μg anti-GFP antibody (Abcam) to precipitate HSP90α, 
Rad51, Aha1, and GFP bound DNA fragments, respectively, at each 
time point. Recruitment of HSP90α, Rad51, and Aha1 was then 

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/OSB568, OSB569/OSB570, OSB571/OSB572, 
OSB573/OSB574, and OSB575/OSB576, 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 NFY27 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 OD600 at 30°C. After OD600 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 OD600 at 30°C. After OD600 reached 0.5, the culture 
was divided into two sets. One set of cells was treated with 5 μg/ml 
or 15 μg/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 W303α strain was grown at 30°C until the OD600 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 AHA1 tran-
script, 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 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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