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Abstract

The highly conserved molecular chaperones Hsp90 and Hsp70 are indispensible for folding and
maturation of a significant fraction of the proteome, including many proteins involved in signal
transduction and stress response. To examine the dynamics of chaperone-client interactions after
DNA damage, we applied quantitative affinity-purification mass spectrometry (AP-MS)
proteomics to characterize interactomes of the yeast Hsp70 isoform Ssal and Hsp90 isoform
Hsp82 before and after exposure to methyl methanesulfonate. Of 256 proteins identified and
quantified via 160/180 labeling and LC-MS/MS, 142 are novel Hsp70/90 interactors. Nearly all
interactions remained unchanged or decreased after DNA damage, but 5 proteins increased
interactions with Ssal and/or Hsp82, including the ribonucleotide reductase (RNR) subunit Rnr4.
Inhibiting Hsp70 or 90 chaperone activity destabilized Rnr4 in yeast and its vertebrate homolog
hRMM2 in breast cancer cells. In turn, pre-treatment of cancer cells with chaperone inhibitors
sensitized cells to the RNR inhibitor gemcitabine, suggesting a novel chemotherapy strategy. All
MS data have been deposited in the ProteomeXchange with identifier PXD001284.

1. Introduction

Damage to genomic DNA must be quickly repaired to maintain cell viability and allow cell
proliferation. As such, the response to DNA damage is a tightly regulated process involving
modulation and co-regulation of diverse pathways, including cell cycle progression,
metabolism and DNA repair. Studies of the global response of cells to a variety of DNA
damaging agents have revealed dramatic changes in post-translational modification, sub-
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cellular localization, expression and degradation of key effector proteins that play a critical
role in the DNA damage response (DDR). Indeed, one such study in budding yeast observed
14% of proteins changed localization or abundance in response to DNA damage agents [1,
2]. These and other studies have established a paradigm where DNA damage induces rapid
accumulation and modification of DDR proteins that are critical for checkpoint arrest and
DNA repair, such as p53. These observations provide a rationale for targeting the abundance
and/or modification of DDR effector proteins as a means to sensitize cancer cells to
radiotherapy or genotoxic drugs.

Potentially lethal DNA damage can be induced by a wide range of external agents including
ionizing radiation, UV radiation and radiomimetic agents such as the DNA alkylating agent
methyl methanesulphonate (MMS). Although not a current chemotherapy drug, MMS is
commonly used as an alternative to X-rays to induce experimental DNA damage in both
mammalian and yeast cells. Like X-irradiation, MMS induces damage throughout the
genome that requires both single strand and double strand break repair [3]. MMS treated
cells typically display a prolonged S phase, reflecting activation of intra-S phase
checkpoints.

Perturbation of DNA metabolism can arise through lack of sufficient deoxyribonucleotides
(dNTPs), typically leading to stalled and collapsed replication forks and cell cycle delay in S
Phase. dNTP synthesis is blocked upon inhibition of the key enzyme in dNTP formation,
ribonucleotide reductase (RNR) [4]. RNR constitutes a complex of pairs of large (R1) and
small (R2) subunits. R1 (RRML1 in vertebrates, Rnrl/Rnr3 in yeast) forms the catalytic
domain while R2 (p53R2/RRM2 in vertebrates, Rnr2/Rnr4 in yeast) serves a regulatory role.
Although the subunits are expressed at varying levels according to cell cycle stage, all are
essential for cell viability [5, 6].

RNR is a well-validated therapeutic target [7, 8]. Since RNR function is required for DNA
replication, loss of RNR activity slows proliferation, with eventual arrest in S phase. The
first small-molecule RNR inhibitor, hydroxyurea (hydroxycarbamide, HU), was approved in
1967. HU and other agents, including the nucleoside analog gemcitabine (Gemzar), remain
important agents in cancer chemotherapy. These agents are commonly combined with
radiotherapy and/or genotoxic chemotherapy, which potentiate RNR inhibitors via exposing
the requirement for dNTPs in DNA repair [4, 7]. It would be highly desirable to identify
agents that can enhance the therapeutic benefit of RNR inhibitors without incurring
additional toxicity.

The molecular chaperones Hsp90 and Hsp70 are essential for viability, and particularly
important for responses to stresses such as heat shock, osmotic stress, oxidative stress and
nutrient deprivation [9, 10]. Hsp90 and Hsp70 perform diverse functions including refolding
denatured proteins, stabilizing protein-protein interactions, and mediating protein transport
and degradation [11-13]. Consistent with their roles in stress tolerance, molecular
chaperones have previously been linked to the DDR [14]. Via their role in stabilizing
oncoproteins, cancer cells may become “addicted” to chaperones for proliferation [15, 16].
Given these considerations, chaperones have long been proposed as attractive targets for

J Proteomics. Author manuscript; available in PMC 2015 June 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Truman et al.

Page 3

cancer drugs. Indeed, clinical studies have validated anti-cancer activity for geldanamycin-
related Hsp90 inhibitors.

The budding yeast S. cerevisiae genome encodes four cytosolic Hsp70s, Ssal—4, that differ
in expression pattern but are together essential for cell viability [17, 18]. Yeast expresses
two Hsp90 isoforms, with Hsc82 constitutively expressed and Hsp82 induced by stresses
such as heat shock [13]. When yeast are treated with MMS to induce DNA damage, Ssal
binds directly to the DDR mediator protein Rad9, presumably to facilitate Rad9
oligomerization and Rad9-dependent signal transduction of the DNA damage response
signal [14, 19]. Consequently, deletion of Ssal and a second Hsp70, Ssa2 results in cellular
sensitivity to DNA damage. In mammalian cells, Hsp90 is phosphorylated immediately after
DNA damage and is recruited to foci containing DNA repair enzymes [20]. A recent study
in mammalian cells revealed that inhibition of Hsp90 by the geldanamycin analog 17-
DMAG triggered degradation of several proteins associated with DNA damage response
[21].

Although several global proteomic and genetic screens for interactors (or “clients”) of
Hsp70/90 have revealed a large number of clients in both yeast and mammalian cells [10,
22-25], heat shock proteins appear selective in the proteins they bind and fold. Thus, the
interactions may be related to specific structural features of those proteins, rather than
biological function [26]. Despite the prominent role of Hsp70/90 in multiple stress response
pathways, no interactome studies exist that attempt to understand how global chaperone
interactions change during those specific stress conditions.

Comprehensive global proteomic analysis of the effect of stress on cells remains technically
challenging, costly and time consuming. It is thus easier to examine enriched or fractionated
proteomes. This includes PTM enrichment such as phosphoprotein or phosphopeptide
purification [27, 28]. Fractionation by cellular compartment is another way to simplify the
proteome [29, 30]. There are many technical challenges involved with such methods. As
such, we chose to sample a more manageable subset of the stress proteome, namely
interactors of molecular chaperones Hsp70 and Hsp90. These proteins are a diverse, yet
specific set of proteins required for cell survival under a variety of conditions [13, 16, 31].
Isolation of novel chaperone interacting proteins may allow us to understand how
chaperones function to fold, stabilize and even degrade proteins under stress conditions.

Many clients of Hsp70 and Hsp90 can be destabilized by inhibition of chaperone function,
often through binding of small molecules [10, 32, 33]. If these clients are current or potential
cancer drug targets, then inhibitors of chaperones may sensitize cancer cells to inhibitors of
these clients.

In this study, we have used comparative mass spectrometry to analyze how yeast Hsp90
(Hsc82) and Hsp70 (Ssal) interactomes change upon treatment with the DNA damaging
agent methyl methanesulfonate. In doing so, we have uncovered a role for chaperones in the
stability of the ribonucleotide reductase subunit Rnr4/hRRM2. We exploit this chaperone
dependency by demonstrating that cancer cells may be sensitized to RNR inhibitors such as
gemcitabine by pretreatment of cells with chaperone inhibitors.
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2. Materials and Methods

2.1. Yeast culture, strains and drug treatment

Yeast cultures were grown in YPD (1% yeast extract, 2% peptone, 2% glucose) or in SD
(0.67% yeast nitrogen base, 2% glucose) supplemented with the appropriate nutrients to
select for plasmids and gene replacements. A full table of yeast strains and plasmids used
can be found in Supplemental Table S1.

17-N-allylamino-17-demethoxygeldanamycin (17-AAG), VER-155008 and gemcitabine
hydrochloride were purchased from Tocris Bioscience. Yeast transformed with a plasmid
expressing HA-tagged Rnr4 were grown to mid-log phase. At this point, cells were treated
with either DMSO (control), 17-AAG at a concentration of 1 or 10 uM or VER-155008 at 0,
10, 100 pM for 4 h (~ 2 yeast cell divisions). Protein was extracted, run on SDS-PAGE gels
and Western blotted with antibodies to either HA (Covance) or tubulin (Millipore).

2.2. Cancer cell tissue culture and drug treatment

The MCF-7 human breast cancer cell line was obtained from ATCC and were cultured in
high-glucose Dulbecco’s Modified Eagle Medium (Invitrogen) with 10% fetal bovine serum
(FBS, Clontech), 100 units/ml penicillin, and 100 ug/ml streptomycin at 5% CO, and 37° C.

For experiments delineating the effect of chaperones on mammalian RNR stability, MCF-7
cells were plated in growth media at 40% confluency 1 day prior to drug treatment. Cells
were treated with either DMSO (control), 17-AAG at a concentration of 1 or 10 pM or
VER-155008 at 10 or 100 uM for 48 h (~ 2 cell divisions). Protein was extracted, run on
SDS-PAGE gels and Western blotted with antibodies to either hRRM2 or tubulin (Santa
Cruz). For drug synergy assays, MCF-7 cells were plated in growth media at 20%
confluency 1 day prior to initiation of drug treatment. On Day 1 of treatment, cells were
treated with DMSO (control), 17-AAG at 3 uM or VER-155008 at 5 uM. After 24 h, cells
were either further treated with DMSO (control) or gemcitabine (10-40 nM). At 24 h, cell
viability was assessed by Trypan Blue staining. The data shown are the mean and SEM of
three independent biological replicates. Statistical significance was determined by t-test and
data were deemed significantly different where P < 0.05.

2.3. Purification of the Ssal and Hsp82 interactomes from yeast

100 ml of SKY4364 [24] were grown to an ODggg of 0.5 in YPD media. Cells were split
into two flasks, one untreated and one which was subjected to 0.02% MMS for 3 h. Cells
were harvested and HISg-tagged Ssal along with the associated interactome was isolated as
follows: Protein was extracted via bead beating in 500 ul Binding/Wash Buffer (50 mM Na-
phosphate pH 8.0, 300 mM NacCl, 0.01% Tween-20). 200 ug of protein extract was
incubated with 50 pl His-Tag Dynabeads (Invitrogen) at 4° C for 15 min. Dynabeads were
collected by magnet then washed 5 times with 500 ul Binding/Wash buffer. After final
wash, buffer was aspirated and beads were incubated with 100 ul Elution buffer (300 mM
imidazole, 50 mM Na-phosphate pH 8.0, 300 mM NaCl, 0.01% Tween-20) for 20 min, then
beads were collected via magnet. The supernatant containing purified HISg-Ssal was
transferred to a fresh tube, 25 ul of 5x SDS-PAGE sample buffer was added and the sample
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was denatured for 5 min at 95° C. 10 ul of sample was analyzed by SDS-PAGE. To isolate
HISg-tagged Hsp82, SKY4635 expressing HISg-Hsp82 as the sole Hsp90 isoform in the cell
were grown and processed identically to the SKY4364 cells as above.

2.4, LC-MS/MS data acquisition

2.4.1. Trypsin digestion of samples from SDS-PAGE Gels—Gel lanes to be
analyzed were excised from 4-12% MOPS buffer SDS-PAGE gels by sterile razor blade and
divided into 8 sections with the following molecular weight ranges (kD): 300-150, 150-110,
110-80, 80-75, 75-60, 60-52, 52-38 and 38-24. These were then chopped into ~1 mm3
pieces. Each section was washed in dH,O and destained using 100 mM NH4HCO3 pH 7.5 in
50% acetonitrile. A reduction step was performed by addition of 100 pl 50 mM NH4HCO3
pH 7.5 and 10 pl of 10 mM tris(2-carboxyethyl)phosphine HCI at 37°C for 30 min. The
proteins were alkylated by adding 100 pl of 50 mM iodoacetamide and allowed to react in
the dark at 20°C for 30 min. Gel sections were washed in water, then acetonitrile, and
vacuum dried. Trypsin digestion was carried out overnight at 37° C with 1:50 enzyme-
protein ratio of sequencing grade-modified trypsin (Promega) in 50 mM NH4HCO3 pH 7.5,
and 20 mM CaCl,. Peptides were extracted with 5% formic acid and vacuum dried.

2.4.2. Isotopic labeling—Peptide digests were reconstituted with 60 pl of Tris-HCI
Buffer Solution (10 mM of Tris-HCI, 150 mM NaCl, 20 mM CacCls, pH 7.6), then split into
two vials with 30 pl each (180 vial and 180 vial) and vacuum dried. In a separate vial, 30 pl
of Mag-Trypsin beads (Clontech) was washed 5 times with 500 ul of Tris-HCI Buffer
Solution, then vacuum dried. 30 pl of either 160 H,0 or 97% 180 H,0 (Cambridge
Isotopes) was added to the respective 180 or 180 vials and vortexed for 20 min to
reconstitute the peptide mixture, which was then added to the prepared Mag-Trypsin bead
vial and allowed to exchange overnight at 37° C. After 180 exchange, the solution was
removed and any free trypsin in solution was inactivated with 1 mM PMSF for 30 min at 4°
C. For each sample the +/- MMS digests were combined 1:1 as follows: Forward (FWD)
Sample Set: (-MMS) 160 : (+MMS) 180 and Reversed (REV) Sample Set: (+MMS) 160 :
(-MMS) 180, dried and stored at —80° C until analysis. Three biological replicate
experiments were performed per sample.

2.4.3. HPLC for mass spectrometry—All samples were re-suspended in Burdick &
Jackson HPLC-grade water containing 0.2% formic acid (Fluka), 0.1% TFA (Pierce), and
0.002% Zwittergent 3—16 (Calbiochem), a sulfobetaine detergent that contributes the
following distinct peaks at the end of chromatograms: MH* at 392, and in-source dimer [2M
+H*] at 783, and some minor impurities of Zwittergent 3—-12 seen as MH* at 336. The
peptide samples were loaded to a 0.25 pl Cg OptiPak trapping cartridge custom-packed with
Michrom Magic (Optimize Technologies) C8, washed, then switched in-line with a 20 cm
by 75 um C4g packed spray tip nano column packed with Michrom Magic C18AQ, for a 2-
step gradient. Mobile phase A was water/acetonitrile/formic acid (98/2/0.2) and mobile
phase B was acetonitrile/isopropanol/water/formic acid (80/10/10/0.2). Using a flow rate of
350 nl/min, a 90 min, 2-step LC gradient was run from 5% B to 50% B in 60 min, followed
by 50%-95% B over the next 10 min, hold 10 min at 95% B, back to starting conditions and
re-equilibrated.
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2.4.4. LC-MS/MS Analysis—The samples were analyzed via electrospray tandem mass
spectrometry (LC-MS/MS) on a Thermo LTQ Orbitrap XL, using a 60,000 RP survey scan,
m/z 375-1950, with lockmasses, followed by 10 LTQ CAD scans on doubly and triply
charged-only precursors between 375 Da and 1500 Da. lons selected for MS/MS were
placed on an exclusion list for 60 sec.

2.5. LC-MS/MS data analysis, statistical analysis and visualization

3. Results

Data were analyzed and filtered on MaxQuant version 1.2.2 searching the SPROT Yeast
database using 20 ppm error tolerance, an FDR setting of 1% and a cutoff of at least 2 high
confidence peptides to assign a quantitation ratio. Proteins were removed from the file if
they were flagged by MaxQuant as “Contaminants”, “Reverse” or “Only identified by site”.
Complete MaxQuant settings used are reported in Supplemental Document S1. Three
biological replicates were performed, with each biological replicate split into technical
replicates (180 forward (FWD) labeling and 180 reverse (REV) labeling). The abundance
data from each biological replicate were normalized to the ratio of the bait protein in that run
(e.g. normalized to the + MMS:- MMS Hisg-SSA1 ratio or Hisg-Hsp82 ratio). This produced
a list of interactors and their respective quantitated changes upon DNA damage.

Statistical analysis was performed using the R statistical package (http://www.r-
project.org/). Proteins with three out of six observations within each group (SSA1 and
HSP82) were retained. Missing values were imputed using row mean imputation. Z-score
normalization was performed on the log of all protein ratios. An ANOVA test was then
performed to identify proteins that indicate significant variability (P-value < 0.05) between
biological replicates within each group. These were removed from consideration. A list of
proteins identified and corresponding ratios can be found in Supplemental Table S2. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository
[34] with the dataset identifier PXD001284.

Gene Ontology analysis was performed using GO Slim Mapper on the Saccharomyces
Genome Database (http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl). Network
analysis was performed in Cytoscape. Nodes were colored using the MultiColoredNodes
plug-in for Cytoscape [35].

3.1. Quantitative affinity-purification mass spectrometry analysis of yeast Hsp70 and
Hsp90 interactomes during the DNA damage response

Characterizing the interactome of a target protein by affinity-purification mass spectrometry
(AP-MS, [36-39]) offers a powerful approach to understanding its role in the cell. Further
information comes from analysis of dynamic interactomes, as proteins may change their
interactions in response to cellular events such as cell cycle progression and signal
transduction. We employed quantitative AP-MS to assess the dynamics of the yeast Hsp70
(Ssal) and Hsp90 (Hsp82) interactomes upon treatment with the DNA damaging agent
methyl methanesulfonate (MMS). Thus, we pulled down His-epitope-tagged Ssal and

J Proteomics. Author manuscript; available in PMC 2015 June 30.


http://www.r-project.org/
http://www.r-project.org/
http://proteomecentral.proteomexchange.org
http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Truman et al.

Page 7

Hsp82 along with any associated proteins before and after MMS treatment, and performed
quantitative LC-MS/MS proteomics using 180 exchange-labeling ([40, 41], Fig. 1A). For
identification of Ssal-specific interactors, we used SKY4364, a yeast strain in which all four
SSA (Hsp70) genes have been deleted and functionally complemented by expression of an N
terminal Hisg-tagged Ssal [24, 42]. For identification of Hsp82-specific interactors, we used
SKY4365, a yeast strain that expresses a functional N terminally HISg-tagged Hsp82 as the
sole Hsp90 in the cell [43]. This approach facilitated identification of the interactomes of
Ssal and Hsp82 without competition from other Hsp70 or Hsp90 isoforms.

Yeast cells were grown to mid-log phase and then either treated with 0.02% MMS for 3 h or
left untreated. These conditions for MMS treatment were chosen because of their previous
use in several proteomic studies examining the global response of cells to DNA damage [1,
2]. This provided us with a way to compare and contrast our data with those already
obtained. HISg-Ssal or -Hsp82 interactomes were isolated from yeast cell lysates and then
subjected to SDS-PAGE and in-gel proteolysis. Peptides were extracted and isotopically
labeled using 180 exchange with 97% 180 H,0 or incubated in 160 H,0. For each sample
the +/— MMS digests were combined 1:1 in both forward (FWD): (-MMS) 160:

(+MMS) 180 and reverse (REV): (+MMS) 160 : (-MMS) 180. For each interactome, three
affinity purifications were performed (biological replicates) and the peptides labeled

with 160 and 180 and combined in both forward and reverse (technical replicates), resulting
in six samples (Fig. 1A). The samples were analyzed by electrospray tandem mass
spectrometry (LC-MS/MS) on a Thermo LTQ Orbitrap XL. Using Mascot analysis [44], we
identified 663 proteins present in the Ssal complex and 434 in the Hsp82 complex.

After rigorous filtering and ANOVA testing, 196 proteins for Ssal and 147 proteins for
Hsp82 remained (Supplemental Table S2). Of these interactions, 87 proteins were found to
bind both Ssal and Hsp82 (Fig. 1B). After the stringent statistical filtering imposed on our
data sets, the final list of quantitated chaperone interactors represented a fraction of known
interactors. Comparing our results to published Ssal and Hsp82 interactomes [22, 23, 25,
26, 45, 46], we found that 80% of Ssal interactors seen in our screen had previously been
reported as Ssal clients (Fig. 1C). Interestingly, only 30% of Hsp82 interactors we isolated
had previously been identified as Hsp82 clients (Fig. 1D).

3.2. Gene Ontology (GO) analysis of Ssal/Hsp82 interactomes

Gene Ontology (GO) analysis of the 256 candidate Ssal/Hsp82 partners revealed significant
enrichment of multiple cellular functions (Fig. 2). For both Ssal and Hsp82, the GO term
cytoplasmic translation was most enriched, representing the important role these chaperones
have in folding newly synthesized proteins [47, 48]. 29 out of 76 (38%) ribosomal 60S
subunit proteins were identified as chaperone interactors, along with 25 out of 56 (52%)
ribosomal 40S subunit proteins. In addition, a large number of ribosome biosynthesis,
transcriptional elongation and initiation proteins were detected as both interactors of Hsp70
and Hsp90.

As expected, the term protein folding was also highly enriched, reflecting the wide range of
chaperones and co-chaperones that bind to both Ssal and Hsp82 (Fig. 2). These chaperones
are known to interact with each other in both yeast and mammalian cells. Indeed, in our
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study, Hsp82 was identified as in the interactome of Ssal. Conversely, Ssal was identified
in the interactome of Hsp82. Several Hsp70 isoforms were detected along with their
respective co-chaperones, including the cytosolically-localized Ssa2 and Ssel, the ribosome-
associated Ssb1 and the mitochondrial-associated Ssc1.

Consistent with the role of chaperones in cellular adaptation to nutrient availability [49],
yeast proteins associated with glucose metabolism (including glyceraldehyde-3-phosphate
dehydrogenases Tdh1, 2 and 3, UDP-glucose phosphorylases Udpl and Ugpl) and amino
acid metabolism (such as Leu4, 1lv6, Lys20 and Met17) were identified. We also observed
chaperone interaction with both Nmal and Pnc1, part of the nicotinamide salvage pathway,
which is connected to both metabolism and the DNA damage response (see below and [50]).

Given our use of an alkylating agent such as MMS, it was not surprising that the chaperone
interactomes contained proteins associated with the GO terms nucleobase-containing
compound transport and modification. These included Mhr1, involved in homologous
recombination in mitochondria, the Hos3 and Sin3 histone deacetylases (HDACs), Rvb2 and
Abfl chromatin remodeling factors and Xrn1 exonuclease. Proteins responsible for DNA
base synthesis (critical for repair of damaged DNA) such as Rnr2, Rnr4 and Amd1 were
isolated as novel chaperone interactors.

3.4. Analysis of the dynamic Ssal/Hsp82 interactomes

Interactome analysis for proteins with a large number of protein partners can prove
challenging. To represent the dynamics of chaperone interactions, the average natural log
(Ln) ratio change in interaction upon MMS treatment for each quantitated interacting protein
was calculated. Any change in interaction greater than two-fold up or down (>0.69, <-0.69)
was considered significant. We sorted our interactomes by non-redundant GO terms and
graphed their average change in interaction with either Ssal or Hsp82 upon MMS treatment
(Fig. 3). For Ssal clients, 135 of 196 (69%) interactions remained unchanged with 58
(29.5%) decreasing and 3 (1.5%) increasing, respectively, after MMS treatment. For Hsp82
clients, 105 of 147 (71%) interactions remained unchanged, with only 39 (26.5%)
decreasing and 3 (2.0%) increasing after MMS treatment (Supplemental Table S2).

We considered the possibility that certain pathways/classes of proteins may act in a
correlated manner in terms of interaction change under stress. Analysis of proteins that
increased or decreased the most during MMS treatment revealed little enrichment for any
particular class of protein suggesting that chaperone interactions may be client specific, with
unique patterns of association and dissociation. For Ssal, the ribonucleotide reductase
subunit Rnr4, the Cog5 coenzyme Q protein and the medium-chain dehydrogenase/
reductases Astl were the only proteins to increase in interaction significantly upon MMS-
exposure. For Hsp82, Rnr4, Cys3 (cysteine and glutathione synthesis) and an ORF of
unknown function, Ydr210c were observed to bind Hsp82 at a higher enrichment after
MMS.

Although previous studies have indicated that ribosomal genes are generally repressed
during DNA damage, ribosomal protein abundance increases [1]. Given the high abundance
of ribosomal proteins and the role that chaperones play in the folding of newly synthesized
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proteins, it was unsurprising that proteins that make up/regulate the ribosome formed a
major part of the Hsp82/Ssal interactors isolated. Interestingly, a large proportion of
ribosomal interactors of Ssal and Hsp82 dissociated upon MMS (28% and 35%
respectively).

Molecular chaperones function both in complex with other chaperones and with regulatory
proteins known as co-chaperones. An expected outcome of stressing cells with DNA
damage might be the upregulation of chaperone function, and therefore an increased
association of Ssal and Hsp82 with proteins that activate their ATPase activities and thus
their cellular function. Many of the detected yeast co-chaperone proteins for Ssal including
Ssb1, Kar2, Ydj1, Sis1 and Scjl remained unaltered for binding under MMS treatment.
Unexpectedly, a decreased interaction was observed for the non-cytoplasmic chaperone/co-
chaperone proteins Ssc1, Mdj1 and Hsp60. In contrast, all of the chaperone/co-chaperone
interactors of Hsp82 remained unchanged except Ydj1 (Fig. 3.).

Hsp82 and Ssal work co-operatively in the cell to fold proteins. In certain conditions,
interacting proteins may be transferred from one chaperone to another. This occurs often
during the folding process, where Ssal will fold a protein 90% of the way and then transfer
it to Hsp82 to achieve full activity. Conversely, proteins may be targeted for degradation by
chaperones under stress conditions, potentially rebinding Ssal. To see if we could observe
any interactors transitioning from an Ssal-binding to an Hsp82-binding state under MMS
treatment, we plotted where possible for each interactor the change in Hsp82 interaction vs.
Ssal interaction (Fig. 4). The majority of interacting proteins were unchanged for any
interaction, but there were exceptions. Cys3 appeared to lose Ssal binding while gaining
Hsp82 binding; Acs2, Rtnl, Nsrl and Pbpl dissociated from both chaperones under stress.
Out of all interactors seen, only one protein, Rnr4 increased significantly in interactions with
both Ssal and Hsp82 under MMS treatment.

3.4 Comparison of client interaction vs. client abundance

Several studies have analyzed the global effects of DNA damage on the yeast proteome or
transcriptome [1, 2, 45, 51]. To address whether the interaction changes we observed for our
interactomes could be attributed to client protein abundance changes alone or might reflect
capacity to interact with chaperones, we plotted chaperone interaction change (from our
study) vs. protein abundance change obtained from a prior study performed under similar
conditions [2]. Interestingly for both chaperones, all of the clients detected in this study were
proteins whose levels have been observed to either remain constant or increase during MMS
treatment (Fig. 5). Of the interactors that significantly increased or decreased in chaperone
interaction, the majority were proteins whose abundance do not substantially change during
MMS treatment (Fig. 5A and 5B, green and purple-colored nodes).

3.5. Chaperone function is required for stability of yeast ribonucleotide reductase subunits
Rnr4 and Rnr2

Many client proteins have been shown to depend on chaperones for their activity and/or
stability [10]. We reasoned that any interactor that displayed increased association with both
Ssal and Hsp82 upon DNA damage would be especially likely to be dependent on these
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chaperones for function. In this study, only one interactor, the ribonucleotide-diphosphate
reductase (RNR) small subunit protein Rnr4, fulfilled this criterion. Rnr4 is particularly
biologically interesting, due to its key role in cell cycle progression and DNA damage
resistance [4, 5, 52]. To validate the chaperone-Rnr4 interactions detected by mass
spectrometry, we performed IMAC bead pull-downs from lysates of cells expressing HA-
tagged Rnr4 and untagged or HISg-tagged Ssal or Hsp82. No HA-Rnr4 was detected in
pull-downs from lysates lacking tagged chaperones (Fig. 6A). However, HA-Rnr4 was
pulled down along with the tagged Ssal or Hsp82, and the apparent interaction was further
enhanced by DNA damage.

To decipher the role of chaperones in Rnr4 function, we examined Rnr4 protein levels in
conditional yeast mutants under conditions of limiting chaperone activity. Cells expressing
Ssal-45 or Hsp82G170D as the sole Ssal or Hsp82, respectively, display temperature
sensitive (ts) growth [53, 54]. At the permissive temperature of 25°C, cells proliferate
normally, but display increasing growth defects at temperatures above 34°C. Cells
expressing GFP-Rnr4 along with Ssal-45, Hsp82G170D or WT controls and were grown at
25°C until early mid log phase and split into two flasks, one of which was shifted to 37°C.
Cells were lysed after 90 mins and GFP-Rnr4 levels examined by Western blot. Incubation
at 37°C did not affect GFP-Rnr4 levels in cells expressing wild-type Ssal or Hsp82, but
decreased GFP-Rnr4 abundance in both strains bearing temperature-sensitive alleles (Fig.
6B).

As a complementary test, we inhibited Ssal or Hsp82 function in cells expressing HA-
tagged Rnr4 with either the Hsp70 inhibitor VER-155008 or Hsp90 inhibitor 17-
allylamino-17-demethoxygeldanamycin (17-AAG, tanespimycin). After 4 h at 25°C, cells
were lysed and HA-Rnr4 levels examined by Western blot. Addition of either inhibitor
decreased abundance of GFP-Rnr4 (Fig. 6C). This result is consistent with Rnr4 acting as a
bona fide chaperone client in yeast, requiring Hsp70 and/or Hsp90 activity for stability.

The RNR holoenzyme is composed of 4 subunits, Rnrl-4 [5, 6]. In yeast, the two
homologous R2 subunits, Rnr4 and Rnr2, heterodimerize. Insofar as Rnr4 is required for
Rnr2 folding and function, we considered whether Hsp70 and Hsp90 may similarly regulate
Rnr2. Mass spectrometry had suggested Rnr2 as an interactor for both chaperones but
revealed no change after exposure to MMS (Supplemental Table S2). Following the strategy
for Rnr4, cells expressing epitope-tagged Rnr2 were treated with the Hsp70 and Hsp90
inhibitors VER-155008 and 17-AAG after which Rnr2 levels were measured. As with Rnr4,
Rnr2 abundance decreased after addition of either inhibitor (Fig. 6C).

Like many inhibitors of ribonucleotide reductase, hydroxyurea (HU) [7, 8] inhibits RNR by
scavenging the tyrosyl free radical from the R2 subunit [55]. Impaired RNR expression
and/or function sensitize yeast cells to HU [56, 57]. The growth of cells expressing Ssal-45,
Hsp82G170D or wild-type controls were compared after incubation for 8 h at 25°C or 34°C
(semi-permissive temperature) in increasing concentrations of HU. Both the Ssal-45 and
Hsp82G170D strains displayed supersensitivity to HU at 34°C, consistent with a critical role
for chaperones in RNR function (Fig. 6E).

J Proteomics. Author manuscript; available in PMC 2015 June 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Truman et al.

Page 11

3.6. Identification of human RNR subunit protein hRRM2 as an Hsp70 and Hsp90 client in
breast cancer cells

Ribonucleotide reductase is an important chemotherapeutic target in cancer. We considered
the possibility that hRRM2, the human homolog of yeast Rnr4, might similarly interact with
the Hsp70 and Hsp90 molecular chaperones in cancer cells. To examine this, we transfected
MCEF-7 breast cancer cells with Streptavidin Binding Protein (SBP) epitope-tagged Hsp70 or
Hsp90, pulled-down these chaperones using streptavidin-magnetic beads and probed for
associated hRRM2 (Fig. 7A). Interaction of the RNR subunit was seen with both Hsp70 and
Hsp90, consistent with a conserved role for the chaperones. Indeed, when we treated mid-
confluent cells with VER-155008 or 17-AAG for 48 h, hRRM2 protein levels decreased
(Fig. 7B).

3.7. Sensitization of MCF-7 cells to gemcitabine using chaperone inhibitors

We reasoned that depletion of hRRRM2 upon treatment with chaperone inhibitors might
sensitize MCF-7 cells to RNR inhibition, leading to increased depletion of
deoxyribonucleotides. As a model RNR inhibitor, we tested the nucleoside analog
gemcitabine (4-amino-1-(2-deoxy-2,2-difluoro-p-D-erythro-
pentofuranosyl)pyrimidin-2(1H)-on), an agent currently used in treatment of lung,
pancreatic, bladder and breast cancer. MCF-7 cells were treated with VER-155008 or 17-
AAG for 24 h and then with gemcitabine or DMSO for a further 24 h, whereupon cell
viability was measured using Trypan Blue staining. Cell death was significantly greater in
the cancer cells treated with chaperone inhibitors and gemcitabine than that induced by
gemcitabine alone (Fig. 7C, P < 0.05, t-test). This compound effect is consistent with
chemical synthetic lethality wherein inhibition of Hsp70 or Hsp90 results in depletion of
RNR subunit abundance, thereby enhancing the toxicity of the RNR inhibitor gemcitabine.

4. Discussion

4.1. Functions of chaperone-client interactions during MMS treatment

Cells respond to stress by activating specific signaling pathways, many of which are
dependent on chaperones for activity. A proportion of clients associate with chaperones to
maintain stability and activity, whereas others must dissociate from chaperones to achieve
full activity or correct cellular localization. In our study, we observed that the majority of
proteins that bind to Ssal/Hsp82 either remained constant or dissociated from them during
MMS stress despite many being up regulated at the protein abundance level. As any protein
that increases during exposure to DNA damage is likely to be required for cell survival and
recovery, this then indicates that Ssal and Hsp82 are important mediators of the cell’s DNA
damage response.

In addition, a proportion of the chaperone-client interactions decreased during MMS (29.5%
of Ssal interactions, 26.5% of Hsp82 interactions). This implies that although chaperone
interaction may be important for these proteins under normal cellular conditions, it may
prevent full client activity under times of stress. Several examples of this have been
uncovered. In mammalian cells, upon ligand binding the progesterone receptor dissociates
from Hsp90, translocates to the nucleus and regulates target gene expression [58]. Another
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example is phosphatidylinositol 4-kinase type 113 (P14KIIp). Hsp90 stabilizes (P14KIIp),
keeping it active until pathway activation induces chaperone dissociation and recruitment to
membranes [59]. Finally the Erk5 MAP kinase binds to Hsp90, an association required for
stability. For the protein to achieve full activity, it becomes phosphorylated by upstream
kinases, dissociates with Hsp90 and translocates to the nucleus [60, 61]. Mutations in Hsp90
(such as E33A or T22A) that stabilize client-chaperone interactions result in impairment of
client function [43, 62]. For Hsp70, client interactions have several functions. Firstly, Hsp70
will bind and fold denatured proteins, to help them regain lost activity. When client protein
deterioration is too severe, Hsp70 can target proteins for degradation by the ubiquitin
proteasomal system. Thus loss of Hsp70-client interaction can either promote client stability
or destruction depending on the specific client and cell conditions [31, 63]. In a previous
study, we also saw disruption of many Ssal-client interactions during G1 arrest using
mating pheromone [24]. It may be that controlled dissociation of chaperone and a subset of
clients can silence proliferative pathways, providing a cell the time required to adapt to
environmental changes. Ssal and Hsp82 interactions during the cell cycle are regulated by
direct chaperone phosphorylation. This may also be a method of interactome regulation for
response to DNA damage. Although we did not detect differential phosphorylations on
either chaperone, a more targeted approach in the future may reveal otherwise.

4.2. Chaperone interactors connected directly to the DNA damage response

Treatment of cells with MMS causes alkylation of DNA resulting in replication fork
blockade through inhibition of DNA polymerase [64]. It is interesting to note that although
we isolated proteins involved in the response to DNA damage, core signaling proteins in the
DDR signaling cascade such as Rad9, Mecl and Tell were not detected. Rad9 has
previously been isolated as an interactor of Ssal in yeast [14], but its low abundance (~ 400
molecules per cell) makes it difficult to detect in global interactome screens.

We did detect interactions with proteins and protein complexes connected to the cellular
response to DNA damage. One example is Mot2 (Not4), which decreased in interaction with
Hsp82 and Ssal during MMS treatment. This protein exists as part of the Ccr4-Notl
complex in yeast, a complex that has been implicated in the DDR. A recent study of
regulated protein-protein interactions in yeast determined the Ccr4-Notl complex to be
particularly dynamic under MMS treatment [51]. This is particularly interesting as the Ccr4-
Not1 complex plays a role in the regulation of RNR complex in several studies [65-67]. The
Ccr4-Notl complex controls the recruitment of transcription factors to the RNR gene
promoters and is also necessary for correct localization of RNR subunits [67].

Yeast cope with DNA damage using multiple parallel systems, one of which is transcription-
coupled repair (TCR). When RNA polymerase 11 (RNAPII) becomes stalled at sites of DNA
damage, Defl (seen here as interacting with both chaperones) is recruited in a complex with
Rad26. Defl promotes the destruction of RNAPII when the lesion cannot be rapidly
removed by Rad26-promoted DNA repair [68]. Histone proteins and HDACs play an
important role in transcriptional activation during DNA damage. HDACs Hos3 and Sin3,
responsible for chromosomal integrity, Rvb2 and Abfl chromatin remodeling factors and
the Xrnl1 exonuclease were all seen in our client list.
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We also observed chaperone interaction with two key proteins involved in the nicotinamide
salvage pathway, Nmal and Pncl. This is particularly interesting, since DNA repair has
long been shown to be an NAD-dependent process [50]. In addition, it has been recently
shown that overexpression of NAD salvage proteins promotes the clearance of misfolded
proteins, particularly those regulated by Hsp90 and Hsp70 [69]. Perhaps Nmal and Pncl are
both clients of these chaperones and also modify chaperone activity directly, particularly in
response to DNA damage.

During the course of this study, we also isolated uncharacterized ORFs as Hsp90/70
interacting proteins, several of which were altered in chaperone binding upon MMS stress.
Little is known about Nst1 (seen here as an interactor of Ssal) except that it mediates salt
resistance in yeast [70]. Nst1 does however physically interact with Mot3 (mentioned
above), and thus may also potentially regulate RNR function. Hsp82 bound to five
uncharacterized ORFs; Ygr266w, Msb1, Rrt14, Hitl, and Msb3. Msb3 interacts with Bem2
(also detected in this study) and relocalizes from the bud neck to cytoplasm upon replication
stress.

4.3. Interactions between proteins that regulate the cellular response to oxidative stress
and Ssal/Hsp82 are modulated during MMS treatment

In addition to its documented effect as a DNA damaging agent, MMS treatment also
increases reactive oxygen species [2, 71]. As such, many of the clients that were altered for
binding are linked to the cellular response to oxidative stress. We see a clear dissociation of
Ssal with Hsp104, Hsp60, Sscl, Mdjl and Ssel, proteins all involved in the cellular
response to oxidative stress. When yeast cells are challenged with oxidative stress, many
mitochondrial proteins become oxidized/unfolded [72]. Protein folding inside mitochondria
is promoted through a successive action of the Hsp70 complex (Sccl with co-chaperone
Mdj1) and the Hsp60 complex [73]. In addition to Ssc1-Mdj1 protein folding, Ssc1 can form
a complex with the co-chaperone Mgel to regulate resistance to oxidative stress [74]. Mgel-
Mgel dimers decrease in response to oxidative stress, promoting Ssc1-Mgel interaction,
thereby up-regulating chaperone activity to refold damaged proteins [74]. When yeast cells
are challenged with oxidative stress, several mitochondrial proteins become oxidized
including Hsp60 [72]. In turn, Hsp60 function is directly proportional to the ability of cells
to cope with oxidative damage [72]. How modulation of chaperone-co-chaperone
interactions regulates cellular response to oxidative stress remains to be elucidated. Ssel and
Sse2 are highly homologous to canonical Hsp70s such as Ssal, but contain insertions and C-
terminal extensions that increase their molecular mass leading to their categorization as
members of the “Hsp110” family [75, 76]. Ssel acts as a nuclear exchange factor (NEF) for
Ssal, exchanging ADP for fresh ATP to drive protein folding. In this study, the Ssel-Ssal
interaction decreased significantly during DNA damage. Interestingly, we have previously
observed that the Ssel-Ssal interaction is dynamic in response to phosphorylation of Ssal
and stress to the cell [24]. It may be that MMS treatment promotes an as yet undetected
post-translational modification on Ssal that regulates global interactor binding.

Aside from chaperone-co-chaperone interactions, several other clients associated with the
response to oxidative stress displayed highly regulated interactions upon MMS treatment.
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The cystathionine-gamma-Ilyase increases in abundance at both transcript and protein level
upon exposure to MMS [2, 77]. In our study, Cys3 displayed greater enrichment in the
Hsp82 (but not Ssal) interactome after MMS treatment, potentially a response to depletion
of reduced thiols after reaction with MMS. This may be relevant in light of findings that
Ssal is a direct target of thiol-reactive molecules [78]. The mitochondrial DNA repair and
replication factor Mhrl interacted only with Ssal and dissociated upon MMS treatment.
Upon oxidative damage to the mtDNA, the base excision-repair enzyme Ntgl introduces a
DSB at the mtDNA replication origin, triggering activation of Mhr1, which initiates mtDNA
replication. As a result, oxidative stress indirectly regulates mtDNA copy number [79]. It
may be that dissociation from Hsp70 is required for Mhrl to achieve full activity.

The COQ5 gene encodes a C-methyltransferase involved in the biosynthesis of ubiquinone
or coenzyme Q [80]. Ubiquinone functions as the electron carrier in the mitochondrial
respiratory chain for energy production. Importantly, ubiquinone also participates in other
cellular processes, such as control of cellular redox status and detoxification of harmful
reactive oxygen species [81, 82]. It is interesting then that Coq5 displayed the largest
positive change in chaperone binding under MMS treatment. As with Rnr4, it may suggest
that Coqgb stability is mediated by chaperones during MMS and may be necessary for the
cell to tolerate high ROS levels.

It should be noted that although Hsp82 has been detected in association with proteins
localized to the mitochondria matrix, such as the F1Fg ATPase subunits Atpl, 2 and 3 [83-
85], little evidence exists to support Ssal being present inside the mitochondria. Ssal does
bind mitochondrial proteins, but has been ascribed to a role in mitochondrial protein import
rather than localization to mitochondria per se [86, 87]. Capturing transport intermediates
may explain the Ssal/Mhrl interaction. On the other hand, some mitochondrial proteins
appear to relocalize to the cytoplasm under MMS treatment [2], offering a way for them to
interact with cytplasmically localized Ssal and Hsp82. Nonetheless, we cannot rule out that
a subset of the Hsp70/Hsp90 interacting proteins identified here are simply artifacts of cell
lysis and/or tagged-protein purification, despite our best efforts to optimize biochemical
methods and use of rigorous statistical criteria for proteomic data analysis.

4.5. Ribonucleotide reductase subunit stability is regulated by molecular chaperones

The yeast RNR subunit Rnr4 plays an important role in DNA replication during S phase and
the response to DNA damage. RNR has been studied for several decades and a variety of
inhibitors of the enzyme are commercially available [7, 8]. Unlike all of the other interactors
detected in this study, Rnr4 substantially increased in interaction with both chaperones after
DNA damage. In turn, inhibition of either Hsp70 or Hsp90 (either through small molecules
or chaperone mutation) resulted in a substantial decrease in Rnr4 protein levels. Like
regulation of gene expression, control of protein stability provides a powerful mechanism
that can adapt protein abundance to cellular needs [88]. In our study, we detected loss of
interaction between Ssal/Hsp82 and Mot2/3. As these proteins indirectly regulate RNR gene
transcription, it is tempting to hypothesize that chaperone inhibition may regulate RNR
levels through the Ccr-Not complex. In our yeast system however, Rnr4 levels decreased
upon chaperone inhibition even when expressed from the constitutive Gal4 promoter (Figure
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6B). This suggests the effect most likely occurs through increased degradation rather than
decreased transcription. The RNR subunit Rnr2 was also identified as an Ssal and Hsp82
interactor, although its association remained unchanged upon treatment with MMS.
However, like Rnr4, we observed Rnr2 abundance also depended on chaperone activity.
This may reflect a requirement for Rnr4 in folding of Rnr2 [89]. Thus, via their dynamic
interaction with Rnr4, chaperones may be able to regulate both Rnr4 and Rnr2 and thereby
control RNR activity. It is interesting to note that Rnr2 and Rnr4 do not heterodimerize
easily, and have low intrinsic activity when produced and purified from bacteria [89].

Suggesting broad conservation of this mechanism of RNR regulation, treating breast cancer
cells with chaperone inhibitors decreased hRMM2 abundance and sensitized cells to the
clinically useful RNR inhibitor gemcitabine. Synergy between these two classes of
inhibitors has not been demonstrated previously. Given the emergence of Hsp90-targeted
agents in the clinic [16], combining ribonucleotide reductase inhibitors such as gemcitabine
with chaperone inhibitors such as 17-AAG might have value in targeting proliferative
diseases.

5. Conclusions

Many different techniques have been employed to assess protein-protein interactions [39].
Affinity-purification mass spectrometry offers a thorough way to interrogate these
interactions on a global scale [36—39]. Observing interactome dynamics during response to
perturbations such as DNA damage adds an additional level of information. Given that
chaperones have critical roles in protein function, following dynamic interactomes of
Hsp70/90 may reveal a function for clients in DNA damage response. In particular, this may
lead to DNA damage response proteins particularly prone to destabilization via chaperone
inhibition. Using yeast as a model, interactome analysis of the Hsp70 and Hsp90 proteins
during DNA damage revealed interactions with shared client proteins, such as
ribonucleotide reductase subunits Rnr4 and Rnr2, both of whose stability appears to depend
on chaperone activity. Following this logic, we found that chaperone inhibition enhanced the
effects of an RNR inhibitor on breast cancer cells in culture, suggesting a new approach to
targeting cancer cell proliferation in vivo.
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Biological significance

This study provides the dynamic interactome of the yeast Hsp70 and Hsp90 under DNA
damage which suggest key roles for the chaperones in a variety of signaling cascades.
Importantly, the cancer drug target ribonucleotide reductase was shown to be a client of
Hsp70 and Hsp90 in both yeast and breast cancer cells. As such, this study highlights the
potential of a novel cancer therapeutic strategy that exploits the synergy of chaperone and
ribonucleotide reductase inhibitors.
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Figure 1. Quantitative affinity-purification mass spectrometry strategy for analysis of dynamic

chaperone interactomes during DNA damage response

(A) Growing yeast cells expressing Hisg-tagged Ssal or Hsp82 were left untreated or
exposed to 0.02% methyl methanesulfonate (MMS) for 3 h. Chaperone interactomes were
isolated by nickel-NTA magnetic bead affinity purification. Following PAGE and in-gel
trypsin digestion and peptides were 180 or 160 labeled by trypsin-mediated exchange. Then,
the heavy and light samples were combined and analyzed by Orbitrap LC-MS/MS and
MassQuant informatic analysis, allowing identification of interacting proteins and
determination of their relative enrichment after DNA damage. Each experiment was
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performed in biological triplicate from which each pair of samples was analyzed as technical
replicates by forward and reverse 180 labeling.

(B) Venn diagram of candidate yeast Ssal and Hsp82 interactors remaining after applying
statistical filters.

(C) Comparison of candidate yeast Ssal and Hsp82 interactors detected in our study vs.
previously identified interactors in public databases.
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Figure 2. Gene Ontology (GO) term analysis of Ssal/Hsp82 interactors
Functional classification of the Ssal/Hsp82 interactome. Interactors were categorized by

cellular function using GO Slim analysis and relative enrichment compared to occurrence in
the non-essential genome was calculated. The top 15 enriched cellular processes are shown

for the Ssal and Hsp82 interactomes.
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Figure 3. The dynamic Ssal and Hsp82 interactomes during the DNA damage response
Interactors were organized into functional categories and plotted against interaction change

(Ln ratio) with either A) Ssal or B) Hsp82 following MMS treatment. The dotted lines
represent a two-fold interaction change up or down. Interactors are colored according to
change in interaction as follows: red (significant increase), green (significant decrease) or
black (no significant change).
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Figure4. A direct comparison of interaction changes seen for each client against both Ssal and

Hsp82
For each interactor observed to bind both Ssal and Hsp82 in this study, change in

association for Ssal (Ln ratio, X-axis) vs. change in association for Hsp82 (Ln ratio, Y-axis)
was plotted. The dotted lines represent an interaction change of up or down two-fold.
Interactors are colored according to significant change in chaperone association upon DNA
damage as follows: blue (increased with both chaperones), brown (decreased with both
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chaperones), yellow (decreased with Ssal), green (decreased with Hsp82), grey (increased
with Hsp82), or black (no significant change with either chaperone).
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Figure 5. Analysis of Ssal/Hsp82 interactionsin comparison to protein abundance changes
during MM S treatment

Where possible, interactors were plotted with the x-value corresponding to change in
chaperone interaction (our data) and y-axis value the total protein abundance change
(obtained from [2]). The dotted lines represent a change in either chaperone binding or
protein levels of two-fold up or down. Interactors were colored according to significant
change in chaperone association and/or protein abundance upon DNA damage as follows:
green (decreased chaperone association), red (increased protein abundance), pink (decreased
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association, increased abundance), or black (no significant changes in association or
abundance).
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Figure 6. Ribonuclectide reductaseis a client of Hsp70 and Hsp90 in yeast cells
A) Yeast expressing HA-tagged Rnr4 and either untagged chaperones, HISg-Ssal or HISg-

Hsp82 were grown to early mid-log phase. Cells were lysed, pull-down was performed with
His-Tag Dynabeads, and captured proteins were separated by SDS-PAGE, blotted and
probed with anti-hexahistidine or anti-HA antibody.

B) Yeast expressing GFP-tagged Rnr4 along with wild-type chaperones or temperature-
sensitive alleles Ssal-45 or Hsp82G170D were incubated at 25° or 37° C for 90 min. GFP-
Rnr4 levels were determined via Western blot of cell lysates with anti-GFP antibody. Equal
loading was determined using anti-tubulin immunoreactivity.

C) Yeast cells expressing HA-tagged Rnr4 were grown to early mid-log phase and treated
with DMSO, Hsp70 inhibitor VER-155008 or Hsp90 inhibitor 17-AAG for 4 h. Cells were
lysed and HA-Rnr4 levels were determined via Western blot with anti-HA epitope antibody
and anti-tubulin loading control.
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D) Yeast cells expressing Myc-tagged Rnr2 were grown to early mid-log phase and treated
with DMSO, Hsp70 inhibitor VER-155008 or Hsp90 inhibitor 17-AAG for 4 h. Cells were
lysed and Myc-Rnr2 levels were determined via Western blot with anti-Myc epitope
antibody and anti-tubulin loading control.

E) Yeast expressing wild-type chaperones or temperature-sensitive alleles Ssal-45 or
Hsp82G170D were diluted to ODgpg of 0.01 and grown for 8 h in rich media at either 25° or
34° C in the presence of hydroxyurea (HU) at the indicated concentrations. ODggg Was
determined, normalized to 0 uM HU (100%), the data for each condition fit to a nonlinear
curve (Prism software) and plotted. Data shown are mean + SEM of three replicates (***
P<0.001) compared to WT strain at 34° C, t-test)
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Figure 7. Ribonuclectide reductaseis a client of Hsp70 and Hsp90 in human breast cancer cells
A) MCF-7 human breast cancer cells were transiently transfected with no DNA (control) or

plasmids expressing SBP-tagged Hsp70 or Hsp90. After 48 h recovery in media, cells were
lysed and pull-down was performed with streptavidin-conjugated magnetic beads. Captured
proteins were separated by SDS-PAGE, transferred and probed with streptavidin-HRP or
anti-hRRM2 antibody and secondary antibody HRP conjugate.

B) MCF-7 cells grown to 50% confluence were treated either with DMSO, Hsp70 inhibitor
VER-155008, or Hsp90 inhibitor 17-AAG for 48 h. Cells were lysed and hRRM2 levels
were determined by Western blot with anti-hRRM2 antibody. Equal loading was determined
using anti-tubulin immunoreactivity.

C) MCF-7 cells were incubated without chaperone inhibitors or with subtoxic concentrations
of VER-155008 to inhibit Hsp70 or 17-AAG to inhibit Hsp90. After 24 h, gemcitabine was
added at the indicated concentrations. After another 24 h, cell death was determined by
Trypan Blue dye exclusion assay. Data shown are mean + SEM of three replicates (* P <
0.05 compared to no chaperone inhibitor, t-test).
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