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This potentially valuable manuscript focuses on the phosphorylation of residue T495 as a
mechanism to inactivate HSP70 and disrupt cell cycle progression in response to DNA
damage. The evidence supporting this model is solid, but would be significantly
strengthened by additional studies defining the extent of T495 phosphorylation induced
by DNA damage, identifying the kinase responsible for phosphorylating T495 of HSP70,
and further elucidation of the functional implications of T495 phosphorylation in human
cells. This work will be of interest to scientists focused on topics including chaperone
biology, proteostasis, cell cycle progression, and DNA damage.
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Abstract
Hsp70s are essential molecular chaperones that are increasingly recognized to be regulated by
post-translational modifications. Here, we show that phosphorylation of a conserved threonine
(T495), previously shown to be exploited by a Legionella pneumophila kinase to inhibit Hsp70,
occurs endogenously in human cells in response to DNA damage, particularly when base excision
repair is overburdened. This modification is cell cycle dependent, and in yeast, phosphomimetic or
phosphonull Hsp70 variants disrupt G1/S progression under normal and DNA-damaging
conditions. Biochemically, the phosphomimetic T495E mutation locks Hsp70 in an open-like
conformation without blocking substrate engagement. Together, our results reveal a conserved
mechanism by which dynamic Hsp70 phosphorylation regulates the G1/S transition, and delays
cell cycle progression during DNA damage, highlighting how pathogen-derived insights can
uncover fundamental cell biology principles.

Introduction
Hsp70s are highly conserved molecular chaperones with wide-ranging roles in cellular
homeostasis. At the core of their function is an ATP-driven conformational cycle: Hsp70s alternate
between an open ATP-bound state and a closed ADP-bound state, enabling them to bind and
release client proteins in a nucleotide-dependent manner1. Through this mechanism, Hsp70s
participate in diverse biological processes, including protein homeostasis1, metabolic regulation2,
the DNA damage response3, and cell cycle control4–6. Beyond their central roles in cell biology
Hsp70s have been implicated in the pathology of numerous diseases. For example, Hsp70s can
inhibit amyloid-beta aggregation in vitro and reduce its accumulation in mouse neurons,
suggesting protective roles in neurodegenerative diseases such as Alzheimer’s disease7,8. Hsp70s
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are also overexpressed in various cancers and influence tumor cell survival and proliferation 9.
Thus, understanding how Hsp70 activity is regulated has broad implications for both basic biology
and therapeutic development.

Hsp70 function is tightly controlled by co-chaperones and post-translational modifications (PTMs).
Cochaperones — namely J proteins and nucleotide exchange factors — catalyze nucleotide
hydrolysis and exchange, facilitate and specify client engagement, and determine client fate 1. In
recent years, PTMs have emerged as an important layer of regulation. A computational analysis of
the budding yeast Hsp70, Ssa1, identified two conserved ‘hotspots’ in the nucleotide binding
domain (NBD) and substrate binding domain (SBD), that are likely regions of PTM-mediated
regulation10. Experimental work has validated some of the PTMs at these site. For example, T36 in
the NBD of Ssa1 is phosphorylated both in response to nutrient stress and exposure to mating
pheromone (α-factor), impairing chaperone activity and leading to cell cycle arrest4. In
mammalian cells, the endoplasmic reticulum (ER) resident Hsp70, BiP, is AMPylated at T518,
locking it in an ‘open’ conformation and tuning its activity to the unfolded protein burden in the
ER11,12. Our lab previously showed that the Legionella pnuemophila (L.p.) kinase LegK4
phosphorylates cytosolic human Hsp70 (Hsc70; HSPA8) at T495 during infection, increasing its
association with polysomes and globally reducing protein synthesis13. Notably, Hsc70(T495) is
structurally analogous to BiP(T518), indicating that both AMPylation and phosphorylation at this
site have regulatory consequences. This finding led us to ask whether phosphorylation at T495
occurs outside of L.p. infection, and if it serves endogenous regulatory functions. Mining
phosphoproteomics datasets revealed that the homologous residue in S. cerevisiae Ssa1, T492, is
phosphorylated during DNA alkylation damage, and when mitotic exit is prevented14,15. However,
the functional consequences of this modification have not been studied. In this work, we show that
Hsp70 is phosphorylated at T495 (pHsp70) in human cells during base excision repair (BER) of
DNA damage. We find that a phosphomimetic mutant T495E allosterically impairs ATP hydrolysis
in vitro and stabilizes an open-like conformation while still permitting substrate engagement. In
yeast, the analogous mutation T492E causes a growth defect, leads to accumulation of cells in G1,
and delays cell cycle re-entry after alkylation damage. Likewise, the phosphonull mutation (T492A)
in yeast lacking a compensatory Hsp70 homolog also causes a growth defect and cell cycle
dysregulation after alkylation damage. Together, these data suggest that the dynamic
phosphorylation of Hsp70 at this conserved site acts as a regulatory switch to tune chaperone
activity in coordination with DNA repair and cell cycle progression.

Results
Phosphomimetic Hsc70 (T495E) is locked in an open-like
conformation
Previous work showed that the Legionella pneumophila kinase LegK4 phosphorylates Hsc70 at a
conserved threonine (T495) in its substrate binding domain (SBD) (Figure 1a,b     )13. Investigations
into the ATPase activity and refolding capacity of in vitro phosphorylated Hsc70 indicated that
phosphorylation at T495 reduces its chaperone activity13. However, in vitro phosphorylation by
LegK4 only yields phosphorylation of ∼53% of the Hsc70, complicating bulk biochemical
analyses13. To overcome this limitation, we generated a phosphomimetic mutant Hsc70 (T495E). To
determine whether this mutant mimics phosphorylated Hsc70, we assessed the ATPase activity of
the purified protein using a malachite green assay. As Hsc70 has a low intrinsic rate of ATPase
activity, we titrated in the co-chaperone DnaJA2 to stimulate hydrolysis13,16. T495E exhibited
significantly reduced J-protein stimulated ATPase activity compared to wild-type Hsc70 (WT)
(Figure 1c     ), consistent with prior observations of the LegK4-phosphorylated protein13. To
investigate if the reduced ATPase activity is due to impaired nucleotide binding, we performed a
fluorescence polarization (FP) assay using fluorescently-labeled ATP-FAM. ATP binding was not
diminished in T495E (Figure 1d     ), suggesting that T495E allosterically inhibits J protein
stimulated ATPase activity without preventing nucleotide binding.
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Figure 1. The phosphomimetic Hsc70 T495E mutant adopts an open-like conformation
a) Crystal structure of bovine Hsc70(residues 1-554; PDB: 1YUW). The nucleotide-binding domain (NBD, residues 1-383) is
shown in cyan, the interdomain linker (residues 384-394) in green, and the substrate binding domain (SBD, residues 395-506)
in magenta. T495 is highlighted in white and marked with an asterisk. b) Multiple sequence alignment of cytosolic Hsp70
orthologs. Human (P11142), mouse (P63017), cow (P19120), chicken (O73885), zebrafish (Q90473, fruit fly (P11147), worm
(P09446), budding yeast (P10591), fission yeast (Q10265), and Arabidopsis (P22953) Hsc70 UniProt sequences were aligned
with MAFFT (v7). Coloring follows CLUSTAL conventions; T495 is marked with an asterisk (*). c) J-protein-stimulated ATPase
activity of wild-type (WT) and phosphomimetic Hsc70 (T495E) measured by malachite green assay. Data points represent
mean + SD of technical triplicates. d) Fluorescence polarization of ATP-FAM binding to WT and T495E Hsc70. Values were
normalized to the minimum and maximum polarization; data points represent mean + SD of technical triplicates. e) Partial
proteolysis of WT and T495E Hsc70 by trypsin in the presence of ATP or ADP. Digestion products were resolved by SDS-PAGE
and visualized with a Coomassie stain, and band intensities were quantified (bar graph, right). Statistical significance was
determined by two-way ANOVA with Šidák’s multiple comparisons test (adjusted p = 0.0002, n = 4 technical replicates). f) Tau
binding to immobilized WT and T495E Hsc70 measured by ELISA. Data points represent mean + SD of technical triplicates.
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Hsp70 chaperone activity is driven by cycling through nucleotide-dependent conformations1. In
the ATP-bound state, Hsp70s adopt an ‘open’ conformation, and ATP hydrolysis to ADP induces
large-scale structural rearrangements to a ‘closed’ state1. As T495E poorly hydrolyzes ATP, we
reasoned that this mutation may lock the protein into either the open or closed conformation.
Indeed, AMPylation of BiP at the analogous residue is known to lock the protein in an open state17.
To assess the conformation of T495E Hsc70, we performed partial proteolysis using trypsin, which
produces distinct cleavage patterns depending on the protein’s conformation18,19. As expected, WT
Hsc70 displayed nucleotide-dependent banding: protection of band 2 and loss of band 3 in the
presence of ADP compared to ATP. In contrast, T495E exhibited an ATP-like banding pattern
regardless of nucleotide, consistent with a locked open conformation (Figure 1e     ). While this
agrees with the studies on BiP AMPylation, our previous work showed that phosphorylation
coincides with increased occupancy of Hsc70 on polysomes, suggesting continued substrate
engagement13. We therefore asked whether T495E can still bind client proteins. An ELISA with tau,
a known Hsc70 substrate20, showed that T495E retains the ability to bind tau despite the
conformational lock (Figure 1f     ). These results suggest that T495E locks Hsc70 in a pseudo-open
conformation: structurally similar to the ATP-bound open state in terms of protease sensitivity and
domain exposure, yet still capable of substrate engagement typically associated with the closed
state.

Base excision repair leads to Hsp70(T495) phosphorylation
Pathogens often mimic host proteins and hijack cellular pathways to create a favorable niche for
replication. Thus, these pathogen-driven modifications frequently reveal biologically significant
regulatory nodes within host systems21. Given this tendency of pathogens and the high degree of
conservation of T495 (Figure 1b     ), we reasoned that L.p. phosphorylation of Hsp70 may be
targeting an important regulatory module. Motivated by this concept, we examined published
phospho-proteomics datasets to determine if this phosphorylation had been previously observed
in eukaryotes. A phospho-proteomics study in S. cerevisiae identified phosphorylation at the
analogous residue, Ssa1(T492), after treatment with the alkylating agent methyl methanesulfonate
(MMS)14. Inspired by this finding, we analyzed human cells treated with MMS and observed that
this phosphorylation is conserved(Figure 2a     ). As expected, this band is sensitive to phosphatase
activity (Figure S1a).

This finding suggested that phosphorylation of Hsp70 might be involved in the response to DNA
damage. MMS is primarily used as a DNA alkylating agent, though its chemical activity is not
limited to DNA targets22. Thus, we sought to determine whether the response to MMS-induced
DNA alkylation leads to Hsp70 phosphorylation. Aberrant DNA alkylation is predominantly
repaired through the base excision repair (BER) pathway23. In BER, DNA glycosylases recognize
and excise damaged bases, producing an abasic site (AP site). MMS-induced lesions are processed
by N-methylpurine DNA glycosylase (MPG)23,24 (Figure 2b     ). The backbone at the AP site is then
cleaved by the endonuclease APE1, and the resultant single stranded break is repaired by a variety
of proteins, including the DNA polymerase Polβ23 (Figure 2b     ). Interestingly, the predominant
DNA adduct generated by MMS, 7-methylguanine, is not intrinsically cytotoxic, but spontaneously
depurinates to a toxic and mutagenic intermediate and so requires rapid repair25,26. The repair
intermediates generated by the BER pathway, however, are cytotoxic25,27. Because Polβ activity is
rate limiting, overexpression of the glycosylase that initiates BER can lead to an accumulation of
these cytotoxic intermediates23,28. To determine whether increased BER activity affects Hsp70
phosphorylation, we treated cells overexpressing MPG with MMS. MPG overexpression modestly
increased MMS-induced pHsp70 levels (Figure 2c     ). Conversely, inhibition of the subsequent BER
step strongly reduced the levels of MMS-induced pHsp70. Pharmacological inhibition of APE1 led
to a dose dependent decrease in Hsp70 phosphorylation (Figure 2d     ). Similarly, treatment with
methoxyamine (Mx), which covalently binds AP sites and impairs APE1 cleavage and Polβ
activity29, caused a striking reduction in pHsp70 levels (Figure 2b,e     ). Surprisingly,
overexpression of APE1 did not enhance pHsp70 (Figure S1b), suggesting that APE1 activity is
necessary but not rate-limiting in this context. Additionally, overexpression of Polβ did not reduce
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Figure 2. Base excision repair drives phosphorylation of Hsp70 in human cells
a) Hsp70 phosphorylation by MMS treatment or LegK4 overexpression. HEK293T cells were transiently transfected overnight
with LegK4Δ1-58:GFP or treated with 10 mM MMS for 5 h. Phosphorylation at T495 was detected using a phospho-specific
antibody to pHsp70 T495; GAPDH was used as a loading control. Data are representative of n > 3 independent experiments.
b) Schematic of the base excision repair (BER) pathway, highlighting steps relevant to MMS-induced DNA damage. c) MPG
overexpression increases pHsp70 levels. HEK293T cells were transiently transfected with MPG overnight, treated with MMS,
and analyzed by immunoblotting for pHsp70, the loading controls GAPDH and Hsp70, and the DNA damage marker γH2AX.
Data are representative of n = 3 independent experiments. d) Inhibition of APE1 reduces MMS-induced pHsc70. Cells were
pretreated for 1h with 5µM, 10 µM, or 50 µM APE1 inhibitor (APE1 compound III) before MMS treatment. Hsp70 and pHsp70
were detected by immunoblotting. Data are representative of n = 3 independent experiments. e) Masking of AP sites
prevents pHsp70 accumulation. Cells were pretreated with 60 mM methoxyamine (Mx) for 30 min, followed by cotreatment
with 30 mM Mx and 10 mM MMS for 5 h. pHsp70, the loading controls GAPDH and Hsp70, and the DNA damage marker
γH2AX were detected by immunoblotting. Data are representative of n = 3 independent experiments. f) DNA damage
specificity panel for pHsp70 induction. Cells were treated with bleomycin (10 µM, 5 h or 24 h), camptothecin (10 µM, 5 h),
hydroxyurea (2 mM, 24 h), MMS (3 mM or 10 mM, 5 h), sodium arsenite (0.5 mM, 5 h), or DMSO vehicle (5 h). Immunoblotting
was performed for pHsp70, DDR kinase activation markers (pDNA-PKcs S2056, pChk2 T68, pChk2 S16, pATM S1981), DNA
damage marker γH2AX, and loading controls (Hsp70 and Hsp90). Data are representative of n = 3 independent experiments.
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pHsp70 upon MMS treatment (Figure S1c). These data confirm that the DNA alkylation by MMS is
responsible for Hsp70 phosphorylation in human cells, and the results specifically indicate that
BER intermediates may trigger this response.

To test the specificity of Hsp70 phosphorylation in response to DNA damage, we treated cells with
a panel of genotoxic compounds that activate distinct branches of the DNA damage response
(DDR), including bleomycin (induces double stranded breaks), camptothecin (a topoisomerase I
inhibitor), hydroxyurea (depletes the dNTP pool), MMS, and arsenite (generates reactive oxygen
species). While activation of DDR kinases (pDNA-PKcs(S2056), pATM(S1981) pChk2(T68),
pChk2(S516)), and an increase of the DDR marker γH2AX confirm DNA damage and response
induction in the drug treatment conditions, pHsp70 was only observed following high-dose MMS
treatment, and exposure to sodium arsenite (Figure 2f     ). Arsenite causes oxidative DNA damage
that can be repaired through BER23,30. Surprisingly, arsenite has also been shown to both inhibit
the activity of enzymes necessary for this pathway, including OGG (the oxidative glycosylase)31,
and decrease the levels of others (e.g. APE1 and Polβ) 32. Despite this, we found that both
treatment with Mx and inhibition of APE1 were still sufficient to prevent Hsp70 phosphorylation
upon arsenite treatment (Figure S1d,e). These findings suggest that Hsp70(T495) phosphorylation
is selectively triggered by repair intermediates generated during BER.

Phosphorylation of Hsp70 requires the DDR kinases ATM, DNA-
PKcs, Chk2, and CK1
Ape1 activity generates cytotoxic adducts. Its endonuclease activity at abasic sites directly
generates single stranded DNA breaks (SSBs)33. These SSBs can in turn convert to DSBs through
two primary mechanisms: collision of a replication fork with the SSB33–35; or generation of SSBs in
proximity on opposing strands of DNA36. In these cases, damaged DNA is sensed and a response
subsequently mounted through DDR pathways. At the highest level, the varied branches of the
DDR are controlled by three master kinases: ataxia-telangiectasia mutated (ATM), ataxia-
telangiectasia and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK). ATR
orchestrates the response to SSBs, while ATM and DNA-PK direct DSB repair through homologous
recombination (HR) and non-homologous end joining (NHEJ), respectively37,38. While this broadly
describes the organization of the DDR, the apparent simplicity belies the fact that these master
regulators induce varied and nuanced responses depending on the exact type and severity of DNA
damage present39–42.

To determine if DDR signaling contributes to MMS-induced Hsp70 phosphorylation, we performed
siRNA-mediated knockdowns of these three master kinases. Among these, only knockdown of
DNA-PKcs prevented Hsp70 phosphorylation (Figure 3a     , Supp Figure 2a,b). Interestingly, while
ATM knockdown had no effect, pharmacological inhibition of ATM decreased Hsp70
phosphorylation (Figure 3b     ). To rule out off-target effects, we tested two independent ATM
inhibitors and observed a similar reduction in pHsp70 with both (Figure 3b     ). This discrepancy is
consistent with prior reports showing that genetic and pharmacological inhibition of ATM can
yield diverging results43,44. Pharmacological inhibition of DNA-PKcs confirmed the DNA-PKcs
knockdown experiment (Figure 3c     ). Both DNA-PKcs and ATM phosphorylate the transducer
kinase Chk2, activating it and promoting propagation of the DDR45. Inhibition of Chk2 also
prevented Hsp70 phosphorylation (Figure 3c     ). Given that casein kinase 1 (CK1) has been
previously reported to act in concert with Chk2 in the DDR46, we tested its involvement and found
that CK1 inhibition also suppressed Hsp70 phosphorylation (Figure 3d     , Figure S2c). Inhibition of
these kinases also prevented Hsp70 phosphorylation upon arsenite treatment (Figure S2d).

While these kinases appear to be necessary for Hsp70 phosphorylation, our data are more
consistent with their involvement in upstream signaling rather than directly acting on Hsp70. We
would further highlight that the delay in Hsp70 phosphorylation contrasts with canonical DDR
signaling, which is initiated within minutes of damage induction,47,48 pHsp70 only emerges after
prolonged MMS exposure (Fig 3d     ). Indeed, we observed robust activation of DNA-PKcs, ATM and
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Figure 3. DDR kinase activity is upstream of Hsp70 phosphorylation
a) DNA-PKcs knockdown reduces pHsp70 levels. Cells were transiently transfected with three independent siRNAs targeting
DNA-PKcs or a scramble control for 72 h, followed by treatment with 10 mM MMS for 5 h. pHsp70 and GAPDH (loading
control) were detected by immunoblotting. Data are representative of n = 3 independent experiments. b) Pharmacological
inhibition of ATM decreases pHsp70 induction. Cells were pretreated for 1 h with ATM inhibitors (10 µM KU-60019 or 200nM
AZD1390), then treated with 10 mM MMS for 5 h. ATM and DNA-PKcs autoactivation were monitored by immunoblotting
pATM (S1981) and pDNA-PKcs (S2056), respectively. Tubulin and total Hsp70 served as loading controls. Data are
representative of n = 3 independent experiments. c) Pharmacological inhibition of ATM, DNA-PKcs, Chk2, and CK1 decrease
Hsp70 phosphorylation during MMS treatment. Cells were pretreated for 1h with inhibitors for ATM (200 nM AZD1390), DNA-
PKcs (2 µM AZD7648), Chk2 (5 µM CCT241533), CK1(50 µM PF-670462) or with vehicle control (DMSO), then treated with 10mM
MMS for 5h. Immunoblotting was performed against pHsp70 and the loading control Hsp70. Data are representative of n = 3
independent experiments. d) Timecourse of MMS-induced DDR activation and pHsp70 phosphorylation. Cells were treated
with 10 mM MMS and harvested hourly. ATM and DNA-PKcs activation were detected by pATM (S1981) and pDNA-PKcs
(S2056), respectively. Chk2 activation was monitored by pChk2 (T68) and pChk2 (S516). DNA damage was assessed via γH2AX.
Hsp70 and Hsp90 were used as loading controls. Data are representative of n = 3 independent experiments
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Chk2 well before Hsp70 phosphorylation (Figure 3d     ). These observations raise the possibility
that either prolonged MMS exposure or a secondary cellular response is required to trigger Hsp70
phosphorylation.

Hsp70 phosphorylation occurs after M phase onset
To better understand the timing of Hsp70 phosphorylation, we treated cells with MMS for varying
durations (1 to 5 hours), followed by recovery in fresh media up to a total of 5 hours. In previous
experiments, we observed robust Hsp70 phosphorylation only after 5 hours of continuous MMS
treatment, with minimal signal at earlier timepoints (see Fig. 3d     ). However, in our pulse-chase
assay, 2 hour MMS treatment, when followed by a 3 hour MMS-free chase, resulted in pHsp70
accumulation (Fig. 4a     ). This result indicates that prolonged MMS exposure alone does not fully
explain the lag time between damage initiation and the appearance of pHsp70, suggesting that
secondary cellular events or signaling contribute to Hsp70 phosphorylation.

Damage from MMS is thought to occur when replication forks collide with DNA repair
intermediates in S phase34,35. This hypothesis, in combination with our observations that pHsp70
accumulation lags behind initial DDR activation, suggested that cell cycle stage might be a key
determinant in Hsp70 phosphorylation. In asynchronous populations, Hsp70 phosphorylation
might only appear when enough cells reach a permissive phase of the cell cycle. If this were true,
synchronizing cells at the beginning of S phase should potentiate MMS-induced Hsp70
phosphorylation. To test this idea, we synchronized cells at the beginning of S phase using a
double thymidine block, then released them into MMS-containing or untreated media.
Unexpectedly, synchronization at G1/S does not increase Hsp70 phosphorylation (Figure 4b     ).
Even more surprising, MMS-treated cells entered mitosis at an increased rate compared to
controls, as evidenced by the accumulation of the mitotic marker phospho-Histone H3 (S10) (pH3),
reduced levels of S phase markers such as the replication licensing factor CDT1 and thymidine
kinase, and pCdk1 (Y15), the inhibited cyclin dependent kinase that must be de-phosphorylated for
M phase entry (Figure 4b     ). These data suggest that MMS drives cells into mitosis, and that Hsp70
phosphorylation occurs after this transition. Indeed, blocking mitotic entry by treatment with a
CDK1 inhibitor (Ro3306) prevented both MMS and arsenite induced Hsp70 phosphorylation
(Figure 4c     , Figure S3a). Releasing the CDK1 block upon MMS or arsenite treatment restored
Hsp70 phosphorylation (Figure 4c     , Figure S3a), suggesting this response does not require
passage through S phase. While passage through mitosis upon DNA damage is necessary for Hsp70
phosphorylation, the presence of pHsp70 in a distinct nuclear fraction indicates that it persists
after nuclear envelope reformation (Figure 4d     ). Indeed, a 2 hour pulse chase of MMS revealed
that pHsp70 accumulates even after pH3 disappears, indicating that phosphorylation is
maintained after mitotic exit (Figure 4e     ). Notably, we do not see an increase of S phase markers
such as thymidine kinase, nor changes in cyclin A or cyclin B levels, suggesting that the cell cycle
progression may be dysregulated following MMS treatment.

Phosphoregulation of Ssa1 at T492 is important for G1/S transition
in yeast
To investigate the functional significance of Hsp70 phosphorylation at T495, we turned to S.
cerevisiae due to its genetic tractability. S. cerevisiae has four cytosolic Hsp70s, Ssa1-4. Of these,
Ssa1 and Ssa2 are constitutively expressed, whereas Ssa3 and Ssa4 are stress-inducible49.
Phosphoproteomics studies revealed that Ssa1 can be phosphorylated at threonine 492, which
corresponds to human Hsp70 T49514,15. To probe the role of this modification, we created
phosphomimetic (T492E, TE) and phosphonull (T492A, TA) point mutations at the endogenous
SSA1 locus. Given the known redundancy between Ssa1 and Ssa250, we disrupted SSA2 by
inserting an antimicrobial resistance gene into its coding sequence to better assess the functional
consequences of Ssa1 phospho-variants. To confirm the conservation of Hsp70 phosphorylation in
yeast, we treated our mutants with MMS as previously described14 and performed a Western blot.
Notably, we see faint pHsp70 signal in WT yeast in the absence of MMS treatment (Figure 5a     ).
This corresponds with prior work indicating low levels of phospho-Ssa1 (T492) in asynchronously
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Figure 4. Hsp70 phosphorylation is linked to the cell cycle
a) Variable pulse-chase MMS treatment suggests a complex signaling pathway. Cells were treated with 10 mM MMS for 1-5 h,
washed, then incubated in MMS-free media for the remainder of the 5 h period. ATM and DNA-PKcs activation were detected
by pATM (S1981) and pDNA-PKcs (S2056); Chk2 activation by pChk2 (T68) and pChk2 (S516); DNA damage by γH2AX. Cell cycle
progression was monitored with S phase markers thymidine kinase (ThyK) and CDT1; mitotic entry marker pCdk1(Y15)
(dephosphorylation permits M-phase entry), M phase marker phospho-histone H3 (S10) (pH3); and cyclins B and E. GAPDH
and Hsp90 are loading controls. Data are representative of n = 3 independent experiments. b) Early S-phase synchronization
fails to increase pHsp70 accumulation. Cells were synchronized with 2.5 mM thymidine (18 h → 9 h release → 17 h
retreatment), and released into fresh media ±10 mM MMS for the indicated times. Asynchronous cells were also MMS
treated. Immunoblots were performed for pHsp70, cell cycle markers (pCdk1 Y15, pH3, CDT1, ThyK), and loading controls α-
tubulin and Hsp90. Data are representative of n = 2 independent experiments. c) G2/M stalling by CDK1 inhibition reduces
pHsp70 levels. Cells were pretreated with 10 µM CDK1 inhibitor Ro3306 or DMSO for 17.5 h, washed, then treated again with
Ro3306 or DMSO ±10 mM MMS for 5 h. Immunoblotting was performed for pHsp70, cell cycle markers(pCdk1 Y15, pH3, CDT1,
cyclin A), DDR markers (pDNA-PKcs S2056, pChk2 T68, γH2AX), and loading controls Hsp70 and Hsp90. Data are
representative of n = 3 independent experiments. d) Subcellular fractionation of pHsp70 during MMS treatment shows
nuclear localization. Cells were treated with 10 mM MMS from 1-5 h or left untreated. Cytoplasmic and nuclear extracts were
prepared using the NE-PER kit. Immunoblotting was performed for pHsp70 and total Hsp70 levels; α-tubulin and lamin B1
served as cytoplasmic and nuclear markers, respectively. Data are representative of n = 3 independent experiments. e) A 2 h
MMS pulse chase reveals pHsp70 accumulation post-mitosis. Cells were treated with 10 mM MMS for 2 h, washed, and then
incubated in fresh media. Samples were harvested hourly, alongside an untreated control. Immunoblotting was performed
for pHsp70, DDR markers (pDNA-PKcs S2056, pChk2 T68, pATM S1981, pChk2 S516, γH2AX), cell cycle markers (cyclin A, pCdk1
Y15, pH3, cyclin B, ThyK), and loading controls Hsp70 and Hsp90. Data are representative of n = 3 independent experiments.
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growing cells.15 This signal is diminished in the phosphomutant strains, and in all ssa2Δ strains,
both supporting the conclusion that our antibody binds pHsp70(T492) in yeast, and indicating that
there is likely redundant phospho-regulation of Ssa2 as well. Additionally, we find that MMS
treatment leads to a strong increase in Hsp70 phosphorylation in WT, and phosphorylation to a
lesser extent in WT;ssa2Δ (Figure 5a     ). Strikingly, even in the SSA2 background, we observed a
growth defect in TE yeast (Figure 5b,c     ). This is not likely explained by hypomorphism, as neither
the TA mutant nor the WT;ssa2Δ strains show such a defect. Rather, phosphomimetic Ssa1 seems
to act in a dominant-like manner. In the ssa2Δ background, strains expressing either
phosphomimetic or phosphonull Ssa1 grew more slowly than the wild-type (Figure 5      b,c).

Phosphorylation of Ssa1 at T492 was previously reported to occur in a cell cycle dependent
manner, specifically when yeast are prevented from exiting mitosis through the expression of a
non-degradable cyclin B15. This information, in conjunction with the cell cycle dependence of
pHsp70 in human cells and the growth defects we observed in our yeast phosphomutants, led us to
examine the impact of these mutations on cell cycle progression. With SSA2 present, the Ssa1 WT
and phosphonull (TA) strains showed similar cell cycle distributions. In contrast, the
phosphomimetic mutant (TE) showed an increase in cells with 1N DNA content, consistent with a
G1 stall (Figure 5d     ). In the ssa2Δ background for both Ssa1 WT and TA, we see a slight increase
in the G1 population compared to G2, and the difference is even more pronounced in T492E yeast
(Figure 5d     ). T492A yeast showed increased cell size in G1 in the ssa2Δ background, a phenotype
previously linked to G1/S stalling, perhaps due to decreased Cln3 stability or disrupted Cln3-Ssa1
interactions4,51 (Figure S3a). Intriguingly, both ssa2Δ point mutants exhibited a large cell size in
G2/M (Figure S3a) — a finding that warrants additional investigation. Together, these data suggest
that dynamic phospho-regulation of Ssa1 at T492 is critical for proper cell cycle progression.

We were curious if this modification served a similar cell cycle regulatory function during MMS
treatment. To assess the overall viability of the point mutants in response to alkylation damage we
performed a spot test in the presence and absence of MMS. In the ssa2Δ background, both
phosphonull and phosphomimetic Ssa1 led to impaired growth on MMS-containing media, though
growth in the in the SSA2 background was only mildly impacted (Figure 5e     ). To examine how
these mutations influence cell cycle progression in response to MMS, we treated the strains with
0.05% MMS for three hours as previously shown to cause Ssa1 phosphorylation at T49214, and
released them into fresh YPAD for the indicated times (Figure 5f     ). Ssa1 WT strains with and
without SSA2 behave similarly: immediately after the MMS treatment the cells display a bimodal
distribution around G1 and early S. Upon MMS release, the G1 peak gradually disappeared,
accompanied by synchronized progression through S phase, with DNA content slowly increasing
over time. In the SSA2 background, the T492A was nearly indistinguishable from the WT strains.
However, in the ssa2Δ background, T492A no longer exhibited the bimodal distribution of cells
near 1N immediately after MMS treatment. Rather, there was a single peak. Upon release, the cells
failed to undergo coordinated S phase progression. Instead, DNA content increased in an
asynchronous manner, suggesting impaired checkpoint regulation. The T492E mutants also
showed distinct phenotypes. In the SSA2 background, T492E cells lacked the bimodal distribution
around 1N immediately after MMS treatment, and instead exhibited a more pronounced G1 arrest.
Upon release, these cells progressed through S phase more slowly than WT, with a prominent left
shoulder, indicating delayed DNA replication in a subset of cells. In the ssa2Δ background, the
phenotype was even more prominent. A strong 1N peak persisted after MMS release, with minimal
evidence of bulk S phase progression. Instead, we observed a gradual increase in DNA content
across the population, reminiscent of the T492A mutant in ssa2Δ, but with a key difference: while
T492A;ssa2Δ cells showed more rapid entry to and passage through S phase, T492E;ssa2Δ cells
retained a distinct 1N peak and slower S phase progression. These data indicate that both
phosphonull and phosphomimetic mutations disrupt the coordination of cell cycle re-entry
following genotoxic stress. Loss of phosphorylation appears to weaken G1 arrest and promote
uncontrolled S-phase entry, while constitutive phosphorylation reinforces arrest but impairs
orderly progression through S-phase. Eliminating the functional redundancy of Ssa2 in the
T492A;ssa2Δ and T492E;ssa2Δ strains reveals the importance of dynamic Ssa1 phospho-regulation
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Figure 5. Ssa1 T492 phosphorylation mutations cause cell cycle defects in S. cerevisiae

a) Phosphorylation of Hsp70 is conserved in yeast. Strains were grown to mid-log and treated with 0.05% MMS in YPAD or
fresh YPAD for 3 h. Immunoblots were performed for pHsp70 and total protein (StainFree, BioRad) was used as a loading
control. Data are representative of n = 2 experiments. b) Growth curves of S. cerevisiae Ssa1 mutants show delayed growth.
Indicated strains were grown to mid-log phase, diluted to the same starting concentration, and monitored overnight at 30 °C
in a plate reader. Data represent the average of technical triplicates. Data are representative of n = 3 independent
experiments. c) Half-times (t₁/₂) of both Ssa1 mutants in the ssa2Δ background, and of the phosphomimetic mutant in the
SSA2 background, are significantly increased. Sigmoidal fits were applied to growth curves to determine t1/2 values. The data
represent three technical replicates with two biological replicates per strain. Bars represent mean + SD of six replicates (n = 6;
2 biological replicates x 3 technical replicates) Statistical significance was determined by ordinary one-way ANOVA followed by
Dunnett’s multiple comparison test (** p = 0.0015; **** p < 0.0001). d) Cell cycle distribution analysis reveals G1 stalling of
Ssa1 phosphomutants. Yeast were grown to mid-log phase, adjusted to the same concentration, and immediately fixed. Cells
were stained with Sytox Green and analyzed by flow cytometry to determine DNA content. Histograms display DNA content
(X-axis) with 1N corresponding to G1 phase, 2N to G2/M, and intermediate values to S phase. Left: WT SSA2 background;
right: ssa2Δ background. Data are representative of n = 4 technical replicates with 2 biological replicates per strain. e) Ssa1
phosphomutants display increased MMS sensitivity in a spot test assay. Yeast were grown to mid-log phase, adjusted to 2e7
cells/mL, serially diluted 1:10, and spotted (5µL) onto YPAD plates with or without 0.0095% MMS. Plates were incubated at 30
°C and imaged after 3 days. Data are representative of n = 3 independent experiments. f) Ssa1 phosphomutants exhibit
perturbed G1/S stalling during MMS recovery. Yeast were grown to mid-log phase, treated with 0.05% MMS for 3 h, washed,
and resuspended in fresh media for recovery. Samples were collected at the indicated times points and analyzed by staining
and flow cytometry as described as in (d). Data are representative of n = 2 technical replicates with 2 biological replicates per
strain.
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in mounting an effective DNA damage response and ensuring proper cell cycle transitions, as both
phosphonull and phosphomimetic Ssa1 variants result in cell cycle dysregulation and altered
growth in the absence of Ssa2.

Discussion
Our work demonstrates that Hsp70s are phosphorylated at T495 as part of a conserved response to
DNA damage, and that dynamic phosphoregulation of this residue exerts control over the cell
cycle. While prior phosphoproteomics studies in yeast detected phosphorylation of the analogous
residue in Ssa1 (T492) following MMS exposure14 or mitotic exit block15, our findings establish
that this modification is a regulated, damage-responsive event that is conserved in human cells.
We show that phosphorylation is induced by two chemically distinct DNA-damaging agents, MMS
and sodium arsenite, both of which generate BER substrates. Critically, inhibition of the BER
endonuclease APE1 or chemical blockade of abasic site recognition and repair abolishes pHsp70
formation. Of note, high doses and long treatment times are required to elicit Hsp70
phosphorylation with both compounds, which raises questions as to the precise driver of this
response. One caveat to this lies in our bulk detection method: the use of whole-cell lysate for
Western blotting seems to dilute pHsp70 signal at earlier time-points, such that longer MMS
treatment is required for sufficient pHsp70 to accumulate. This is illustrated by the fact that
pHsp70 appears earlier in nuclear fractions that in whole-cell lysate (Figures 4d     , 3d). While it is
important to keep this limitation in mind, the dose and timing of insult still merits consideration.
BER is a streamlined pathway: it is thought to follow a ‘baton-passing’ model, with each enzyme
passing off intermediates to the next in the cascade52. However, BER intermediates are cytotoxic.
APE1-mediated cleavage of the DNA backbone produces single-strand breaks that, if encountered
by replication forks, can be converted into double-stranded breaks (DSBs)34,35. The requirement
for APE1 activity, along with the involvement of the DSB repair kinases ATM and DNA-PKcs,
support a model in which BER-induced DSBs lead to Hsp70 phosphorylation. While it is true that
pharmacological inhibition and siRNA-mediated knockdowns can have off target and pleiotropic
effects53,54, our use of orthogonal approaches to perturb the aforementioned pathways in
conjunction with knowledge that both MMS and sodium arsenite generate lesions repaired by BER
leads us to believe that the parsimonious explanation is that phosphorylation of Hsp70 is
downstream of a DNA damage response23,24,30.

While it is clear that Hsp70 is phosphorylated in response to DNA damage, the lag time between
insult and pHsp70 suggests a complex signaling pathway. Phosphorylation does not arise simply
during damage exposure; instead, it requires both prolonged insult and progression through
mitosis. Despite the longstanding view that MMS-induced damage primarily arises during S phase,
we find that synchronizing cells at G1/S does not enhance Hsp70 phosphorylation. This paradox
may be resolved by emerging evidence that BER-induced DSBs can occur in non-replicating cells36.
Considering that the DDR is considerably rewired during mitosis, and though BER occurs, repair of
lesions such as DSBs is forestalled until mitotic exit41,55,56, it is possible that pHsp70 arises in
response to high lesion burden in M phase to prevent cell cycle entry into the vulnerable S phase.

Our genetic studies in yeast directly link phosphoregulation of Ssa1 at T492 to cell cycle
progression. Both phosphonull (T492A) and phosphomimetic (T492E) mutants cause growth
defects in the absence of the compensatory isoform Ssa2, underscoring the importance of
dynamic, reversible phosphorylation at this site. Alternatively, it is possible that the phosphonull
mutation is not neutral and thus exhibits additional affects. Future work should examine the
biochemical consequences of this mutation to clarify our findings. Cell cycle profiling reveals that
T492E yeast in both SSA2 and ssa2Δ backgrounds accumulate in G1 and fail to efficiently enter S
phase following MMS exposure, while T492A strains show delayed recovery in the absence of Ssa2.
Further, in the absence of MMS insult, the Ssa1 T492E mutant strain exhibits altered growth and
cell cycle progression even in the SSA2 background, suggesting a dominant-like effect of the
phosphomimetic variant. The dominant-like phenotype of T492E is consistent with biochemical
data suggesting persistent, aberrant substrate engagement, akin to the effects of mutations that
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trap Hsp70 in a closed conformation57. Together, these results support a model in which pHsp70
serves as a reversible molecular brake, preventing premature S-phase entry under conditions of
BER stress.

Interestingly, this mechanism parallels, but is distinct from the previously described phospho-Ssa1
(T36) mediated regulation of the cell cycle. Phosphorylation at T36/38 also enforces G1/S arrest in
yeast. However, the residue is in the NBD, and phosphorylation decreases nucleotide binding.
Furthermore, the activity is ER-localized, where it slows the accumulation of Cdk1-Cln3 by
sequestering and promoting the degradation of Cln34. In contrast, pT492/495 occurs in the SBD,
modulates ATP hydrolysis without preventing nucleotide binding, and occurs in the nucleus. Given
the established role of phosphorylation in directing Hsp70-client fate58,59,67, it is plausible that
pT492/T495 controls the stability or activity of nuclear substrates critical for G1/S transition. Our
data support a model wherein Hsp70 engagement with both a client and some accessory
machinery (e.g. a cochaperone) are controlled by phosphorylation to regulate S phase entry. For
instance, if a specific Hsp70 client must be degraded to exit G1, phosphorylation may promote
engagement with said client and proper degradation machinery, and dephosphorylation could
allow client release. In this case, the phosphomimetic Hsp70 would be unable to disengage, and
therefore cause the G1/S stall we report. Conversely, the phosphonull Hsp70 would be unable to
establish proper interactions with the client and/or accessory machinery, thereby preventing
efficient degradation and leading to the observed dysregulation of S phase re-entry. While this
model explains our experimental observations, other possibilities remain, and future work is
required to further establish mechanistic details.

Collectively, our findings reveal a conserved phospho-switch on Hsp70 that links DNA damage
sensing during BER to cell cycle control, adding an unanticipated regulatory layer to the
integration of repair and checkpoint pathways. Strikingly, this pathway came to light because it is
targeted by a pathogenic effector kinase, once again illustrating how pathogens can hijack, and
thereby illuminate, fundamental aspects of cell biology. Such examples underscore the enduring
value of pathogens as powerful tools to uncover deeply conserved regulatory mechanisms. This
work opens the door to identifying the upstream kinase(s) and downstream client(s) that mediate
this effect, and to determining whether T495 phosphorylation serves as a general mechanism for
coordinating repair with proliferation in diverse physiological contexts. By coupling BER to a
reversible molecular brake on S phase entry, phosphorylation of Hsp70 at T495 emerges as a
conserved checkpoint signal that safeguards genome integrity under conditions of repair-induced
stress.

During the revision of this manuscript, Omkar et al. reported heat shock–induced phosphorylation
of this residue in S. cerevisiae via the Cell Wall Integrity (CWI) pathway,66 consistent with the
regulatory potential we describe here.

Cell Biology

https://doi.org/10.7554/eLife.110044.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology


Moss et al., 2026 eLife 15:RP110044.  https://doi.org/10.7554/eLife.110044.2 14 of 35

Methods
Key resources
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Cell Culture
HEK293T and HeLa lines were obtained from ATCC. All cell lines were regularly tested for
mycoplasma contamination. Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, VWR) in a humidified incubator
at 37°C, 5% CO2. Cells were treated with 10 mM methyl methanesulfonate (MMS) (Fisher
AC156890050) for 5 h unless otherwise indicated. Cells were treated with methoxyamine
hydrochloride (Sigma Aldrich 226904), APE1 compound III (EMD Millipore 262017), bleomycin
(sulfate) (Thomas Scientific C830H18), camptothecin (Selleck S1288), hydroxyurea (Sigma-Aldrich
H8627), sodium arsenite (Fisher Scientific S88733), KU-60019 (MedChem Express HY-12061),
AZD1390 (MedChem Express 2089288-03-7), CCT241533 (MedChem Express HY-14715B), PF-670462
(Sigma-Aldrich SML0795), thymidine (Fisher 501882638), Ro-3306 (MedChem Express HY-12529),
and AZD7648 (MedChem Express 2230820-11-6) as described in the figure legends.

siRNA and Plasmid Transfection of Mammalian Cells
Cells were transfected with high quality maxiprepped plasmid DNA (Sigma Genelute HP kit),
custom synthesized siRNA duplexes (Sigma-Aldrich VC30002), or Mission® siRNA Universal
Negative Control #1 (Sigma Aldrich SIC001) using the jetPRIME transfection system (VWR 89129-
926). For plasmid transfection, cells were grown to 70% confluence and transfected overnight with
total µg of DNA added as recommended by supplier for the culture vessel. For siRNA transfection,
knockdowns were performed per manufacturer suggestions in HeLa cells. Cells were transfected
for 24 h after which the media was replaced with fresh media. Cells were allowed to grow for an
additional 48 h before any additional treatment and harvesting.

Whole Cell Lysate Preparation and Western Blotting
Once experimental manipulations were complete, media was aspirated and cells were washed 3X
with ice cold 1X TBS on ice. Cells were gently scraped into 1 mL ice cold 1X TBS and transferred to
1.5 mL microcentrifuge tubes. Cells were pelleted at 3000xg for 5 min at 4 °C, and the supernatant
was aspirated. Pellets were stored at -80 °C until lysis.

1x RIPA lysis buffer (Cell Signaling Technology 9806S) supplemented with 1x Roche cOmplete
protease inhibitor cocktail (Roche 11697498001), 1x Roche PhosStop (Roche 04906837001) or 1x
Halt Phosphatase Inhibitor Cocktail (Thermo Scientific 78440), and 1 mM PMSF was added to the
frozen pellets which were then agitated for 30 min at 4 °C then centrifuged at 16,000 xg for 15 min
at 4 °C. Cleared lysates were transferred to a new tube, and protein concentrations were
quantified using the Pierce BCA Assay Kit (Thermo Scientific 23227). 30-100 µg total protein was
denatured in 1x SDS sample buffer with 10mM dithiothreitol (DTT) for 8 min at 95 °C. Lysates were
loaded onto polyacrylamide gels (8, 10% or Bio-Rad Mini-PROTEAN TGX Precast Protein Gels, 4-
20%) (BioRad) and separated by SDS-PAGE. Proteins were transferred to methanol-activated 0.2
µm pore PVDF membranes overnight at 4 °C in 1X CAPS, 10% methanol. Membranes were blocked
in either 5% bovine serum albumin (BSA) (VWR) for phopsho-specific antibodies, or 5% non-fat
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dry milk (BioRad) in TBS-T (0.1% Tween-20 in TBS) for 1 h at RT. Primary antibodies were diluted
in 5% BSA, 0.02% NaN3 in TBS-T. Membranes were incubated with primary antibody solutions
overnight at 4°C. Membranes were washed 3X in TBS-T for 10 min each wash, then incubated with
1:5000 secondary antibody in blocking buffer for 1 h at RT. Membranes were washed 3X in TBS-T
for 10 min each wash, then developed for 1 min in Amersham ECL Western Blotting Detection
Reagent (Cytiva RPN2209) or Immobilon Crescendo (Millipore WBLUR0500) and imaged on a
ChemiDoc Imaging System (BioRad).

Phosphatase Sensitivity
HEK293T cells were treated with 10 mM MMS for 5h or left untreated. Following treatment, the
cells were harvested and split into two 1.5 mL microcentrifuge tubes per condition. Cells were
lysed in home-made RIPA buffer (20 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% SDS) supplemented with 1 mM PMSF, 1x PhosStop (Roche
04906837001). The lysis buffer was further supplemented with 1x Roche PhosStop (Roche
04906837001) or 1x Halt Phosphatase Inhibitor Cocktail (Thermo Scientific 78440) for the ‘+
phosphatase inhibitor’ samples. Lysis, protein quantification, and Western blots were performed
as described above.

Nuclear and Cytoplasmic Extraction
Nuclear and cytoplasmic extraction was performed at 4 °C using the NE-PER Nuclear and
Cytoplasmic Reagents (Fisher Scientific PI78835, Thermo Scientific 78833) following the
manufacturer’s protocol. Protein quantification and Western blotting was performed as described
above.

Protein Purification
Hsc70 and point mutants were purified as described previously61. In brief, plasmids containing
His-tag proteins were transformed into Rosetta(DE3) E. coli. Bacteria were grown in 2 L Terrific
Broth (TB) to OD600=0.6. Bacterial cultures were cooled to 20 °C, and protein expression was
induced with 200µM IPTG at 20 °C overnight. The cells were harvested by centrifugation (7500
r.p.m. 10 min, JLA 8.1 rotor) and then resuspended in 20 mL His-Binding Buffer (50 mM Tris, 10
mM imidazole, 500 mM NaCl, pH 8) + 2 tablets EDTA-free Roche cOmplete Protease Inhibitor per
liter culture using a Dounce homogenizer. Cells were then lysed by sonication at Amp 35% for 5
min, 30 sec on, 30 sec off, on ice at 4 °C. Lysate was separated by centrifugation (18000 r.p.m. 30
min, JA-20 Beckman rotor) and incubated with 10 mL/L pre-equilibrated Ni-NTA resin (EMD
Millipore 70666-5)/liter of culture at 4 °C for 1 h. Bound protein was first washed with 200 mL His-
binding buffer, then 100 mL His-Washing buffer (50 mM Tris, 30 mM imidazole, 300 mM NaCl, pH
8) , and then eluted with His-Elution buffer (50 mM Tris, 300 mM imidazole, 300 mM NaCl, pH 8).
This His-tag was then removed by the spiking in 5 mM β-mercaptoethanol and 600 µg TEV
protease to the sample and dialyzing overnight into Buffer A (25 mM HEPES, 5 mM MgCl2, 10 mM
KCl, pH 7.5) in 10 KDa MWCO snakeskin dialysis tubing (Thermo Fisher 68100). The protein was
further purified by an ATP-agarose column using previously established protocols61. Purified
DnaJA2 and tau were acquired from J.E.G.

ATPase Assays with Malachite Green
The ATPase activity of Hsc70 and Hsc70(T495E) was performed with malachite green (MG) (Sigma
Aldrich) as described previously62. Briefly, in a clear 96-well plate, Hsc70 or Hsc70(T495E) were
incubated with increasing concentrations of human DnaJA2 (DJA2) in 25 μL total volume.
Reactions were also performed with DnaJA2 in the absence of Hsc70 for background subtraction.
The assay buffer was 100 mM Tris at pH 7.4, 20 mM KCl, 6 mM MgCl2, and 0.01% Triton. The
reaction was initiated by the addition of ATP at a final concentration of 1 mM and incubated at 37
°C for 1 h. After incubation, 80 μL of MG reagent was added, followed by 10 μL of saturated sodium
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citrate to quench the reaction. Absorbance was measured at 620 nm on a SpectraMax M5 plate
reader (Molecular Devices). ATP hydrolysis rates were calculated by comparison to a phosphate
standard. Displayed curves are a combination of 6 replicates.

Fluorescence Polarization (FP) of ATP-FAM
Nucleotide of Hsc70 and Hsc70(T495E) was assessed with a fluorescence polarization (FP) assay
using labeled ATP. First, apo-Hsc70 was generated by subsequent 6-12h dialyses in the following
buffers: buffer 1 (25 mM HEPES, 100 mM NaCl, 5 mM EDTA (pH 7.5)), buffer 2 (25 mM HEPES, 100
mM NaCl, 1 mM EDTA (pH 7.5)), buffer 3 (25 mM HEPES, 5 mM MgCl2, 10 mM KCl (pH 7.5)).
Following this, 40 kDa MWCO Zeba Buffer Exchange columns (Thermo Fisher A57760) were used
to exchange the buffer to FP assay buffer 100 mM Tris, 20 mM KCl, 6 mM MgCl2, pH 7.4) before
protein quantification. The assay was performed in 384-well black round-bottom low-volume
plates (Corning 4511). 40 nM ATP-FAM (Jena Bioscience nu-805-5fm) was added to each well for a
final concentration of 20 nM in 20 µL. Hsc70 and Hsc70(T495E) were added for a starting
concentration of 20 µM in 20 µL, and then serially diluted with FP assay buffer (2-fold 13 times into
the ATP-FAM. Plates were covered and incubated for 30 min at room temperature. Fluorescence
polarization was read on a SpectraMax M5 plate reader (excitation, 485 nm; emission, 535 nm)

Partial Proteolysis
The partial proteolysis protocol to identify Hsp70 conformations was modified from previous
work18. Hsc70 and Hsc70(T495E) was buffer exchanged to proteolysis buffer (40 mM HEPES, 20
mM NaCl, 8 mM MgCl2, 20 mM KCl, 0.3 mM EDTA, pH 8) using Zeba 40 kDa MWCO buffer exchange
columns and diluted to 3 µM in this buffer. ATP or ADP was added to 1 mM and incubated for 30
min at room temperature. 1.5 µM trypsin (Sigma EC 3.4.21.4) was added for 2 h at room
temperature. The reaction was quenched by boiling in SDS loading buffer (125 mM Tris-HCl pH
6.8, 5% SDS, 10% β-mercaptoethanol, 20% glycerol, 0.025% bromophenol blue), run on a precast
SDS-PAGE gel (Bio-Rad) and stained by Coomassie.

Hsc70-tau binding ELISA
Hsc70-tau ELISA was modified from a previously published protocol63. It was performed in a
Fisherbrand, Flat bottom 96-well plates, clear, PS (cat no 12565501). 1µM Hsc70 or Hsc70(T495E)
(diluted in dialysis buffer 3 from FP assay) was added to wells along with 1 mM ATP and incubated
overnight at 37°C. Protein was discarded from wells followed by 3x 3min washes on rocker with
PBS-T, discarding the PBS-T and vigorously blotting the inverted plate on a paper towel between
each wash. In triplicate, add 30 uL of tau to each well, spanning a 12-dose 3-fold concentration
gradient (from 70 µM). Plates were covered and incubated at room temperature for 3 h. Solutions
were removed and wells washed 3x with PBS-T as described above. 100 µL of blocking solution
(5% non-fat milk in TBS-T) was added to all wells and incubated at room temperature for 5 min
without rocking. Solution was removed without washing. 50 uL of primary antibody was added to
all wells (1:2000 mouse anti-tau clone D-8 from SantaCruz Biotechnologies in blocking solution).
The plate was incubated for 1 h at room temperature without shaking. Solution was removed and
wells washed 3x with PBS-T. 50 µL of secondary antibody (1:2000 goat anti-mouse (Jackson 115-
035-146 )in blocking solution) was added to the wells. The plate was incubated for 1h at room
temperature and then washed 3x with PBS-T. 50 µL of TMB substrate was added to the wells
(ThermoFisher 34028) and incubated for 15 min at room temperature in the dark. 50 µL 1M HCl
was added and the plate read at 450 nm on SpectraMax M5 plate reader.

Yeast Strain Generation
W303α yeast and W303α yeast with SSA1 NAT were gifted to us by David Morgan. Oligos for yeast
point mutations were generated by PCR amplification of NAT-SSA1with the relevant codon
substituted in the primer sequence. Oligos for SSA2 interruption were generated by PCR
amplification of KanMX from pYM13 with flanking sequences to SSA2. gDNA was extracted from
yeast by first suspending yeast colonies from a YPAD plate in 100 µL LiOAc/SDS buffer (0.2 M
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LiOAc, 1% SDS). Cells were incubated at 70 °C for 10 min, and then 300 µL 96-100% ethanol was
added. Sample was then mixed by vortexing. Sample was the spun at 15,000 xg for 3 min,
supernatant removed, and pellet dissolved in 100 µL nuclease free water. The sample was then
spun down at maximum speed for >15 sec, and supernatant was transferred to a new tube. 1 µL of
supernatant was used for subsequent PCRs.

For yeast transformations, competent cells were generated by first diluting an overnight culture
1:20 in YPAD and grown on a rotary shaker at 30 °C to mid-log. The yeast were spun at 3000 xg for
1min. While spinning the yeast, 10 mg/mL salmon sperm DNA (Sigma-Aldrich D9156) was boiled
for 5 min and then put on ice. The supernatant was removed from the yeast pellet which was then
washed 1x in water and re-pelleted. The water was remove and the yeast was resuspended in
LiOAc/TE solution (10 mM Tris-HCl pH 8, 1 mM EDTA, 0.1 M lithium acetate (Sigma-Aldrich L4158)).
This was then pelleted, the supernatant aspirated, and yeast were resuspended in 200 uL LiOAc/TE
solution to generate competent cells. For each transformation, 50uL of these competent cells were
mixed with 1µg of DNA along with 10 µL of boiled salmon sperm DNA and 500 µL of PEG/LiOAc/TE
solution (10 mM Tris-HCl pH 8, 1 mM EDTA, 0.1 M lithium acetate, 40% PEG 3350). This mix was
incubated at 30 °C with shaking at 550 r,p,m, on a ThermoMixer F1.5 (Eppendorf), then spun for 1
min at 3000 xg. The supernatant was removed and the yeast resuspended in sterile water and
plated on YPAD and grown overnight at 30 °C. The following day, these plates were replica plated
onto plates with the appropriate selection marker.

Yeast Growth
For all yeast experiments, yeast were first grown overnight in YPAD on a rotary shaker at 30 °C.
The following morning, yeast were diluted to OD600 =0.3 and grown at 30 °C to midlog (OD600
=∼0.6). Strains were then concentrated (by centrifugation at 3000xg) to 2e7 cells/mL in 1.5 mL
microcentrifuge tubes.

Growth Curve
The above yeast were diluted 1:30 into a clear flat bottom 96 well plate (Costar 3370) and grown
for 25 h with continuous orbital shaking at 30 °C on a Cytation 5 Imaging Reader (BioTek) with
OD600 collected every 20 min.

Yeast Spot Test
The day prior to the experiment, Nunc Rectangular Dishes (Thermo 267060) were made with
either YPAD or YPAD + 0.0095% MMS. The above yeast were serially diluted 10-fold 5 times. 5 µL of
the dilutions were spotted on the YPAD or YPAD + MMS plates. Plates were grown for three days at
30 °C and imaged daily on a ChemiDoc Imaging System (BioRad).

Yeast Cell Cycle Analysis
This protocol was modified from previous work64,65 For cell cycle analysis of yeast at mid-log, we
took 500 µL of the 2e7 cell/mL yeast solution, spun it at 14,000 xg for 30 sec, removed the
supernatant, washed 1x in water and re-pelleted. The water was then decanted, and the yeast
were vortexed to resuspend them in the water remaining in the tube. 95% ethanol prechilled to -
20 °C was added to the resuspended yeast which were then vortexed and placed on ice. For MMS
treatment, yeast were grown to mid-log as previously described. 0.05% MMS (Fisher Scientific
AC156890050) was then added to the yeast for 3 h14, rotating at 30 °C. Samples were harvested as
described for ‘no recovery’ conditions, and the remaining yeast was transferred to 15 mL
centrifuge tubes (Fisher Scientific 12-565-268),spun at 300 xg. The pellet was washed 1x with
sterile water, spun down again, and then resuspended in the starting volume of YPAD. The caps
were partially unscrewed and the yeast was returned to the rotary at 30 °C with samples
harvested as detailed above at the indicated time points. Once all samples were resuspended in
ethanol the yeast were stored at -20 °C for at least overnight. The yeast were then resuspended by
vortexing and spun at 14000 xg for 1 min. The ethanol was removed, the yeast resuspended in
water and then pelleted again. The water was removed and the pellet was resuspended in 1mL
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sodium citrate buffer (50 mM sodium citrate (C8532), pH to 7.5 with citric acid (BP399)). 8 µL of 10
mg/mL RNAase A (Thermo EN0531) was then added to the samples and incubated for 2 h at 37 °C.
Following this, 10 µL of 20 mg/mL Proteinase K (NEB P8107S) was added to the samples and
incubated for 1 h at 50 °C. The samples were then incubated at 4 °C overnight. The samples were
spun down at 14000 xg for 1 min and the pellets resuspended in 500 µL sodium citrate buffer + 2.5
µM SYTOX Green (Thermo Fisher S7020), or sodium citrate buffer alone for the no-stain control.
Samples were placed on ice and sonicated with a probe sonicator (QSonica) at 30% amplitude for
10 sec. The samples were then stored in the dark at 4 °C until flow cytometry analysis.

All yeast flow cytometry experiments were performed on a LSRII SORP (BD Biosciences) using a
488 nm laser, and the software analysis done on FlowJo (10.10.0). Cells were first selected by
graphing FSC-A by SSC-A. Singlets were then gated by graphing FSC-A by FSC-H and then analyzed.

Yeast Lysis for Western Blotting
Yeast samples were treated as described, then 1 mL of sample was pelleted in a 1.5 mL
microcentrifuge tube at 13,000 xg for 1 min, washed 1x in water, pelleted at 13,000 xg, and then
the pellets were stored at -80 °C. The following day, the pellets were resuspended in 200 µL of 20%
trichloroacetic acid (TCA). The samples were then centrifuged at 13,000 rpm for 30 sec at 4 °C. The
supernatant was removed, and the pellets were washed with acetone prechilled in a - 20 °C
freezer. The samples were spun at 13,000 rmp for 30 sec, the supernatant removed, and the
samples allowed to airdry at RT for ∼10 min or until fully dry. The pellets were then resuspended
in 40 µL of 1M Tris pH 7.5, and then 200 µL of 2x Lamelli Buffer + 2% DTT was added to each
sample. Using a 200 µL PCR tube (VWR 53509-304), ∼400 µL of 0.5 mm glass disrupter beads (USA
Scientific 7400-2405) were scooped into the sample and the sample was beaten vigorously for 90
sec. With a 25 gauge needle, carefully hole was poked in the bottom of the tube. The tube was then
placed in a plastic vial (Falcon 352063), and spun with tops closed at 500 xg for 3 min. The
flowthrough was transferred to clean 1.5 mL microcentrifuge tube and boiled for 10 min. Equal
volumes of sample were then run in a 8-16% precast Mini-PROTEAN TGX Stain Free gel (Bio-Rad
456-8103) per the manufacturer protocol. The Western block was performed as described above.

Data Reproducibility and Statistical Analysis
All statistics were performed in Prism as described in the relevant figure legends. Figures are
either mean + SD, or representative of the number of replicates described in the figure legend.

Data availability
We will make the data freely and widely available as needed
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Peer reviews
Reviewer #1 (Public review):

Summary:

This study identifies a conserved phosphorylation event on Hsp70, at human T495 that is
triggered by DNA damage. The authors show that this modification arises in response to MMS
and is temporally associated with cell cycle progression through mitosis. Using biochemical
analysis, they further argue that the phosphomimetic Hsc70(T495E) adopts an open-like
conformation with impaired J protein-stimulated ATP hydrolysis while still retaining client
binding. In yeast, both phosphomimetic and phosphonull mutants perturb growth and cell
cycle progression, supporting the idea that dynamic regulation of this site helps coordinate
DNA damage responses with G1/S control.

Strengths:

A major strength of the paper is that it links prior work on Legionella-mediated Hsp70
phosphorylation to a normal cellular DNA damage response. The study is also commendably
multi-level, combining mammalian cell biology, in vitro biochemistry, and yeast genetics to
support the central model. Together, the authors provide a coherent story that this Hsp70 site
has functional importance in checkpoint-like control rather than being a passive phosphosite,
adding to our understanding of the chaperone code.

Minor Weaknesses:

The authors acknowledge that the direct kinases/phosphatases for this site remain unknown.
Some conclusions are therefore still somewhat inferential, especially the model that pHsp70
acts as a reversible molecular brake on S-phase entry. These limitations do not undermine the
importance of these exciting findings, but they do leave the paper somewhat short of a fully
resolved mechanism.

Comments on revisions:

The authors have done a great job in addressing all the previous reviewer concerns. They
have provided additional data and refined the text, stating limitations of their proposed
model. In doing so, they have produced a much-improved version of the manuscript.

https://doi.org/10.7554/eLife.110044.2.sa3

Reviewer #2 (Public review):

The revised manuscript offers little new information and fails to address the critical
weaknesses identified in the original submission.
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While we can agree that phosphorylation of Thr495 would likely affect Hsp70 function-given
the known biochemistry of Hsp70s and the author's previous work on LegK4-the significance
of this finding hinges on whether it is a regulated process. If a meaningful fraction of Hsp70
were phosphorylated in a regulated manner triggered by DNA damage or cell cycle
progression, it would constitute an important discovery, regardless of its specific impact on
fitness in a given context.

However, beyond highlighting the temporal profile of Hsp70 phosphorylation in MMS-treated
cells (Figure 4e), the paper fails to rule out the possibility that this correlation is merely an
irrelevant side reaction. This "bystander" phosphorylation could simply be caused by the
activation of kinases during the experimental MMS treatment and subsequent washout. The
authors' claim-that the fraction of phosphorylated Hsp70 increases in a "regulated, cell-cycle
dependent manner"-does not sufficiently counter the possibility of it being a non-functional
side effect.

This concern could be resolved if the authors had identified the specific kinase, demonstrated
its specificity, and manipulated it either genetically or pharmacologically. While I
acknowledge this is a "tall order," the lack of such data limits the paper's significance.
Furthermore, the current data fails to meet a much lower bar: confirming that a substantial
fraction of Hsp70 is actually phosphorylated under the tested conditions. Such a finding
would at least suggest the event is capable of impacting the overall Hsp70 pool.

It is surprising that the authors have not provided a ratiometric assay to settle this, such as an
immunoblot of total Hsp70 separated on a Phos-tag or IEF gel. Instead, they rely on indirect
evidence and data subject to alternative interpretations. Specifically, they argue that the
fitness cost of the Thr495Ala mutation (or the phosphomimetic mutation) is due to the loss of
regulatory phosphorylation (or deregulated phosphorylation); however, it is equally plausible
that the mutations create Hsp70 hypomorphs whose defects are only exposed under stressful
experimental conditions.

https://doi.org/10.7554/eLife.110044.2.sa2

Reviewer #3 (Public review):

In this manuscript Moss et al. demonstrate that Hsp70 phosphorylation at a conserved
threonine residue integrates DNA damage responses with cell-cycle control. The authors
present unbiased biochemical, cell-based, and yeast genetic analyses showing that
phosphorylation of human Hsp70 at T495 (and the analogous Ssa1 T492 in yeast) is triggered
by base-excision-repair intermediates and downstream DDR kinase activity, leading to
delayed G1/S progression after DNA damage. They used orthogonal approaches such as
ATPase assays, phospho-specific detection, kinase-inhibition studies, synchronization
experiments, and phenotypic analyses of phosphomutants. They presented robust data which
collectively supported the conclusion that dynamic Hsp70 phosphorylation functions as a
conserved "molecular brake" to prevent inappropriate S-phase entry under genotoxic stress.

Comments on revisions:

The authors have addressed all my questions and concerns.

https://doi.org/10.7554/eLife.110044.2.sa1

Author response:

The following is the authors’ response to the original reviews
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We thank the reviewers for their time and consideration of the manuscript. We have added
new data to Figure 5 (Figure 5a) to address concerns regarding the conservation of the Hsp70
phosphorylation in yeast. Additionally, we have changed the title of the manuscript to “Hsp70
is phosphorylated in a conserved response to DNA damage and contributes to cell cycle
control” to more accurately represent the conclusions we draw.

Public Reviews:

Reviewer #1 (Public review):

The strength of evidence of the mechanistic and "conserved checkpoint" claims that this
site is directly activated by DNA damage is inadequate and fundamentally incorrect.

We respectfully disagree with the reviewer’s characterization of our conclusions. Our data
demonstrate that DNA damage induces this phosphorylation in a cell-cycle–dependent
manner. We do not claim to have defined the direct kinase or full mechanistic pathway;
rather, we establish that site activation is damage-responsive and functionally linked to cell-
cycle regulation. Consistent with this, phospho-mutants in yeast exhibit clear cell-cycle
defects, supporting a conserved functional role. We address each of the reviewer’s specific
concerns below.

Specific comments:

(1) Activation of T495:

The author's premise for the site being activated by DNA damage is Albuquerque et al,
where PTMs on MMS treated yeast are analyzed. T492 (the yeast equivalent of human
T495) is observed as phosphorylated. However, the authors fail to note that there is no
untreated sample analysis in this study, and it is likely that T492 phosphorylation is also
present in untreated cells. This is also backed up by later evidence from the same lab
(Smolka et al), where they do not identify T492 as being dependent on Mec1/Tel/Rad53
kinases.

We agree with this assessment of the Albuquerque study. Accordingly, we used their data to
generate the hypothesis that this site is phosphorylated, and we took it upon ourselves to
more rigorously demonstrate phosphorylation with appropriate controls. The validated
antibody that we had previously generated[1] to track pHsp70 was the enabling technology to
directly track this phosphorylation event. We now directly show phosphorylation of this site
(Figure 5a, lines 276-284). Of note, as Reviewer 1 suggested, there is a smaller amount of
pHsp70 in the untreated cells, which corresponds with findings from Holt et al 2009 [2]. This
could reflect a baseline role of Hsp70 phosphorylation for normal growth that is accentuated
upon MMS insult.

(2) The kinase(s) directly responsible for T495 phosphorylation are not identified. Instead,
the authors show that knockdown or pharmacological inhibition of DNA-PKcs, ATM, Chk2,
and CK1 attenuate pHsp70.

We agree with reviewer 1 that identifying the direct kinase would be an exciting finding, and
we believe our manuscript will provide the foundation for future studies to address these
questions. While these findings will be impactful, we do not believe their lack detracts from
the observations we have made.

(3) ATM siRNA knockdown has no effect, while ATM inhibitors do, which the authors
acknowledge but do not resolve. This discrepancy raises concerns about off-target drug
effects.
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We agree with reviewer 1 that off-target drug effects are always a concern when employing
pharmacological inhibitors. To that end, we tested structurally distinct inhibitors of ATM
(Figure 3b) to decrease the likelihood of the same off target effect. While complementing this
with a genetic knockdown would be ideal, the discrepancies between pharmacological and
genetic inhibition of ATM have been well reported (lines 214-216).[3,4] Parallel discrepancies
in other kinases have been mechanistically explored by other groups.[5] The preponderance
of pharmacological evidence in conjunction with RNAi suggests the most likely interpretation
of our data is that ATM is involved in signaling upstream of Hsp70 phosphorylation. Thus, our
data compel future work to use more sophisticated genetic methods to more specifically
determine how ATM connects with pHsc70.

(4) No in vitro kinase assays, motif analysis, or phosphosite mapping confirming these
kinases as direct T495 kinases are presented. Thus, the proposed signaling cascade
remains speculative.

We agree that we should carefully circumscribe our conclusions about the potential signaling
cascade. To communicate our conclusions more clearly, we rewrote lines 223-226 to highlight
that our findings implicate these kinases in upstream signaling rather than direct
phosphorylation of Hsp70.

(5) Smolka and many other labs characterized DDR sites as SQ/TQ motifs, and T492
doesn't fit that motif.

We agree, and our response to comment 4 addresses this point. Briefly, we do not claim that
Hsp70 is a direct target for DDR. Notably, the SQ/TQ motifs mentioned specifically pertain to
ATM and DNA-PK[6], though we would like to note several studies have demonstrated DNA-
PK phosphorylation outside of these motifs.[7] Chk2 and CK1 do not prefer SQ/TQ motifs[9].
Additionally, Chk2 is known to phosphorylate non-consensus sequences as well[10].

(6) No genetic tests in yeast (e.g., BER mutants) are used to connect Ssa1 T492
phosphorylation to BER in that system, despite the strong BER-centric model.

We agree that it would be interesting to study BER mutants in yeast, and we believe this will
be an exciting prospect for future studies to better establish the signaling cascade. We have
included a Western blot (Figure 5a) showing that MMS treatment causes increased Hsp70
phosphorylation in yeast. MMS damage is repaired through BER in S. cerevisiae,[11] and the
pathway itself is highly conserved.[12] Our experiments demonstrate that the
phosphorylation of Hsp70 occurs as a conserved response to alkylation damage, which is the
major conclusion of our paper.

(7) Overexpression of MPG gives only a modest increase in pHsp70, while APE1
overexpression has no effect, and Polβ overexpression does not decrease pHsp70. These
mixed results weaken the central claim that Hsp70 phosphorylation is a tuned sensor of
BER burden.

We appreciate this incisive question. Though not immediately intuitive, we do not believe
these results are necessarily ‘mixed’. The lack of APE1 over-expression having an effect could
be attributed to APE1 activity being necessary for the phosphorylation, but not rate-limiting.
Regarding Polβ, it is important to note that not its binding, but rather its dRP lyase activity is
rate-limiting in base excision repair.[13] As such, if binding sites are already saturated or
near saturated, but the lyase activity remains slow, we may not observe a decrease in BER
intermediates. While we do claim that phosphorylation of Hsp70 is triggered by BER
intermediates (lines 193-194), we do not claim that pHsp70 is a tuned sensor of BER burden.

(8) A major concern is that pHsp70 is only convincingly detected after very high,
prolonged MMS (10 mM, 5 h) or 0.5 mM arsenite treatments. Other DNA-damaging
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agents (bleomycin, camptothecin, hydroxyurea) that robustly activate DDR kinases do
not induce pHsp70. This suggests to me that the authors are observing a side effect of
proteotoxic stress. This is likely (see Paull et al, PMID: 34116476).

Our data indicate that pHsp70 specifically occurs downstream of base excision repair.
Therefore, it is not surprising that drugs that do not activate BER (bleomycin, camptothecin,
hydroxyurea) do not elicit the same response. While pHsp70 may arise due to DSBs generated
through BER, the fact we do not see phosphorylation after bleomycin treatment could be
explained by the cell-cycle dependencies we report (Figure 4e). It is also important to note
that MMS-induced pHsp70 occurs primarily in the nucleus, and Western blots of whole cell
lysate will contain large amounts of cytosolic Hsp70 that could dilute the signal. Indeed, in
our nuclear extraction (Figure 4d), we see faint pHsp70 signal as soon as 1 h after treatment,
though it increases in robustness as the time-course progresses. These data are both
concordant with a model in which high BER-induced lesion burden in mitosis leads to Hsp70
phosphorylation in late M/G1.

We would like to add that, in the review article cited by Reviewer 1, the authors specifically
cite studies implicating a loss-of-function in DDR pathways leading to increased proteotoxic
stress (e.g. ATM deficient cells producing higher levels of aggregated proteins compared to
WT). However, we find that inhibition of DDR kinases decreases, rather than increases Hsp70
phosphorylation. We thus believe that DNA damage rather than proteotoxic stress is the
parsimonious cause of Hsp70 phosphorylation.

(9) A recent study in Nature Communications (Omkar et al., 2025) demonstrates rapid
phosphorylation of yeast T492 in a pkc1-dependent manner, diminishing the impact of
these findings.

We were excited to see this paper when it was published 3 months after we posted a preprint
on bioRxiv, which was released three weeks after our submission to eLife. Rather than
diminishing the impact of this paper, we believe that independent lines of evidence from
different groups mutually reinforces the impact of the work. We have added a sentence to say
that during the review of our work, this group independently observed this phosphorylation
event in response to a different stress (lines 421-423). We believe in celebrating the scientific
process arriving at consistent results, and the editorial policies of eLife reinforce that
philosophy by offering ‘scoop protection.’

We would also like to highlight several differences between the scope of our papers. The
phosphorylation reported by Omkar et al. appears highly constrained to yeast as part of the
Cell Wall Integrity pathway, whereas ours occurs as a more highly conserved response.
Additionally, our paper provides additional biochemical insight into the consequences of this
phosphorylation, which is lacking in Omkar et al. If anything, this paper highlights the
important regulatory capacity of this residue on Hsp70, and suggests it may serve multiple
functions in the cell.

(2) Downstream Effects of T492/T495:

(10) The manuscript's central conceptual advance is that pHsp70 is a cell-cycle-regulated
brake on G1/S. Yet in mammalian cells, the authors show only that pHsp70 appears late,
after cells have traversed mitosis, and that blocking CDK1 (G2/M) prevents its
accumulation.

We would like to clarify the central contribution of this study. Prior work identified this
phosphorylation in yeast, but its existence and conservation in human cells had not been
established. A primary advance of our study is demonstrating that this site is phosphorylated
in mammalian cells and that its accumulation is cell-cycle regulated — coinciding with late
M/G1.
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We further show that phosphorylation depends on cell-cycle progression, as CDK1 inhibition
prevents its accumulation. While these data establish regulation, we agree that they do not by
themselves define causality in mammalian cells. To address functional consequences, we
leveraged the genetic tractability of S. cerevisiae. Phosphomimetic Ssa1 T492E increases the
proportion of G1 cells in the absence of MMS and enforces a stronger G1 arrest following
MMS treatment. Together, these findings support a conserved, cell-cycle–linked role for this
phosphorylation and provide a foundation for future mechanistic work in mammalian
systems.

(11) There is no functional test in human cells: no knockdown/rescue experiments with
T495A or T495E, no cell-cycle profiling upon altering Hsp70 phosphorylation state, and
no demonstration that pHsp70 actually causes any delay in S-phase entry, rather than
simply correlating with late damage responses. The strong conclusion that pT495 "stalls
cell cycle progression" (e.g., Figure 6 model) is therefore not supported in the human
system.

We agree that we did not directly test the functional consequences of Hsp70 phosphorylation
in human cells. Our intent was not to claim that we have demonstrated causality in the
mammalian system, but rather to establish that this conserved phosphorylation exists in
human cells and is cell-cycle regulated.

We instead used S. cerevisiae to interrogate this due to its increased genetic tractability. In this
system, phosphomimetic mutation increases the proportion of G1 cells under basal
conditions and enhances G1 arrest following MMS treatment, mirroring the damage-
associated phenotype observed in human cells. These findings support a conserved
functional role for this modification, although we agree that direct mechanistic testing in
mammalian cells will be important for future work.

While we intended the cartoon model to be a speculative illustration of what may be
occurring in order to motivate future studies. We now see how this may lead to confusion, so
to improve clarity, we have removed Figure 6 from the manuscript.

(12) All functional conclusions rely on T492A/E point mutants at the endogenous SSA1
locus, usually in an ssa2Δ background, in a family of highly redundant Hsp70s. Without
showing that this site is actually modified during their MMS treatments, the assignment
of phenotypes to loss of a physiological phospho-switch is premature. The authors need
to repeat their studies in an Ssa1-4 background, as in
https://pubmed.ncbi.nlm.nih.gov/32205407/     .

Thank you for this feedback. We have included a Western blot to Figure 5 (Figure 5a)
addressing this comment. Briefly, we show that, in yeast, Hsp70 phosphorylation increases
upon MMS treatment and is not detectable in the point-mutants in the ssa2∆ background. The
latter data suggest that Ssa3-4 modification is negligible in our system.

(13) The authors infer that T495E "locks" Hsc70 in a pseudo-open state based on reduced
J-protein-stimulated ATPase activity, unchanged ATP binding, altered trypsin sensitivity,
and retained tau binding. However, there is no direct comparison of phosphorylated vs
T495E protein (e.g., via in vitro phosphorylation with LegK4 followed by side-by-side
biochemical assays, or structural analysis). Thus, it remains unclear to what extent the
glutamate substitution mimics a phosphate at this position.

Previously we did show that phosphorylation impacts the ATPase cycle of Hsp70.[1] In this
paper, with the phosphomimetic mutant we see an even greater decrease of activity. This is
consistent with incomplete phosphorylation yielded by in vitro phosphorylation with LegK4.
[1] Due to this incomplete phosphorylation in vitro, we determined that the phosphomimetic
mutant would be more useful for the assays we performed, as they rely on bulk readouts.
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(14) No client release kinetics, co-chaperone binding assays, or in vivo chaperone
function tests are provided, yet the discussion builds a detailed model of a "pseudo-
open" state that simultaneously resembles ATP-bound conformation and allows
persistent substrate engagement.

We have shown that the conformational cycle of Hsp70 (T495E) is uncoupled from nucleotide
state, and that the overall conformation resembles ATP-bound Hsp70. This is consistent with
prior studies on AMPylation of the same residue.[14] Additionally, we demonstrate that
substrate engagement is similar between WT and T495E. This is consistent with our
previously published work showing increased pHsp70 on polysomes,[1] as well as our
observations that the phosphomimetic mutant in yeast exerts a phenotype even in the
presence of the compensatory isoform SSA2. This dominant-like phenotype is consistent with
those seen in mutations locking Hsp70 in a ‘closed’ conformation.[15] We agree that future
studies examining client release kinetics and co-chaperone binding would be useful for
future structural studies validating and elaborating on our findings.

Reviewer #2 (Public review):

Weaknesses:

The kinase(s) responsible for the phosphorylation have not been identified (and hence
remain inaccessible to experimental i.e., genetic or pharmacological manipulation). The
mechanistic links to DNA damage repair and the fitness benefits of this proposed
adaptation remain obscure. Of greater concern, the data provided in the paper fail to
exclude the trivial possibility that the phosphorylation event described (and characterized
through biochemical proxies) is biologically neutral, reflecting nothing more than a
bystander event in which kinase(s) activated by application of high concentrations of a
powerful alkylating agent (MMS) phosphorylate, at meaninglessly low stoichiometry, an
abundant protein (Hsp70) on a surface exposed residue. Failure to exclude this
(plausible) scenario is this paper's weakness.

We agree that we have not directly quantified the absolute stoichiometry of Hsp70
phosphorylation. However, several lines of evidence argue against the interpretation that this
represents a biologically neutral, bystander modification.

First, our pulse-chase experiment (Figure 4e) shows that, after MMS removal, pHsp70 levels
increase as cells progress through the cell cycle. Notably, total Hsp70 levels remain constant.
This indicates that the fraction of phosphorylated Hsp70 increases in a regulated, cell-cycle
dependent manner, rather than through a bystander event during acute stress.

Second, functional perturbation of the homologous site in yeast produces phenotypic
consequences. The phosphomimetic Ssa1(T492E) mutant exhibits reduced growth, increased
G1 accumulation, and impaired cell-cycle re-entry following MMS treatment (Figure 5). These
phenotypes argue that the modification of this residue is functionally consequential.

While the upstream kinase remains to be identified, the genetic and cell-cycle phenotypes
observed upon site perturbation argue that this phosphorylation is functionally
consequential.

Reviewer #2 (Recommendations for the authors):

(1) The biochemical characterization of the phosphomimetic mutation (T495E) is
thorough, relying on ATPase assays and conformational analysis. Figure 1b
demonstrates reduced J-protein-stimulated ATPase activity, and Figure 1d shows an ATP-
like proteolysis pattern consistent with an open conformation. As the authors are well
aware, Hsp70 chaperones act on their substrates via a dynamic cycle that includes

Cell Biology

https://doi.org/10.7554/eLife.110044.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology


Moss et al., 2026 eLife 15:RP110044.  https://doi.org/10.7554/eLife.110044.2 32 of 35

binding, ATP hydrolysis, and conformational shifts. One wonders, therefore, at the
relevance of the measurement shown in Figure 1f. While it is highly plausible that the
T495E mutation mimics the phosphorylation event (BiP T518E mimics key aspects of
AMPylation), the lack of a biochemical characterisation of Hsp70 with pThr495 is an
important limitation of this paper. Even if such a preparation cannot be accomplished
with the endogenous kinase(s) whose identity remains unknown, a characterisation of
LegK4-phosphorylated Hsp70 should suffice.

We agree with Reviewer 2 that the rationale for figure 1f does not logically follow the results
of 1b and 1d. Rather, this experiment was motivated by the prior findings that
phosphorylation of Hsp70 by L.p. lead to an increase occupancy on polysomes[1] (lines 137-
139). We sought to better understand the discrepancy between this finding and our own by
assaying the capacity of the T495E mutant to bind substrate.

Reviewer 2 raises a valid point in that phosphomimetic proteins do not necessarily behave
the same as truly phosphorylated proteins. Previous work from our lab characterized the
ATPase activity and in vitro folding capacity of Hsc70 that had been directly phosphorylated
by LegK4[1] (lines 114-115). We were motivated to turn to a phosphomimetic mutant as LegK4
only phosphorylates around half of the Hsc70 present in solution[1] (line 116); this mixture of
species makes batch analysis difficult. As we had previously published with the in vitro
phosphorylated Hsc70, we didn’t believe it necessary to include along with our future
analyses.

(2) As noted, the kinase(s) that phosphorylate T495 remain to be identified and is
inaccessible genetically. The phenotypic consequences of impaired pThr495 are therefore
assessed by a T495A mutation. This most certainly eliminates phosphorylation at that site
however, Figure 5C shows quite clearly that the T/A mutation is not neutral. This is
expected, given the role of an H-bond network centered upon the homologous residue in
the ADP-bound configuration of Hsp70's. Importantly, the biochemical non-neutrality of
the T/A mutation also compromises the interpretation of the associated phenotype, as
this cannot be attributed solely to a loss of phosphorylation; it may reflect features of the
T/A mutations exposed by MMS, but unrelated to the inability of the residue to undergo
regulated phosphorylation.

We appreciate this insightful critique. We agree that the alanine substitution may perturb the
local H-bond network, and have added a sentence to our discussion to highlight this caveat
(lines 379-381). That being said, our conclusions do not solely rely on the T to A mutant. The
phenotypes observed in our phosphomimetic mutant overlap with the TA mutant (increased
sensitivity to MMS; defects in cell cycle re-entry after MMS treatment) (Figure 5). While the
alanine mutation may not represent a purely ‘loss-of-phosphorylation’ state, our findings do
implicate the importance of this residue in cell cycle control after DNA damage.

(3) It thus remains formally possible that pThr495 arises as an irrelevant side reaction
due to activation of a kinase (with other relevant substrates).

This dismal interpretation of the data would be dispelled somewhat if the stoichiometry
of pThr495 were substantial, whereas very low stoichiometry of phosphorylation should
leave one wary of the possibility that the surface-exposed Thr495 of ATP-bound Hsc70 is
a physiologically irrelevant bystander target of a kinase activated in DNA-damaged cells.

We have included a Western blot in Figure 5 showing pHsp70 in our yeast samples. Here we
can see low abundance of Hsp70 phosphorylation in untreated WT yeast, with a clear
increase in MMS treated yeast. Additionally, as mentioned in a previous response, Figure 4e
shows the accumulation of pHsp70 in human cells even after MMS removal, indicating it is
not simply the byproduct of over-activation of the DNA damage response.
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Unfortunately, the study does not quantify the stoichiometry of Hsp70 phosphorylation;
detection relies on phospho-specific immunoblotting, leaving open the question of
whether this modification occurs at physiologically significant levels. This worry is
compounded by Figure 2a,f that suggests that phosphorylation occurs only under high-
dose MMS or arsenite, raising concerns about physiological relevance.

We agree that we did not quantify absolute phosphorylation stoichiometry. While a precise
measurement would be informative, our conclusions are based on regulated dynamics and
functional perturbations rather than magnitude alone. Specifically, our pulse-chase (Figure
4e) shows that total Hsp70 levels remain constant while pHsp70 increases in a cell-cycle
dependent manner following MMS removal. This indicates a regulated modification rather
than a side-effect of kinase over-activation during acute stress. Additionally, perturbation of
the homologous site produces cell-cycle phenotypes (Figure 5) in yeast, supporting functional
relevance.

However, as mentioned in responses to Comment 3, our pulse-chase assay in Figure 4e
indicates the stoichiometry of pHsp70 increases after MMS removal in a cell-cycle dependent
manner. Furthermore, as discussed in response to Reviewer 1 Comment 8, Figure 4d
highlights a technical limitation with regards to detection of pHsp70 by Western blotting.
Namely, as pHsp70 accumulates in the nucleus, signal appears to be diluted by unmodified
Hsp70 in the cytosol when whole-cell lysate is probed, thereby reducing detection capacity. It
is therefore possible that less stringent doses do lead to phosphorylation, but due to the
experiments being run in asynchronous cells and on whole cell lysate we failed to detect it.

Reviewer #3 (Recommendations for the authors):

Major Comments:

(1) Figure 1e - Which antibody was used to probe this blot?

Thank you for catching this omission. This was stained with Coomassie. We have edited the
figure legend to reflect this.

(2) Figure 1c- Do the authors have the data of the WT and T495E with DJA2?

The assay was performed with increasing concentrations of DJA2 for both constructs (from 0
µM to 4 µM) (lines 118-119, Figure 1c).

(3) Figure 2- The labeling of the right side of the immunoblots is missing.

We apologize for the confusion. The labeling is on the left. The lines on the right are intended
to demarcate blots that came from the same membrane (for easier comparison of loading
controls).

(4) Figure 2d- Does MMS treatment lead to a heat shock response?

We have not directly tested this. However, we do not see the massive upregulation of HSPs
that would be expected from a heat shock response.

(5) Figure 4c and e - Total protein level of some of the phospho-proteins is missing.

We used housekeeping proteins as loading control. We do not have antibodies for all the non-
phospho proteins. For those we have, blots not included in the publication do not show any
marked discrepancies between the non-phospho form and the housekeeping proteins.

(6) Figure S1A- Although the authors suggest that the phosphorylation event is reversible,
they have not integrated it into the final model in Figure 6.
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In line 403 we postulate that dephosphorylation may permit client release. In the interest of
clarity, we have now removed the model figure.

(7) Yeast genotype is missing.

We used W303a yeast (line 612).

(8) It is unclear which phosphatase inhibitor was used in their assay (Figure S1A).

We repeated the experiment with both Halt Phosphatase Inhibitor Cocktail (Thermo Scientific
78440) and Roche PhosStop (Roche 04906837001) (lines 524-525).

(9) Please add this most recent and up-to-date reference (PMID: 40976416) related to
your study.

We have now added that reference

(10) Can the authors speculate on whether Hsp70- T495E is expected to primarily reside
in the nucleus?

We have no data to indicate whether or not phosphorylation at T495 or a phosphomimetic
mutation in this site would directly affect nuclear import or export. In cells expressing the
Legionella kinase LegK4, pHsp70 exists in the cytoplasm,[1] indicating the phosphorylation in
of itself does not force nuclear localization. We thus imagine that the nuclear localization
seen in Figure 4d is more likely due to the location of the kinase rather than as a consequence
of the phosphorylation. In an over-expression system or in the case of a genomic mutation,
we believe the protein is most likely to exist in both the cytoplasm and in the nucleus, though
we did not directly test this.
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