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ABSTRACT: Eukaryotic cells respond to heat shock through several regulatory processes including
upregulation of stress responsive chaperones and reversible shutdown of cellular activities through
formation of protein assemblies. However, the underlying regulatory mechanisms of the recovery of
these heat-induced protein assemblies remain largely elusive. Here, we measured the proteome
abundance and solubility changes during recovery from heat shock in the mouse Neuro2a cell line. We
found that prefoldins and translation machinery are rapidly down-regulated as the first step in the heat
shock response. Analysis of proteome solubility reveals that a rapid mobilization of protein quality
control machineries, along with changes in cellular energy metabolism, translational activity and actin
cytoskeleton are fundamental to the early stress responses. In contrast, longer term adaptation to stress
involves renewal of core cellular components. Inhibition of Hsp70 family, pivotal for the heat shock
response, selectively and negatively affects the ribosomal machinery and delays the solubility recovery

of many nuclear proteins. ProteomeXchange: PXD030069

Keywords: heat shock, chaperone, recovery, protein solubility, heat shock protein 70, disaggregation,

quantitative proteomics

INTRODUCTION



When a cell is subjected to a heat stress, the proteome becomes at risk of thermal denaturation and
aggregation. To mitigate this, cells employ heat shock response mechanisms that involve the rapid
transcription of stress-responsive chaperones (on the timescale of minutes), and subsequent translation
over a timescale of minutes to hours'3. The upregulation of chaperones increases the capacity for
protein homeostasis to be restored quickly. While proteins may aggregate inappropriately when
denatured, which may be detrimental to cellular health, recent evidence also indicates that protein
assemblies can form as part of functional responses to restore proteostasis*®. This includes RNA binding
proteins that form condensates such as stress granules, which are thought to act by pausing normal
processes that hinder the restoration of proteostasis, including translation and nucleocytoplasmic
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transport*®. These condensates disassemble during the recovery from transient non-lethal heat stress™
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The heat shock protein 70 (Hsp70) family represents one of the core chaperone systems that governs
the folding of nascent proteins and is pivotal to the heat shock response’. Under heat stress, one of
Hsp70 family members, heat shock cognate 70 (Hsc70) shuttles from the cystosol into the nucleus to
improve the folding of nuclear proteins®°. Hsc70 is also involved in the core of the protein disaggregase
machinery, along with Hsp110 nucleotide exchange factor and J-protein co-chaperones of classes A and
B in metazoans'®. The disaggregases are efficient at dissociating functional aggregates as well as
inappropriate aggregates formed by misfolded proteins, illustrating a broader role of Hsp70 in
modulating protein assembly states''. Recent large-scale proteomics studies probed the recovery profile
of proteome solubility from heat shock and revealed that ubiquitination is essential for recovery of
cellular activities after heat shock in human cells'* 3, However, knowledge of which proteins in the
proteome undergo assembly and disassembly upon a stress response recovery in mammalian cells, and

which proteins are reliant on Hsp70, is only scantly understood.

Here, we sought to assess in a systematic manner how proteins in a mouse neuroblastoma cell line
(Neuro2a) change solubility upon heat shock and how they recover over several hours, and to determine
which proteins are most influenced by Hsp70 activity using a specific pan-Hsp70 family inhibitor
(Ver155008)*. We apply “solubility” as an agnostic measure of a change in a protein’s state of
association with self or other proteins. We anticipate the solubility changes to reflect changes to
proteins caused by heat denaturation and precipitation, and based on precedence*®, to reflect changes
in protein binding patterns to other molecules as part of their functional response to the stimulus of

heat shock (rather than precipitation due to denaturation). Our results indicate that proteome
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remodeling after heat shock was directed primarily to upregulation of the protein disaggregation
machinery and downregulation of protein translation machinery. Analysis of changes in proteome
solubility revealed primary responses to heat shock, including rapid disassembly of machinery involved
in ribosomes and their biogenesis, translation elongation, aerobic respiration, and nuclear-cytoplasmic
transport; reduction of actin cytoskeleton and machinery involved in amino acid biosynthesis; and
assembly of protein transport pathways, spliceosomes, and chaperone complexes. The longer term
responses included assembly of structures involved in organelle synthesis. Hsp70 inhibition significantly

down-regulated the ribosomal machinery and impeded the solubility recovery of many nuclear proteins.

EXPERIMENTAL PROCEDURES

Cell culture. Neuro2a cells, obtained originally from the American Type Culture Collection (ATCC
number: CCL-131), were maintained in Opti-MEM (Life Technologies) supplemented with 10% (v/v) fetal
calf serum (Thermo Fisher Scientific), 1 mM glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin
(Life Technologies). 2.5 x 10° cells were seeded in 5 mL fresh media for 25 cm? plastic tissue culture
flasks (Nunc EasYFlask (cat#nun156367)) and 6 x 10°% in 10 mL media for 75 cm? flasks (cat# nun156472).
Cells were grown for 18 hours before treatment in a humidified incubator with 5% (v/v) atmospheric
COzat 37 °C unless otherwise indicated. Cell count and viability were automatically determined using a

Countess trypan blue assay (ThermoFisher Scientific).

Heat stress, recovery and Hsp70 inhibition. Heat shock was performed by replacing media on plated
cells with fresh media pre-heated at 46 °C. Cells were then immediately kept in a humidified incubator
with 5% (v/v) atmospheric CO; at 46 °C for the indicated time periods. After heat shock, the media was
immediately replaced with fresh media, preheated at 37 °C, and cells were kept in a 37 °C incubator for
the indicated recovery time periods before harvesting. For optimisation of the time period of heat
shock, Neuro2a cells in 25 cm? flasks were heat shocked at 46 °C for 2, 4, 6, 8, 10, 15, 30, 45 or 60 min,
followed by recovery at 37 °C for 1, 2 or 24 h. Cell viability was measured by trypan blue assay in
samples collected after 1, 2 and 24 h recovery. As a second step to determine the heat shock conditions,
Neuro2a cells in 25 cm? flasks were heat shocked at 46 °C for 5, 10 or 30 min, followed by recovery at
37 °Cfor1, 2,3,50r 24 h, and Hsp70 protein abundance was measured in samples collected after heat
shock or 1, 2, 3, 5 and 24 h recovery by Western blotting. For proteomics analysis, Neuro2a cells were
heated at 46 °C for 30 min, followed by recovery for 1, 2, 3 or 5 hours in 75 cm? flasks. For Hsp70 activity

inhibition, cells were cultured in media supplemented with 20 uM Ver155008 (Sigma) for 18 hours
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before heat shock. During heat shock and recovery, the corresponding fresh media were all

supplemented with 20 uM Ver155008.

Western blotting. Cells were harvested by gently pipetting with phosphate buffered saline (PBS). Cells
were pelleted by centrifugation at 120 g for 6 min and resuspended in 250 L lysis buffer (2% SDS, 1%
v/v IGEPAL-CA630, 50 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl, 20 units/mL Benzonase (Millipore)
supplemented with EDTA-free protease inhibitor (Roche)). Lysate was heated at 95 °C for 20 min. Debris
was removed by centrifugation (13,000 rpm in a microcentrifuge; 10 min; 4 °C) and the supernatant
placed in a new microcentrifuge tube. 10 uL cell lysates from each sample were loaded on an TGX Stain
Free FastCast Acrylamide gel (BioRad, cat# 1610185). The amounts of total protein loaded in the gels
were detected by UV light before gels were transferred using an iBlot2 gel transfer device (Thermofisher
scientific, cat# 1B21001) and a PVDF iBlot2 transfer stack (Thermofisher scientific, cat# 1B24001). The
membrane was blocked with 5% w/v skim milk powder in PBS for 1 h at room temperature. Anti-Hsp70
(Abcam, cat# ab5439) antibody was diluted to 1:1,000 in PBS containing 0.1% v/v Tween 20 and
incubated overnight at 4°C. The secondary antibody, goat anti-mouse HRP antibody (Invitrogen,
cat##31430), was diluted 1:10,000 in PBS containing 0.1% v/v Tween 20 and incubated for 1 hour at

room temperature. HRP was detected by enhanced chemiluminescence kit (Clarity, BioRad).

Cell fractionation by ultracentrifugation. The separation of soluble and insoluble fractions was
performed as previously described®. Briefly, Neuro2a cells were collected from the flasks with cell
scrapers, followed by washing with phosphate buffered saline and pelleting at 120 g for 6 min for three
times before being snap frozen in liquid nitrogen and kept at — 80 °C until use. Each cell pellet was
resuspended in 500 pL ice-cold Buffer 1 (50 mM Tris-HCl, 150 mM NaCl, 1% (v/v) IGEPAL CA-630, 10
units/mL DNase |, 1:1,000 EDTA-free protease inhibitor tablet (Roche)) and lysed through a 27 G needle
for 25 times, followed by a 31 G needle for 10 times. EDTA (0.5 M) was added to a final concentration of
2 mM. The cell lysate was split into two aliquots: a 300 pl aliquot and the rest left as being
representative of the total (T) sample. The 300 pL aliquot was transferred to a chilled 1.5 mL
ultracentrifuge tube and centrifuged at 100,000 g for 20 min at 4 °C. 250 uL of the resultant supernatant
was reserved as the supernatant (S) sample. The T and S samples were resuspended in the same volume
of Buffer 2 (Buffer 1, 4% (w/v) SDS, 4 mM DTT (1,4-dithiothreitol) ) as their initial volume, followed by
incubation at 95 °C for 20 min. The concentration of proteins from T, S, and P fractions was measured by
bicinchoninic acid assay by a dilution of 1:20 in PBS according to the manufacturer’s instructions

(Thermo Fisher Scientific).



Sample preparation and TMT labeling for mass spectrometry. 100 pg of protein from each sample was
treated with 10 mM DTT for 1 h, followed by alkylation with 55 mM iodoacetamide for 1 h at 37 °C.
Proteins were purified by chloroform/methanol precipitation (3). The resultant pellet was resuspended
in 100 pL 8 M urea, 50 mM triethylammonium bicarbonate (TEAB) with vigorous vortexing. The solution
was then adjusted to a final concentration of 1 M urea, 100 mM TEAB, followed by trypsin digestion
(enzyme: protein mass ratio = 1:40) overnight at 37 °C. The peptides were desalted with a solid-phase
extraction (SPE) cartridge (Oasis HLB 1 cc Vac Cartridge, 10 mg sorbent, Waters Corp., USA), followed by
lyophilization by freeze drying (Virtis, SP Scientific) overnight. The pellets were resuspended in distilled
water and quantified by bicinchoninic acid assay (Thermo Fisher Scientific) according to the
manufacturer’s instruction. 25 pg of each sample was labelled with TMT-11 plex isobaric labelling
reagents (Thermo Fisher Scientific) following the manufacturer’s instruction. Briefly, the TMT labeling
reagents were equilibrated to room temperature immediately before use, then 41 uL of anhydrous
acetonitrile was added to each tube of 0.8 mg TMT label reagent followed by intermittent vortexing
over 5 minutes. The peptide solution was adjusted to pH 8 with 1 M TEAB, and the concentration of
acetonitrile (ACN) adjusted to at least 30% (v/v). 4.1 uL TMT label reagent was then added to the
corresponding peptide solution. The reaction was incubated at room temperature for 1 h with orbital
shaking, followed by reaction quenching with the addition of 4 pL of 5% hydroxyl amine and incubation
for 15 min. Equal amounts of TMT labelled peptides for different samples were then combined and
lyophilized. The dried peptides were resuspended in 150 puL MS loading buffer (2% ACN, 0.05%

trifluoroacetic acid (TFA) in water).

Mass spectrometry analysis. Samples were analysed by liquid chromatography-nano electrospray
ionization-tandem mass spectrometry (LC-nESI-MS/MS). The nano-LC system, Ultimate 3000 RSLC
(Thermo Fisher Scientific, San Jose, CA) was equipped with an Acclaim Pepmap nano-trap column (C18,
100 A, 75 um x 2 cm, Thermo Fisher Scientific, San Jose, CA) and an Acclaim Pepmap RSLC analytical
column (C18, 100 A, 75 um x 50 cm, Thermo Fisher Scientific, San Jose, CA) maintained at a temperature
of 50 °C. Typically, for each LC-MS/MS experiment 1 ug of the peptide mixture was loaded onto the
enrichment (trap) column at an isocratic flow of 5 puL/min of 3% ACN containing 0.05% TFA for 5 min
before the enrichment column was switched in-line with the analytical column. The eluents used for the
LC were water containing 0.1% v/v formic acid and 5% v/v dimethyl sulfoxide (DMSO) for solvent A and
acetonitrile containing 0.1% v/v formic acid and 5% DMSO for solvent B. The gradient used ( flow rate of

300 nL/min) was 3% B to 23% B over 144 min, 23% B to 45% B over 10 min, 45% B to 80% B over 10 min,



then maintained at 80% B for the final 5 min before dropping to 3% B over 1 min and equilibration for 8
min prior to the next analysis. The MS experiments were performed using a nESI source in positive
ionization mode on a Fusion Lumos Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA).
The spray voltages, capillary temperature and S-lens RF level were set to 1.9 kV, 275 °C and 30%,
respectively. The mass spectrometry data was acquired using a 3 second cycle time consisting of one full
scan MS spectrum followed by as many data dependent HCD-MS/MS spectra as possible. Full scan MS
spectra were acquired over an m/z range from 375-1500, a mass resolving power of 120,000 (at m/z
200), an auto gain control (AGC) target value of 4e5, and a maximum ion trapping time of 50
milliseconds. Data dependent HCD-MS/MS data acquisition was performed using an m/z isolation
window of 0.7, for precursor ions with charge states from 2 to 7 a first mass at m/z of 100, a AGC target
value of 1e5, a normalized collision energy (NCE) of 38%, and a maximum ion trapping time of 105
milliseconds. All MS/MS data were acquired using a mass resolving power of 50,000 (at m/z 200) in the

Orbitrap mass analyzer. A dynamic exclusion time of 45 s was used.

Proteomic data analysis. Proteins were identified and quantified using Proteome Discoverer (version
2.3.0.81; Thermo Fisher Scientific) with the Mascot search engine (Matrix Science version 2.4.1). Data
searches were conducted against the SwissProt Mus Musculus database (version 2015_07: Jun-24, 2015)
with 16,724 proteins. For protein identification, the search was conducted with 20 ppm MS tolerance,
0.2 Da MS/MS tolerance and 2 missed cleavages with trypsin were allowed. Fixed modification was
carbamidomethylation of cysteines. Variable modifications included methionine oxidation, and TMT
labels on lysine and N-termini. The false discovery rate (FDR) was calculated by the Percolator node in
Proteome Discoverer v 2.3.0.81, and accepted using values of 0.5% at the peptide level and 1% at the
protein level. Proteins were filtered for those containing at least two unique peptides in all n=4
biological replicates from at least one condition group. The common contaminant, Keratin, was excluded
from the dataset. Peptide quantitation was performed in Proteome Discoverer v.2.3.0.81 using the
precursor ion quantifier node. The protein abundance in each replicate was calculated by summation of
the unique peptide abundances used for quantitation. For total proteome analysis, the median protein
ratio (i.e., stress/non-heat shock control) of each replicate was normalized to 1; for supernatant
proteome, the median protein ratio (i.e., pSup = supernatant/total) of each replicate was normalized to
0.8 based on the proportion (~ 0.8) of the supernatant fraction out of the total lysate determined by the
BCA assay. Solubility changes were calculated as A pSup = pSupnon-heat shock control — PSUPstress. ONe- sample

t-test (for ratios generated from the total proteome) and two-sample t-test (for pSup values generated



from the supernatant proteome) were performed to calculate the statistical significance with Perseus
(v1.6.15.0). The ratios (R) from the total proteome and A pSup were scaled with a p-value weighted

correction by the following two equations®®.

Equation 1 for calculating the p-value weighted ratio (R*) for the total proteome:

1-R
—20P

R =1-

where R* corresponds to the mean of the total ratios and p corresponds to the p-value derived from

one-sample t-test described above.

Equation 2 for calculating the p-value weighted ratio (A pSup*) for the proteome solubility (p

corresponds to the p-value derived from two-sample t-test described above):

ApSup
—20P

ApSup® =

The resultant curves for A pSup* during recovery from heat shock were clustered by K-means clustering
using Weka 3.8Y. The optimal number of clusters was determined manually to achieve minimal

redundancy in clustered patterns.

Bioinformatic analysis. For Gene Ontology (GO) analysis, data were analyzed by the PANTHER
overrepresentation test (PANTHER version 16.0, 20210224) using the PANTHER GO-Complete biological
process, cellular component and molecular function datasets. Fisher’s exact tests using FDR correction
for multiple testing were performed. Results were filtered for GO terms containing at least four
proteins, and a fold enrichment over 2 unless stated otherwise and p value less than 0.05. Protein
interaction networks were generated using Cytoscape 3.7.1'® with the built-in String (v11.0) tool®* with a
minimum required interaction score of 0.4 (medium confidence). For physicochemical properties
analysis, Biopython? was used to calculate gravy score, isoelectric point, molecular weight, secondary

structure prediction. IUPRed3 was used to calculate the percentage of intrinsically disordered proteins?’.

Statistical analysis. Statistical parameters are reported in the figures and corresponding figure legends.
Figures were generated using the Seaborn package from Python v3. P values were considered significant

at values less than 0.05 unless otherwise stated.



Data availability. The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium database via the PRIDE?? partner repository program with the dataset
identifier PXD030069 (for whole proteome and solubility data). The information of the identified

proteins are provided as the supplemental data.

RESULTS & DISCUSSION

Two considerations were made in the approach to heat shock of Neuro2a cells. First was to ensure it
was severe enough to induce the stress without compromising cell viability. Second was that the stress
stimulated upregulation of the Hsp70 proteins. Fig. 1A shows that within 30 min of heat shock at 46 °C,
cell viability was not affected. However, at heat shock lengths of 45 min or longer, cells detached from
the flasks after 3 hours recovery, suggesting a compromise in viability. Heat stress for 30 min at 46 °C
resulted in a more than 1.5-fold increase in Hsp70 abundance at 3 to 5 hours recovery, whereas heat
shock for 10 min or less did not appear to induce Hsp70 upregulation (Fig. 1B—D & Fig. S1). This is
consistent with the pioneer work in Drosophila that the total quantity of Hsp70 produced during heat
shock and recovery is related to the severity of stress®. These results therefore indicated that a heat
shock for 30 min at 46 °C was sufficient to induce the phenotype we sought without compromising

cellular viability.
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Fig. 1 Optimization of the heat shock treatment. (A). Neuro2a cell viability measured by trypan blue assay at the
indicated time points of recovery from heat shock (46 °C). N.A. indicates samples where all cells had lifted from the
plate and presumed dead. (B) Western Blots probed for Hsp70 for samples recovered at the indicated times (0, 1,
2,3, 5and 24 h) and heat shock treatment conditions (46 °C for 5, 10 or 30 min). The amount of total proteins per
well is shown in Fig. S1. (C). Quantitation of the immunoblot analysis shown in (B).

Heat shock recovery involves downregulation of prefoldins and translational machinery and
upregulation of Hsp70 chaperones involved in disaggregation.

Tandem mass tag (TMT)-based multiplex quantitative proteomics was then used to monitor the
abundances of individual proteins in samples collected over the heat shock and recovery time periods.
An outline of the approach is shown in Fig. 2A. 3,042 proteins were identified in at least two replicates
of all groups. We used a recently described statistical p-value-based smoothing approach to aid in

identification of proteins that showed a significantly changed response'®. This smoothing method weighs
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the magnitude of the observed changes to the measured p-value so that meaningful changes are
preserved whereas non-significant changes are suppressed to baseline. However, because the method
adjusts the magnitude of responses, the reported magnitudes will be lower than the actual magnitudes
(we report these adjusted fold changes or magnitudes as *; the uncorrected data for all data in the
manuscript is shown in Fig. S6). This analysis yielded 19 proteins (0.58%) that changed abundance by at
least 2-fold* at one or more timepoints after heat shock (Fig. 2B, Table S1). Of these, seven increased in
abundance, including the Hsp70 co-chaperone Dnajbl. However, these proteins were not enriched in
any functional groups by Gene Ontology (GO) analysis. Twelve proteins showed decreased abundances

and were enriched in GO terms of ribosomal subunits (GO:0044391) and small molecule metabolic

process (GO:0044281) (Fig. 2C).
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Fig. 2. Total proteome abundance changes in Neuro2a cells after heat shock and during recovery. (A) Schematic
of the TMT-based quantitative proteomic workflow for measuring the total protein abundance changes after heat
shock and during recovery. Treatment groups are shown. Hsp70 inhibition was achieved with 20 uM Ver-155008
added to the media 18 h before the heat shock. After heat treatment, media was refreshed and cells recovered for
the indicated times before lysis with SDS-based buffers. Cells without heat shock, and Hsp70 inhibition were used
as controls. The denatured cell lysates were reduced, alkylated, and desalted prior to protein digestionusing
trypsin. After clean-up, peptides were labeled with TMT-11 plex, mixed equally and subjected to LC-MS/MS. Four
biological replicates were used. (B) Heat map of proteins with significant relative abundance changes* (P < 0.05,
above 2-fold change) in at least one timepoint after heat shock and during recovery. Purple represents increases
and green represents decreases in abundance compared with pre-heat shock. (C) Protein networks of up-regulated
or down-regulated proteins after heat shock or during recovery represented by STRING (v.11.0) analysis with
medium confidence interactions. Selected significantly enriched gene ontology (GO) terms (above 2-fold
enrichment and P < 0.05 from Fisher’s exact test with FDR correction) are annotated.

10



A number of chaperones had abundance increases, including components of the protein disaggregase
machinery'® (Dnajb1, 2.18-fold*, Hspa8 (Hsc70) with 1.25-fold* and Hsph1 with 1.24-fold* at 5 h
recovery) (Fig. 3). Unique peptides of other individual stress-inducible Hsp70s were not identified
because these proteins are highly similar in sequence. However, we observed peptides in common to
Hspa8 and Hspala/Hspalb that were 1.8-fold* upregulated after heat shock and remained higher than
1.3-fold* at the recovery time points (Fig. S2). Small heat shock protein Hspb8, which is involved in
preventing aggregation?®, also increased in abundance (1.3-fold*). In contrast, Hsp90- and Hsp60 family
proteins showed limited changes in abundance (Fig. 3). Five out of six identified prefoldins, which are
responsible for assisting the folding of newly synthesized proteins®®, were significantly down-regulated
after heat shock (with 0.4 — 0.8-fold* decrease). In addition, 8 out of 45 identified large ribosomal
subunits, particularly Rpl40, and 4 out of 31 small ribosome subunits were significantly down-regulated
(by between 0.2 to 0.8-fold* decrease), while the rest identified subunits did not show significant
changes (Fig. S3A-B, Table S1). These findings are consistent with an immediate degradation of
machinery associated with translation and translation quality control upon heat shock as part of the first
steps of the heat shock response. Both ribosome and prefoldin subunits returned to pre-heat shock
abundances after 2 hours recovery (Fig. 3 & S3A-B).
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Fig. 3. Abundance profiles of proteostasis network components after heat shock with or without Hsp70
inhibition. Shown are fold changes relative to pre-heat shock after adjustment with p-value method (i.e. the
approach suppresses statistically low confidence changes from zero). Solid lines indicate changes occuring after
heat shock. Dashed lines indicate changes occuring with Hsp70 inhibitor added. Data are grouped by family type.
Other major changes in abundances due to heat shock included the mitochondrial ribosome. Nine out of

51 identified mitochondrial ribosomal proteins decreased abundance after heat shock (between 0.2 —
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0.55-fold*), while the rest subunits did not change significantly (Fig. S3C, Table S1). Heat shock also

decreased proteasome subunits (e.g. Psme4) modestly (Fig S3D, Table S1).

Heat shock leads to selective changes in solubility of machineries involved in targeted cellular
responses.

Next we focused on proteome solubility changes, which can provide information on the protein
networks that are remodeled *°. For this we determined the pSup of individual proteins during heat
shock recovery, which is the proportion of protein in the supernatant after a pelleting step (Fig. 4A, Fig.
$4). 1,993 unique proteins were detected and measured across every time point of heat shock and
recovery. Changes in the proportion of protein in the supernatant between control and treatment (A
pSup) revealed widespread proteome solubility changes after heat shock, followed by restoration to

baseline conditions upon recovery (Fig. 4B, Table S2).

A detailed examination of the kinetics of solubility changes of individual proteins was undertaken by a k-
means clustering approach into 6 major groupings of kinetic patterns (Fig. 4C, Table S3). Of these
clusters, four contrasting patterns were apparent. One involved proteins that underwent no major
change in solubility (cluster 1 - 924 proteins, representing 46.3% of the identified proteome). Two
clusters showed transient increases in solubility which differed in their magnitude* and extent of
recovery (clusters 2 and 3; 508 proteins (25.5%) and 136 proteins (6.8%) respectively). Two clusters
showed transient decreases in solubility which differed in their magnitude* and extent of recovery
(clusters 4 and 5; 188 proteins (9.4%) and 68 proteins (3.4%). Finally, one cluster (Cluster 6, representing
169 proteins (8.5% of the proteome)), showed a progressive increase in insolubility* throughout the
recovery time course, suggesting proteins changed aggregation state over a longer term and in a

sustained manner.

To assess the biological mechanisms that align with these cluster patterns, we assessed the proteins in
the above groups that underwent solubility changes by GO analysis (Fig. 4D). Clusters 2 and 3, whose
members underwent increases in protein solubility, were associated with GO terms that illuminated the
structural rearrangements that occur in the immediate aftermath of heat shock. GO terms enriched in
biological processes included protein folding (GO:0006457), translation initiation (GO:0006413), positive
regulation of establishment of protein localization to telomere (GO:1904851), protein deneddylation
(G0O:0000338), lysosomal protein catabolic process (G0O:1905146), cell redox homeostasis (G0:0045454),

tricarboxylic acid cycle (G0O:0006099), establishment of mitochondrion localization, microtubule-

12



mediated (GO:0034643), pyruvate metabolic process (GO:0006090), regulation of actin filament
depolymerization (GO:0030834), ATP metabolic process (G0:0046034), nucleotide biosynthetic process
(G0O:0009165), translational elongation (GO:0006414) and ribosome assembly (GO:0042255).
Collectively these GO terms indicate a rapid mobilization of protein quality control machineries, changes
in cellular energy metabolism, translational activity, and the actin cytoskeleton, and that remodeling of
nucleotide biosynthetic processes are fundamental to the early stress responses. All of these changes

result in a net reduction in the protein-protein interactions involved in their function.
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affected by Hsp70 inhibition. GO terms with above 5-fold enrichment and P < 0.05 from Fisher’s exact test with
FDR correction were listed in Table S4.

Conversely, proteins in clusters 4 and 5, which showed increases in insolubility, revealed GO term
enrichment for IRES-dependent viral translational initiation (GO:0075522), translational initiation
(G0O:0006413), protein folding (GO:0006457) and mRNA splicing, via spliceosome (GO:0000398). These
patterns evoke formation of RNA splicing factor-enriched stress granules, activation of large-scale
transport mechanisms, assembly of other complexes, which may include chaperone-based disaggregase

complex formation.

Another point of note was that some GO terms contained proteins that showed opposite patterns of
solubility change after heat shock, in that some lost and others gained solubility. These included
translation initiation (GO:0006413) and protein folding (GO:0006457). Proteins in the translation
initiation GO term that became more insoluble are drivers in IRES-dependent viral translation initiation
(i.e. Csdel, Eif3d, Eif3b, Eif3f and pcbp2)?® %’. IRES-dependent viral translation initiation has been
suggested to be involved in translating stress responsive mRNA under stress or viral infection®®?’. The
increased insolubility of these proteins after heat shock may be explained by the formation of IRES-
dependent translation initiation complex upon heat shock. In contrast, proteins involved in global
translation initiation became more soluble after heat shock, suggesting the translation initiation
complex is disassembled after heat shock to reduce global translation. Chaperones involved in protein
folding were also divergent in their solubility changes (Fig. 5), suggesting different roles in responding to
challenges of protein folding after heat shock. Ribosome-associated chaperone Hspal4 (a Hsp70 family
member) and its co-chaperone, Dnajc2, became transiently more insoluble after heat shock, suggesting
they may be sequestered into the aggregates formed by newly synthesized proteins vulnerable to heat
shock?®. Other Hsp70-, Hsp90- and Hsp110- family proteins became more soluble after heat shock
suggesting they play different functions. Of the Hsp60 family, two members stood out from the others:
Hspd1 and its co-chaperone Hspel. These chaperones are distinct to other Hsp60 proteins by being
localized to the mitochondria?®, suggesting a specific mitochondrial response. Prefoldin complex
proteins also showed heterogenous changes in solubility. Three members showed transient increases in
solubility after heat shock, Pfdn1 and Pfdn 6, which are  subunits of the prefoldin complex and the a
subunit Pfdn5. Prefoldin 1, 5 and 6 were also down-regulated after heat shock (Fig 3), indicating that the

instability of the prefoldin complex may lead to the removal of their subunits.

15



Hsp70 family Hsp40 family Hsp110 family Small heat shock Hsp90 family Prefoldin Hsp60 family

o - Dnajal ~ Dnaja2 -
E Dnaja3 = Dnajb1 Prant
204 J = Pfdn2
S Dnajb11 ~ Pfdn5
c = Dnajb12 = Hsp90aa1 - n
5 Dnajef ~ Hsp90ab1 Pfdn6 Hspe'
=02 Dras Hspbs _ HepS0b1 —Te
Dnajc5 ~ Trap1 P
(% N \ '\/\ I /
3 ;_\/ /t I 77 /\1
< s Hsph1 9/ <
o
—0.21 = Hspa9 ~uxt 7 [
QL ct2
3 |- Hspatea Dnacts / = Vot Cod
° — Hspal4 Dnajb6 — Dnajc19 / — Cctd
g ~ Hspa4 = Dnajc7 - Gak - gggga
57041 — Hspadl = Dnajc8 —Hscb Cct7
= — Hspa8 Dnajc9 — Sec63 — Cct8
T T T T T T LI R T T T T T T T T T T T T T T T T T 1T L I T T T T T T T
012345 012345 012345 012345 012345 012345 012345
Recovery (h) Recovery (h) Recovery (h) Recovery (h) Recovery (h) Recovery (h) Recovery (h)
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changes away from zero). Data is grouped by family type.

Proteins in Cluster 6, which shows progressive increases in solubility after heat shock and recovery, were
enriched in positive regulation of proteasome complex (GO:0000502), mitochondrial protein-containing
complex (GO:0098798), peroxisome (GO:0005777), positive regulation of cellular component biogenesis
(G0O:0044089) and positive regulation of cytoskeleton organization (GO:0051495). This finding is

consistent with a longer-term adaptation to stress involving renewal of core cellular components.

The heat-sensitive aggregation of proteins is not defined by protein folding stability

Thus far our data points to many proteins that map strongly onto the biological pathways anticipated to
be involved in the heat shock response and protein quality control. Next we examined whether there
were also features of solubility change that points to underlying proteome thermostability which we
predict would also relate to changes in aggregation. For this analysis, we obtained previously
determined thermostability data®® that was derived from apparent melting temperatures of proteins
measured by their aggregation at different temperatures (in cell lysates). This published dataset
included 1564 proteins that corresponded to our dataset. However, the proteins that changed solubility
after heat shock did not correlate with their thermal stabilities (Fig. 6A, Table S5). Similarly, based on an
analysis of protein folding stability data determined by methionine oxidation and urea denaturation
curves®!, we found no correlation between the protein solubility changes resulting from heat shock and
folding stability (Fig. 6B, Table S5). Next, we tested whether the protein solubility changes were biased
toward protein total abundance changes in our own datasets (Fig. 6C, Table S5). The analysis also

showed very poor correlation. Finally, we compared the physicochemical properties between soluble
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proteins and aggregators upon heat shock (Fig. S5). We found that aggregators were enriched in
proteins of high molecular weight, low isoelectric point, containing B-sheet and intrinsically disordered
structure. These findings are in agreement with the findings previously reported in a different cell line
after heat shock'?. Collectively, these data suggest that the strongest driver of changes in proteome
solubility related to rewiring of protein networks as a functional response to heat shock, which might be
regulated by instrinscally disordered proteins, rather than heat-induced changes to aggregation arising

from protein folding stability or abundances.
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Fig. 6. Proteins with solubility changes upon heat shock are not defined by thermal stability, folding stability, or
protein abundance changes. Correlation analysis of proteins that changed their solubility* upon heat shock with
melting temperature® (A), free energy3! (B) and total protein abundance (our data herein) (C).

Hsp70 inhibition impedes the recovery of proteome solubility from heat shock

Given the central role of the Hsp70 family proteins in responding to heat shock, we examined the impact
when Hsp70 proteins were inhibited with the specific inhibitor Ver155008, which binds to the ATPase
domain of Hsp70 family proteins with an 1Cso of 0.5 uM** 32, First, we analyzed changes in total protein
abundances mediated by Ver155008. Hsp70 inhibition dampened the up-regulation of Dnajbl during
the recovery from heat shock (Fig. 3) and significantly further down-regulated cytosolic large ribosomal
proteins at all timepoints of recovery and the cytosolic small ribosome at a lesser extent (Fig. S3A-B).
Treatment with Hsp70 inhibition did not further down-regulate the proteasome proteins (Fig. S3D).
Hence, the Hsp70 machinery appears important to regulate the restoration of these immediate changes
involving translation and translation quality control to baseline conditions and this may occur in both

the general cellular translation machinery and the corresponding machinery of the mitochondria.

To identify key changes in how Ver155008 affects proteome solubility, we analyzed the solubility

profiles of the above clusters with Hsp70 inhibition. In the k-means clusters, Hsp70 inhibition appeared
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to impede the recovery of Cluster 5 from 2 h after heat shock based on the boundary of the 95% CI (Fig.
4C). It also appeared to suppress the gain in insolubility of proteins in Cluster 6. To more specifically
identify the proteins that were selectively changed by Hsp70 inhibition during their solubility recovery
after heat shock, we performed a Kolmogorov—Smirnov (KS) test to compare their recovery profiles in
the presence and absence of Ver155008. This analysis revealed 108 proteins that were significantly
impacted (Table S6). These proteins were enriched in ribosomal large subunit biogenesis (G0:0042273),
regulation of mMRNA splicing, via spliceosome (G0:0048024), cytoplasmic translation (G0O:0002181) and
translational elongation (GO:0006414) (Fig. 4F). Therefore, the Hsp70 chaperone network is essential for

the solubility recovery of translation, and mRNA splicing upon heat shock.

CONCLUSION

In this study, we characterized several aspects of the cellular regulatory strategies for recovery from
heat shock. First, specific chaperones that form the protein disaggregation machinery are upregulated
with a limited fold change during recovery from heat shock. In addition, cytosolic and mitochondrial
ribosomal proteins are rapidly down-regulated upon heat shock, which may operate to drive the
shutdown of global translation. It is noteworthy that specific ribosomal subunits are most down-
regulated. One example is Rpl40, whose down-regulation was previously reported to lead to the
specialized ribosome that favors the translation of stress-related proteins®. This is consistent with the
hypothesis that the specialized ribosome is induced by heat shock to promote the translation of specific

chaperones.

Next, compared to only a handful of proteins that underwent abundance changes (19), more than 50%
of the proteome changed in solubility either upwards or downwards upon heat shock. These findings
support a concept originally proposed in yeast, that the major responses to heat shock in the proteome
are in adaptive autoregulatory assembly and disassembly of mature protein complexes and that these
changes arise independently to the denaturation of newly synthesized proteins®. It is also consistent
with a broader context seen in cellular stresses anticipated to affect protein folding quality control®.
The fast recovery of protein solubility happens within 2 h after heat shock, and coincides with the
timepoint where protein levels of ribosomal subunits are returned to pre-heat shock conditions. After 2

h, the recovery of solubility slows down. This might be due to the limited resources available for protein

solubility recovery as normal cellular activities start to resume.
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Last, our analysis reveals the functional role of Hsp70 in regulating the proteome solubility recovery
from heat shock. A previous proteomics study showed that Hsp70 protects a thermal sensitive
subproteome in E. coli**. Our study extends this Hsp70 protective function to the recovery from heat
shock, and reveals that Hsp70 also regulates the recovery of the biological condensates formed by many
nuclear proteins. These proteins may represent the metastable proteins that are generally protected by

Hsp70.

SUPPORTING INFORMATION

The following supporting information is available free of charge at ACS website [link here].

Table S1 - Total proteomics dataset during recovery from heat shock with and without Hsp70 inhibition

Table S2 - Solubility proteomics dataset during recovery from heat shock with and without Hsp70

inhibition

Table S3 - A list of proteins with their solubility clustered by K-means clustering

Table S4 - Gene Ontology terms associated with the solubility datasets

Table S5 - Raw data of melting temperatures, AG of folding and changes in solubility

Table S6 - A list of proteins with their solubility specifically affected by Hsp70 inhibition

Figure S1 - The amount of total proteins loaded on the gels shown in Fig. 1C.

Figure S2 - The abundance changes of non-unique Hsp70 peptides after heat shock and during recovery.

Figure S3 - Protein abundance changes of the components of the proteostasis network.

Figure S4 - Schematic of the proteomics workflow and analysis regarding the solubility (pSup) analysis.

Figure S5 - Comparison of physicochemical properties between soluble proteins and aggregators upon

heat shock.
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Figure S6 - Supplementary figures showing the data without p-val smoothing for Figs. 2B, 3, 4B, 4C and
5.
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