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chaperone Hsp78 highlights its role in protein aggregation

during heat stress
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Chaperones of the Hspl00/Clp family represent major
components of protein homeostasis, conferring maintenance of
protein activity under stress. The ClpB-type members of the
family, present in bacteria, fungi, and plants, are able to
resolubilize aggregated proteins. The mitochondrial member of
the ClpB family in Saccharomyces cerevisiae is Hsp78.
Although Hsp78 has been shown to contribute to proteostasis
in elevated temperatures, the biochemical mechanisms under-
lying this mitochondria-specific thermotolerance are still
largely unclear. To identify endogenous chaperone substrate
proteins, here, we generated an Hsp78-ATPase mutant with
stabilized substrate-binding behavior. We used two stable
isotope labeling-based quantitative mass spectrometry
approaches to analyze the role of Hsp78 during heat stress—
induced mitochondrial protein aggregation and disaggrega-
tion on a proteomic level. We first identified the endogenous
substrate spectrum of the Hsp78 chaperone, comprising a wide
variety of proteins related to metabolic functions including
energy production and protein synthesis, as well as other
chaperones, indicating its crucial functions in mitochondrial
stress resistance. We then compared these interaction data
with aggregation and disaggregation processes in mitochondria
under heat stress, which revealed specific aggregation-prone
protein populations and demonstrated the direct quantitative
impact of Hsp78 on stress-dependent protein solubility under
different conditions. We conclude that Hsp78, together with its
cofactors, represents a recovery system that protects major
mitochondrial metabolic functions during heat stress as well as
restores protein biogenesis capacity after the return to normal
conditions.

Every organism requires specific biochemical processes for
the maintenance of the internal protein homeostasis, keeping
cellular functions intact and the cell alive. Due to the exposi-
tion to variable environmental conditions, especially immobile
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organisms like bacteria, fungi, and plants suffer from thermal
stress and therefore exhibit distinct protective mechanisms
that convey a certain degree of thermotolerance. Also human
cells may be subjected to heat stress under certain pathological
conditions like fever. These proteo-protective mechanisms are
based on the activity of molecular chaperones, representing
ATP-dependent enzymes that stabilize misfolded proteins,
protecting them from aggregation and support degradation
processes (1-4). One important group of chaperones with a
major role during protein aggregation reactions is the Hsp100
chaperone family. They belong to the AAA+ class of enzymes
(ATPase associated with wide variety of cellular activities),
many of them involved in molecular remodeling reactions (5).
Enzymes of a particular subgroup of the Hspl00 family, all
relatives of the bacterial ClpB protein, are able to resolve
polypeptides from insoluble aggregates and to support their
refolding via the Hsp70 chaperone system or their degradation
through various ATP-dependent proteases (6, 7). ClpB-type
chaperones typically form hexameric ring structures that are
formed by intermolecular interactions of their two AAA pro-
tein domains. It was proposed that the mechanistic basis of the
chaperone activity is based on a threading mechanism of the
polypeptide chains through the central pore of the ring com-
plex, thereby dissolving any incorrect protein conformations
(3). Bacterial ClpB was shown to cause thermal hypersensi-
tivity in the respective null-mutant strains, thus ClpB-type
chaperones facilitate thermal tolerance to bacteria (8). In
comparison to other Hspl00 chaperones, ClpB-type proteins
do not directly assemble with proteases (9).

The problematic nature of heat stress might be even more
relevant for mitochondrial proteins as it is assumed that, due
to metabolic processes, temperature inside the organelle may
be elevated permanently (10). The basic biochemical mecha-
nisms of the chaperone enzymes involved in mitochondrial
aggregation have been largely established to date, either based
on the utilization of artificial reporter proteins or the charac-
terization of the thermal reactivity of single examples of spe-
cific proteins. However, for a complete understanding of
mitochondrial protein homeostasis under thermal stress con-
ditions, it is fundamental to identify proteins that exhibit less
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Stabilization of the mitochondrial proteome by Hsp78 under heat stress

stable folding states and have a tendency to aggregate. Previous
experiments exposing human cells to mild heat stress, similar
to fever conditions, exhibited an overall quite robust behavior
of mitochondrial proteins with only few polypeptides prone to
aggregation (11). In contrast, a study in yeast established a
strong effect of elevated temperatures on mitochondrial
morphology (12). Yeast cells contain two homologs of bacterial
Hsp100 family chaperone ClpB, the cytosolic Hsp104 (13), and
the mitochondrial Hsp78 (14). As ClpB family members are
not present in higher eukaryotes (15), it has been proposed
that other chaperones, in particular mtHsp70 together with its
cochaperone Tidl, may take over Hsp100 function in human
mitochondria (16). Similar to other Hsp100 family members,
Hsp78 is an ATP-dependent enzyme, which is upregulated
upon thermal stress and most likely forms the typical barrel-
shaped hexameric enzyme complexes with a central pore
(17, 18). In analogy to bacterial ClpB, it is assumed also for
Hsp78 that substrate polypeptides are mechanically pulled
through the pore and are thereby disaggregated for further
processes executed by other chaperone systems (19). Similar to
other members of the family, Hsp78 contains two AAA-type
nucleotide-binding domains with conserved Walker A and
Walker B motifs (20), which are connected by a coiled-coil
middle segment (M domain) that is proposed to provide an
interaction with Hsp70-type chaperones, stimulating ATPase
function (21). Due to its organellar localization, Hsp78 con-
tains an N-terminal mitochondrial targeting sequence but
lacks the N-terminal substrate-binding domain of bacterial
ClpB (17). It is assumed that the N-terminal domain of ClpB
plays a role in disaggregation of large aggregates (22), while
there is little known about the mechanism of substrate inter-
action in case of the mitochondrial version.

Knowledge about the proteome stability inside mitochon-
dria and the client pattern of the Hsp78 chaperone would
provide fundamental information for the understanding of
pathological patterns related to mitochondrial stress. So far,
although some information is available on a whole-cell level
(23), no comprehensive proteomic study was done in yeast
mitochondria with the focus on Hsp78 disaggregation activity
after heat stress. In our new study, we constructed a mutant
form of Hsp78 with both AAA domains mutated in their
Walker B motifs (Hsp78tr). We aimed on generating a sta-
bilized client—chaperone interaction due to an impaired
capability to hydrolyze ATP. A similar approach was pursued
for bacterial ClpB to identify endogenous substrate proteins
(24). We performed a basic biochemical characterization of the
mutant enzyme in order to check characteristics like complex
formation and ATPase activity, as well as its general protein
disaggregation competence. We focused on the identification
of Hsp78-interacting proteins under normal and stress con-
ditions, utilizing a quantitative proteomics approach. In a
second quantitative mass spectroscopy (qMS) experiment, we
demonstrate differences in protein aggregation and aggregate
recovery between WT and mutant Hsp78 inside mitochondria
on a proteomic level. The analysis revealed that Hsp78 plays a
critical role in mitochondrial protein homeostasis with a focus
on the reactivation of essential mitochondrial functions like
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TCA cycle and the respiratory chain but also including protein
synthesis and import, after thermal stress exposure.

Results

Hsp78+r shows altered ATPase turnover but functional
complex formation

We generated an Hsp78 ATPase-deficient mutant protein
with both glutamic acids in the Walker B motifs exchanged to
glutamine (E216Q/E614QQ). Based on observation with a
similar mutant form of the bacterial ClpB (24), we expected
that the Hsp78 mutant would exhibit a higher substrate affinity
to support the determination of the endogenous polypeptide
client spectrum. The E216Q/E614Q mutant protein is abbre-
viated in the following as Hsp78tr. In order to facilitate pro-
tein purification, we added a C-terminal 6x polyhistidine-tag
(Fig. 1A). To serve as control for the biochemical properties
of the mutant protein, a similar WT version was also gener-
ated. Both constructs were inserted in a yeast expression
plasmid that allowed expression of the protein in a galactose-
inducible fashion to avoid a long-term adaptation to the
mutant phenotype. Proteins were expressed in a deletion
background lacking the endogenous Hsp78 (hsp78A4) so only
the properties of the expressed proteins were analyzed. To
check whether protein levels of WT and mutant proteins were
comparable, we performed expression tests with both tagged
proteins compared to an untagged WT version (Fig. 1B).
Mutant Hsp781r was expressed slightly weaker than the cor-
responding WT version although the His-tag had no severe
effect on the expression level (Fig. 1B). ATPase activities of the
Hsp78 variants were measured using purified protein
expressed in Escherichia coli by a coupled enzymatic assay.
The assay revealed a strong ATPase impairment of 70% in the
Hsp78tr mutant compared to WT (Fig. 1C). Furthermore, a
thermotolerance growth assay on nonfermentable carbon
source (glycerol) was performed to analyze mitochondrial
functionality after heat pretreatment at 42 °C for 60 min and a
subsequent thermal shock at an otherwise lethal temperature
of 48 °C for 60 min. Under these thermal stress conditions, the
dependence of mitochondrial activity on the function of Hsp78
was clearly visible, showing a higher thermal resistance for
cells expressing WT protein than mutant Hsp78rgr. In
contrast, growth on fermentable carbon source (glucose) was
similar (Fig. 1D).

In order to test complex formation of the expressed mutant
Hsp78 under near-native conditions, we performed a blue-
native (BN) PAGE with isolated mitochondria expressing the
tagged constructs as described above. The majority of the
Hsp78 signals were detected at sizes corresponding to a
trimeric and hexameric complex, typical for ClpB-type chap-
erones. In particular with the trap mutant, we additionally
detected a small amount of even higher molecular mass signals
under ATP regenerating conditions (Fig. 1E, lane 2) that might
represent chaperone complexes with bound polypeptide sub-
strates. Moreover, we analyzed the purified proteins by size-
exclusion chromatography showing formation of similar
complexes with additional smaller and even higher complexes.
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Figure 1. Hsp78 Walker B mutations impair ATPase activity and lead to altered protein behavior. A, schematic depiction of the WT (Hsp78) and
mutant (Hsp78+g) protein tagged with six histidine residues used in this study. In the mutant, both AAA-domains are modified in the Walker B section by
amino acid exchange from glutamic acid to glutamine. B, yeast hsp78A cells expressing nontagged Hsp78 or the tagged Hsp78/Hsp78+g proteins were
induced by addition of 2% galactose for the indicated time points, and protein levels were detected by SDS-PAGE and Western blot using a-Hsp78
antiserum. Decoration with a-Tim23 for control of mitochondrial content and a-PGK for general loading was performed. The upper panel shows the blot
membrane stained with Coomassie Blue. C, ATPase activity determination of Hsp78 (green curve), Hsp78+g (red curve), and control reactions as indicated.
Proteins were expressed and purified from Escherichia coli. Shown are mean values of three experiments; error bars indicate SEM. D, serial dilution growth
test for acquired thermotolerance of hsp78A cells expressing either Hsp78 or Hsp781g with 1:3 dilution steps. Cells were either plated on glucose (control) or
on glycerol-containing plates and grown for at least 48 h at 30 °C. £, BN-PAGE (upper panel) and control SDS-PAGE (lower panel) with corresponding
Western blots decorated with a-Hsp78 using mitochondria isolated from of hsp78A cells expressing either Hsp78 or Hsp78tz. Mitochondria were resus-
pended either in resuspension buffer (+ATP) or in inhibition buffer (-ATP) prior to lysis. Indicated are the typical oligomeric forms of the chaperone (sb?,
potential substrate-bound forms). F, sepharose-based gelfiltration size-exclusion chromatography with Hsp78 and Hsp78+g expressed and purified from
E. coli. Fraction samples (0.5 ml each) were loaded on 12.5% SDS-PAGE and subsequent Coomassie Blue staining was performed. Protein samples were
preincubated in high or low salt buffer as indicated. Retention volume indicates protein complex size by comparison with known high molecular proteins
and complexes as reference. BN, blue native.

We also investigated complex stability by its resistance to high was dissociating into smaller oligomers (dimers and trimers)

salt treatment. We found hsp78tr being stable up to con- (Fig. 1F). We concluded that a higher complex stability for the
centrations of 400 mM NaCl in the buffer, while WT protein mutant likely reflected a stronger client-binding capacity.
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Taken together, we could show that our Hsp78 mutant is
basically functional but exhibited a reduced ATPase activity
and a stabilized complex formation.

Hsp78 is the key mitochondrial disaggregase and binds
actively to aggregated proteins

Furthermore, we tested the influence of the novel Hsp78
mutant proteins on the mitochondrial disaggregation reaction.
As an aggregation reporter, we utilized the fusion protein
b,(107)A-DHFRpg that contains a thermo-labile dihydrofolate
reductase domain with a matrix-targeting mitochondrial pre-
sequence (25). This reporter protein was imported in radio-
actively labeled form into isolated mitochondria, and
aggregation was triggered by applying a short heat stress
treatment. Afterward, the resolubilization of the reporter was
determined by a comparison of the radioactive signal in-
tensities in pellet and soluble fractions. Experiments were
conducted for isolated WT mitochondria in presence or
absence of ATP (Fig. 2A4) or with /sp78A mitochondria over-
expressing either Hsp78 or Hsp78rr (Fig. 2B). Quantification
of the resolubilization efficiencies (Fig. 2C) showed a strongly
reduced recovery activity for Hsp78y with comparable values
to knockout or WT control mitochondria without ATP supply.
This shows that the inability of the mutant to hydrolyze ATP
has a direct effect on its potential to resolubilize aggregated
polypeptides.

To elucidate client interaction behavior of the Hsp78rg
protein in comparison to the WT protein, we performed an
aggregate-binding assay (experimental outline see Fig. 2D).
First, a mix of aggregated mitochondrial polypeptides, serving
as potential Hsp78-clients, was produced by a high-
temperature treatment of /sp78A mitochondria, lysis, and
subsequent high-velocity centrifugation obtaining an aggregate
pellet (AP) without interference by Hsp78. Second, we
generated cleared lysates of Hsp78 and Hsp78tg-expressing
mitochondria (S) that were not subjected to any heat treatment
as chaperone sources. Next, the mitochondrial lysates con-
taining the Hsp78 variants were incubated with the previously
obtained resuspended AP to monitor potential client-binding
reactions. Lysates and aggregated proteins were incubated
together for 30 min at 30 °C and then centrifuged again. The
chaperone detected in the pellet of the second centrifugation
therefore reflected the amount bound to aggregated poly-
peptides. As control for a potential intrinsic aggregation pro-
pensity of the mutant Hsp78tg, also the pellets (P) of
mitochondrial lysates without any heat treatment were
analyzed showing that only a minor amount of the mutated
Hsp78r1r was sedimented, most likely because the mutations
introduced a certain instability of the polypeptide structure.
Although the expression of Hsp78 in the cleared lysates was
higher than that of Hsp78tg, the experiment showed that
Hsp78tr did cosediment stronger with the heat-induced ag-
gregates than Hsp78 (P.AP+S lanes, Fig. 2E). The equally
treated control samples in the absence of aggregate did not
show any Hsp78 signal in the pellet fractions (P.C) (Fig. 2E),
indicating that there was no unspecific aggregation of soluble
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chaperone species that could lead to false positive results.
Taken together, the results indicate that Hsp78 is indeed
interacting with aggregated polypeptides and that Hsp78tg
mutant has a stronger substrate affinity than the WT protein,
consistent with the expected effect of the mutagenesis.

Copurification studies reveal a variety of interacting
mitochondrial proteins

In order to perform an unbiased identification of potential
client proteins of Hsp78 in a natural organellar environment,
we used Hsp78 and mutant Hsp78tr as overexpressed bait
proteins in an affinity-based copurification procedure. Three
different yeast strains expressing untagged Hsp78 as control,
6xHis-tagged Hsp78 and Hsp78tr mutant were cultured in
minimal medium containing light, medium, and heavy nitro-
gen isotope amino acids, respectively. After isolation of mito-
chondria, organelles were lysed under native conditions and
the Ni-metal affinity purification was performed (Fig. S1A).
Samples of the copurification experiments confirmed a suc-
cessful purification of the Hsp78 proteins, while the outer
membrane protein Tom40, serving as internal control for an
abundant noninteracting protein, showed no copurification
(Fig. S1B), indicating the specificity of our approach. The el-
uates containing the different Hsp78 forms as well as copur-
ifying polypeptides were combined (Fig. S1C) and subjected to
stable isotope labeling by amino acids in culture (SILAC)-
based quantitative mass spectrometry. Proteins identified in
the untagged Hsp78 control sample were defined as back-
ground. These background abundance values were subtracted
from the corresponding signal in the samples containing the
respective tagged Hsp78 form as bait to allow a positive
identification of potential interacting proteins.

In total, 465 proteins were at least once identified by MS in
the different copurification experiments (raw qMS abundance
values summarized in Table S2) of which 208 proteins
exhibited a positive value above background. To correct for the
differences in bait (Hsp78) expression levels, the interaction
values were normalized to the qMS abundance of the
respective Hsp78 variant (Table S3). To assess the specificity of
the approach, we sorted all positively identified proteins ac-
cording to their assigned cellular localization and plotted them
based on their relative abundance values (Fig. 3A). Except for
the Hsp78 samples at 25 °C, the cofractioned proteins were
predominantly mitochondrial, indicating the validity of the
approach. In most samples, more than 90% of the cofractio-
nating protein amount were mitochondrial, with the majority
located in the matrix compartment, as expected. The compa-
rably large amount of nonmitochondrial proteins cofractioning
with Hsp78 at 25 °C (about 45% of the total) likely indicated a
high probability of nonspecific interactions that occur after
lysis of mitochondria. In this sample, 41% of the total protein
amount was represented solely by the proteins Lspl and Pill,
both very abundant proteins and components of the eisosome
complex that is associated with the cell membrane. Hence, we
suggest that these were purification artefacts. Another outlier
protein was the mitochondrial outer membrane protein Om45
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Fisgure 2. Hsp78 supports active disaggregation of heat-induced mitochondrial protein aggregates. A, disaggregation of imported reporter protein.
[33S]-labeled b,(107),-DHFR4, was imported for 20 min at 25 °C into isolated WT mitochondria. Mitochondria were then resuspended in presence (+ATP) or
absence of ATP (-ATP), kept at 25 °C or stressed for 5 min at 42 °C. After recovery at 25 °C for 60 min (R), lysis and ultracentrifugation was performed for all
samples. Supernatants and pellet fractions were collected and analyzed by SDS-PAGE. Nonimported preproteins were digested by protease K (PK) as
indicated (preprotein, p; mature form, m). Asterisk (*) indicates additional translation product. As loading control, the Coomassie Blue-stained blot
membrane is shown. B, import was performed as described in (A) into hsp78A mitochondria overexpressing the indicated tagged proteins. Samples were
resuspended in presence of ATP and analyzed as in (A). C, quantification of aggregation and recovery experiments from (A) and (B). Shown are bar diagrams
with SEM and significance (n=5-7; n = 2 (-ATP); n. s., nonsignificant). D, flow scheme of aggregate-binding assay shown in (E). Aggregate pellets (AP) were
prepared by lysis and centrifugation of heat-treated hsp78A mitochondria and combined with supernatant (S) fractions from untreated mitochondria
expressing the indicated Hsp78 variants (AP+S). After incubation, aggregate-binding proteins were recovered by centrifugation (supernatant, S.AP+S; pellet,
P.AP+S). Control reactions only contained supernatants (SC) and pellets (PC) without presence of aggregates. Indicated are heat treatments and centri-
fugation conditions. E, interaction of Hsp78 variants with aggregated proteins. Incubation of an AP derived from hsp78A mitochondria with the high speed
centrifugation supernatants from mitochondria overexpressing tagged Hsp78 or Hsp78tx (as described in D) followed by SDS-PAGE, Western blot, and
decoration with a-Hsp78 (Coomassie Blue staining as loading control).
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Figure 3. Hsp78 interaction proteome analysis by affinity-tag co-purification. A, subcellular localization distribution of proteins copurifying with Hsp78
and Hsp78+y after the indicated three temperature treatments. Protein hits were categorized by UNIPROT annotations. Protein gqMS abundances were
calculated as normalized average abundance over background from three independent experiments (see Experimental procedures section; data taken from
Table S3). Relative values for abundance sums for the indicated cellular locations are shown (total sum of all protein abundances was set to 100%). B,
abundance sums for WT and mutant copurification results sorted by the indicated functional categories. Only mitochondrial proteins are shown. OM45 has

been omitted as a likely artefact. C, relative ratio of the five most abundant
quantitative mass spectroscopy.

that was found in all samples in very high amounts, repre-
senting at least 25% up to more than 80% of the cofractio-
nating protein amounts. As Om45 is an integral membrane
protein of the outer membrane with its bulk part exposed to
the cytosol, it is very unlikely that it represents a potential
Hsp78 client and was therefore excluded in the subsequent
analysis of the quantitative data. In case of the WT form, the
proportion of nonmitochondrial proteins decreased strongly
during and after the 42 °C heat shock treatment, indicating
that under stress conditions, the interaction specificity
switched to the real endogenous client polypeptides. Inter-
estingly, the overall binding behavior of the Hsp781r mutant at
25 °C closely reflected that of the WT form under heat stress.

6 J Biol. Chem. (2022) 298(10) 102494

proteins found under the different conditions with both Hsp78 variants. qMS,

This behavior likely correlates with the expected increased
substrate-binding affinity of Hsp78ty already in absence of
stress conditions. We also detected some inner membrane
proteins binding to both Hsp78 forms with total ratio between
4% and 8%. This suggests that also some inner membrane
proteins, likely that are exposed to the matrix compartment,
can serve as potential Hsp78 clients. In addition, the specific
effects of the different heat treatments already indicate a broad
role of Hsp78 concerning mitochondrial thermal tolerance.
In order to assess the relevance of Hsp78 protein interaction
for the function of mitochondrial proteins, we assigned the
identified Hsp78-interacting mitochondrial proteins to their
respective functional categories and sorted them by their signal

SASBMB
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abundances, reflecting the absolute amounts of Hsp78-bound
polypeptides (Fig. 3B). Concerning the total abundance sum
of all interacting proteins, we observed a strong increase of
protein binding for Hsp78 at 42 °C, supporting the hypothesis
that Hsp78 is mainly functional under heat stress conditions.
During the recovery period, the amount of bound proteins
decreased significantly, suggesting that many client proteins
are released from the chaperone after the heat stress has
subsided. However, the pattern of functional categories bound
during the recovery was different from that under normal
conditions, indicating that certain client proteins undergo a
prolonged interaction with the chaperone. The most abundant
Hsp78-interacting proteins at 42 °C mainly fit into the cate-
gories ‘chaperones/protein assembly’ and ‘energy metabolism’
(mainly TCA cycle components), while the proteins from the
categories ‘redox homeostasis’, ‘OXPOS’, and ‘amino acid (AA)
biosynthesis’ were less strongly represented. In comparison,
the mutant Hsp78yy showed the highest amount of interacting
polypeptides already at 25 °C and almost no binding affinity
under stress conditions, indicating the effect of the putative
substrate-trap mutation and correlating with a functional
defect at elevated temperatures. Interestingly, the pattern of
functional categories between Hsp78ry at 25 °C and WT at 42
°C was quite similar, suggesting that the mutations did not
substantially alter the substrate range of the chaperone. The
high amounts of Hsp78-interacting proteins belonging to the
clusters ‘energy metabolism’ and ‘chaperones’ likely represent
functional clusters of chaperone substrate proteins that are
important for the maintenance of key metabolic functions of
mitochondria.

Up to 70% of the total protein abundance in the different
copurification samples was composed by a few individual
polypeptides, most likely representing the main substrate
polypeptides of Hsp78. For Hsp78 at 25 °C, these included the
proteins IIv2 (17%), Ilvl (13%), and Altl (8%), all enzymes
involved in amino acid biosynthesis, as well as Prx1 (9%), Mcrl
(9%), both redox homeostasis, while 50% of the signal was
generated by a mixture of less abundant proteins. Switching to
42 °C, the matrix chaperone Sscl became predominant with
almost 50% of the total signal intensity. Moreover Kgd2 (14%),
Acol (9%), Gut2 (6%), and Sdh2 (5%), all metabolic key en-
zymes, were very abundant and the remaining 18% consisted
of a mixture of proteins. Under recovery conditions, the
amount of Sscl decreased again to 8%, while the abundant
metabolic enzyme Ald4 (30%; aldehyde dehydrogenase)
became more abundant together with Altl (17%), Fuml (9%;
TCA cycle), and Gut2 (6%). The intensity of other proteins
increased to 29%. For Hsp78rg, the Hsp70-chaperone Sscl
represented the most abundant interactor with 59% already at
25 °C, while Mcrl, Prx1, Lpdl (a major component of the
pyruvate dehydrogenase complex), and Sdh2 were found with
around 5% each. At elevated temperatures, the amino-
levulinate synthase Hem1 (32%), Lsc2 (21%, TCA cycle), Prx1
(9%), Porl (9%, an abundant outer membrane protein), and
Ilv5 (5%, AA biosynthesis) became more abundant, while Sscl
was strongly decreased. During recovery, Altl (17%) and Ald4
(17%) were the most abundant interaction partners (similar to
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WT), followed by Lpdl (16%), and the chaperones Sscl (9%)
and Hsp60 (5%) were the most abundant hits (Fig. 3C).

In order to visualize the behavior of the protein population
and its Hsp78-binding tendency as a whole, log, values of the
quotients between sample versus background protein abun-
dances were plotted for the different conditions. For individual
proteins, a ratio of 1 (log, of 0) and above implies an enrich-
ment of the proteins by the copurification and hence binding
to Hsp78. By plotting this cofractionation enrichment ratios at
25 °C versus those at 42 °C, we additionally visualized the role
of an Hsp78-client interaction during the transition from
normal to stressed conditions. As expected for a chaperone,
with Hsp78, the majority of interacting polypeptides increased
during heat stress. As in this visualization, the absolute amount
of bound proteins was not relevant; this approach also iden-
tified low-abundance proteins that exhibited a strong inter-
action with Hsp78. For example, the uncharacterized protein
YIL045w, a probable minor catalytic subunit of the succinate
dehydrogenase, stood out as a major interacting polypeptide at
both conditions. Most other proteins were higher enriched at
42 °C, notable examples were Acol (aconitase), which had
been identified already repeatedly in previous publications as a
heat-labile mitochondrial enzyme, and Ssql, another Hsp70
chaperone family member. In addition, the graphical analysis
demonstrated again the difference in client-binding behavior
between the WT protein and the mutant version during the
shift from 25 °C to 42 °C is clearly represented. At 25 °C, the
mutant bound stronger to these potential substrates than the
WT, as the cloud of protein dots accumulate near the hori-
zontal axis, while the WT protein showed increased protein
binding under heat stress conditions, as shown by the accu-
mulation of client proteins on the vertical axis (Fig. 4A).
Plotting the interaction data under heat stress versus recovery
period, we observed a more similar behavior of both Hsp78
variants (Fig. 4B). Nevertheless, the mutant Hsp78ty revealed
a strong binding of some proteins under recovery conditions
that were not prominent as client polypeptides under heat-
stress conditions. Examples for this group are the proteins
Heml (5-aminolevulinate synthase), Mcrl (NADH-cyto-
chrome b5 reductase), and Lsc2 (subunit of the succinate-CoA
ligase). It is conceivable that—depending on the individual
structural properties of the respective proteins—an interaction
with Hsp78 still persists even after a return to normal condi-
tions in order to support potential refolding reactions.

We also tested the aggregation behavior of selected indi-
vidual proteins by Western blot to confirm our qMS data
(Fig. 4, C and D). Overall, the results confirm the qMS char-
acterization, exhibiting a very variable interaction pattern at
the different temperatures and also between the two forms of
Hsp78 used. Both subunits of the ketoglutarate dehydrogenase
complex (Kgdl and Kgd2) exhibited a strong binding to
Hsp78, in particular to the WT form, confirming their sensi-
tivity of heat-induced aggregation (Fig. 4C). The amino acid
biosynthesis enzyme Ilv2 showed a significant chaperone
interaction already under normal temperatures, indicating a
potential conformational instability that requires the chap-
erone activity of Hsp78 already under normal environmental
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Figure 4. Copurification experiments reveal different behavior of Hsp78 and mutant Hsp78; under various conditions. A, comparison of substrate
binding at normal conditions (25 °C) and under heat stress (42 °C). Scatter plot for WT (blue) and mutant (red) Hsp78 copurification ratios over background
signals (log2 values), expressing enrichment by binding affinity. Ratios are calculated from normalized average gMS abundances of three independent
experiments (see Experimental procedures section; data taken from Table S3). Proteins that were detected but not enriched over background values were
excluded. Strongly enriched proteins are identified. B, comparison of substrate binding at heat stress normal conditions (42 °C) and after 1 h recovery back
at 25 °C. Data shown as described in (A). C and D, copurification experiment as described using WT (Hsp78) and mutant variant (Hsp78tg) mitochondria.
Eluates were analyzed by SDS-PAGE and Western blot using the indicated antisera. As loading control, the Coomassie Blue stained membrane is shown.
Lane 10 (mito.) shows signals obtained with a corresponding amount of total mitochondria. gMS, quantitative mass spectroscopy.

conditions (Fig. 4D). The members of the mitochondrial
Hsp70 system, Sscl and Mdjl (the corresponding member of
the DnaJ cochaperone family), showed a high interaction af-
finity in particular with the Hsp78tg mutant. The metabolic
enzyme Mdhl was served as a control for a stable soluble
protein and did not copurify (Fig. 4C).

Identification of aggregation-prone and actively
disaggregated proteins

To obtain a global overview about mitochondrial protein
aggregation and disaggregation reactions, we performed an
additional quantitative proteomic characterization of the
general in organello aggregation processes, using SILAC-
assisted mass spectrometry (for a workflow outline see
Fig. S2). We determined protein abundances in the high-speed

8 J Biol. Chem. (2022) 298(10) 102494

centrifugation pellet fractions of isolated detergent-lysed
mitochondria to recover insoluble proteins as putative aggre-
gates (prepared as described above) under different conditions.
As control, mitochondria were kept at 25 °C while aggregation
was induced by 30 min heat treatment at 42 °C. A potential
disaggregation of polypeptides from aggregates was also
assayed after a recovery incubation at 25 °C for 1 h after the
heat treatment. To assess the impact of Hsp78 activity on these
processes, we again used the WT and substrate-trap variants
described above. We detected in total 1199 different proteins
in the pellets fractions (Table S4), of which 470 were localized
to mitochondria as assigned by the UniProt database,
comprising on average about 96% of the total pellet protein
abundance. From the 379 mitochondria-associated proteins
identified at least once under every condition and in each
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Hsp78 variant (Table S5), we categorized 93 (about 25%) as
strongly aggregating proteins, meaning they showed a more
than 4 times higher relative abundance in the pellet after 42 °C
than the 25 °C pellet in mitochondria expressing Hsp78
(Fig. 5A and Table S5). The five most abundant proteins in the
AP were Acol, Lsc2 (both citrate cycle), Hsp60 (chaperone),
Ilv5, IIv2 (both aa biosynthesis), and Gut2 (energy meta-
bolism). In contrast to the matrix chaperonin Hsp60, Hsp78
itself was not identified in any of the APs, indicating that it
retains its solubility even during heat stress conditions, also
indicating that it does not stably interact with aggregating
polypeptides. The main chaperone of the matrix compartment,
Sscl or mtHsp70, was highly abundant in the heat stress pellet
fraction but also relatively strongly represented already under
normal conditions and therefore barely did not meet the
criteria for a strong aggregator. Of this list of strong aggre-
gators, many were already identified above as potential Hsp78-
interacting proteins, in particular the already mentioned Acol,
Lsc2, and Gut2. In addition, the identified interactors Mcrl
and Prx1 were also abundant polypeptides in the AP. Fuml,
Altl, Sdh2, and Hem1 exhibited also a high aggregation ratio.
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Figure 5. Identification of aggregation-prone mitochondrial proteins. A,
relative abundance ratio in the aggregate pellets of Hsp78 and Hsp78:z-
expressing mitochondria incubated under the indicated temperature
treatments (total sum of all protein abundances in the respective pellets
was set to 100%). Shown are the 20 most abundant proteins in the pellets
after 42 °C. Protein abundances were calculated as normalized average
abundance over background from three independent experiments (see
Experimental procedures section; data taken from Table S4). B, same dataset
as in (A). Shown are the 20 proteins with the highest disaggregation ratio
(difference between abundance after 42 °C heat stress and after 1 h
recovery).
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When analyzing the pellet composition after the recovery
period, we observed in general no significant resolubilization
of high-abundance aggregating polypeptides, suggesting that
the effects of a high protein amount in the AP together with a
strong aggregation propensity cannot be reversed by a disag-
gregation system during the reaction time of 240 min. How-
ever, some low-abundance proteins with significant
aggregation propensities showed significant disaggregation
(Fig. 5B, more than 50% reduction in the pellet), for example
Afgl (unknown function), Nful (iron sulfur cluster biosyn-
thesis), Mef2 (translation), Leu9 (aa biosynthesis), and Coq9
(ubiquinone biosynthesis). These actually disaggregating
polypeptides were on average at least 10x less abundant in the
AP than those that were not solubilized. Also, a few other low-
abundance proteins showed a high disaggregation potential:
Trr2 (redox reactions), Cox2, Atpll, Cir2 (all involved in
respiration), Mrs2, Alal, Vasl (protein expression/translation),
as well as Tim23 (protein transport) and Tum1 (sulfur meta-
bolism). Considering a potential general negative effect of the
Hsp78tr mutation on the aggregation reactions, we observed
that the group of high-abundance aggregating proteins was
barely affected, meaning the composition of the APs of Hsp78
and Hsp78rr was remarkably similar, both directly after the
heat stress as well as after the recovery period (Fig. 6). Only a
few proteins, for example, Adh4 (mitochondrial alcohol de-
hydrogenase), Rip1 (iron-sulfur protein of respiratory complex
III), and Adk2 (GTP:AMPphosphotransferase) show signifi-
cantly higher aggregation in Hsp78ry than in WT at 42 °C as
well as after the recovery. It is therefore likely that these
proteins are particularly dependent on Hsp78 activity for
maintaining their solubility. However, this picture was
different for the composition of the AP at 25 °C. Here, many
proteins that were not strongly represented in the pellet of WT
mitochondria, in particular with generally lower abundances,
showed a higher aggregation rate in the Hsp78rr mutant
(Fig. 6). This indicated that a distinct group of proteins is
dependent on at least some assistance by Hsp78 to maintain
their full solubility even under normal growth conditions.

For some proteins with a high aggregation tendency,
including Pim1, Acol, Sscl, Ilv2, and Rip1, we also confirmed
their aggregation behavior by a Western blot analysis. All
became insoluble after 20 min of 42 °C treatment and were
therefore enriched in the pellet fraction (Fig. 6, B and C).
Potential clients were present with higher signal intensities in
the pellet fraction of the Hsp78tr mutant at 25 °C, which
provides further evidence to a trapping effect in the mutant.
Interestingly, Ripl showed both an increased aggregation and
a decreased resolubilization rate in the mutant mitochondria,
indicating an Hsp78 involvement and directly confirming the
qMS results (Fig. 5B). The mitochondrial ribosomal complex
protein Mrpl40 was expected to pellet under the chosen
experimental settings and served as a positive sedimentation
control (Fig. 6B).

Combining the results of the two proteomic approaches, we
identified in total 293 proteins that were either interacting with
Hsp78 or affected by aggregation/disaggregation processes in
mitochondria. Criteria were either an at least two-fold
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Figure 6. Proteomic aggregation and recovery assay identifies aggregation-prone proteins and reveals aggregated proteins that are resolubilized
by Hsp78 function. A, scatter plots comparing relative abundances of proteins in aggregated pellets for WT (Hsp78) and mutant (Hsp781g) expressing
mitochondria under the indicated temperature treatments. Dots near the diagonal represent proteins that do not differ between the two Hsp78 variants.
Protein candidates with higher aggregation tendency in Hsp78+ are identified (data taken from Table S4). B, western blot analysis of aggregated pellets and
control Coomassie Blue staining derived from mitochondria expressing Hsp78 or Hsp78;; treated with the indicated temperatures. Membranes were
decorated with the indicated antisera. C, quantification of Western blot characterization of aggregate pellets derived from mitochondria expressing Hsp78
(WT) or Hsp78+g (TR) as shown in B (n = 3). Values are calculated for 25 °C and recovery conditions relative to the signal intensity at 42 °C (100%).

enrichment in the cofractionation in the pellet abundance after
heat shock or a reduction in the recovery period (Fig. 7).
Proteins in functional nodes represent mitochondrial trans-
lation, TCA cycle, oxidative phosphorylation, ATP synthase
complex assembly, transport, amino acid biosynthesis, iron-
sulfur complex binding, and chaperone-mediated protein
complex assembly. Fifty-two proteins were observed in both
proteome analysis approaches, representing Hsp78-dependent

10 J Biol. Chem. (2022) 298(10) 102494

candidate proteins. A group of nine proteins have been iden-
tified as Hsp78-interacting polypeptides that showed signifi-
cant disaggregation after heat shock, hence directly
demonstrating properties for novel Hsp78 clients. All nine
proteins are located in the mitochondrial matrix or at least face
the matrix compartment, being accessible to Hsp78 chaperone
activity. Four of these new candidates are involved in some
fashion in protein synthesis at mitochondrial ribosomes (Ism1,
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Hsp78-interacting
118

disaggregating

Figure 7. Venn diagram showing the distribution of identified protein
hits affected by Hsp78. Shown are the numbers of mitochondrial proteins
found either in the Hsp78-cofractionation analysis (green), sedimenting in
the heat-stress aggregate pellet (blue), or recovering solubility after the
recovery period (red). Only proteins enriched by at least a factor of 2 were
counted (see Tables S3 and S5). Circles are drawn roughly to scale to indi-
cate group sizes. Nine proteins, identified by their gene names, have been
found to be disaggregating as well as directly interacting with Hsp78.

Pet122, Rpm2, and Her2) while two other in the assembly of
mitochondrial Fe-S cluster, both essential mitochondrial
functions.

Discussion

The chaperone Hsp78, the mitochondrial member of the
Hsp100/ClpB family, has been established to play a major role
in the general prevention of temperature-induced protein
damage (3). However, as selected reporter proteins have been
used in these studies, the full set of potential endogenous client
polypeptides and the detailed role of the chaperone during
mitochondrial protein aggregation are unknown so far. Hence,
we performed two independent quantitative proteome analysis
approaches, the first to achieve a comprehensive definition of
the chaperone client spectrum under different temperature
conditions and the second to characterize the role of Hsp78
function during mitochondrial protein aggregation processes.
The combination of two proteomic strategies, as pursued in
our study, allowed a comprehensive—and quantitative—
assessment of the impact of Hsp78 on mitochondrial protein
homeostasis.

The first approach utilized an affinity-based copurification
of potential chaperone clients with Hsp78 as bait. As many
chaperones have only a rather small affinity to their substrate
proteins, we constructed a substrate-trap form of Hsp78 that
carried point mutations in the Walker B motifs of the ATPase
domains (Hsp78rg). Similar setups have already been used for
Hsp100 client identification in bacteria (24, 26). Similar to the
corresponding ClpB mutant in E. coli (27), the Hsp78ry
mutant showed a strongly reduced ATPase activity. It essen-
tially reproduced the phenotype of an /sp78A deletion mutant,
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showing a strongly reduced disaggregation potential for
aggregated reporter constructs (25) and a decline of acquired
thermotolerance under conditions that require the metabolic
activity of mitochondria (28). In line with previous published
data, both Hsp78 variants assembled into higher oligomeric
states favoring dimers or trimers, which in turn associated into
hexameric chaperone complexes (17, 18). We found that
Hsp78tr enzyme complexes exhibited a slightly higher sta-
bility and also in part a higher molecular weight than expected
for hexamers, indicating that substrate release is reduced or
delayed as the full nucleotide-dependent dynamics of the
complex is required for substrate interaction and disaggrega-
tion (29). This would also be consistent with the reduced
ability of Hsp78tx to hydrolyze ATP, which is also correlated
to the dynamics of the enzyme complex (17, 18). Hsp78tr
exhibited a slightly higher binding affinity to aggregated
polypeptides in vitro, indicating its suitability for client iden-
tification studies. The Hsp78rr mutation had a direct influ-
ence on client/aggregate binding and affected strongly the
overall aggregation propensity of the mitochondrial proteome.
Our interaction proteome approach yielded a high number of
proteins that served as new interaction and/or aggregation
candidates. The large majority of hits represented mitochon-
drial proteins, in most cases, localized to the matrix
compartment. In addition, also some inner membrane proteins
with segments exposed to the matrix face were identified that
may also serve as potential Hsp78 substrates. However, a few
proteins from other cellular compartments, in particular ER
proteins or other vesicular components, were also identified,
which most likely represent postlysis-binding artefacts. These
nonmitochondrial polypeptides were discounted in the data
analysis.

A specific feature of our qMS analysis is the quantitative
determination of the amounts of proteins found in interaction
with Hsp78. For the first time, this provides information about
the total substrate-flow through the chaperone system under
native conditions. The total abundance sum of bound poly-
peptides showed a very strong increase in Hsp78w under
heat-shock conditions, indicating its role as a heat-stress
protective chaperone. The identities of interacting proteins
also strongly changed during heat shock, revealing specific
substrates or partner proteins. Already at normal conditions,
the absolute abundance of bound client proteins from the
mitochondrial matrix was the higher for Hsp78rg, confirming
a direct and more stable substrate interaction resulting from
the mutations of the Walker B motifs. Apart from that, WT
and mutant Hsp78 behaved quite similar. As possible client
polypeptides, we identified proteins from many different
functional categories typical for mitochondrial processes. In
particular, enzymes involved in energy metabolism (TCA cycle
and ATP synthesis) as well as chaperone proteins were
prominent Hsp78-interacting proteins, supporting the obser-
vation that Hsp78 performs an important role in the mainte-
nance of mitochondrial functions during heat stress. As
expected, the overall amount of bound polypeptides was
reduced in the recovery period after the heat shock treatment
but many proteins were not completely released even then.
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These polypeptides probably represented clients that were still
undergoing refolding or disaggregation. Interestingly, proteins
from certain functional groups showed a distinct binding
behavior to Hsp78 during the heat stress and the recovery
period, respectively. For example, the strong interaction with
components of the protein biosynthesis machinery and chap-
erones subsided very quickly after reduction of the tempera-
ture stress. In contrast, binding to components of the energy
metabolism was largely retained even in the recovery period.
This coincides with the notion that maintenance of protein
biosynthesis is a primary task of the cellular stress protection
system. In this line, our recent characterization of heat stress—
related aggregation in mammalian mitochondria demonstrated
a fast shut-off of protein translation via the inactivation of the
translation factor TUFM (11). It is known from other studies
that the mitochondrial translation together with DNA repli-
cation is strongly impaired after heat stress (23, 30, 31).
Phenotypically, Hsp78 activity has been shown to be highly
relevant for the stress-related recovery of intramitochondrial
protein synthesis (28). The identification of components of the
mitochondrial translational machinery as Hsp78 substrates is
reminiscent of the formation of cytoplasmic stress granules.
These dynamic structures contain RNAs and other compo-
nents of the protein expression machinery and promote a
rapid reactivation of protein biosynthesis after heat-stress
conditions (32). The most abundant interacting polypeptides
are most likely conformationally semi-stabile proteins that
tend to lose their native folding state under elevated temper-
atures. However, not much information is available about the
conformational stability of mitochondrial proteins per se. A
potential exception is Adk2, a highly temperature-unstable
matrix protein (33). Indeed, Adk2 belonged to the few pro-
teins that also exhibited a low disaggregation efficiency and
was highly dependent on Hsp78. At least, some of the iden-
tified proteins, like Kgd2, Acol, or Ilv2, were already identified
as aggregation-prone polypeptides before (34) and therefore
represent major Hsp78 substrates. The main mitochondrial
Hsp70-type chaperone, Sscl, is playing a special role in this
case, as it was already found to interact with Hsp78 (25). An
interaction of Hsp78 with Sscl seems to be critical as it was
shown that Hsp70s are able to stimulate the ATPase activity of
Hsp100 family proteins (35). Therefore, it is likely that under
heat stress conditions, Sscl is a functional interaction partner
of Hsp78 and not only a client polypeptide itself. It is
conceivable that the AAA domain mutations in Hsp78ty
enhance this interaction with Sscl already under normal
conditions.

Although we have previously identified a small number of
aggregating mitochondrial proteins (34), we aimed our second
proteomic analysis at a quantitative and more comprehensive
characterization of Hsp78 influence on actual aggregation and
disaggregation processes. Again, we used the impaired func-
tionality of Hsp78ry as a tool to assess the impact of Hsp78
function. Comparing individual protein abundances in the AP
fraction, we were able to define which proteins aggregate and
were disaggregated dependent on Hsp78. In a recent proteo-
mic characterization of yeast protein thermal stability, it was
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proposed that bigger and more flexible proteins may have a
higher tendency for aggregation (36). Our dataset did not
confirm any aggregation bias for protein size but revealed a
high number of aggregation-prone proteins that exhibit spe-
cific cofactor interactions. These candidate proteins include
ion binding (95 hits), nucleotide binding (60 hits), coenzyme
binding (18 hits), or iron-sulfur-cluster binding (13 hits). The
interaction with such cofactors, typically required for enzy-
matic activity, may increase the likelihood of structural in-
stabilities, leading to an increased aggregation propensity of
the affected protein. A prominent example of this category is
Ilv2, which is strongly interacting with Hsp78 already under
normal conditions. In its native form, it forms a large oligo-
meric enzyme complex containing numerous cofactor mole-
cules (37). We were able to directly confirm the aggregation
behavior of some selected proteins in biochemical experi-
ments. This includes the chaperone Sscl, but not its cocha-
perones Mgel or Mdjl, which were previously found in
aggregates (12). This might be due to the higher temperature
of 48 °C and the longer heat exposition used in the former
study. Moreover, we identified many proteins that were also
found in a study on bacterial aggregation (bacterial homologs
in brackets), such as Put2 (PutA), Kgd1 (SucA), Pdal (AceE),
Adh3 (AdhE), Acol (AcnB), Piml (Lon), Mael (SfcA), Sdhl
(SdhA), Latl (AceF), or Fuml (FumA) among others (8),
indicating an evolutionary conserved stress sensitivity of bac-
terial and mitochondrial proteins. We also observed a strong
aggregation tendency for the yeast elongation-factor Tufl, the
homolog of the mammalian TUFM, which was found to be
one of the strongest aggregating proteins in human mito-
chondria (11). Many of the strongly aggregating polypeptides
were also found as prominent Hsp78-interacting proteins,
confirming the general chaperone role of Hsp78 during ag-
gregation processes. However, we observed that the most
abundant polypeptides in the AP did not exhibit significant
disaggregation rates during the recovery period. Low abun-
dance proteins were more likely to become disaggregated,
indicating that the disaggregation capacity of Hsp78, which
itself is not an abundant protein, is limited to polypeptides
with low expression levels. This does not exclude that also
more abundant proteins may be disaggregated, but the impact
on their amounts in the AP is small.

Model proteins disaggregated by Hsp78 have been shown to
be directly degraded by the mitochondrial protease Pim1 (38).
Indeed, many proteins prominent in our studies have been
previously identified as substrates for Pim1 (39). We were able
to confirm Ilv5 and Lys4 by copurification and Acol, Ilv2, and
Lsc2 by both techniques. Hence, Hsp78 and Pim1 may share a
similar mechanism of substrate protein interaction, as both
belong to the AAA+ protein family. Taken together, we could
show that Hsp78 represents the major protein disaggregase in
mitochondria during thermal stress conditions. Although it is
not specialized on polypeptides from specific functional
pathways, it is crucial for the recovery of mitochondria from
heat-induced protein damage, rebooting processes required for
functional homeostasis, like intramitochondrial protein
expression energy metabolism as well as chaperone activity. It

SASBMB



Stabilization of the mitochondrial proteome by Hsp78 under heat stress

should be noted that in addition to the action of the diverse
chaperones, also other aggregation-protective processes occur
in mitochondria. For instance, a recent study from our group
revealed an intramitochondrial aggregation protective pathway
based on the sequestration of aggregated polypeptides in inert
deposition sites called IMiQ (40). Together with the enzymatic
protein quality control system, this process helps to maintain
general organellar integrity by relieving the chaperone system
from the burden of unfolded and aggregated polypeptides (41).
A future establishment of an in vivo aggregation and recovery
assay in intact cells will be of high interest to address the
balance between processes like chaperone activation, protein
sequestration, and mitophagy, which all contribute to mito-
chondrial and cellular fitness.

Experimental procedures
Plasmids and strains

Constructs used in this study were generated by conven-
tional cloning procedures. Hsp78tr mutant was generated
from plasmid pTB25by site-directed mutagenesis (SDM) in
two steps. First, E216Q was inserted by SDM creating plasmid
pWJO1. In the second step, pWJ02 was created by SDM
inserting E612Q. Subsequently, the construct was cut out by
BamHI and Avrll and ligated into pTB10, resulting in a
construct without histidine-tag (pWJ04). In the last step,
plasmid sequence was determined and a point mutation
(D386M) was recovered by SDM creating pWJ05. For tagged
constructs, the mutated segment of Hsp78tr was cut with
BamHI and Avrll and inserted into pKR09 (Hsp78-6xHis)
replacing the WT segment creating pWJ07. In both pYES
plasmid constructs, the encoded Hsp78 variants were under
control of the galactose-inducible promotor GAL10/1. As
control, expression via the plasmid pHSP78 was used to
represent the untagged version.

All experiments were performed with Saccharomyces cer-
evisae strain Y03617-ES except in the qMS experiments, which
were exclusively performed with Y13617-ES due to the use of
lysine isotope forms. A list of all plasmids and strains used in
this study is attached in Table SI.

Expression of Hsp78 constructs in yeast cells

Yeast cells were inoculated overnight in suitable selective
growth medium containing 3% raffinose and grown at 30 °C.
Cells were transferred to a medium with 3% ethanol as carbon
source for respiratory growth. Expression was induced at
absorbance 1 by addition of 2% galactose. Constructs were
expressed for up to 4 h. For total cell extracts, cells were rei-
solated and dissolved in 50 ul H,0. 250 mM NaOH and 1,2%
beta-mercaptoethanol was added. After an incubation for
10 min on ice, cells were TCA precipitated and 0.2 absorbance
was loaded per lane for 12.5% SDS-PAGE.

In vitro ATPase assay

Hsp78 ATPase activity was measured by a coupled reaction
for enzymatic phosphate release by PiColorLock Gold
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Phosphate Detection System (Novus Biologicals). For com-
parison, a standard curve of phosphate (0-50 uM) was
measured. Hsp78yr and mutant Hsp78tyr expressed and af-
finity purified from E. coli were diluted to a final concentration
of 0.08 pg/ul in a volume of 500 pl reaction buffer (80 mM
KCl, 10 mM MgCl,, 1 mM DTT, 0.25 mM ATP, 30 mM Tris,
pH 7.4). Experiments were incubated at 37 °C, and 90 ul
samples were collected every 5 min up to 20 min of reaction
time. Control samples were only determined after 20 min.
Subsequently, enzymatic reaction Gold mix was added (1:5) to
the mixture. After a short incubation of 5 min at RT, 10% of
stabilizer was added and the samples were incubated for
30 min at RT according to manufacturers’ directions. The
resulting phosphate complex was quantified by the absorbance
at 635 nm in a TECAN plate reader (96-well format).

Growth and acquired thermotolerance assays

Yeast cells were inoculated overnight in suitable selective
growth medium containing 3% raffinose and grown at 30 °C.
Cells were transferred to a medium with 3% ethanol as carbon
source for respiratory growth. Expression was induced at
absorbance 1 by sedimentation and resuspension in 2%
galactose-containing medium. Cells were induced for 3 h and
then heat-treated at 42 °C for 60 min in a water bath with a
subsequent regeneration step for 30 min at 30 °C and a final
heat exposition at 48 °C for 60 min. 10° cells were then
diluted with water in 1:3 dilution steps and 7 pl cell sus-
pension was spotted on selective growth plates. Plates were
containing either 2% glucose for control or 3% glycerol for
analysis of the mitochondrial fitness and incubated at 30 °C
for several days.

Hsp78 complex formation by BN-PAGE

Intramitochondrial Hsp78 complex formation was analyzed
by BN-PAGE. For that, 100 pg isolated mitochondria were
incubated in buffer (250 mM sucrose, 80 mM KCI, 10 mM
MOPS/KOH, pH 7.2) containing an ATP regeneration system
(10 mM KPi, 10 mM creatine phosphate, 5 mM MgCl,, 4 mM
NADH, 3 mM ATP, 50 pg/ml creatine kinase) or buffer
depleted for their nucleotide content (1 mM EDTA, 0,01 U/ul
apyrase) for 10 min at RT. After reisolation, mitochondria
were lysed in 100 pl ice-cold digitonin lysis buffer (50 mM KCl,
20 mM Tris—HCI, pH 7.4, 2 mM EDTA, 1 mM PMSF, 10%
glycerol, 1% digitonin) by pipetting (25x). For gradient BN-
PAGE (5-15%), 70 pl per lane was loaded while for SDS-
PAGE control (12,5%), 30 ul was loaded. In addition, protein
complex formation was also analyzed for purified Hsp78
proteins expressed in E. coli. To assay complex stability, 4 ug of
protein was diluted in a final volume of 60 pl in protein buffer
L (50 mM KCl, 30 mM Hepes, pH 7.4, 5 mM MgCl,, 4 mM
ATP, 2 mM EDTA, 20% glycerol) or protein buffer H (400 mM
KCl, 30 mM Hepes, pH 7.4, 2 mM EDTA, 20% glycerol). After
addition of 6 pl 10x BN loading dye, whole samples were used.
BN-PAGE was performed according to a procedure elaborated
for the analysis of multiprotein complexes from cellular lysates
(42).
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Aggregation and recovery assays

The [**S]-radiolabeled preprotein cytb,(107)-DHFRps,
generated using the TNT T7 Quick Coupled Transcription/
Translation System (Promega) was imported into isolated
mitochondria for 20 min at RT, and import was stopped by
the addition of 0.5 uM valinomycin. Successful and complete
import was controlled by resistance of the imported poly-
peptides against treatment with externally added proteinase K
(43). Assessment of aggregation and recovery of the imported
protein were performed according to an established proced-
ure (25) with 5 min heat stress and 60 min recovery. For the
analysis of the aggregation tendency of mitochondrial pro-
teins, isolated mitochondria were either maintained at RT,
stressed for 20 min at 42 °C, or stressed and recovered for 60
to 120 min. Three times, 200 pg mitochondria from hsp784
cells were treated at 45 °C for 20 min to produce aggregates
without attached Hsp78. Mitochondria were lysed by pipet-
ting (20x) in 800 pl lysis buffer (200 mM KCI, 30 mM Tris—
HCL pH 7.4, 4 mM NADH, 3 mM ATP, 0.5 mM PMSF, 0.5%
Trition X-100, protease inhibitor) each. Samples were
centrifuged for 30 min at 4 °C and 125,000 x g to produce
APs. In parallel, mitochondrial lysates were obtained from
120 pg isolated mitochondria (see above) that expressed
Hsp78wrt or Hsp78tr proteins. After centrifugation for
30 min at 4 °C and 125,000 x g, 160 pl of each cleared Hsp78
lysate corresponding to 40 pg of mitochondria was put on the
hsp78A APs corresponding to an amount of 200 pg of
mitochondria. Samples were incubated at 30 °C for 30 min to
allow substrate binding of Hsp78. Finally, the samples were
centrifuged again, and supernatant and pellet fractions were
collected. While all supernatants taken were directly TCA
precipitated, pellet fractions were first washed with 150 ul
SEM buffer (250 mM sucrose, 10 mM MOPS, 1 mM EDTA,
pH 7.2). Mock samples were added for all reactions. Protein
bands were detected after SDS-PAGE by digital autoradiog-
raphy and quantified by Multi Gauge software (Fuyjifilm) or by
Western blot using specific antibodies.

Size-exclusion chromatography

Size-exclusion chromatography was performed on Akta
purifier system (Cytiva) with HiLoad 16/600 Superdex 75
column. For the run, 1 mg of Ni-NTA affinity-purified protein
expressed in E. coli was used. Buffer GFL (50 mM KCl, 30 mM
Hepes, pH 7.4, 5 mM MgCl,, 2 mM ATP, 2 mM DTT, 2 mM
EDTA, 20% glycerol) or buffer GFH (400 mM KCl, 30 mM
Hepes, pH 7.4, 2 mM DTT, 2 mM EDTA, 20% glycerol) were
used to dilute protein solution to an injection volume of
500 pl. Same buffers were used for the equilibration of the
column and the run. Molecular weight markers were run only
with buffer GFL. For Western blot analysis of the samples,
0.5 ml fractions were collected.

Analysis of Hsp78-interacting proteins via gMS

Yeast cells cultured in minimal medium were incubated
with different isotope forms of lysine (SILAC). For cells
expressing nontagged Hsp78yw, normal lysine was used, for
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Hsp78y1-6xHis 'Ce-'°N,, L-lysine (heavy; +8), and for the
mutant, Hsp781g-6xHis *H, L-lysine (medium; +4) was added,
respectively. After purification from the cells, mitochondria
were treated with different temperature conditions (see above).
Mitochondria (1 mg) were lysed with 2 ml lysis buffer SA
(80 mM KCl, 50 mM NaP;, pH 7.8, 5 mM MgCl,, 2 mM ATP,
0.5 mM PMSEF, 5% glycerol, 0.5% Triton X-100, 1x protease
inhibitor) and shaking for 10 min at 4 °C. After centrifugation
for 5 min at 12,000 x g and 4 °C, supernatants were added to
50 mg Ni-TED column material that was previously washed
with lysis buffer SA. Slurry was incubated rotating at 4 °C for
15 min and applied on mini-columns. The columns were
washed three times with 1 ml lysis buffer SA each and three
times with 1 ml buffer SW (80 mM KCI, 50 mM NaP;, pH 7.8,
5 mM MgCl,, 2 mM ATP, 0.5 mM PMSF, 5% glycerol, 1x
protease inhibitor). Finally, proteins were eluted in three
fractions with 1 ml elution buffer SE (250 mM imidazole,
80 mM KCl, 50 mM NaP;, pH 7.8, 5 mM MgCl,, 2 mM ATP,
0.5 mM PMSF, 5% glycerol, 1x protease inhibitor) each.
Subsequently, similar eluate volumes containing the three
different Hsp78 forms were pooled and TCA precipitated and
run together on a SDS-PAGE gel. For MS sample preparation,
gel pieces were cut after Coomassie G-250 staining. The
amount of purified bait protein served as internal loading
control, while the untagged Hsp78 eluates defined the
nonspecific background signals.

Analysis of mitochondrial protein aggregation and recovery
qMs

For the in organello aggregation and recovery assay, isolated
mitochondria were loaded on a multistep sucrose gradient to
ensure high sample purity with low contaminations from other
cellular components. The gradient was built by three layers
with 4 ml 32%, 1.5 ml 23%, and 1.5 ml 15% sucrose (w/v)
dissolved in EM buffer (10 mM MOPS/KOH, pH 7.2, 1 mM
EDTA). Mitochondria were added on top of the gradient and
covered with 1.5 ml EM buffer. After centrifugation at
125,000 x g and 4 °C for 60 min in a Beckmann SW41 Ti
swinging-bucket, the mitochondria were re-extracted from the
tube bottom in resuspension buffer (250 mM sucrose, 80 mM
KCl, 10 mM MOPS/KOH, pH 7.2, 5 mM MgCl,). Mitochon-
drial content was measured by Bradford assay and adjusted to
a concentration of 200 pg/ml in resuspension buffer. Differ-
ently labeled mitochondria (see copurification SILAC experi-
ment) were mixed in a 1:1 ratio using 50 pg each.
Mitochondria expressing untagged Hsp78 were excluded.
Samples were treated similarly to Aggregation and recovery
experiments. For MS sample preparation, gel pieces were cut
after SDS-PAGE.

Peptide preparation

Gel slices were subjected to tryptic in gel digestion (44). In
brief, slices were washed consecutively with water, 50% and
100% acetonitrile (ACN). Proteins were reduced with 20 mM
DTT in 50 mM ammonium bicarbonate and alkylated with
40 mM acrylamide (in 50 mM bicarbonate). The slices were
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washed again and dehydrated with ACN. Dried slices were
incubated with 250 ng sequencing grade trypsin at 37 °C
overnight. The peptide extract was separated and remaining
peptides extracted with 50% ACN. Peptides were dried in a
vacuum concentrator and stored at -20 °C.

LC-MS measurements of peptides

Peptides were dissolved in 10 ul 0.1% formic acid (FA) and
3 pl were injected onto a C18 trap column (20 mM length,
100 um inner diameter, ReproSil-Pur 120 C18-AQ, 5 um; Dr
Maisch GmbH, Ammerbuch-Entringen) made in-house.
Bound peptides were eluted onto a C18 analytical column
(200 mM length, 75 um inner diameter, ReproSil-Pur 120 C18-
AQ, 1.9 pm, with 0.1% FA as solvent A). Peptides were sepa-
rated during a linear gradient from 2% to 35% solvent B (90%
acetonitrile, 0.1% formic acid) within 83/90 min at 250 nl/min.
The nanoHPLC was coupled online to an LTQ Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific). Peptide ions
between 330 and 1600 m/z were scanned in the Orbitrap de-
tector with a resolution of 60,000 (maximum fill time 400 ms,
AGC target 10°. The 22 most intense precursor ions
(threshold intensity 3000, isolation width 1.2/1.0 Da) were
subjected to collision induced dissociation (normalized energy
35) and analyzed in the linear ion trap. Fragmented peptide
ions were excluded from repeat analysis for 20/15 s.

MS data analysis

For peptide analysis, raw data processing and database
searches were performed with Proteome Discoverer software
2.1.1.21 (Thermo Fisher Scientific). Peptide identifications
were done with an in-house Mascot server version 2.5.1
(Matrix Science Ltd). MS2 data were searched against
Saccharomyces cerevisiae sequences in SwissProt (release
2017_10). Precursor ion m/z tolerance was 8 ppm, and frag-
ment ion tolerance was 0.5 Da. Tryptic peptides with up to two
missed cleavages were searched. Propionamide on cysteines
was set as a static modification. Oxidation of methionine, la-
bels 3C¢'°N,, and *H, on lysine were allowed as dynamic
modifications. Mascot results were assigned q-values by the
Percolator algorithm (45) version 2.05 as implemented in
Proteome Discoverer. Spectra with identifications below 1% q-
value were sent to a second round of database search with
semitryptic enzyme specificity (one missed cleavage allowed)
and 10 ppm MS1 mass tolerance (propionamide dynamic on
Cys). In copurification experiments, only proteins were
included if at least two peptides were identified with <1% false
discovery rate. Typical false discovery rate values were <1%
(peptide spectrum matches), 1.2% (peptides), and <1% (pro-
teins). Only unique peptides were included in protein
quantification.

Miscellaneous

All chemicals were analytical grade and supplied from Carl
Roth if not indicated otherwise. Antisera used in this study
were previously verified by band pattern comparisons of WT
and respective KO strains in S. cerevisiae. Enzymes were
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purchased from Thermo Fischer Scientific. Chemicals for qMS
analysis were from Sigma-Aldrich.

Further data processing

In the copurification experiments, all abundance values
obtained in the control mitochondria expression nontagged
Hsp78, representing nonspecific background signals, were
subtracted from the respective values obtained with the tagged
variants in the individual experiments and then an average
value of three experiments was generated. In order to math-
ematically allow the calculation of copurification enrichment
ratios also in cases where the respective protein has not been
identified in the background control sample, abundance values
were set to a minimal abundance value of 10,000, representing
background intensity. All protein abundances above back-
ground were corrected by Hsp78 bait protein abundance in the
respective experiment. To assess the reliability of the qMS
protein identification, each protein hit was categorized con-
cerning their identification reproducibility in isotope channels
and replicate experiments. Category A proteins (best candi-
dates) were identified with at least three peptides in all isotope
channels and all experiments, category B in two replicates, and
category C in one of the three replicates. Category D was not
detected in any replicate of the respective temperature con-
ditions but in others. Calculations were performed with
Microsoft Excel and visualization was done using GraphPad
PRISM 6. Additional protein information was collected from
the UniProtKB database (https://www.uniprot.org/). Func-
tional categories were obtained using the STRING (Protein-
Protein Interaction Networks) database (https://www.string-
db.org/).

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (46)
partner repository with the dataset identifiers PXD030405
(part A: protein interactions) and PXDO030436 (part B:
aggregation).

Supporting information—This article contains supporting informa-
tion (25).
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