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Abstract

Proteostasis is maintained by optimal expression, folding, transport, and clearance of proteins. Deregulation of
any of these processes triggers protein aggregation and is implicated in many age-related pathologies. In this
study, using quantitative proteomics and microscopy, we show that aggregation of many nuclear-encoded
mitochondrial proteins is an early protein destabilization event during short-term proteasome inhibition. Among
these, respiratory chain complex (RCC) subunits represent a group of functionally related proteins consistently
forming aggregates under multiple proteostasis stresses with varying aggregation propensities. Sequence
analysis reveals that several RCC subunits, irrespective of the cleavable mitochondrial targeting sequence,
contain low-complexity regions at the N-terminus. Using different chimeric and mutant constructs, we show that
these low-complexity regions partially contribute to the intrinsic instability of multiple RCC subunits. Taken
together,wepropose that physicochemically driven aggregation of unassembledRCCsubunits destabilizes their
functional assembly inside mitochondria. This eventually deregulates the biogenesis of respiratory complexes
and marks the onset of mitochondrial dysfunction.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Any physicochemical stress that perturbs protein
conformation is capable of triggering its misfolding
and aggregation. Heat stress unfolds protein second-
ary structure, exposes its hydrophobic stretches,
and results in the formation of either reversible or
amyloidogenic aggregates [1,2]. Perturbation of protein
homeostasis (proteostasis) network also promotes
aggregation as the balance between abundance and
intrinsic solubility of proteins is lost [3]. The identity
of destabilized proteins and magnitude of instability
may vary depending on themechanism of proteostasis
stress. Moreover, perturbing the same node of
proteostasis network may trigger differential conforma-
tional collapse and aggregation in distinct groups of
proteins in a condition-specific manner. For example,
members of Hsp70 chaperone family normally
prevent unproductive folding of hydrophobic stretches
in newly synthesized proteins. On the other hand,
reduced availability of the same chaperones in
stressed cells decelerates the refolding of mature
r Ltd. All rights reserved.
yet unfolded proteins and enhances aggregation [4].
Predominantly, aggregated proteins cannot perform
normal function owing to their loss of conformation and
are often implicated in various pathologies. However,
protein aggregation may not always be deleterious.
Multiple studies have suggested transient aggregation
of proteins as a part of cellular defense [1,2,5].
Earlier studies had investigated global proteome

changes in proteostasis stressed cells along with
protein aggregation events to certain but limited
extent. Large-scale proteomic studies in proteasome
inhibited cells had previously identified several short-
lived proteins, delineated compartment-specific protein
degradation mechanisms, and established the role of
multiple chaperones and ubiquitin ligases in clearing
insoluble proteins [6–9]. On the other hand, ER stress
was shown to cause widespread amorphous and
amyloidogenic aggregation in cytosol [10], whileHsp90
inhibition preferentially affected kinases and proteins
involved in DNA damage response [11]. Despite these
studies, whether protein aggregation at early phases
of proteostasis stress is widespread and stochastic in
Journal of Molecular Biology (2019) 431, 996–1015
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occurrence or is determined by physicochemical or
functional properties that forces specific group of
proteins to aggregate due to a slight perturbation of
proteostasis remains to be investigated. Moreover,
how these initial protein aggregation events contribute
to cellular protection or collapse during prolonged
stress is not yet extensively studied. Since malfunction
of proteasome significantly contributes to proteotoxicity
in neurons [12], we selected the fast-growing mouse
neuroblastoma cell-line Neuro2a for our study and
used proteasome inhibitor and other small molecules
to identify the most vulnerable proteins that form
aggregates at early stages of proteostasis stresses.
Using quantitative proteomics, we find that nuclear-

encodedmitochondrial proteins over-represent the list
of proteins that partition from soluble to insoluble
fraction at an early stage of proteasome inhibition.
Among these, respiratory chain complex (RCC)
subunits, which constitute multi-protein functional
complexes inside mitochondria, represent a set of
proteins forming aggregates due to multiple proteos-
tasis stresses. Intrinsic instability of RCC subunits is
determined by diverse physicochemical properties
including low-complexity regions (LCRs) at N-termini;
sequence stretches containing repeats of single
amino acids or short amino acid motifs. These
N-terminal regions also code for targeting sequences
in multiple RCC subunits that drive their transloca-
tion and functional association into respiratory
complexes inside mitochondria. Together, we pro-
pose that aggregation of RCC subunits highlights an
early proteotoxic signature that impedes respiratory
chain function during prolonged stress.

Results

Destabilization of chaperone-dependent proteins
at early phase of proteasome inhibition

To establish a stress condition that triggers aggre-
gation of proteostasis-sensitive proteins without alter-
ing viability, we treated Neuro2a cells with cell-
permeable proteasome inhibitor MG132 [13]. Earlier,
an 8-h treatment in HeLa cells with 5 μM MG132 was
shown to trigger formation of small inclusion bodies
(IBs) of proteostasis-sensitive protein FlucDM-EGFP,
firefly luciferase with double mutations (FlucDM),
a conformationally unstable, chaperone-dependent
protein [14]. In this study, 5 μM and even 2.5 μM
MG132 were found to efficiently block proteasome
activity in Neuro2a cells with increased load of
ubiquitinated proteins after 8 h without any loss of
cell viability (Figs. 1a and S1a–c). In untreated cells,
transfected FlucDM-EGFPwas diffusely distributed all
throughout with a few small dispersed IBs. Treatment
with both 2.5 and 5 μM MG132 resulted in larger IBs
after 8 h (Fig. 1b). To confirm whether FlucDM-EGFP
IBs partitioned from soluble to insoluble fraction, we
lysed the cells using a mild lysis buffer that solubilizes
most of the cellular proteins including components of
various organelles while retaining the aggregated
proteins as pellet (Fig. S1d and e). Total fraction was
prepared by dissolving the cells directly in SDS lysis
buffer. Western blot analysis confirmed increased load
of FlucDM-EGFP in the total fraction due to reduced
degradation in the presence of MG132 and subse-
quent precipitation into insoluble fraction. No change
in protein level was observed in the soluble fraction
(Fig. S1f). However, simultaneous drop in lumines-
cence activity suggested dose-dependent instability of
the soluble FlucDM-EGFP (Fig. 1c).
Accumulation of protein aggregates in the cytoplasm

is known to trigger defense mechanisms like heat
shock factor 1 (Hsf1)-mediated cytosolic stress re-
sponse (or heat shock response). Hsf1 was activated
by 8-h MG132 treatment of Neuro2a cells as observed
by an upshifted phosphorylated protein band suggest-
ing the appearance of cytosolic aggregates of endog-
enous proteins (Fig. 1d) [15]. Simultaneous increase in
mRNA levels of hsp70 (hspa1b) and Ubiquitin (ubc)
genes corroborated the upregulation of Hsf1-mediated
transcription (Fig. 1e). The upshifted Hsf1 band started
migrating to its original position by 24 h illustrating the
reversal of the trans-activation mechanism during
prolonged stress (Fig. 1d).
Autophagy has been reported to be induced in

proteasome-inhibited cells as a backup mechanism
for clearance of misfolded protein [16,17]. In our
experiments, an increased cleavage of LC3 indicating
activation of autophagy was observed only by 24 h of
MG132 treatment, whereas uncleaved version was
prominent after 8 h (Fig. 1d). It is noteworthy that a
significant reduction in cell viability was also observed
after 24 h, implying that adaptive rescuemechanisms
were not sufficient to protect cells during long-term
proteasome inhibition (Figs. 1a and S1a). Thus, 8 h of
MG132 treatment represented an early time point
when highly unstable proteins start partitioning into
insoluble fraction and initiate proteotoxicity, while the
cellular functions remain mostly unaffected and
adaptive mechanisms are initiated after sensing the
minute equilibrium shift in proteome. Our next goal
was to identify the endogenous proteins that are
unstable and aggregation-prone at this early stage of
proteostasis stress.

Proteome reorganization at early stages of
proteasome inhibition

Proteostasis-sensitive protein FlucDM-EGFP
showed dose-dependent loss of activity with MG132
treatment (Fig. 1c). Increase in hspa1b mRNA level
due to MG132 treatment was also significantly dose
dependent (Fig. 1e). Both these results indicated
possible differences in proteome destabilization
events with increasing concentrations of MG132.
Hence, we investigated proteome partitioning from
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Fig. 1. Destabilizationof chaperone-dependent proteins inNeuro2acells byshort-termproteasome inhibition. (a)Cell viability.
Neuro2acellswere incubatedwithMG132andcell viabilitywasestimatedbyMTTassay.Control:DMSO-treatedcells. Error bars
indicate SDs from at least three independent experiments. * indicates p b 0.05 by Student's t test. (b) Fluorescencemicrographs
showing IBs formed by over-expressed FlucDM-EGFP in MG132-treated Neuro2a cells for 8 h. Nucleus is stained by DAPI.
Arrows indicate smaller IBs. Control: DMSO-treated cells. The scale bar represents 10 μm. (c) FlucDMactivity assay. Luciferase
activity was measured in FlucDM-EGFP-transfected cells as described in Materials and Methods. Control: DMSO-treated cells.
Error bars indicateSDs fromat least three independent experiments. * indicatesp b 0.05byStudent's t test. (d)Hsp70,Hsf1, and
Lc3 protein levels inMG132-treated cells. Neuro2a cells were treatedwithMG132 for different time lengths, soluble extractswere
prepared, and immunoblot was performed with anti-Hsp70, anti-Hsf1, anti-Lc3, and anti-GAPDH. * indicates upshifted band of
Hsf1. Extract of DMSO-treated cells was used as control. Gapdh served as loading control. (e) Hsp70 and ubiquitinmRNA levels
in MG132-treated cells for 8 h as determined by real-time PCR. Fold change was normalized against mRNA levels in DMSO-
treated cells. Error bars indicate SDs from at least three independent experiments. * indicates p b 0.05 by Student's t test.
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soluble to insoluble fraction in both 2.5 and 5 μM
MG132 treated Neuro2a cells. Overall, we identified
1986, 1329, and 838 proteins, respectively, in the
total, soluble, and insoluble fractions using SILAC-
based quantitative mass spectrometry (Figs. 2a and
S2a; Table S1). The proteins identified in the insoluble
fraction were physicochemically distinct with basic
isoelectric point (pI), increased frequency of LCRs,
were more number of positively charged residues,
and were more abundant as per iBAQ analysis when
compared to all proteins identified in the total and
soluble fractions (Fig. S2b). Contrary to the general
perception that membrane association causes pro-
teins to precipitate [18,19], a relatively small number
of transmembrane helix containing proteins were
present in the insoluble fraction (Fig. S2c).
The SILAC ratios, reflecting the relative abundance

of proteins before and after MG132 treatment, were log
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transformed and converted into z-scores.Weobserved
normal distribution profile of z-scores for both total and
soluble fractions, with only few outliers indicating the
enriched or depleted proteins due toMG132 treatment.
Since the insoluble fraction showed a skewed distribu-
tion of z-scores (Fig. 2b), it was normalizedwith respect
to the mean and standard deviation of total fraction
(see Materials and Methods for detail). Next, we
divided the quantified proteins in multiple groups
according to their redistribution profile in the MG132-
treated cells. Comparison of z-score distribution
profiles of proteins from different sub-cellular localiza-
tion (as predicted by UniProt) suggested enrichment
of mitochondrial proteins in the total fraction. In the
soluble fraction, distribution profile of mitochondrial
proteins indicated a shift toward depletion. Slight shift
in z-scores was observed for all quantified proteins in
the insoluble fraction, thereby indicating an increase in
protein aggregation due to proteasome inhibition.
Among these, increase in z-scores for mitochondrial
proteins was the highest (Fig. 2c).
Next, a cutoff of 95% confidence, which corre-

sponds to z-scores beyond ±1.96 in either 2.5- or 5-
μM treatment, was used to identify the highly enriched
or depleted proteins [20]. Only 14 and 10 proteins,
respectively, were found to be highly enriched
consistently with both the concentrations of MG132
in the total and soluble fractions. Similarly, only 17 and
16 proteins were highly depleted in these fractions,
respectively (Tables S1a and S1b). Multiple proteins
were significantly altered in either of the MG132
concentrations and showed similar but non-significant
trend at the other dose. This finding indicates the
subtle fluctuations in proteome equilibrium at early
stages of proteasome inhibition that are dynamic, yet
following a consistent trend. Including these proteins,
the number of highly enriched proteins increased to 40
and 28 and highly depleted proteins to 46 and 30 in
total and soluble fractions, respectively (Fig. 2d and e;
Tables S1a and S1b). Furthermore, we identified 60
proteins with z-score beyond +1.96 with both treat-
ments, and 93with either of the treatments in insoluble
fraction, indicating a general tendency of most pro-
teins toward insolubility. In contrast, 24 proteins
showed z-scores below −1.96 with 8 common
between the treatments (Fig. 2f, Table S1c).
Ubiquitin load was highly increased in all the

fractions with MG132 treatment (Table S1). The
Fig. 2. Proteome reorganization in response to short-term
between the quantified proteins in total, soluble, and insoluble fra
of z-score distribution of quantified proteins across proteome frac
on their sub-cellular localization (as curated from Uniprot). Soli
treatment. (d) z-Score distribution of the quantified proteins in t
enriched or depleted proteins. (e and f) z-Score distribution of
fraction. Significant GO classes representing the highly enrich
similar as panel d. (g) Western blots showing Histone H3 and
normalized to pan Histone H3 protein levels. Extract of DMSO-tre
least three independent experiments. * indicates p b 0.05 by St
enriched or depleted proteins in the total fraction did
not represent any significant Gene Ontology (GO)
class (Fig. 2d and Table S1a). GO analysis of the
highly enriched proteins in the soluble fraction con-
tained many “chromatin organization” (GO:0006325)
proteins including histones H3 and H4 (Fig. 2e; Tables
S1b and S1b). This could be suggestive of tran-
scriptional reorganization since we also observed
increased level of active transcription mark H3K4me3
in MG132-treated cells (Fig. 2g). Indeed, increased
H3K4Me3 at the hsp70 promoter region has been
reported to be an adaptive active transcription mark
against proteotoxicity triggered by heat stress [21].
On the other hand, highly depleted proteins in
soluble fraction were represented by GO terms
“mitochondrion” (GO:0005739), “respiratory chain
complex” (GO:0098803), and “mitochondrial
translation” (GO:0032543;TableS2b).Simultaneously,
many proteins representing the GO class “respiratory
chain complex” (GO:0098803) were among the highly
enriched proteins in the insoluble fraction, thus
suggesting their increased aggregation propensity
with MG132 treatment (Fig. 2e and f; Tables S1b and
S1c). In contrast, highly depleted proteins in the
insoluble fraction represented “extracellular space”
(GO:0005615) and “vacuole” (GO:0005773) related
proteins. Several proteins that were found to be
depleted in the total fraction are also cataloged as
“exosome components” or “secreted” in the Exocarta
database [22] (Fig. 2f and Table S1) suggesting protein
secretion as a possible mechanism of quality control at
early stages of proteasome inhibition [23].
The other proteins enriched in the insoluble fraction

included many ubiquitin proteasome system (UPS)
components (Fig. 2f), similar to that described earlier
[6]. Strikingly, except for a few specialized chaperones,
we did not observe substantial increase in common
stress-responsive chaperone levels in any fraction after
the8-hMG132 treatment (Fig. S2d). In the total fraction,
Dnajb6, a chaperone involved in suppressing aggre-
gationand toxicity of neuronal amyloid proteins [24] and
Bcs1l, an assembly factor of mitochondrial RCC III [25]
showed tendency toward enrichment. In the soluble
fraction, Bag6 was significantly increased with both
treatments. Bag6 is an ATP-independent chaperone
tha t p reven ts aggrega t ion o f mis fo lded
and hydrophobic patch containing proteins and is
also required for the selective ubiquitin-mediated
proteasome inhibition. (a) Venn diagram showing overlap
ctions of MG132-treated Neuro2a cells for 8 h. (b) Histogram
tions. (c) Histogram of z-score distribution of proteins based
d line for 5 μM MG132 and dashed line for 2.5-μM MG132
he total fraction. No GO class significantly represented the
the quantified proteins in the soluble fraction and insoluble
ed and highly depleted proteins are shown. Color scheme
H3K4Me3 levels in the total fraction. Band intensities were
ated cells served as control. Error bars indicate SDs from at
udent's t test.
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degradation of defective nascent chain polypeptides by
the proteasome [26]. In addition, Dnajc19, a putative
component of TIM23 complex-associated import motor
that drives the transport of precursor proteins into
mitochondria [27], was significantly enriched only by
2.5-μM treatment. Dnajb2, a co-chaperone of the
HSP70 family [28], was identified as highly enriched
in the insoluble fraction after 5-μM treatment (Fig. S2d
andTableS1). ERchaperoneGrp78andmitochondrial
Hsp60were identified in all the fractions but without any
change with proteasome inhibition. Inducible forms of
cytosolic chaperone Hsp70, namely, Hspa1a and
Hspa1b, were not identified by mass spectrometry,
while the constitutive formHsc70 remained unchanged
consistent with our immunoblot that shows no increase
in HSP70 levels by 8-h MG132 treatment (Fig. 1d).
Other common cytosolic chaperones such as
Hsp90aa1, Hsp90ab1, and Hsp90b1 and components
of TRiC chaperonin machinery were also identified
across the fractions although remained unchanged
with proteasome inhibition (Fig. S2d and Table S1).
Taken together, consistent precipitation of multiple

mitochondrial proteins fromsoluble to insoluble fraction
highlighted the early protein destabilization events
during proteasome inhibition. Aggregation of mito-
chondrial proteins is not uncommon. Recently, many
mitochondrial precursor proteins have been shown to
be sequestered within the cytosolic aggregates of
huntingtin [29]. Nuclear-encoded mitochondrial pro-
teins have also been found in age-related aggregates
[30]. In our experiments, RCC subunits represented
the most prominent group of aggregation prone
mitochondrial proteins. Therefore, we focused on
further investigating the aggregation propensity of the
RCC subunits, the physicochemical features driving
their aggregation, and the functional consequences.

Redistribution of RCC subunits

Total fraction

Among the 56 RCC subunits identified in the
total fraction, three RCC I (CI) were highly enriched
by 5-μM treatment and moderately enriched by
2.5-μM treatment (Fig. 3a and Table S3a). When
we reduced the statistical stringency of data analy-
sis, 14 more RCC subunits (6 CI, 3 CIII, 1 CIV, and
4 CV) populated the list of “moderately enriched”
proteins (Table S3a) indicating their lack of degra-
dation during MG132 treatment. Interestingly, three
CI subunits (Ndufa5, Ndufa6, and Ndufb4) and one
Fig. 3. Aggregation of RCC subunits by short-term proteaso
RCC subunits across the proteome fractions of MG132-treated
shown in orange. (b) Fluorescence micrographs showing aggre
RCC subunits (x-EGFP) with MG132 for 8 h. Arrows indicat
micrographs showing overexpressed C-terminal EGFP-tag
Mitochondria are stained by Mitotracker CMXRos (red). Cell
is shown by dotted lines. Control: DMSO-treated cell. The sca
CV subunit (Atp5i) were found to be moderately
depleted in the total fraction implying either secretion
or degradation via unknown proteases.

Soluble fraction

In the soluble fraction, 49 RCC subunits were
identified (Table S3b). CI component Ndufab1 was
the only moderately enriched RCC subunit. On the
other hand, six CI and two CIV subunits were highly
depleted in the soluble proteome with either of the
treatments, and these included three mitoribosome
components (Fig. 3a and Table S3b). Sixteen more
RCC subunits and three mitoribosome components
were among the moderately depleted proteins (Table
S3b). In the absence of transcriptional downregulation
as confirmed by RT-PCR experiments (Fig. S2e),
the RCC subunits were either partitioned into the
insoluble fraction or secreted or degraded by some
unconventional mechanism.

Insoluble fraction

In the insoluble fraction, 14 RCC subunits were
identified, among which 6 were highly enriched and
included 2 CI, 1 CII, 2 CIII, and 1 CV subunits. Five
RCC subunits were present as moderately enriched
including one CIII and four CV components (Fig. 3a
and Table S3c).

Aggregation of RCC subunits

To investigate the aggregation propensity of RCC
subunits in proteasome-inhibited cells, we tagged
EGFP to four CI-subunits Ndufs3, Ndufa5, Ndufa6,
and Ndufb10 that were highly depleted in soluble
fraction. Ndufs3 was also highly enriched in insoluble
fraction. In the insoluble fraction, aggregation propen-
sity ofmultipleRCCsubunitswasmoreprominent upon
5-μM MG132 treatment (Fig. 3a and Table S3c), and
we used the same concentration for the microscopy
experiments. Over-expression of Ndufa6 and Ndufb10
resulted in spontaneous aggregation even in the
absence of proteasome inhibition suggesting their
high aggregation propensity (Fig. 3bi and bii).
As reported earlier, over-expression of fluorescent
reporter-tagged Ndufs3 neither forms aggregates nor
perturbs CI assembly and function in HEK293 cells
[31]. Similarly, over-expressed Ndufs3-EGFP did not
form aggregates in Neuro2a cells and was largely
targeted to mitochondria. However, consistent
me inhibition. (a) Heatmap showing z-score distribution of
Neuro2a cells for 8 h. Mitochondria-encoded subunits are
gate formation by overexpressed C-terminal EGFP-tagged
e smaller IBs shown in zoomed insets. (c) Fluorescence
ged control proteins (x-EGFP) with MG132 for 8 h.
fixation was performed using acetone-methanol. Nucleus
le bar represents 10 μm.
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with our mass spectrometry observations, multiple
distinct mitotracker negative IBs appeared in
many cells upon 8-h MG132 treatment (Fig. 3biii).
Moreover, we observed disorganized mitochondrial
staining along with larger Ndufs3 aggregates in
Fig. 4 (legend o
several cells, indicating that the aggregating RCC
subunits could either be insidemitochondria or in the
cytosol or bound to the outer surface of mitochondria
as described recently by Weidberg and Amon [32]
(Fig. 3biii, bottom panels). The other RCC subunit
n next page)



CI

CIII

CIV

CV

CII

CI

CV

CIV

(a)

(b)

(c)

(d)

Subunits with MTS; only MTS sequence

Subunits with MTS; sequence after MTS

All identified proteins

Subunits without MTS; N-terminal 30 residues

Subunits without MTS; after N-terminal 30 residues

0

5

10

15

20

25

30

A
r
g

in
in

e
 (

%
) *

0

5

10

15

20

25

30

A
la

n
in

e
 (

%
)

*

 L
e

u
c
in

e
 (

%
)

0

5

10

15

20

25

30

*
*

*

*

0

5

10

15

20

25

30

 S
e

r
in

e
 (

%
)

*
*

All identified proteins

Subunits without MTS; N-terminal 30 residues

Subunits without MTS; after N-terminal 30 residues

0

5

10

15

20

25

30

 S
e

r
in

e
 (

%
)

*

0

5

10

15

20

25

30

T
h

r
e

o
n

in
e

 (
%

)

*

*

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

-4 -2 2 4 80 6 10

z-score 5 µM MG132 (log scale)

Soluble Fraction

iB
A

Q
 s

c
o

r
e

-4 -2 2 4 80 6 10

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

z-score 5 µM MG132 (log scale)

Insoluble Fraction

iB
A

Q
 s

c
o

r
e

Fig. 5. Physicochemical properties of nuclear-encoded RCC subunits in aggregation. (a) Scatter plot of iBAQ scores as
calculated from total fraction versus z-score distribution in soluble and insoluble fraction. Green solid squares indicate RCC
subunits, and black hollow squares are other identified proteins. (b) LCRs in the predicted MTS or N-terminal 30 residues of
nuclear-encoded RCC subunits depleted in the soluble fraction. High confidence LCRs are highlighted in red; low confidence,
in green. (c) Box plots showing amino acid compositionofMTSofRCCsubunits.MTSorN-terminal 30 residues and the rest of
the protein sequences are grouped separately. * indicates p b 0.05 by one-way ANOVA, Bonferroni's post hoc test. (d) Box
plots showing amino acid composition of identified RCC subunits without MTS. N-terminal 30 residues and the rest of the
protein sequences are grouped separately. * indicates p b 0.05 by one-way ANOVA, Bonferroni's post hoc test.
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Ndufa5 does not contain a conventional mitochon-
drial targeting sequence (MTS) as predicted by
TPpred2 [33]. Over-expressed Ndufa5-EGFP dis-
played diffused distribution throughout the cell and
Fig. 4. Aggregation of RCC subunits by short-term proteas
co-transfected with EGFP or Ndufa5-EGFP. Cell fixation was per
(b) Ubiquitylation of RCC subunits. Neuro2a cells were transfect
EGFP or EGFP. After 24 h, cells were treated with 5 μMMG132 o
Samples were separated by SDS-PAGE and immunoblotted w
EGFP and Ndufa5-EGFP in total, soluble, and insoluble fractio
respectively. Gapdh served as loading control for total and soluble
β-tubulin, for Ndufa5-EGFP. (d) Microscopy images showing reve
waswithdrawn after 8 h of treatment and recoverywas done for 16
are stained by Mitotracker CMXRos (red). Cell fixation was perfor
showing continued aggregation by overexpressed C-terminal EG
Mitochondria are stained by Mitotracker CMXRos (red). Cell fixa
images of Ndufa5-EGFP co-transfected with mCherry or Ndufs3
points. Cell fixation was performed using paraformaldehyde. Flu
indicate ROI shown in zoomed insets. Nucleus is shown by dott
10 μm.
was sequestered into aggregates nearby nucleus
with slight mitotracker co-staining after MG132 treat-
ment (Fig. 3biv). In contrast, a non-mitochondrial
protein α-synuclein (Snca-EGFP) neither formed
ome inhibition. (a) Microscopy images of Ndufs3-mCherry
formed using paraformaldehyde. Control: DMSO-treated cell.
ed with His-ubiquitin (His-Ubi) and Ndufs3-EGFP or Ndufa5-
r DMSO. Cells were lysed and His-Ubi pull-down performed.
ith anti-EGFP. (c) Redistribution of overexpressed Ndufs3-
n. “p” and “m” indicate precursor and mature protein band,
fraction; β-actin, for insoluble fraction for Ndufs3-EGFP; and
rsal of Ndufs3-EGFP andNdufa5-EGFP aggregates. MG132
h in fresh culturemediawith andwithout CHX.Mitochondria

med using acetone-methanol. (e) Fluorescence micrographs
FP-tagged RCC subunits (x-EGFP) with MG132 after 24 h.
tion was performed using acetone-methanol. (f) Microscopy
-mCherry. Cells were treated with MG132 for indicated time
orescence intensity profile along the line is shown. Arrows
ed lines in all microscopy images. The scale bar represents
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aggregates nor co-localized withmitotracker, andwas
distributed diffusely in MG132-treated cells (Fig. 3ci).
Interestingly, aggregates formed by proteostasis
sensor protein FlucDM-EGFP were partially co-
localized with mitotracker staining (Fig. 3cii). This
observation could be consistent with the proposition
thatmisfoldedaggregation-proneproteins in thecytosol
are imported into mitochondria for degradation [34].
When over-expressed together, Ndufs3 co-

localized with Ndufa5, although mitochondrial
localization of Ndufs3 was retained. This suggests a
specific interaction betweenNdufa5 andNdufs3 since
EGFP alone could not retain mCherry-Ndufs3 in the
cytosol. Furthermore, MG132 treatment resulted in
co-aggregation of both these proteins (Figs. 4a and
S2f). Both the subunits were found to be ubiquitinated,
and protein load was increased in the total fraction of
MG132-treated cells corroborating them to be UPS
substrates (Fig. 4b and c). Two bands corresponding
to the precursor and mature forms of Ndufs3 were
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observed in the Western blotof the soluble fraction.
Relative abundance of these two bands remained
unchanged in MG132-treated cells, suggesting that
solubility of the mature form was maintained after
successful import (Fig. 4b). Interestingly, visible
aggregates of EGFP-tagged Ndufa5 and Ndufs3
were not retained in the cells after 16 h of withdrawal
ofMG132both in the absence and presence of protein
translation blocker cycloheximide (CHX) (Fig. 4d) as
opposed to 24-h MG132 treatment where the aggre-
gates persisted (Fig. 4e). Addition of CHX ruled out
any contribution of newly synthesized proteins in the
reappearance of normal localization of the subunits
and confirmed dissociation and reversibility of
aggregates.
MG132 is known to block matrix localized Lon

protease in isolated mitochondria [35]. Thus, aggre-
gation of RCC subunits could also be resulting from
the lack of Lon protease activity in MG132-treated
cells. Nevertheless, both Ndufs3 and Ndufa5 con-
sistently formed aggregates upon epoxomicin treat-
ment (Fig. S2g), a specific proteasome inhibitor
without any impact on Lon Protease [35,36], thereby
confirming that aggregation of RCC subunits was
exclusively due to proteostasis stress generated
by proteasome inhibition. Furthermore, Ndufa5 also
formed aggregates in MG132 treated HeLa cells
indicating intrinsic instability of RCC subunits in
response to proteostasis stress ruling out any cell
line specific mechanisms (Fig. S2h). All these results
together suggest that RCC subunits represent a
group of highly aggregation-prone proteins that
readily form aggregates upon over-expression or
due to limited chaperone availability at an early stage
of proteasome inhibition.
Next, we explored if RCC subunits form aggregates

with similar propensity when proteostasis stress
arises from different mechanisms. Hsp90 balances
the cytosolic level of mitochondrial precursors by
stabilizing their import-competent state or by assisting
degradation [37,38]. Visible aggregation of neither
Ndufa5 nor Ndufs3 was apparent by microscopy in
cells treated with Hsp90 inhibitor 17-allylamino-17-
demethoxygeldanamycin (17-AAG) for 8 h (Fig. S3a).
However, Ndufa5 was enriched in the total and
insoluble fraction confirming reduced degradation
and increased insolubility (Fig. S3b). On the other
hand, CHX treatment blocks production of nascent
peptides in cytosol and effectively reduces substrate-
load on proteostasis capacity. Expectedly, no aggre-
gates were observed in CHX-treated cells and Ndufs3
was apparently more degradation-prone as its band
intensities were reduced more than Ndufa5 (Fig. S3a
and b). Carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) treatment blocksmitochondrial protein import
[39]. Protein degradation is highly active in these
cells to clear overload of mitochondrial precursors
in cytosol [40]. Consequently, we did not see any
staining of Ndufs3-EGFP outside mitochondria in
CCCP-treated cells. In case of Ndufa5-EGFP, protein
level was again enriched in both total and insoluble
fractions suggesting less degradation and compara-
tively higher aggregation propensity for this protein
(Fig. S3a and b).
We then treated the cells with mitochondrial-

translation blocker chloramphenicol to disbalance the
production of nuclear and mitochondria-encoded RCC
subunits [41]. We did not see aggregates of Ndufs3
and it localized to mitochondria even after 96 h of
treatment (Fig. S3c). Strikingly, several small puncta of
MTS-lacking subunit Ndufa5 were observed in cytosol
of both control and chloramphenicol-treated cells
after 48 h. The number and size of these puncta
grew further when the cells with time (96 h) (Fig. S3c).
Similar small puncta of Ndufa5 appeared even at
shorter time points with MG132 treatment that ulti-
mately sequestered in large aggregates by 8 h.Ndufs3
progressively co-aggregated in these small puncta of
MG132-treated cells when co-expressed with Ndufa5
(Fig. 4f). Strikingly, multiple LCR-containing proteins
have recently been reported to form similar droplet-like
puncta under different cellular conditions that are
described as aggregate precursors [42–44].

Physicochemical properties and aggregation of
RCC subunits

RCC subunits are among the comparatively abun-
dant cellular proteins [3] and are chaperone dependent
for their translocation and import into mitochondria
[37,45]. However, we also identified other chaperone-
dependent abundant proteins that did not necessarily
increase in the insoluble fraction upon MG132
treatment. Furthermore, the heterogeneity in iBAQ
values among the RCC subunits suggested that their
aggregation propensitymay not be correlated onlywith
abundance (Fig. 5a). Sequence analysis showed that
these proteins are physicochemically distinct with low
molecular weight and basic pI (Fig. S4a). Out of the 21
nuclear-encoded RCC subunits found to be depleted
in soluble fraction, 14 contained conventional arginine-
richMTSat theN-termini thatmajorly contributed to the
basic pI of these proteins (Figs. 3a and 5b–c). In
addition, theseMTS sequenceswere overrepresented
by alanine, leucine, and serine residues (Fig. 5c).More
importantly, seven of these MTS sequences were
predicted to contain LCRs using SEG [46] (Fig. 5b).
For the remaining MTS-lacking RCC subunits that
were depleted in soluble fraction, we inspected the first
30 amino acids from the N-terminus, which is the
average length of MTS. Although these sequences
were not rich in arginine, two of them contained LCRs
and had higher percentage of threonine and serine
residues (Fig. 5b and d).
N-terminal sequences of many of the nuclear-

encoded RCC subunits enriched in total and insoluble
fractions also contained LCRs (Fig. S4b and c). Since
most of these LCRs containmultiple arginine residues,
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these peptides are challenging to identify by trypsin-
based mass spectrometry. Only two MTS peptides
were identified for Ndufs7, one of which included
an LCR. Both these peptides were enriched in the
insoluble fraction upon MG132 treatment, suggesting
that the MTS-containing precursor form of Ndufs7 is
aggregation-prone (Fig. S4c).

Role of LCR containing n-terminal regions of RCC
subunits in aggregation

LCRs are known to promote aggregation of many
proteins. Hence, we investigated the contribution
of LCRs in triggering aggregation of RCC subunits.
N-terminus of Ndufs3 contained a weakly predicted
LCRwithin the MTS (Fig. 5b). Mitochondrial import of
this protein was lost upon removal of the N-terminus
and ΔMTS-Ndufs3 was diffusedly distributed
throughout the cytoplasm. Interestingly, the truncat-
ed construct remained aggregation-prone upon
MG132 treatment (Fig. 6a). Simultaneous increase
in protein level in total and insoluble fraction (Fig. 6b)
suggested that removal of the weakly predicted LCR
was not sufficient to prevent aggregation of Ndufs3.
In contrast, when we deleted the LCR-containing
N-terminal 30 amino acids fromNdufa5, the truncated
version (ΔNTR-Ndufa5) did not form large aggregates
anymore in the MG132-treated cells (Fig. 6a).
Addition of MTS of Ndufs3 at the N-terminus of

EGFP (s3MTS-EGFP) efficiently targeted a large pool
of the reporter protein tomitochondria (Fig. 6c).Wedid
not see any increase of this chimeric protein (31 kDa)
in either of the total, soluble, and insoluble fractions
upon MG132 treatment. Instead, we observed a
smaller band of the size of EGFP (27 kDa) in the
total and soluble fraction indicating cleavage of the
s3MTS after mitochondrial import. The insoluble
fraction contained only the uncleaved band (31
kDa), thus suggesting instability and insolubility of
the unimported cytoplasmic precursor, although its
distinct aggregates were not prominently visible
under the microscope (Fig. 6d).
N-terminal LCR of Ndufa5 was sufficient to trigger

massive aggregation upon MG132 treatment when
added beforeEGFP (a5NTR-EGFP). Simultaneously,
protein level was also increased in the insoluble
fraction of MG132-treated cells (Fig. 6c and d). In
contrast, EGFP itself did not form any aggregate even
uponMG132 treatment (Fig. 6c). These data together
suggest LCRs are not the only determinant of
aggregation of RCC subunits; physicochemical
properties of the rest of the protein sequences also
contribute to their aggregation.

Consequence of aggregation of RCC subunits—
deregulation of respiratory function

Despite the precipitation of RCC subunits into
insoluble fraction by 8-hMG132 treatment as revealed
by mass spectrometry, we did not observe noticeable
changes in mitochondrial morphology andmembrane
potential, although ROS level was increased signifi-
cantly by 2-fold (Fig. 7a–c). As per high-resolution
respirometry in permeabilized cells, CI-dependent
oxygen flux was not significantly affected. CII function
was also not perturbed; rather, a significant drop
(~20%) in oxygen consumption byCIVwas noticed by
8 h (Figs. 7d and S5). Nevertheless, in long-term
MG132 treatment (24 h) when significant decline in
cell viability was observed (Fig. 1a) and the aggre-
gates of RCC subunits continued to accumulate
(Fig. 4e), collapse of mitochondrial morphology was
prominent, membrane potential had significantly
dropped, and ROS level was increased by 5-fold
(Fig. 7a–c). A statistically significant decrease in
oxygen consumption by CI was also observed at
24 h of proteasome inhibition, and CIV activity was
further reduced (Figs. 7d and S5). These results
suggested that respiratory function was preserved
at early stages but debilitated with the accumulation
of irreversible aggregates of RCC subunits during
long-term proteasome inhibition.
Finally, we checked whether aggregation RCC

subunits can perturb the import of proteins into
mitochondria. For this purpose, we used the reporter
construct s3MTS-EGFP that spontaneously entered
mitochondria (Fig. 6c). To avoid mitochondrial import
of the reporter protein before proteasome inhibition,
we started the MG132 treatment along with
transfection. The MTS-cleaved form of s3MTS-
EGFP (27 kDa) was prominently observed inWestern
blot of the control cells and microscopy confirmed
mitochondrial localization. When we used mitochon-
drial transport-blocker CCCP, the precursor band
intensity (31 kDa) was increased with a concomitant
decrease of the MTS-cleaved form. s3MTS-EGFP
was distributed diffusely throughout the CCCP-
treated cells as observed by microscopy. On the
other hand, MG132-treated cells showed mitochon-
drial localization. This indicated no blockage of
mitochondrial import of s3MTS-EGFP, although both
the precursor and MTS-cleaved forms were signifi-
cantly accumulated in the cells after 24-h MG132
treatment (Fig. 7e and f).
Discussion

Proteostasis collapse andmitochondrial dysfunction
are two hallmarks of age-related pathologies [47]. In
neuronal cells, proteasome inhibition is known to
deregulate mitochondrial homeostasis and turnover
[48]. However, how these phenomena are coupled
and what are the molecular determinants and mech-
anism connecting them remained to be addressed.
Here, we show that RCC subunits represent a
metastable subproteome that precipitates into insolu-
ble fraction at early stages of proteasome inhibition.
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Aggregation of RCC subunits is driven by diverse
physicochemical signatures that normally aid their
translocation or interaction into functional assemblies
inside mitochondria. In recent studies, reversibility of
aggregates following stress withdrawal has been
described as a temporal protective measure to
preserve protein function [2,49–51]. This may also be
true for the reversible aggregates of RCC subunits to
restore their function upon stress withdrawal. Here,
we demonstrate that in the presence of prolonged
stress, early aggregation of RCC subunits marks the
onset of long-termproteotoxic consequences since the
aggregates remain irreversible. Overall, our results
suggest that early protein aggregation events during
proteostasis stresses are not entirely stochastic and
widespread, but rather provide predictive insights
toward long-term phenotypic manifestations.

Physicochemical properties and aggregation of
RCC subunits

Liquid-to-liquid and liquid-to-solid phase separa-
tions of LCR containing proteins have recently been
identified as intermediary steps of their aggregation
[52,53]. Here, we provide evidence that LCR-
containing N-termini of multiple RCC subunits are
capable of triggering aggregation of unrelated reporter
proteins. In case of MTS-containing RCC subunits,
increased number of positively charged arginines
within N-terminal LCRs is required for interaction with
the negatively charged residues of import receptors or
with anionic lipids like cardiolipin on the mitochondrial
membrane [45,54,55]. However, arginine-rich regions
are known to trigger liquid-to-liquid phase separation
followed by partitioning of proteins to insoluble fraction
[56]. Alanine is another amino acid that is highly
abundant within the N-terminal LCRs of MTS-
containing proteins. Presence of poly-alanine
stretches can also increase aggregation propensity
of proteins [57]. In case ofMTS-lackingRCCsubunits,
threonine and serine residues present within LCRs
are the potential targets for phosphorylation.
Interestingly, phosphorylation within LCR had been
identified as a triggering factor for phase separation
and aggregation of Tau [58].
We observed considerable differences between

aggregation propensities of individual RCC subunits.
This heterogeneity may not be attributed solely to
LCRs but could be conferred by a combination of other
intrinsic factors such as size, relative abundance, post-
translational modifications, and amino acid sequences
beyond the LCRs. Recently, many nuclear-encoded
mitochondrial proteins have been shown to possess
internal MTS-like signals (iMTS-LS) within the mature
part of the proteins. These sequences mimic the
N-terminal MTS signatures with respect to their length
and amphipathicity; contain high frequencies of
arginine, lysine, and hydroxylated amino acids; and
are critical in maintaining the unfolded state to facilitate
translocation [59]. Presence of iMTS-LS stretchesmay
also contribute to the aggregation of RCC subunits
but requires to be validated in further studies. RCC
subunits, as components of large multi-subunit com-
plexes, are likely to contain aggregation-prone inter-
action surfaces [60]. Indeed, our findings suggest that
individual RCC subunits are aggregation-prone before
their incorporation into complexes when their interac-
tion surfaces are exposed. Thus, the unassembled
RCC subunitsmay be considered as “orphan proteins”
[61]; they lack their functional interactions when in a
non-functional compartment like cytosol or when
over-accumulated beyond their interaction stoichiom-
etry with functional partners. Therefore, in addition
to their physicochemical properties, aggregation of
RCC subunits may also be attributed to their self-
association, or loss of functional or gain of non-
functional interactions with other RCC subunits, other
proteins, or specific proteostasis components before
their incorporation into respiratory complexes.

Proteostasis of RCC subunits

In our experiments, RCC subunits that are
inherently or artificially inefficient for mitochondrial
import due to lack of conventional MTS were visible
outside the mitochondria. In addition, we show that
association with MTS-lacking subunit Ndufa5 could
partially relocalize and stabilize the otherwise
efficient mitochondria-targeted subunit Ndufs3 in
the cytosol. This may not be a non-specific interac-
tion since these subunits are known to associate in a
small subcomplex during complex I assembly [41].
Our findings suggest that association of these two
aggregation-prone RCC subunits outside mitochon-
dria may lead to partially folded unstable states that
co-aggregate progressively during proteasome inhi-
bition. We also identified MTS-containing precursor
peptides of Ndufs7 in the insoluble fraction suggest-
ing its aggregation even before the cleavage of MTS.
Furthermore, reporter protein EGFP precipitated into
insoluble fraction when LCR containing MTS of
Ndufs3 was attached to its N-terminus. Incidentally,
mitochondrial proteins are known to be partially
unfolded and chaperone-dependent before their
import [37] and proposed to be constantly degraded
by proteasome in the cytosol [62]. As per our data,
aggregates of RCC subunits may be present both in
the cytosol and at the outer surface of mitochondria
during proteasome inhibition, or even around the
import channels, as described recently [32]. However,
transport of MTS containing proteins to mitochondria
was not blocked, suggesting that aggregates of RCC
subunits did not jam the import machinery. Indeed,
import of radiolabeled precursor proteins was ob-
served to be not reduced rather improved in mito-
chondria isolated from proteasome-inhibited cells
[62]. Thus, the fraction of RCC subunits that forms
aggregates in proteasome-inhibited cells represents
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the excess protein load that is beyond import capacity
of mitochondria. These excess RCC subunits over-
accumulate in cells due to lack of degradation and
form aggregates owing to their intrinsic aggregation
propensity. Taken together, we propose that RCC
subunits are maintained in cellular compartments at
optimum concentration by chaperones and persis-
tently degraded by the UPS to prevent their accumu-
lation. However, if the concentration goes beyond a
certain threshold and the chaperone capacity is not
proportionately increased, RCC subunits clump to-
gether into aggregates.
Our experiments indicate only a marginal loss

of respiratory functions at short-term proteasome
inhibition, thus suggesting that functional respiratory
complexes remain unperturbed despite the aggrega-
tion of RCCsubunits. However, we did observe loss of
respiratory functions in case of long-term proteasome
inhibition. Function of respiratory complexes depends
on their successful biogenesis that begins with the
association of few individual RCC subunits into small
sub-complexes that act as scaffolds for the coordi-
nated and sequential incorporation of other subunits
[63]. We propose that aggregation of RCC subunits at
early stages of proteasome inhibition deregulates the
formation of sub-complexes, and since the aggrega-
tion remains irreversible during prolonged stress,
biogenesis of new respiratory complexes is damaged
with prominent loss of activities.
Mitochondrial stress is known to trigger multiple

defensive transcription mechanisms like mitochondrial
compromised protein import response (mitoCPR) [32]
or unfolded protein response (UPRmt) [64]. In this
connection, investigating the possible alterations of
transcription during early stages of proteasome inhibi-
tion may reveal similar defensive responses in the face
of aggregation of RCC subunits. Moreover, identifying
the specific chaperones and ubiquitin ligases involved
in the maintenance, turnover, and import of individual
RCC subunits will provide deeper understanding of the
interconnectedness between progressive loss of pro-
teostasis and bioenergetics in age-related degenera-
tive conditions [47].
Materials and Methods

Constructs

FlucDM-EGFP was PCR-amplified from pCIneo-
FlucDM-EGFP [14] and subcloned into pcDNA4/TO
using the restriction enzymes KpnI and XbaI (Thermo
Scientific). Ndufs3, Ndufa5, Ndufa6, and Ndufb10
were PCR-amplified from Neuro2a cDNA and cloned
into pcDNA4/TO EGFP or mCherry using the restric-
tion enzymes KpnI and XhoI. Snca was PCR-
amplified from pRK172/α-synuclein [65] and cloned
into pcDNA4/TO EGFP using KpnI and XhoI. The
MTS or first 30 residues were removed to prepare the
deletion constructs and were tagged before EGFP to
prepare MTS/NTR constructs. pCI-His-hUbi was from
Addgene (Plasmid No. 31815).

Cell culture and microscopy

Neuro2a cells were maintained in Dulbecco's
modified Eagle's medium (Gibco) supplemented with
10% fetal bovine serum (Gibco) and 90 U/ml penicillin
(Sigma)– 50 μg/ml streptomycin (Sigma) at 37 °C and
5% CO2. Transfection of cells was performed with
Lipofectamine 3000 reagent (Invitrogen) according to
the manufacturer's protocol for 24 h. Mitotracker Red
CMXRos (Invitrogen) staining was done at a final
concentration of 0.5 mM in culture media by incubat-
ing cells for 30 min under normal growth conditions.
Slides were prepared by counterstaining with DAPI
(Sigma) and observed under Zeiss Axioimager Z.1
Microscope (Fig. 1d) or Leica TCS SP8 (for all other
images).
For SILAC-based mass spectrometry, cells were

grown in SILAC DMEM (Thermo Scientific)
supplemented with 10% dialyzed fetal bovine serum
(Gibco), 90 U/ml penicillin (Sigma), 50 μg/ml
streptomycin (Sigma), and either light [L-lysine 2HCl/
L-arginine HCl (Lys0/Arg0)] or medium [L-lysine 2HCl
(4,4,5,5-D4)/L-arginine HCl (13C6) (Lys4/Arg6)],
or heavy [L-lysine 2HCl (13C6,

15N2)/L-arginine HCl
(13C6,

15N4) (Lys8/Arg10)] isotopes of lysine and
arginine (Thermo Scientific).

Cell viability and proteasome activity assay

Cell viability was determined using MTT assay
(Sigma). Briefly, 10,000 cells were plated in 96-well
culture plate. After treatment,MTT solution (0.5 mg/ml
in growth medium) was added followed by incubation
for further 3 h under normal growth conditions.
Medium was removed and formazan crystals were
dissolved in DMSO. Absorbance was measured
at 570 nm using PerkinElmer EnSpire Multimode
plate reader.
Proteasome activity assay was performed using

Proteasome-Glo Chymotrypsin-Like Cell-Based
Assay kit (Promega) following the protocol described
by the manufacturer. Briefly, 10,000 cells were plated
in 96-well culture plate. After 8 h of MG132 treatment,
pre-mixed assay buffer containing substrate and
luciferin detection reagent was added in equal volume
to the sample and incubated for 10 min at RT. The
supernatant was transferred to optiplate-96 (white;
PerkinElmer) and luminescence recorded using
PerkinElmer EnSpire Multimode plate reader.
Cell death was measured using Pierce LDH

Cytotoxicity Assay Kit (Thermo Scientific) as per
manufacturer's protocol. Briefly, 10,000 cells were
plated in 96-well culture format. After 8 h of MG132
treatment, equal volume of culture media and reaction
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mix was taken in a fresh plate and incubated for 30 min
in dark at RT. Absorbance was recorded at 490 nm in
PerkinElmer EnSpire Multimode plate reader.

Luciferase assay

Activity of FlucDM was estimated using Pierce
Firefly Luciferase Glow Assay Kit (Thermo Scientific).
Assay was performed as per kit protocol. Neuro2a
cells were transfected with pcDNA4/TO FlucDM-
EGFP using lipofectamine 3000. After 24 h, trans-
fected cells were plated in 96-well culture plate and
upon attachment were treated with 2.5 and 5 μM
MG132 for 8 h and DMSO as solvent control. The
cells were lysed in 100 μl of 1× lysis buffer provided
in the kit, and 20 μl of this lysate was transferred
into optiplate-96 (white; PerkinElmer) with 50 μl of
working solution containing Luciferin. Luminescence
was recorded in PerkinElmer EnSpire Multimode
plate reader.

Western blotting

Cell pellet was lysed in NP-40 lysis buffer [50 mM
Tris–HCl (pH 7.8), 150 mM NaCl, 1% NP-40, 0.25%
sodium deoxycholate, 1 mM EDTA, protease
inhibitor cocktail (Roche)] at 4 °C for 45 min with
intermittent vortexing. Lysed cells were centrifuged
at 12,000g for 15 min at 4 °C, and the supernatant
was collected as the soluble fraction. The remaining
pellet was washed twice with 1× PBS and boiled in
4× SDS loading buffer [0.2 M Tris–HCl (pH 6.8), 8%
SDS, 0.05 M EDTA, 4% 2-mercaptoethanol, 40%
glycerol, 0.8% bromophenol blue] for 15 min to get
insoluble fraction. Total fraction was prepared by
directly dissolving the cell pellet in 4× SDS loading
buffer for 15 min. Protein fractions were separated by
SDS-PAGE and transferred onto 0.2 μm PVDF
membrane (Bio-Rad) for 90 min (for histones
60 min) at 300 mA using the Mini-Trans Blot cell
system (Bio-Rad). Membranes were probed by
appropriate primary and secondary antibodies
(Supplementary Methods Table 1) and imaged using
documentation system (Vilber Lourmat).

Reverse transcriptase PCR (RT-PCR)

Total RNA was prepared using Trizol method
(Ambion) according to the manufacturer's protocol
and treated with DNase I (Ambion). RNA concentra-
tion was measured using Nanodrop2000 spectropho-
tometer (Thermo Scientific). For cDNA synthesis,
2 μg of total RNA was used along with SuperScript III
Reverse Transcriptase (Invitrogen) in a final volume of
20 μl according to the kit protocol. Quantitative PCR
was carried out in Applied Biosystems 7900HT Fast
Real-Time PCR System using Power SYBR green
Master-mix (Applied Biosystems; Supplementary
Methods Table 3).
Sample preparation for mass spectrometry

A total of 1.5 million cells were plated in 100-mm
culture dishes. The light-labeled cells (L) served as
solvent control, whereas medium-labeled (M) and
heavy-labeled (h) cells were treated with 2.5 and
5 μM of MG132, respectively. After 8 h of incubation,
equal number of L-, M-, and H-labeled cells were
pooled together, and total, soluble, and insoluble
fractions were prepared as described earlier. The
fractions were separated on NuPAGE 4%–12%
Bis–Tris Protein Gels (Invitrogen). The gel was run in
Mes buffer (100 mM Mes, 100 mM Tris–HCl, 2 mM
EDTA, 7 mM SDS) at 200 V for 40 min, fixed and
stained with Coomassie brilliant blue. Preparation of
gel slices, reduction, alkylation, and in-gel protein
digestion was carried out as described by Shev-
chenko et al. [66]. Finally, peptides were desalted
and enriched according to Rappsilber et al. [67].

LC–MS/MS

Peptides eluted from desalting tips were dissolved
in 2% formic acid and sonicated for 5 min. Soluble
fraction was analyzed on Linear Trap Quadrupole
(LTQ)-OrbitrapVelos interfaced with nanoflow LC
system (Easy nLC II, Thermo Scientific). Peptide
fractions were separated on a Bio Basic C18 pico-Frit
nanocapillary column (75 μm × 10 cm; 3 μm) using a
120-min linear gradient of the mobile phase [5% ACN
containing 0.2% formic acid (buffer-A) and 95% ACN
containing 0.2% formic acid (buffer-B)] at a flow rate of
300 nL/min. Full-scan MS spectra (from m/z 400 to
2000) were acquired followed byMS/MS scans of Top
20 peptides with charge states 2 or higher.
Total and insoluble fractions were analyzed on

Q Exactive (Thermo Scientific) interfaced with nano-
flow LC system (Easy nLC II, Thermo Scientific).
Peptide fractions were separated on a Bio Basic C18
pico-Frit nanocapillary column (75 μm × 10 cm;
3 μm) using a 60-min linear gradient of the mobile
phase [5%ACNcontaining0.2% formic acid (buffer-A)
and 95% ACN containing 0.2% formic acid (buffer-B)]
at a flow rate of 400 nL/min. Full-scan MS spectra
(fromm/z 400 to 2000) were acquired followed byMS/
MS scans of top 10 peptides with charge states 2 or
higher. The mass spectrometry proteomics data of
these biological repeats have been deposited to the
ProteomeXchange Consortium via the PRIDE
partner repository [68] with the data set identifier
bPXD012204N.

Peptide identification and statistical analysis

For peptide identification, raw MS data files were
loaded onto MaxQuant proteomics computational
platform (Ver. 1.3.0.5) [69] and searched against
Swissprot database ofMusmusculus (release 2016.03
with 16,790 entries) and a database of known
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contaminants. MaxQuant used a decoy version of the
specified database to adjust the false discovery rates
for proteins and peptides below 1%. The search
parameters included constant modification of cysteine
by carbamidomethylation, enzyme specificity trypsin,
and multiplicity set to 3 with Lys4 and Arg6 as medium
label and Lys8 and Arg10 as heavy label. Other
parameters includedminimum peptide for identification
2, minimum ratio count 2, re-quantify option selected,
andmatch between runswith 2-min timewindow. iBAQ
[70] option was selected to compute abundance of the
proteins. Bioinformatics and statistical analysis was
performed in Perseus environment (Ver. 1.5.2.4) [71].
The average values from three biological repeat

experiments generated as per MaxQuant algorithm
were used for further analysis. For total and soluble
fractions, M/L and H/L ratios were converted into
log2 space, and mean ratios and standard devia-
tions were calculated for each data set [20]. The log2
M/L and H/L ratio of each protein were converted into
a z-score, using the following formula:

z − score of x½ �

¼
log2

M or H
L

� �
x½ � −Mean of log2 a…nð Þ

Standard deviation of log2 a…nð Þ

where x is a single protein in the data set population
(a…n). The z-score was a measure of how many
standard deviation (σ) units, the log2M/L, orH/L ratio
of the protein was away from the population mean.
A z-score ≥ 1.96σ represented that differential
expression of the protein lied outside the 95%
confidence interval and were considered to be
significant. We divided the protein population into
five divisions according to their z-score distribution.
Proteins having (−1.96 ≥ z ≥ 1.96) were termed as
highly depleted and highly enriched, respectively.
The proteins with (1.96 N z N 1) or (−1.96 b z b −1)
were classified as enriched and depleted, respec-
tively. The proteins with (1 ≥ z ≥ −1) scores were
grouped as unchanged. As insoluble fraction
showed skewed distribution, mean and standard
deviation of total fraction were used to normalize and
calculate z-score. The proteins showing inconsistent
ratios between 2.5 and 5 μM of MG132 treatment
were removed from further analysis.
GO and bioinformatics analysis

GO analysis was performed using Gene Ontology
enRIchment anaLysis and visuaLizAtion (GOrilla) tool
[72]. All proteins identified in each fraction were used
to prepare the respective background set with 10−3 as
the p value threshold. Subcellular localization of the
proteins was acquired from UniProt [73]. Protein
abundance was calculated by selecting iBAQ option
in MaxQuant tool. iBAQ values from the total fraction
for the DMSO control (MG132 untreated) were used
to calculate the relative abundances under normal
conditions for the proteins identified and converted
into log space. Camsol was used to predict intrinsic
solubility based on the protein sequence [74]. The
molecular weight and other properties of the identified
proteins (pI, amino acid composition, hydropathicity,
etc.) were taken from ProtParam (ExPASyweb server)
[75]. TMHMM Server v. 2.0 was used to predict
transmembrane helices [76]. Low-complex regions in
proteins were predicted by SEG prediction of low-
complex region [46]. For prediction of mitochondrial
target sequence, TPpred 2.0 online tool was used [33].

His-ubiquitin pull down assay

Cells transfected with EGFP-tagged subunits and
pCI-His-hUbi were treated with 5 μM MG132 for 8 h.
Cells were washed with ice-cold PBS and lysed in
lysis buffer (6 M guanidine–HCl, 0.1 M Hepes
(pH 7.4), 5 mM imidazole]. Ni-NTA agarose beads
(Invitrogen) were equilibrated with lysis buffer and
added to each cell lysate and incubated at room
temperature for 2 h in a rotating wheel. Beads
were washed twice with lysis buffer and four times
with wash buffer [300 mM NaCl, 50 mM Tris–HCl
(pH 7.4), 20 mM imidazole, 1% NP-40]. Elution was
performed by boiling the beads in 2… SDS PAGE
loading buffer supplemented with 300 mM imidazole
for 15 min. Samples were separated on SDS-PAGE
and immunoblotting was done using anti-EGFP.

High-resolution respirometry

For individual respiratory complex activities, oxygen
consumption was evaluated using the substrate–
uncoupler–inhibitor titration reference protocol [77]
with Oxygraph-2k (Oroboros Instruments, Austria).
Neuro2a cells (1 × 106 cells) were suspended in
mitochondrial respiration medium Mir05 (110 mM
Sucrose, 0.5 mM EGTA, 3.0 mM MgCl2, 80 mM
KCl, 60 mM K-lactobionate, 10 mM KH2PO4,
20 mM taurine, 20 mM Hepes, 1.0 g/l BSA, pH 7.1).
Cells were permeabilized using digitonin (5 μg/ml)
followed by respiratory complex inhibitors and
substrates. Cytochrome c test was done to check
the intactness of outer mitochondrial membrane.
Oxidative phosphorylation capacity by complex I
was determined by the addition of 5 mM pyruvate
and 5 mM malate followed by the addition of 2.5 mM
ADP. Complex II oxidative phosphorylation was
measured after the addition of 0.5 μM rotenone
and 10 mM succinate. Non-mitochondrial respiration
was observed by addition of 2.5 μM antimycin A. For
complex IV assay, 2 mM ascorbate and 0.5 mM N,N,
N′,N′-tetramethyl-p-phenylenediamine (TMPD) were
added followedby200 mMsodiumazide. All reagents
were procured from Sigma.
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ROS and membrane potential estimation

ROS levels were measured with Cellular ROS/
Superoxide Detection Assay Kit (Abcam) as per
manufacturer's protocol. Briefly, treated cells were
detached and incubated with ROS Detection
solution for 30 min at 37 °C in dark. Samples were
analyzed using Gallios Flow Cytometer (Beckman
Coulter). For mitochondrial membrane potential,
treated cells were incubated with 100 μM TMRM
and 50 μM Mitotracker Green for 30 min at culture
conditions. Cells were detached and analyzed using
Gallios Flow Cytometer (Beckman Coulter).
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