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Abstract

Mitochondria possess their own genome that encodes components of oxidative
phosphorylation (OXPHOS) complexes, and mitochondrial ribosomes within the
organelle translate the mRNAs expressed from mitochondrial genome. Given the
differential OXPHOS activity observed in diverse cdl types, cell growth conditions,
and other circumstances, cellular heterogeneity in mitochondrial translation can
be expected. Although individual protein products translated in mitochondria have
been monitored, the lack of techniques that address the variation in overall
mitochondrial protein synthesisin cell populations poses analytic challenges. Here,
we adapted mitochondrial-specific fluorescent noncanonical amino acid tagging
(FUNCAT) for use with fluorescence-activated cell sorting (FACS) and developed
mito-FUNCAT-FACS. The click chemistry-compatible methionine analog L-
homopr opar gylglycine (HPG) enabled the metabolic labeling of newly synthesized
proteins. In the presence of cytosolic translation inhibitors, HPG was selectively
incor porated into mitochondrial nascent proteins and conjugated to fluorophores
via the click reaction (mito-FUNCAT). The application of in situ mito-FUNCAT to
flow cytometry allowed us to disentangle changes in net mitochondrial translation
activity from those of the organelle mass and detect variations in mitochondrial
translation in cancer cells. Our approach provides a useful methodology for

examining mitochondrial protein synthesisin individual cells.
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[ ntr oduction

Mitochondria are the major suppliers of cellular ATP via oxidative phosphorylation
(OXPHOS). As a consequence of the symbiosis of a bacterial ancestor, mitochondrion
still maintains its own genome and expresses its own genes. In addition to noncoding
RNAS (2 rRNAs and 22 tRNASs), mammalian mitochondrial DNA (mtDNA) encodes 13
MRNAS that are essential components of OXPHOS complexes (Anderson et al. 1981).
Impairment of mitochondrial translation, such as dysfunction of mitochondrial tRNAS,
often causes OXPHOS dysfunction and leads to diseases (Scharfe et al. 2009; De Silva
et a. 2015; Suomalainen and Battersby 2018; Webb et al. 2020), including
mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS) and myoclonic epilepsy with ragged-red fibers (MERRF) (Y asukawa et al.
2000a, 2000b; Kirino et a. 2005; Rotig 2011; Kelland et a. 2016; Asano et al. 2018;
Morscher et al. 2018).

Mitochondrial protein synthesis is driven by 55S mitochondrial ribosomes (or
mitoribosomes). Owing to the recent emergence of structures at near-atomic resolutions,
the architecture of mitoribosomes has been revealed to be distinct from bacterial and
eukaryotic cytoplasmic ribosomes (or cytoribosomes) (Kummer and Ban 2021). In
organello translation has been investigated through various approaches, such as the
following: 1) sucrose density gradient ultracentrifugation for polysome isolation and
subsequent mMRNA quantification via quantitative reverse transcription-PCR (RT-
gPCR) or Northern blot (Fung et a. 2013; Antonicka et a. 2013; Zhang et a. 2014,
Grimes et a. 2014; Pearce et a. 2017; Cahoon and Qureshi 2018); 2) ribosome
profiling (lwasaki et al. 2016; Suzuki et al. 2020; Kashiwagi et al. 2021), a method
based on RNase footprinting by ribosomes and following deep sequencing (Ingolia et al.
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2009), and the derivative methods tailored for mitochondrial translation (Rooijers et al.
2013; Couvillion et a. 2016; Couvillion and Churchman 2017; Gao et a. 2017; Pearce
et al. 2017; Morscher et al. 2018; Li et al. 2021; Schdller et al. 2021); 3) pulse stable
isotope labeling by amino acids in cell culture (pSILAC) following mass spectrometry
(Imami et al. 2021); 4) in situ cryo-electron tomography (Pfeffer et al. 2015; Englmeier
et al. 2017); 5) in vitro reconstitution with purified factors (Lee et a. 2021); and 6) in
vitro silencing of tranglation in purified mitochondria (Cruz-Zaragoza et al. 2021).

The most conventional method used by mitochondrial protein synthesis studies
is to label translation products with radioactive amino acids (e.g., L-[*S]-methionine).
The relatively large pool of cytoribosomes and translation products hampers the
detection of proteins synthesized in mitochondria. Thus, cells are treated with
cytoribosome-specific inhibitors such as cycloheximide (CHX), anisomycin (ANS), and
emetine (EME) (Garreau de Loubresse et a. 2014; Wong et a. 2014) to suppress
cytosolic translation, allowing the specific labeling of mitoribosome-synthesizing
proteins (Jeffreys and Craig 1976; Weraarpacha et al. 2009).

Despite the high sensitivity of the radioactive labeling of nascent proteins, the
availability of alternative methods involving fluorescence is also an advantage
(regardless of whether translation occurs in the cytoplasm or mitochondria) since these
alternative methods are applicable to microscopy and flow cytometry analyses (Iwasaki
and Ingolia 2017). The metabolic incorporation of methionine analogs with click-
reactive moieties, such as L-homopropargylglycine (HPG) and L-azidohomoalanine
(AHA) (Supplemental Fig. S1A), alows the conjugation of fluorophores to proteins
synthesized during a given period. This technique, known as fluorescent noncanonical
amino acid tagging (FUNCAT), is employed to measure cytosolic translation on sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Yoon et a. 2012),
under a microscope (Beatty et al. 2006; Beatty and Tirrell 2008; Roche et al. 2009;
Dieterich et al. 2010; Tcherkezian et al. 2010; Hinz et al. 2012; Yoon et al. 2012), and
through flow cytometry (Beatty and Tirrell 2008; Signer et al. 2014).

In contrast to cytosolic translation, the application of FUNCAT to mitochondrial
translation (mito-FUNCAT) has been restricted to bulk on-gel assays (Zhang et al.
2014) (on-gel mito-FUNCAT) and microscopy analyses (Estell et al. 2017; Y ousefi et
al. 2021; Zorkau et al. 2021) (in situ mito-FUNCAT) (Supplemental Fig. S1B).
However, these approaches (and the other methods mentioned above) may miss a
subpopulation of cells because bulk on-gel assays average al cells and microscopy
covers only a limited number of cells. In this work, we developed the mito-FUNCAT-
fluorescence-activated cell sorting (FACS) method for the high-throughput
guantification of mitochondrial protein synthesis in cells in response to biogenesis and
functional activation of mitochondria and investigated the cellular heterogeneity of in

organello translation.
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Results and discussion

In-cell visualization of mitochondrial protein synthesis
To investigate mitochondria translation, we metabolically labeled newly synthesized
proteins generated within mitochondria with the click-reactive methionine analogs HPG
and AHA (Supplemental Fig. S1A). Although these analogs can be incorporated into
both cytosolic and mitochondrial nascent peptides, halting cytosolic translation with the
cytoribosome-specific inhibitor ANS (Garreau de Loubresse et al. 2014) resulted in
only active mitochondrial translation over a given period of analog incubation (Fig. 1A).
The resultant HPG-labeled nascent proteins were conjugated with fluorophores viaan in
vitro click reaction and visualized via SDS-PAGE (on-gel mito-FUNCAT) (Fig. 1B and
Supplemental Fig. S1B). Essentially, the same pattern of signals could be obtained with
other cytosolic translation inhibitors, CHX and EME (Supplemental Fig. S1C). The use
of this method was further validated for the assessment of mitochondrial protein
synthesis by the recovery of “HPGylated” proteins in the mitochondrial fraction (Fig.
1B), the disappearance of these proteins treatment with chloramphenicol (CAP) (Fig.
1B), an inhibitor of prokaryotic/mitochondrial ribosomes (Grivell et al. 1971; Dunkle et
al. 2010), and the assignment of 13 mtDNA-encoded proteins by their molecular weight
(Supplemental Fig. S1D). Although AHA also enabled the detection of ANS-resistant
signals, this analog provided a higher background signal (Supplemental Fig. S1E). The
higher background signals may be due to the nonspecific labeling induced by terminal
alkynes, as suggested in an earlier study (Speers and Cravatt 2004; Ali et a. 2019).
Thus, in this study, we used HPG instead of AHA for the downstream assays.

Taking advantage of the lower background of HPG in the click reaction, we
applied this technique to an in-cell reaction (in situ mito-FUNCAT) (Supplemental Fig.
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S1B). As expected, we observed that the FUNCAT signal was overlaid with a
mitochondrial marker (MitoTracker) (Fig. 1C). This approach was not only restricted to
mouse C2C12 cells (Fig. 1C), as reported in earlier work (Estell et a. 2017), but also
succeeded in human HEK 293 and HelLa S3 cells (Fig. 1D), suggesting the versatility of
in situ mito-FUNCAT in awide array of cells (Yousefi et a. 2021; Zorkau et al. 2021).
Note that we used a lower concentration of HPG (50 uM) than earlier reports (Estell et
al. 2017; Yousefi et al. 2021; Zorkau et al. 2021) (0.5-1 mM) to prevent the introduction
of biases and/or artifacts with high doses of this compound. Under these conditions, we
observed incremental accumulation of newly synthesized proteins in mitochondria over
time (Supplemental Fig. S1F). Given the sufficiently high signal, we used a 3-h

incubation condition throughout the experiments in this study.

I mplementation of mito-FUNCAT for FACS analysis

Next, we adapted the in situ mito-FUNCAT approach for use with flow cytometry
(Mito-FUNCAT-FACS) (Fig. 2A). Indeed, mito-FUNCAT-FACS on C2C12 cells
(Supplemental Fig. 4A) successfully distinguished the signal of HPGylated
mitochondrial nascent proteins (Fig. 2B +HPG +ANS) from the background (Fig. 2B —
HPG). Reduction of the signal with CAP (Fig. 2B +HPG +ANS +CAP) further ensured
the detection of mitochondrial translation products.

Since FACS allows us to track multiple fluorescent markers, we simultaneously
measured mitochondrial abundance by translocase of outer mitochondrial membrane 20
(TOM20)—a receptor of presequence-carrying preproteins (Wiedemann and Pfanner
2017)—by immunostaining with a different fluorescent profile than the one used for the
mitochondrial nascent peptides. This enabled the normalization of the mito-FUNCAT
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signal variation caused by differentia mitochondrial masses in cells (Fig. 2C and 2D)
and refined the resolution of mitochondria translation measurements (Fig. 2E). Similar
normalization could be conducted using MitoTracker Deep Red (Agnello et al. 2008;
Cottet-Rousselle et a. 2011; Yeung et a. 2015) (Supplementa Fig. S2 and

Supplemental Fig. 4B), although staining with dye depends on membrane potential.

Mitochondrial function-associated translation activation monitored by mito-
FUNCAT-FACS

To confirm the performance of mito-FUNCAT-FACS, we observed dterations in
mitochondrial translation during organelle biogenesis. For this purpose, HelLa S3 cells
were treated with bezafibrate, a peroxisome proliferator-activated receptor (PPAR)
panagonist, which causes increased mitochondrial biogenesis and, thus, an increased
number of OXPHOS complexes (Bastin et al. 2008; Wang and Moraes 2011; Wenz et al.
2011). An earlier work using L-[*S]-methionine metabolic labeling (Wenz et al. 2011)
showed that bezafibrate may increase mitochondrial translation. Similarly, our on-gel
mito-FUNCAT recapitulated the elevated mitochondrial protein synthesis with
bezafibrate treatment (Fig. 3A). However, irrespective of the methods (L-[*S]-
methionine or HPG), these data could not distinguish whether the enhanced protein
synthesis originated from an increased abundance of mitochondria or increased
translation in the organelle.

Thus, we applied mito-FUNCAT-FACS and normalized the signals of
HPGylated proteins according to the mitochondrial abundance measured via TOM20.
The raw signals from HPGlyated nascent peptides showed an increase with bezafibrate
treatment (Fig. 3B and Supplemental Fig. 4C), consistent with on-gel mito-FUNCAT
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(Fig. 3A). However, we observed a simultaneous increase in mitochondrial mass by
TOM20 immunostaining (Fig. 3C). The normalization of mito-FUNCAT-FACS with
the mitochondrial mass suppressed the scores (Fig. 3D), indicating that bezafibrate-
mediated increase in HPGlyated proteins in mitochondria arose from the augmented
organelle mass but not through a net increase in translation. Similar results were
obtained from MitoTracker normalization (Supplemental Fig. S3 and Supplemental Fig.
4D). These data exemplified the ability of our FACS-based approach to disentangle the
effects of mitochondrial translation and organelle biogenesisin individual cells.

To further evaluate the potential of mito-FUNCAT-FACS, we compared in
organello trandation in two different types of KRAS (Kirsten rat sarcoma viral
oncogene homolog)-mutated lung cancer cell lines, H2122 and H441. H2122 cells
possess mutations in the liver kinase B1 (LKB1) gene (also known as serine/threonine
kinase 11 [STK11]) and Kelch-like ECH-associated protein 1 (KEAPL) gene, which are
common mutations in lung adenocarcinoma, whereas H441 cells do not. It is commonly
believed that the loss of LKB1 and KEAPL leads to enhanced tricarboxylic acid (TCA)
cycle flux (Faubert et al. 2014) and maintains high mitochondrial biosynthetic capacity
(Kottakis et al. 2016). Consistent with the enhanced mitochondrial functions, the
averaged signals of mito-FUNCAT-FACS in H2122 cells tended to be higher than those
in H441 cells (Fig. 3E and Supplemental Fig. 4E). The increased mitochondria
translation occurred beyond the abundance of the organelle mass (Fig. 3F and 3G),
suggesting that H2122 cells employed the increased mitochondrial translation to

increase biosynthesis in the organelle.
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Mito-FUNCAT-FACS reveals heterogeneity of mitochondrial protein synthesis in
cancer cels

In addition to utilizing averaged measurements, flow cytometry is useful for assessing
cell subpopulations. We employed mito-FUNCAT-FACS to survey cellular
heterogeneity in mitochondrial translation in various cell lines (C2C12, HelLa S3,
HEK?293T, A375, H441, H1944, H2009, and H2122) (Fig. 4A and Supplemental Fig.
4A-F). Indeed, we observed that H2009, H441, and H2122 cells showed a wide range of
mitochondrial translation activity (Fig. 4A). The heterogeneity in H2122 cells was also
evident from the in situ mito-FUNCAT, which highlighted a subset of cells exhibiting
extremely high capacity of mitochondria protein synthesis (Fig. 4B) (note that this in
situ mito-FUNCAT was conducted with TOM 20 immunastaining for the assessment of
mitochondria, instead of MitoTracker staining, as shown in Fig. 1C and 1D). This
phenotype was in contrast to C2C12 cells, which showed relatively uniform
mitochondrial translation both in FACS and in situ microscopic options of mito-
FUNCAT (Fig. 4A and 4B). The subpopulation of H2122 cells with high mitochondrial
translation was associated with lower cell size and internal complexity, as indicated by
forward and side scatter (FSC and SSC), suggesting unique characteristics of the cell
population (Fig. 4C).

Thus, mito-FUNCAT-FACS developed in this work provides a useful
framework for unveiling the previously-overlooked heterogeneity in mitochondria
protein synthesis among cell populations. These previously unreported differences in
mitochondrial translation in H2122 cells (Fig. 4) needs further study to develop detailed
characterizations. Given the ability of this technique to perform cell sorting and

isolation, the assessment of gene expression profiles by bulk RNA-Seq and single-cell
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RNA-Seq can address the mechanism underlying variation in mitochondrial translation.
Application of this experimental setup will pave the way for elucidating the in organello
translation heterogeneity across a wide array of cell types, developmental stages, and

responses to internal/external stimuli.
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Experimental procedur es

Cell culture
Cells were maintained in the following culture medium:
C2C12 (mouse myoblast, American Type Culture Collection [ATCC], CRL-1772),
HeLa S3 (RIKEN BioResource Research Center, RCB1525), HEK293 (human
embryonic kidney, ATCC, CRL-1573), HEK293T (ATCC, CRL-3216), A375 (human
malignant melanoma, ATCC, CRL-1619), and H2009 (human lung adenocarcinoma,
ATCC, CRL-5911) cells were maintained in DMEM, high glucose, GlutaMAX
supplement (Thermo Fisher Scientific, 10566016) with 10% fetal bovine serum (FBS);
H2122 (human lung adenocarcinoma, ATCC, CRL-5985), H1944 (human lung
adenocarcinoma, ATCC, CRL-5907), and H441 (human lung adenocarcinoma, ATCC,
HTB-174) cells were maintained in RPMI 1640 medium (Thermo Fisher Scientific,
A1049101) with 10% FBS and 1% penicillin-streptomycin (Thermo Fisher Scientific,
15140148). All cells were cultured in a humidified incubator under 5% CO, at 37°C.
The following compounds were used in this study: ANS (Chem-Impex
International), CAP (FUJIFILM Wako Pure Chemical Corporation), CHX (Sigma-
Aldrich), EME (Cayman Chemical), and bezafibrate (FUJIFILM Wako Pure Chemical

Corporation).

On-gel mito-FUNCAT

Cells were washed with PBS and incubated in methionine-free DMEM with 50 uM
HPG (Jena Bioscience) and 100 pg/mL ANS, CHX, or EME for 3 h. For mitochondrial
translation inhibition, 100 pg/mL CAP was added to the medium. Then, the cells were

washed with ice-cold PBS and lysed with lysis buffer (20 mM Tris-HCI pH 7.5, 150
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mM NaCl, 5 mM MgCl,, and 1% Triton X-100). The lysate was cleared by
centrifugation at 20,000 g at 4 °C for 10 min. The supernatant was used for the click
reaction with 50 uM azide-IRDye800CW (LI-COR Biosciences) by a Click-iT Cel
Reaction Buffer Kit (Thermo Fisher Scientific) according to the manufacturer’'s
instructions, followed by SDS-PAGE. Images of labeled nascent peptides were acquired
with an Odyssey CLx Infrared Imaging System (LI-COR Biosciences) in the 800 nm
channel. Subsequently, the gel was stained with Coomassie brilliant blue (CBB) using
EzStain AQua (ATTO) and imaged in the 700 nm channel to measure the protein input.
The images were quantified with Image Studio version 5.2 (LI-COR Biosciences).

For mitochondrial isolation, EzSubcell Fraction (ATTO) was used according to
the manufacturer's instructions. The purified mitochondria were lysed with lysis buffer.

For AHA-mediated mito-FUNCAT, AHA (Thermo Fisher Scientific) and
alkyne-IRDye800CW (LI-COR Biosciences) were used instead of HPG and azide-

IRDye800CW, respectively.

In situ mito-FUNCAT

Typically, 2 x 10" cells were cultured on a laminin-coated Lab-Tek || Chamber Slide
(Thermo Fisher Scientific) in 200 uL of methionine-free DMEM with HPG and ANS as
described in the On-g& mito-FUNCAT section. For mitochondrial translation inhibition,
100 pg/mL CAP was added to the medium. Cells were washed with 200 pL of pre-
warmed PBS, pre-permeabilized with 0.0005% digitonin in 200 uL of mitochondrial
protective buffer (10 mM HEPES-KOH pH 7.5, 300 mM sucrose, 10 mM NaCl, and 5
mM MgCl,) for 5 min, and fixed in 200 pL of 4% paraformaldehyde (PFA) for 15 min.

Then, the cells were fully permeabilized with 0.1% (v/v) Triton X-100 in 200 pL of
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PBS for 5 min and subsequently incubated in 100 uL of click reaction buffer (1x Click-
iT cell reaction buffer [Thermo Fisher Scientific], 2 mM CuSQO,, 1x Click-iT cell buffer
additive [Thermo Fisher Scientific], and 1 uM azide-conjugated Cy3 [(Jena
Bioscience]) for 30 min according to the Click-iT Cell Reaction Buffer Kit (Thermo
Fisher Scientific) to label nascent proteins via the click reaction. After washing with
200 puL of Intercept Blocking Buffer (LI-COR Biosciences), mitochondria were
immunostained in 100 uL of Intercept Blocking Buffer containing 1 uL of Alexa Fluor
647 Anti-TOM20 antibody (Abcam, ab209606) for 1 h at 4°C. The cells were washed
with 200 uL of PBS twice, and then the nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI) (Thermo Fisher Scientific) for 5 min. Images were obtained using
an FV3000 confocal microscope (Olympus) with a 60x objective lens (Olympus Japan,
UPLSAPO60XS2).

For C2C12 and Hela S3 cells, mitochondria were stained with 100 nM
MitoTracker Deep Red FM (Thermo Fisher Scientific) for 15 min during HPG labeling,
omitting TOM 20 immunastaining.

Images were colored by standard look-up tables (LUTSs) in FV 3000 software and
exported in TIF format (24 bit). ImageJ2 (https://github.com/imagej/imagej2, version

2.3.0) was used to overlay images.

Mito-FUNCAT-FACS

Cells were handled as described in the In situ mito-FUNCAT section with some
modifications. Approximately 1 x 10° cells were cultured in a 10-cm dish with 10 mL
of methionine-free DMEM with HPG and ANS as described in the On-gel mito-

FUNCAT section. Then, the cells were washed with 5 mL of PBS, trypsinized with 1.5
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mL of 0.05% trypsin-EDTA (Thermo Fisher Scientific), collected into 2.0-mL tubes,
and washed with 500 uL of PBS. Pre-permeabilization, fixation, permeabilization, click
reaction, and immunostaining were conducted in a 2.0-mL tube as described in In situ
mito-FUNCAT, using 500 uL of mitochondrial protective buffer with 0.0005% digitonin,
500 uL of 4% PFA, 500 uL of 0.1% (v/v) Triton X-100 in PBS, 250 uL of click
reaction buffer, and 100 uL of Intercept Blocking Buffer containing 1 uL of Alexa
Fluor 647 Anti-TOM 20 antibody, respectively. Cells were collected by centrifugation at
300 g for 3 min before fixation and by centrifugation at 1,000 g for 3 min after fixation.
Cells were analyzed with a FACSAria Il cell sorter or FACSMelody (BD Biosciences).

Datafrom 1 x 10* cells are depicted in the graphs.
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Figurelegends

Figure 1. On-gel and in situ mito-FUNCAT in mammalian cell lines

(A) Schematic presentation of the experimental design. Mitochondrial nascent proteins
were specifically labeled with a methionine analog, L-homopropargylglycine (HPG),
while cytosolic translation was halted with anisomycin (ANS). As a control,
mitochondrial translation was also blocked by chloramphenicol (CAP).

(B) Representative gel images (n = 5) of total and mitochondrial nascent proteins.
HEK?293 cells were incubated with HPG in the presence or absence of inhibitors (ANS
and CAP). Infrared (IR)-800 dye was conjugated to HPG-containing nascent proteins
viaaclick reaction. Total protein was stained with CBB.

(C) Representative microscopy images (n = 10) of mitochondrial nascent proteinsin situ.
Mouse C2C12 cells were incubated with HPG in the presence or absence of inhibitors
(ANS and CAP). HPG-labeled proteins were visualized with Cy3. Mitochondria and
nuclei were stained with MitoTracker Deep Red and DAPI, respectively.

(D) Representative microscopy images of mitochondrial nascent proteins in the
indicated human cell lines (HEK293, n = 9; HelLa S3, n = 4). HPG-labeled proteins
were visualized with Cy3. Mitochondria were stained with MitoTracker.

In C and D, the scale bar represents 15 um.

Figure 2. FACS-based quantification of mito-FUNCAT (mito-FUNCAT-FACYS)
(A) Schematic representation of the mito-FUNCAT-FACS procedure.
(B and C) Representative distribution (n = 4) of Cy3-conjugated HPG signals (B, mito-

FUNCAT-FACS) and Alexa Fluor (AF) 647-labeled TOM20 signals (C) across C2C12
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cellsin FACS. Cells were analyzed in the presence or absence of translation inhibitors
(ANS and CAP) and HPG. Data from 1 x 10* cells are shown.

(D) Scatter plot for Cy3-conjugated HPG signals and AF647-labeled TOM 20 signals
across cells analyzed in B and C. p, Spearman's rank correlation coefficient.

(E) The distribution of mito-FUNCAT-FACS signals (in B) normalized to the AF647-
labeled TOM 20 intensity (in C).

AU, arbitrary unit.

Figure 3. Mitochondrial protein synthesis under bezafibr ate treatment assessed by
mito-FUNCAT-FACS

(A) Bulk mitochondrial translation changes in HeLa S3 cells upon bezafibrate treatment,
analyzed via on-gel mito-FUNCAT. Data from three replicates (points) and the mean
(bar) with SD (error bar) are shown. The significance was calculated by Tukey’s test.

(B and C) Representative distribution (n = 3) of Cy3-conjugated HPG signals (B, mito-
FUNCAT-FACS) and AF647-labeled TOM 20 signals (C) across HelLa S3 cells with or
without bezafibrate treatment, analyzed by FACS. Data from 1 x 10* cells are shown.
The mean values (relative to the DM SO treatment) are shown in bar graphs.

(D) The distribution of mito-FUNCAT-FACS signals (in B) normalized to the AF647-
labeled TOM20 intensity (in C). The mean values (relative to DM SO treatment) are
shown in bar graphs.

(E-G) The same as B-D but comparing H441 and H2122 cells. Representative data (n =
4) are shown.

In B-G, significance was calculated by the Mann—-Whitney U test (two-tailed).

AU, arbitrary unit.
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Figure 4. Heter ogeneity of mitochondrial protein synthesisin H2122 cells

(A) Distributions of mito-FUNCAT-FACS scores (normalized to the AF647-labeled
TOM20 intensity) in the indicated cell lines. Datafrom 1 x 10* cells are shown.

(B) Representative microscopy images (n = 2) of mitochondrial nascent proteins by by
in situ mito-FUNCAT (Cy3-conjugated HPG. Mouse C2C12 and human H2122 cells
were analyzed. Mitochondria were stained with anti-TOM20 antibodies. The scale bar
represents 50 um.

(C) Scatter plots of mito-FUNCAT-FACS scores (TOM20-normalized) and forward
scatter (FSC) or side scatter (SSC) in C2C12 and H2122 cells. p, Spearman's rank
correlation coefficient.

AU, arbitrary unit.

Supplemental Figure 1. Characterization of newly synthesized proteins in
mitochondria

(A) Methionine analogs and click chemistry-compatible ligands used for metabolic
labeling of mitochondrial nascent proteins.

(B) Schematic representations of on-gel mito-FUNCAT and in situ mito-FUNCAT
procedures.

(C) Representative gel images (n = 3) of total and mitochondrial nascent proteins.
HEK?293 cells were incubated with HPG in the presence of cytosolic translation
inhibitors, ANS, CHX, or EME. Infrared (IR)-800 dye was conjugated to HPG-

containing nascent proteins viaaclick reaction. Total protein was stained with CBB.
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(D) The assignment of 13 mitochondrial genome-encoded proteins to proteins detected
with on-gel mito-FUNCAT. We note that because of its hydrophobic nature, CO1,
which was predicted to be 57 kDa, aberrantly migrated around the 37-kDa region.

(E) Mitochondrial nascent proteins (n = 2) were labeled with AHA or HPG and with
azide-IR800 or akyne-IR800, respectively. CAP was used to block mitochondrial
translation and to monitor the background signal.

(F) Time course experiments of on-gel mito-FUNCAT for the indicated cell lines. The
mean value after 3-h incubation in C2C12 cells was set to 1. The mean (point) with SD

(error bar) from three replicates are shown.

Supplemental Figure 2. Mito-FUNCAT-FACS signals normalized by MitoT racker
(A-D) The same experiments as in Fig. 2B-E but the mitochondria mass was measured
and normalized by MitoTracker Deep Red. Data from 1 x 10* cells are shown.

Representative data (n = 5) are shown.

Supplemental Figure 3. Normalization of mito-FUNCAT-FACS signals in
bezafibrate treatment by MitoTracker

(A-C) The same experiments as in Fig. 3B-D but the mitochondria mass was measured
and normalized by MitoTracker Deep Red. Data from 1 x 10" cells are shown.

Representative data (n = 2) are shown.

Supplemental Figure 4. Characterization of gated cellsin mito-FUNCAT-FACS
(A-F) Distributions of forward scatter (FSC) and side scatter (SSC) of cells analyzed in

mito-FUNCAT-FACS (in Figs. 2-4 and Supplemental Figs. S2-3).
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