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Monitoring mitochondrial translation in living cells
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Abstract

Mitochondria possess a small genome that codes for core subunits
of the oxidative phosphorylation system and whose expression is
essential for energy production. Information on the regulation and
spatial organization of mitochondrial gene expression in the cellu-
lar context has been difficult to obtain. Here we devise an imaging
approach to analyze mitochondrial translation within the context
of single cells, by following the incorporation of clickable non-
canonical amino acids. We apply this method to multiple cell
types, including specialized cells such as cardiomyocytes and
neurons, and monitor with spatial resolution mitochondrial trans-
lation in axons and dendrites. We also show that translation imag-
ing allows to monitor mitochondrial protein expression in patient
fibroblasts. Approaching mitochondrial translation with click
chemistry opens new avenues to understand how mitochondrial
biogenesis is integrated into the cellular context and can be used
to assess mitochondrial gene expression in mitochondrial diseases.
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Introduction

Mitochondria support the metabolic and bioenergetic demands of

cells. The mitochondrial oxidative phosphorylation system

(OXPHOS) transforms energy from reducing equivalents into ATP.

During evolution, mitochondria retained a genome (mtDNA), which

encodes a small set of proteins (thirteen proteins in human), all of

which are core components of the OXPHOS system. All other

mitochondrial proteins are nuclear-encoded, synthesized on cytoso-

lic ribosomes, and transported into mitochondria (Wiedemann &

Pfanner, 2017; Dennerlein et al, 2017; Grevel et al, 2019; Hansen &

Herrmann, 2019). Accordingly, the OXPHOS system is formed from

subunits of dual genetic origin. The challenge of this compound

system is that cells need to adapt the availability of the nuclear- and

mitochondrial-encoded proteins to each other, in order to generate

membrane protein complexes of defined stoichiometry. Mitochon-

drial gene expression requires DNA replication, transcription, and

translation of the mtDNA. Approximately 25% of the mitochondrial

proteome participates in these processes (Sickmann et al, 2003;

Richter-Dennerlein et al, 2015; Morgenstern et al, 2017). Given the

importance of gene expression in mitochondria, it is not surprising

that dysfunction in any of these processes causes severe human

disorders, the so-called mitochondrial disorders, which frequently

affect the central nervous system, skeletal muscle and heart (Ghezzi

& Zeviani, 2018; Suomalainen & Battersby, 2018; Area-Gomez et al,

2019; DiMauro, 2019). However, tissue-specific pathologies of mito-

chondrial diseases are still not well understood, especially because

the local regulation of these mitochondria processes remains

unclear.

In addition, in highly differentiated cells such as cardiomyocytes

and neurons, different mitochondrial subpopulations appear to be

dedicated to fulfill certain functions within a single cell. These discrete

pools can differ in their morphology, proteome, stress response, and

can undergo different regulatory pathways (Palmer et al, 1977;

Pivovarova et al, 2004; Hollander et al, 2014; Graham et al, 2017).

Whether gene expression is heterogeneous within different mitochon-

dria cannot be answered with conventional biochemical approaches

as they lack the spatial resolution needed.

To address mitochondrial translation with spatial resolution, we

established an imaging technique that allows monitoring mitochon-

drial translation in the cellular context. Using this method, newly

synthesized mitochondrial peptides could be specifically labeled

even at short labeling times. Our analyses reveal that not all

1 Department of Cellular Biochemistry, University Medical Center Göttingen, Göttingen, Germany
2 Department of Neuro- and Sensory Physiology, University Medical Center Göttingen, Göttingen, Germany
3 Clinic for Cardiology and Pneumology, University Medical Center Göttingen, Göttingen, Germany
4 German Center for Cardiovascular Research (DZHK), Göttingen, Germany
5 Departamento de Bioqu�ımica, Biolog�ıa Molecular y Celular, Universidad de Zaragoza, Zaragoza, Spain
6 Centro de Investigaciones Biom�edicas en Red de Enfermedades Raras (CIBERER), Madrid, Spain
7 Instituto de Investigaci�on Sanitaria de Arag�on (IIS Arag�on), Universidad de Zaragoza, Zaragoza, Spain
8 Department of NanoBiophotonics, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany
9 Clinic of Neurology, University Medical Center Göttingen, Göttingen, Germany
10 Cluster of Excellence "Multiscale Bioimaging: from Molecular Machines to Networks of Excitable Cells" (MBExC), University of Goettingen, Göttingen, Germany
11 Max-Planck Institute for Biophysical Chemistry, Göttingen, Germany

*Corresponding author. Tel: +49 551 395911; Fax: +49 551 3966031; E-mail: srizzol@gwdg.de
**Corresponding author. Tel: +49 551 395947; Fax: +49 551 395979; E-mail: peter.rehling@medizin.uni-goettingen.de

ª 2021 The Authors. Published under the terms of the CC BY NC ND 4.0 license EMBO reports 22: e51635 | 2021 1 of 12

https://orcid.org/0000-0001-7643-4962
https://orcid.org/0000-0001-7643-4962
https://orcid.org/0000-0001-7643-4962
https://orcid.org/0000-0002-8028-3121
https://orcid.org/0000-0002-8028-3121
https://orcid.org/0000-0002-8028-3121
https://orcid.org/0000-0002-1667-7839
https://orcid.org/0000-0002-1667-7839
https://orcid.org/0000-0002-1667-7839
https://orcid.org/0000-0001-5661-5272
https://orcid.org/0000-0001-5661-5272
https://orcid.org/0000-0001-5661-5272


mitochondria translate to the same extent in different cell types.

Using neuronal cultures, we were able to monitor mitochondrial

translation in axonal and dendritic mitochondria as well as in pre-

and post-synaptic regions. Moreover, we show that the approach

could be utilized to detect even small changes in mitochondrial

translation and therefore to assess mitochondrial translation in

cellular disease models in a quantitative manner. Here, we show a

widely applicable labeling approach for imaging-based analysis of

mitochondrial protein synthesis with spatial resolution.

Results and Discussion

Visualizing mitochondrial translation in the cellular context

The standard procedure to analyze mitochondrial translation is radi-

olabeling of newly synthesized polypeptides in intact cells or in

purified mitochondria (Sasarman & Shoubridge, 2012; Pacheu-Grau

et al, 2013; Richter-Dennerlein et al, 2016; Nottia et al, 2020).

However, this approach does not allow an assessment of translation

in the context of the cellular anatomy, since it lacks spatial resolu-

tion. To monitor mitochondrial protein synthesis in the context of

an individual cell and to obtain quantitative information on the

translation process, we devised an imaging approach, based on the

fluorescent non-canonical amino acid tagging (FUNCAT) procedure

(Dieterich et al, 2010). For this, cytosolic translation was selectively

inhibited by treatment with the antibiotic Harringtonine (Fig 1A) or

other translation inhibitors (Fig EV1A and B), and cells were subse-

quently incubated with the alkyne-containing non-canonical amino

acid L-homopropargylglycine (HPG). Under these conditions, HPG

is specifically incorporated into mitochondrial translation products

instead of methionine and can be visualized by a subsequent

copper-catalyzed cycloaddition reaction (click) to azide-containing

fluorescent dyes (Fig 1A). Using this approach, we monitored mito-

chondrial protein synthesis in HeLa cells and obtained HPG-specific

fluorescent signals that colocalized well with mitochondria. As

expected for mitochondrial translation products, the fluorescent

signals were sensitive to the mitochondrial translation inhibitor

Chloramphenicol (Fig 1B). Similarly, when we monitored mitochon-

drial protein synthesis in cells lacking mtDNA (Rho0 cells), HPG-

specific fluorescent signals were lost (Fig 1C), demonstrating that

HPG is specifically incorporated into mitochondrial translation prod-

ucts under these experimental conditions.

To test whether the translation products conform to the expected

nature of the OXPHOS subunits, we compared our results with the

classical method of pulse labeling with [35S] methionine, followed

by SDS–PAGE and autoradiography (Fig 1D). HGP-labeled proteins

were detected with AF488-azide, and provided a similar pattern to

[35S] methionine labeling, which was, as expected, sensitive to

Chloramphenicol (Fig 1D).

To confirm the identity of selected proteins, we first used a

mutant cell line with a defect in mitochondrial translation of COX1

(m.6930G > A). In these cells, the full-length COX1 protein is not

translated (Bruno et al, 1999; Richter-Dennerlein et al, 2016). This

was correctly recapitulated by the HPG-based analysis (Fig 1E, left

panel). In the absence of the thiol reductase COA6, COX2 stability

has been found to be strongly decreased, and thereby indirectly, the

abundance of COX1 and COX3 is affected (Stroud et al, 2015;

Pacheu-Grau et al, 2015, 2020; Soma et al, 2019). HPG-dependent

labeling of mitochondrial translation products in COA6 knockout

cells (COA6KO) resulted in the expected pattern of the loss of COX2,

COX1, and COX3 (Fig 1E, right panel).

In summary, these experiments validated the imaging strategy

to visualize mitochondrial translation in cells, which could be

applied to determine mitochondrial gene expression in distinct

cellular regions.

Differential levels of gene expression within mitochondria of a
single cell

Mitochondria are optimized to fulfill the specific metabolic demands

of different cell types. While it is becoming evident that the mito-

chondrial proteome is able to adapt to cell and tissue demands

(Mootha et al, 2003; Williams et al, 2018; Bartolomeo et al, 2020), it

is still unclear how mitochondrial gene expression is spatially coor-

dinated to respond to differential demands within separate areas of

single cells.

To compare mitochondrial translation within a single cell, we

reasoned that the labeling time could be critical, as longer pulses

might impede detection of small differences between individual

mitochondria. In addition, in highly differentiated cells such as

neurons, that display mitochondrial trafficking within a cell, shorter

labeling time would be required to address local mitochondrial

protein synthesis. Therefore, we assessed the minimum labeling

time to obtain robust signal of mitochondrial translation. In HeLa

cells, we observed a clear mitochondrial translation signal at 2 min

▸Figure 1. Visualizing mitochondrial translation in the cellular context.

A Schematic presentation of the approach. Cytosolic translation is inhibited with Harringtonine (Harr), while mitochondrial ribosomes are allowed to incorporate the
alkyne-containing methionine homolog (HPG, orange) into newly synthesized proteins. In fixed cells, HPG moieties are clicked to an azide-conjugated fluorophore
(star, magenta), through copper-catalyzed Huisgen cycloaddition (click), and can be visualized microscopically.

B WT HeLa cells were incubated with HPG for 30 min in the presence or absence of Harr and/or Chloramphenicol (Chl). After fixation, AF647-azide (magenta) was used
for click reaction (see A), and cells were immunostained for TOM20 as mitochondrial marker (green). Representative epifluorescent microscopy images are shown.
Magenta images shown in the presence of only Chl and in the absence of both inhibitors (none) are presented at lower brightness level than the other panels, duo to
their very strong intensities. An inset of Harr panel is zoomed in the panel below for better visualization. Met, methionine. Scale bars, 50 and 10 µm for the zoom
panel.

C Mitochondrial translation products in osteosarcoma 143B control and Rho0 cell lines as described in A. Scale bars, 25 µm.
D Comparison of mitochondrial translation labeling in control HEK cells using radioactive [35S]Met or HPG followed by click reaction with AF488-azide, in purified

mitochondria. Samples were analyzed by SDS–PAGE and either digital autoradiography or fluorescent gel imaging.
E Similar experiments, performed by click reaction in 143B COX1 mutant cells (m.6930G > A), derived from a patient, or in COA6KO HEK293T cells, in comparison to the

respective controls.
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of labeling time which further increased upon extended labeling

time up to 30 min (Fig 2A).

To determine the sensitivity of the technique in detecting changes

in mitochondrial translation, we defined a labeling time during which

the HPG incorporation remained linear (10–20 min). Next, we

analyzed HPG signals in cells in 2-min time intervals. Using 25

random cells, we observed a linear increase of the detected label over

time. By increasing the number of analyzed cells to 150, we detected

ten percent differences between each consecutive point (Fig 2B).

Accordingly, the sensitivity of the method is sufficient to detect dif-

ferences of ten percent when adequate numbers of cells are assessed.

Next, we addressed if mitochondrial translation products could

be identified in different cell types: human fibroblasts, human

iPSCs-derived cardiomyocytes, and rat hippocampal neurons. In all

three cases, mitochondrial translation products were readily detect-

able with only small variations among each cell type (Figs 2C and

EV2A). Interestingly, the correlation analysis of newly synthesized

translation products with the mitochondrial marker TOM20 identi-

fied regions of high and low mitochondrial translation, reflecting

compartment specific mitochondrial translation in the cellular

context of the different cell types (Figs 2C and EV2B and C). This

observation was most striking in neurons, where profound dif-

ferences could be noted between the spatial pattern of the mitochon-

dria and the translation products (Fig 2C, bottom panel).

Accordingly, this labeling method allowed us to visualize

actively translating mitochondria in different cell types even after

short pulse times. Moreover, the spatial resolution of the technique

revealed heterogeneous patterns of gene expression between mito-

chondria of a single cell in all the cell types.

Imaging mitochondrial translation with high
resolution microscopy

Mitochondrial diseases present with many clinical manifestations

affecting different tissues and organs. Defects in mitochondrial gene

expression caused either by mutations in mtDNA or in nuclear-

encoded factors may lead to pathologic conditions (Smits et al, 2010;

Antonicka et al, 2010; Boczonadi & Horvath, 2014; Haute et al, 2015).

Therefore, implementing new techniques to rapidly monitor mito-

chondrial protein synthesis in living cells derived from different

tissues will be helpful for the evaluation and diagnosis of mitochon-

drial diseases. To address the potential of our approach as a diagnostic

tool for mitochondrial disorders, we labeled mitochondrial translation

products in primary fibroblast cultures from a healthy control and a

patient with a mutation in the mitochondrial translation elongation

factor Ts (TSFM) (Fig 3A). Interestingly, quantification of the incorpo-

rated HPG revealed an almost 60 percent decrease of mitochondrial

translation in the patient cells, which correlated with the mitochon-

drial protein synthesis defect measured using [35S] methionine radio-

labeling (Fig 3A) and that had been reported previously (Emperador

et al, 2017). In a similar fashion, mitochondrial translation products

were labeled with both HPG and [35S] methionine in control and

COA6KO cells (Fig 3B). The knockout cells showed a modest but

significant decrease of mitochondrial translation, with both

approaches. Accordingly, the labeling method represents a potential

tool for screening defects in protein synthesis within mitochondria in

a pathologic context.

To further assess the suitability of our approach to address

biological questions related to the spatial organization of mitochon-

drial protein synthesis, we asked whether the synthesis of new

proteins inside mitochondria could be localized at the suborganelle

level. For that purpose, hippocampal neurons were labeled for their

mitochondrial protein synthesis and further clicked with a high

resolution STED compatible azide fluorophore (ATTO 590-azide)

and immunostained for TOM20 to detect mitochondria (Fig 3C).

The representative deconvolved STED image resolves the localiza-

tion of the newly synthesized mitochondrial peptides within the

chain of connected mitochondria. This confirms the potential appli-

cation of the technique to study spatial localization of the mitochon-

drial synthesis products in a highly resolved manner.

Mitochondrial translation can be tracked compartmentally
in neurons

Mitochondria provide more than 90% of the ATP that is required for

neuronal activity and are thus essential for synaptic transmission

(Harris et al, 2012). Moreover, the presence of mitochondria at synap-

tic boutons has been suggested to regulate the size of the synapse and

the number of vesicles (Smith et al, 2016), and these mitochondria

also appear to present a distinct proteome, specialized for energy

supply (Völgyi et al, 2015). This finding indicates that mitochondria

may undergo function-specific proteostasis in order to adapt to

distinct subcellular processes. Different studies have addressed local

protein synthesis at synaptic terminals and its relevance for proteome

remodeling and plasticity in neurons (Richter & Klann, 2009; Hafner

et al, 2019; Cioni et al, 2019). Previous studies revealed translation of

mRNAs for nuclear-encoded mitochondrial proteins in pre-synaptic

nerve terminals (Gioio et al, 2001; Kaplan et al, 2009). Moreover,

mitochondrial proteins represent an important portion of locally

synthesized proteins in synaptoneurosomes. Interestingly, many of

▸Figure 2. Different levels of gene expression in mitochondria of a single cell.

A Mitochondrial translation products were labeled in WT HeLa cells for indicated time lengths (heat map) and cells immunostained for TOM20 (gray). Representative
confocal images are shown for each time point. The same 5-min image was used in both rows with different brightness as a reference for intensity comparison of the
other time points in the row. Scale bars, 10 µm. Mitochondrial protein synthesis was quantified over time. Thirty cells from N = 3 independent experiments were
analyzed for each time point (average of the HPG intensity in the mitochondrial area was calculated and the baseline was set to zero by subtracting the value of
time point 0 from all the values. Error bars, � SEM). A hyperbolic graph was fitted to the data. R2 = 0.97.

B As in A, mitochondrial translation products were labeled for increasing time (10 and 20 min) in HeLa cells. The number of analyzed cells was increased in the plots
from 25 to 300 per time point. 150 or 300 random cells from N = 3 independent experiments were analyzed. Kruskal–Wallis followed by Fisher’s test. ****P < 0.0001.
Error bars, � SEM.

C Mitochondrial translation products were labeled for 30 min and clicked with AF647 (magenta) and cells immunostained for TOM20 (green) in fibroblasts, iPSCs-
derived cardiomyocytes, and hippocampal neurons. Representative epifluorescent microscopy images are shown. The correlation of HPG and TOM20 channels is
represented in fire lookup table, after calculating the Pearson correlation values over each pixel of the images. Scale bars, 25 µm.
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these proteins are components of the OXPHOS system, which need to

be locally imported and integrated into functional enzyme complexes

(Kuzniewska et al, 2020). These findings indicate that biogenesis of

mitochondrial proteins occurs locally and distant from the soma.

However, it has not been addressed whether mitochondrial-encoded

proteins are locally expressed in different neuronal compartments,

distant from the soma. To answer this question, we labeled mitochon-

drial translation products in hippocampal neurons and immunos-

tained the samples for ANK-G, a protein located in the axon initial

segment. The plasma membrane of the neurons was stained using a

lipophilic dye DiO. When used in low concentration, DiO sparsely

labels cells in the sample by unselectively incorporating into the
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Figure 3. Utilizing HPG labeling in a disease context and mapping mitochondrial translation with super resolution microscopy.

A Mitochondrial translation products were labeled using HPG and [35S]Met in control and TSFM patient fibroblasts. Representative epifluorescent microscopy and the
autoradiography images are shown. Scale bars, 50 µm. Changes in mitochondrial protein synthesis were quantified for both approaches. For microscopy image
analysis, > 300 cells from N = 3 independent experiments were analyzed for each cell type. Mann–Whitney U-test, ****P < 0.0001. For radiolabeling analyses, N = 3
independent samples were quantified for each cell type. Student t-test, **P < 0.01. Error bars, � SEM.

B As in A using control and COA6KO HEK cells. Scale bars, 25 µm. For microscopy image analysis, ****P < 0.0001, and for radiolabeling experiments, *P < 0.05 were
calculated. Error bars, � SEM.

C Mitochondrial protein synthesis was monitored in hippocampal neurons, using HPG clicked to ATTO 590-azide (magenta) and cells immunostained for TOM20 (green).
A representative deconvolved STED microscopy image is shown. Scale bars, 1 µm.
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membrane and spreading across the plasma membrane of single cells.

This allows for staining of neurons (or neurites) in a random manner.

This approach enabled us to differentiate between axons and

dendrites, as neurites containing ANK-G, or devoid of it and to visual-

ize single neurites in the culture. Mitochondrial translation products

were found in both axons and dendrites (Fig 4A, the arrow and the

star mark the axon and the dendrite, respectively).

We then analyzed pre- and post-synaptic regions for mitochondrial

translation using HPG labeling. As a marker for pre-synaptic sites, we

labeled synaptic vesicles with an antibody against vesicular glutamate

transporter 1 (VGLUT1). In a separate set of experiments, HOMER1

antibody was used to visualize post-synaptic regions. The membrane

of neurites was stained with DiO. We then imaged DiO-stained

dendrites and axons by confocal microscopy. Mitochondrial transla-

tion was readily detected along both axons and dendrites. Using Chlo-

ramphenicol, we validated the specificity of the detected mitochondrial

translation signal. For a closer look at the synaptic regions, we outlined

the DiO staining to define outer edge of the branch. To this end, we

detected the HPG signal present at both pre- and post-synaptic regions

(Figs 4B and EV3). Accordingly, mitochondrial translation appears to

occur at pre- and post-synaptic regions of neurites.

In summary, our work provides a first view of mitochondrial

translation in neurons, demonstrating that this process can be

detected in axons and dendrites and in functionally distinct

compartments of the pre- and post-synapse.

Conclusion

Here, we have implemented a new imaging approach that specifi-

cally allows to label mitochondrial translation products for fluores-

cent microscopic imaging. The strategy can be applied in a timely

resolved manner with different labeling time and in a variety of dif-

ferent cell types. In addition, the labeling technique can be

combined with super resolution microscopy to address questions

regarding the spatial organization of mitochondrial protein synthe-

sis. To this end, labeling of mitochondrial translation with HPG and

subsequently click chemistry represents a powerful approach that

could be applied in diagnostics of mitochondrial diseases and that

opens new opportunities to study mitochondrial biogenesis in

specialized cells such as neurons with spatial resolution.

Material and Methods

Cell lines and cell culture

All non-primary cell lines and primary human fibroblasts were

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo

Fischer) and were supplemented with 10% (V/V) heat-inactivated fetal

bovine serum (Biochrom, Berlin, Germany), 2 mM L-glutamine, 1 mM

sodium pyruvate, and 50 μg/ml uridine. They were incubated at 37°C
with 5% CO2 and passaged on a regular basis. HeLa was purchased

from the DSMZ collection at the Leibnitz institute. HEK293T Flp-In™ T-

REX™ was purchased from Invitrogen. WT fibroblasts, COA6KO

HEK293T, WT, and Rho0-143B cell lines were previously reported

(King & Attardi, 1989; G�omez-Dur�an et al, 2010; Pacheu-Grau et al,

2018, 2020). The G6930A 143B cell line was a gift from G. Manfredi

and J. Montoya (Bruno et al, 1999; Richter-Dennerlein et al, 2016).

TFSM mutant patient fibroblasts were previously reported (Emperador

et al, 2017). For imaging purposes, the cells were seeded on PLL-coated

glass coverslips (0.1 mg/ml) 1 day before the start of the experiments.

The use of human iPSC lines was approved by the Ethics

Committee of University Medical Center Göttingen (approval

number: 10/9/15) and was carried out in accordance with the

approved guidelines. Written informed consent was obtained from

all participants prior to the participation in the study.

Human iPSC lines from a healthy donor (isWT11.8/UMGi130-

A) were used in this study. Human iPSCs were maintained on

Matrigel-coated plates (growth factor reduced, BD Biosciences),

passaged every 4–6 days with Versene solution (Thermo Fisher

Scientific), and cultured in StemMACS iPS-Brew XF medium (Mil-

tenyi Biotec) supplemented with 2 µM Thiazovivin (Merck Milli-

pore), for 24 h after passaging with daily medium change.

Directed differentiation of human iPSCs into iPSC-cardiomyocytes

was performed via WNT signaling modulation and subsequent

metabolic selection, as previously described (Cyganek et al,

2018). Differentiated iPSC-cardiomyocytes were cultured for

2 months and were subjected to molecular and functional analy-

ses. Cell cultures were incubated in a humidified incubator with

5% CO2 at 37°C.
Neuronal hippocampal cultures were obtained from dissociated

hippocampi of new-born rats, as previously published (Banker &

Cowan, 1977; Kaech & Banker, 2006; Truckenbrodt et al, 2018). For

imaging purposes, the cells were plated at a concentration of

~30,000/cm2 on coverslips coated with 1mg/ml PLL, after being

treated as previously described (Truckenbrodt et al, 2018). Follow-

ing dissection and plating, the cells were left to adhere for 1–4 h at

37°C in a cell incubator, with 5% CO2. After adhesion, the medium

was replaced to Neurobasal-A medium (Gibco, Life Technologies,

Carlsbad, CA, USA), containing 1:50 B27 supplement (Gibco) and

1:100 GlutaMAX (Gibco). Neurons were kept in culture at 5% CO2

and 37°C, for 14–21 days before use.

In vivo labeling of newly synthesized mitochondrial-encoded
peptides with HPG

To label newly synthesized mitochondrial-encoded peptides, a

click chemistry-based approach was adapted (Estell et al, 2017).

◀ Figure 4. Mitochondrial translation in neurons.

A Mitochondrial translation products were labeled with HPG in hippocampal neurons, immunostained for ANK-G (initial axon segment), and plasma membrane was
stained with DiO. Representative epifluorescent images and zoomed insets of neural branches are shown. In both axon (ANK-G positive, arrow) and dendrite (star),
HPG incorporation revealing mitochondrial protein synthesis was detected. Scale bars, 20 µm.

B Representative confocal images of a dendrite (top) and an axon (bottom) in which mitochondrial translation products were labeled with HPG (magenta). HOMER1
and VGLUT1 were used as post- and pre-synapse markers, respectively (green) and DiO-stained randomly neurites (gray). In each neurite, an exemplary region was
selected and the DiO was outlined to mark the outer edge of the region. As a control, cells were treated with Chloramphenicol (Chl) to inhibit mitochondrial
translation. Scale bars, 5 µm.
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Briefly, cells were transferred to methionine-free medium. In

neurons, the labeling was done in warm Hank’s Balanced Salt

Solution (HBSS, Thermo Fisher). Cytosolic translation was

stopped using Harringtonine (200µM, Carbosynth) for 20 min.

Emetine (100 µg/ml, Merck) and Cycloheximide (Chx, 50 µg/ml,

Roth) were used in a similar fashion. For control experiments

blocking mitochondrial translation, 150 µg/ml Chloramphenicol

was added 50 min before the start of the labeling. 500 µM of

L-Homopropargylglycine (HPG, Thermo Fisher) was then added

for 30 min (unless mentioned otherwise). Cells were then trans-

ferred to buffer A containing 10 mM HEPES, 10 mM NaCl, 5 mM

KCl, 300 mM sucrose, and 0.015% digitonin, for 2 min on ice,

followed by 15 s in buffer A without digitonin. Coverslips were

fixed using 4% PFA in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 2 mM KH2PO4) at pH 7.5 for 30 min at room tempera-

ture and were then further processed for click chemistry and

immunostaining.

Click chemistry and immunostaining of fixed cells

After formaldehyde fixation, coverslips were washed for 5 min with

PBS quenched for 15 min with 100 mM NH4Cl in PBS. Blocking and

permeabilization were performed in staining solution (PBS + 5%

BSA + 5% tryptone peptone + 0.1% Triton X-100), using 3 solution

exchanges, each for 5 min. After a brief wash with 3% BSA in PBS,

coverslips were clicked for 20 min using a commercial kit (Click-iT

Cell Reaction Buffer Kit; Thermo Fisher), with 3 µM AlexaFluor 647-

azide (Thermo Fisher) or 5 µM ATTO 590-azide (ATTO-TEC). After

another quick wash with 3% BSA in PBS, primary and secondary

antibodies were diluted in the staining solution and were applied

sequentially for 1 h. Three 5-min washing steps with staining solu-

tion were performed between the primary and secondary antibody

incubations. Three 5-min sequential washes with blocking solution

(PBS + 5% BSA + 5% tryptone peptone), high-salt PBS (PBS + 500

mM NaCl), and PBS were performed at the end of the staining

procedure, to remove thoroughly any unspecific binding of the anti-

bodies. The coverslips were then embedded in Mowiol (Calbiochem,

Billerica, MA, USA) and were allowed to dry overnight at room

temperature, before imaging.

The probes used in this study are as follows: TOM20 (rabbit,

Proteintech), ANK-G (mouse, Antibodies incorporated), HOMER1

(mouse, Synaptic Systems), VGLUT1 nanobody conjugated to STAR

580 (Nanotag), goat anti-rabbit Alexa Fluor Plus 488 (Thermo

Fisher), donkey anti-mouse conjugated to Cy3 (Dianova), goat anti-

rabbit STAR 580 (Abberior), goat anti-rabbit ATTO 647N (ATTO-

TEC), and goat anti-guinea pig Alexa Fluor 546 (Thermo Fisher).

Labeling of mitochondrial-encoded peptides with
[35S] methionine

Radioactive labeling of mitochondrial translation products was

performed according to a previously published protocol (Chomyn,

1996) with minor modifications. Cytosolic translation was inhibited

with Harringtonine (200 µM) for 20 min. Then, 200 µCi/ml [35S]

methionine was added to the cells and was incubated at 37°C for

1 h. The cell lysate was loaded on a 10–18% Tris-Tricine gradient

gel, and the radioactive signal was detected using Phosphor Screens

and a Typhoon scanner (GE Healthcare).

Quantification of the autoradiography images in Fig 3A and B

was performed with ImageJ as follows: First, a manual threshold

was determined to separate the background from the regions of

interest. Then, in each lane, the integrated density (sum of values)

of the pixels over the threshold was obtained.

Click chemistry on extracted mitochondria

Cells were incubated in methionine-free medium with 200 µM
Harringtonine for 20 min, and 500 µM HPG was added to the cells

for 4 h. After harvesting the cells, mitochondria were isolated by dif-

ferential centrifugation, as previously described (Lazarou et al,

2009). Briefly, cells were dissolved in isolation buffer (300 mM

trehalose, 10 mM KCl, 10 mM HEPES pH 7.4, 2 mg/ml BSA and

2mM PMSF). Cells were subsequently homogenized on ice using a

Potter S homogenizer. After a first centrifugation step at 400 ×g for

10 min at 4°C and a second one at 800 ×g for 7 min at 4°C to

remove cell debris, mitochondria were collected by centrifugation at

10,000 ×g for 10 min at 4°C. Freshly isolated mitochondria were

washed in isolation buffer lacking BSA, and protein concentrations

were subsequently determined by Bradford assay. 100 µg of mito-

chondria proteins was pelleted and dissolved in 25 µl 50 mM Tris

(pH 8.8) containing 1 mM PMSF and 1% SDS. A click reaction was

performed on ice using a commercial kit (Click-iT Cell Reaction Buf-

fer Kit; Thermo Fisher), with 80 µM Alexa Fluor 488-azide (Sigma).

According to the manufacturer’s protocol, proteins were purified

from the mixture using a MeOH/chloroform approach, after the end

of the click reaction. The extracted pellet was completely dried by

heating up to 50°C and was then dissolved in loading buffer contain-

ing 8 M Urea, 100 mM Dithiothreitol (DTT), and 1% benzonase. It

was then incubated at 37°C for 20 min and was then loaded on a

10–18% Tris-Tricine gradient gel. Fluorescent signals in the gels

were analyzed using a FLA-9000 Starion image scanner (Fujifilm).

Membrane staining with DiO for visualizing neurites

The cell’s membrane was stained with the carbocyanine dye, DiO

(3,30-dioctadecyloxacarbocyanine perchlorate, Molecular Probes).

The DiO staining procedure results in sparse labeling if used in low

concentration. This dye is poorly soluble in water and is only

soluble in membranes. Neurons on which DiO crystals land will be

abundantly labeled, with all of their neurites becoming fluorescent,

because DiO dissolves and spreads in their membranes. Neighboring

neurons, which did not receive DiO crystals, remain invisible in the

DiO (green) channel. For the staining, the DiO crystals were

dissolved in dimethylformamide (DMF) to a stock concentration of

2 mg/ml, by mixing for 10 min at 50°C. The stock was kept at 4°C,
in the dark, until use. A working concentration of 1 µg/ml was

prepared in PBS and was thoroughly mixed and sonicated. It was

applied to the coverslips for 20 min at 37°C. The coverslips were

washed with PBS briefly and were left overnight in PBS at room

temperature. The next day, the coverslips were embedded in

Mowiol, as above, and were dried overnight before imaging.

Image acquisition

Epifluorescent images were taken with an inverted Nikon Ti epifluo-

rescence microscope (Nikon Corporation, Chiyoda, Tokyo, Japan)
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equipped with a Plan Apochromat 60×, 1.4 NA oil immersion objec-

tive, an HBO-100W Lamp, and an IXON X3897 Andor (Belfast,

Northern Ireland, UK) camera, operated via the NIS-Elements AR

software (version 4.20; Nikon).

Confocal images were taken using an Abberior microscope oper-

ated with Imspector imaging software (Abberior Instruments,

Göttingen, Germany). This setup was built on an Olympus IX83

base, equipped with a UPlanSApo 100× oil immersion objective

(Olympus Corporation, Shinjuku, Tokyo, Japan) and an EMCCD

iXon Ultra camera (Andor, Belfast, Northern Ireland, UK). Pulsed

561-nm and 640-nm lasers were used for excitation of ATTO 590

and STAR 580 and Alexa Fluor 647, respectively. For stimulated

depletion, lasers emitting at 595 and 775 nm were employed. Where

mentioned, images were deconvolved using Huygens software (Sci-

entific Volume Imaging, WWW.svi.nl).

Image analysis

To analyze the mitochondrial translation signal, we used a self-

written script in Matlab. First, the area of single cells was sepa-

rated. Then, in each cell, mitochondria were identified by applying

an empirically determined threshold in the TOM20 channel. The

HPG signal was then averaged inside the mitochondrial area. Dif-

ferent statistical tests were used and mentioned in the respective

figure legends. A P-value of < 0.05 was considered statistically

significant.

To make the correlation maps in Figs 2C and EV2B, we calcu-

lated the Pearson correlation coefficient for the respective images.

This procedure calculates for each pixel, identified by coordinates i

and j, the following value:

Valuei, j¼ðAi, j�αÞ�ðBi, j�βÞ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ðAi, j�/Þ2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ðBi, j�βÞ2

q� �

where A and B are the two original images (meaning intensity

matrices), and α and β are the average intensities of the two

images, respectively.

The value obtained at a particular pixel is high when the original

pixel intensities in the A and B images correlate (if they are both

higher than the respective averages, or both lower). In contrast, if

the intensity at the respective pixel is low in one of the original

images and is high in the other, then the correlation value will be

low (negative). This calculation provides an optimal view of the

correlation between the channels, and indicates, pixel by pixel, the

regions of low or high correlation.

Data availability

This study includes no data deposited in external repositories. All

Matlab analysis routines are available upon request from SOR (sriz-

zol@gwdg.de).

Expanded View for this article is available online.
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