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Local mitochondrial replication in the periphery of
neurons requires the eEF1A1 protein and thetranslation
of nuclear-encoded proteins

Carlos Cardanho-Ramos,’ Riben Alves Sim&es,’ Yi-Zhi Wang,? Andreia Faria-Pereira,’ Ewa Bomba-Warczak,?
Katleen Craessaerts,>* Marco Spinazzi,>*° Jeffrey N. Savas,” and Vanessa A. Morais'¢*

SUMMARY

In neurons, it is commonly assumed that mitochondrial replication only occurs in the cell body, after which
the mitochondria must travel to the neuron’s periphery. However, while mitochondrial DNA replication
has been observed to occur away from the cell body, the specific mechanisms involved remain elusive.
Using EdU-labelling in mouse primary neurons, we developed a tool to determine the mitochondrial repli-
cation rate. Taking of advantage of microfluidic devices, we confirmed that mitochondrial replication also
occurs locally in the periphery of neurons. To achieve this, mitochondria require de novo nuclear-encoded,
but not mitochondrial-encoded protein translation. Following a proteomic screen comparing synaptic
with non-synaptic mitochondria, we identified two elongation factors — eEF1A1 and TUFM - that were up-
regulated in synaptic mitochondria. We found that mitochondrial replication is impaired upon the down-
regulation of eEF1A1, and this is particularly relevant in the periphery of neurons.

INTRODUCTION

Neurons are high energy demanding cells that rely on mitochondria not only for ATP production, but also to maintain a tight regulation of
Ca®". Neurons have complex morphologies and are composed of different sub-compartments, namely the cell body, dendrites, and axons.
Each compartment has its own unique function and requires a specific pool of mitochondria.' To achieve this, mitochondria are transported,
they fuse, divide, and undergo a selective autophagy process named mitophagy.*” Although all these processes are important, maintaining a
healthy pool of mitochondria within neurons is only possible due to mitochondrial biogenesis. Mitochondrial biogenesis is a set of molecular
processes that include mitochondrial DNA (mtDNA) replication and ultimately results in the formation of new mitochondria. mtDNA encodes
for 13 proteins, whereas the remaining over 1000 mitochondrial proteins are nuclear-encoded.® Thus, it comes as no surprise that the canon-
ical pathway of mitochondrial replication involves the activation of nuclear transcription. This is achieved by the master regulator of mitochon-
drial biogenesis, the peroxisome-proliferator-activated y co-activator-1a. (PGC-1a). PGC-1a.is a co-activator of transcription that binds to the
nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2), leading to the transcription of several mitochondrial genes, including proteins involved
in mtDNA replication, such as the mitochondrial transcription factor A (TFAM).” 7 Increasing evidence has shown that PGC-1a, NRF-1 and
TFAM are downregulated in several neurodegenerative diseases, such as Huntington’s,'”"" Parkinson’s'”"'* and Alzheimer’s diseases.'”'®
This is accompanied by a decrease in mitochondrial content,''®" suggesting that deficits in mitochondrial replication are associated
with neurodegeneration.

In neurons, it is generally assumed that mitochondria replicate in the cell body and then have to travel all the way to the neuron'’s periph-
ery."®?° However, considering that the rate of mitochondrial transport in mouse neurons is about 0.6um/s,”" the time it would take for a single
mitochondrion to travel from the cell body to the tip of an axon exceeds the half-life of most mitochondrial proteins.”” Although mitochondrial
replication has been observed away from the cell body,”** very little is known about the mechanisms involved, making the question of
whether or not mitochondria are capable of replicating locally in distal regions of neurons still controversial. Since renewal of mitochondria
requires de novo transcription mediated by the nuclear proteins PGC-1a. and NRF-1/2, distal mitochondria must have an alternative mech-
anism to have access to all the proteins necessary for mitochondrial replication. Interestingly, mRNAs are present in distal regions of neu-
rons.”>?® These mRNAs have longer 3’ untranslated regions (UTRs), making them more stable and with longer half-lives, when compared
to mRNAs present in the cell body.”” Moreover, the translation of both mitochondrial-*® and nuclear-encoded””*° proteins have been
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Figure 1. BrdU and EdU can be used to determine mitochondrial replication in mouse primary neurons

(A) Representative scheme of the BrdU protocol that requires a DNA denaturation step.

(B-D) Representative images of mouse primary neurons stained for BrdU, in red, and citrate synthase (CS, mitochondrial marker), in green. Neurons were
incubated with BrdU (B); an inhibitor of mtDNA replication, ddC (+BrdU), (C); and DMSO (no BrdU) (D). Arrows indicate sites of mitochondrial replication in
the periphery of neurons. Scale bar 10um.

(E-H) Quantification of the Area for BrdU (E); Mitochondria (F); and BrdU co-localizing with Mitochondria (G). For each image, mitochondrial replication rate was
determined by dividing the area of BrdU co-localizing with mitochondria by the area of mitochondria (H). n = 19-22 neurons, from 3 independent experiments.
(I) Representative scheme of the EdU click chemistry protocol.

(J-L) Representative images of mouse primary neurons stained for EAU, in green, and HSP40 (mitochondrial marker), in red. Neurons were incubated with EJU (J);
an inhibitor of mtDNA replication, ddC (+EdU), (K); and DMSO (no EdU) (L). Arrows indicate sites of mitochondrial replication in the periphery of neurons. Scale
bar 10um.

(M-P) Quantification of the Area for EAU (M); Mitochondria (N); and EdU co-localizing with Mitochondria (O). For each image, mitochondrial replication rate was
determined by dividing the area of EdU co-localizing with mitochondria by the area of mitochondria (P). n = 29-30 neurons, from 3 independent experiments.
One-way ANOVA with a Dunnet multiple comparison test (EJU as the control). ns = non-significant; **p < 0.01; ****p < 0.0001. Related to Figure S1.

observed in axons. These data led us to speculate that mRNAs, which can be translated several times, are present in the distal regions of
neurons, providing all the proteins necessary for local mitochondrial replication.

Here, we confirm that mitochondrial replication occurs in the periphery of neurons. We observe that his is achieved by local nuclear-en-
coded protein translation, in a process involving the eukaryotic translation elongation factor 1 alpha 1 (eEF1A1).

RESULTS

Assessment of mitochondrial replication in mouse primary neurons using 5'-bromo-2’-deoxyuridine - and 5-ethynyl-
2'-deoxyuridine labelling

To determine the specific localization of mtDNA replication within mouse primary neurons, we used 5-bromo-2'-deoxyuridine (BrdU) and
5-ethynyl-2/-deoxyuridine (EJU). These two nucleosides are analogues of thymidine and are incorporated into DNA during active DNA repli-
cation.”>" Since neurons are post-mitotic cells, BrdU and EdU will only be incorporated into replicating mtDNA. Neurons were incubated
with 10uM BrdU for 4h and, after fixation, a DNA denaturing step was performed using 1M HCI, exposing the BrdU epitope for consequent
anti-BrdU antibody recognition (Figure 1A). By co-staining with the mitochondrial marker citrate synthase (CS), we were able to determine
the mitochondrial replication rate. As expected, most BrdU was observed in the somal region of neurons (Figure 1B). Nonetheless, some
BrdU™ mitochondria were also observed far away from the soma (Figure 1B), indicating that mtDNA replication can occur locally in the pe-
riphery of neurons. To validate the specificity of BrdU to mitochondrial replication sites, we co-incubated BrdU with 2/,3'-dideoxycytidine
(ddC), an inhibitor of mtDNA replication. As a solvent control, we also incubated neurons only with DMSO (no BrdU). No signal for BrdU
was observed in neither ddC (Figure 1C), nor DMSO (Figure 1D). This was confirmed by the significantly higher levels of BrdU (Figure 1E),
BrdU co-localizing with mitochondria (Figure 1G) and mitochondrial replication rate (Figure 1H), when neurons were incubated with BrdU
alone. Although we confirmed the BrdU signal was specific for mitochondrial replication sites, the DNA denaturation step required in
this protocol is too harsh for the cells, as it alters the morphology of neurons, particularly at the level of the mitochondrial network. Mito-
chondria exposed to the DNA denaturation step appear more punctated (Figure S1) and this could have an impact on the quantification
of the mitochondrial replication rate. To overcome this, we took advantage of EAU click chemistry. In this case, detection is based on a cop-
per-catalyzed covalent reaction between the alkyne group present in EJU and an Alexa Fluorophore-conjugated Azide®' (Figure 11). Similar
to the BrdU approach, neurons were treated with EJU, ddC (+EdU), and DMSO. No EdU staining was observed in neither ddC (Figures 1K
and TM) nor DMSO (Figures 1L and 1M), as confirmed by the significantly higher mitochondrial replication rate in neurons incubated with
EdU alone (Figure 1P). We validated that EdU click chemistry can also be used to assess mitochondrial replication in mouse primary neurons.
By avoiding the DNA denaturation step, we are able to quantify the mitochondrial replication rate in a more reliable manner, making EdU a
better alternative when compared to BrdU.

Mitochondrial replication occurs locally in the periphery of neurons

We observed BrdU* and EJU" mitochondria in the periphery of neurons, however, we were unable to discriminate if those mitochondria
replicated in the cell body and were transported to the periphery or if they replicated locally at the periphery of the neuron. To answer this
question, we cultured mouse primary neurons in microfluidic devices, where we can isolate axons from the soma and dendrites.” These
devices have two distinct compartments, separated by microgrooves that only allow axons to reach the axonal side. Neurons were plated
in the somal compartment, and after 8 days in vitro (DIV8), we observed the presence of B3-tubulin® axons, but not MAP2" dendrites, in
the axonal compartment (Figure 2A). This allowed us to perform chemical treatments only to the axonal compartment, without interfering
with the somal side. We incubated axons with EJU; ddC (+EdU) or DMSO and then stained both compartments for EJU and the mito-
chondrial marker HSP60 (Figure 2B). EAU puncta and EdU" mitochondria were mostly present in axons incubated with EJU only
(Figures 2C and 2D). This observation was corroborated by the statistically significant mitochondrial replication rate observed in EdU
when compared to ddC and DMSO (Figure 2F). To confirm these results were specific for axons, we also analyzed the somal compart-
ments of EAU (Figure 2E), ddC (Figure S2F), and DMSO (Figure S2E). No differences were observed in the somal compartments, neither
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Figure 2. Mitochondrial replication in neurons can occur locally, away from the cell body

(A) Validation of microfluidics devices. At DIV8, only axons reach the axonal side, as observed by the presence of B3-tubulin staining, but not MAP2 (dendritic
marker) or DAPI (nuclei). Scale bar 100um.

(B) Scheme of the experimental design in microfluidic devices.

(C-E) Representative images stained of the axonal side in EJU (C) and ddC (+EdU) (D) conditions; and of the somal side in EJU condition (E). EdU, in green, and
HSP60 (mitochondrial marker), in red. Arrows indicate sites of mitochondrial replication. Scale bar 10um.

(F) Quantification of the mitochondrial replication rate in the axonal side. n = 24-39 axons, from 3 independent experiments. One-way ANOVA with a Dunnet
multiple comparison test (EdU as control). ****p < 0.0001.

(G) Quantification of the mitochondrial replication rate comparing Axonal with Somal side in EdU condition. n = 23-32 axons/neurons, from 3 independent
experiments. Unpaired t test. ****p < 0.0001. Related to Figure S2.

at the level of EAU (Figure S2G), EdU co-localizing with mitochondria (Figure S2I), nor mitochondrial replication rate (Figure S2J). Finally, in
the condition where we only add EdU to the axonal compartment, we observed a significantly higher mitochondrial replication rate in
axons when compared to the soma (Figure 2G). With these results, we confirm that mitochondrial replication can occur locally in the pe-
riphery of neurons.
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Mitochondrial replication in neurons requires nuclear-encoded protein translation

Within the mitochondrial biogenesis pathways described so far, mitochondrial replication requires the activation of nuclear transcription
by PGC-1a and NRF-1/2”. Since PGC-1a. and NRF-1/2 only act in the nucleus, it is unlikely that mitochondria that replicate in the pe-
riphery of neurons also rely on de novo nuclear transcription. Interestingly, reports have shown that mRNAs encoding for mitochondrial
proteins are present in axons,”” and that the axonal translation of both mitochondrial-*® and nuclear-encoded”*?”*° proteins has been
observed. We hypothesized that mitochondrial replication in the periphery of neurons is sustained by local protein translation. To test
this, we inhibited protein translation and assessed the impact on mitochondrial replication. Since mitochondria are composed of pro-
teins encoded by nuclear and mitochondrial DNA, we used two different approaches. Mouse primary neurons were treated either with
cycloheximide or chloramphenicol. Cycloheximide binds to cytosolic ribosomes, inhibiting nuclear-encoded protein translation.®® This
effect of cycloheximide was confirmed, using the puromycin assay as a readout of protein translation (Figure S3A). On the other hand,
chloramphenicol binds to the mitochondrial ribosomal subunits, inhibiting mitochondrial-encoded protein translation. Taking advan-
tage of L-homopropargylglycine (HPG), which incorporates translation products instead of methionine,”® we confirmed that the pattern
of HPG that co-localized with mitochondria was only sensitive to chloramphenicol and not cycloheximide (Figure S4A). Additionally, we
wanted to understand if the impact of protein translation inhibition on mitochondrial replication was dependent on the maturation stage
of mouse primary neurons. We treated neurons with cycloheximide and chloramphenicol either at DIV7 - where neurons are still matu-
rating, but synapses are already present to some extent — or at DIV14 — where neurons are mature and a higher number of synapses are
established.*

Nuclear-encoded protein translation was inhibited in mouse primary neurons with cycloheximide at different time points. We pre-incu-
bated cycloheximide for 30min or for 4h prior to EJU; or we co-incubated cycloheximide and EdU at the same time. At DIV7, we observed
a decrease in EdU puncta independently of the time of incubation of cycloheximide (Figure 3A). This was confirmed by the significantly lower
levels of EAU (Figure S3C), Edu co-localizing with mitochondria (Figure S3E), and mitochondria replication rate (Figure 3B) observed in all
cycloheximide time-points. At DIV14, differences in EJU puncta were only found in the conditions where cycloheximide was pre-incubated
before EAU (Figures 3C and S3G). In accordance, the mitochondrial replication rate was similar when neurons were co-incubated with cyclo-
heximide at the same time of EdU, or EdU alone (Figure 3D). Still, a significant decrease in mitochondrial replication rate was observed when
neurons were pre-incubated with cycloheximide for 30min and for 4h (Figure 3D). The differences between the two stages of maturation indi-
cate that neurons at DIV7 are more sensitive to the inhibition of nuclear-encoded protein translation. This may be explained by the observa-
tion that the mitochondrial replication rate at DIV7 is significantly higher when compared to DIV14 (Figure S3J). Nonetheless, and indepen-
dently of the stage of maturation, we can conclude that, in mouse primary neurons, de novo nuclear-encoded protein translation is required
for mitochondria to replicate.

Mitochondrial-encoded protein translation was inhibited in mouse primary neurons by pre-incubating chloramphenicol for 3h before add-
ing EJU. At both stages of neuronal maturation, DIV7 and DIV14, we observed a significant decrease in EJU (Figures S4C and S4G) and EdU-
colocalizing with mitochondria (Figures S4E and S4l) when neurons were treated with chloramphenicol. However, we also observed a signif-
icant decrease in mitochondrial area in these conditions (Figures S4D and S4H), explaining the observed decrease in EdU staining. Moreover,
no differences in the mitochondrial replication rate were found between the pre-incubation of chloramphenicol for 3h and EdU alone
(Figures 4B and 4D). To confirm that the inhibition of mitochondrial-encoded protein translation had no impact on mitochondrial replication,
we also pre-incubated chloramphenicol overnight, prior to EJU. No differences in EJU (Figures S4C and S4G), EdU co-localizing with mito-
chondria (Figures S4D and S4H), and mitochondrial replication rate (Figures 4B and 4D) were observed between the pre-incubation of chlor-
amphenicol overnight and EdU alone; neither at DIV7, nor at DIV14. Thus, mitochondrial replication in mouse primary neurons does not
require de novo mitochondrial-encoded protein translation.

Translation elongation factors TUFM and eukaryotic translation elongation factor 1 alpha 1 are upregulated in synaptic
mitochondria

Having established that mitochondrial replication in neurons requires nuclear-encoded protein synthesis, we set out to identify specifically
which proteins were involved in mitochondrial replication in the periphery of neurons. For that, synaptic and non-synaptic mitochondria
were isolated from mouse brains, and a label-free proteomic screen was performed (Figure 5A). As expected, an enrichment of the mitochon-
drial marker HSP60 was observed in both synaptic and non-synaptic mitochondria, whereas the synaptic markers, Post Synaptic Density 95
(PSD95) and Synaptophysin1 were only detected in the synaptic fraction (Figure S5A). Moreover, the Glial Fibrillary Acidic Protein (GFAP)
was detected at low levels in synaptic and non-synaptic mitochondria, when compared to brain homogenate (Figure S5B), indicating reduced
glial contamination in these mitochondrial fractions. '°N-fed mice were used as internal standards, allowing direct comparison between the
two mitochondrial fractions. Using liquid chromatography followed by tandem mass spectrometry (LC-MS/MS), we were able to identify 211
proteins that were differently expressed (Figure 5B). Of these, 195 proteins were significantly upregulated in synaptic mitochondria, while 16
proteins were significantly upregulated in non-synaptic mitochondria (Figure 5B). One of the proteins found upregulated in synaptic mito-
chondria was the eukaryotic elongation factor 1 alpha 1 (€EF1A1) (Figure 5C). It has been reported that, during postnatal development,
eEF1A1 is replaced in neurons by its homologue eEF1A2.%2¢ These studies focus on either total protein levels in the brain or localization
in the neuronal soma. In our data, eEF1A2 was identified as being similarly expressed in both pools of mitochondria (Figure 5B), indicating
that the upregulation of eEF1A1 is specific to synaptic mitochondria. This is in line with recent studies, where eEF1A1 is present in postnatal

38

neurons and is found upregulated in axons, both at the mRNA®*" and protein™® levels.
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Figure 3. Mitochondrial replication in neurons requires de novo nuclear-encoded protein translation

(A and C) Representative images of mouse primary neurons at DIV7 (A) or at DIV14 (C) stained for EdU, in green, and for HSP60 (mitochondrial marker), in red.
Neurons were incubated with EdU alone; Cycloheximide (CHX) at the same time as EdU; and pre-incubation of CHX for 30min or 4h, prior to EJU. Scale bar 10um.
(B) Quantification of mitochondrial replication rate at DIV7. n = 32-35 neurons, from 3 independent experiments.

(D) Quantification of mitochondrial replication rate at DIV14. n = 29-30 neurons, from 3 independent experiments. One-way ANOVA with a Dunnet multiple
comparison test (EdU as control). ns = non-significant; ***p < 0.001; ****p < 0.0001. Related to Figure S3.
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Figure 4. Mitochondrial-encoded protein translation is not required for mitochondrial replication in neurons

(A and C) Representative images of mouse primary neurons at DIV7 (A) or at DIV14 (C) stained for EU, in green, and for HSP60 (mitochondrial marker), in red.
Neurons were incubated with EJU alone; and pre-incubation of Chloramphenicol (CHL) for 3h or overnight (O/N), prior to EdU. Scale bar 10pm.

(B) Quantification of mitochondrial replication rate at DIV7. n = 35-42 neurons, from 3 independent experiments.

(D) Quantification of mitochondrial replication rate at DIV14. n = 29-40 neurons, from 3 independent experiments. One-way ANOVA with a Dunnet multiple
comparison test (EdU as control). ns = non-significant; ****p < 0.0001. Related to Figure S4.

There was another elongation factor found upregulated in synaptic mitochondria, the mitochondrial elongation factor Tu (TUFM) (Fig-
ure 5E). Elongation factors are responsible for recruiting aminoacyl tRNAs to ribosomes, thus promoting protein translation. While
eEF1A1 acts in the cytosol and is involved in nuclear-encoded protein translation, TUFM enters the mitochondria and is involved in mitochon-
drial-encoded protein translation. We hypothesize that these two elongation factors are responsible for promoting protein translation in the
periphery of neurons, providing all the machinery necessary for mitochondria to replicate locally. In order to validate the proteomic results, we
also assessed the levels of eEF1A1 and TUFM in synaptic and non-synaptic mitochondria through immunoblot analysis. As in the proteomic
screen, eEF1A1 was more expressed in synaptic mitochondria when compared to non-synaptic mitochondria (Figure 5D). In the case of TUFM,
we observed similar levels between the two fractions (Figure 5F). Although we could not validate the proteomic results through immunoblot,
the fact that TUFM is present in synaptic mitochondria suggests that it may play a role in mitochondrial replication in the periphery of neurons.
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Figure 5. eéEF1A1 and TUFM are upregulated in synaptic mitochondria

(A) Representative scheme of the isolation of synaptic and non-synaptic mitochondria from the mouse brain and the respective experimental design for the
proteomic screen and immunoblot analysis.

(B) Volcano plot showing the relative levels of identified proteins in synaptic compared to non-synaptic mitochondria. The horizontal line defines the p value
statistical significance cutoff (p < 0.05). Proteins with differences below the p value cut-off are depicted in gray. eEF1A2 is depicted in dark gray. Proteins

with increased expression in non-synaptic mitochondria are depicted in red. Proteins with increased expression in synaptic mitochondria are depicted in
light blue. eEF1A1 and TUFM are depicted in dark blue.
(C and E) Proteomic results of the relative levels comparing synaptic and non-synaptic mitochondria of eEF1A1 (C) and TUFM (E). Data represented as Mean +

SD. n = 4. Unpaired t-test. *p < 0.05; ****p < 0.0001 (D and F) Representative immunoblot images comparing synaptic and non-synaptic mitochondria for eEF1A1
(D) and TUFM (F) VDAC1 was used as a loading control.

TUFM is not involved in mitochondrial replication in mouse primary neurons

In the proteomic screen, we observed that TUFM is upregulated in synaptic mitochondria, which led us to speculate that it may be involved in
mitochondrial replication in the periphery of neurons. To answer this question, we assessed the impact of TUFM downregulation on mito-
chondrial replication in neurons. We used a CFP-tagged shRNA against TUFM or a non-target RFP-tagged shRNA, as a control. As a rescue
experiment, we co-transfected with an FLAG-tagged shRNA-resistant form of TUFM, or with a control plasmid coding for a V5-tagged mito-
chondrial targeting sequence. We validated these plasmids in N2a cells, a mouse neuroblastoma cell line. (Figures S6A and S6B). Mouse pri-
mary neurons were transfected 48h prior to incubation with EdU (Figures 6A-6C). Since in our hypothesis, the effect of TUFM would be specific
to the periphery of neurons, we separated the somal from the periphery analysis. Neurons downregulated for TUFM presented similar levels
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Figure 6. TUFM has no impact in mitochondrial replication in neurons

(A-C) Representative images of mouse primary neurons transfected with non-target RFP-tagged shRNA and V5-tagged mitochondrial targeting sequence
(Control) (A); CFP-tagged TUFM shRNA and V5-tagged mitochondrial targeting sequence (TUFM downregulation) (B); or CFP-tagged TUFM shRNA and
FLAG-tagged shRNA-resistant form of TUFM (rescue) (C). Neurons were also stained for EdU, in green, and for citrate synthase (mitochondrial marker), in
white. Zoom in of the somal compartment in orange and zoom in on the periphery of neurons in yellow. Scale bar 10um.

(D-F) Quantification of the mitochondrial replication rate in the soma (D); in the entire neuron (E) and in the periphery (F). For a particular transfected neuron, we
defined a ROI for the somal part and the data outside that somal ROl was considered as periphery. Total quantification resulted from the sum of the somal and
periphery quantifications. n = 30-33 neurons, from 4 independent experiments. One-way ANOVA with a Dunnet multiple comparison test (Control (EdU) as
control). ns = non-significant; ****p < 0.0001. Experiments in Figures 6 and 7 were performed in parallel. The same controls were used. Related to Figure Sé.

of EdU (Figures S6D, S6G, and SéJ) and EAU co-localizing with mitochondria (Figures S6F, Sél, and SéL) when compared to control conditions.
No significant differences in mitochondrial replication rate were observed in any of the conditions tested, neither at the soma nor at the pe-
riphery (Figures 6D-6F). In accordance with our results when neurons were incubated with chloramphenicol (Figure 4), de novo mitochondrial-
encoded protein translation and TUFM are not required for mitochondrial replication to take place in neurons.

Eukaryotic translation elongation factor 1 alpha 1 is required for mitochondrial replication, particularly at the periphery of
mouse primary neurons

Having established that mitochondrial replication in neurons requires de novo nuclear-encoded protein translation and that eEF1A1 is upre-
gulated at the synapse, we hypothesized that eEF1A1 was promoting protein translation at the periphery of neurons, giving all the machinery
necessary for mitochondria to replicate locally. Similar to the TUFM approach, we used an RFP-tagged shRNA against eEF1A1 or a non-target
RFP-tagged shRNA, as a control. As a rescue experiment, we co-transfected with a V5-tagged shRNA-resistant form of eEF1A1, or with a con-
trol plasmid coding for a V5-tagged mitochondrial targeting sequence. We validated these plasmids in N2a cells. (Figures S7A and S7B).
Mouse primary neurons were transfected for 48h and then were incubated with EdU (Figures 7A-7C). Since, in our hypothesis, the effect
of eEF1AT would be specific to the periphery of neurons, we performed the same sub-compartmentalized analysis mentioned above.
When eEF1A1 was downregulated, we observed lower levels of EJU (Figure S71) and EJU co-localizing with mitochondria (Figure S7K) spe-
cifically in the periphery of neurons. Regarding the mitochondrial replication rate, the downregulation of eEF1A1 led to a significantly
decrease in all neuronal sub-compartments (Figures 7D-7F). However, this decrease was more pronounced in the periphery (Figure 7F).
Moreover, overexpressing an shRNA-resistant form of eEF1A1 rescued the decreased levels of EdU (Figure S7I) and EdU co-localizing
with mitochondria (Figure S7K) observed in the periphery of neurons downregulated for eEF1A1. Re-introducing eEF1A1 also rescued the
mitochondrial replication rate to similar levels as observed in control conditions, both in the somal and in the periphery (Figures 7D-7F).
Together these results indicate that although eEF1A1 may play a role in the soma, it is particularly important to maintain a healthy mitochon-
drial renewal at the periphery of neurons.

DISCUSSION

Our results reveal that mitochondria can replicate locally in the periphery of neurons. To achieve this, mitochondria require de novo nuclear-
encoded protein translation, in a process involving the elongation factor eEF1A1.

Previous reports have validated that BrdU- and EdU-labelling can be used to observe mtDNA replication in neurons.”****” Our data also
corroborate these findings. We then focused on developing an image analysis workflow to determine the mitochondrial replication rate.
Although we were able to determine the mitochondrial replication rate using BrdU, the DNA denaturation step required in this protocol leads
to alterations in the mitochondrial morphology. These alterations can cause artifacts when quantifying the mitochondrial staining. One can
avoid this issue by using EdU instead of BrdU.

EdU-labelling also allows to localize where, within the cell, mitochondria replication may occur. This is particularly important in the context
of neurons, where it has been shown that mitochondria in the soma differ from mitochondria in dendrites and axons.'~ Itis generally assumed
that mitochondria only replicate in the cell body and then travel to distal regions, such as synapses.'®“° However, considering the neuronal
length and the reduced mitochondrial transport observed in neurons,”’ mitochondrial replication must also take place distally. Using micro-
fluidic devices, we confirmed that mitochondria can replicate locally in the periphery of neurons. This is in line with previous reports where
mitochondrial replication has been shown to occur in axons.”*** Even though mitochondria are able to replicate in distal neuronal regions,
we observed that most mitochondrial replication takes place in the cell body. Hence, this could suggest that mitochondrial turnover in the
periphery of neurons is achieved not only by local replication, but also by mitochondria that replicated in the cell body and then travel to the
neuron’s periphery.

In the cell body and proximal neurites, renewal of mitochondria requires the activation of nuclear transcription, mediated by PGC-1¢. and
NRF-1/2. In distal neuronal regions, away from the nucleus, it is unreasonable to think the same mechanism would also apply. Therefore, we
postulate that, in the absence of new transcription, mitochondrial replication in the periphery of neurons is achieved by local translation. Mito-
chondria are composed of more than 1000 proteins, from which 13 are mitochondrial-encoded and the rest are nuclear-encoded proteins. It
has been reported that mRNAs coding for mitochondrial proteins are present in distal axons.”*® Additionally, the local translation of both
mitochondrial-encoded® and nuclear-encoded?”“**! proteins occurs in axons. Our results show that mitochondrial replication is impaired
when nuclear-encoded protein translation is inhibited with cycloheximide. Also, it has been previously reported that blocking axonal protein
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Figure 7. eEF1A1 is essential for mitochondrial replication in neurons, particularly at the periphery

(A-C) Representative images of mouse primary neurons transfected with non-target RFP-tagged shRNA and V5-tagged mitochondrial targeting sequence
(Control) (A); RFP-tagged eEF1A1 shRNA and V5-tagged mitochondrial targeting sequence (eEF1A1 downregulation) (B); or RFP-tagged eEF1AT shRNA and
V5-tagged shRNA-resistant form of eEF1A1 (rescue) (C). Neurons were also stained for EdU, in green, and for Citrate Synthase (mitochondrial marker), in
white. Zoom in on the somal compartment in orange and zoom in on the periphery of neurons in yellow. Scale bar 10um.

(D-F) Quantification of the mitochondrial replication rate in the soma (D); in the entire neuron (E) and in the periphery (F). For a particular transfected neuron, we
defined a ROI for the somal part and the data outside that somal ROl was considered as periphery. Total quantification resulted from the sum of the somal and
periphery quantifications. n = 31-38 neurons, from 4 independent experiments. One-way ANOVA with a Dunnet multiple comparison test (Control (EdU) as
control). ns = non-significant; *p < 0.05; **p < 0.01; ****p < 0.0001. Experiments in Figures 6 and 7 were performed in parallel. The same controls were used.
Related to Figure S7.

translation leads to a decrease in mitochondrial membrane potential.””*? Together, these results suggest that the inability to keep a healthy
mitochondrial turnover in the periphery of neurons, results in the accumulation of damaged mitochondria. Conversely, no differences were
observed in mitochondrial replication when neurons were treated with chloramphenicol, an inhibitor of mitochondrial-encoded protein trans-
lation. This can be explained by the observation that the 13 proteins encoded in the mtDNA are all part of the OXPHOS system, and all the
proteins involved in mitochondrial replication are nuclear-encoded.

To decipher the mechanisms linking protein synthesis and mitochondrial replication, we performed a proteomic screen comparing syn-
aptic and non-synaptic mitochondria. We found two elongation factors -TUFM and eEF1A1- upregulated in the synaptic pool. While TUFM
enters the mitochondria and is involved in mitochondrial-encoded protein translation, eEF1A1 acts in the cytosol and promotes nuclear-en-
coded protein translation. The observation of eEF1A1 (a cytosolic protein) in isolated mitochondria may seem unexpected; however, as nu-
clear-encoded mitochondrial proteins are being translated, they are being directed to mitochondria. This way placing the translation machin-
ery in the vicinity of mitochondria.

In accordance with the results observed upon the inhibition of mitochondrial-encoded protein translation (chloramphenicol treatment),
downregulation of TUFM had no impact on mitochondrial replication in neurons, neither in the soma nor in the periphery. This suggests
that mitochondrial replication in neurons does not require the de novo translation of mitochondrial-encoded proteins. Nonetheless, as mito-
chondrial-encoded protein translation is essential to maintain the membrane potential of axonal mitochondria,*” TUFM may be important to
keep a proper mitochondrial function at synapse. Interestingly, in this study, we show that the mitochondrial replication rate is impaired when
eEF1A1 is downregulated and that this impairment is more pronounced in the periphery of neurons. It has been postulated that during neuro-
development, eEF1AT is replaced by its homologue eEF1A2.7>% Here we corroborate previous data, where rather than a complete change in
the expression of eEF1A1 to eEF1A2, there is a change in the localization of eEF1A1 from the soma to the periphery of neurons.”-**** This
implies that the decreased mitochondrial replication observed in the soma upon the downregulation of eEF1A1, may only be observed in
embryonic primary neurons, and may not be relevant in the context of adult neurons. On the other hand, mitochondrial replication in the
periphery of neurons relies almost exclusively on eEF1A1.

Mitochondria play a crucial role in supplying neurons with ATP. This is particularly important during stimulation, where blocking mitochon-
drial-driven ATP synthesis leads to synaptic dysfunction.**> One of the many processes that requires high levels of ATP consumption at the
synapse is local protein translation. Each peptide bond formed consumes 4 molecules of ATP* and it is estimated that synaptic proteins are
turned over at the order of more than 1000 copies per minute.”’ This rapid protein turnover is essential for synaptic plasticity and is fueled by
mitochondria.** On the other hand, our data indicate that protein synthesis is required for mitochondrial replication in the periphery of neu-
rons. It has also been reported that synaptic stimulation leads to an increase in mitochondrial replication.*® These results suggest the exis-
tence of a positive feedback loop, where, during synaptic stimulation, mitochondria fuel local protein synthesis, leading to the formation of
new mitochondria, essential to support neuronal plasticity. Here, we have shown that eEF1A1 is crucial for mitochondrial replication in the
distal region of neurons. However, at present, the eEF1A1 counterparts and the regulatory mechanisms of such molecular signaling pathways
remain unknown.

Our study unravels the mechanisms that lead to mitochondrial replication in distal regions of neurons. This is particularly important in the
context of neurodegeneration, where synaptic defects are observed prior to neuronal loss. Understanding how mitochondria replicate at
the synapse will give us new insights into the pathophysiology at the early stages of neurodegenerative diseases and may ultimately lead
to the development of new therapies to prevent the progression of these disorders.

Limitations of the study

In this study, we could only address the role of TUFM and eEF1A1 on mitochondrial replication, in the periphery of neurons, which includes
dendrites and axons. Although, in Figure 2 we demonstrate that mitochondrial replication occurs specifically in axons; in the experimental
setup of Figures 6 and 7, it is technically unfeasible to discriminate between the two neuronal regions.
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Anti-Citrate Synthase
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Anti-B3 tubulin
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Anti-VDAC1
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Anti-eEF1A1
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Anti-tagRFP
Anti-GFP (CFP)
Anti-GAPDH
Anti-GFAP
Anti-PSD95
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Alexa Fluor 488 Azide

Proteintech

BD Biosciences
BioLegend
Sigma-Aldrich
Kerafast

Abcam

Abcam

Abcam

Invitrogen
Sigma-Aldrich
Cancer Tools (BrainBow)
Abcam

Invitrogen
Sigma-Aldrich
Enzo Life Sciences
Synaptic Systems

Jena BioScience
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611563; RRID: AB_399009
802001; RRID: AB_2564645
MAB3418; RRID: AB_94856
EQO001; RRID: AB_2620162
ab154856; RRID: AB_2687466
ab173300; RRID: AB_2750903
ab157455

R960-25; RRID: AB_2556564
F3165; RRID: AB_259529
155265

ab13970; RRID: AB_300798
AM4300; RRID: AB_2536381
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CLK-1275

Alexa Fluor 568 Anti-Mouse Invitrogen A11031; RRID: AB_144696
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Alexa Fluor 405 Anti-Mouse Invitrogen A48255; RRID: AB_2890536
Alexa Fluor 405 Anti-Chicken Invitrogen A48260; RRID: AB_2890271
Alexa Fluor 488 Anti-Rabbit Invitrogen A21206; RRID: AB_2535792
Alexa Fluor 647 Anti-Rabbit Invitrogen A31573; RRID: AB_2536183
HRP Conjugated Anti-Mouse Bio-Rad 1706516; RRID: AB_2921252
HRP Conjugated Anti-Rabbit Bio-Rad 1706515; RRID: AB_11125142
Chemicals, peptides, and recombinant proteins

5-Bromo-2'-deoxyuridine (BrdU) Sigma-Aldrich B5002
2'-Deoxy-5-ethynyluridine (EdU) Carbosynth NE08701

DAPI Sigma-Aldrich D9542
2',3'-DiDeoxyCitidine (ddC) Sigma-Aldrich D5782

Puromycin Sigma-Aldrich P8833
L-Homopropargylglycine (HPG) Invitrogen C10186

Cycloheximide (CHX) Abcam ab120093

Chloramphenicol (CHL) Sigma-Aldrich C1919

Paraformaldehyde (PFA) Electron Microscopy Sciences 15710

Bovine Serum Albumin (BSA) Sigma-Aldrich A9647

Copper(ll) sulfate pentahydrate (CuSO4.5H,0) Sigma-Aldrich 209198

Ascorbic Acid Sigma-Aldrich 255564

Kynurenic Acid Sigma-Aldrich K3375

Lipofectamine 2000 Invitrogen 11668027
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Dulbecco’s Modified Eagle Medium/ Gibco 11039047

Nutrient Mixture F-12 (DMEM-F12)

Fetal Bovine Serum (FBS) Gibco A3840402

Hank’s Balanced Salt Solution (HBSS) Gibco 14175095

HEPES Gibco 15630056

Trypsin Gibco 15090046

DNase | Sigma-Aldrich DN25

Horse Serum (HS) Gibco 2605088

Minimum Essential Medium (MEM) Gibco 31095029

Glucose Gibco A2494001
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Poly D-Lysine Sigma-Aldrich P7280
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L-Glutamine ThermoScientific 25030024

B-27 Gibco 17504044

VectaShield® Antifade Mounting Medium Vector laboratories H-1000

Sucrose Sigma-Aldrich 84100

D-Mannitol Sigma-Aldrich M4125

EGTA Sigma-Aldrich E4378

Percoll Sigma-Aldrich GE17-0891-02

Digitonin Sigma-Aldrich D141

Protease Inhibitor ThermoScientific 78443

Urea ThermoScientific 29700

Ammonium bicarbonate solution Fluka 09830

ProteaseMAX Promega V2072

Tris(2-carboxyethyl)phosphine (TCEP) Sigma-Aldrich C4706

lodoacetamide (IAA) Sigma-Aldrich 1149

Trypsin Promega V5280

Trifluoroacetic acid (TFA) Fisher scientific 04902-100

Critical commercial assays

ECL Western Blotting reagents Cytiva RPN2106

Pierce™ BCA protein assay kit ThermoScientific 23225

Deposited data

Proteomics data MassIVE MSV000092568

Experimental models: Cell lines

Neuro 2a ATCC CCL-131

Experimental models: Organisms/strains

Mouse: C57BL/6J Mice bred in-house N/A

Oligonucleotides

eEF1A1 shRNA-resitant Primer — Forward Eurofins This paper

5'-GTGGTTACCTTTGCTCCGGTCAACGTGACGA

CCGAGGTCAAGTCTGTTG-3'

eEF1A1 shRNA-resistant Primer — Reverse Eurofins This paper

5'-CAACAGACTTGACCTCGGTCGTCACGTTGAC
CGGAGCAAAGGTAACCAC-3'
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TUFM shRNA-resistant Primer — Forward Eurofins This paper
5'-GCCATGCCTGGAGAAGATCTGAAGCTGAGC

CTGATCTTGCGGCAGCC-3'

TUFM shRNA-resistant Primer — Reverse Eurofins This paper

5'- GGCTGCCGCAAGATCAGGCTCAGCTTCAGA

TCTTCTCCAGGCATGGC-3’

Recombinant DNA

Non-Target control shRNA - pLKO.1-puro-CMV-TagRFP Sigma-Aldrich SHCO016

shRNA sequence - GCGCGATAGCGCTAATAATTT

V5-tagged mitochondrial targeting sequence — Custom made N/A
pcDNA3.1-Matrix-Apex-V5/His

TUFM shRNA - pLKO.1-puro-CMV-TagCFP Sigma-Aldrich TRCN0000248733
shRNA sequence - GGACTTGAAGCTTAGTCTAAT

TUFM WT - pCMV (Myc-DDK-tagged) OriGene MR217099

TUFM shRNA-resistant - pCMV (Myc-DDK-tagged) This paper N/A

eEF1A1 shRNA - pLKO.1-puro-CMV-TagRFP Sigma-Aldrich TRCN0000123776
shRNA sequence - CCAGTCAATGTAACAACTGAA

eEF1A1 WT - pCMV (V5-His tagged) This paper N/A

eEF1A1 shRNA-resistant - pCMV (V5-His tagged) This paper N/A

Software and algorithms

Prism v9.0.0 Graphpad https://www.graphpad.com/
Fiji Image J) Schindelin et al.*® https://imagej.net/software/fiji/
Inkscape 1.0.1 Inkscape https://inkscape.org/
Other

Microfluidics 450 um microgroove barrier Xona SND450

Zeiss LSM 710 Confocal microscope Zeiss N/A

Zeiss LSM 880 Confocal microscope Zeiss N/A

Amersham 680 RGB GE Healthcare N/A

Amersham ImageQuant 800 GE Healthcare N/A

Mini Gel Tank and Blot Module Set Invitrogen NW2000

Potter Elvehjem 30mL Fisher Scientific 10669922

Peptide desalting spin columns Thermo Fisher Scientific 89882

nanoViper analytical column Thermo Fisher Scientific 164570

Orbitrap Fusion

Thermo Fisher Scientific

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Vanessa A. Morais

(vmorais@medicina.ulisboa.pt).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All datasets reported in this work are available from the lead contact upon request.
e This paper does not report original code.

e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
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e All data generated or analysed during this study are included in the manuscript and supporting files. RAW MS data has also been
deposited at MassIVE under the accession number Database: MSV000092568.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

C57BL/6J mice were obtained from the Rodent Facility from Instituto de Medicina Molecular — Jo&o Lobo Antunes (Lisbon, Portugal), where
they were housed in a temperature-controlled room at 20-24°C. Stud males were housed individually. Females were housed in groups of 2-5
per cage and synchronization of their estrous cycles was achieved by exposing them to male’s urine 48h prior to mating. Embryos at embry-
onic day 18 (E18) were used for primary neuron cultures. All the procedures were approved by the Portuguese National Authority for Animal
Health (DGAV), as well as by the institute’s animals’ well-being office (ORBEA-IMM). The study was carried out in compliance with the ARRIVE
guidelines.*’

Cell lines

Mouse neuroblastoma cell lines (N2a) were grown in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12) supplemented
with 10% Fetal Bovine Serum (FBS), at 37°C and 5% CO..

METHOD DETAILS

Mouse primary neuronal culture

Mouse primary neuronal cultures were obtained from whole brain of E18 embryonic C57BL/6 mice, as previously described.** Whole-brains
were collected in Hank's Balanced Salt Solution supplemented with 1M HEPES (HBSS-HEPES). Meninges were removed, and brains were ho-
mogenised and dissociated with 0.25% trypsin + 10pl/ml DNasel in HBSS-HEPES for 15min at 37°C. Tissue was washed with 10% Horse serum
(HS) in HBSS-HEPES and centrifuged 1.200xg for 10min at RT. Supernatant was discarded and pellet was washed two more times with HBSS-
HEPES. Pellet was resuspended in 10% HS in Minimum Essential Medium (MEM) with 0.6% Glucose and 100U/ml Penicillin-Streptomycin
(MEM-HS); and strained using a 70um cell strainer. Cell viability was assessed using Trypan blue. Cells were plated at 1x10° cells/well on
13mm coverslips (in a 24 well plate) coated with 0.01mg/ml Poly-D-Lysine hydrobromide. After 4h, medium was replaced with Neurobasal
medium supplemented 0.5mM L-Glutamine, 20U/ml Penicillin-Streptomycin and 2% B-27 (NB-B27).

3250 standard 2-compartment devices with 450um microgroove barrier were placed on top of a 24mm coverslip
coated with 0.01mg/ml Poly-D-Lysine hydrobromide. Neurons were plated in the somal compartment (8x10” cells per microfluidic) and main-
tained in MEM-HS for 4h and then replaced by NB-B27. Fresh NB-B27 was added every 3 days. A volume difference between the somal (170-
180pL) and the axonal (120-130ul) compartments was maintained to create a hydrostatic pressure, thus fluidically isolating each
compartment.

For Microfluidic devices,

Labelling mtDNA replication sites using BrdU/EdU
Neurons were treated with 10uM BrdU or 10uM EdU for 4h. As a negative control, neurons were treated either with BrdU or EdU together with
100uM ddC, an inhibitor of mtDNA replication, or DMSO only (solvent control).

For the inhibition of protein translation, neurons were treated with 100pg/mL cycloheximide or 150pg/mL chloramphenicol according to
the referred time points.

Labelling nuclear-encoded protein synthesis with puromycin

Neurons were treated with 10uM puromycin for 10min. Nuclear-encoded protein translation was blocked with 100pg/mL cycloheximide for
the respective time-points, before adding of puromycin.

Labelling mitochondrial-encoded protein synthesis with HPG

Neurons were placed in a methionine-free medium (HBSS-HEPES) for 30 min and then incubated with 500uM HPG for another 30min. Mito-
chondrial-encoded protein translation was inhibited with 150pug/mL chloramphenicol and nuclear-encoded protein translation was inhibited
with 100pg/mL cycloheximide for 3h, prior to HPG.

Immunofluorescence assay
Neurons were washed in PBS™* (0.33mM MgCl,.6H,0, 0.9mM CaCl,.2H,0 and fixed in 4% paraformaldehyde (PFA) in PBS** for 20min at RT.
Neurons were permeabilized with 0.5% Triton X-100 in PBS** for 10min at RT and washed with PBS. Blocking was performed for 1h at RT with
blocking buffer (0.2% gelatine, 2% FBS, 2% BSA, 0.3% Triton X-100 in PBS) supplemented with 5% goat serum followed by primary antibody
incubation overnight at 4°C. Incubation with secondary antibodies conjugated with Alexa-Fluorophores and DAPI (1pg/mL) was performed
for 1h at RT. Coverslips were mounted on Vectashield.

For the BrdU protocol, after fixation, DNA was denatured with TM HCl for 30min at 37°C, washed 3x with 0,1M Boric Acid pH=8,5 for 5min
at RT.
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For the EdU and HPG protocols, washes were performed in 3%BSA in PBS. After blocking, EAU and HPG were stained using a click-chem-
istry reaction cocktail (100mM Tris-HCI pH 8.5, 5uM Alexa Fluor 488-Azide, TmM CuSO, and 100mM Ascorbic Acid) for 30min at RT.

For microfluidics, neurons were pre-fixed for 5min at 37°C with 5% CO,, by adding 4% PFA to each compartment (together with NB-B27).
Pre-fixation solution was removed, and 4% PFA was added to each compartment for 20min at RT. Each compartment was washed with PBS*/*.
Microfluidic chamber was carefully removed, and coverslip was washed with PBS**. Neurons were permeabilized with 0.5% Triton X-100 and
immunofluorescence protocol proceeded as mentioned above.

Images were acquired on a Zeiss LSM 880 or a Zeiss LSM 710 confocal microscope with 63x oil objective, numerical aperture (NA) 1.4.

Isolation of synaptic and non-synaptic mitochondria from mouse brain

Brains were isolated from 8 weeks old C57BL/6éJ female mice and homogenized with a rotating Teflon 30mL Potter-Elvehjem (15-20 strokes,
800rpm) in a cold isolation buffer (IB) containing 10mM HEPES, 225mM sucrose, 75mM D-Mannitol and 1TmM EGTA, pH 7.4, followed by
centrifugation at 600xg, 10min, 4°C. Supernatant (brain homogenate fraction) was collected and further centrifuged at 15000xg, 10min,
4°C. Pellet (crude mitochondrial fraction) was ressuspended in 15% Percoll and applied on a 40% and 24% Percoll cushion, forming an
ascending Percoll gradient (adapted from®"). Percoll gradient was centrifuged in a fixed rotor at 31,000xg, 9min, 4°C, with maximum accel-
eration and slow deceleration. Top white phase (mostly myelin) was removed and synaptosomes (in the interphase 15% - 24% Percoll) and
non-synaptic mitochondria (in the interphase 24% - 40% Percoll) were collected. Each fraction was ressuspended in cold IB with 4 times
the volume of each fraction and suffered sequential centrifugation at 20,000xg and 10,000xg for 10min, 4°C. In order to collect the synaptic
mitochondria, synaptosomes were disrupted with 0,6mg/mL of digitonin (diluted in IB) for 15min, 4°C, followed by two centrifugations at
10,000xg, 10min, 4°C.

Proteomics
The stable "N isotope labelling of mammals was accomplished essentially as previously described.”””* Briefly, FVB mice of both sexes were
purchased immediately after weaning. After a week-long acclimation, mice were placed on ad libitum "N diet (MF-SpirulinaN-IR; Cambridge
Isotopes). For the dynamic labelling experiments (single-generation), mice stayed on the 15N diet for 4 months and were sacrificed. Mice were
anesthetized with 3% isoflurane followed by acute decapitation. Brain tissues were harvested, flash frozen in a dry ice/ethanol bath, and stored
at —80°C.

For consequent MS studies, brain homogenates from naturally occurring N14 fresh brains from C57BL/6J female mice were mixed ina 1:1
ratio with brain homogenates coming from N15 labelled frozen brains. From the N14/N15 mixed brain homogenate, mitochondria were iso-
lated as described above.

MS sample preparation

Mitochondrial samples were homogenized in the lysis buffer (0.1 M Tris-HCI, pH 7.6, 20% SDS and 1 M DTT with 1X protease inhibitor cock-
1.>* The mixtures were incubated at 95°C for 5 min. The samples were then sonicated for 10 min and centrifuged at 16,100 x g for 10 min. The
supernatant was collected and the proteins were precipitated by the methanol/chloroform method. Protein pellets were resuspended in 8 M

tai

urea prepared in 100 mM ammonium bicarbonate solution and processed with ProteaseMAX according to the manufacturer’s protocol. The
samples were reduced with 5 mM Tris(2-carboxyethyl)phosphine (TCEP; vortexed for 1 hour at RT), alkylated in the dark with 10 mM iodoa-
cetamide (IAA; 20 min at RT), diluted with 100 mM ABC, and quenched with 25 mM TCEP. Samples were diluted with 100 mM ammonium
bicarbonate solution, and digested with Trypsin (1:50,) for overnight incubation at 37°C with intensive agitation. The next day, reaction
was quenched by adding 1% trifluoroacetic acid (TFA). The samples were desalted using Peptide Desalting Spin Columns. All samples
were vacuum centrifuged to dry.

Tandem mass spectrometry

Three micrograms of each sample were auto-sampler loaded with a Thermo EASY nLC 100 UPLC pump onto a vented Acclaim Pepmap 100,
75 um x 2 cm, nanoViper trap column coupled to a nanoViper analytical column (3 pm, 100 A, C18, 0.075 mm, 500 mm) with stainless steel
emitter tip assembled on the Nanospray Flex lon Source with a spray voltage of 2000 V. An Orbitrap Fusion was used to acquire all the
MS spectral data. Buffer A contained 94.785% H20O with 5% ACN and 0.125% FA, and buffer B contained 99.875% ACN with 0.125% FA.
The chromatographic run was for 4 hours in total with the following profile: 0-7% for 7, 10% for 6, 25% for 160, 33% for 40, 50% for 7, 95%
for 5 and again 95% for 15 mins receptively. Samples were injected and analyzed by three or six times.

We used CID-MS2 method for these experiments as previously described.* Briefly, ion transfer tube temp = 300°C, Easy-IC internal mass
calibration, default charge state = 2 and cycle time = 3 s. Detector type set to Orbitrap, with 60K resolution, with wide quad isolation, mass
range = normal, scan range = 300-1500 m/z, max injection time = 50 ms, AGC target = 200,000, microscans = 1, S-lens RF level = 60, without
source fragmentation, and datatype = positive and centroid. MIPS was set as on, included charge states = 2-6 (reject unassigned). Dynamic
exclusion enabled with n = 1 for 30 s and 45 s exclusion duration at 10 ppm for high and low. Precursor selection decision = most intense, top
20, isolation window = 1.6, scan range = auto normal, first mass = 110, collision energy 30%, CID, Detector type = ion trap, OT resolution =
30K, IT scan rate = rapid, max injection time = 75 ms, AGC target = 10,000, Q = 0.25, inject ions for all available parallelizable time.
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MS data analysis and quantification

Protein identification/quantification and analysis were performed with Integrated Proteomics Pipeline - IP2 (Bruker, Madison, WI. http://www.
integratedproteomics.com/) using ProLuCID,**>” DTASelect2,”®>? Census and Quantitative Analysis. Spectrum raw files were extracted into
MS1, MS2 files using RawConverter (http://fields.scripps.edu/downloads.php). The tandem mass spectra (raw files from the same sample
were searched together) were searched against UniProt mouse (downloaded on 03-25-2014) protein databases®” and matched to sequences
using the ProLuCID/SEQUEST algorithm (ProLuCID version 3.1) with 50 ppm peptide mass tolerance for precursor ions and 600 ppm for frag-
ment ions. The search space included all fully and half-tryptic peptide candidates within the mass tolerance window with no-miscleavage
constraint, assembled, and filtered with DTASelect2 through IP2. To estimate protein probabilities and false-discovery rates (FDR) accurately,
we used a target/decoy database containing the reversed sequences of all the proteins appended to the target database.*” Each protein
identified was required to have a minimum of one peptide of minimal length of six amino acid residues; however, this peptide had to be
an excellent match with an FDR < 1% and at least one excellent peptide match. After the peptide/spectrum matches were filtered, we esti-
mated that the protein FDRs were < 1% for each sample analysis. Resulting protein lists include subset proteins to allow for consideration of
all possible protein forms implicated by at least two given peptides identified from the complex protein mixtures. Then, we used Census and
Quantitative Analysis in IP2 for protein quantification. Static modification: 57.02146 C for carbamidomethylation. Quantification was per-
formed by the built-in module in IP2.

Transfection of mouse primary neurons

For the loss and gain of function assays, mouse primary neurons at DIV4-5 were transfected using the calcium phosphate method and incu-
bated with EJU and fixed at DIV7. Coverslips were transferred to a new plate containing NB-B27 supplemented with 2mM kynurenic acid (KA).
For each well, 1.5ug of total DNA was diluted in 17.5uL TE buffer (10 mM Tris, 1 mM EDTA, pH 7.3). CaCl, solution (2.5M in 10mM HEPES, pH
7.2) was added dropwise to the diluted DNA (final concentration = 250 mM CaCl2) and gently mixed. This mix was then added dropwise to an
equivalent volume of HEPES-buffered saline (274mM NaCl, 10mM KCl, 1.4mM NayHPOy, 11mM glucose, 42mM HEPES, pH 7.2), gently mixed
and incubated at RT for 30min. Transfection mix was added dropwise to neurons, followed by an incubation of 3h at 37°C with 5% CO,. Finally,
neurons were washed with acidified medium (NB (without B27) supplemented with 2mM kynurenic acid and ~5mM HCI) for 15min at 37°C
with 5% CO,. Coverslips were transferred to the original plates (with conditioned neuronal culture media) and maintained in the incubator
(37°C with 5% COy).

Transfection of N2a

N2a were transfected in 6 well plate, using Lipofectamine 2000 at a ratio of DNA/Lipofectamine of 1:2 (4ug of DNA:8uL of Lipofectamine per
well). Cells were transfected in serum-free DMEM-F12 for 4h. After transfection, the medium was replaced by fresh DMEM-F12 supplemented
with 10% FBS. N2a were lysed 48h after transfection.

Cell lysis and immunoblot

N2a cells were lysed with Lysis buffer (50mM Tris-HCI, pH7.4, 5mM EDTA, 150mM NaCl, 1% Triton X-100) supplemented with Protease inhib-
itors for 1h at 4°C. After lysis, cells were centrifuged at 300 xg for 10min at 4°C, supernatant was collected, and protein concentration was
quantified using Pierce™ BCA Protein Assay Kit.

Forimmunoblot analysis, equal amount of protein extracts (5-20 pg/well) were separated by SDS-PAGE (Invitrogen) in MOPS-SDS running
buffer and transferred onto 0.2um nitrocellulose membranes for 1h at 30V. Membranes were blocked with 5% milk in TBS-T (20mM Tris-HCI
pH7.5, 150mM NaCl, 0.5% Tween-20) for 1h. Primary antibody incubations were performed overnight at 4°C. Washes were performed for 5min
at RT in TBS-T. Incubation with Horseradish peroxidase (HRP) conjugated secondary antibodies was performed for 2h at RT. Detection was
done using the chemiluminescent ECL-Plus detection kit (Amersham) on a digital Amersham Imager 680 or 800 (GE Healthcare). See also
Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis and quantification
Microscopic images were analysed using Fiji (ImageJ). After maximum intensity projection, a region of interest (ROI) of the neuron to analyse
was defined manually. We set a threshold for BrdU/EdU and a threshold for mitochondria (Citrate Synthase or HSP40) and converted the im-
ages into binary. For each N, the exact same threshold was applied for BrdU/EdU channel among the different conditions. Mitochondrial
threshold was set automatically using Otsu. BrdU/EdU co-localizing with mitochondria was obtained by multiplying BrdU/EdU by mitochon-
dria. We determined the total area of BrdU/EdU; the total area of mitochondria and the area of BrdU/EdU co-localizing with mitochondria. For
each neuron, the mitochondrial replication rate was then obtained by normalizing the area of BrdU/EdU co-localizing with mitochondria by
the area of mitochondria.

In transfected neurons, ROl of the neuron to analyse was defined automatically based on the signal from the tagged shRNA. For compart-
mentalized analysis (somal vs. periphery), we defined a ROI for the somal part and the data outside that somal ROl was considered as periph-
ery. Total quantification resulted from the sum of the somal and periphery quantifications.
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Statistical analysis

Data distribution was assessed using a boxplot where a visual indication of data set's 25th percentile, 75th percentile, median (or 50t percen-
tile) and individual values are spread out and compared to each other. For all the quantitative analysis, at least 3 independent experiments
based on 3 different primary neuron cultures were performed. The statistical analysis was implemented using Prism 9.0.0 software (GraphPad).
An appropriate statistical test was chosen based on the dataset. The detailed information is provided in each figure legend.
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