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SUMMARY
Neurons depend on autophagy to maintain cellular homeostasis, and defects in autophagy are pathological
hallmarks of neurodegenerative disease. To probe the role of basal autophagy in themaintenance of neuronal
health, we isolated autophagic vesicles from mouse brain tissue and used proteomics to identify the major
cargos engulfed within autophagosomes, validating our findings in rodent primary and human iPSC-derived
neurons. Mitochondrial proteins were identified as a major cargo in the absence of mitophagy adaptors such
as OPTN. We found that nucleoid-associated proteins are enriched compared with other mitochondrial com-
ponents. In the axon, autophagic engulfment of nucleoid-enriched mitochondrial fragments requires the
mitochondrial fission machinery Drp1. We proposed that localized Drp1-dependent fission of nucleoid-en-
riched fragments in proximity to the sites of autophagosome biogenesis enhances their capture. The result-
ing efficient autophagic turnover of nucleoids may prevent accumulation of mitochondrial DNA in the neuron,
thus mitigating activation of proinflammatory pathways that contribute to neurodegeneration.
INTRODUCTION

Autophagy isahighlyconservedcellulardegradationand recycling

process that initiates with the formation of a double membrane at

the omegasome complex, associated with the endoplasmic retic-

ulum (ER) inmammalian cells. The resulting phagophoreelongates

through a series of conjugation events that include the insertion of

lipidated Atg8-family proteins into the growing membrane of the

nascent autophagosome. Cargos destined to be degraded by

autophagy are captured by the forming autophagosome either

through stochastic bulk engulfment of proteins and small organ-

elles in the vicinity or more selectively via autophagy receptors

that deliver specific, often ubiquitylated, cargo to Atg8-family

proteins.

A number of studies have begun to define autophagy cargo

across model systems. These experiments have used various

isolation techniques including differential centrifugation (Dengjel

et al., 2012; Mancias et al., 2014; Øverbye et al., 2007), selective

pull-downs of Atg8-family proteins (Behrends et al., 2010; Gao

etal., 2010;Schmitt et al., 2021), orproximity labeling (LeGuerroué

et al., 2017; Zellner et al., 2021). Still to be determined are the car-

gos degraded by autophagy in neurons under basal conditions.

Neurons are postmitotic and long-lived cells and thus are uniquely

dependent on the efficient clearance of damaged proteins and

dysfunctionalorganellesviaautophagy.Neuron-specificknockout
of essential components of the autophagy machinery is sufficient

to induce rapid neurodegeneration in mice (Hara et al., 2006;

Komatsu et al., 2006). Furthermore,mutations impacting the auto-

phagy pathway contribute to inherited neurodegenerative dis-

eases including ALS/FTD and Parkinson’s disease (van Beek

et al., 2018), and evidence of impaired autophagy is found in post-

mortem brain samples from patients with Alzheimer’s, Hunting-

ton’s, and Parkinson’s disease (Anglade et al., 1997; Nixon et al.,

2005; Tellez-Nagel et al., 1974). The unique dependence of neu-

rons on autophagy to maintain cellular homeostasis is reflected

in the spatially specific regulation of the pathway; autophago-

somes (APs) form constitutively by synaptic sites in the distal

axon, fuse with lysosomes, and are trafficked toward the soma

as cargo degradation proceeds (Hill and Colón-Ramos, 2020).

Here, we utilize proteomics to define the proteins captured by

basal autophagy in mouse brain. We validate our key findings in

primary rodent neurons and human iPSC-derived neurons. We

find that both synaptic proteins and mitochondrial fragments

are basal cargo in brain- and neuron-derived APs, and we

demonstrate a Drp1-dependent mechanism for efficient capture

of nucleoid-enriched mitochondrial fragments by locally forming

axonal APs. The clearance of nucleoids may be part of an essen-

tial homeostatic pathway that balances local energy demands

with the mitigation of neuroinflammatory risk posed by accumu-

lation of mitochondrial DNA (mtDNA).
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RESULTS AND DISCUSSION

Prior studies have reported the proteins that accumulate

following knockout of essential autophagy genes in neurons

and other cell types (An et al., 2019, 2020; Kuijpers et al.,

2021; Mathew et al., 2014; Zhang et al., 2016). Here, we sought

to identify cargos degraded by autophagy in a minimally per-

turbed system. We used differential centrifugation on discontin-

uous Nycodenz and Percoll gradients to enrich for autophagic

vesicles (AVs) (Figure 1A) (Maday et al., 2012; Strømhaug

et al., 1998), which include both newly formed APs and APs

that have fused with lysosomes to form autophagolysomes

(APLs). This enrichment protocol avoids selection based on a

single marker, thus including mature AVs in which Atg8 family

proteins have been externally cleaved by Atg4. Following AV

enrichment, we include a Proteinase K digestion step to distin-

guish between autophagosome cargo destined for degradation

and externally associated proteins such as themotors and adap-

tors that transport AVs retrogradely along the axon (Boecker

et al., 2021; Boecker et al., 2021; Cason et al., 2021).

Immunoblots demonstrated that our protocol enriches for AVs

marked by lipidated LC3 (LC3-II) (Figures 1B and S1A). Consis-

tent with this enrichment, 70% of vesicles isolated from a

GFP-LC3B-expressing transgenic mouse colocalized with GFP

(Figure 1C). This represents the lower limit of AV enrichment

achieved by fractionation, as not all AVs are expected to incor-

porate the GFP-LC3Bmarker. The AV fraction excludes markers

of other organelles, including the nucleus, Golgi, ER, and early

endosomes (Figures S1B–S1G). Rab7 and Rab11, which mark

both late endosomes and AVs, were present in the AV fraction

but were degraded by Proteinase K, indicating an association

with the external AV membrane (Figures S1C and S1F) (Kuchitsu

et al., 2018; Szatmári et al., 2014). Similarly, markers of lyso-

somes/late endosomes and multivesicular bodies were also

degraded by Proteinase K, consistent with evidence that newly

formed APs fuse rapidly with lysosomes (Figures S1D, S1G,

and S1H) (Maday et al., 2012). Although lysosomal markers

were present on the surface of the AVs, most AVs were not acid-

ified, as�1% of GFP-LC3 AVs enriched from brain were positive

for the acidic organelle dye LysoTracker, with an equivalent

number identified LysoTracker+;GFP-LC3- (Figure S1I). We

examined AV morphology by electron microscopy (EM) and

found that >85% of vesicles were clearly delimited by a double

membrane, the defining feature of an AP, and �3% of vesicles

were electron dense, suggestive of APLs (Figures S1J and

S1K). Combined, these findings indicate 80%–90% of isolated

vesicles are bona fide APs, of which 2%–3% are acidified APLs.

Proteomics identify cargos of basal autophagy in
the brain
We performed tandem mass tag liquid chromatography mass

spectrometry (MS) on the AV and AV + Proteinase K fractions

from 7- to 8-month-old mouse brains (Table S1: Proteomic

profiling of APs frommouse brain). The ratio of AV+PK/AV, which

we call the cargo score, gives an indication of the likelihood that

the identified protein is an autophagic cargo destined for degra-

dation. A ranked cargo score plot of brain-derived AVs from five

biological replicates displays 4,190 unique proteins (ranked hor-
2 Neuron 110, 1–10, March 16, 2022
izontally) with a median cargo score of 0.331 (Figure S2A). We

found significant enrichment of two major cargo types: synaptic

proteins and mitochondrial proteins. The engulfment and clear-

ance of synaptic and mitochondrial markers by APs in neurons

has been previously noted (Hoffmann et al., 2019; Maday

et al., 2012), but here, we found that under basal conditions,

these cargos are major substrates for autophagy in adult

mammalian brain.

Previous studies have identified the autophagic degradation of

proteasome components in fibroblasts and cancer cell lines

(Dengjel et al., 2012; Schmitt et al., 2021; Zhang et al., 2016);

yet, we did not observe an enrichment of proteasome proteins

inbrain-derivedAVs,suggestingcell-typespecificity (FigureS2B).

A significant accumulation of ER proteins was found in Atg5-defi-

cient neurons (Kuijpers et al., 2021). Although we found calnexin

and not calreticulin in our AV fraction consistent with Atg5-defi-

cient neurons (FigureS1B), geneontology analysis did not identify

the ER as one of the top terms (Figures S2C andS2D; (Hung et al.,

2017; Moltedo et al., 2019). This may reflect differences between

the analysis of basal cargos from adult brain performed here and

the analysis of long-term cargo accumulation throughout neuron

development, as autophagy plays a role in remodeling the ER

early in neuronal differentiation (Ordureau et al., 2021).

To further validate our proteomics dataset, we examined the

autophagic engulfment of synaptic proteins, which comprised

16.6%of all proteins identified from the AV-enriched fraction iso-

lated from mouse brain (Figure 1D). We found a significant

enrichment of synaptic proteins (p = 2.93�45) by gene ontology

analysis (Figure 1E) and confirmed that synapsin I, VAMP2,

and synaptophysin were present in brain-derived AVs by immu-

noblotting (Figures 1F[i], S3A, and S3B). Both pre- and post-syn-

aptic proteins were identified (Figures 1E and S3C-S3F), which

may reflect engulfment of synaptic proteins in neurons and/or

glia within the brain; assessing the relative contributions of

neuronal and glial autophagy to synaptic protein turnover will

require further investigation Figure S3.

To test whether synapsin is a cargo for autophagy within neu-

rons, we performed a parallel AV enrichment from human iPSC-

derived glutamatergic neurons (i3Neurons; Fernandopulle et al.,

2018). Immunoblots indicated that synapsin I is present in both

the AV and Proteinase K-protected fractions (Figure 1F[ii]). To

verify that synapsin I is present within LC3-positive AVs, we

generated an AV fraction from the brains of GFP-LC3 transgenic

mice and performed a GFP pulldown to select for LC3-positive

AVs only. Immunoblotting of the pulldown fraction showed that

synapsin I is an autophagic cargo (Figure 1G).We also performed

live imaging in rat primary hippocampal neurons coexpressing

GFP-LC3 and mCherry-Synapsin; �60% of retrogradely traf-

ficking axonal AVs marked by LC3 were positive for synapsin

(Figures 1H and S3G). These data are consistent with previous

findings on the autophagic turnover of synaptic proteins (Com-

pans et al., 2021; Hoffmann-Conaway et al., 2020; Hoffmann

et al., 2019; Nikoletopoulou et al., 2017; Shehata et al., 2012)

and further validate our AV enrichment protocol. Although these

studies demonstrate a role for basal autophagy in synapticmain-

tenance, future work is required to determinewhether autophagy

preferentially turns over ‘‘old’’ synaptic vesicle proteins as pre-

dicted (Truckenbrodt et al., 2018).



Figure 1. Proteomic profiling of isolated AVs identifies synaptic proteins as an abundant autophagic cargo
(A) Schematic of differential centrifugation protocol to enrich for AVs and AV cargo based on size and density.

(B) Representative immunoblot for LC3 and quantification of the levels of lipidated LC3 (LC3-II) normalized to total protein (n = 11) and the ratio of LC3-II to LC3-I

(n = 6) in AV fractions (mean ± SEM, ANOVA with �Sı́dák’s, p values: * < 0.05).

(C) AVs from GFP-LC3 transgenic mouse brain were stained with CellMask Deep Red (CMDR) and imaged by spinning disk microscopy (n = 5); percent of GFP-

LC3+, CMDR+ puncta was quantified by automated colocalization analysis. Scale bar = 2 mm.

(D) Total fraction (donut plot inset) and ranked cargo score plot of proteomics data, highlighting proteins included in the synapse gene ontology term in maroon.

Median cargo score is depicted as dashed lines. Of the proteins that had cargo scores greater than the median value (2,098), 339 (16%) were synapse related.

(E) Graph of p values of the top gene ontology terms from the SynGO database.

(F) Representative immunoblot and quantification of synapsin I levels from (i) brain-derived (n = 6) and (ii) i3Neuron-derived AVs (n = 10) (mean ± SEM, ANOVAwith
�Sı́dák’s, p values: * < 0.05, ** < 0.01).

(G) Representative immunoblot and quantification, normalized to the total protein levels, from GFP-LC3 mouse brain-derived AVs subsequently immunopre-

cipitated for GFP or Protein A as a negative control (n = 3, ANOVAwith �Sı́dák’s for TFAMand LC3-II, Kruskal-Wallis with Dunn for GFP, p values: * < 0.05, ** < 0.01).

Pulldown (IP) and flow-through (FT) fractions are shown.

(H) Representative kymograph and quantification of trafficking GFP-LC3 puncta that comigrate with mCherry-Synapsin in the mid-axon of primary hippocampal

neurons (yellow=Synapsin+,LC3+ traffickingautophagicvesicle; green=LC3+autophagicvesicle;maroon=Synapsin+ traffickingvesicle;Scale=5mm/1min.Bar:

mean ± SEM, n = 5).
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Mitochondrial fragments are engulfed by basal
autophagy in neurons
Gene ontology analysis found a significant enrichment for mito-

chondrial proteins (p = 9.5�55) as 20% of all identified proteins

from our MS analysis are annotated as mitochondrial proteins

(Figures 2A and 2B). Immunoblotting confirmed the copurifica-

tion of mitochondrial proteins, including SOD1, cytochrome-c,

and MIRO2 in AVs isolated from mouse brain (Figures S4A,

S4B, and S4Ci–xi). Other mitochondrial proteins such as succi-

nate dehydrogenase A (SDHA) were less abundant in the AV

fraction, suggesting differential autophagic turnover of mito-

chondrial proteins in mouse brain, comparable with observa-

tions from Drosophila (Vincow et al., 2019).

EM analysis confirmed the engulfment of mitochondrial frag-

ments by AVs, as 50% of double membrane vesicles contained

cargos with morphologically identifiable mitochondrial-like

structure (Figures 2C–2E). Themedian diameter of mitochondrial

fragments engulfed within AVs is 0.59 mm (95% CI = 0.58–0.61),

much larger than mitochondrial-derived vesicles (Sugiura et al.,

2014). MitoTracker staining of brain-derived GFP-LC3-positive

AVs similarly demonstrated �50% colocalization (Figure 2F)

and suggests that mitochondrial fragments within AVs maintain

their membrane potential.

Importantly, our data suggest that the mitochondrial frag-

ments are not targeted to APs by PINK1/Parkin-dependent mi-

tophagy. We found no enrichment of either PINK1 or Parkin,

nor the selective autophagy receptors optineurin (OPTN), p62/

SQSTM1, NDP52, BNIP3L (Nix), or TAX1BP1, by either MS or

immunoblotting (Figures 2G–2I, S4Cx–xiv). In contrast, we did

note a higher cargo score for themitophagy and innate-immunity

linked protein TBK1 (Figure 2G), recently suggested to associate

with mitochondria under homeostatic conditions (Harding et al.,

2021). These findings are consistent with PINK1/Parkin-inde-

pendent autophagic clearance of mitochondria in the absence

of induced mitochondrial damage (Le Guerroué et al., 2017;

McWilliams et al., 2018; Ordureau et al., 2021).

Mitochondrial nucleoids are enriched in neuronal AVs
To further define which mitochondrial proteins are more likely to

be autophagy cargo, we annotated the mitochondrial proteins

identified by proteomics based on suborganellar location/func-

tion. We found that proteins associated with mitochondrial DNA

(mtDNA) had significantly higher cargo scores compared with

all mitochondrial proteins or with proteins within the mitochon-

drial matrix or electron transport chain (Figures 3A, 3B, and S5A).

Mitochondrial transcription factor A (mtTFA/TFAM) is an acti-

vator of mitochondrial transcription and a commonly used

marker for mitochondrial nucleoids. TFAM is �4-fold enriched

in AVs compared with brain lysate and 2.5-fold enriched over

mitochondrial fractionation from brain by immunoblot (Fig-

ure 3C). To confirm that TFAM is engulfed within AVs, we per-

formed a GFP pulldown on AVs derived from GFP-LC3 trans-

genic mouse brains. We found a 5-fold enrichment of TFAM in

the GFP pulldown compared with input, indicating that TFAM

is present and enriched within LC3-positive AVs (Figure 3D).

To test whether the enrichment of TFAM in AVs occurs in neu-

rons, we immunoblotted AVs isolated from either i3Neurons or

primary mouse cortical neurons and found that TFAM was pre-
4 Neuron 110, 1–10, March 16, 2022
sent in both (Figures 3E and 3F). In contrast, AVs from prediffer-

entiated iPSCs did not have similar levels of TFAM, suggesting

that the enrichment of nucleoids within AVs is neuron (and poten-

tially glia) specific (Figure S5B). Consistent with this possibility,

meta-analysis showed that nucleoid proteins are not enriched

as autophagy cargo in other cell types compared with our find-

ings in brain and neurons (Table S2: Meta-analysis of mtDNA

associated proteins identified through autophagosome prote-

omics, related toFigure 3).Onepotential explanation is the higher

copy number of mtDNA in the brain compared with other tissues

(Zhang et al., 2020), resulting in increased basal turnover. A

congruent hypothesis is that postmitotic neurons remove extra-

neous mitochondria via autophagy unlike actively dividing cells.

We found that approximately 50% of all vesicles from the AV

fraction were positive for nucleic acids by SYBR staining (Fig-

ure 3G). To confirm that the vesicles detected were bona fide

AVs, we immunoprecipitated AVs with an anti-LC3 antibody

attached to a coverslip, validated the pulldown efficacy (Fig-

ure S5C), and stained for nucleic acid with SYBR (Figure S5D),

finding consistently that �50% of the AVs contain nucleic acids.

To determine whether this represented mtDNA, we performed

qPCR with primers specific for mouse mtDNA (ND2, ND5, and

COXII) or nuclear DNA (LINE1) on brain-derived AVs compared

with brain lysate. We found that mtDNA was 150-fold enriched

over nuclear DNA in AVs (Figure 3H). Thus, we demonstrate

that basal neuronal autophagy engulfs mitochondrial fragments

containing nucleoids, with no evidence that canonical mitophagy

proteins or receptors are involved.

Nucleoid-enriched mitochondrial fragment engulfment
by axonal autophagy requires Drp1-dependent
mitochondrial fission
Tovalidate thepresenceofnucleoidswithinAVs in liveneurons,we

expressed tagged TFAM and LC3 in primary rat hippocampal

neurons for live imaging of AVs traveling retrogradely in the axon.

GFP-LC3 and mCherry-LC3 colocalize in the distal and mid

axon, therefore we use these markers interchangeably to identify

AVs (Figure S6A). 10%–20% of AVs identified by tagged LC3

werepositive for eithermito-dsRedorCox8a, respectively, consis-

tentwithprevious reports (Madayet al., 2012;WongandHolzbaur,

2014). In contrast, 40% of trafficking AVs were positive for TFAM

(Figures 4A–4C, and S6B). Thus, autophagic engulfment of

nucleoid-enriched mitochondrial fragments occurs under basal

conditions in the axon.

EM suggested that the contents of APs can be heterogenous

(Figure 2C), so we investigated whether two validated AV cargos

from neurons, TFAM and synapsin, are individually engulfed by

APs or capable of cocapture, suggestive of bulk engulfment.

Consistent with nonselective uptake, we found that about half

of synapsin-positive trafficking AVs were also positive for

TFAM (Figures 4D–4F).

Mitochondrial dynamics via fission and fusion are essential for

their function. Drp1-dependent fission has been shown to occur

at the mitochondria–ER contact sites, which also define the sites

of mtDNA replication (Friedman et al., 2011; Lewis et al., 2016).

We investigated whether mitochondrial fission machinery was

required for basal autophagic capture of nucleoid-enriched

mitochondrial fragments. Overexpression of dominant negative



Figure 2. Basal brain-derived autophagic

vesicles are enriched formitochondrial frag-

ments, not autophagy adaptors or mitoph-

agy proteins

(A) Total fraction (donut plot inset) and ranked

cargo score plot of proteomics data highlighting

mitochondrial proteins in green. Median cargo

score is depicted as dashed lines. Of the proteins

that had cargo scores greater than the median

value (2,098), 385 (18%) were mitochondrial.

(B) Graph of p values of the top gene ontology

terms for cellular component from the Enrichr

database.

(C) Representative electron micrographs. Indi-

cated are the double membrane (arrow), AVs with

mitochondria-like cargo (red boxes; i–ii, iv–viii),

AVs with synaptic vesicle-like cargo (dashed

boxes; iii, viii), and AVs with heterogeneous cargo

(i–iii, vii–viii). Scale bars: (i) = 200 nm; (ii)-(iv) = 500

nm; (v)-(viii) = 1 mm.

(D) Quantification of types of AV cargo from EM (n =

3, total events = 1,409).

(E) Quantification of diameter of AVs and mito-

chondrial cargo by EM (n = 3, total events R

1,262).

(F) AVs enriched from GFP-LC3 transgenic mouse

brain homogenate were stained using MitoTracker

Deep Red and imaged by spinning disk micro-

scopy (n = 4); (i–iii) representative image, percent

of GFP-LC3+, MitoTracker+ puncta was quantified

over and (iv) all events counted and (v) biological

replicates. Scale bar = 5 mm.

(G) Ranked cargo score plot, highlighting auto-

phagy adaptors and assoicated proteins in red.

(H and I) Select representative images and quan-

tification of immunoblotting, normalized to total

protein levels, for autophagy receptors and mi-

tophagy-related proteins in brain-derived AVs (nR

3). See Figure S4 (x–xiv) for additional represen-

tative immunoblots.
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Figure 3. Nucleoid-enrichedmitochondrial fragments containing TFAM andmtDNA are cargo in brain-derived and neuron-derived autopha-

gic vesicles

(A) Ranked cargo score plot, highlighting well-characterized mitochondrial nucleoid proteins (red) and nucleoid-associated proteins (pink) (He et al., 2012).

(B) Plot of median cargo scores across different subgroups of mitochondrial proteins (mean ± SEM, n = 5, ANOVA with Dunnett’s, p value: * < 0.05). See Fig-

ure S5A for violin plot of individual protein values.

(C) Representative immunoblot and quantification of levels of TFAM, normalized to total protein, from brain-derived input, crude mitochondrial preparations, and

AV fractions (n R 5; ANOVA with �Sı́dák’s, p values: * < 0.05, *** < 0.001, **** < 0.0001).

(D) Representative immunoblot and quantification, normalized to total protein levels, from GFP-LC3mouse brain-derived AVs subsequently immunoprecipitated

with anti-GFP antibody, Protein Awas the negative control (n = 3, ANOVAwith �Sı́dák’s for TFAMand LC3-II, Kruskal-Wallis with Dunn for GFP, p values: * < 0.05, **

< 0.01). Pulldown (IP) and flow-through (FT) fractions are shown.

(E and F) Representative immunoblot and quantification of levels of TFAM, normalized to total protein levels, from AV fractions from (E) i3Neurons (n = 8) and (F)

primary cortical neurons (n = 4), (ANOVA with �Sı́dák’s, p values: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).

(G) Representative confocal microscopy images and quantification of AVs enriched from brain homogenate stained for membrane (CMDR) or nucleic acids

(SYBR gold) (n = 3). Scale bar = 2 mm.

(H) qPCR for nuclear DNA (LINE sequences L1MdTf1 and L1MdTf2) and mitochondrial DNA (ND2, ND5, and COXII) was performed on DNA extracted from brain-

derived AVs. The relative fold change (2DDCT) is plotted (mean ± SEM, n = 4, ANOVA with Dunnett’s).
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Drp1 (GFP-Drp1K38A) abrogated the levels of TFAM within AVs

(Figures 4G–4I). Drp1 is necessary but not sufficient for AV

engulfment of nucleoid-enriched mitochondrial fragments, as

overexpression of wildtype Drp1 did not lead to increased levels

of TFAM in trafficking AVs (Figure 4H). Fission factors that distin-

guish the fate of the mitochondrial fragments have recently been

described in Cos7 cells (Kleele et al., 2021): products of ER-

associated, Mff-dependent fission commonly contain mtDNA

and contribute to mitochondrial biogenesis, whereas products

of lysosome-associated, Fis1-dependent fission commonly

contain markers of mitochondrial damage and are degraded
6 Neuron 110, 1–10, March 16, 2022
via mitophagy. Immunoblotting analysis indicates that Mff—but

not Drp1, Fis1, or mitochondrial fusion proteins—is present in

our AV fractions (Figures 4J, S6C, and S6D), suggesting that

axonal APs engulf nucleoid-containing mitochondrial fragments

generated through normal, rather than damage-associated,

fission processes.

What is driving nucleoid-enriched mitochondrial fragments to

APs in the absence of autophagy receptors?We postulate that in

neurons, Drp1- and Mff-dependent mitochondrial fission occurs

at mitochondria–ER contact sites, which ensures that nucleoid-

enriched mitochondrial fragments are generated in close



Figure 4. Drp1 is required for nucleoid-enriched mitochondrial fragment engulfment by autophagosomes in neurons

(A–C) (A) Representative kymographs and (B and C) quantification from primary hippocampal neurons expressing markers of mitochondria (mito-dsRed and

Cox8a-BFP) or Snap-TFAM and fluorescently tagged LC3 (as indicated) as a marker for AVs. (Ai: yellow = mito-dsRed+, LC3+ trafficking AV; green = LC3+ AV;

red = mito-dsRed+ vesicle; Aii: yellow = TFAM+, LC3+ trafficking AV; green = TFAM+ vesicle; red = LC3+ AV; Scale = 5 mm/1 min) (Bar: mean ± SEM, n R 4,

ANOVA with �Sı́dák’s, p values: * < 0.05, ** < 0.01).

(D–F) (D) Representative kymograph and (E and F) quantification from primary hippocampal neurons expressing GFP-LC3 to identify AVs, Snap-TFAM and

mCherry-Synapsin to identify cotrafficking of AV cargo. (D: yellow = TFAM+, synapsin+, LC3+ trafficking AV; red= synapsin+, LC3+ trafficking AV; cyan = TFAM+

vesicle; Scale = 5 mm/1 min) (Bar: mean ± SEM, n = 4 ANOVA with �Sı́dák’s).

(G–I) (G) Representative kymograph and (H and I) quantification from primary hippocampal neurons expressing GFP-tagged wild-type Drp1 or dominant negative

Drp1K38A with Snap-TFAM, Cox8a-BFP, and mCherry-LC3. (G: yellow = TFAM+, LC3+ trafficking AV; red = LC3+ AV; cyan = Cox8a+, TFAM+ vesicle; blue =

Cox8a+ vesicle; Scale = 5 mm/1 min) (Bar: mean ± SEM, n = 3, ANOVA with �Sı́dák’s, p values: ns = not significant, *** < 0.001).

(J) Representative immunoblot and quantification of levels of mitochondrial fission machinery, normalized to total protein, from brain-derived AVs (Bar: mean ±

SEM, n R 3, ANOVA with �Sı́dák’s, p value: ** < 0.01). Additional representative immunoblot in Figure S6C.

(K) Model of engulfment of nucleoid-enriched mitochondrial fragments by forming APs in neurons.
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proximity to phagophore formation from the ER-associated

omegasomes. Thus, newly forming APs are optimally localized

to sweep up nucleoid-enrichedmitochondrial fragments through

bulk engulfment without necessitating adaptor proteins (Fig-

ure 4K). Whether this pathway contributes to maintaining mito-

chondrial genome integrity, as recently ascribed to PINK1/Parkin

mitophagy (Ahier et al., 2021), remains to be determined. This

model predicts that disruption of basal autophagy, either by ag-

ing (Stavoe et al., 2019) or neurodegenerative diseasemutations,

would result in mtDNA accumulation that may sensitize neurons
to proinflammatory signaling (Borsche et al., 2020). As mutant

TDP-43 and Huntingtin were recently demonstrated to induce

release of mtDNA and mtRNA, respectively, resulting in inflam-

mation (Lee et al., 2020; Yu et al., 2020), further deficits in auto-

phagy with age could exacerbate pathogenic inflammation in

neurodegenerative disease by increasing mtDNA levels.

We speculate that basal autophagy maintains homeostatic

balance in the neuron, in great part due to the nonselective na-

ture of turnover. Since both mitochondria and synapse proteins

were identified as key cargo, basal autophagy may balance
Neuron 110, 1–10, March 16, 2022 7
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energy production with the demands of synaptic transmission.

Our evidence strongly suggests autophagic engulfment of

nucleoid-enriched mitochondrial fragments is a distinct pathway

from the targeted removal of damaged mitochondria; therefore,

a balance between the two processes could maintain a healthy

mitochondrial population locally and temporally. Finally, basal

autophagy may balance the high energy requirements of neu-

rons with the increased inflammation risk caused by accumula-

tion of mtDNA.
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LC3 Rabbit polyclonal antibody Novus Biologicals NB100-2220; RRID:AB_10003146

Synapsin I (for detection of mouse) Rabbit polyclonal antibody EMD Millipore Ab1543P; RRID:AB_90757

Synapsin I (for detection of human) Mouse monoclonal antibody Synaptic Systems 106-011; RRID:AB_2619772
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P62/SQSTM1 Guinea Pig polyclonal antibody American Research Products 03-GP62-C; RRID:AB_1542690

NDP52 Rabbit polyclonal antibody Abcam Ab68588; RRID:AB_1640255

NBR1 Mouse monoclonal antibody Santa Cruz Sc-130380; RRID:AB_2149402

VCP Rabbit polyclonal antibody Cell Signaling Techonology 2648S; RRID:AB_2214632

Tax1bp1 Mouse monoclonal antibody Santa Cruz Sc-393143

OPTN Rabbit polyclonal antibody Abcam Ab23666; RRID:AB_447598

BNIP3 Mouse monoclonal antibody Santa Cruz Sc-56167; RRID:AB_2066767

PINK1 Mouse monoclonal antibody Abcam Ab75487; RRID:AB_1310581

Parkin Rabbit polyclonal antibody Abcam Ab15954; RRID:AB_443270

Nix Mouse monoclonal antibody Santa Cruz Sc-166332; RRID:AB_2066782

mtTFA (TFAM) (for detection in mouse) Rabbit monoclonal

antibody

Abcam Ab252432

TFAM (for detection in human) Rabbit polyclonal antibody Abcam Ab47517; RRID:AB_945799

GFP Chicken monoclonal antibody Living color 632381; RRID:AB_2313808

Vamp2 Rabbit monoclonal antibody Cell Signaling Technology 13508; RRID:AB_2798240

Synaptophysin Mouse monoclonal antibody Enzo Life Sciences VAM-8V011

Drp1 Mouse monoclonal antibody Abcam Ab56788; RRID:AB_941306

Fis1 Mouse monoclonal antibody Santa Cruz sc-376447; RRID:AB_11149382

Mff Mouse monoclonal antibody Santa Cruz Sc-398617; RRID:AB_2744543

Opa Mouse monoclonal antibody Santa Cruz Sc-393296

Mfn2 Mouse monoclonal antibody Santa Cruz Sc-515647; RRID:AB_2811176

GFAP Mouse monoclonal antibody Cell Signaling Technology 3670S; RRID:AB_561049

Lamp1 Rat antibody RDI MCD107A-D4B

(Continued on next page)
Neuron 110, 1–10.e1–e8, March 16, 2022 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CD63 Rabbit monoclonal antibody Abcam Ab217345; RRID:AB_2754982

CHMP4b Rabbit polyclonal antibody Proteintech 13683-1-AP; RRID:AB_2877971

HGS Rabbit polyclonal antibody Abcam Ab155539

STAM Mouse monoclonal antibody Santa Cruz Sc-133093; RRID:AB_2197486

Anti-Rabbit IgG-IRDye 800CW, Donkey Polyclonal Licor Cat# 926-32213; RRID: AB_621848

Anti-Rabbit IgG-IRDye 680RD, Donkey Polyclonal Licor Cat# 926-68073; RRID: AB_10954442

Anti-Mouse IgG-IRDye 800CW, Donkey Polyclonal Licor Cat# 926-32212; RRID: AB_621847

Anti-Mouse IgG-IRDye 680RD, Donkey Polyclonal Licor 926-68072; RRID:AB_10953628

Anti-Guinea Pig IgG-IRDye 680RD, Donkey Polyclonal Licor 926-68077; RRID:AB_10956079

Anti-Chicken IgG-IRDye 680RD, Donkey Polyclonal Licor 926-68075; RRID:AB_10974977

Anti-Sheep IgG AlexaFluor 680, Donkey Polyclonal Invitrogen A-21102; RRID:AB_2535755

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 Thermo Fisher Cat# 11668019

SNAP-Cell 647-SiR New England Biosciences Cat# S9102S

PLL (mol wt 70,000 – 150,000) Sigma-Aldrich Cat# P1274

2.5% Trypsin Thermo Fisher Cat# 15090-046

Minimum essential medium (MEM) Thermo Fisher Cat# 11095-072

Horse serum (heat inactivated) Thermo Fisher Cat# 16050-122

Sodium Pyruvate Corning Cat# 36017004

D-Glucose solution 45% Sigma-Aldrich Cat# G8769

GlutaMAX Thermo Fisher Cat# 35050061

B27 Supplement Thermo Fisher Cat# 17504-044

Neurobasal medium Thermo Fisher Cat# 21103-049

Penicillin-Streptomycin Thermo Fisher Cat# 15140-122

AraC Sigma-Aldrich Cat# C6645

Matrigel Growth Factor Reduced Corning Cat# 354230

Essential 8 Medium Thermo Fisher Cat# A1517001

ReLeSR StemCell Technologies, Inc. Cat# 05872

Accutase StemCell Technologies, Inc. Cat# 07920

ROCK Inhibitor Y-27632 Selleckchem Cat# S1049

DMEM/F12, HEPES Thermo Fisher Cat# 11330032

N2 Supplement Thermo Fisher Cat# 17502048

Nonessential Amino Acids Thermo Fisher Cat# 11140050

Doxycycline Sigma-Aldrich Cat# D9891

Poly-L-ornithine Sigma-Aldrich Cat# P3655

BrainPhys Neuronal medium StemCell Technologies, Inc. Cat# 05790

Laminin Corning Cat# 354232

BDNF PeproTech Cat# 450-02

NT-3 PeproTech Cat# 450-03

OptiMEM Gibco 2192535

Hibernate A BrainBits HALF

Hibernate E BrainBits HELF

Halt Protease and Phosphatase Inhibitor Cocktail Thermo Fisher Cat# 78442

Bradford reagent Sigma B6916

SDS (for proteomics) Bio-Rad Cat#1610302

TCEP Gold Biotechnology 51805-45-9

Formic Acid Sigma-Aldrich Cat# C0267

Trypsin (for proteomics) Promega Cat# V511C
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Rapigest SF Surfactant Glixx Laboratories Cat#GLXC-07089

EPPS Sigma-Aldrich Cat#E9502

2-Choroacetamide Sigma-Aldrich Cat#C0267

Empore SPE Disks C18 3M-Sigma-Aldrich Cat#66883-U

Immobilon-FL PVDF membranes Millipore IPFL00010

Li-Cor Revert Total Protein Stain Licor 926-11021

TrueBlack WB Blocking Buffer Biotium 20T1021

TrueBlack WB Antibody Diluent Biotium 23013B

SYBR Gold Invitrogen S11494

CellMask Deep Red Invitrogen C10046

MitoTracker Deep Red Thermo Fisher M22426

LysoTracker Deep Red Thermo Fisher L12492

Percoll Sigma Cat#P1644

Proteinase K Sigma Cat#P2308

Gly-Phe-Beta-naphthylamide Cayman Chemical Cat#14636

Nycodenz Cosmo Bio USA Cat#1002424

Optiprep Cosmo Bio USA Cat#04-03-9392/01

Critical commercial assays

GFP-Trap Magnetic beads ChromoTek Gtd-10

Protein A dynabeads Novex Life Technologies 10002D

Luna Universal qPCR master mix New England Biolabs M3003

Tandem Mass Tags Thermo Fisher Scientific Cat#90406

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad Cat#5000006

Experimental models: Cell lines

i3N iPSCs Fernandopulle et al. (2018) Gift from Dr. Michael Ward

Experimental models: Organisms/strains

B6Cg-Tg(CAG-EGFP/LC3)53Nmi/NmiRbrc) (Mizushima et al., 2004) RIKEN BioResource Center in Japan

Oligonucleotides

Primer: L1MdTf1

Forward: TTTGGGACACAATGAAAGCA

Reverse: CTGCCGTCTACTCCTCTTGG

This paper N/A

Primer: L1MdTf2

Forward: GCGAGGATGTGGAGAAAGAG

Reverse: AGTTGGGGCTTCTTCTGGAT

This paper N/A

Primer: ND2

Forward: ATCCTCCTGGCCATCGTACT

Reverse: ATCAGAAGTGGAATGGGGCG

This paper N/A

Primer: ND5

Forward: ACCCAATCAAACGCCTAGCA

Reverse: AGGACTGGAATGCTGGTTGG

This paper N/A

Primer: COXII

Forward: AACCGAGTCGTTCTGCCAAT

Reverse: CTAGGGAGGGGACTGCTCAT

This paper N/A

Recombinant DNA

Plasmid: EGFP-LC3 (Kabeya et al., 2000) Addgene 21073

Plasmid: mCherry-Synapsin This paper N/A

Plasmid: mCherry vector This paper N/A

Plasmid: mito-dsRed This paper N/A

Plasmid: Snap-TFAM This paper N/A
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Plasmid: mCherry-LC3 This paper N/A

Plasmid: Cox8a-BFP This paper N/A

Plasmid: pGFP-Drp1 This paper N/A

Plasmid: pGFP-Drp1K38A This paper N/A

Software and algorithms

Enrichr Xie et al. (2021) https://maayanlab.cloud/Enrichr/

SynGO Koopmans et al. (2019) https://syngoportal.org/

FIJI NIH, USA https://imagej.net/Fiji

Perseus Tyanova et al. (2016) https://maxquant.net/perseus/

ImageStudio Li-Cor https://www.licor.com/bio/

image-studio-lite/

Volocity PerkinElmer

Prism 9 GraphPad https://www.graphpad.com/

scientific-software/prism/

R The R Foundation https://www.r-project.org/

Mass spectrometry data analysis software Huttlin et al. (2010) N/A

Comet (Eng et al., 2013) http://comet-ms.sourceforge.net/

Other

Biorender for model preparations Biorender https://biorender.com/

Sketch for figure preparation (v70.2) Sketch https://www.sketch.com/

Orbitrap Fusion Lumos Mass Spectrometer ThermoFisher Scientific Cat#IQLAAEGAAPFADBMBHQ

Easy-nLC 1200 ThermoFisher Scientific LC140

Aeris� 2.6 mm PEPTIDE XB-C18 100 Å 250 x 4.6 mm Phenomenex Cat#00G-4505-E0

Sep-Pak tC18 1cc Vac Cartridge, 50 mg Waters Cat#WAT054960

Empore� SPE Disks C18 3M Bioanalytical Technologies Cat# 2215
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Erika Holz-

baur (holzbaur@pennmedicine.upenn.edu).

Materials availability
Plasmids used in this study are available on request.

Data and code availability
d The full proteomic datasets reported here are included in the supplemental information (Table S1). All other data are available

from the lead contact on request.

d No original code was generated in the course of this study.

d Any additional data or information required to reanalyze the data reported in this study is available from the lead contact on

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
For mass spectrometry and immunoblotting analysis of brain-derived autophagic vesicles, wildtype and GFP-LC3B transgenic mice

(strain: B6Cg-Tg(CAG-EGFP/LC3)53Nmi/NmiRbrc) generated by Mizushima et al. (2004) and available from RIKEN BioResource

Center in Japan (PMID 14699058) of both sexes at 7–8 months of age were euthanized according to the University of Pennsylvania

Institutional Animal Care and Use Committee approved procedures, and the brain above the brainstem was removed and homog-

enized in a sucrose buffer (see method details).
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Cell lines, primary cultures
Primary rat hippocampal neurons from E18 Sprague Dawley rats were purchased through the University of Pennsylvania Neuron Cul-

ture Service Center facility—the sex of the rats was not determined. Primary mouse cortical neurons were dissected and cultured in

our laboratory. Briefly, E15.5 embryos from B6NTac (model #B6) mice were dissected, and the cortex was removed and dissociated

with 0.25% trypsin and trituration. Neurons were plated in attachment media (MEM supplemented with 10% horse serum, 33 mM

D-glucose and 1mM sodium pyruvate) on poly-L-lysine coated 35mm glass-bottom imaging dishes (P35G-1.5-20-C; MatTek). After

4–6 h, media was replaced with maintenance media (Neurobasal [GIBCO] supplemented with 2% B-27 [GIBCO], 33 mM D-glucose

[Sigma], 2 mM GlutaMAX [GIBCO], 100 U/mL penicillin and 100 mg/mL streptomycin [Sigma]). AraC (1 mM) was added the day after

plating to prevent glia cell proliferation. Every 3–4 days, 40%of themediawas replacedwith freshMaintenanceMedia, and at DIV7-9,

the neurons were used for imaging or biochemical analysis.

Human i3N iPSCs that harbor a doxycycline-inducible mNGN2 transgene in the AAVS1 safe-harbor locus were a gift from Dr.

Michael Ward (National Institutes of Health), and the characterization, culture, and differentiation protocols can be found (Fernando-

pulle et al., 2018; Wang et al., 2017; Boecker et al., 2019). i3Neurons differentiate with >90% efficiency into glutamatergic neurons .

Briefly, iPSCs were cultured on Growth Factor Reduced Matrigel (Corning) in Essential 8 medium (Thermo Fisher). Cytogenetic

analysis of G-banded metaphase cells demonstrated a normal male karyotype. Cells are periodically tested for mycoplasma. Differ-

entiation into i3Neurons was achieved by splitting the iPSCs with Accutase (Sigma) for a single cell suspension and plating on

Matrigel-coated dishes in induction medium (DMEM/F12 supplemented with 2mg/mL doxycycline, 1% N2 supplement (Gibco),

1% nonessential amino acids (Gibco) and 1% GlutaMAX (Gibco). After three days, predifferentiated i3Neurons were dissociated

and plated onto poly-L-ornithine coated plates or imaging dishes at optimal densities. i3Neuronswere cultured in BrainPhys Neuronal

Medium (StemCell) supplemented with 2% B27 (GIBCO), 10 ng/mL BDNF (PeproTech), 10 ng/mL NT-3 (PeproTech), and 1 mg/mL

Laminin (Corning) for 21 days before experimentation. Every 3–4 days, 40% of the medium was carefully replaced with fresh culture

medium. For each experiment, a biological replicate is defined as cells from different batches of inductions.

METHOD DETAILS

Isolation of autophagic vesicles by differential centrifugation
Enriched autophagosome fractions were isolated following a protocol modified from Strømhaug et al. (1998); (Maday and Holzbaur,

2014). Briefly, one mouse brain or �30 million neurons were collected in a 250mM sucrose solution buffered with 10mMHEPES and

1mM EDTA at pH 7.3, homogenized using a tissue grinder, incubated with Gly-Phe-b-naphthylamide (GPN) for 7 min at 37�C to

destroy lysosomes, and subsequently subjected to three differential centrifugations through 9.5% Nycodenz and 33% Percoll

and 30% Optiprep discontinuous gradients to isolate vesicles of the appropriate size and density. After collection, the autophagic

vesicle enriched fraction (AV) was divided into three, one third was treated with 10mg Proteinase K for 45min at 37�C, similar to Le

Guerroué et al. (2017); Zellner et al. (2021) to degrade nonmembrane protected proteins and enrich for internal autophagosome cargo

(AV+PK), one third was membrane permeabilized by the addition of 0.2% Triton X-100 before the same Proteinase K treatment as a

negative control (AP+Tx+PK), and the other third was left untreated for identification of all internal and externally associated proteins

on autophagosomes. AV-enriched fractions were subsequently used for mass spectrometry, electron microscopy, immunoblotting,

and confocal microscopy. Step-by-step instructions and checklists are available upon request.

Crude mitochondrial fraction enrichment
Brain homogenate was split for AV fractionation, and a fraction was used for crudemitochondrial preparations based on the protocol

from (Schulz et al., 2015; Soubannier et al., 2012). Briefly, samples were spun at 2000xg, 7000xg, and 8000xg sequentially for 15 min

at 4�C.

Proteomics—sample preparation and digestion
The AV and AV+PK fractions from five independent mouse brain preparations, from 3 male and 2 female mice, were lysed with RIPA

buffer (50mMHEPES (pH 7.4), 150mMNaCl, 1% sodium deoxycholate, 1%NP-40, 0.1%SDS, 2.5 mMMgCl2, 10mM sodium glyc-

erophosphate, 10 mM sodium biphosphate) containing 1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mM benzamidine, 1 mM AEBSF, and

1% final SDS. Lysates were sonicated on ice three times, followed by centrifugation (13000 rpm, 5 min). Protein concentration was

measured by Bradford assay. Protein extracts (50 ug) were subjected to disulfide bond reduction with 5 mM TCEP (room tempera-

ture, 10 min) and alkylation with 25 mM chloroacetamide (room temperature, 20 min), followed by TCA precipitation before protease

digestion. Samples were resuspended in 100 mM EPPS, pH 8.5 containing 0.1% RapiGest and digested at 37�C for 8 h with Trypsin

at a 100:1 protein-to-protease ratio. Trypsin was then added at a 100:1 protein-to-protease ratio, and the reaction was incubated for

6 h at 37�C. After incubation, digestion efficiency of a small aliquot was tested. Tandem mass tag labeling of each sample was

performed by adding 5 ml the 20 ng/mL stock of TMT reagent along with acetonitrile to achieve a final acetonitrile concentration of

approximately 25% (v/v). After incubation at room temperature for 1 h, labeling efficiency of a small aliquot was tested, and the re-

action was then quenched with hydroxylamine to a final concentration of 0.5% (v/v) for 15 min. The TMT-labeled samples were

pooled together at a 1:1 ratio. The sample was vacuumcentrifuged to near dryness, resuspended in 5% formic acid for 15min, centri-

fuged at 100003g for 5 minutes at room temperature, and subjected to C18 solid-phase extraction (SPE) (Sep-Pak, Waters).
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Proteomics—Off-line basic pH reversed-phase (BPRP) fractionation
Dried TMT-labeled sample was resuspended in 100 ml of 10 mM NH4HCO3 pH 8.0 and fractionated using BPRP HPLC (Paulo et al.,

2016). Briefly, samples were offline fractionated over a 90-min run into 96 fractions by high pH reverse-phase HPLC (Agilent LC1260)

through an aeris peptide xb-c18 column (Phenomenex; 250mmx 3.6mm)withmobile phase A containing 5%acetonitrile and 10mM

NH4HCO3 in LC-MS grade H2O, and mobile phase B containing 90% acetonitrile and 10 mM NH4HCO3 in LC-MS grade H2O (both

pH 8.0). The 96 resulting fractions were then pooled in a noncontinuous manner into 24 fractions (as outlined in Supplementary Fig-

ure 5 of (Paulo et al., 2016)) and 12 fractions (even numbers) were used for subsequent mass spectrometry analysis. Fractions were

vacuum centrifuged to near dryness. Each consolidated fraction was desalted via StageTip, dried again via vacuum centrifugation,

and reconstituted in 5% acetonitrile, 1% formic acid for LC-MS/MS processing.

Proteomics—Liquid chromatography and tandem mass spectrometry
Mass spectrometry data were collected using an Orbitrap Fusion Lumos mass spectrometer, coupled to a Proxeon EASY-nLC1200

liquid chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 mm inner diameter microcapillary

column packed in house with �35 cm of Accucore150 resin (2.6 mm, 150 Å, Thermo Fisher Scientific, San Jose, CA) with a gradient

consisting of 5%–20% (0-70min) and 20%–24% (70-80min) (ACN, 0.1% FA) over a total 90-min run at�550 nL/min. For analysis, we

loaded 1/8 of each fraction onto the column. To reduce ion interference compared with MS2 quantification, each analysis used the

Multi-NotchMS3-based TMTmethod (McAlister et al., 2014), combined with newly implemented Real Time Search analysis software

(Erickson et al., 2019; Schweppe et al., 2020). The scan sequence beganwith anMS1 spectrum (Orbitrap analysis; resolution 120,000

at 200 Th; mass range 350�1400 m/z; automatic gain control (AGC) target 33106; maximum injection time 50 ms). Precursors for

MS2 analysis were selected using a TopSpeed acquisition scheme of 3 sec/cycle. MS2 analysis consisted of collision-induced disso-

ciation (quadrupole ion trap analysis; Rapid scan rate; AGC 2.53104; isolation window 0.7 Th; normalized collision energy (NCE) 35;

maximum injection time 35ms). Monoisotopic peak assignment was used, previously interrogated precursors were excluded using a

dynamic window (150 s ± 7 ppm), and dependent scan was performed on a single charge state per precursor. After acquisition of

each MS2 spectrum, a synchronous-precursor-selection (SPS) API-MS3 scan was collected on the top 10 most intense ions b or

y-ions matched by the online search algorithm in the associated MS2 spectrum (Erickson et al., 2019; Schweppe et al., 2020).

MS3 precursors were fragmented by high energy collision-induced dissociation (HCD) and analyzed using the Orbitrap (NCE 65;

AGC 2.53105; maximum injection time 200 ms, resolution was 50,000 at 200 Th).

Proteomics—Data analysis
Mass spectra were processed using a Comet-based (v2018.01 rev.2) software pipeline (Eng et al., 2013). Spectra were converted to

mzXML and monoisotropic peaks were reassigned using Monocle (Rad et al., 2021). MS/MS spectra were matched with peptide

sequencesusing the Comet algorithm along with a composite sequence database including all canonical entries from theMus mus-

culus Reference Proteome UniProt database (SwissProt – 2017-05), as well as an in-house curated list of contaminants. This data-

base was concatenated with one composed of all protein sequences in the reversed order. Trypsin was used as the digestion

enzyme, two missed cleavages were allowed, and the minimal peptide length was set to 7 amino acids. Searches were performed

using a 20 ppm precursor ion tolerance for total protein level analysis. The recommended product ion parameters for ion trap ms/ms

were used (1.0005 tolerance, 0.4 offset (mono masses), theoretical_fragment_ions = 1). TMT tags on lysine residues and peptide N

termini (+229. 1629 Da) and carbamidomethylation of cysteine residues (+57.021 Da) were set as static modifications, whereas

oxidation of methionine residues (+15.995 Da) was set as a variable modification. Peptide-spectrum matches (PSMs) were adjusted

to a 1% false discovery rate (FDR), and PSM filtering was performed using a linear discriminant analysis, as described previously

(Huttlin et al., 2010), although considering the following parameters: Comet Log Expect andDiff Seq. Delta Log Expect, missed cleav-

ages, peptide length, charge state, and precursor mass accuracy. For protein-level comparisons, PSMs were identified, quantified,

and collapsed to a 1% peptide false discovery rate (FDR) and then collapsed further to a final protein-level FDR of 1% (Savitski et al.,

2015). Moreover, protein assembly was guided by principles of parsimony to produce the smallest set of proteins necessary to ac-

count for all observed peptides. For TMT-based reporter ion quantitation, we extracted the summed signal-to-noise (S:N) ratio for

each TMT channel and found the closest matching centroid to the expected mass of the TMT reporter ion (integration tolerance

of 0.003 Da). Proteins were quantified by summing reporter ion counts across all matching PSMs using in-house software, as

described previously (Huttlin et al., 2010). PSMs with poor quality, MS3 spectra with more than 5 TMT reporter ion channels missing,

or isolation specificity less than 0.6, or with TMT reporter summed signal-to-noise ratio that were less than 200 or had noMS3 spectra

were excluded from quantification.

Protein quantification valueswere exported for further analysis inMicrosoft Excel and Perseus (Tyanova et al., 2016), and statistical

test and parameters used are indicated in the corresponding datasets.

Immunoblotting
Samples were lysed in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 2x Halt

Protease and Phosphatase inhibitor, PMSF, Pepstatin A, TAME and Leupeptin), centrifuged at 18,000g for 20min to clear

unlysed andmembranaous fractions, and then the protein concentration was determined by Bradford assay. Proteins were resolved

on 8%, 10%, 12%, or 15%SDS-PAGE gels, based on the size of proteins to be identified. Proteins were transferred to Immobilon-FL
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PVDF membranes (Millipore) using a wet blot transfer system (BioRad). In total, 15% gels were transferred in buffer containing 20%

methanol. Membranes were stained for total protein using Li-Cor Revert Total Protein Stain. After imaging, the total protein was

destained, blocked for 1hr at RT with TrueBlackWBBlocking Buffer (Biotium), and incubated with primary antibodies diluted in True-

Black WB antibody diluent + 0.2% Tween-20 overnight at 4�C. Membranes were washed three times in TBS+ 0.1% Tween-20 and

incubated with secondary antibodies (1:20,000 dilution) in TrueBlack WB antibody diluent + 0.2% Tween-20 + 0.1% SDS for 1hr at

RT. After threewashes in TBS+ 0.1%Tween-20,membraneswere imaged using theOdyssey CLx Infrared Imaging System (LI-COR),

and quantification of protein levels was performed using ImageStudio (Li-Cor).

For quantification of immunoblot data, an independent biological replicate is defined as a separate brain or neuron differentiation

preparation. Data were excluded if the total protein levels were unquantifiable.

GFP immunoprecipitation
25ml of GFPtrap or Protein A dynabeads were washed three times in buffer (10mM Tris pH 7.5, 150mMNaCl, 0.5mMEDTA), added to

AV fraction samples containing protease and phosphatase inhibitors to a final volume of 500ul, and incubated on a rotator at 4�C for

1hr. Beads were subsequently washed three times in wash buffer and transferred to a new tube before boiling in 2x denaturing sam-

ple buffer. Independent biological replicates are defined as a separate brain homogenate AV preparation.

Transfection for live imaging
For all transfections, 0.3mg of each plasmid was combined with 12ul lipofectamine 2000 total in final vol of 300ul OptiMEM and left on

neurons for 45min at 37�C in a 5% CO2 incubator. mCherry-Synapsin coexpression with GFP-LC3 was expressed for 72h, whereas

all other constructs were imaged after 48h. For Snap labeling, neurons expressing Snap-TFAM or a negative control (GFP trans-

fected) were incubated with 100nM of Snap-Cell 647-SiR for 30min at 37�C in a 5% CO2 incubator. After incubation, neurons

were washed 3 times and equilibrated with complete neuron media for 30min at 37�C in a 5% CO2 incubator. After three more

washes, neurons were switched to imaging media and imaged immediately.

Neuron imaging was performed in low fluorescence Hibernate E (for primary neurons) or Hibernate A (for i3Neurons) medium

(Brain Bits) supplemented with 2% B27 and 2mM GlutaMAX. Neurons were imaged in an environmental chamber at 37�C on a

Perkin Elmer UltraView Spinning Disk Confocal system with a Nikon Eclipse Ti inverted microscope, using an Apochromat 100x

1.49 NA oil immersion objective. Images were acquired with a Hamamatsu EMCCD C9100-50 camera controlled using Volocity

software. Axons were identified based on morphological parameters and imaging occurred in the mid- to distal-axon defined

as greater than 200mm from the soma. Timelapse recordings were acquired at a frame rate of 2 frames per second for

5 minutes.

For quantification, an independent biological replicate is defined as a separate neuron preparation and transfection. Only neurons

with moderate levels of fluorescent protein expression were imaged. For all kymographs, only trafficking AVs (movement > 10mm) in

the mid- to distal- axon (>200 mm from soma) were quantified for analysis. For kymograph analysis, an average of 7 axons with 22

moving LC3 puncta per experiment were observed per experiment (axons per experiment: 7.05 ± 0.60 SEM, 25% Percentile = 4.75,

75% Percentile = 10; LC3 puncta per experiment: 22.45 ± 1.93 SEM, 25% Percentile = 15, 75% Percentile = 29.25).

Electron microscopy
AV fractions and brain homogenate fractions were pelleted and fixed with 2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.1M

sodium cacodylate buffer, pH 7.4, overnight at 4�C. Fixed samples were then transferred to the Electron Microscopy Resource Lab-

oratory at the University of Pennsylvania, where all subsequent steps were performed. After buffer washes, the samples were post-

fixed in 2.0% osmium tetroxide for 1 hr at room temperature and then washed again in buffer, followed by dH2O. After dehydration

through a graded ethanol series, the tissue was infiltrated and embedded in EMbed-812 (Electron Microscopy Sciences, Fort Wash-

ington, PA). Thin sections were stained with lead citrate and examined with a JEOL 1010 electron microscope fitted with a Hama-

matsu digital camera and AMT Advantage image capture software. Regions of dense AVs were chosen for imaging. Biological

replicates are defined as separate brain-derived AV preparations.

Immunofluorescence of AVs
AVs were prepared from wildtype or GFP-LC3 mouse brains and stained with 1:200,000 dilution of CMDR, 1:100,000 dilution of

SYBRgold, 10nM of MitoTracker Deep Red, or 10nM of LysoTracker Deep Red. The samples were plated on coverslips with the

addition of 0.2% methyl cellulose for 10 minutes in the dark before imaging to concentrate AVs at the coverslip surface. Indepen-

dent biological replicates are considered to be different brain homogenate AV preparations. Randomly selected fields where AVs

were stationary were used for quantification. All image analysis was performed on raw data. Images were prepared in FIJI, and

contrast and brightness were adjusted equally to all images within a series. Quantification of the percent of SYBR+ puncta or

GFP-LC3 puncta colocalized to CMDR (mean ± SEM) was performed using automated distanced-based colocalization (FIJI,

coloc2).

AVs from GFP-LC3 transgenic mouse brains or wild-type mouse brains were immunoprecipitated using an anti-LC3 antibody.

Briefly, the anti-LC3 antibody ab48394 at a 1:20 dilution fixed to a plasma cleaned coverslip with 0.5% nitrocellulose and blocked

in 3%BSA for 30min. AVs stained with SYBRgold or CMDR at the dilutions used above were incubated at RT for 45min and washed
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23 in PBS before imaging on the confocal microscope. Automated segmentation (FIJI, Weka Trainable Segmentation) was used to

identify puncta before the colocalization analysis.

qPCR
Total brain and AV fraction samples from four independent biological replicates were DNA extracted using Trizol, and qPCRwas per-

formed using the Luna Universal qPCR master mix and protocol, with 50ng DNA and final primer concentration of 0.25mM. For each

biological replicate, 3 technical replicates were performed. The plate reader and analysis was performed using the QuantStudio 3

Real-Time PCR System controlled by using QuantStudio Design and Analysis Software (Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mitochondrial annotations and sublocalizations were performed using the MitoCarta2.0 and UniProt databases (Calvo et al., 2016).

GraphPad prism software (v9.1.0) was used for statistical analysis. The statistical test performed for all immunoblot analyses and

kymograph quantification analyses is Ordinary one-way ANOVA with �Sı́dák’s multiple comparisons test or Kruskal-Wallis test with

Dunnet’s multiple comparison test for data not normally distributed. The statistical test for the median cargo score values of sub-

groups of organelles (Figures 3 and S2) is RM one way ANOVA with Dunnet’s multiple comparison test. The statistical test for all

of the individual cargo score values not averaged over biological replicate (Figures S3 and S5) is the Dunn Test, performed in R. Sta-

tistical tests used are indicated in the figure legends. Biological replicates (n), defined in the method details, are always displayed as

individual data points, and the precision measures (mean ± SEM) are displayed. Significance was defined as a p value < 0.05, and

where appropriate, directly reported in the figure. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. R (v4.0.4) was used for cargo

score plots . See code availability statement for additional details. Enrichr (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021) and

SynGO (Koopmans et al., 2019) were used to compute the p values of gene ontology term enrichment. Proteins with a cargo score

greater than the median were input into the softwares – the p value calculation is dependent on Fisher’s exact test and the q value

displays the Benjamini-Hochburg multiple hypothesis testing correction. Enrichr precomputes a background expected rank for each

term in the gene set library. Neither software takes into account the background protein expression levels in specific organs.
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