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Abstract

Autophagy is responsible for clearance of an extensive portfolio of
cargoes, which are sequestered into vesicles, called autophago-
somes, and are delivered to lysosomes for degradation. The path-
way is highly dynamic and responsive to several stress conditions.
However, the phospholipid composition and protein contents of
human autophagosomes under changing autophagy rates are elu-
sive so far. Here, we introduce an antibody-based FACS-mediated
approach for the isolation of native autophagic vesicles and
ensured the quality of the preparations. Employing quantitative
lipidomics, we analyze phospholipids present within human autop-
hagic vesicles purified upon basal autophagy, starvation, and pro-
teasome inhibition. Importantly, besides phosphoglycerides, we
identify sphingomyelin within autophagic vesicles and show that
the phospholipid composition is unaffected by the different condi-
tions. Employing quantitative proteomics, we obtain cargo profiles
of autophagic vesicles isolated upon the different treatment para-
digms. Interestingly, starvation shows only subtle effects, while
proteasome inhibition results in the enhanced presence of ubiqui-
tin—proteasome pathway factors within autophagic vesicles. Thus,
here we present a powerful method for the isolation of native
autophagic vesicles, which enabled profound phospholipid and
cargo analyses.
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Introduction

Macroautophagy (hereafter autophagy) is a eukaryotic catabolic
pathway responsible for the removal and recycling of an extensive
portfolio of cytosolic cargoes. Numerous proteins, aggregates, orga-
nelles, cellular compartments, or pathogens have been characterized
as autophagy substrates, which are sequestered into vesicles, called
autophagosomes, and are delivered to lysosomes for degradation
(Mizushima & Komatsu, 2011).

Autophagosome formation starts with a cup-shaped membrane,
the phagophore, which expands around the degradable material
until it surrounds it and seals (Lamb et al, 2013). This de novo vesi-
cle synthesis is initiated by activation of the ULK1/2 kinase and the
phosphoinositide 3-kinase (PI3-kinase) complex that facilitates the
recruitment of proteins and phospholipids (PLs) essential for phago-
phore generation (Nascimbeni et al, 2017; Mercer et al, 2018). The
exact lipid sources are elusive so far; however, recent studies sug-
gest a direct PL transfer from the ER via ATG2A/B (Osawa
et al, 2019; Valverde et al, 2019) and from post-Golgi compart-
ments via ATG9A (Gomez-Sanchez et al, 2021).

The elongation of the phagophore is linked to two ubiquitin-
like conjugation reactions (Mizushima, 2020). ATG12 is conjugated
to ATGS, which facilitates the conjugation of ATGS8 proteins to
phosphatidylethanolamine (PE) (Kabeya et al, 2004; Noda & Ina-
gaki, 2015). In humans, six Atg8 family members have been identi-
fied: MAP1LC3A, MAP1LC3B, MAP1LC3C (shortly LC3A-C), as well
as GABARAP, GABARAPLI, and GABARAPL2 (Slobodkin &
Elazar, 2013). Lipidated ATGS8 proteins (referred to as ATGS8-II) are
inserted into both sides of the growing phagophore membrane and
stay attached to mature autophagosomes, facilitating phagophore
elongation and closure as well as autophagosome-lysosome fusion
(Weidberg et al, 2010; Nguyen et al, 2016; Tsuboyama et al, 2016).
Besides their prominent roles in autophagy, distinct lipidated ATG8
proteins have additionally been associated with nonautophagic vesi-
cles, modulating their maturation, trafficking, or degradation (Florey
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&  Overholtzer, 2012; Heckmann et al, 2017;  Nieto-Torres
et al, 2021).

Moreover, ATG8 proteins provide binding sites for cargo recep-
tors. Autophagy was initially described as a nonselective process
that degrades random material of the cytosol to recycle building
blocks responding to changing metabolic requirements. The identifi-
cation of cargo receptors, though, established a selective part, result-
ing in the degradation of specific substrates (Stolz et al, 2014;
Khaminets et al, 2016). Via its LC3 interacting domain and its
ubiquitin-binding domain, the cargo receptor SQSTM1/p62, for
example, binds to ATGS8 proteins and directs selective cargoes into
autophagosomes (Pankiv et al, 2007; Kirkin et al, 2009; Gatica
et al, 2018).

Autophagy is highly dynamic and rapidly adapts to changing cel-
lular conditions. Unstressed cells are characterized by a basal autop-
hagy rate that constantly degrades and recycles cellular material at
(comparably) low levels. Various stress situations alter autophagy,
resulting in a substantially enhanced cargo degradation (He & Klion-
sky, 2009). However, the impact of different autophagy conditions
on the exact PL and cargo profiles of autophagosomes is not defined
in detail yet. Several studies have isolated autophagosomes using
elaborate cellular fractionation methods (Gao et al, 2010; Dengjel
et al, 2012; Mancias et al, 2014) or have performed cargo analyses
employing proximity labeling in combination with quantitative pro-
teomics (Le Guerroue et al, 2017; Zellner et al, 2021). Still, a potent
method for the isolation of unmanipulated autophagic vesicles at
large quantities that enables rapid and efficient lipid and cargo pro-
filing is missing to date.

Here, we now introduce an antibody-based FACS- (fluorescence-
activated cell sorting-) mediated isolation approach to purify
intact native autophagic vesicles. We characterized the quality of
the isolates and performed quantitative lipidomics and proteomics
analyses to identify PLs and cargo proteins of autophagic vesicles
enriched upon basal autophagy conditions, nutrient deprivation,
and proteasome inhibition.

Results and Discussion
Isolation of intact native autophagic vesicles in large quantities

We established a protocol for the isolation of native autophagic vesi-
cles, employing antibody-based fluorescence tagging of ATG8 pro-
teins and subsequent sorting via FACS (Fig 1A, Appendix Fig S1A).
Upon mild cell disruption, we incubated the cellular extract with a
primary antibody directed against an ATGS8 protein, followed by
treatment with a secondary fluorophore-conjugated antibody. The
selective and stable attachment of the fluorophore allowed the
specific purification of the labeled granular structures using FACS.
The sorting resulted in preparations of approx. 1,000 positive events
per pl PBS and thus allowed the isolation of autophagic vesicles in
large quantities.

In order to investigate the successful enrichment of autophagic
vesicles by the FACS-based approach, we analyzed the presence of
specific autophagosomal proteins within the isolate fractions via
Western blotting. Upon isolations using antibodies directed against
LC3B or all GABARAP isoforms (Fig 1B), we observed the lipidated
variants of both ATG8 proteins and SQSTM1/p62 within the isolate
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fractions, confirming the enrichment of autophagic vesicles. Unlipi-
dated ATGS8 proteins, which are not bound to autophagic vesicles,
were hardly detectable. They were effectively depleted from the iso-
lates by the centrifugation steps and the FACS-based sorting
included in the isolation protocol (Appendix Fig S1B, Fig 1A). To
emphasize the quality of the preparations, we investigated the pres-
ence of proteins specific for the cytosol (SOD1), cytoskeleton (Tubu-
lin), ER (DFCP1), Golgi (FTCD), lipid droplets (PLIN2), or
mitochondria (SIRT4). Importantly, all investigated proteins were
quantitatively excluded from the isolate fractions, illustrating the
quality of the FACS-based method (Fig 1B).

To additionally stress the potency of the isolation approach, we
used a cell line that expresses endogenously HA-tagged GABARAP
(Appendix Fig S2). Employing an antibody directed against the HA-
tag, we efficiently enriched HA-positive autophagic vesicles without
accumulating additional cellular organelles or compartments
(Fig EV1).

For further quality control, we investigated whether total
amounts of fluorophore-labeled events detected via FACS correlated
with the numbers of ATG8-positive structures present within cells
and employed ATGS KO HeLa cells and FIP200 KO MEFs. We gener-
ated ATGS KO HeLa cells and confirmed that the stable loss of
ATGS deteriorated LC3B lipidation and abrogated canonical autop-
hagy (Appendix Fig S3A). FIP200 is functionally involved in ULK1-
mediated autophagy induction and its knockout disturbs autophago-
some formation (Hara et al, 2008). However, although at decreased
levels, the lipidated form of LC3B is still present in FIP200 KO MEFs
and is
(Appendix Fig S3B). Importantly, due to autophagy dysfunction,
both KO lines accumulated SQSTM1/p62 aggregates that co-
localized with LC3B, confirming previous studies (Pankiv
et al, 2007; Kishi-Itakura et al, 2014) (Appendix Fig S3).

Upon starvation-mediated autophagy induction, we purified
ATGS8-positive structures and detected reduced quantities of
fluorophore-labeled events in both KO lines compared with appro-
priate wild-type (WT) cells (Fig 1C and D, Appendix Fig S4). ATG5
KO cells showed a strong decline in total numbers, and FIP200 KO
MEFs displayed reduced amounts. Thus, levels of isolatable material
and eventually isolated structures indeed correlated, which empha-
sized the specificity of the isolation approach.

We analyzed the proteins present within the isolate fractions of
both KO lines via Western blotting and detected the unlipidated
form of LC3B for ATG5 KO cells and lipidated LC3B for FIP200 KO
MEFs (Fig EV2). The cargo receptor SQSTM1/p62 was present in
both fractions. Thus, besides autophagic vesicles, the employed
LC3B antibody sufficiently labeled additional targets and enabled
their purification. This emphasized the potential of the isolation
approach to enrich every epitope-offering structure of granular
appearance. These granular structures might include SQSTM1/p62-
positive aggregate particles that co-localize with unlipidated and lip-
idated LC3B (Runwal et al, 2019) as well as LC3B-positive nonau-
tophagic vesicles.

To gain deeper insights into antibody specificity and identity of
the isolated structures in WT HeLa cells, we determined the co-
localization of antibodies directed against LC3B and all GABARAP
isoforms using FACS (Fig 1E, Appendix Fig S5). Importantly, both
antibodies co-localized on approx. 93% of positive events. Concur-
rently, only a minor fraction was decorated exclusively by one

primarily associated with nonautophagic vesicles
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Figure 1. FACS-mediated isolation of autophagic vesicles.

WT FIP200 KO

al-GABA LC3B LC3B

all-GABA

A Schematic representation of the antibody-based FACS-mediated isolation method. TL, total lysate; P1-2, pellet fractions; S1-2, supernatants.

B Western blot analysis of purified autophagic vesicles. Isolations were performed using antibodies directed against LC3B or all GABARAP isoforms, respectively, and are
represented with total lysate (TL). Depicted are representative blots of 14 independent approaches.

C Quantification of fluorophore-labeled events in WT and ATG5 KO HeLa cells. Shown percentages represent the relative number of detected events in three indepen-

dent experiments.

D Quantification of fluorophore-labeled events in WT and FIP200 KO MEFs. Shown percentages represent the relative number of detected events in three independent

experiments.

E Co-localization of fluorescence signals linked to antibodies directed against LC3B and all GABARAP isoforms. Shown percentages represent the average distribution of

three independent experiments, excluding double negative events.

Data information: (C—E) Statistics are depicted as mean + SD; t-test (C + D) or one-way ANOVA (E); *P < 0.05; ***P < 0.001.

ATGS protein, which was possibly due to insufficient antibody bind-
ing and/or the presence of nonautophagic vesicles, such as LC3-
associated phagosomes (Sanjuan et al, 2007). However, we treated
cells with bafilomycin A; prior to isolation, which resulted in the
substantial accumulation of autophagic vesicles within cells and,
moreover, reduced the recruitment of LC3 to nonautophagic

© 2022 The Authors

lipidation processes (Florey et al, 2015; Stempels et al, 2022). This
substantiated the clear predominance of autophagic vesicles within
isolate fractions of WT HeLa cells.

To directly visualize and characterize the purified structures, we
performed microscopy. Differential interference contrast microscopy
showed vesicular structures of different sizes without evidence of
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cellular debris or accumulations of other cellular material (Fig 2A).
This was validated by negative stain electron microscopy, which
identified intact vesicles (Fig 2B), whose inner core often showed a
granular appearance and was filled with darkly stained materials
most likely resembling proteinous cargoes.

Size evaluation of isolated vesicles demonstrated that their diam-
eters ranged from 340 to 1,150 nm (Fig 2C), fully consistent with

the

size described for autophagosomes (Mizushima et al, 2002).

Interestingly, the enriched vesicles could be clustered into different
size groups: the group with the smallest diameters covered 426 nm

on

average, and the largest grouped with a mean diameter of

1,034 nm. Covering 42%, the most abundant vesicles showed a
mean size of 651 nm in diameter. Thus, microscopical visualization

A B

Figure 2.
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confirmed the purification of sealed vesicles that showed typical size
characteristics of autophagic vesicles.

To further investigate whether the isolated autophagic vesicles
were intact, we used proteinase K digestion and analyzed its impact
on SQSTM1/p62 (Fig 2D). In closed vesicles, the cargo receptor is
inaccessible and protected from degradation by the proteinase
(Velikkakath et al, 2012). Indeed, SQSTM1/p62 was not promi-
nently degraded, indicating that the majority of autophagic struc-
tures were sealed. For control, we opened vesicles mechanically,
which resulted in the exhaustive digestion of the cargo receptor.

Thus, the antibody-based FACS-mediated isolation approach effi-
ciently enriched intact native autophagic vesicles at large quantities,
which qualified the isolates for subsequent PL and cargo profiling.
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at high (I) or low (II) dilution. Images are representative of three independent

Size evaluation of isolated vesicles. The diameters of approx. 60 individual vesicles were determined using EM images. Statistics are depicted as mean =+ SD.
Western blot analysis of isolated autophagic vesicles upon proteinase K digestion. Mechanically opened vesicles served as positive control. For negative control,
isolates were incubated with BSA instead of proteinase K. Depicted are two different blots that are representative for five independent experiments.
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Phospholipid composition of native autophagic vesicles

The autophagosome shows explicit requirements regarding mem-
brane curvature and fusion ability, which is determined by a distinct
PL composition (Schutter et al, 2020; Laczko-Dobos et al, 2021).
However, the PLs of native human autophagosomes are elusive so
far, and thus, we performed targeted multiplex quantitative MS to
quantify distinct PL species and associated fatty acids of isolated
autophagic vesicles.

Importantly, we identified all analyzed PL classes within
autophagic vesicles with diverse fatty acid combinations concern-
ing chain length and saturation level (Fig 3A). Compared with
HeLa total lysates, the PL composition was essentially altered. In
particular, the short-chained form of phosphatidylcholine (PC)
was significantly enriched and accounted for approx. 42% of all
detected PLs in autophagic vesicles. Remarkably, phosphatidyli-
nositol (PI) was exclusively represented with its short-chained
variant, and phosphatidylglycerol (PG) was almost completely
excluded.

Excitingly, besides phosphoglycerides, we also observed sphin-
gomyelin (SM) within the isolate fractions (Fig 3A). SM is the only
PL that is not exclusively synthesized within the ER, but is gener-
ated from ceramide within the Golgi apparatus. The PL is commonly
found at the Golgi network, the plasma membrane, in the endocytic
system, and in lysosomes (Slotte, 2013).

To confirm the presence of SM in autophagic vesicles, we ana-
lyzed the co-localization of SM and LC3B employing immunocyto-
chemistry. Dye-conjugated SM was detected at the expected cellular
compartments and, indeed, co-localized with LC3B-positive struc-
tures (Figs 3B and C, and EV3, Appendix Fig S6A). However, the
isolation approach does not distinguish between autophagosomes
and autolysosomes, the autophagosome-lysosome fusion product.
Consequently, autolysosomes will also be present within the isolate
fractions and could be the source of the detected SM. Thus, to fur-
ther elucidate the identity of SM- and LC3B-positive vesicles, we
analyzed their co-localization with the lysosome marker LAMP2.
Importantly, we observed autolysosomes, positive for all three
markers, but also vesicles solely positive for SM and LC3B (Fig 3D,
Appendix Fig S6B), indicating that SM is a component of autop-
hagic vesicles.

Since SM is mainly located in post-Golgi compartments, ATG9A
is a key candidate to potentially mediate the trafficking of this par-
ticular PL to the site of autophagosome formation. ATG9A-positive
vesicles cycle between the Golgi-endosomal compartment and the

Figure 3. Phospholipid profiles of isolated autophagic vesicles.
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site of autophagosome formation, delivering lipids and proteins to
facilitate phagophore nucleation and maturation (Gomez-Sanchez
et al, 2021). However, since the lipidomics analysis was performed
with intact autophagic vesicles, a distinct fraction of detected PLs
might indeed derive from engulfed membranous materials.

Next, we investigated whether altered rates of autophagy affect
the PLs present within autophagic vesicles. Autophagy is highly
dynamic and the rate of autophagosome formation rapidly adapts
to satisfy cellular requirements (Gamerdinger et al, 2009; He &
Klionsky, 2009). However, the impact of different levels of autop-
hagy on the PLs of autophagic vesicles is mostly elusive. Therefore,
besides vesicles isolated under basal autophagy conditions, we addi-
tionally investigated the PLs of autophagic vesicles purified upon
EBSS-induced starvation and MG132-mediated proteasome inhibi-
tion. Starvation enhanced autophagy, while the longer period of pro-
teasome inhibition resulted in a decreased autophagic activity
(Fig EV4). Importantly, we observed that the PLs were unaffected
by the treatments (Fig 3E). Compared with autophagic vesicles
enriched under basal autophagy conditions, the PL composition was
not altered by starvation or proteasome inhibition. Thus, the PL pat-
tern is maintained under changing rates of autophagosome forma-
tion, indicating that discrete PLs are indeed important for structure
and function of autophagic vesicles.

In conclusion, lipidomics analyses yielded in the characterization
of PLs present within autophagic vesicles under different autophagy
conditions. These data are the basis for novel insights into the struc-
tural composition of native human autophagic vesicles and stressed
the potential of the antibody-based FACS-mediated isolation
approach.

Protein cargo profiles of native autophagic vesicles

The FACS-based isolations enabled the enrichment of intact autop-
hagic vesicles at large quantities, which qualified the isolates for
cargo profiling using quantitative LC-MS/MS.

We investigated the protein content of autophagic vesicles puri-
fied under basal autophagy conditions and detected 4,514 cargo pro-
teins in total, including multiple autophagosomal proteins
(Dataset EV1, Appendix Fig S7A). Pathway analysis of the three
independently performed approaches showed only subtle changes
(Appendix Fig S7B), confirming the quality of each isolation, pro-
tein processing, and quantitative MS.

To investigate the impact of different autophagy conditions on
cargo composition, we compared the cargo profiles of vesicles

A Phospholipids identified in isolated autophagic vesicles in comparison with Hela total lysates. Relative amounts were calculated based on total levels of detected
phospholipids. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; PG, phosphatidylglycerol; SM, sphingomyelin.
B Distribution of SM within HeLa cells. BODIPY FL C5-SM (green) was used to localize SM. Nuclei were stained by DAPI. Shown image is representative for 28 slices of

three independent experiments. Scale bar = 20 pm.

C Immunocytochemical analysis of SM (green) and LC3B (red). DAPI was used to stain nuclei. Shown image is representative for 33 slices from three independent
experiments. Pearson’s correlation coefficient for co-localization: 0.44 + 0.09. Single channels are presented in Appendix Fig S6A. Scale bars = 20 or 2 um.
D Immunocytochemical analysis of SM (green), LC3B (red), and LAMP2 (blue). Shown image is representative for 21 slices of three independent experiments. Single

channels are presented in Appendix Fig S6B. Scale bars = 20 or 2 pum.

E Phospholipids identified in autophagic vesicles isolated upon different conditions. Relative amounts were calculated based on total levels of detected phospholipids.

Abbreviations are depicted in (A).

Data information: (A, E) Statistics are depicted as mean + SD of three independent samples for each condition; one-way ANOVA; *P < 0.05; **P < 0.01; ***P < 0.001. No

significant alterations were observed in (E).

© 2022 The Authors

EMBO reports 530652022 5 of 14

85US0 17 SUOWILIOD 3A1R1D 3ol (dde 3y} Aq pausenob afe SSp1Le YO 8SN JO S9N 104 A%eiq1T 8UIIUO 431 UO (SUOTPUOD-PLE-SWUS)W0D A3 | 1M A1 1[BUI UO//SHNY) SUORIPUOD PUe SR L 83U} 885 *[2202/0T/82] Uo Afelqiauliuo Ae|im ‘sosAydolg Z0€ Id Ad S90ESTZ0Z 1GWe/zSeST 0T/10p/610°ssa1doguus" mmwy/Sdny Wwoiy papeo|umoq ‘0 ‘8LTE69VT



EMBO reports Daniel Schmitt et al

A 055
0.50
0.45 1
0.40 1
0.35 -
0.30 1
0.25 1
0.20 1
0.15 1
0.10 -

0.05 - e 5

0- SV | < N  —
34:1 38:4 38:6 34:1 38:4 40:4 406 34:1 36:4 384 34:1 384 34:1 365 34:0 34:1 36:0 36:1 42:1

PC PE Pl PS PG SM

— O Total lysate
B Autophagic vesicles

Relative distribution

*k%

**

SM, DAPI SM, LC3B, DAPI SM, LC3B, LAMP2
E
0.60
0554 O Basal
@ EBSS
0.50 1 B MG132
0.45 4
S 0.40 1
S
2 0.351
£ 0.301
[}
Z 0.25 4
o
[0}
 0.20 4
0.15 1
0.10 1
0.05 - im
ol o HlI i M
34:1 38:4 38:6 34:1 38:4 40:4 406 34:1 36:4 384 34:1 384 34:1 365 34:0 34:1 36:0 36:1 42:1
PC PE PI PS PG SM
Figure 3.
enriched under basal autophagy conditions with the protein content Interestingly, starvation showed only minor effects on the protein
of vesicles purified upon EBSS-induced starvation or MG132- content despite a significantly enhanced autophagic activity (Fig 4A,
mediated proteasome inhibition. Appendix Fig S8). Thus, nutrient deprivation resulted in a globally
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Figure 4. Protein profiles of isolated autophagic vesicles upon different autophagy conditions.

A Volcano plot showing the differential appearance of proteins in autophagic vesicles of EBSS-treated cells in comparison with vesicles isolated under basal autophagy.
Log,-transformed fold changes. For proteins that were excluded from autophagic vesicles upon EBSS treatment or which exclusively appeared within these vesicles,
no fold changes could be calculated and they are indicated as not determinable (nd).

B Volcano plot showing the differential appearance of proteins in autophagic vesicles of MG132-treated cells in comparison with vesicles isolated upon basal autophagy.
Log,-transformed fold changes. For proteins that were excluded from autophagic vesicles upon MG132 treatment or which exclusively appeared within these vesicles,
no fold changes could be calculated and they are indicated as not determinable (nd).

C KEGG pathway analysis of proteins with enhanced localization in autophagic vesicles upon MG132 treatment. Pathways are presented with the number of proteins

found in the data set and computed FDRs for enrichment.

D KEGG pathway analysis of proteins with reduced appearance in autophagic vesicles upon MG132 treatment. Pathways are presented with the number of proteins

found in the data set and computed FDRs for enrichment.

increased turnover of autophagy substrates without the selection of
particular cargoes.

In contrast to starvation, proteasome inhibition showed
stronger effects on the cargo profile (Fig 4B). A prominent subset
of proteins with enhanced appearance in autophagic vesicles
grouped within the proteasome pathway, including multiple pro-
teasome subunits and factors of the ubiquitination process
(Figs 4C and EV5A). Thus, inhibition of the proteasome resulted
in the enhanced autophagic degradation of components of the
ubiquitin-proteasome system in HeLa cells. Interestingly, proteins
of the lysosome pathway, such as LAMP proteins and several
acidic hydrolases, appeared at decreased levels within autophagic
vesicles (Figs 4D and EVS5B). Since MG132 treatment reduced
autophagic activity (Fig EV4), the declined abundance might be

Materials and Methods

Reagents and Tools table

Reagent/Resource

due to lower numbers of autolysosomes present within the isolate
fractions.

In conclusion, protein cargo analysis resulted in the detailed rep-
resentation of autophagy substrates upon different autophagy condi-
tions and revealed treatment-specific alterations upon proteasome
inhibition. This emphasized the quality of the antibody-based FACS-
mediated isolation approach and highlighted its value to investigate
protein contents of native autophagic vesicles.

In summary, here we introduce a powerful method to purify
native autophagic vesicles without the requirement of exhaustive
cellular fractionation or genetic manipulation. The antibody-based
FACS-mediated isolation approach resulted in the enrichment of
large numbers of intact autophagic vesicles, which enabled pro-
found investigations of their PL and protein cargo profiles.

Reference or source Identifier or catalog number

Experimental models

Hela WT
(Homo sapiens)

Prof Christian Behl

Hela ATGS5 KO
(Homo sapiens)

Prof Christian Behl

Hela HA-GABARAP
(Homo sapiens)

Prof Christian Behrends

MEF WT
(Mus musculus)

Prof Ivan Dikic

MEF FIP200 KO
(Mus musculus)

Prof Ivan Dikic

Antibodies

Rabbit polyclonal anti-MAP1LC3B (FlowCyt 4 pg; IF 1:200) Novus NB100-2220
Rabbit polyclonal anti-MAP1LC3B-AlexaFluor647 (FlowCyt 2 pg/4 pg) Novus NB100-2220AF647
Rabbit polyclonal anti-MAP1LC3B (WB 1:500) Sigma L7543

Mouse monoclonal [2G6] anti-MAP1LC3B (IF 1:200) Nanotools 0260-100/LC3-2G6
Mouse monoclonal [2G6] anti-MAP1LC3B-Fluorescein (FlowCyt 1 pug) Enzo BML-PW1205-0025
Rabbit monoclonal [EPR4805] anti-GABARAP+GABARAPL1+CGABARAPL2 Abcam ab109364
(FlowCyt 1 pg/4 pg; WB 1:500)

Rabbit monoclonal [EPR4805] anti-GABARAP+GABARAPL1+GABARAPL2-APC Abcam ab223949
(FlowCyt 2 ng)

Rabbit polyclonal anti-HA (FlowCyt 4 ng; IF 1:200) Sigma H6908
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Reagent/Resource Reference or source Identifier or catalog number
Mouse monoclonal [6E2] anti-HA (WB 1:500) Cell Signaling 2367

Guinea pig polyclonal anti-SQSTM1 (WB 1:500) Progen GP62-C
Rabbit polyclonal anti-ZFYVEL (DFCP1) (WB 1:500) ABclonal A7527
Mouse monoclonal [AP125] anti-PLIN2 (WB 1:500) Progen 610102
Rabbit polyclonal anti-Sirt4 (WB 1:500) Abcam abo04385
Mouse monoclonal [58K-9] anti- 58K Golgi protein (FTCD) (WB 1:500) Abcam ab27043
Mouse monoclonal [DM1A] anti-Tubulin o (WB 1:500) Sigma T9026
Mouse monoclonal [30F11] anti-SOD1 (WB 1:500) Leica Biosystems (Novocastra) NCL-SOD1
Rabbit monoclonal [D5F5U] anti-ATG5 (WB 1:500) Cell Signaling 12994
Rabbit monoclonal [D10D11] anti-FIP200 (WB 1:500) Cell Signaling 12436
Mouse monoclonal [H4B4] anti-LAMP2 (IF 1:200) Abcam ab25631
Sheep polyclonal anti-TGN46 (IF 1:200) BioRad AHP500
Donkey polyclonal anti-rabbit-Cy3 (IF 1:200) Jackson ImmunoResearch 711-165-152
Donkey polyclonal anti-mouse-Cy3 (IF 1:200) Jackson ImmunoResearch 715-165-151
Donkey polyclonal anti-sheep-Cy3 (IF 1:200) Jackson ImmunoResearch 713-165-147
Donkey polyclonal anti-rabbit-Cy5 (FlowCyt 3 pg/12 pg; IF 1:200) Jackson ImmunoResearch 711-175-152
Donkey polyclonal anti-mouse-Cy5 (IF 1:200) Jackson ImmunoResearch 715-175-150
Donkey polyclonal anti-rabbit-HRP (WB 1:7,000) Jackson ImmunoResearch 711-035-152
Donkey polyclonal anti-mouse-HRP (WB 1:7,000) Jackson ImmunoResearch 715-035-151
Donkey polyclonal anti-guinea pig-HRP (WB 1:7,000) Jackson ImmunoResearch 706-035-148
Chemicals, enzymes, and other reagents

Acetonitrile Carl Roth AE70.1
Antibiotic-antimycotic solution Sigma A5955
Bafilomycin A1 Biozol TRCB110000
BODIPY FL C5-shingomyelin Fisher Scientific 11510306
BSA Sigma A7906
CHAPS Carl Roth 1479
Chloroacetamide Sigma 22790
Chloroform Carl Roth 4432

DAPI Calbiochem 382061
DMEM Thermo Fisher Scientific 41965-039
DMSO Carl Roth A994.1

EBSS Sigma E2888
EDTA-free protease inhibitor Roche 11873580001
Empore SDB-RPS CDS Empore 13-110-022
FBS Thermo Fisher Scientific 10437-028
Formic acid solution Merck 1.11670.0250
Isopropanol Carl Roth AE731

LysC Wako Chemicals 4987481427648
Methanol VWR 20903.368
MG132 Sigma P0042
Nonfat dried milk powder AppliChem A0830

PBS Sigma D8537

PMSF Sigma P7626
Proteinase K Roche 03115887001
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Reagent/Resource Reference or source Identifier or catalog number
ROTI Histofix (PFA), 4% Carl Roth P087
Sodium deoxycholate Applichem A1531
Sodium pyruvate Thermo Fisher Scientific 11360070
TCEP Sigma 646547
TFA Sigma 302031
TRIS Carl Roth 4855
Trypsin Promega V5113
Trypsin/EDTA Thermo Fisher Scientific 15400054
Tween20 Carl Roth 9127
Urea VWR 28877.235
Software

Aida Image Analyzer 4.26 Raytest

CorelDraw 2022

Corel Corporation

Cytoscape 3.8.2

Cytoscape Consortium

Excel 2016

Microsoft

FIJI Image] 1.53¢

GNU General Public License

Nature Methods, 9(7), 676-682

Flow)o 10.6.1

BD Biosciences

GIMP 2.8

GNU General Public License

GraphPad Prism 6.0

GraphPad Software

MaxQuant 1.6.17

Max Planck Institute of Biochemistry

Multiquant 3.0.3

AB Sciex

SigmasStat 4.0

Systat Software

Other

AF7000 widefield microscope

Leica

Amersham Imager 600

GE Healthcare Life Science

Amicon Ultra-15 filters Merck UFC901024
BCA Protein-Assay-Kit Thermo Fisher Scientific ]63283.QA
EASY-nCL 1200 Thermo Fisher Scientific
FACSAria Il SORP BD Biosciences
LSM710 laser scanning microscope Zeiss
LSRFortessa SORP BD Biosciences
NuPage Bis-Tris gels Thermo Fisher Scientific NPO0335
Optima MAX-XP Ultracentrifuge; TLA120.2 and TLA110 rotor Beckman Coulter
Precellys 24 Bertin Technologies
QExactive HF mass spectrometer Thermo Fisher Scientific
QTRAP 55500 mass spectrometer AB Sciex
ReproSil-Pur Fused-silica column C18 Dr. Maisch
TEMO900 transmission electron microscope (2K CCD camera) Zeiss
(TRS Trondle)
Trans-Blot Turbo RTA mini nitrocellulose transfer kit BioRad 170-4270
UP50H ultrasonic processor Hielscher
Venor GeM Mycoplasma PCR detection kit Minerva Biolabs 11-1050
Vivaspin 2 filters VWR 512-3760
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Methods and Protocols

Cell culture

Cells were cultivated in DMEM, supplemented with 10% fetal
bovine serum, 1 mM sodium pyruvate, and 1 x antibiotic-
antimycotic solution at 37°C in a 5% CO,-humidified atmosphere.
HeLa cell identity was authenticated via STR analysis, and cells
were regularly tested negative for the presence of mycoplasma using
the Venor GeM Mycoplasma PCR detection kit (Minerva Biolabs, 11-
1050). Stock solutions of bafilomycin A; (Biozol, TRCB110000) and
MG132 (Sigma, P0042) were prepared in DMSO. For starvation,
cells were treated with serum-free EBSS for 2 h. For proteasome
inhibition, cells were incubated with 10 uM MG132 for 8 h. Bafilo-
mycin A; was added to each condition 2 h before cells were col-
lected. To generate ATG5 KO HeLa cells, ATG5-targeting CRISPR/
Cas9 plasmids were obtained from Manuel Kaulich (Frankfurt, Ger-
many). HeLa cells were transfected with 15 pg of plasmids, and pos-
itive clones were selected using culture medium containing 1 mg/
ml puromycin. KO clones were identified via immunoblotting and
gPCR.

FACS-based isolation of autophagic vesicles

At least 1 x 107 cells were collected using Trypsin/EDTA, cen-
trifuged with 306 g for 4 min, and resuspended in PBS supple-
mented with EDTA-free protease inhibitor (Roche, 11873580001).
Cell disruption was performed using a UP50H ultrasonic processor
(Hielscher) for 3 x 2 s with an amplitude of 60%. Lysates were
centrifuged with 3,000 g for 10 min at 4°C, and supernatants were
collected and centrifuged with 150,000 g (r,,) for 30 min at 4°C
using an Optima™ MAX-XP Ultracentrifuge (Beckman Coulter;
TLA120.2 rotor). Pellets were resuspended in PBS, and 4 pg of pri-
mary antibody was added for 30 min, followed by the addition of
12 pg Cy5-conjugated secondary antibody for 1 h. Alternatively,
resuspended pellets were incubated in 4 pg of fluorophore-
conjugated primary antibody for 1 h. The samples were centrifuged
with 150,000 g (ray) for 30 min at 4°C, and pellets were resus-
pended in PBS. Autophagic vesicle sortings were performed using a
BD FACSAria III SORP (BD Biosciences) equipped with a 70 um
nozzle and a 1.0 FSC neutral density filter. The autophagic vesicles
containing compartment was first established using an FSC/SSC
plot on a logarithmic scale, followed by a doublet discrimination
gate using SSC-A/W. Autophagic structures were defined as CyS5-
positive events (640 nm, BP 670/30), whose positivity was con-
ducted according to the background given by an unstained and a
secondary antibody-only negative control. Cy5-positive autophagic
vesicles were sorted at minimum speed (flow rate < 3.0) maintain-
ing < 19,000 events per second. Analysis was performed using
FlowJo v10.6.1 (BD Biosciences). Primary antibodies: MAP1LC3B
(Novus, NB100-2220); GABARAP+GABARAPLI+GABARAPL2 (Abcam,
ab109364); HA (Sigma, H6908); MAP1LC3B-AlexaFluor647 (Novus,
NB100-2220AF647). Secondary antibody: Cy5 anti-rabbit (Immu-
noResearch, 711-175-152).

FACS-based analysis of antibody co-localization

Approximately 1 x 10° cells were prepared for FACS analysis as
described above using 1 pg primary and 3 pg secondary antibody.
Here, a fluorophore-conjugated primary antibody (1 pg) was used
in parallel. Autophagic vesicles were defined as Cy5-positive

© 2022 The Authors
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(640 nm, BP 670/30) and Alexa Fluor 488- or Fluorescein-positive
events (488 nm, BP 530/30). Positivity was conducted according to
the background given by an unstained, a secondary antibody-only,
and an unconjugated primary antibody/secondary antibody (Cy5)-
only negative control. Analysis was performed using FlowJo v10.6.1
(BD Biosciences). Primary antibodies: GABARAP+GABARAPLI1+GA-
BARAPL2 (Abcam, ab109364); MAP1LC3B-Fluorescein (Enzo, BML-
PW1205-0025); Secondary antibody: CyS anti-rabbit (ImmunoRe-
search, 711-175-152).

FACS-based analysis of ATG5 KO HeLa cells and FIP200 KO MEFs

5 x 10° cells were prepared for FACS analysis as described above
using 2 pg fluorophore-conjugated primary antibody and were con-
centrated using Vivaspin 2 filters (VWR, 512-3760). FACS analysis
was performed using the LSRFortessa SORP (BD Biosciences) flow
cytometer. Autophagic vesicles were defined as APC-or AF647-
positive (640 nm, BP 670/30) events. Positivity was conducted
according to the background given by an unstained negative con-
trol. Analysis was performed using FlowJo v10.6.1 (BD Bio-
sciences). Primary  antibodies: = Recombinant = GABARAP+
GABARAPL1+GABARAPL2-APC [EPR4805] (Abcam, ab223949);
MAPI1LC3B-AlexaFluor647 (Novus, NB100-2220AF647).

Western blotting

Western blot analyses were performed as previously described (Bek-
bulat et al, 2020). Proteins of isolated autophagic vesicles were pre-
cipitated using a methanol/chloroform (2:1) precipitation protocol
and resuspended in urea buffer (8 M urea and 4% (w/v) CHAPS in
30 mM Tris (pH 8.5 with HCl)), including EDTA-free protease inhi-
bitor. Usually, 5 pg of total lysate and precipitated proteins of 1—
2 x 10° autophagic vesicles was subjected to 4-12% NuPage Bis-
Tris gels (Thermo Scientific, MP0335) and transferred onto a nitro-
cellulose membrane using the Trans-Blot Turbo RTA mini nitrocel-
lulose transfer kit (BioRad, 170-4270). After blocking with 5% fat-
free milk in PBS-Tween20, the membrane was probed with appro-
priate primary and HRP-conjugated secondary antibodies. Proteins
were visualized via chemiluminescence using the Amersham Imager
600 (GE Healthcare Life Science). Quantification was performed
using Aida Image Analyzer v4.26 (Raytest). Primary antibodies:
MAPI1LC3B (Sigma, L7543); GABARAP+GABARAPL1+GABARAPL2
(Abcam, ab109364); SQSTM1 (Progen, GP62-C); Tubulin o (Sigma,
T9026); HA (Cell Signaling, 2367); ZFYVEl (DFCP1) (ABclonal,
A7527); PLIN2 (Progen, 610102); SIRT4 (Abcam, ab90485); Gol-
gi58/FTCD (Abcam, ab27043); SOD1 (Leica Biosystems, NCL-SOD1)
ATGS5 (Cell Signaling, 12994), FIP200 (Cell Signaling, 12436).
Secondary antibodies: Peroxidase anti-guinea pig (ImmunoRe-
search, 706-035-148); Peroxidase anti-mouse (ImmunoResearch,
715-035-151); Peroxidase anti-rabbit (ImmunoResearch, 711-035-
152).

Proteinase K digest

Five microgram per milliliter proteinase K was supplemented to
purified autophagic vesicles (5 x 10°) and incubated for 15 min on
ice. To stop enzyme activity, PMSF (100 mM) was added for 5 min
and proteins were immediately precipitated using a methanol/chlo-
roform (2:1) precipitation protocol. For positive control, isolated
autophagic structures were sonicated using a UPS50H ultrasonic
processor (Hielscher) for 3 x 3 s with an amplitude of 80% before
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proteinase K supplementation. For negative control, 5 pg/ml BSA
instead of proteinase K was added to the samples.

Immunocytochemistry

Immunocytochemistry was performed as previously described (Bek-
bulat et al, 2020). Briefly, cells were grown on glass coverslips, fix-
ated with 4% PFA, and permeabilized with 90% (v/v) methanol.
Unspecific binding sites were blocked with 3% BSA in PBS followed
by incubation with primary antibody, fluorophore-conjugated sec-
ondary antibody, and DAPI. For sphingomyelin analyses, cells were
treated with 500 nM BODIPY FL C5-shingomyelin (Fisher,
11510306) in serum-free EBSS for 1 h and thereafter were incubated
for 1 h with bafilomycin A; in EBSS. Cells were imaged using the
laser scanning microscope LSM710 (Zeiss). Primary antibody:
MAPILC3B (Nanotools, 0260-100/LC3-2G6); MAP1LC3B (Novus,
NB100-2220); SQSTM1 (Progen, GP62-C); LAMP2 (Abcam,
ab25631); TGN46 (BioRad, AHP500); HA (Sigma, H6908). Secondary
antibody: Cy3 anti-mouse (ImmunoResearch, 715-165-151), Cy3
anti-rabbit (ImmunoResearch, 711-165-152), Cy3 anti-sheep (Immu-
noResearch, 713-165-147), Cy5 anti-mouse (ImmunoResearch, 715-
175-150), Cy5 anti-rabbit (ImmunoResearch, 711-175-152).

Microscopical analysis

For differential interference contrast microscopy, isolated autop-
hagic vesicles were concentrated using Amicon Ultra-15 filters (Mer-
ck, UFC901024) and dried on the surface of microscope slides. After
sealing the samples with glass coverslips, they were imaged using
the widefield microscope AF7000 (Leica).

For negative stain electron microscopy, 5 pl of the isolate frac-
tions was applied onto freshly prepared Formvar-coated copper
mesh EM grids and incubated for 1 min at RT. Then, excess liquid
was drained by using filter paper and grids were dried at RT. Ten
microliter of a 2% (w/v) uranyl acetate (UA) solution was applied
to the grid and incubated for 30 s. The grid was washed 3 x using
drops of distilled water and drained using filter paper. The grid was
dried overnight at RT and analyzed using a TEM900 (Zeiss) oper-
ated at 80 keV and equipped with a wide-angle dual-speed digital
2K CCD camera (TRS Trondle).

Lipidomics

Lipids were extracted from isolated autophagic vesicles using a lig-
uid-liquid extraction method previously described (Lerner
et al, 2017). Briefly, the preparations were allowed to thaw at 4°C.
One thousand microliter methyl tert-butyl-ether (MTBE)/methanol
(10:3, v/v) spiked 10 pl of internal standard mixture for PLs and
250 pl 0.1% formic acid containing 5 pM THL/URB and 10 pg/ml
BHT were added, and samples were subjected to homogenization
for 20 s at 6,000 rpm with a Precellys 24 (Bertin Technologies),
were vortexed for 30 s at 4°C, and centrifuged for 10 min at
13,000 rpm at 4°C. Then, samples were allowed to freeze at —20°C
for 15 min, and the upper organic phase containing lipids was
recovered and dried under a gentle stream of nitrogen at 37°C. The
dried lipid extracts were re-solubilized in 90 pl methanol and stored
at —20°C until analysis. The aqueous phase containing proteins was
stored at —20°C for BCA assay protein content determination, which
was used for normalization of PL values. Lipids were analyzed by
liquid-chromatography multiple reaction monitoring (LC/MRM) on
a QTRAP 55500 mass spectrometer (AB Sciex) operated in positive
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negative ion mode switching. The chromatographic, ionization and
detection conditions were set as previously described (Lerner
et al, 2017). The MRM transitions for the analysis of selected PLs
and calibration standards used for quantification were set as previ-
ously reported (Lerner et al, 2017, 2019). For LC/MRM analysis,
3 ul water was added to a 27 pl methanolic solution of extracted
lipids and 10 pl of this solution was injected into the LC/MRM
instrument. Lipids were quantified using Multiquant 3.0.3 software,
and determined levels were normalized to the protein content of the
samples.

Proteomics

8 x 10° autophagic vesicles were denatured with 2% sodium deoxy-
cholate, 50 mM Tris—HCl pH 8.5, 2.5 mM TCEP, 10 mM chloroac-
etamide at 95°C for 10 min. Lysates were prepared with in-StageTip
(iST) processing method for LC-MS/MS as previously described by
(Kulak et al, 2014). Briefly, proteins were digested overnight at
37°C with 1 vol of 50 mM Tris—HCI pH 8.5 containing LysC (Wako
Chemicals) at 1:100 (w/w) ratio and trypsin (Promega, V5113) at
1:100 (w/w) ratio. Digestion was stopped with 2 vol of 1% TFA in
isopropanol. Digested peptides were purified with Empore SDB-RPS
(styrenedivinylbenzene—reverse phase sulfonate) disks in stage tip
(CDS Empore) and were dried for LC-MS/MS.

Dried peptides of each sample were resuspended in 2% (v/v)
acetonitrile/1% (v/v) formic acid solution. Peptides were separated
with Easy-nLC 1200 (Thermo Fisher Scientific) using a 30 cm long,
75 um inner diameter fused-silica column packed with 1.9 um C18
particles (ReproSil-Pur, Dr. Maisch) and kept at 50°C using an inte-
grated column oven (Sonation). Individual peptides were eluted by
a nonlinear gradient from 4 to 28% acetonitrile over 120 min, fol-
lowed by a step-wise increase to 76% acetonitrile in 6 min, which
was kept for another 9 min and sprayed into a QExactive HF mass
spectrometer (Thermo Fisher Scientific). Full-scan MS spectra (300-
1,650 m/z) were acquired with a resolution of 60,000 at m/z 200,
maximum injection time of 20 ms and AGC target value of 3 x 10°.
The 15 most intense precursors were selected for fragmentation
(Top 15) and isolated with a quadrupole isolation window of 1.4
Th. MS2 scans were acquired in centroid mode with a resolution of
15,000 at m/z 200, a maximum injection time of 25 ms, AGC target
value of 1 x 10°. Ions were then fragmented using higher energy
collisional dissociation (HCD) with a normalized collision energy
(NCE) of 27; and the dynamic exclusion was set to 25 s to minimize
the acquisition of fragment spectra of already acquired precursors.

Raw files were analyzed with MaxQuant 1.6.17 with default
settings using human trypsin digested “one sequence per
gene” proteome database (Homo sapiens SwissProt database
[TaxID:9606, version 2020-03-12]) with label-free quantification
(Cox & Mann, 2008). Carbamidomethyl on cysteines was set as
fixed modification, and acetyl on the protein N-term and methionine
oxidation on methionines were set as variable modifications. Protein
quantification and data normalization relied on the MaxLFQ algo-
rithm implemented in MaxQuant and used for statistical analysis
(Cox et al, 2014). Proteins only identified by a single modified pep-
tide or matching to the reversed or contaminants databases were
removed. Only well-quantified proteins and showing no missing
value in any of the samples were used for statistical analysis. Signifi-
cantly altered proteins were determined by a two-sided, unpaired
Student’s t-test (P-value < 0.05) adding minimum fold-change cut-
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off (> 0.5) with GraphPad Prism 6 or Microsoft Excel 2016. No fold
change could be calculated is indicated as not determinable (nd) in
the volcano plots.

Protein pathway network analysis was performed with Cytoscape
(Shannon et al, 2003) (version 3.8.2) in combination with
StringApp, which is using STRING database (Doncheva et al, 2019).
KEGG databases were used to obtain pathway enrichment (Kanehisa
et al, 2010).

Statistics

In dependence of normal distribution or variance differences, statis-
tical significance between the samples was determined by unpaired
Student’s t-test or one-way ANOVA using SigmaStat (SPSS Science).
The results are shown as mean + standard deviation (SD). Statisti-
cal significance was accepted at a level of P<0.05 (P-
value < 0.05 = *, < 0.01 = ** < 0.001 = *%*%*),

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
(Perez-Riverol et al, 2019) with the dataset identifier PXD024419,
https://www.ebi.ac.uk/pride/archive/projects/PXD024419.

Expanded View for this article is available online.
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