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SUMMARY
Autophagy is a fundamental catabolic process that uses a unique post-translational modification, the conju-
gation of ATG8 protein to phosphatidylethanolamine (PE). ATG8 lipidation also occurs during non-canonical
autophagy, a parallel pathway involving conjugation of ATG8 to singlemembranes (CASM) at endolysosomal
compartments, with key functions in immunity, vision, and neurobiology. It is widely assumed that CASM in-
volves the same conjugation of ATG8 to PE, but this has not been formally tested. Here, we discover that all
ATG8s can also undergo alternative lipidation to phosphatidylserine (PS) during CASM, induced pharmaco-
logically, by LC3-associated phagocytosis or influenza A virus infection, in mammalian cells. Importantly,
ATG8-PS and ATG8-PE adducts are differentially delipidated by the ATG4 family and bear different cellular
dynamics, indicating significant molecular distinctions. These results provide important insights into auto-
phagy signaling, revealing an alternative form of the hallmark ATG8 lipidation event. Furthermore, ATG8-
PS provides a specific ‘‘molecular signature’’ for the non-canonical autophagy pathway.
INTRODUCTION

A defining feature of autophagy is the lipidation of ATG8, a family

of ubiquitin-like proteins including mammalian LC3A/B/B2/C and

GABARAP/L1/L2 (Johansen and Lamark, 2020; Mizushima,

2020). Nascent pro-ATG8 is first primed by a cysteine protease,

ATG4, to expose a conserved aromatic-Glymotif at its C terminus

(Tanida et al., 2004). A ubiquitin-like conjugation system,

composed of ATG7, ATG3, and ATG16L1/12/5, then drives the

covalent ligation of this glycine to a lipid, phosphatidylethanol-

amine (PE), through an amide bond to its headgroup (Figure S1A)

(Ichimura et al., 2000; Kirisako et al., 2000). This unique post-

translational modification recruits ATG8 to autophagosomal

membranes, where it modulates cargo loading and maturation

(Johansen and Lamark, 2020; Nguyen et al., 2016). The associ-

ated relocalization of ATG8s and the characteristic protein

band-shift between unlipidated (ATG8-I) and lipidated (ATG8-II)

forms are widely used to define and assay autophagy-related pro-

cesses (Klionsky et al., 2016; Mizushima and Yoshimori, 2007).

A second phospholipid, phosphatidylserine (PS), also bears

an amino group in its head moiety (Figure S1A), which can be
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conjugated to ATG8 in vitro (Sou et al., 2006). However, in vivo,

ATG8 lipidation occurs exclusively to PE, in both yeast (Ichimura

et al., 2000) and mammalian cells (Sou et al., 2006). The mecha-

nism underlying cellular specificity is not fully understood, but

physiological pH and phospholipid composition may prohibit

alternative lipidation to PS (Nakatogawa et al., 2008; Oh-oka

et al., 2008).

The autophagy machinery also mediates critical, parallel func-

tions in other vital cellular processes (Galluzzi and Green, 2019).

During ‘‘non-canonical autophagy,’’ a subset of core ATG pro-

teins (ATG7/3/12/5/16L1), but not the upstream regulators

(FIP200/ULK/ATG13), target various endolysosomal compart-

ments for conjugation of ATG8 to single membranes (CASM).

LC3-associated phagocytosis (LAP) is an important example,

where LC3 conjugation to phagosomes, housing pathogens or

apoptotic debris, modulates the immune response (Sanjuan

et al., 2007), inflammation (Henault et al., 2012; Martinez et al.,

2015, 2016), antigen presentation (Fletcher et al., 2018; Ma

et al., 2012), vision (Kim et al., 2013), and tumor cell tolerance

(Cunha et al., 2018). CASM is also active during macropinocyto-

sis, entosis (Florey et al., 2011), LC3-associated endocytosis
May 6, 2021 ª 2021 The Author(s). Published by Elsevier Inc. 2031
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Pharmacological activation of non-canonical autophagy promotes ATG8-PS lipidation in cells

(A) Confocal images ofWT andATG13�/�MCF10A cells upon activation of canonical (PP242/BafA1) and non-canonical autophagy (monensin). Scale bar: 20 mm.

(B) Coomassie staining of GFP-IPs and western blotting of cells treated as in (A).

(legend continued on next page)
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(Heckmann et al., 2019), and cGAS-STING activation (Fischer

et al., 2020). In each case, the non-canonical autophagy

pathway drives ATG8 lipidation, which has beenwidely assumed

to represent PE conjugation (Cunha et al., 2018; Florey et al.,

2011;Martinez et al., 2015). However, the identity of themodified

ATG8 has not been formally tested in this context.

RESULTS

Mass spectrometric analysis of ATG8 lipidation
To investigate ATG8 lipidation during CASM, we took a mass

spectrometric approach. GFP-tagged ATG8s were expressed

in different cell lines, treated with different stimuli, to drive

ATG8 lipidation associated with either canonical autophagy or

CASM (Figure 1). GFP-ATG8 was then immunoprecipitated,

base-treated to remove phospholipid acyl chains (leaving only

the headgroup conjugated), and subjected to proteolytic cleav-

age with AspN protease (Figure S1B). The resulting ATG8 C-ter-

minal peptides, in their unmodified form, or covalently conju-

gated to a phospholipid headgroup, were analyzed by liquid

chromatography-tandem mass spectrometry. Where linked to

glycerophosphoethanolamine (from PE), this peptide has a

mass of 1,923.7996; if conjugated to glycerophosphoserine

(from PS), the expected mass would be 1,967.7894.

As proof of concept, canonical autophagy was induced in

wild-type (WT) cells expressing GFP-hLC3A, by co-treatment

with mTOR (PP242) and V-ATPase (BafA1) inhibitors, which

induce and accumulate autophagosomes, respectively. As ex-

pected, GFP-hLC3A relocalizes to punctate autophagosomes

upon PP242/BafA1 treatment (Figure 1A), and a faster migrating,

lipidated band is observed by Coomassie staining (Figure 1B).

By mass spectrometry, lipidation corresponds exclusively to

the covalent conjugation of PE, with negligible PS detected (Fig-

ures 1C–1F). These findings are consistent with published work,

in which activation of autophagy in vivo induces the selective

conjugation of ATG8 to PE (Ichimura et al., 2000; Sou

et al., 2006).

To investigate ATG8 lipidation during non-canonical auto-

phagy, ATG13�/� cells, deficient in canonical autophagy, were

treated with monensin, a known inducer of CASM (Jacquin

et al., 2017). Consistent with previous work (Fletcher et al.,

2018; Florey et al., 2015), these conditions yield specific activa-

tion of CASM, inducing GFP-hLC3A recruitment to endolyso-

somes, and a lipidation-associated band-shift (Figures 1A and

1B), with no significant effect on global lipid composition (Figures

S1C and S1D). Strikingly, under these conditions, mass spec-

trometry detects GFP-hLC3A conjugated to both PE and PS

(Figures 1C, 1D, 1G, and 1H). These data provide clear evidence

for in vivo, cellular ATG8-PS conjugation. To broaden these

findings, multiple ATG8 isoforms were tested (hLC3B/C;

hGABARAP/L1/L2), and in each case, monensin drives alterna-
(C) C-terminal peptides of hLC3A conjugated to the PE or PS headgroup. Predic

(D) Collision-induced dissociation (CID) mass spectra of unmodified, PE-modified,

glycerophosphoethanolamine (from PE); 241.04, glycerophosphoserine (from PS

(E–H) Normalized mass spectrometry analysis of hLC3A-PE and hLC3A-PS in W

(I–K) Analysis of endogenous GABARAPL2 in HeLa cells by western blotting and

Data represent means from three independent experiments. *p < 0.03 and **p <
tive conjugation to PS (Figures S2A–S2G). Using normalized

peak areas to estimate relative abundance, ATG8-PS represents

approximately 10% (hLC3A) to 30% (hGABARAP) of the lipi-

dated form, under these conditions. Similar results are also

observed at endogenous expression levels (hGABARAPL2

knockin model, Figures 1I–1K) (Eck et al., 2020).

Collectively, these data establish that ATG8-PS lipidation can

occur in cells, across all ATG8 isoforms, and indicate that non-

canonical autophagy/CASM drives this distinctive modification.

ATG8-PS lipidation during physiological non-canonical
autophagy
To extend these findings to more physiological processes,

CASM was analyzed during LAP. Using J774A.1 macrophage,

GFP-hLC3A recruitment to phagosomes housing IgG-coated

beads was analyzed, in the presence or absence of BafA1 (Fig-

ures 2A and 2B); BafA1 inhibits CASM, a V-ATPase-dependent

process (Florey et al., 2015; Gao et al., 2016), in contrast to its

effects on canonical autophagy. As expected, BafA1 does not in-

fluence the number of phagosomes formed (Figure 2C) but does

reduce levels of lipidated GFP-hLC3A-II during LAP (Figure 2D).

These data also verify that the majority of enriched GFP-hLC3A

derives from phagosomes, not contaminating autophagosomes

(where BafA1 would instead increase GFP-LC3-II by blocking

autophagosome flux). Importantly, induction of LAP drives the

alternative lipidation of hLC3A with PS, as well as PE (Figures

2E and 2F). In this case, hLC3A-PS accounts for �25% of the

lipidated species and is reduced by BafA1 even more robustly

than hLC3A-PE.

To investigate an additional physiological trigger, influenza A

virus (IAV) infection was assessed in HCT116 cells, in which

the viral M2 proton channel drives CASM (Fletcher et al.,

2018), as shown by GFP-rLC3B lipidation (Figure 2G). Impor-

tantly, mass spectrometric analysis detects GFP-rLC3B conju-

gation to both PS and PE, with rLC3B-PS representing �20%

of the total lipidated species (Figures 2H and 2I).

Together, these data establish that ATG8-PS lipidation occurs

broadly upon induction of CASM via pharmacological activation,

LAP, or IAV infection.

Molecular mechanisms of ATG8-PS lipidation
To define the molecular mechanisms underpinning differential

ATG8 lipidation, the contribution of ATG16L1 was examined.

ATG16L1 is a molecular hub, coordinating autophagy pathways,

via distinct domains, that support either canonical or non-canon-

ical signaling (Dooley et al., 2014; Fletcher et al., 2018; Gammoh

et al., 2013; Lystad et al., 2019; Rai et al., 2019). The ATG16L1

WD40 domain bears key residues which, when mutated (e.g.,

K490A), render cells competent for canonical autophagy but

deficient for CASM (Fletcher et al., 2018; Lystad et al., 2019)

and can be used to dissect these pathways. A panel of
ted molecular weights (MWs) are indicated.

or PS-modified hLC3AC-terminal peptides.Monoisotopicmass shifts: 197.05,

); arrowheads denote y8 ion peaks as examples.

T (E and F) and ATG13�/� (G and H) cells.

mass spectrometry.

0.002, paired t test. See also Figure S2.
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Figure 2. ATG8-PS lipidation occurs during LC3-associated phagocytosis (LAP) and influenza A virus (IAV) infection

(A) Confocal images of J774A.1 macrophage treated with IgG-coated beads to induce LAP �/+ BafA1. Scale bar: 5 mm.

(B) Signal intensity profile of phagosomal GFP-hLC3A. Data represent mean ± SD from three phagosomes.

(C) Quantification of phagocytosis. Data represent means ± SD from more than ten fields of view.

(D) Western blot of GFP-hLC3A from phagosome fraction with ratio of LC3II/LC3I.

(E and F) Normalized mass spectrometry analysis of hLC3A-PE and hLC3A-PS from phagosome fractions. Data represent means from three independent ex-

periments. *p < 0.03 and **p < 0.002, paired t test.

(G) HCT116 cells infected with influenza A virus (IAV) PR8 and analyzed using western blot.

(H and I) Normalized mass spectrometry analysis of rLC3B-PE and rLC3B-PS �/+ IAV infection. Data represent means from three independent experiments.

*p < 0.03, ratio paired t test.
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ATG16L1�/� HCT116 cells, reconstituted with either WT

ATG16L1 or the K490A mutant, were thus analyzed. As ex-

pected, activation of canonical autophagy (PP242/BafA1) in-

duces autophagosome formation (Figure 3A) and conjugation

of GFP-rLC3B to PE, but not PS (Figures 3B and 3C), in WT

and K490A cells equally (but not ATG16L1�/� controls). In

contrast, induction of CASM yields differential results. In WT

cells, monensin drives GFP-rLC3B relocalization to endolyso-

somes and lipidation to both PE and PS (Figures 3D–3G). How-

ever, K490A cells are completely deficient in rLC3B-PS lipida-

tion; monensin does induce a small but reproducible increase

in rLC3B-PE in these cells, likely through a block of basal auto-

phagy flux (Figure 3F). These data show that ATG8-PS conjuga-

tion is dependent on the ATG16L1 WD40 domain. To extend

these findings, ATG16L1 was assessed in RAW267.4 macro-

phage undergoing LAP (Figures S3A–S3C). Again, hLC3A-PS

is detected in WT, but not K490A, cells. Together, these data
2034 Molecular Cell 81, 2031–2040, May 6, 2021
demonstrate that ATG8-PS lipidation is completely dependent

on the molecular machinery of non-canonical autophagy.

ATG16L1, in complex with ATG5/12, directs the site of ATG8

lipidation (Fujita et al., 2008). We thus reasoned that alternative

ATG8 lipidation may result, at least in part, from differences in

lipid composition at the distinct membranes targeted by

ATG16L1 during CASM versus autophagy (Hanada et al.,

2007). To investigate this, a fluorescent sensor for PS (Lact-C2)

(Yeung et al., 2008) was expressed in cells undergoing different

autophagy-related processes. PS is clearly enriched at various

hLC3A-positive compartments during CASM, including phago-

somes (Figure 3H), lysosomes, macropinosomes, and entotic

vacuoles (Figures S3D–S3F). In contrast, PS could not be de-

tected on forming autophagosomes (Figure 3I). These data sup-

port a simple model in which local PS availability may influence

the identity of ATG8 lipidation, although other regulatory mecha-

nisms may also operate.
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Collectively, these data indicate that the molecular machinery

of non-canonical autophagy, such as the ATG16L1 WD40

domain, directs ATG8-PS conjugation at PS-enriched, endoly-

sosomal single membranes.

Differential delipidation of ATG8-PS and PE by ATG4s
We next considered the molecular consequences of differential

ATG8 conjugation, with a focus on ATG4s, the dual-activity pro-

teases that prime pro-ATG8s and then catalyze subsequent de-

lipidation. To explore this, conjugation of PE or PS was modeled

onto the LC3B(120)-ATG4B co-complex structure (Figure 4A)

(Satoo et al., 2009). These phospholipids differ by just a single

carboxyl group, which confers extra bulk and negative charge

to PS. Notably, modeling suggests this distinctive moiety would

juxtapose with ATG4B Trp142, a residue critical for structure and

activity (Sugawara et al., 2005). As such, the additional PS

carboxyl group may limit freedom of movement and sterically

hinder delipidation. To test this, a mixed pool of CASM-induced

hLC3A-PS and hLC3A-PE was enriched from cells and incu-

bated with recombinant ATG4B in vitro (Figure 4B). Strikingly,

whereas hLC3A-PE undergoes robust delipidation through

time (Figure S4A), and across experiments (Figure 4C), hLC3A-

PS is largely resistant to deconjugation under these conditions.

These data confirm that differential ATG8 lipidation can influence

ATG4B-mediated deconjugation, revealing a functional outcome

for this alternative modification. These findings are consistent

with previous in vitro analyses of GABARAPL1 liposomes, delipi-

dated by ATG4A, B, or C (Kauffman et al., 2018), suggesting that

a reduced rate of ATG8-PS cleavagemay be shared amongmul-

tiple isoforms of both ATG8 and ATG4.

However, CASM is a transient and reversible process

(Florey et al., 2011), implying that delipidation of both species

is likely to occur in cells. As such, we reasoned that an alter-

native ATG4 isoform may catalyze PS deconjugation. To

investigate this, ATG4 proteins (A–D) were purified from

mammalian cells, and their delipidation profiles assayed, us-

ing ATG8 substrates (hLC3B or hGABARAP) conjugated to li-

posomes (PE or PS) (Figures 4D–4F). Notably, ATG4A is GA-

BARAP specific, and full-length ATG4C/D are active under

these conditions, unlike the bacterially purified proteins (Betin

and Lane, 2009; Kauffman et al., 2018). RavZ, a bacterial

effector protein known to cleave both ATG8-PE and PS

(Choy et al., 2012; Yang et al., 2017), was included as a pos-

itive control. Consistent with published work, all four ATG4s

can delipidate ATG8s from PE liposomes, to varying degrees

(Kauffman et al., 2018). However, ATG4D preferentially decon-

jugates both hLC3B-PS and hGABARAP-PS, uncovering a

specific function for this isoform. Notably, ATG4B also sup-
Figure 3. The ATG16L1 WD40 domain supports alternative ATG8 lipida

(A) Confocal images of HCT116 ATG16L1�/� cells, re-expressing ATG16L1 WT o

(B and C) Normalized mass spectrometry analysis of rLC3B-PE and rLC3B-PS in

(D) Western blot analysis of HCT116 cell panel, stimulated �/+ monensin.

(E) Confocal images of HCT116 cells treated as in (D).

(F and G) Normalized mass spectrometry analysis of rLC3B-PE and rLC3B-PS in

(H) Confocal images of GFP-hLC3A and RFP-Lact-C2 in J774.A1 cells during LA

(I) Live confocal imaging of MCF10A cells, expressing GFP-hLC3A and RFP-Lact-

Data represent means from three or four independent experiments. *p < 0.03, **

2036 Molecular Cell 81, 2031–2040, May 6, 2021
ports partial ATG8-PS deconjugation on liposomes, suggest-

ing that altered conditions, such as membrane curvature

and/or charge, may enable this activity.

To control for any indirect effects of liposome composition, a

mixed lipid system was assessed, in which hLC3B is conjugated

to PE or PS, on the same liposomes, and delipidation is

measured by mass spectrometry (Figure 4G). Here too,

hLC3B-PS is more efficiently delipidated by ATG4D than

ATG4B, while hLC3B-PE is deconjugatedwell by both. Together,

these data indicate that ATG4s display isoform specificity, with

differential activities toward ATG8-PE and ATG8-PS substrates.

To develop these findings, cellular ATG4 activity was investi-

gated using CRISPR deletion. Consistent with in vitro observa-

tions, loss of ATG4D (HCT116 cells) elevates cellular levels of

rLC3B-PS and rLC3B-PE, during monensin-induced CASM (Fig-

ures 4H and S4B). These data reinforce the notion that ATG4D

provides a major PS-delipidating activity in the cell. We also

tested ATG4B, which can mediate ATG8-PS deconjugation

in vitro, although this reaction is structurally disfavored and rela-

tively inefficient. Given that ATG4B is essential for the activation

of pro-ATG8, pre-primed GFP-hLC3B (G120) was expressed, in

WT or ATG4B�/� HeLa cells (Figures 4I and S4C) (Agrotis et al.,

2019). Interestingly, but somewhat surprisingly, loss of cellular

ATG4B elevates levels of hLC3B-PS (and hLC3B-PE) during

CASM, in a similar manner to ATG4D deletion. These data sug-

gest that under cellular conditions, both ATG4 isoforms can sup-

port ATG8-PS deconjugation.

Finally, the overall cellular dynamics of ATG8-PS and ATG8-

PE were compared during CASM. LAP was induced in

RAW264.7 cells (Figures 4J and 4K), and lipid conjugation quan-

tified over time. As expected, LAP drives the conjugation of

hLC3A to both PS and PE, increasing over time, then falling again

(Figures S4D and S4E). Notably, ratiometric analysis shows the

two species bear different kinetics, with hLC3A-PS persisting

for longer (Figure 4L). These data indicate that the balance of

ATG4-delipidating activities favors the more rapid processing

of ATG8-PE, with ATG8-PS representing a longer lived species.

Collectively, these findings establish clear functional differences

between ATG8-PS and ATG8-PE with respect to ATG4 deconju-

gation and associated signaling dynamics.

DISCUSSION

The C-terminal lipidation of ATG8 is a unique post-translational

modification and a hallmark event during autophagy-related pro-

cesses, widely used to detect and monitor the pathway. Here,

we provide evidence for alternative ATG8 lipidation to PS, during

non-canonical autophagy, thereby bridging the seminal studies
tion, which occurs at PS-enriched membranes

r K490A, stimulated for canonical autophagy (PP242/BafA1). Scale bar: 20 mm.

cells treated as in (A).

cells treated as in (D).

P. Scale bar: 5 mm; arrows denote a GFP-hLC3A-positive phagosome.

C2, treated with PP242. Scale bar: 5 mm. Cropped time-lapse frames, min:sec.

p < 0.002, and ***p < 0.0002, paired t test. See also Figure S3.
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Figure 4. ATG8-PS and ATG8-PE undergo differential delipidation by the ATG4 family

(A) Molecular modeling of LC3B-PE and LC3B-PS in complex with ATG4B (on the basis of PDB: 2Z0D), with critical catalytic residues marked.

(B) Coomassie staining of GFP-hLC3A IPs from MCF10A ATG13�/� cells �/+ monensin, incubated �/+ ATG4B for 60 min.

(C) Mass spectrometry analysis of hLC3A-PE and hLC3A-PS from cells treated as in (B). Data represent three independent experiments with means normalized to

time 0. *p < 0.01, paired t test.

(D) PE or PS liposome-based delipidation assays with purified ATG4s or RavZ. Conjugated hLC3B or hGABARAP was incubated with ATG4A/B/C/D/RavZ

(asterisk) for 60 min and analyzed using SDS-PAGE/Coomassie.

(legend continued on next page)
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of ATG8 lipid conjugation to more recent insights into the

broader autophagy landscape.

Alternative ATG8 lipidation occurs during pharmacological

CASM, LAP and influenza A infection, at single-membrane endo-

lysosomal compartments, enriched in PS. In a striking dichot-

omy, ATG8-PS is not detected during canonical autophagy,

consistent with published work (Ichimura et al., 2000). As such,

ATG8-PS may provide a ‘‘molecular signature’’ for non-canoni-

cal autophagy, enabling its distinction from closely related, par-

allel pathways. It will be interesting to determine whether ATG8-

PS is detected in other physiological contexts.

ATG8-PS and ATG8-PE are differentially deconjugated by

ATG4 isoforms and exhibit altered signaling dynamics in cells,

revealing clear molecular distinctions between these species.

ATG4 isoform specificity has been well studied with respect to

proteolytic priming and PE delipidation (Kauffman et al., 2018),

and our findings build further on these insights. Although ATG4

proteolytic activity is quite promiscuous, with many amino acids

accommodated downstream of the scissile Gly (Sugawara et al.,

2005), delipidating activity appears more selective, likely

because of the structural constraints of the lipid headgroup.

Our data indicate that ATG4D, and ATG4B, can catalyze

ATG8-PS delipidation during CASM.

ATG4D has not been comprehensively studied, although pre-

vious work has identified links to mitochondria and apoptosis

(Betin and Lane, 2009). Our data support a key role for ATG4D

during non-canonical autophagy. Consistent with this, ATG4D

was identified as a modulator of LC3 lipidation during IAV infec-

tion (Ulferts et al., 2020). It will be interesting to establish whether

this activity affects viral responses (Wang et al., 2020) and/or the

neuronal phenotypes observed in ATG4D deficient models

(Kyöstil€a et al., 2015; Syrj€a et al., 2017).

ATG4B also catalyzes ATG8-PS deconjugation in cells, though

this activity is structurally unfavorable and inefficient in vitro. It

seems likely that cellular mechanisms can modulate ATG4B

selectivity. For instance, ATG4B modifications have been re-

ported, and it would be interesting to assess whether these influ-

ence activity (Pengo et al., 2017). Further analyses of ATG4

enzyme kinetics, expression, localization, post-translational

modification, and knockout (KO) phenotypes will be required to

define exactly how their activities differ, and can be regulated,

during CASM and other autophagy contexts.

Differentially lipidated ATG8s bear altered dynamics, with

ATG8-PS persisting longer during LAP. Future work will interro-

gate the functional role(s) of this species more comprehensively.

It is tempting to speculate that conjugation of PS to ATG8 may
(E and F) Densitometry analysis of (D). Data represent means from three indepe

unpaired t test.

(G) Mass spectrometry analysis of hLC3B conjugation on mixed liposomes, incu

untreated controls from three independent experiments. ***p < 0.0002 and ****p

(H and I) Normalized mass spectrometry analysis of GFP-rLC3B from monensin

monensin treated WT and ATG4B�/� HeLa cells (I). Data represent means from t

(J) Western blot analysis of RAW264.7 cells expressing GFP-hLC3A treated �/+

(K) Confocal images of cells treated as in (J). Scale bar: 5 mm. Asterisks denote p

(L) Ratios of hLC3A-PS/PE measured by mass spectrometry from cells treated as

unpaired t test.

See also Figure S4.
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enable binding to distinct interacting partners, to couple to alter-

native signaling pathways. Conversely, it is possible that ATG8

conjugation might instead influence the properties of PS, which

mediates critical charge effects during phagocytosis (Yeung

et al., 2009).

Collectively, our findings open up a range of important

mechanistic and functional questions related to ATG8s and

ATG4s, in different autophagy contexts, to explore through

future study.

Limitations
This study identifies and characterizes cellular ATG8 conjugation

to PS and its impact on ATG4s. It will be interesting next to inves-

tigate the physiological functions of this unique modification.

This will depend upon the development of tools to specifically

promote or inhibit conjugation to PS, rather than PE, which are

not yet available but will form the focus of future work.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-ATG13 Monoclonal Antibody Cell Signaling Cat#13468; RRID: AB_2797419

Rabbit Anti-ATG16L1 Monoclonal Antibody Cell Signaling Cat#8089; RRID: AB_10950320

Anti-GAPDH Antibody Abcam Cat#ab9484; ab9484, RRID: AB_307274

Mouse Anti-GFP Monoclonal Antibody Sigma Cat#11814460001; RRID: AB_390913

Anti-M2 Antibody Abcam Cat#ab5416; RRID: AB_304873

Goat Anti-Rabbit IgG HRP Conjugated Antibody Cell Signaling Cat#7074; RRID: AB_2099233

Goat Anti-Mouse IgG HRP Conjugated Antibody Cell Signaling Cat#7076; RRID: AB_330924

Rabbit Anti-GABARAPL2 Polyclonal Antibody In house N/A

Rat Anti-HA Monoclonal Antibody Roche Cat#11867423001; RRID: AB_390918

Rabbit Anti-ATG4D Polyclonal Antibody Proteintech Cat#16924-1-AP; RRID: AB_2062024

Rabbit Anti-ATG4B Polyclonal Antibody Cell Signaling Cat#5299; RRID: AB_10622184

Bacterial and virus strains

Influenza A Virus PR8 (strain A/Puerto Rico/9/1934) Fletcher et al., 2018 N/A

BL21-Gold (DE3) E. coli. Agilent Cat#230132

Chemicals, peptides, and recombinant proteins

Bafilomycin A1 Tocris Cat#1334

PP242 Tocris Cat#4257

Monensin Sigma Cat#M5273

DAPI Sigma Cat#D9542

Human IgG Sigma Cat#I4506

Murine IFNg Peprotech Cat#315-05

GFP-TRAP beads Chromotek Cat#gtma-20

Control magnetic agarose beads Chromotek Cat#bmab-20

Magnetic 3-micron beads Bangs Lanoratories Cat#PMA3N

Latex 3-micron beads Polysciences Cat#17134-15

Zymosan Sigma Cat#Z4250

Human serum Sigma Cat#P2918

DMEM Thermofisher Cat#41966-029

DMEM F/12 Thermofisher Cat#11320074

Pen/Strep Thermofisher Cat#15140-122

N-Ethylmaleimide (NEM) Sigma Cat#E3876

Puromycin Sigma Cat#P8833

Blasticidin Sigma Cat#15205

Protease inhibitor cocktail III Sigma Cat#P8340

Phosphatase inhibitor Sigma Cat#P0044

EGF Peprotech Cat#AF-100-15

Hydrocortisone Sigma Cat#H0888

Cholera toxin Sigma Cat#C8052

Insulin Sigma Cat#I9278

2x LDS buffer Thermofisher Cat#NP0008

Imperial Stain Thermofisher Cat#24615

AspN protease Sigma Cat#11420488001

Gold anti-fade Thermofisher Cat#P36930
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-HA Agarose beads Sigma Cat#A2095

Recombinant His-tagged human ATG4B Abcam Cat#ab188707

Deposited data

https://data.mendeley.com/datasets/f5kjfmnf2p/1 N/A N/A

Experimental models: cell lines

HCT116 GFP-rLC3B Fletcher et al., 2018 N/A

HCT116 ATG16L1�/� GFP-rLC3B Fletcher et al., 2018 N/A

HCT116 GFP-rLC3B WT clone A Ulferts et al., 2020 (BioRxiV) N/A

HCT116 GFP-rLC3B ATG4D�/� Ulferts et al., 2020 (BioRxiV) N/A

MCF10A GFP-hLC3A Florey et al., 2011 N/A

MCF10A ATG13�/� GFP-hLC3A Jacquin et al., 2017 N/A

MCF10A ATG13�/� GFP-hLC3B This manuscript N/A

MCF10A ATG13�/� GFP-hLC3C This manuscript N/A

MCF10A ATG13�/� GFP-hGABARAP This manuscript N/A

MCF10A ATG13�/� GFP-hGABARAPL1 This manuscript N/A

MCF10A ATG13�/� GFP-hGABARAPL2 This manuscript N/A

J774.1A GFP-hLC3A Florey et al., 2011 N/A

RAW264.7 GFP-hLC3A This manuscript N/A

RAW264.7 ATG16L1�/� Lystad et al., 2019 N/A

RAW264.7 ATG16L1�/� GFP-hLC3A + WT FlagS-ATG16L1 This manuscript N/A

RAW264.7 ATG16L1�/� GFP-hLC3A + K490A FlagS-ATG16L1 This manuscript N/A

HeLa GFP-hLC3B.G120 Agrotis et al., 2019 N/A

HeLa ATG4B�/� GFP-hLC3B.G120 Agrotis et al., 2019 N/A

HEK293 FT ATCC ATCC Cat# PTA-5077, RRID:CVCL_6911

Oligonucleotides

ATG4D guide 1 ggcgggacacaaagucccgc N/A

ATG4D guide 2 gggacuuugugucccgccug N/A

ATG4D guide 3 ccggcgguaugugagccac N/A

Recombinant DNA

pBabe-Puro GFP-GABARAP MRC-PPU DU36756

pBabe-Puro GFP-GABARAPL1 MRC-PPU DU36757

pBabe-Puro GFP-GABARAPL2 MRC-PPU DU40072

pBabe-Puro GFP-LC3B MRC-PPU DU40253

pBabe-Puro GFP-LC3C MRC-PPU DU40860

mRFP-Lact-C2 Addgene Addgene plasmid

Cat#74061
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact (oliver.

florey@babraham.ac.uk).

Materials availability
Plasmids and cell lines generated in this study will be made available upon request made to the Lead Contact (oliver.florey@

babraham.ac.uk).
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Data and code availability
Original imaging and western blots data were deposited at Mendeley at:

https://data.mendeley.com/datasets/f5kjfmnf2p/1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

WT or ATG13�/� MCF10A cells (female, human breast epithelial), expressing GFP-LC3A (human), were prepared as described pre-

viously (Jacquin et al., 2017) and cultured in DMEM/F12 (GIBCO, 11320074) containing 5% horse serum (Sigma), EGF (20ng/ml; Pe-

protech AF-100-15), hydrocortisone (0.5 mg/ml; Sigma, H0888), cholera toxin (100 ng/ml; Sigma, C8052), insulin (10 mg/ml; Sigma,

I9278), and penicillin/streptomycin (100 U/ml, /ml; GIBCO 15140-122) at 37�C, 5%CO2. Briefly, wild-type and ATG13�/� cells gener-

ated by CRISPR/Cas9 using gRNAs (Fwd; TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGACAGCTGCCTG

CAGTCGGG, Rev; GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCCGACTGCAGGCAGCTGTC), were transduced

with pBabe-Blast hGFP-LC3A retrovirus as described below. These parental cell lines were also engineered to express alternative

GFP-tagged isoforms of human ATG8s, using retroviral infection (pBabe-Puro) and antibiotic selection (2.5 mg/ml Puromycin).

HCT116 cells (male, human colorectal epithelial) expressing GFP-LC3B (rat) are an established model for CASM, used previously

to study ATG16L1 mechanisms and Influenza A infection (Fletcher et al., 2018). These cells were maintained using DMEM (GIBCO,

41966-029) supplemented with 10% FBS (Sigma) and penicillin/streptomycin (100 U/ml, 100 mg/ml; GIBCO 15140-122) at 37�C, 5%
CO2. A panel of lines expressing different ATG16L1 constructs were derived from ATG16L1�/� cells, reconstituted with the pBabe-

Puro ATG16L1 (wild-type or K490A), as described previously (Fletcher et al., 2018). Briefly, ATG16L1 was targeted in HCT116 cells

with gRNA (ATTCTCTGCATTAAGCCGAT) designed to target exons shared by all predicted transcripts and cloned into the BpiI site of

pSpCas9(BB)-2A-puro V2.0. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions

and selected with puromycin (4 mg/ml), and single cell clones generated. ATG16L1 was inserted into pBabe Flag-S retroviral vector

using SalI cloning sites. Alanine point mutants were generated using QuikChange Site-directed Mutagenesis Kit (Stratagene). Stable

cell lines expressing ATG16L1 constructs were generated by retroviral transduction and selection as described below. ATG4D null

cells were prepared as described below.

J774.A1 (female, mouse monocyte/macrophage) were obtained from ATCC and cultured in DMEM (GIBCO, 41966-029) supple-

mented with 10% FBS (Sigma) and penicillin/streptomycin (100 U/ml, 100 mg/ml; GIBCO 15140-122) at 37�C, 5% CO2. These cells

were engineered to express GFP-LC3A (human) by retroviral infection (pBabe-Blast) and antibiotic selection (8ug/ml Blasticidin), for

use in LAP assays.

ATG16L1�/� RAW264.7 (male, mouse monocyte/macrophage) were described previously (Lystad et al., 2019) and cultured in

DMEM (GIBCO, 41966-029) supplemented with 10% FBS (Sigma) and penicillin/streptomycin (100 U/ml, 100 mg/ml; GIBCO

15140-122) at 37�C, 5% CO2. These cells were engineered to express GFP-LC3A (human, pBabe-Blast), and reconstituted with

ATG16L1wild-type or K490A (pBabe-Puro), all by retroviral infection and selection (8 mg/ml Blasticidin, 2 mg/ml Puromycin), to assess

the mechanisms of ATG16L1 during LAP.

HEK293FT cells (human, embryonic kidney) were grown in DMEM (GIBCO, 41966-029) supplemented with 10% FBS (Sigma) and

penicillin/streptomycin (100 U/ml, 100 mg/ml; GIBCO 15140-122) at 37�C, 5% CO2.

HeLa cells (female, human cervical adenicarcinoma epithelial) were cultured in DMEM (GIBCO, 41966-029) supplemented with

10% FBS (Sigma) and penicillin/streptomycin (100 U/ml, 100 mg/ml; GIBCO 15140-122) at 37�C, 5% CO2. Wild-type and endoge-

nously HA-tagged GABARAPL2 HeLa cells were kindly provided by Dr Christian Behrends (Eck et al., 2020). Wild-type and

ATG4B�/� HeLa cells expressing GFP-hLC3B.G120 were kindly provided by Dr Robin Ketteler (Agrotis et al., 2019).

METHOD DETAILS

Reagents
Bafilomycin A1 (#1334) and PP242 (#4257) were purchased from Tocris; Monensin (M5273), DAPI (D9542) and human IgG (I4506)

were from Sigma. GFP-Trap (gtma-20) and control magnetic agarose beads (bmab-20) were obtained from Chromotek, anti-HA

agarose beads fromSigma (A2095), Magnetic 3-micron beads (PMA3N) fromBangs Laboratories and Latex polymer 3-micron beads

(17134-15) fromPolysciences. Murine IFNg (315-05) was fromPeprotech. Lipids were purchased fromAvanti Polar Lipids (Alabaster,

AL), dissolved in chloroform: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; 850725C), 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine–rhodamine (DOPE–rhodamine; 810150C), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; 850457C)

and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS; 840035C).

Plasmids
GFP-tagged, human LC3B, LC3C, GABARAP, GABARAPL1 and GABARAPL2, in pBabe-Puro, were purchased from MRC-PPU,

University of Dundee. mRFP-Lact-C2 was a gift from Sergio Grinstein (Addgene plasmid # 74061). GFP-huLC3A pBabe-Blast

was kindly provided by Dr Michael Overholtzer (MSKCC). Flag-S-tagged versions of mouse ATG16L1 (wild-type and K490Amutant),

in pBabe-Puro, were previously described (Fletcher et al., 2018).
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Generation of ATG4D CRISPR knock out cells
Stable ATG4D knock out cell lines were generated using CRISPR technology. HCT116 rGFP-LC3B cells were nucleofected with a

pool of in vitro synthesized guide RNAs (Synthego) and Cas9 (Thermo). Single cell clones were isolated and absence of gene expres-

sion confirmed by western blotting. The sgRNAs were designed using the Synthego software: ATG4D guide 1: ggcgggacacaaa

gucccgc, ATG4D guide 2: gggacuuugugucccgccug, ATG4D guide 3: cccggcgguaugugagccac.

Retrovirus production and infection
Retrovirus production and infection was performed as described previously (Durgan et al., 2017). In brief, HEK293T cells were trans-

fected with retroviral constructs and envelope and packaging constructs, using Lipofectamine 2000 (Invitrogen). Viral supernatant

was collected over 2 days. For infection, cells were seeded in a 6 well plate at 5 3 104 per well. The next day 1ml viral supernatant

was added with 10mg/ml polybrene for 24 hours followed by a media change. Selection was achieved with antibiotic treatment for

2-5 days. Constructs, plasmids and antibiotic concentrations are all indicated above.

Pharmacological stimulation
To induce canonical autophagy, cells were pretreated for 20 mins with 100 nM bafilomycin, followed by addition of 1 mMPP242 for a

further 40mins. To induce non-canonical autophagy/CASM, cells were treated with 100 mMmonensin for 60mins (note: monesin also

blocks autophagic flux in a WT genetic background). Stimulated cells were analyzed by microscopy, or lysed for western blotting or

mass spectrometric analysis, as indicated.

J774.A1 phagosome preparation and assay
To induce, enrich and analyze phagosomes, J774.A1 cells expressing GFP-LC3A (human) were assayed with IgG coated magnetic

beads (ProMag 3 Series-Amine, Bangs Laboratories). Themagnetic beadswere prepared according to themanufacture’s guidelines.

Briefly, beads were: i) washed in PBS and activated by rotating with 10% glutaraldehyde for 1 hour, RT; ii) washed in PBS and re-

suspended by rotating with 6 mg human IgG (Sigma, I4506) for 2 hours, RT; iii) washed again and quenched by rotating with

40 mM glycine for 1 hour, RT and iv) finally resuspended in PBS.

To enrich phagosomes for LC3 lipidation analysis, 8 3 15cm plates of J774.A1 cells were seeded per condition, incubated for

3 days, then stimulated with 200 U/ml murine IFNg (Peprotech, 315-05) for 24 hours. Cells were then preincubated with 100 nM Ba-

filomycin A1, or DMSO control, for 15 mins. Phagocytosis was induced by adding IgG coated beads, which were incubated for

25 mins, 37�C. Cells were then placed on ice and washed with ice cold PBS. Each dish was scraped into 0.5 mL HB buffer:

250 mM sucrose, 10 mM HEPES, phosphatase inhibitors (1x, Sigma P0044) and protease inhibitors (1x, Sigma P8340), then spun

at 200 rcm, 5 mins. The pellet (containing intact cells and beads) was resuspended in 1 mL fresh HB buffer and an aliquot of total

cell extract removed. Cells were then gently ruptured with 35 strokes of a Dounce homogenizer, on ice. Samples were placed on

a magnetic rack, to isolate the magnetic beads and their enclosing phagosomes. The beads were washed with 2x 1 mL HB buffer

and parallel samples for each condition pooled; an aliquot of this phagosome preparation was withheld. Finally, to release and

recover the phagosomal GFP-LC3 for analysis, the bead pellet was lysed in NP40 lysis buffer and subjected to GFP-TRAP IP, as

described below.

RAW264.7 phagocytosis assay
RAW264.7 macrophage are an established model to study ATG16L1 during LAP (Lystad et al., 2019). IgG-coated latex beads were

prepared as previously described (Jacquin et al., 2019). Briefly, 3-micron beads (Polysciences Inc) were resuspended in 0.1MBorate

and incubated with human IgG at 4�C overnight while rotating. The beads were washed in PBS x3, then resuspended in PBS. Opsi-

nized zymosan was prepared by mixing zymosan with human serum for 30 mins at 37�C followed by washing and resuspension in

PBS. RAW264.7 cells were seeded in 15 cm2 dishes and treated with 200 U/ml IFNg (Peprotech, 315-05) for 24 hours prior to use.

Where indicated, 350 ul IgG beads, or 175 ul zymosan (10mg/ml), were added to dishes for 30 minutes at 37�C. Cells were washed in

cold PBS x 1 and lysed in 900 ul lysis buffer consisting of: 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP40 (IGEPAL CA-630, Sigma

I3021), phosphatase inhibitors (1x, Sigma P0044) and protease inhibitors (1x, Sigma P8340). Samples were scraped into pre-chilled

1.5 mL Eppendorf tubes, incubated on ice for 20 minutes and centrifuged at 13,500 rpm for 10 minutes at 4�C. Notably, induction of

LAPwas so robust and specific under these conditions, that phagosome enrichment was not necessary. The supernatants were sub-

jected directly to GFP-TRAP IP, as described below.

Influenza A infection
Stocks of influenza A virus PR8 (strain A/Puerto Rico/8/1934) were generated using an eight plasmid-based system, as previously

described, (de Wit et al., 2004), and propagated on MDCK cells. In brief, eight genomic segments from influenza virus A/PR/8/34

were amplified by RT-PCR and cloned in pSP72-PhuThep (segments 2 and 6) or pSP72-PhuTmu (all other segments). The constructs

were then transfected into 293T cells together with expression plasmids for the polymerase proteins and nucleoprotein of influenza

virus A/PR/8/34: HMG-PB2, HMG-PB1, HMG-PA, and HMG-NP, using transient calcium phosphate-mediated transfection. At

72 hours post transfection, supernatants were harvested and virus titrated.
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For infection, cells were washed with serum-free DMEM, then incubated with virus in serum-free DMEM at 37�C. After 1 h, the me-

dium was replaced with DMEM containing 10% FBS. Cells were processed 16 hours post infection (h.p.i.) and analyzed by micro-

scopy, or lysed for western blotting or mass spectrometric analysis, as indicated.

Whole cell lipidomic analysis
53 105MCF10A cells were seeded per 6 cmdish, incubated overnight and then treated as indicated. These cells adhere strongly and

tend to rupture upon scraping, so were harvested by trypsinsation. Cells were rinsed in PBS, incubated with trypsin for 3 minutes,

37�C and harvested in media. The cells were then washed 3x in PBS and pelleted at 150 rcf., 3 minutes. Cell pellets were snap frozen

in liquid nitrogen for lipid analysis. The frozen cell pellets were subjected to Folch extraction using chloroform/MeOH/H2O (2:1:1). The

dry extract was re-suspended in chloroform/MeOH (1:1). Phosphatidylethanolamine (PE) and phosphatidylserine (PS) were sepa-

rated by liquid chromatography using a Shimadzu XR system (Shimadzu, Kyoto, Japan) (Zhuang et al., 2019). PE and PS were

then detected using an Orbitrap Elite mass spectrometer in full scan mode with a mass range of 400- 1000m/z at a target resolution

of 240,000 (FWHM at m/z 400). Data were analyzed using Lipid Data Analyzer (2.6.0–2) software (Hartler et al., 2017).

Cell lysis and GFP-TRAP immunoprecipitation
Cells expressing GFP-ATG8 were seeded across multiple 15-cm dishes, treated as indicated, then placed on ice and washed with

ice-cold PBS. Each 15-cm dish was scraped into 900 mL lysis buffer. Lysis composition was as follows: 1) GFP-LC3A/B in MCF10A/

RAW264.7: 50 mM Tris pH 7.5, 150 mMNaCl, 0.5%NP40 (IGEPAL CA-630, Sigma I3021), phosphatase inhibitors (1x, Sigma P0044)

and protease inhibitors (1x, Sigma P8340); 2) GFP-LC3B in HCT116 cells, as above, except 1% Triton replaces 0.5% NP40; 3) GFP-

GABARAPs in MCF10A: as above, but with the addition of 20 mM N-Ethylmaleimide (NEM) to protect the lipidated species (Agrotis

et al., 2019). The resulting suspension was incubated on ice for 10 minutes, then centrifuged at 16000 rcm, 4�C, 10 minutes to sepa-

rate the pellet from the soluble lysate. A small fraction of the supernatant was removed for western blotting, as described below, and

the remaining lysate subjected to preclearing and IP, using magnetic beads (Chromotek) and a magnetic separation rack (Cell

Signaling), according to themanufacturers’ instructions. The lysate was pre-cleared, using 10 mL equilibratedmagnetic agarose con-

trol beads/sample (bmab, Chromotek), for 30minutes, 4�C, on a rotating wheel. Cleared lysateswere then incubatedwith 10 mL equil-

ibrated GFP-TRAP beads/sample (gtma, Chromotek) for 60 minutes, 4�C, on a rotating wheel, to recover GFP-LC3. The beads were

washed 33 10 minutes in lysis buffer at 4�C, on a rotating wheel. Enriched GFP-LC3 was either processed further on the beads (see

ATG4B delipidation assay), or eluted for analysis by Mass Spectrometry with the addition of 25 mL 2x LDS buffer (Invitrogen)/0.2 M

DTT sample buffer at 100�C, 5 minutes.

HA-immunoprecipitation
Wild-type and HeLa cells expressing endogenously HA-tagged GABARAPL2 were each seeded across 53 15 cm2 dishes per con-

dition. Cells were treated as indicated, then placed on ice and washed with ice-cold PBS. Each 15-cm2 dish was scraped into 900 mL

lysis buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton, phosphatase inhibitors (1x, Sigma P0044) and protease inhibitors

(1x, Sigma P8340). The resulting suspension was incubated on ice for 10 minutes, then centrifuged at 16000 rcm, 4�C, 10 minutes

to separate the pellet from the soluble lysate. A small fraction of the supernatant was removed for western blotting, as described

below, and the remaining lysate subjected to IP using 100 ul equilibrated anti-HA agarose beads/sample for 60 minutes at 4�C on

a rotating wheel. Enriched HA-GABARAPL2 was eluted for analysis by Mass Spectrometry with the addition of 25 mL 2x LDS buffer

(Invitrogen)/0.2 M DTT sample buffer at 100�C, 5 minutes.

Mass spectrometric analysis of lipidated ATG8
ATG8 samples were run on 10% NuPAGE gels in MOPS buffer (Invitrogen), alongside protein molecular weight markers (EZ-Run,

Fisher). Gels were released into a MeOH rinsed box for washing and staining, all at RT, with gentle shaking. Each gel was washed

3 3 5 mins in dH2O, stained with Imperial Stain (Thermo Scientific, 24615) for 2 hr, then destained in dH2O overnight. Stained

gels were scanned and representative images are presented. For each sample, the entire gel region, containing both lipidated

and non-lipidated ATG8 protein, was excised into a single tube, destained, and typically saponified by treatment with 50 mM

NaOH in 30%MeOH at 40�C for 2 hr. The protein was digested with AspN protease (Roche) at 30�C for 16 hr, in 25 mM ammonium

bicarbonate, which cleaves predominantly to the N-terminal side of Asp residues.

For the initial characterization of modified LC3A, peptides were separated on a reversed-phase nanoLC column (1503 0.075mm;

Reprosil-Pur C18AQ, Dr Maisch), interfaced to an Orbitrap Velos Pro mass spectrometer (Thermo Scientific), operating in high res-

olution (orbitrap) MS1 mode, with data-dependent acquisition of low resolution MS2 spectra generated by CID in the linear ion-trap.

The measured neutral monoisotopic masses of the three forms of LC3A C-terminal peptide DGFLYMVYASQETFG, calculated from

the predominant doubly protonated pseudomolecular ions, were: unmodified - 1726.758 (theoretical 1726.754); PE-modified -

1923.802 (theoretical 1923.800); PS-modified - 1967.790 (theoretical 1967.789). MS2 data were searched against the Uniprot mouse

proteome database using Mascot software (Matrix Science), with glycerophosphoethanolamine and glycerophosphoserine com-

bined with loss of the C-terminal amino-acid, specified as custom C-terminal variable modifications. Spectral matches to the C-ter-

minal modified peptides were confirmed by manual interpretation. Some y-ions gave a secondary fragment consistent with neutral

loss of phosphoglycerol (172). As expected, b-ions did not shift. b14 is characteristically absent from the unmodified peptide, but
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observed in the modified peptides, along with b* (cleavage between Gly and head group), confirming C-terminal amide linked

modification.

It was observed during the characterization of the C-terminal peptides that theMet residue was > 90%oxidized to the sulphone, so

in order to increase the sensitivity of subsequent targeted analyses, the Met-oxidised forms of the peptides were used. For the tar-

geted mass spectrometric assay of C-terminal ATG8 peptides, samples were processed identically, but the analysis was done on a

Q-Exactive mass spectrometer (Thermo Scientific). The hLC3B, hLC3C, GABARAP, GABARAPL1 and GABARAPL2 peptides, and

their neutral monoisotopic masses, are shown in Figure S1A. For each of the ATG8 protein analyses, the mass spectrometer scan

cycle consisted of one high-resolution MS1 scan, and three high resolution MS2 scans from fragmentationof the parent ions of

the unmodified, glycerophosphoethanolamine- and glycerophosphoserine-modified C-terminal peptides.

Quantitative data were extracted using Skyline software (MacCoss Lab, University of Washington) using the sum of the chromato-

graphic peak areas from the y-series fragment ions. Normalization was performed against unmodified C-terminal peptides.

On bead ATG4B delipidation assay
ATG13�/�MCF10A cells were treated -/+ 100 mMmonensin for 60 minutes and GFP-hLC3A was enriched, immobilised and washed

on GFP-TRAP beads, as described above. Recombinant His-tagged human ATG4B (Abcam, ab188707) was pre-treated with 10mM

DTT for 15 mins, RT, to achieve maximum activation, then added at 2 mg/sample, in lysis buffer, to the GFP-LC3 beads for 0-120 mi-

nutes at 37�C. At the end of the time-course, the reactionmixturewas aspirated, the beads quickly rinsedwith ice cold lysis buffer and

GFP-hLC3A was eluted for analysis by Mass Spectrometry with 25 mL 2x LDS (Invitrogen)/0.2 M DTT sample buffer at 100�C, 5 mins.

Protein purification for liposome assays
Full-length ATG5–12–ATG16L1 complex was expressed and purified fromHEK suspension cells (HEK-F, Invitrogen) in 200mL scale.

Cells were grown to 2–3 3 106 cells/ml on a shaker (160 rpm) at 37�C with 8% CO2 in 4 mM glutamine supplemented BalanCD

medium (Irvine Scientific). A total of 1 mg per 13 106 cells of the following plasmids was mixed with a threefold excess (w/w) of poly-

ethyleneimine ‘‘MAX’’ (40 kDa, Polysciences, Inc.) in 8 mL OptiPro (Invitrogen): pCMV-3xFLAG-SUMOstar-hATG16L1, pCMV-

hATG5, pCMV-GST-hATG12, in amount ratio 1:2:2. To this was added 10% (w/w) of plasmid pCMV-hATG10, and the mixture

was incubated for 20 min at room temperature before added to the cells. Cells were grown for three days with addition of 5% Bal-

anCD Feed (Irvine Scientific) after 1 and 2 days. Cells were centrifuged at 350 3 g for 5 min, washed with 30 mL PBS, and the cell

pellet was lysedwith 22mL PBS containing 1%Nonidet P40 (Pierce), 1mMEDTA, and cOmplete ULTRA protease inhibitors (Roche).

After 15 min incubation on ice, lysed cells were centrifuged at 350 3 g for 5 min and the supernatant was collected, snap frozen in

liquid nitrogen, and stored at �80�C.
Lysate was thawed and centrifuged at 20.000 3 g for 10 min and the supernatant was added to 3 mL of anti-FLAG (M2)-agarose

(Sigma), and incubated 5h in the cold by end-to-end rotation. The gel matrix was transferred to a column and washed stepwise by at

least 5 column volumes of NT350 (350 mM NaCl, 20 mM Tris-HCl, pH 7.4). The gel was resuspended in 1 mL NT350 to which was

added 2 mL SUMOstar protease (20 U, Life Sensors) and the closed column was incubated in the refrigerator overnight. Cleaved pro-

tein was eluted by stepwise 1mL additions of NT350 and fractions with highest amount of protein were pooled and added to 0.5mL of

glutathione-Sepharose (GE Healthcare), equilibrated with NT350. After 5 h incubation by end-to-end rotation in the cold, the gel ma-

trix was washed three times with 1 mL NT350 by centrifugation and resuspended in 1 mL NT350 with 20 mg GST-HRV 3C protease

(produced in-house at 4 mg/ml by expression from a pGEX plasmid in E. coli). The gel was incubated at 4�C by end-to-end rotation

overnight, pelleted and the cleaved complex was collected in the supernatant, snap-frozen in liquid nitrogen, and stored at �80�C.
Human ATG3, ATG7, ATG4A, ATG4B, ATG4C and ATG4Dwere expressed and purified fromHEK suspension cells in a similar pro-

cedure to that described for ATG12-5-16L1, with the second purification step omitted.

LC3B (amino acids 1-120) and GABARAP (amino acid 1-116) were expressed in BL21 pLysS DE3 E.coli cells from a pGEX-6P-2

plasmid (GE Healthcare) in 250 mL LB medium. After induction with IPTG at OD 0.8, the cells were grown at 22�C for 4 hours and

harvested by centrifugation. After washing with NH100 (100 mM NaCl, 20 mM HEPES-KOH pH 7.4), the cells were resuspended

in 5 mL NH100 and snap-frozen. The cells were thawed and centrifuged at 75.000 x g for 30 minutes, and the supernatant was incu-

bated with glutathione-Sepharose. After washing with NH100, LC3B was eluted by on-column cleavage overnight at 4�C with HRV

3C protease. Eluted protein was gel filtrated on Sephacryl S-200 HR (GE Healthcare) equilibrated with NH100 buffer, and purified

LC3B was snap-frozen and stored at �80�C.
RavZ was expressed in BL21-Gold (DE3) E. coli. Cells were grown at 37�C to an OD of 0.6–0.8 before protein expression was

induced with 0.5 mM IPTG. Cells were then grown for three additional hours before they were collected by centrifugation. Cells

were resuspended in NT350, supplemented with a Roche Complete Protease Inhibitor, lysed by sonication, and cleared by centri-

fugation (20.000 x g for 10 minutes). The supernatant was incubated at 4�C with Glutathione Beads (Sigma) for 4 hours. Beads were

collected and washed twice with NT350 buffer before HRV 3C protease was added and allowed to cut at 4�C overnight. The next

morning, protein fractions were collected and stored at �80�C.

Liposome assays
To prepare liposomes the various lipid combinations were dried under nitrogen gas, and the lipid filmwas further dried under vacuum

for 1 hour. The lipids were reconstituted in NT350 buffer (350 mM NaCl, 20 mM Tris–HCl pH 7.4) and subjected to seven cycles of
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flash-freezing in liquid nitrogen and thawing in a 37�Cbath. PE liposomeswere composed of 50mol%POPC and 50mol%DOPE, PS

liposomes contained 50mol%POPC and 50mol%DOPS, while themixed liposomeswere composed of 19.9mol%POPC, 40mol%

DOPE, 40 mol% DOPS and 0.1 mol% DOPE–rhodamine. Liposomes were further sonicated immediately prior to the lipidation

reaction.

Lipidation reactions were carried out in microcentrifuge tubes containing ATG7 (0.5 mM), ATG3 (1 mM), ATG12-ATG5-ATG16L1

(0.1 mM), LC3B (aa1-120, 10 mM) or GABARAP (aa1-116, 10mM) and sonicated liposomes (3 mM), mixed in NT350 buffer containing

1 mM DTT.

Lipidation was initiated by adding 1mMATP and reactions were incubated at 37�C for 90minutes. The lipidation reaction was then

run on a Nycodenz density gradient to remove non-lipidated LC3B/GABARAP from the proteoliposomes. The bottom layer of the

gradient consisted of 150 mL of 80% Nycodenz and 150 mL of the lipidation reaction. The second layer consisted of 250 mL of

30% Nycodenz while the top layer was 50 mL of NT350 buffer. Gradients were spun at 48000 rpm at 4�C for 4 hours in a Beckman

SW55Ti rotor. Liposomes with lipidated LC3B/GABARAP were collected from the top of the tube and stored at 4�C, before use in

subsequent de-lipidation experiments.

Tomeasure de-lipidation of LC3B-PE/LC3B-PS/GABARAP-PE/GABARAP-PS, proteoliposomes (�1 mMLC3B-II) weremixedwith

NT350 containing 1mMDTT and kept on ice until activity assays were initiated by addition of various ATG4 proteins (0.5 mM) or RavZ

(0.5 mM). Reactions were incubated at 30�C for 1 hour, before they were mixed with sample buffer and immediately boiled to stop

proteolysis. The samples were then separated using SDS-PAGE, visualized by Coomassie staining and either analyzed directly

with ImageLab (Biorad) to assess bandshift, or processed for Mass Spectrometry, as described above. To quantify levels of delipi-

dation, densitometry LC3B-I, LC3B-II, GABARAP-I and GABARAP-II in Coomassie images was performed using ImageJ.

Western blotting
Western blotting was performed as described previously (Fletcher et al., 2018; Jacquin et al., 2017). Briefly, cell lysates were run on

SDS-PAGE gels (10%, 12% or 15%), transferred to PVDFmembrane (Immobilon-P, Millipore), blocked with 5%BSA (Sigma A7906)/

TBS-T for 1 hour, RT and then incubated with primary antibody at 4�C overnight. The following antibodies were used, all at 1:1000:

anti-ATG4B (Cell Signaling, 5299), anti-ATG4D (Proteintech, 16924-1-AP), anti-ATG13 (Cell Signaling, 13468), anti-ATG16L1 (Cell

Signaling, 8089), anti-GAPDH (Abcam, ab9843), anti-GFP (Sigma, 11814460001), anti-HA (Roche, 11867423001) and anti-M2

(Abcam, ab5416). Membranes were washed 3x 10 minutes in TBS-T and incubated with HRP-conjugated secondary antibodies

(Cell Signaling 7074, 7076) for 45 minutes, RT. Membranes were washed again 3x 10 minutes in TBS-T, then developed with ECL

(GE, RPN2209). Blots were scanned (Epson Perfection, V550) and images are representative of 3 separate experiments.

Microscopy
For fixed cell imaging, cells were rinsed in PBS, then fixed in cold methanol at�20�C for 5 minutes. Samples were washed with PBS

and blocked in 5%BSA/PBS for 1 hour at room temperature. Where indicated, primary antibodies were diluted in blocking buffer and

added overnight at 4�C. Cells were washed and secondary antibody, diluted in blocking buffer, added for 1 hour. Final washes were

performed, before incubating with DAPI for 10 minutes and mounting in ProLong Gold Antifade (ThermoFisher, P36930). Samples

were analyzed on a Confocal Zeiss LSM 780microscope (Carl Zeiss Ltd), equipped with a 40x oil immersion 1.40 numerical aperture

(NA) objective using Zen software (Carl Zeiss Ltd).

For live cell imaging of Lact-C2-RFP during autophagosome formation, cells were grown on 35-mm MatTek glass bottomed

dishes. Imaging was performed within an incubation chamber at 37�C and 5% CO2, with Z stacks acquired every 20 s using a spin-

ning disk confocal microscope, comprising a Nikon Ti-E stand, Nikon 60x 1.45 NA oil immersion lens, Yokogawa CSU-X scanhead,

Andor iXon 897 EM-CCD camera and Andor laser combiner. Image acquisition and analysis was performed with Andor iQ3 (Andor

Technology, UK) and ImageJ.

For Lact-C2-RFP analysis during CASM, z stacks were taken using a Confocal Zeiss LSM 780 microscope (Carl Zeiss Ltd) equip-

ped with an environment chamber, at 37�C and 5% CO2, and a 40x oil immersion 1.40 numerical aperture (NA) objective using Zen

software (Carl Zeiss Ltd).

For live imaging and quantification of phagocytosis, cells were grown on 35-mm MatTek glass bottomed dishes and z stacks ac-

quired using a Confocal Zeiss LSM 780 microscope (Carl Zeiss Ltd) equipped with a 40x oil immersion 1.40 numerical aperture (NA)

objective using Zen software (Carl Zeiss Ltd). Samples were imaged and maintained in an environment chamber at 37�C and 5%

CO2. For phagocytosis quantification, CellMask (ThermoFisher, C10046) was added to cells prior to imaging. Phagocytosis was

quantified as the number of phagosomes per cell that were CellMask negative. Image analysis was performed using ImageJ

software.

LC3B-ATG4 complex modeling
The following X-ray crystal structures were used formakingmodels used in illustrations: ATG4B-LC3B 1-120 complex (human), PDB:

2z0e (1.9 Å; Rfree 0.23) (Satoo et al., 2009), ATG4B (human), PDB: 2cy7 (1.9 Å; Rfree 0.25) (Sugawara et al., 2005), PE head group,

PDB: 3PE from PDB: 6tzk (1.8 Å; Rfree 0.18) (Acheson et al., 2019), PS head group, PSF.pdb from PDB: 3bib (2.5 Å; Rfree 0.25) (San-

tiago et al., 2007). The model of LC3B-PE was made by superimposing the ethanolamine moiety of PE (PDB: 3PE) on the backbone

(Ca), side chain (Cb) and N of THR121 of LC3B (PDB: 2z0e), with an amide bond built between the ethanolamine N and C-terminal
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carboxyl of GLY120 of LC3B (PDB: 2z0e) using PyMOL (The PyMOLMolecular Graphics System, Version 2.2, Schrödinger, LLC). The

phosphate of the PE head group was positioned to avoid clashes with ATG4B atoms (PDB: 2z0e) by rotation about the ethanolamine

carbons. Themodel of LC3B-PSwasmade in the samemanner using the head group of PS (PDB: 3PSF). The ATG4B-LC3B structure

contains an HIS280ALA mutation to facilitate stable complex formation. The ALA280 of PDB; 2z0e was changed to a HIS, and its

position modeled on that found in the native structure of ATG4B (PDB: 2cy7), in order to illustrate the active site of ATG4B.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed Ratio-paired t tests, or Student’s t tests, were performed usingGraph Pad, as indicated. Information on number of repeats

is included in the relevant figure legend.
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