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ABSTRACT
The cysteine protease ATG4B cleaves off one or more C-terminal residues of the inactive proform of
proteins of the ortholog and paralog LC3 and GABARAP subfamilies of yeast Atg8 to expose a C-terminal
glycine that is conjugated to phosphatidylethanolamine during autophagosome formation. We show that
ATG4B contains a C-terminal LC3-interacting region (LIR) motif important for efficient binding to and
cleavage of LC3 and GABARAP proteins. We solved the crystal structures of the GABARAPL1-ATG4B C-
terminal LIR complex. Analyses of the structures and in vitro binding assays, using specific point mutants,
clearly showed that the ATG4B LIR binds via electrostatic-, aromatic HP1 and hydrophobic HP2 pocket
interactions. Both these interactions and the catalytic site-substrate interaction contribute to binding
between LC3s or GABARAPs and ATG4B. We also reveal an unexpected role for ATG4B in stabilizing the
unlipidated forms of GABARAP and GABARAPL1. In mouse embryonic fibroblast (MEF) atg4b knockout
cells, GABARAP and GABARAPL1 were unstable and degraded by the proteasome. Strikingly, the LIR motif
of ATG4B was required for stabilization of the unlipidated forms of GABARAP and GABARAPL1 in cells.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is an evo-
lutionarily conserved pathway for lysosome-mediated degrada-
tion of cytosolic components.1 The autophagic pathway begins
morphologically with formation of a crescent shaped double-
membrane structure, the phagophore,2 which expands and
wraps around the cytoplasmic content targeted for degradation
closing upon itself to form the autophagosome.3 The content
may either be bulk cytoplasm or protein aggregates, specific
macromolecules or organelles specifically recruited via selective
autophagy receptors.4,5 The autophagosomes may fuse with
late endosomes, forming amphisomes,6 before ultimately
maturing by fusion with lysosomes.7 Pioneering genetic studies
in yeast revealed 14 AuTophaGy-related (ATG) genes (ATG1
to ATG14) essential for autophagy.8 The list has grown to 18
Atg proteins essential for autophagosome formation.3 These
Atg proteins are classified into 5 functional groups including:
the Atg1 kinase complex, the autophagy-specific phosphatidyli-
nositol 3-kinase complex, the Atg8–lipid- and Atg12–Atg5 con-
jugation systems, the Atg2-Atg18 complex and the
transmembrane protein Atg9.9 Please note that Atg8 follows
yeast nomenclature in the description of proteins. In other
models and species, there are several other orthologs and

paralogs of yeast Atg8. However, for the sake of simplicity we
use the term “Atg8-family” to denote orthologs and paralogs of
yeast Atg8, in other species. Over 40 Atg proteins are now
known in yeast, most of which have orthologs in higher eukar-
yotes.9 Except for some regulatory components, these are con-
served during evolution from yeast to man.

The mammalian Atg8-family proteins contain a ubiquitin-
like core and a distinct N-terminal arm with 2 short a-helices.
The mammalian orthologs of yeast Atg8 have 7 members
divided into 2 major subfamilies: MAP1LC3/LC3 (microtu-
bule-associated protein 1 light chain 3) A, B, B2 and C and
GABARAP (gamma-aminobutyric acid receptor associated
protein), GABARAPL1 (gamma-aminobutyric acid [GABA] A
receptor-associated protein-like 1) and GABARAPL2.10 The
LC3-subfamily and GABARAP-subfamily proteins are
anchored to the inner and outer membrane of the phagophore
through lipidation to phosphatidylethanolamine (PE).11,12 The
Atg8-family proteins are involved in recruitment of cargo pro-
teins,4,5 proteins involved in the autophagy pathway, and regu-
latory proteins.13 The Atg8 family is also involved in the
expansion,14 and closure of the phagophore.15 Newly synthe-
sized mammalian Atg8-family proteins contain a C-terminal
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stretch of residues shielding a C-terminal glycine essential for
lipidation. The glycine is exposed by cleavage of the LC3 and
GABARAP proteins of the Atg8-family through the action of
the cysteine protease ATG4, forming the active form-I variants
(LC3-I and GABARAP-I).11 Through interaction with ATG7
(E1-like enzyme), ATG3 (E2-like enzyme) and finally the
ATG12–ATG5-ATG16L1 complex (E3-like), the LC3-I and
GABARAP-I proteins undergo a covalent conjugation to PE,
resulting in lipidated species (form-II) of the Atg8-family, teth-
ered to the phagophore (e.g., LC3-II and GABARAP-II). ATG4
can subsequently cleave LC3-II or GABARAP-II proteins off
the outer membrane, stripping the autophagosome of its coat
of Atg8-family proteins and in the process restoring the LC3-I
or GABARAP-I forms.16,17

A growing number of proteins have been shown to interact
with the LC3 and GABARAP subfamilies through the sequence
motif named the LC3-interacting region (LIR).5,13,18 The core
LIR motif, [W/F/Y]xx[L/I/V], is often preceded by a stretch of
acidic residues.13,19 The region immediately N-terminal to the
core LIR may also harbor phosphorylatable serine or threonine
residues. Phosphorylation of such residues has been shown to
regulate binding of optineurin and several mitophagy recep-
tors.20,21 The LIR motif provides specificity for the autophagic
process and can mediate binding with cargo proteins or pro-
teins important for the regulation of autophagy.13 Proteins har-
boring an LIR motif interact with proteins of the Atg8 family
through interactions with the LIR docking site (LDS). The LDS
consists of 2 hydrophobic pockets, which can envelop the aro-
matic and aliphatic residues of the LIR. Furthermore, the N-ter-
minal arm of Atg8-family proteins is able to make electrostatic
interactions with the acidic residues (if any) preceding the
LIR.13,22,23

The mammalian Atg4-family consists of 4 different mem-
bers (ATG4 isoforms A,B,C and D).24 ATG4B, the main human
ortholog, acts efficiently in both the initial cleavage and the
delipidation of all proteins of the Atg8 family.25–27 ATG4A has
been shown to cleave GABARAPL2 in vitro and in vivo, but
does not cleave LC3B,26,28,29 whereas ATG4D has been
reported to be important for GABARAPL1 processing in vivo
following caspase-mediated activation.30 A clear role for
ATG4C has yet to be determined but a function during starva-
tion has been reported.31 The cleavage of Atg8-family proteins
by ATG4, and subsequent conjugation to PE provide 2 oppor-
tunities for regulating autophagy. The delipidation of Atg8-
family proteins by ATG4 from the autophagosomal membrane
has also been suggested as a possible regulatory step, as delipi-
dation of the Atg8 family bound to the outer membrane may
function as a prerequisite for both efficient autophagosome for-
mation and maturation.16,32–34 Reactive oxygen species can
directly inhibit the delipidating activity of ATG4A and ATG4B
by oxidation of a noncatalytic residue near the active site.35

Knockout of Atg4b or expression of the catalytically inactive
mutant (C74S) arrests autophagy as measured by higher basal
SQSTM1/p62 levels and the lack of form-II of Atg8-family pro-
teins. On the other hand, overexpression of ATG4B also leads
to arrested autophagy judged by the same measures,36 indicat-
ing an inhibitory role for ATG4B in autophagy.

The crystal structure of both processed and unprocessed
LC3B bound to a C-terminally truncated catalytically inert

ATG4B has been solved.37 In free ATG4B, the regulatory loop
masks the entrance and the N-terminal tail masks the exit to
the active site. Both the regulatory loop of the active site and
the N-terminal tail of ATG4B undergo large conformational
changes upon binding the substrate, LC3B. This exposes the
active site and allows ATG4B to access membrane bound, lipi-
dated LC3B. Consistent with a negative regulatory role deletion
of the N-terminal tail increased the in vitro cleavage efficiency
of ATG4B. The N-terminal tail contains a putative LIR motif
that in the X-ray structures was found to interact with adjacent,
nonsubstrate LC3B molecules via the LDS site. This could be
part of an activation mechanism to unmask the exit of the
active site.37

Here we show that ATG4B harbors a C-terminal LIR motif
important for binding and cleavage of Atg8-family proteins
with a particular role in stabilizing the unlipidated forms of
GABARAP and GABARAPL1. Crystal structures of the com-
plex of GABARAPL1 with 2 LIR peptides at 1.55- and 1.75-A

�

resolution reveal canonical LIR-LDS interactions with impor-
tant contributions from electrostatic interactions involving resi-
dues both N-terminal to, and within, the core LIR.

Results

ATG4B contains a C-terminal LIR motif important for a
strong interaction with Atg8-family orthologs

We have previously identified functional LIR motifs preferen-
tially interacting with GABARAP subfamily proteins in ULK1
and ULK2, ATG13 and RB1CC1 of the human ULK complex.19

Hence, we asked if other important regulatory components of
the autophagy machinery, in particular the LC3- and
GABARAP-activating protease ATG4B contained functional
LIR motifs. In an unbiased approach we used the iLIR38 server
to predict LIR motifs, and a peptide array screen to map
GABARAP-binding motifs in human ATG4B. iLIR returned 3
top hits, 2 of which reside at the extreme N- and C-termini
which are predicted to be disordered by the PONDR-FIT algo-
rithm (Fig. 1A).39 Strikingly, the peptide array (overlapping 20-
mer peptides shifted by a window of 3 amino acids along the
entire sequence of ATG4B) also identified the same 3 putative
LIR motifs; a putative N-terminal LIR motif (YDTL), another
putative motif (FELV) just C-terminal to the protease domain,
and a third motif (FEIL) located in the very C terminus
(Fig. 1B).

The published crystal structure for a C-terminally truncated
ATG4B and full-length LC3B reveals an interactions mainly
located around the active site of ATG4B (C74) with the critical
C-terminal glycine of LC3B interacting with these residues.37

Regarding the putative LIRs we identified, the side chains of
the FELV motif are hidden in the reported crystal structure,
suggesting that it may not act as a functional LIR motif in the
full-length protein. However, as the YDTL and the FEIL are
both placed in disordered regions of ATG4B (Fig. 1A), they are
more likely to engage in interactions with Atg8-family proteins.
Interestingly, the C-terminal FEIL LIR motif clearly displayed
the strongest binding to GST-GABARAP. Notably, a weak
interaction was also observed with a peptide containing only
the first 2 residues of the core LIR motif (Fig. 1B). The N-
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Figure 1. ATG4B contains a C-terminal LIR motif important for a strong interaction with Atg8-family orthologs. (A) Schematic overview of ATG4B indicating disordered
regions and LIR motifs predicted by the iLIR and PONDR-FIT servers. (B) Identification of a C-terminal LIR motif. An array of 20-mer peptides covering full-length ATG4B
(each peptide shifted 3 amino acids relative to the previous) was mixed with GST-GABARAP (1 mg/ml) and binding detected with GST antibodies. The extension of the
most strongly interacting peptides is indicated below in black. (C) The C-terminal LIR in ATG4B interacts with the LC3 and GABARAP subfamilies. The indicated peptides
from ULK1, ULK2, ATG4B and FYCO1 (synthesized in duplicates marked 1 and 2) were examined as in B in a peptide array for binding to GST-tagged Atg8-family ortho-
logs. (D) C-terminal sequences of ATG4B constructs carrying mutations affecting the C-terminal LIR motif. (E) The C-terminal LIR motif is important for the interaction of
full-length ATG4B with Atg8-family orthologs. Myc-tagged ATG4B constructs were in vitro translated in the presence of [35S]methionine, and tested in GST affinity isola-
tion experiments for binding to the indicated Atg8-family orthologs fused to GST. Bound proteins were detected by autoradiography (AR), and immobilized GST or GST-
tagged proteins by Coomassie brilliant blue staining (CBB). (F) Quantification of E, % binding relative to WT ATG4B based on 3 independent experiments. (G) A putative
N-terminal LIR is not important for the interaction of ATG4B with LC3B or GABARAPL1. MYC-tagged ATG4B constructs were in vitro translated and tested for binding to
GST-LC3B and GST-GABARAPL1 as in (E). (H) Quantification of (G) from 3 independent experiments.
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terminal YDTL and the internal FELV LIR motifs displayed a
weaker interaction with GST-GABARAP (Fig. 1B). Note, in the
reported structure of the ATG4B-LC3B complex,37 the N-ter-
minal YDTL motif is bound at the LIR docking site (LDS) of a
LC3B molecule adjacent to the LC3B molecule bound to the
active site of ATG4B.

The strong GABARAP interaction with the C-terminal LIR
in ATG4B prompted us to focus on this unstudied LIR motif.
To determine its specificity for the various Atg8-family pro-
teins, we first tested a peptide containing this LIR for interac-
tion with GST-LC3A, GST-LC3B, GST-GABARAP and GST-
GABARAPL2 (Fig. 1C). A strong interaction was observed
with all 4 members of the Atg8 family, indicating the C-termi-
nal LIR has a broad specificity. Next, a series of mutant ATG4B
constructs, either deleted for the C-terminal LIR region
(DLIRC) or carrying 2 (2mLIR) or 5 (5mLIR) point mutations
affecting the motif (Fig. 1D), were in vitro translated and tested
for interaction with Atg8-family orthologs fused to GST. Muta-
tion of 2 residues in the core LIRC motif (F388A and L391A)
reduced the interaction of ATG4B with LC3A, LC3B, LC3C
and GABARAPL2 to 25% residual binding, and the interactions
with GABARAP or GABARAPL1 to 60% (Fig. 1E and F). How-
ever, mutation of 5 residues in the LIRC region, or deletion of
the LIRC motif, reduced the interactions with GABARAP and
GABARAPL1 to 10% to 15% (Fig. 1E and F). The 5 point-
mutations included the 3 negatively charged residues located
immediately N-terminal to the core LIRC motif (Fig. 1D), in
addition to the F388A and L391A mutations. In contrast to
mutation of the C-terminal LIR, mutation or deletion of the N-
terminal YDTL LIR (LIRN) had only a very minor effect on the
interaction with LC3B or GABARAPL1 (Fig. 1G and H). Thus,
we identified a LIR motif in the C terminus of ATG4B that con-
tributed strongly to the interaction between ATG4B and Atg8-
family proteins. The finding that LIRN of ATG4B is not impor-
tant for the interaction is entirely consistent with published
structural data showing that the catalytic core of ATG4B and
LIRN interact with 2 adjacent LC3B molecules.37 We propose
that the LIR in the C terminus of ATG4B strongly increases the
affinity of the interaction because it can adopt a cis-type inter-
action where the catalytic core and this LIR interact with the
same Atg8-family molecule.

Structure of the GABARAPL1-ATG4B LIRC complex

To evaluate the interaction between the C-terminal LIR-motif
of ATG4B with Atg8-family proteins in more detail, we deter-
mined the X-ray structure of GABARAPL1 in complex with a
peptide containing the C-terminal 10-amino acid LIRC motif of
ATG4B (Fig. S1A). The crystal structure of the ATG4B pep-
tide-bound GABARAPL1 is similar to the previously reported
structures of GABARAPL1 alone (PDB code 2PQR) and
GABARAPL1 in complex with the LIR of NBR1.40 These struc-
tures have an average 0.74 and 0.78 A

�
root mean square devia-

tion for the C-a positions, respectively. ATG4B C-terminal
FEIL LIR binds GABARAPL1 in an extended conformation
with the core residues ATG4B (F388) and ATG4B (L391)
deeply bound into the 2 hydrophobic pockets HP1 and HP2, as
described previously for canonical LIR interactions (Fig. 2A).13

The structure displays 4 additional interactions: 1) Electrostatic

interactions between the acidic N-terminal LIRC residues
384Glu-Asp-Glu-Asp387 of ATG4B and the basic residues
GABARAPL1 (K46), GABARAPL1 (K24), GABARAPL1 (K20)
and GABARAPL1 (K48), respectively; 2) a salt bridge between
ATG4B (E389) and GABARAPL1 (R67); 3) some hydrophobic
interactions between ATG4B (I390) in position C2 and
GABARAPL1 (L50) as well as GABARAPL1 (Y25); 4) 3 hydro-
gen bonds between the carbonyls of ATG4B (L391), ATG4B
(S392) and the guanidinium group of GABARAPL1 (R28).
Except for the C-terminal ATG4B (L393), all residues in the
LIRC are contributing to the interaction. Two sulfate ions are
bound to the basic grove formed between GABARAPL1 N-ter-
minal arm (helix a1 and a2) and the b strand b2 (Fig. 2A and
D). This basic patch is reported to interact with the N-terminal
acidic residues of LIR motifs.13 Hence, the presence of sulfate
ions might therefore interfere with ATG4B LIRC binding to
GABARAPL1 under these crystallization conditions. Phos-
phorylation of S392, located just C-terminal to the core FEIL
LIRC motif of ATG4B (Fig. 1A to D), is recently reported to
increase cleavage of LC3B.41 To evaluate the importance of this
phosphorylation for its interaction with the Atg8-family pro-
teins, the X-ray structure of GABARAPL1 bound to the
ATG4B LIRC peptide phosphorylated on residue S392 of
ATG4B(hereafter referred to as phosphorylatedATG4B LIRC)
(Fig. 2B and Fig. S1B) was solved. Interestingly, the N-terminal
acidic amino-acids of phosphorylated ATG4B LIRC interact
with the basic patch of GABARAPL1 where the sulfate anions
were binding in the wild-type GABARAPL1-ATG4B LIRC

complex (Fig. 2C and D). Indeed, ATG4B (E386) forms an
important electrostatic interaction with GABARAPL1 (H9)
and GABARAPL1 (R47), while the rest of the LIRC binds simi-
larly except for the phospho-serine 392 (p-S392), which points
toward the solvent, and is not engaged in any contact with
GABARAPL1 (Fig. 2B and C). This complex crystalized in
absence of ammonium sulfate and is therefore very likely more
physiological representative for the interactions of the ATG4B
residues 384Glu-Asp-Glu-Asp387. The residues GABARAPL1
(H9) and GABARAPL1 (R47) binding to ATG4B (E386) are
conserved in all GABARAP isoforms but not in LC3 proteins
(Fig. 2E). Similarly, arginine residue GABARAPL1 (R28)
observed in all GABARAP isoforms is a lysine in all LC3 iso-
forms. The shorter lysine side chain may not be able to engage
in an interaction similar to the arginine GABARAPL1 (R28)
(Fig. 2C and E). These differences may provide an explanation
for the stronger binding of ATG4B LIRC to GABARAP iso-
forms compared with LC3 isoforms.

Interestingly, ATG4B (F388) adopts different conformations
in the 2 structures. In the ATG4B LIRC-GABARAPL1 complex
the 2 sulfate anions form a network of hydrogen bonds with
the GABARAPL1 (K48) side chain (Fig. 2D). GABARAPL1
(K48) is a key component of the hydrophobic pocket HP1 criti-
cal for the binding of the aromatic hydrophobic residue F/W/Y
in position 0 of a LIR motif.42 GABARAPL1 (K48) is usually
adopting an extended conformation and is held in place by a
hydrogen bond with the GABARAPL1 (E17) side chain to
form one side of the HP1 (Fig. 2D and S2). GABARAPL1
(K48) adopts this conformation in complex with the phosphor-
ylated ATG4B LIRC. However, in the complex between
GABARAPL1 and wild-type ATG4B LIRC, GABARAPL1
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(K48) is engaged in multiple hydrogen bonds with the 2 sulfate
anions and point in the opposite direction, widening HP1 and
allowing ATG4B (F388) to adopt a more “closed” conformation
(Fig. 2D and S2A and B).

The C-terminal LIR in ATG4B relies both on electrostatic
interactions, as well as aromatic and hydrophobic pocket
interactions for efficient binding

To analyze the relative importance of the residues encom-
passing the C-terminal LIR of ATG4B, 2-dimensional pep-
tide array analyses were performed.19 Each position of an
18-mer C-terminal ATG4B peptide was substituted with all
19 alternative amino acids and the arrays were probed for

interaction with GST-LC3B and GST-GABARAPL1
(Fig. 3A). The results clearly support the presence of a
canonical LIR motif in the C terminus of ATG4B. This was
particularly evident when the array was probed with LC3B.
Only aromatic residues are tolerated at position 0 and only
hydrophobic ones at positon C3. Interestingly, the interac-
tion with GABARAPL1 seems to be unusually tolerant to
substitutions of the aromatic and hydrophobic residues in
the core LIRC motif, and in particular mutations affecting
the hydrophobic L391 at position C3 (Fig. 3A). This is con-
sistent with the results of the GST affinity isolation experi-
ments of the 2mLIR (F388A,L391A) mutant of
full-length ATG4B versus GABARAP and GABARAPL1
where only a 40% to 50% reduction in binding was seen

Figure 2. Structure of the GABARAPL1-ATG4B LIRC complex. (A) Close-up of structure for wild-type ATG4B LIRC motif bound to GABARAPL1. The LIRC of ATG4B (amino
acids 384 to 393) is displayed in green cartoon with the interacting residues shown as sticks. GABARAPL1 is displayed in white cartoon and transparent surface with the
hydrophobic pocket 1 and 2 colored in pink and blue surfaces, respectively. (B) Close-up of structure of p-S392 (phosphorylated) ATG4B LIRC motif bound to GABARAPL1.
The phosphorylated LIRC peptide (amino acids 384 to 393) is displayed in orange cartoon with the interacting residues shown as sticks. GABARAPL1 is displayed in white
cartoon and transparent surface with the hydrophobic pocket 1 and 2 colored in pink and blue surfaces, respectively. (C) Superposition of the wild-type and (S392)-phos-
phorylated LIRC peptide bound to GABARAPL1. Both structures are colored according to A and B. For clarity, only the surface of GABARAPL1 for the p-S392 (phosphory-
lated) LIRC is displayed. (D) Same as (C). Close-up view of the hydrophobic pocket 1 in both structures. Some sidechains were removed for clarity. (E) Sequence alignment
of human Atg8-family orthologs generated with ESPript 3.0.56 Identical and similar residues are boxed in red and yellow, respectively. Red asterisks indicate key residues
discussed in the text.
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(Fig. 1E and F). Notably, the C1 position of ATG4B LIRC is
the second most vulnerable to mutations for GABARAPL1
binding. Here, substitution of E389 in the C1 position to
N, D, Q, S, T and A does not impair binding, while all
other substitutions decrease binding. Any amino acid can

be placed in the C2 position. Aromatic and hydrophobic
residues are counterselected at the ¡1 and ¡2 positions
(Fig. 3A). For the ATG4B LIRC interaction with GST-LC3B
we see a classical binding pattern where substitutions of the
core LIR amino acids strongly affect the binding. Only the

Figure 3. The C-terminal LIR in ATG4B relies both on electrostatic interactions, as well as aromatic and hydrophobic pocket interactions for efficient binding. (A) Two-
dimensional peptide array scan analyzing the effects of single amino acid substitutions at all positions of the indicated 20-mer peptide from the C terminus of ATG4B.
Arrays were probed with GST-GABARAPL1 or GST-LC3B. (B) E386 and E389 in the LIRC of ATG4B form important electrostatic interactions with both LC3B and GABARAPL1.
A C-terminal ATG4B peptide (amino acids 374 to 393), fused to GFP and carrying the indicated point mutations, were in vitro translated and tested in GST affinity isolation
assays for binding to LC3B and GABARAPL1. The DLIRC construct is indicated with an asterisk because it comprises amino acids 365 to 384 of ATG4B (LNLSLDSSDVER-
LERFFDSE) and 2mLIR harbors the F388A and L391A double mutation of the canonical aromatic and hydrophobic core LIRC residues. (C) Quantification of the experiment
shown in B, based on 3 independent experiments. The binding to the WT peptide is set to 100%. (D) H9 and R47 are crucial for binding of GABARAP or GABARAPL1 to
the ATG4B LIRC. The C-terminal ATG4B peptide (amino acids 374 to 393), fused to GFP was in vitro translated and tested in GST affinity isolation assays for binding to spe-
cific point mutants of GABARAPL1 fused to GST and bound to GST beads. ((E)and G) Both LIRC-LDS interactions and catalytic site-substrate interactions contribute to
ATG4B-LC3B binding. MYC-ATG4B (E) and MYC-ATG4B 2mLIR (G) were in vitro translated and tested in GST affinity isolation assays for binding to GST-LC3B with or with-
out mutations affecting the LIRC-LDS interaction (F52A and L53A, R10A and R11A, as well as R70A) or the catalytic site-substrate interaction (F80A and L82A). (F) Quantifi-
cation of (E), the % binding relative to the binding of WT GST-LC3B to WT ATG4B based on 3 independent experiments. (H) Quantification of (G), % binding relative to
the binding of WT GST-LC3B to ATG4B 2mLIR based on 3 independent experiments.
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F and Y in the 0 position, and I, V and L in the hydropho-
bic C3 position are tolerated for significant binding
(Fig. 3A). The negatively charged E389 at position C1 is
critical also for the interaction with LC3B. Any other amino
acid in this position negatively affects the interaction. Muta-
tions of residues outside the core LIRC have a very similar
effect on LC3B and GABARAPL1 binding, including the
counterselection of aromatic or hydrophobic substitutions
at positions ¡1 and ¡2. However, the LC3B interaction is
additionally intolerant to aromatic or hydrophobic substitu-
tions affecting S392 at position C4.

The single point mutations were further analyzed by GST
affinity isolation assays in which the C terminus of ATG4B
(amino acids 373 to 393) fused to GFP was in vitro trans-
lated and tested for interaction with GST-LC3B or GST-
GABARAPL1 (Fig. 3B and C). For selected single point
mutants, the effect on the full-length ATG4B interaction
was additionaly tested (Fig. S3). We chose to use the C-ter-
minal ATG4B fragment in this assay, since the effects of
single point mutations on the LIRC interactions are more
easily detected when there is no compensatory catalytic site
interaction. The 2mLIR (F388A,L391A) double mutation
strongly inhibited the interaction of the C-terminal ATG4B
fragment with GST-GABARAPL1 and GST-LC3B (about
10% residual binding) (Fig. 3B and C).

To identify important acidic residues in the ATG4B
LIRC, the effect of single point mutations affecting nega-
tively charged residues within the core ATG4B LIRC motif
(E389) or N-terminal to the core ATG4B LIRC motif (E384,
D385, E386, D387) were analyzed. The E386A (¡2) and
E389A (C1) mutations strongly reduced binding of the
LIRC peptide of ATG4B to both GST-LC3B and GST-
GABARAPL1 (Fig. 3B and C), although their effect was less
pronounced when tested in full-length ATG4B (Fig. S3).
This is entirely consistent with the crystal structure showing
the electrostatic interactions between ATG4B (E389) and
GABARAPL1 (R67) as well as between ATG4B (E386) and
GABARAPL1 (H9 and R47) (Fig. 2). The crucial roles of
these electrostatic interactions for binding was also shown
by GST affinity isolation assays where Ala (A) substitutions
of H9, R47 and R67 abolished the binding of GABARAPL1
to the ATG4B LIRC (Fig. 3D). The R28A mutation did not
have any effect (Fig. 3D). This is consistent with the modest
effect of mutating the core LIRC hydrophobic Leu residue
for binding to GABARAPL1 (Fig. 3A).

Cleavage of LC3B by ATG4B has been recently reported
to be regulated by phosphorylation of S383 and S392.41

These residues flank the core LIRC region. We therefore
analyzed the effect of mutations of S383 or S392 to alanine
(A) or glutamic acid (E) on the binding of the LIRC frag-
ment and full-length ATG4B to GST-GABARAPL1 or GST-
LC3B. None of these mutations affected the LIRC interac-
tions significantly. However, the S392E mutation increased
binding between the ATG4B LIRC fragment and LC3B by
20% (Fig. 3B and C). The S392E mutation also had a weak,
although not significant, positive effect on the interaction of
full-length ATG4B with LC3B (Fig. S3).

Both catalytic site-substrate interactions and LIR-LDS
interactions contribute to the binding between LC3B and
ATG4B

The ATG4B-LC3B crystal structure revealed that the F80 and
L82 residues in LC3B are important for ATG4B binding and
processing.37 The LC3B surface involved in this catalytic inter-
action is distinct from the LDS involved in the LIR interac-
tion.37 To analyze the relative importance of the catalytic site
interaction for binding, selected mutants of LC3B located on
different binding surfaces were tested in GST affinity isolation
assays for binding to WT ATG4B. We found that the F80A and
L82A double mutation (affecting the catalytic site interaction)
had a negative effect on ATG4B binding comparable to muta-
tions affecting the LIRC interaction (Fig. 3E and F). This
strongly supports the conclusion that catalytic site-substrate
interaction and the LIR-LDS interaction both contribute to the
binding between ATG4B and LC3B. When the same experi-
ment was repeated with the 2mLIR mutant of ATG4B, the
F52A and L53A LDS mutation in LC3B had no effect (Fig. 3G
and H). This is as expected since the 2mLIR mutation and the
F52A and L53A double mutation both impair the hydrophobic
LIR-LDS interactions. However, LC3B mutations affecting elec-
trostatic LIR-LDS interactions or the catalytic site-substrate
interaction, all strongly impaired the interaction between
ATG4B 2mLIR and LC3B (Fig. 3G and H). This corroborates
the dual importance of catalytic site-substrate interactions and
LIRC-LDS interactions for binding. The strong effect of the
R10A and R11A double mutation is also notable, since it sup-
ports an important role for the N-terminal arm of LC3B in sta-
bilizing the LIRC-LDS interaction.

Theoretically, the C-terminal LIR-LDS interaction may act
both in cis and trans. To investigate whether the cis interaction
is sterically hindered, the structure of the phosphorylated
ATG4B LIRC motif bound to GABARAPL1 was superposed on
the ATG4B (1 to 354)-LC3B complex (PDB ID: 2ZZP) to gen-
erate a model of full-length ATG4B bound to LC3B (Fig. 4A
and Fig. S4). The model clearly supports that a cis-mediated
LIR-LDS interaction is possible.

The ATG4 family shows differential binding to LC3B and
GABARAP

The C-terminal LIR (FEIL) found in ATG4B is completely
conserved in ATG4A, while the other 2 human ATG4 ortho-
logs have the sequences ATG4C (FVLL) or ATG4D (FVFL)
(Fig. 4B and C). When tested in GST affinity isolation assays,
in vitro translated ATG4A interacted strongly with GST-LC3B
and GST-GABARAP, and both interactions were strongly
impaired by a deletion of the C-terminal LIR motif (Fig. 4D
and E). The C terminus is only partially conserved in ATG4C
and ATG4D. In these proteins, the critical acidic residue in
position C1 is substituted with a hydrophobic V and the core
LIR motif has no C-terminal extension (Fig. 4C). When tested
in GST affinity isolation assays, these proteins interacted well,
but more weakly than ATG4B, with GST-GABARAP. How-
ever, they displayed a very weak interaction with LC3B. Dele-
tion of the C terminus had a negative effect on interactions
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mediated by ATG4C, but it did not affect interactions medi-
ated by ATG4D (Fig. 4D and E). Hence, the canonical LIR
motif in the C terminus of ATG4B is conserved also function-
ally in ATG4A, while the more divergent motifs in ATG4C
and ATG4D play a minor, or no, role in the binding to LC3B
and GABARAP. To check for evolutionary conservation of
the LIR-mediated interaction between ATG4 and the Atg8
family we looked at yeast (S. cerevisiae). By mutagenesis of 3

candidate LIR motifs (mutating the aromatic HP1 and hydro-
phobic HP2 residues to Ala) we identified a single LIR motif
(YVDI; Fig. 4C) crucial for binding to yeast Atg8 (Fig. 4F and
G). Although not at the extreme C terminus, strikingly, this
motif is located in a similar distance C-terminal to the prote-
ase domain as the LIR motif in ATG4B (Fig. 4B). Mutation of
LDS in yeast Atg8 (Y49A) abolished the interaction between
yeast Atg8 and yeast Atg4 (Fig. 4H), further supporting the

Figure 4. ATG4A and ATG4B harbor a C-terminal LIR, binding efficiently to LC3B and GABARAP, while ATG4C and ATG4D do not. (A) Model of full-length ATG4B bound to
LC3B. The structure of the phosphorylated ATG4B LIRC motif bound to GABARAPL1 was superposed to the ATG4B (1 to 354)-LC3B complex (PDB ID: 2ZZP) to generate a
model of the full-length ATG4B bound to LC3B. ATG4B is displayed in blue cartoons and LC3B is displayed in white cartoons and transparent surface. The 32 missing resi-
dues connecting ATG4B C-terminal LIR motif to Q354 are represented by a dashed line. (B) Schematic illustration of human ATG4B and yeast Atg4 indicating the protease
domain and the functional LIRs (red bar) with the location of 2 candidate LIRs in yeast Atg4 tested in F indicated as gray bars. (C) A phylogenetic tree (left), and alignment
of the far C-terminal sequence of the 4 different mammalian ATG4s and yeast Atg4 LIR (referred to in yeast as the Atg8-interacting motif). (D) MYC-tagged human ATG4
orthologs (WT and LIRC-deleted) were in vitro translated and tested in GST affinity isolation assays for binding to GST-LC3B and GST-GABARAP. The region deleted in the
LIRC-deleted constructs is indicated by an open arrowhead in (C). The affinity isolation with the respective GST controls is shown below. (E) Quantification of the experi-
ment shown in (D), based on 3 independent experiments. Bars indicate relative binding, and the interaction with ATG4B is set to 100%. For LIRC-deleted constructs, %
binding relative to the corresponding full-length construct is indicated. (F) Yeast Atg4 has predicted LIR motifs binding to yeast Atg8 at a similar C-terminal distance to
the protease domain as human ATG4B. Yeast Atg4 (WT and candidate LIR mutants) were in vitro translated and analyzed by GST affinity isolation assays for binding to
GST-Atg8 (yeast). (G) Quantification of the experiment shown in (F), based on 3 independent experiments. WT was set to 100% binding. (H) Yeast MYC-tagged Atg4 was
in vitro translated and analyzed by GST affinity isolation assays for binding to GST-Atg8 (WT and LDS mutated).
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conclusion that the LIR interaction is essential for binding also
in yeast.

The C-terminal LIR motif of ATG4B is important for
efficient cleavage of Atg8-family proteins in vitro and
in vivo

The importance of the LIRC motif for ATG4B-mediated cleav-
age was tested in an in vitro cleavage assay using recombinant
proteins. Hence, WT, DLIRC or catalytically inactive (C74S)
ATG4B was added to GABARAP or LC3B fused to a C-termi-
nal GST tag. Cleavage was measured as reduction in the
amount of the full-length fusion protein. WT ATG4B had the
highest cleavage activity, while only a partial cleavage was seen
with ATG4B DLIRC. During the 1-h time frame of the experi-
ment, no cleavage activity was measured for the catalytically
inactive ATG4B (C74S) mutant (Fig. 5A).

To analyze the effect of ATG4B C-terminal LIR mutants in
cells, we established stable cell lines expressing GFP-tagged
ATG4B WT, catalytic inactive C74S- or LIRC mutants. atg4b
knockout (KO) mouse embryo fibroblasts (MEFs)43 were stably
reconstituted with WT or the selected mutants of ATG4B using
a doxycycline inducible retroviral vector. The induced expres-
sion levels of the various GFP-ATG4B fusion proteins were
similar. All constructs were expressed at a low level in unin-
duced cells due to promoter leakage (Fig. 5B and Fig. S5A). The
expression level of GFP-ATG4B without induction was 5-fold
higher than that of endogenous ATG4B (Fig. S5B). It has been
shown that overexpression of ATG4B inhibits lipidation of
Atg8-family orthologs by preventing their delivery to ATG7.36

Hence, we chose to use the uninduced cell lines for our experi-
ments. To probe the requirements for ATG4B-mediated cleav-
age of Atg8-family proteins in cells, we used transiently
transfected LC3B and GABARAPL1 fused to ACTB and Gaus-
sia luciferase (Fig. 5C). Cleavage is measured by assaying the
activity of Gaussia luciferase released into the growth medium
following in cellulo cleavage.44 Cells expressing WT ATG4B
clearly displayed more effective cleavage (measured 18 to 24 h
after transfection) than cells expressing ATG4B DLIRC or 5
point mutations in the LIR motif (5mLIR). Cells expressing
ATG4B (C74S) showed background levels (Fig. 5C). Strikingly,
this was also the case when a LDS mutated (F52A and L53A)
LC3B was used as reporter (Fig. 5C). Taken together, these
results strongly support our finding that the LIRC interaction is
important for efficient cleavage by ATG4B.

To compare the relative importance of the N-terminal and
C-terminal LIR motifs in ATG4B for cleavage, another series of
atg4b KO MEFs stably reconstituted with selected ATG4B
mutants fused to GFP were made (Fig. 5D). Reconstituted cells
were transiently transfected with LC3B and GABARAPL1 fused
to ACTB and Gaussia luciferase, and assayed for in vivo cleav-
age activity. Deletion of the N-terminal LIR (DLIRN) of ATG4B
had a consistent, weak, but statistically insignificant, positive
effect on GABARAPL1 cleavage while deletion of the C-termi-
nal LIR (DLIRC) strongly reduced cleavage of both LC3B and
GABARAPL1 (Fig. 5E). When both LIRs were deleted there
was a slight positive effect relative to deletion of the C-terminal
LIR. This is consistent with the data of Satoo et al.,37 showing

that deletion of LIRN resulted in more active cleavage in vitro.
Taken together, our results support the conclusion that the C-
terminal LIR is important for binding and required for effective
cleavage of LC3B and GABARAPL1.

Next, we looked at subcellular distribution of endogenous
LC3B in atg4b KO MEFs reconstituted with GFP, GFP-ATG4B
WT, -C74S or -DLIRC mutants. We observed a much higher
number of LC3B dots in cells expressing catalytically active
ATG4B constructs (WT and -DLIRC) than in cells lacking
ATG4B or expressing the C74S mutant (Fig. 6A and B). The
presence of LC3B dots correlated with the detection of
LC3B-II in western blot experiments (Fig. 5B), indicating auto-
phagosome formation occurs in atg4b KO cells expressing
active forms of ATG4B. There was no striking difference in the
number of LC3B positive dots between cells expressing WT
ATG4B or ATG4B DLIRC (Fig. 6A). However, this number was
consistently slightly higher in cells expressing the ATG4B
DLIRC construct than in cells expressing WT ATG4B (Fig. 6B).

To look at the importance of the LIRC motif in ATG4B for
autophagosome formation, cell lines stably expressing GFP-
ATG4B WT or GFP-ATG4B DLIRC were transiently trans-
fected with mCherry-GFP-LC3B. Using this marker, autopha-
gosomes emit green and red (yellow) fluorescence due to the
recruitment of LC3B, while autolysosomes are only red because
the green fluorescence is lost within acidic structures.18 Expres-
sion of GFP-ATG4B in the stably expressing cell lines was not
induced with doxycycline, therefore the fluorescent signals
were only detected from the mCherry-GFP-LC3B construct.
While cells expressing mCherry-GFP-LC3B but lacking
ATG4B contained no yellow dots and few red only dots, cells
expressing GFP-ATG4B WT or GFP-ATG4B DLIRC contained
many red only dots and also numerous yellow dots indicating
autophagosome formation (Fig. 6C). Interestingly, cells
expressing the ATG4B DLIRC construct often contained
mCherry-and GFP-positive ring structures larger than 1 mm.
Such structures were rarely seen in cells expressing WT
ATG4B (Fig. 6C). Given these results, we suggest that delipida-
tion is impaired, resulting in a deregulated growth of phago-
phores and thereby a larger size of autophagosomes.

The LIRC motif of ATG4B is required for stabilization of
GABARAP and GABARAPL1 in vivo

Transient transfection of WT ATG4B has previously been
shown to stabilize the unlipidated form of LC3B, and thereby
inhibit the delivery of LC3B to ATG7.36 We similarily observed
that doxycycline-induced overexpression of WT ATG4B
reduced lipidation of LC3B (Fig. 5B). However, when we com-
pared uninduced cells with low expression of the various GFP-
ATG4B constructs, there was no apparent sequestration of
unlipidated LC3 or GABARAPL2 (Fig. 5B and Fig. 7A). The
cellular pools of LC3B-I were basically similar in all the recon-
stituted cell lines, and affected neither by the presence or
absence of ATG4B nor by the expression of a LIRC mutated
construct (Fig. 7A). The formation of LC3B-II clearly depends
on the expression of catalytically active ATG4B, but unless
highly overexpressed,36 there was no apparent difference in
LC3B-II formation between cell lines expressing WT or LIRC

mutated ATG4B constructs.
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Figure 5. The C-terminal LIR motif of ATG4B is important for efficient cleavage of Atg8-family proteins. (A) GST-ATG4B DLIRC displays reduced ability to cleave off a C-ter-
minal GST tag on both LC3B and GABARAP. The GST-tagged substrates were incubated with recombinant ATG4B (WT or mutated) for 0, 5, 15 or 60 min. The rate of cleav-
age was measured after SDS-PAGE as a loss of the band corresponding to the GST-tagged substrate. The % of uncleaved substrate remaining is indicated. (B) Lipidation of
LC3 and GABARAP is functional in atg4b knockout cells rescued with WT or LIRC mutated GFP-ATG4B. Cells rescued with GFP-ATG4B constructs were treated or not with
doxycycline (10 mg/ml) for 24 h to induce expression and cell lysates analyzed by western blotting. (C) Reduced ability of LIRC mutated ATG4B constructs to cleave tran-
siently transfected LC3B or GABARAPL1 fused to the Gaussia luciferase. Cells reconstituted with the indicated ATG4B constructs were transiently transfected with the indi-
cated LC3B or GABARAPL1 Gaussia luciferase constructs or vector control. Cleavage was measured by release of Gaussia luciferase over a period of 18 to 24 h for cells
expressing the indicated LC3B or GABARAPL1 Gaussia luciferase constructs or vector control. Mean C/¡ SD of 4 independent experiments, wild type set to 100%, n � 6,
NS P > 0.05 �P � 0.05, ��P � 0.01, ���P � 0.001. One-way ANNOVA followed by the Tukey multiple comparison test. (D) Deletion of LIRN in ATG4B has no effect on lipida-
tion of LC3B, GABARAP, GABARAPL1 or GABARAPL2 in atg4b knockout cells rescued with GFP-ATG4B. Cells rescued with WT or mutated GFP-ATG4B were treated or not
with doxycycline (1 mg/ml) for 24 h to induce expression and cell lysates analyzed by western blotting. (E) Deletion of LIRN has a slightly positive effect on cleavage of
transiently transfected LC3B or GABARAPL1 fused to the Gaussia luciferase. Cells reconstituted with the indicated ATG4B constructs were transiently transfected with the
indicated constructs and in vivo cleavage measured as in (C). Mean C/¡ SD of 3 independent experiments, wild type set to 100%, n � 6, NS P > 0.05 �P � 0.05, ��P �
0.01, ���P � 0.001. One-way ANNOVA followed by the Tukey multiple comparison test.
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In sharp contrast to LC3B and GABARAPL2, the cellular
pools of unlipidated GABARAP and GABARAPL1 were
strongly affected both by the presence of ATG4B and by a
mutation of the LIRC motif (Fig. 7A). As previously noted,43

loss of ATG4B results in a severe reduction of unlipidated
GABARAP and GABARAPL1 (Fig. 7A, lanes 1,2). A similar
reduction in unlipidated LC3B was not seen in cells lacking
ATG4B (Fig. 7A). Furthermore, while cells expressing WT or
GFP-ATG4B (C74S) contained unlipidated GABARAP and
GABARAPL1 (Fig. 7A, lanes 3,4), these pools of unlipidated
GABARAP and GABARAPL1 were strongly reduced in cells
expressing LIRC mutated GFP-ATG4B constructs (Fig. 7A,
lanes 5,6). Thus, ATG4B stabilizes GABARAP and GABAR-
APL1, and this stabilization is dependent on the C-terminal
LIR motif. Mutation of the putative phosphorylated p-S392 res-
idue,41 to A or E, had no apparent effect on the stabilization or
lipidation of Atg8-family orthologs (Fig. 7A, lanes 7 to 9), nei-
ther did the expression of a LIRN deleted ATG4B (Fig. 5D).

Surprisingly, elevated expression of ATG4A or ATG4C could
not compensate for the lack of ATG4B (Fig. 7A, lanes 10 to
12). Treatment of atg4b KO cells with the proteasomal inhibitor
MG132 resulted in accumulation of unlipidated GABARAP
and GABARAPL1 (Fig. 7B, lanes 1,2 and 7,8), while inhibition
of lysosomal degradation with bafilomycin A1 (BafA1) only
very weakly increased the level of GABARAP (Fig. 7C, lanes 2
and 7, and Fig. S6A). Hence, unlipidated GABARAP and
GABARAPL1 are efficiently degraded by the proteasome in
cells lacking ATG4B. In contrast, in cells expressing ATG4B
WT, C74S or DLIRC, both forms of GABARAP accumulated in
BafA1-treated cells, and not in the MG132-treated cells
(Fig. 7B, C). This suggests that ATG4B directs GABARAP to
lysosomal degradation pathways.

To further demonstrate a correlation between the level of
WT ATG4B and the levels of unlipidated and lipidated
GABARAP, we analyzed cells expressing increasing amounts of
ATG4B (Fig. 7D). We used cells treated or not with

Figure 6. LC3B puncta formation is similar in atg4b KO MEFs expressing WT or LIRC-deleted GFP-ATG4B. (A) Cells were stained with LC3B antibodies and analyzed by con-
focal imaging. (B) Quantification of fractions of cells containing LC3 puncta, SQSTM1 puncta, or puncta positive for both LC3B and SQSTM1. (C) atg4b KO MEFs reconsti-
tuted with WT or LIRC-deleted GFP-ATG4B were transiently transfected with mCherry-GFP-LC3B, and analyzed by confocal imaging 16 h after transfection. There was no
difference in yellow or red only structures between the cell lines, but cells expressing the LIRC-deleted construct contained large ring structures rarely seen in cells
expressing WT ATG4B. Note that cells were not treated with doxycycline, and expression of GFP-ATG4B was therefore below detection level in these studies.
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doxycycline. To increase the sensitivity of the assay we also
used flow cytometry to select cells with lower expression of
ATG4B than our initial clones (ATG4B-low and DLIRC-low).
In addition, these cells were transfected with siRNA against
Atg4b to further reduce expression levels. The level of unlipi-
dated GABARAP-I gradually increased when the level of WT
ATG4B increased, reflecting stabilization of unlipidated
GABARAP by ATG4B. No stabilization of GABARAP-I was
seen in cells expressing increasing amounts of ATG4B DLIRC

(Fig. 7D). Thus, the ability of ATG4B to stabilize unlipidated
GABARAP strongly depends on its LIRC motif. In a similar
type of experiment performed with cells expressing LIRN-
deleted constructs, it appeared that a deletion of LIRN had no
effect on the stabilization of GABARAP (Fig. S6B).

For cells expressing ATG4B WT, we observed a gradual
decrease in the level of lipidated GABARAP (II form) correlat-
ing with the level of ATG4B (Fig. 7D). The high amount of
GABARAP-II in cells expressing very little ATG4B indicates
that the initial cleavage is efficient even with low ATG4B con-
centrations. Presumably, elevated ATG4B may reduce the

amount of lipidated GABARAP both because it stabilizes the
unlipidated form and because it increases delipidation from the
phagophore. For cells expressing ATG4B DLIRC, the II form
was reduced in response to high overexpression, but the effect
was weaker than seen for WT ATG4B (Fig. 7D).

The LIRC dependent stabilization of GABARAP and GABAR-
APL1 by ATG4B indicates that these proteins form a stable com-
plex in cells. To test this, GFP or GFP-tagged ATG4B proteins
(WT ormutated) were immunoprecipitated fromKO cells recon-
stituted with these constructs and copreciptated endogenous
GABARAP was detected by western blotting. Interestingly,
GABARAP was efficiently coprecipitated with WT GFP-ATG4B
and the catalytic inactive GFP-ATG4B (C74S), but not with the
LIRC mutated GFP-ATG4B proteins (Fig. 7E). This supports the
conclusion that ATG4B forms a stable interaction with
GABARAP that depends on the LIRC motif. Without induction
of GFP-ATG4B expression, no detectable coprecipitation of
LC3B was seen. However, after induction of GFP-ATG4B expres-
sion with doxycycline, a weak and LIRC dependent coprecipita-
tion of endogenous LC3B was also seen (Fig. S6C). The

Figure 7. The LIRC motif of ATG4B is required for stabilization of GABARAP and GABARAPL1. (A) The endogenous level of GABARAP is severely diminished in cells that do
not express ATG4B. Extracts of atg4b KO cells reconstituted with the indicated GFP-ATG4 constructs were analyzed by western blotting. (B) GABARAP is degraded by the
proteasome in cells that do not express ATG4B. Cells reconstituted with GFP or indicated GFP-ATG4B constructs were treated or not with the proteasomal inhibitor
MG132 (10 mM) for 4 h and analyzed by western blotting. The FK2 anti-ubiquitin antibody was used as a positive control for proteasomal inhibition. (C) In cells that do
not express ATG4B, or inactive ATG4B, there is very little, if any, accumulation of GABARAP in response to lysosomal inhibition by BafA1. Cells were treated with or without
BafA1 (0.2 mM) for 8 h, and cell lysates analyzed by western blotting. (D) GABARAP, but not LC3B, is stabilized by an elevated expression of WT ATG4B, and stabilization is
LIRC dependent. Cell lysates from cells expressing different amounts of GFP-ATG4B or GFP-ATG4B DLIRC were analyzed by western blotting. To increase or reduce the
expression of GFP-ATG4B, cells were treated as indicated with doxycycline (0.1 or 1 mM) or Atg4b siRNA for 48 h, respectively. (E) Endogenous GABARAP is efficiently
immunoprecipitated by ATG4B in a LIRC-dependent manner. Lysates of atg4b KO cells reconstituted with the indicated GFP-ATG4B constructs were immunoprecipitated
with GFP antibodies and analyzed by western blotting.
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coprecipitation of LC3B was much less efficient than coprecipita-
tion of GABARAP (Fig. S6C). The strongest LC3B interaction
was consistently seen with the GFP-ATG4B (C74S) construct.

Next, the intracellular location of endogenous GABARAP
in the atg4b KO MEFs reconstituted with different GFP-
ATG4B constructs was studied by confocal imaging. In the
cell lines reconstituted with catalytically active ATG4B
GABARAP accumulated in dots dispersed throughout the
cytoplasm, as well as in centrosomes identified as distinct
TUBG/g-tubulin positive dots (Fig. S7). The dots represent
autophagic structures as some colocalize with LC3B and
some with the early autophagosome marker WIPI2. This is
in line with previous results suggesting a scaffolding role
for GABARAP in autophagosome formation.19,45 Surpris-
ingly, in contrast to the western blot results (Fig. 5B), there
was no significant increase in endogenous GABARAP stain-
ing in the cell lines reconstituted with WT or catalytic inac-
tive ATG4B. We tested several antibodies with the same
results. We therefore think that there is a problem with
exposure of the epitope(s) recognized by the antibodies in
the heterodimeric ATG4B-GABARAP complex. Consistent
with the observed destabilization of endogenous GABARAP
(Fig. 5B), ectopically expressed mCherry-GABARAP was
not detected by confocal microscopy in atg4b KO cells.
Reconstitution of the KO cells with low levels of WT GFP-
ATG4B or GFP-ATG4B DLIRC resulted in accumulation of
mCherry-GABARAP dots similarly to the WT cells
(Fig. 8A). Interestingly, induction of a high level WT GFP-
ATG4B expression redistributed mCherry-GABARAP into a
highly diffuse localization pattern (Fig. 8B), whereas high-
level expression of GFP-ATG4B DLIRC did not (Fig. 8B).
Furthermore, cells reconstituted with the catalytically inac-
tive C74S mutant redistributed mCherry-GABARAP into a
diffuse localization pattern (Fig. 8A to C). Presumably, the
dots represent phagophores and autophagosomes, while the
diffuse mCherry-GABARAP constitutes the ATG4B associ-
ated pool of unlipidated GABARAP. Taken together, all our
data clearly demonstrate a strong LIRC-dependent interac-
tion between ATG4B and GABARAP in cells. As depicted
(Fig. 8D), a pool of unlipidated GABARAP may be stabi-
lized by a LIRC-dependent direct interaction between
ATG4B and GABARAP. This may negatively regulate auto-
phagosome formation by inhibiting the delivery of the
cleaved product to ATG7, or may be required for the main-
tenance of an unlipidated pool of GABARAP that can be
used upon autophagy induction.

Discussion

In this study, we identified a canonical LIR motif in the C
terminus of ATG4B required for efficient binding of
ATG4B to Atg8-family proteins, and for efficient cleavage
of Atg8-family proteins both in vitro and in vivo. Previous
structural studies of complexes formed between LC3B and
ATG4B have been performed with C-terminally truncated
ATG4B lacking the LIRC motif because the high flexibility
of the C-terminal residues (355 to 393) of human (Homo
sapiens/Hs) ATG4 precluded crystallization.37 The C-termi-
nal LIR interaction was therefore not detected. Our results

show that a strong interaction with LC3s and GABARAPs
depends on simultaneous interactions with the catalytic
domain and the LIRC motif of ATG4B. Molecular modeling
suggests that the linker between the catalytic domain and
the LIRC motif is long enough to adopt into a structure
connecting the catalytic domain attached to LC3B with the
LIRC motif attached to LDS on the opposite side of LC3B.
Since the LIRC motif was equally important for binding as
for cleavage, we have no evidence that the C terminus of
ATG4B directly participates in the catalytic reaction. We
therefore think that the increase in cleavage seen with
LIRC-containing constructs primarily is caused by a more
efficient binding to Atg8-family proteins. In agreement with
this view, the C-terminal region of Xenopus laevis ATG4B
is reported to be important for in vitro cleavage of Atg8-
family orthologs.46

LIR-LDS interaction may be regulated by phosphorylation.13

A recent study reports that 2 sites in the C-terminal region of
ATG4B (S383 and S392) are regulated in vivo by phosphoryla-
tion, and the phosphorylation of these sites increases after
treatment of cells with the MTORC1 inhibitor rapamycin.41

These sites flank the LIRC motif. However, in our crystal struc-
ture, phosphorylated S392 pointed toward the solvent and the
phosphomimetic mutation of these residues (S383E or S392E)
did not significantly affect LIRC binding. Further studies are
needed to evaluate the regulatory importance of these sites in
vivo.

The cleavage of proteins of the Atg8-family by ATG4B
provides the primed conjugation-ready form (the I form)
and is an essential step in phagophore formation. ATG4B
also regulates the delipidation of Atg8-family proteins from
the outer membrane of the phagophore.16,32–34 A continu-
ous lipidation and delipidation of Atg8-family proteins on
the phagophore may act as a cyclical proofreading event to
control the fidelity of growth of autophagosomes.32 In yeast,
Atg4 removes Atg8–PE from nonPAS organelle membranes.
This may be critical for maintaining a pool of unlipidated
Atg8 during autophagosome formation.33,34 The lipidation
and delipidation of yeast Atg8 has been reconstituted in
vitro on giant unilamellar vesicles.16 On these structures,
Atg8–PE associated with Atg12–Atg5-Atg16 into a mesh-
like membrane scaffold. Atg4 first disrupts the scaffold
before delipidating Atg8. Our finding of a very efficient C-
terminal LIR in ATG4B suggests that ATG4B may use the
LIRC to compete out GABARAP and LC3 interactions with
ATG12–ATG5 and disrupt the membrane scaffold before
delipidating. It is therefore tempting to speculate that the
LIRC motif is particularly important in the delipidation
step, and even more so under endogenous conditions with
limiting amounts of ATG4B. Delipidation occurs on mem-
brane surfaces where Atg8-family molecules are enriched,
and the process is therefore likely to involve both cis and
trans type LIR-LDS interactions (Fig. 8D and E). The C-ter-
minal LIR-LDS interaction may potentially act in cis or
trans, but trans-interactions are most likely mediated by the
N-terminal LIR motif which can only act in trans.37 While
the cis-interaction is necessary for the formation of a stable
complex and for the maintenance of cellular pools of
GABARAP and GABARAPL1, trans-interactions may be
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more important during dynamic processes such as delipida-
tion. Structural data show that is sterically possible that a
single ATG4B molecule may be engaged in 3 interactions

with 2 neighboring molecules of the Atg8 family. The sub-
strate Atg8-family molecule is bound in cis by the C-termi-
nal LIR and at the catalytic site, and the neighbor molecule

Figure 8. ATG4B stabilizes GABARAP in a LIR-dependent manner. (A) GABARAP stabilized by catalytic inactive ATG4B has a diffuse localization pattern in cells. atg4b KO
cells reconstituted with GFP-ATG4B WT, C74S or DLIRC mutant were transiently transfected with mCherry-GABARAP and analyzed by confocal microscopy 24 h post trans-
fection. (B) High-level expression of ATG4B WT and catalytic inactive, but not ATG4B DLIRC, stabilizes and redistributes ectopically expressed mCherry-GABARAP into a dif-
fuse localization pattern. atg4b KO cells reconstituted with GFP-ATG4B WT, C74S or DLIRC mutant were transiently transfected with mCherry-GABARAP, induced with
doxycycline (1 mg/ml), and analyzed by confocal microscopy 24 h post transfection. (C) GFP-ATG4B (C74S) and ectopically expressed mCherry-GABARAP display an almost
completely overlapping localization pattern, both in the cytoplasm and in the cell nucleus. atg4b KO cells reconstituted with GFP-ATG4B (C74S) were transiently trans-
fected with mCherry-GABARAP, induced by doxycycline (1 mg/ml), and analyzed by confocal microscopy 24 h post transfection. Representative images are shown. Bars:
10 mm. (D) Illustration of functional activities of ATG4B, indicating how the C-terminal LIR stabilizes the interaction between ATG4B and GABARAP and thereby contributes
to the maintenance of a pool of unlipidated GABARAP. In (E) a potential trans-mediated interaction of the C-terminal LIR with an adjacent Atg8-family molecule conju-
gated to the same membrane is illustrated.
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of the Atg8 family is bound in trans by the N-terminal LIR.
This may facilitate efficient activation and delipidation on
membrane surfaces.

The most dramatic effect seen in cells expressing a mutated
LIRC or a LIRC-deleted GFP-ATG4B was a strong reduction in
the cellular pools of unlipidated GABARAP and GABARAPL1,
while the levels of LC3B and GABARAPL2 were unaffected.
Previous studies have shown that the presence of unlipidated
pools of Atg8-family proteins at least in part relies on their
recycling from membranes by ATG4-dependent delipida-
tion.30–32 However, other studies have revealed that overex-
pressed ATG4B stabilizes unlipidated LC3B by preventing its
delivery to ATG7.36 Our study indicates that the formation of
stable complexes between ATG4B and GABARAP or GABAR-
APL1 may be equally important as delipidation for the mainte-
nance of unlipidated pools of these Atg8-family proteins.

Intriguingly, we observed that GABARAP and GABARAPL1
were degraded and virtually absent in cells lacking ATG4B. Con-
sistently, the levels of these 2 proteins were highly elevated in cells
overexpressing WT ATG4B. We propose that binding to ATG4B
stabilizes these proteins. Without this stabilization they are rap-
idly degraded by the proteasome and unavailable for autophago-
some formation. Hence, direct binding of ATG4B to GABARAP
and GABARAPL1, depending on the C-terminal LIR motif, plays
an important role in maintaining unlipidated pools of these 2
Atg8-family proteins. Potentially, the direct binding of ATG4B to
proteins of the Atg8-family may also inhibit their delivery to
ATG7 and thereby have a negative effect on autophagosome for-
mation. Given that the presence of the LIRC motif positively
affects binding and cleavage of Atg8-family proteins, but nega-
tively affects their release from ATG4B, the full complexity of
these interactions are not easily reconstituted in a system based
on ectopic overexpression of ATG4B mutants. Despite numerous
attempts, we were unable to reconstitute atg4b KO MEFs at an
endogenous expression level. In line with a previous report,36 we
show here that an elevated cellular pool ofWT ATG4B has a neg-
ative effect on autophagosome formation: This is presumably
because its inhibitory effect on the release of Atg8-family proteins
then becomes dominant. However, at an endogenous expression
level, the relative impact of binding and cleavage becomes crucial.
Very likely, the LIRC motif may then have a positive effect on
autophagosome formation due to an increased rate of binding
and cleavage of proteins of the Atg8 family.

Importantly, the C-terminal LIRmotif in ATG4B increases the
complexity of ATG4B interactions and thereby adds another layer
of regulation of autophagosome biogenesis. Thismay have impor-
tant regulatory consequences. In C. elegans GABARAP (LGG-1)
acts upstream of LC3 (LGG-2) in removal of paternally inherited
mitochondria in embryos,47 and nonredundantly in autophagic
degradation of PGL granules during embryogenesis.48 LGG-1 and
LGG-2 differentially interact with autophagy substrates and Atg
proteins. Excess lipidated LGG-1 inhibited LGG-2 puncta forma-
tion, and UNC-51 (Atg1/ULK1 ortholog) interacted with LGG-1,
but not LGG-2.48 We have previously shown that the ULK com-
plex members ULK1/2, RB1CC1, and ATG13 bind GABARAP
preferentially via LIR motifs,19 and that knockdown of
GABARAP specifically attenuates ULK1 activation.45 Hence,
GABARAP may be involved in scaffolding this complex on auto-
phagic structures. WAC (WW domain-containing adaptor with

coiled-coil), a positive regulator of autophagy,49 inhibits binding
of GABARAP to the vesicle tethering GOLGA2/golgin A2/
GM130 (golgi autoantigen, golgin subfamily a, 2) to release unli-
pidated GABARAP from the centrosome enabling its transport to
autophagosome formation sites.45 We show here that in addition
to the centrosomal pool of GABARAP there is also a large pool of
diffusely localized, unlipidated GABARAP bound to ATG4B.
Further studies are needed to elucidate the regulatory roles of the
ATG4B-GABARAP interaction, particularly during starvation
and other stress conditions inducing autophagy.

Materials and methods

Plasmids

The Gateway entry clones used in this study were pENTR-
ATG4A (Harvard PlasmID Repository, HsCD00372535),
pENTR-ATG4B, pDONR-ATG4C (Harvard PlasmID Reposi-
tory, HsCD00044545), pENTR-ATG4D (Harvard PlasmID
Repository, HsCD00383159), pENTR-ATG4, pENTR-GABA-
RAP, pENTR-GABARAPL1, pENTR-GABARAPL2, pENTR-
LC3A, pENTR-LC3B, pENTR-LC3C, pENTR-Atg8. Point
mutants of pENTR-ATG4A (1 to 389, C77S), pENTR-ATG4B [1
to 384, 12 to 393, 12 to 384, (Y8A and L11A), (F388A and
L391A), (Y8A, L11A, F388A and L391A), C74S, (D385A, E386A,
D387A, F388A and L391A), S383E, E386A, E389A, (E386A and
E389A), S392A, S392E, (S392E and S383E), and S392C], pENTR-
ATG4B 374 to 393 [(F388A and L391A), E384A, D385A, E386A,
D387A, E389A, S383A, S383E, S392A and S392E], pENTR-
ATG4C (1 to 451), pENTR-ATG4D (1 to 467), pENTR-ATG4 [1
to 340, (F343A and L346A), (Y424A and I427A), (F446A and
I449A)], pENTR-LC3B [(R10A and R11A), (F52A and L53A),
R70A and (F80A and L82A)], pENTR-GABARAPL1 [H9A,
R28A, R47A, (H9A and R47A), Y49A and R67A], and pENTR-
Atg8 (Y49A) were made using the QuikChange site-directed
mutagenesis kit (Agilent Technologies, 210515). pENTR-ATG4B
were made by subcloning of ATG4B into pENTR1A (Thermo
Fisher Scientific, A10462) from pOTB7-ATG4B (Harvard Plas-
mID Repository, HsCD00324503). Generation of constructs con-
taining the C-terminal region of ATG4B (374 to 393 or 365 to
384) were made by subcloning into pENTR1A. ACTB-LC3B
(F52A,L53A)-dNGLUC and ACTB-GABARAPL1-dNGLUC
were established by mutagenesis and subcloning into the ACTB-
LC3-dNGLUC plasmid (kind gifts from Robin Ketteler and
Bryan Seed, Medical Research Council, Laboratory for Molecular
and Cell Biology, University College London). The plasmid for
recombinant expression of yeast Atg4 fused to GST was a kind
gift of Sascha Martens (Department of Biochemistry and Cell
Biology, Max F. Perutz Laboratories, University of Vienna). Yeast
Atg4 was inserted into pENTR1A by subcloning. Gateway desti-
nation vectors used were pDEST15 (bacterial expression of N-ter-
minal GST fusion proteins; Thermo Fisher Scientific, 11802014),
pDEST24 (bacterial expression of C-terminal GST fusion pro-
teins) (Thermo Fisher Scientific, 12216016), pDESTmyc (mam-
malian expression of N-terminal MYC-tagged proteins), pDEST-
EGFP (mammalian expression of N-terminal EGFP-tagged pro-
teins), and pDEST53 (mammalian expression of N-terminal
GFP-tagged proteins; Thermo Fisher Scientific, 12288015).
pDEST-LTR-EGFP (mammalian transfection vector for stable
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and doxycycline controlled inducible expression of N-terminal-
EGFP tagged fusion constructs under the control of a truncated
CMV promoter) conferring blasticidin resistance was made by
subcloning of EGFP and the GATEWAY cassette as a PCR prod-
uct from pDEST-EGFP-C1 into the reverse Tetracycline retrovi-
rus vector pLRT-X (a kind gift from Dr. Masaaki Komatsu,
School of Medicine, Niigata University, Japan). Transfer of
pENTR constructs to destination vectors was performed using
the Gateway LR reaction (Thermo Fisher Scientific, 11791020).

Cell culture

MEFs were cultured in DMEM (Sigma-Aldrich, D6046) sup-
plemented with 10% fetal bovine serum (Biochrom, S 0615)
and 1% streptomycin-penicillin (Sigma-Aldrich, P4333).
Knockdown of ATG4B was achieved by transfection of Atg4b
siRNA (GAUUGGAGGUGGACACAAA, 50 nM) with Lip-
ofectamine� RNAiMAX (Thermo Fisher Scientific, 13778030).

Generation of stable cell lines

ATG4B wild-type and knockout MEFs were obtained from Dr.
Carlos L�opez-Ot�ın.43 Cell lines stably expressing different GFP-
ATG4 variants and GFP were made by transfection of Platinum
Retroviral Packaging Cell Line-E (Cell Biolabs, RV-101) with
pDEST-LTR plasmids containing the different GFP-ATG4 con-
structs or GFP. Viral supernatant was harvested, filtered
through a 0.45-mM filter, supplemented with 8 mg/ml of poly-
brene (Sigma-Aldrich, H9268) and added to the atg4b knock-
out MEFs 24, 48 and 72 h post transfection. Immediately after
viral transfection the MEFs were split and reseeded in medium
containing 5 mg/ml blasticidin S HCl (Thermo Fisher Scientific,
R210–01). Induction of GFP-tagged proteins was achieved by
treatment of the stable cell lines with the indicated amounts of
Doxycycline (Sigma-Aldrich, D9891) for 24 h unless otherwise
stated.

Peptide arrays

Peptides were synthesized on cellulose membranes using a
MultiPep automated peptide synthesizer (INTAVIS Bioanalyti-
cal Instruments AG, Cologne, Germany), as described previ-
ously.50 Membranes were blocked using 5% nonfat dry milk in
Tris-buffered saline (10 mM Tris-HCl, pH 7.4, 150 mM NaCl)
containing 0.1% Tween 20 (Sigma-Aldrich, P1379). The mem-
brane was probed by overlaying with 1 mg/ml of either GST,
GST-LC3B or GST-GABARAPL1 for 2 h at RT. Membranes
were washed 3 times in Tris-buffered saline containing 0.1%
Tween 20. Bound protein were detected with HRP-conjugated
anti-GST antibody (GE Healthcare, RPN1236)

Antibodies and reagents

The following antibodies were used: Rabbit anti-LC3B (Sigma-
Aldrich, L7543), mouse anti-GABARAP (MBL, M135–3), rab-
bit anti-GABARAPL1 (Proteintech Group, 18723–1-AP), rab-
bit anti-GABARAPL2 (MBL, PM038) guinea pig anti-SQSTM1
(Progen, GP62-C), rabbit anti-GFP (Abcam, AB290), mouse
anti-PCNA (DAKO, M0829), rabbit anti-ATG4B (Santa Cruz

Biotechnology, SC-130968), mouse anti-ubiquitin (FK2; Enzo
Life Sciences, PW8810), horseradish peroxidase-conjugated
goat anti-mouse (BD Biosciences, 554002), anti-rabbit (BD Bio-
sciences, 554021) and goat anti-guinea pig (Santa Cruz Biotech-
nology, sc-2438) secondary antibodies. Other reagents used
were BafA1 (Santa Cruz Biotechnology, sc-201550) and l-[35S]
methionine (PerkinElmer, NEG709A500UC).

Protein purification and GST affinity isolation experiments

GST-tagged proteins were expressed in Escherichia coli BL21
(DE3). GST-(Atg8-family proteins) and (Atg8-family pro-
teins)-GST fusion proteins were purified on glutathione-
Sepharose 4 Fast Flow beads (GE Healthcare, 17513201) fol-
lowed by washing with NET-N buffer (100 mM NaCl, 1 mM
EDTA, 0.5% Nonidet P-40 (Sigma-Aldrich, 74385), 50 mM
Tris-HCl, pH 8) supplemented with cOmplete Mini EDTA-free
protease inhibitor mixture tablets (Roche Applied Science,
11836170001). GST-ATG4Bs fusion proteins were purified on
GSTrap Fast Flow columns (GE Healthcare, 17–5130–01).
GST-tagged proteins were eluated with 50 mM Tris, pH 8,
200 mM NaCl, 5 mM L-gluthathione reduced (Sigma-Aldrich,
G425). GST affinity isolation assays were performed with
35S-labeled proteins cotranscribed and translated using the
TnT Coupled Reticulocyte Lysate System (Promega, L4610) as
described previously.18 For quantifications gels were vacuum
dried and 35S-labeled proteins detected on a Fujifilm bioimag-
ing analyzer BAS-5000 (Fujifilm, Tokyo, Japan).

Expression and purification of GABARAPL1 for
crystallization

GABARAPL1 full-length sequence was inserted between the
BamHI and NotI sites of a pGEX-6P2 plasmid (GE Healthcare,
28–9546–50) containing a cleavable glutathione S-transferase
tag. Protein expression was at 30�C in E. coli Rosetta (DE3)
pLysS. Bacteria were harvested by centrifugation and resus-
pended in lysis buffer (50 mM Tris-HCl, pH 8.0, 500 mM
NaCl, 0.1% Triton X-100 (Sigma-Aldrich, T8787), 0.5 mM
TCEP (Melford Laboratories, T2650), 0.5 mM AEBSF (Appli-
Chem, A1421) and 15 ug/ml benzamidine (Melford Laborato-
ries, B4101). The fusion protein was batch-adsorbed onto a
glutathione-Sepharose affinity matrix and GABARAPL1 recov-
ered by cleavage with 3C protease (made in house) at 4�C over-
night in 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.5 mM
TCEP. GABARAPL1 was then purified by size exclusion chro-
matography using a Superdex 75 column equilibrated and run
in 25 mM Tris-HCl, pH 8.0, 150 mM NaCl and 0.5 mM TCEP.
Peptides were synthesized by the Francis Crick Institute Pep-
tide Chemistry Science Technology Platform.

Crystallization of ATG4B LIR

GABARAPL1-ATG4B LIR complexes were prepared by mix-
ing purified full-length GABARAPL1 and ATG4B peptide
(residues 384 to 393, defined hereafter as wild-type ATG4B
LIR; EDEDFEILSL) at a 1:3 molar ratio. The complex of the
ATG4B peptide phosphorylated on residue S392 (residues
384 to 393, defined hereafter as phosphorylated ATG4B LIR;
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EDEDFEIL-pS-L) was prepared by mixing GABARAPL1 and
the phosphorylated ATG4B peptide at a 1:3 molar ratio. The
complexes were dialyzed overnight in 25 mM Tris-HCl, pH
8.0, 150 mM NaCl and 0.5 mM TCEP buffer, using a 500- to
1000-Da MWCO dialysis tubing for both complexes. The
wild-type ATG4B complex was crystallized at 20�C using the
sitting-drop vapor diffusion method with a protein concen-
tration of 20 mg/ml. Sitting drops of 1 ml consisted of a 1:1
(vol:vol) mixture of protein and a well solution containing
0.17 M (NH4)2SO4 (Hampton Research, HR2–541), 40%
PEG 4000 (Sigma-Aldrich, 95904), 15% glycerol (Sigma-
Aldrich, G5516). Crystals appeared after 10 d and reached
their maximum size after 20 d (0.05 mm £ 0.05 mm). Crys-
tals were flash-frozen in liquid nitrogen, and X-ray data sets
were collected at 100 K at the I02 beamline of the Diamond
Light Source Synchrotron (Oxford, UK).

The phosphorylated ATG4B complex was crystallized at
20�C using the sitting-drop vapor diffusion method with a pro-
tein concentration of 20 mg/ml. Sitting drops of 1 ml consisted
of a 1:1 (vol:vol) mixture of protein and a well solution contain-
ing 0.1 M MgCl2, 24.6% PEG 400, 29.5% PEG 8000 (Sigma-
Aldrich, 89510), 0.1M Tris, pH 8.5. Crystals appeared after 5 d
and reached their maximum size after 10 d (0.2 mm £ 0.05
mm). Crystals were flash-frozen in liquid nitrogen, and X-ray
data sets were collected at 100 K at the I03 beamline of the Dia-
mond Light Source Synchrotron (Oxford, UK).

Data collection and refinement statistics are summarized in
Table 1. The data sets were indexed and scaled with xia2.51

Molecular replacement was achieved by using the atomic

coordinates of the peptide-free GABARAPL1 (PDB code: 2R2Q)
in PHASER.52 Refinement was performed using Phenix.53 Model
building was performed in COOT.54 Model validation used PRO-
CHECK,55 and figures were prepared using the graphics program
PYMOL (http://www.pymol.org). The asymmetric units contain
3 identical copies of the complex for the wild-type ATG4B-
GABARAPL1 structure and 2 identical copies of the complex
for the phosphorylated ATG4B-GABARAPL1 structure. In
both structures the difference electron density map covering
ATG4B shows unambiguous density for residues 484 to 493.

In vitro assay of ATG4B cleavage activity

LC3B-GST- and GABARAP-GST proteins expressed and puri-
fied from E. coli were washed 5 times to remove excess protease
inhibitor. 2.5 mg/ml of GST-ATG4B, GST-ATG4B (C74S), or
GST-ATG4B DLIRC proteins were incubated together with 0.5
to 1.5 mg of LC3B-GST or GABARAP-GST at 30�C for the
indicated time points in 20 ml buffer (200 mM NaCl, 1 mM
EDTA, 5 mM DTT, 20 mM Tris-HCl, pH 7.4). Reactions were
stopped by addition of 5xSDS-loading buffer (500 mM DTT,
10% SDS, 0.5% bromophenol blue, 50% glycerol, 250 mM Tris-
HCl, pH 6.8), resolved by SDS-PAGE and visualized by Coo-
massie brilliant blue staining.

Western blot and immunoprecipitation experiments

For western blotting experiments, cells were washed in PBS
(137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM
KH2PO4, pH 7.4.) followed by lysis directly in SDS-PAGE load-
ing buffer (2% SDS, 10% glycerol 50 mM Tris-HCl, pH 6.8) and
boiled for 10 min. Protein concentration was measured fol-
lowed by addition of bromophenol blue (0.1%) and DTT (100
mM). Samples (20 mg) were run on 10–16% gradient- or 10%-
SDS-polyacrylamide gels and blotted on Hybond nitrocellulose
membranes (GE Healthcare, 10600003) followed by Ponceau S
staining. Blocking was performed in 5% nonfat dry milk in
PBS-Tween 20 (0.1%). Primary antibody was diluted in PBS-
Tween 20 containing 5% nonfat dry milk and incubation was
performed overnight at 4�C. Secondary antibody incubation
was performed at room temperature for 1 h in PBS-Tween 20
containing 5% nonfat dry milk. Membranes were washes
3 times before addition of secondary antibody and development
using either Amersham Hyperfilm ECL (GE Healthcare,
28906836) or LAS-300 (Fujifilm, Tokyo, Japan). Immunopreci-
pitations were performed by use of GFP-trap_A system in
accordance with the manufacturer’s instructions (Chromotek,
gta-20).

Luciferase assay to monitor in vivo cleavage activity of
ATG4B

In vivo ATG4B activity was assayed by measuring cellular
export of Gaussia luciferase as described previously.44 Reconsti-
tuted atg4b KO MEFs were seeded in 24-well plates and
cotransfected with 50 ng pGL3 promotor (Firefly luciferase)
(Promega, E1761) and 200 ng of either ACTB-LC3B-
dNGLUC/ACTB-LC3B F52A L53A-dNGLUC/ACTB-GABAR-
APL1-dNGLUC or ACTB-dNGLUC using Metafectene Pro

Table 1. Data collection and refinement statistics.

WT ATG4B-
GABARAPL1

ATG4B (p-S392)-
GABARAPL1

PDB ID 5LXH 5LXI

Data collection
Space group P 21 21 21 C 2
Cell dimensions a, b, c (A

�
) a, b,

g (�)
51.5, 79.89, 97.64

90.0, 90.0, 90.0
124.9, 78.4, 30.6 90.0,

99.2, 90.0
Resolution (A

�
) (Outer resolution

shell) A
�

51 – 1.58 (1.66 –1.58) 35 – 1.44 (1.48 –1.44)

Rpim 3.0 (49.4) 2.9 (50.9)
Rsym (%) 5.6 (87.9) 3.8 (59.0)
CC(1/2) 99.9 (60.5) 99.8 (74.6)
I/sI 10.7 (1.3) 10.1 (1.3)
Completeness (%) 100 (99.9) 96.0 (93.7)
Redundancy 5.1 (4.9) 3.1 (3.0)
Refinement
Resolution (A

�
) (Outer resolution

shell) A
�

48 – 1.58 (1.60 – 1.58) 31 – 1.44 (1.47 –
1.44)

No. unique reflections 55 946 46 217
Rwork 20.5 (39.1) 19.6 (36.3)
Rfree

a 23.7 (45.6) 22.9 (41.7)
No. atoms 3 467 2 290
Average isotropic B-factors (A

� 2) 25.8 30.7
GABARAPL1 24.3 30.1
ATG4B peptide 43.6 35.0
Water 34.7 34.6
R.m.s. deviations
bonds (A

�
) 0.017 0.014

angles (�) 1.42 1.15
Ramachandran plot (%) (favored,

allowed, disallowed)
98.9/1.1/0 97.3/2.7/0

a A total of 5% of the data were set aside to compute Rfree.
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(Biontex, T040). Media was changed 24 h post-transfection,
and Gaussia luciferase was allowed to accumulate in the media
for 18 to 24 h. Media and cells were harvested for measure-
ments of Gaussia and Firefly luciferase, respectively, using the
Dual luciferase reporter assay system (Promega, E1910) and a
CLARIOstar (BMG labtech, Ortenberg, Germany) in accor-
dance with the manufacturer’s instructions. For ACTB-
dNGLUC and ACTB-LC3B (F52A,L53A)-dNGLUC, single
sampling tests were conducted on the cell lysate to verify that
functional Gaussia luciferase was retained inside the cells.

Bioinformatics and statistics

Data in all figures are shown as mean § SD from at least 3
independent experiments. Statistical significance was evaluated
with one-way ANOVA followed by the Tukey multiple com-
parison test performed in PRISM (Graphpad) (ns P > 0.05, �P
� 0.05, ��P � 0.01, ���P � 0.001). Alignment of ATG4 isoform
homologs was performed in CLC Main workbench (Qiagen).

Abbreviations

2mLIR, F388A and L391A double mutation of LIR
5mLIR, D385A, E386A, D387A,
F388A and L391A

multiple mutation of LIR

ATG AuTophaGy-related
BafA1 Bafilomycin A1

GABARAP gamma-aminobutyric acid
receptor associated protein

GFP enhanced green fluorescent
protein

KO knockout
LDS LIR docking site
LIR LC3-interacting region
MAP1LC3/LC3 microtubule-associated pro-

tein 1 light chain 3
MEF mouse embryonic fibroblast
PE phosphatidylethanolamine
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