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Mammalian ATG8 proteins (mATG8s) are essential for selective 
autophagy because they recruit various proteins with LC3- 
interacting region (LIR) motifs to autophagic membranes. The 
RavZ protein, secreted by Legionella pneumophila, and mam-
malian ATG4B possess functional LIR motifs that participate in 
lipidated mATG8 deconjugation on autophagic membranes. 
RavZ comprises three functional LIR motifs at the N- and C- 
terminal sides of its catalytic domain (CAD). This study demo-
nstrated that LIR motifs at the N-terminal side of the CAD of 
RavZ are involved in autophagic membrane targeting and 
substrate recognition, while LIR motif at the C-terminal side 
facilitate autophagic membrane targeting. Our results also 
revealed that the C-terminal LIR motif in human ATG4B is 
pivotal in delipidating LC3B-phosphatidylethanolamine (PE), but 
it plays a minor role in pro-LC3B priming in the cytosol. There-
fore, introducing a functional LIR motif to the N-terminal of 
ATG4B does not affect LC3B-PE delipidation. This study 
clearly described the position-dependent roles of LIR motifs in 
RavZ and ATG4B in cellular contexts. [BMB Reports 2024; 
57(11): 497-502]

INTRODUCTION

Xenophagy is a selective autophagy process that targets intra-
cellular pathogens, such as bacteria, viruses, and fungi, for 

degradation (1). Interestingly, to counteract host autophagy, many 
pathogens have evolved mechanisms. For example, the bac-
terium Legionella pneumophila impairs host autophagy through 
its effector protein, RavZ; this protein disrupts autophagosome 
formation by detaching mammalian autophagy-related gene 8 
(mATG8) from phosphatidylethanolamine (PE) on autophago-
some membranes (2, 3). It acts by cleaving the amide bond 
between the carboxyl-terminal glycine of mATG8 and an adja-
cent aromatic residue; as such, it functions similarly to the 
host’s cysteine protease ATG4B, but it has a distinct substrate 
specificity. Unlike ATG4B, which cleaves soluble and mem-
brane-bound forms of LC3/GABARAP, RavZ specifically targets 
only membrane-anchored versions (4).

LC3-interacting region (LIR) motifs are important for mATG8 
binding (5, 6). Mammalian ATG4B possesses a functional C- 
terminal LIR motif, efficiently binds to all forms of mATG8s, 
and cleaves them in the cytosol and on membranes (7). Con-
versely, RavZ contains three LIR motifs: two N-terminal motifs 
(LIR1/2) and one C-terminal motif (LIR3). These motifs help 
recognize mATG8s either in the cytosol or on the autopha-
gosome and contribute to the targeting of autophagic mem-
branes (8). A LIR motif-deficient RavZ mutant can still non- 
selectively delipidate mATG8-PE without the three functional 
LIR motifs; as such, they play a minor role in mATG8-PE 
delipidation on autophagic membrane (9). However, the specific 
functions of each LIR motif in the targeting and enzymatic 
activity of RavZ remain uncertain. Recent evidence suggested 
that the LIR2 motif participates in the initial recognition of LC3 
on autophagic membranes in vitro (10).

This study elucidated the differential contributions of LIR 
motifs at the N- and C-terminal sides of the catalytic domain 
(CAD) of RavZ. We found that LIR motifs at the N-terminal 
side of CAD primarily facilitated substrate recognition by the 
CAD on autophagic membranes; conversely, all LIR motifs 
contributed to autophagic membrane targeting. Additionally, 
we also confirmed that the LIR motif of ATG4B is a major 
factor in mATG8-PE delipidation on autophagic membranes. 
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Fig. 1. Elucidation of different roles of LIR motifs of the modified 
RavZ protein using LIR(Fy). (A) Schematic of the generation of eGFP-
tagged deconjugase-Fy and its LIR motif-deficient mutants. (B) Con-
focal images showing the autophagosome formation of mRFP-LC3B
(upper) or mRFP-GABARAPL1 (lower) protein co-expressed with RavZ
proteins (RavZ, wild type) or deconjugase-Fy mutants in HKO cells
upon autophagy induction (100 nM rapamycin [Rapa], 4 h). Scale 
bar: 10 m. (C) Bar graphs illustrating the autophagosome spot num-
ber for each cell. Values are presented as means ＋ SEM. *** P ＜
0.001, one-way ANOVA with the Newman–Keuls multiple compa-
rison test. N.S., not significant. (D) Schematic of the generation of 
eGFP-tagged enzyme-deficient mutant (C258S) of deconjugase-Fy and
its LIR motif-deficient mutants. (E) Confocal images showing the 
cellular localization of RavZC258S or enzyme-deficient mutants con-
taining one or more LIR(Fy) co-expressed with mRFP-LC3B (upper) 
or mRFP-GABARAPL1 (lower) protein in HKO cells upon autophagy
induction (100 nM bafilomycin A1 (BafA1) in Earle’s balanced salt 
solution (EBSS) for 2 h, ＋EBSS, BafA1). Scale bar: 10 m. (F) Bar
graphs illustrating the quantification of the autophagosome and cy-
tosol (A:C) ratio of GFP fluorescence in each cell. Values are pre-
sented as means ＋ SEM . ***P ＜ 0.001, one-way ANOVA with 
the Newman–Keuls multiple comparison test. N.S., not significant. 
The numbers above the bar graph represent the number of repli-
cates for each experiment. 

RESULTS AND DISCUSSION

Elucidating the distinct roles of LIR motifs at the N- and 
C-terminal sides of the CAD of RavZ
RavZ possesses three LC3-interacting region (LIR) motifs: LIR1 
and LIR2 at the N-terminal and LIR3 at the C-terminal. To 
elucidate the roles of these LIR motifs at the N- and C-terminal 
sides of CAD of RavZ, we utilized deconjugase-Fy, a modified 
version of the protein (11). This version incorporates two iden-
tical selective LC3 subfamily-binding LIR motifs from Fyco1; 
thus, it replaces the native LIR1/2 and LIR3 in a 3xFLAG- 
tagged catalytically active but membrane-targeting (MT) domain- 
deficient RavZ mutant. Previous reports indicated that the 
expression of deconjugase-Fy selectively reduces eGFP-LC3A/ 
B-containing autophagic membranes in rapamycin-treated hexa 
mATG8 knockout HeLa (HKO) cells (11). We produced eGFP- 
tagged deconjugase-Fy (eGFP-Fy-CAD-Fy) by replacing the 
3xFLAG tag with eGFP; as a result, we formed two constructs: 
eGFP-Fy-CAD with a single N-terminal LIR(Fy) and eGFP-CAD- 
Fy with a single C-terminal LIR(Fy) (Fig. 1A). We then eva-
luated the formation of mRFP-LC3B- or mRFP-GABARAPL1- 
containing autophagosomes in these rapamycin-treated HKO 
cells, which co-express each construct with mRFP-LC3B or 
mRFP-GABARAPL1. The controls included eGFP-RavZ and eGFP. 
In contrast to eGFP, LIR(Fy)-containing constructs significantly 
delipidated mRFP-LC3B-PE from the autophagosome membrane 
(Fig. 1B, C); conversely, all constructs except eGFP-RavZ failed 
to inhibit the formation of mRFP-GABARAPL1-containing auto-
phagosomes in rapamycin-treated HKO cells. 

Among enzyme constructs, eGFP-CAD-Fy exhibited the 
significantly lowest enzymatic activity for delipidating membrane- 
anchored mRFP-LC3B; however, eGFP-Fy-CAD showed an 
enzymatic activity similar to that of eGFP-RavZ and eGFP-Fy- 
CAD-Fy (Fig.1B, C). These results suggested that the N-ter-
minal LIR motif plays a more crucial role in enzymatic 
delipidation than the C-terminal LIR motif does.

The different delipidation efficiencies might be mediated by 
variable efficiencies in autophagic membrane localization. To test 
this hypothesis, we generated enzyme-deficient mutants by 
replacing the CADs of our constructs with catalytic mutants 
(C258S) that lacked enzymatic activities (Fig. 1D). Using the 
relative ratio of the eGFP fluorescence intensity between the auto-
phagosome and the cytosol (A/C ratio analysis), we then assessed 
the localization of these enzyme-deficient mutants on the auto-
phagic membrane. Figures 1E, F show that the LIR(Fy) motif-contai-
ning enzyme-deficient mutants co-localized with mRFP-LC3B-posi-
tive autophagosomes more effectively than eGFP alone. Notably, 
eGFP-Fy-CADC258S and eGFP-CADC258S-Fy localized to mRFP-LC3B- 
positive autophagic membranes with a similar efficiency. However, 
all constructs except eGFP-RavZC258S failed to localize to mRFP- 
GABARAPL1-positive autophagosomes; this failure was consistent 
with the known preference of LIR(Fy) for mATG8 proteins. These 
results demonstrated that N- and C-terminal LIR motifs contribute 
equally to autophagosome membrane localization; conversely, the 

N-terminal LIR motif plays a more remarkable role than the 
C-terminal LIR motif in the delipidation of membrane-anchored 
LC3B on autophagic membranes.

To further clarify the distinct roles of N- and C-terminal LIR 
motifs, we utilized two LIR motifs with different selective 
mATG8 binding properties: LIR(Fy) for LC3B and LIR(St) for 
GABARAPL1. We created the following constructs: eGFP-Fy- 
CAD-St, which incorporates N-terminal LIR motifs from Fyco1 
and C-terminal from Stbd1; and eGFP-St-CAD-Fy, which has 
the N-terminal motif from Stbd1 and the C-terminal from Fyco1 
(Fig. 2A). eGFP-Fy-CAD-St overexpression completely eliminated 
mRFP-LC3B-containing autophagosomes and partially reduced 
mRFP-GABARAPL1-containing autophagosomes, unlike cells 
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Fig. 2. Elucidation of the different roles of LIR motifs of the mo-
dified RavZ protein using different LIR motifs. (A) Schematic of 
the generation of chimeric mutants containing LIR(Fy) and LIR(St) 
with different binding specificities. (B) Confocal images showing 
the autophagosome formation of mRFP-LC3B (upper) or mRFP- 
GABARAPL1 (lower) protein co-expressed with chimeric mutants in
HKO cells upon autophagy induction (Earle’s balanced salt solu-
tion [EBSS] for 2 h). Scale bar: 10 m. (C) Bar graphs illustrating 
the autophagosome spot number for each cell. Values are presen-
ted as means ＋ SEM . *** P ＜ 0.001, one-way ANOVA with the
Newman–Keuls multiple comparison test. N.S., not significant. The 
numbers above the bar graph represent the number of replicates 
for each experiment.

Fig. 3. Elucidation of the roles of LIR motifs of ATG4B. (A) Sche-
matic of MyrPalm-mATG8-eGFP constructs and the “priming” of 
pro-LC3/GABARAP into an LC3/GABARAP-1 form. MyrPalm, myri-
stoylation, and palmitoylation motif. (B) Confocal images showing 
the cellular localization of MyrPalm-LC3B[G-M]eGFP in WT HeLa 
and ATG4B KO HeLa cells. Scale bar: 10 m. (C) Representative 
western blots of overexpressed MyrPalm-LC3[G-M]eGFP proteins in 
WT HeLa and ATG4B KO HeLa cells with the indicated anti- 
GFP, anti-ATG4B, and anti--actin antibodies. (D) Schematic of se-
veral 3xFlag-fused ATG4B and variants. ATG4BC74S, catalytically inac-
tive mutant; Fy, LIR motif of Fyco1; Pro, protease domain. (E) Con-
focal images showing the cellular localization of MyrPalm-LC3B[G- 
M]eGFP co-expressed with RavZ, ATG4B, ATG4BC74S, and LIR-de-
letion mutant (ATG4B∆LIR) in ATG4B KO HeLa cells. (F) Confocal 
images showing the autophagosome formation of eGFP-LC3B (120G) 
co-expressed with RavZ, ATG4B, and all variants with protease 
domains in ATG4B KO HeLa cells upon autophagy induction 
(100 nM bafilomycin A1 [BafA1] in Earle’s balanced salt solution 
[EBSS] for 2 h, ＋EBSS, BafA1).

that expressed only eGFP-CAD (Fig. 2B, C). Conversely, 
eGFP-St-CAD-Fy completely disrupted mRFP-GABARAPL1- 
containing autophagosomes and slightly affected mRFP-LC3B- 
containing ones (Fig. 2B, C). These findings emphasized that 
the effect of the N-terminal LIR motif on the delipidation of 
membrane-anchored LC3B within autophagic membranes is 
more considerable than that of the C-terminal motif.

To determine and confirm the importance of the order and 
presence of different LIR motifs when positioned consecutively at 
the N-terminus or C-terminus, we created constructs such as eGFP- 
Fy-St-CAD, eGFP-St-Fy-CAD, eGFP-CAD-Fy-St and eGFP-CAD- 
St-Fy, which alternated the order of LIR motifs for LC3B and 
GABARAP. The overexpression of eGFP-Fy-St-CAD and eGFP-St- 
Fy-CAD efficiently and completely eliminated the formation of 
mRFP-LC3B- and mRFP-GABARAPL1-containing autophagosomes. 
Conversely, overexpression of eGFP-CAD-Fy-St and eGFP-CAD-St- 
Fy less efficiently eliminate mRFP-LC3B- and mRFP-GABARAPL1- 
positive autophagosomes compared to eGFP-Fy-St-CAD and 
eGFP-St-Fy-CAD (Fig. 2B, C). These findings indicated that while 
the presence of the LIR motifs at the N-terminus is crucial for 
mATG8-PE delipidation, the sequence of these motifs at the 
N-terminus does not substantially affect their catalytic function.

Overall, our findings indicated that the N- and C-terminal 
LIR motifs of RavZ contribute similarly to autophagic mem-
brane localization. However, in the context of autophagosomes, 

the N-terminal LIR motif is more important than the C-terminal 
LIR motif for substrate recognition.

Elucidating the roles of a LIR motif in human ATG4B for the 
priming and delipidation of overexpressed LC3B in ATG4B 
knockout HeLa Cells
The mammalian ATG4 family proteins, which are cysteine 
protease that cleaves the C-terminal of LC3/GABARAP proteins, 
consists of 4 different members (ATG4A, B, C, and D) and 
have a dual function priming LC3/GABARAP lipidation and 
delipidation in the autophagy pathway (12). Especially, ATG4B 
effectively mediates both the priming and delipidation of all 
LC3/GABARAP proteins (13, 14). ATG4B contains a single 
functional LIR motif at its C-terminal end, which binds to all 
types of LC3/GABARAP proteins (7). To directly examine the 
priming of LC3/GABARAP proteins by ATG4B in cells via 
confocal microscopy, we prepared a MyrPalm-LC3B[G-M]eGFP 
construct. In this construct, starting with methionine, eGFP is 
directly linked to the glycine residue at the end of the LC3B 
protein. The MyrPalm motif is a short amino acid sequence 
“GCCNSKRKD” that localizes to the plasma membrane 
through myristoylation and palmitoylation (15). It artificially 
targets MyrPalm-LC3B[G-M]eGFP to plasma membranes (Fig. 
3A). To evaluate the cleavage of LC3B from eGFP by endo-
genous ATG4B, we expressed MyrPalm-LC3B[G-M]eGFP in 
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Fig. 4. Elucidation of the role of each LIR motif in RavZ vs. ATG4B.
Schematic of the function and mechanism of action of the respec-
tive domains and LIR motifs of RavZ and ATG4B proteins. The 
N-terminal LIR of RavZ is important for interaction with mATG8- 
PE and for the catalytic activity of CAD, while the C-terminal LIR is
essential for maintaining the binding to mATG8-PE in the auto-
phagic membrane. The C-terminal LIR of ATG4B interacts with 
mATG8 and cleaves the termini of various forms (pro-mATG8 or 
mATG8-II) of mATG8 proteins in the cytosol (priming) and at the 
autophagic membrane (delipidation).

wild-type and ATG4B knockout (KO) HeLa cells. We observed 
eGFP-expressing cells under a confocal microscope and con-
ducted western blot analysis by using an anti-GFP antibody. 
When MyrPalm-LC3B[G-M]eGFP was overexpressed in wild- 
type HeLa cells, eGFP was cleaved by ATG4B at the terminal 
glycine of the overexpressed LC3B and released diffusely into 
the cytosol and nucleus within 24 h after transfection. In ATG4B 
KO HeLa cells, MyrPalm-LC3B[G-M]eGFP remained localized 
to the plasma membrane because of the MyrPalm motif; this 
result indicated that LC3B[G-M]GFP was not cleaved. Western 
blot analysis revealed a small cleaved eGFP band in wild-type 
HeLa cells but not in ATG4B KO HeLa cells. Therefore, this 
result confirmed that ATG4B cleaves eGFP from the C-terminal 
of LC3B proteins in cells (Fig. 3B, C).

To investigate the role and importance of the LIR motif of 
ATG4B in the priming and delipidation of LC3/GABARAP pro-
teins, we created 3xFLAG-ATG4B∆LIR, a mutant that lacks the 
C-terminal LIR motif (Fig. 3D). We co-expressed this mutant 
with MyrPalm-LC3B[G-M]eGFP in ATG4B knockout (KO) HeLa 
cells and assessed eGFP localization 24 h post-transfection. 
The exogenously expressed 3xFLAG-ATG4B and 3xFLAG- 
ATG4B∆LIR proteins, not the catalytically inactive 3xFLAG- 
ATG4BC74S mutant, successfully cleaved eGFP from LC3B at 
the plasma membrane (Fig. 3E). Conversely, RavZ did not 
cleave eGFP from LC3B. Although our experimental setup did 
not completely rule out the contribution of the LIR motif to 
early “priming” because of the 24 h post-transfection analysis, 
we demonstrated that the protease CAD of ATG4B alone is 
adequate for the “priming” of LC3B proteins under our experi-
mental conditions. Conversely, RavZ failed to prime LC3B 
proteins. This result was consistent with previous finding (2).

To assess the role of the LIR motif of ATG4B in the delipidation 
of LC3B-PE on autophagosomes, we constructed an eGFP-LC3B 
(120G) truncation that ended with a glycine residue (pre-primed 
form), consequently bypassing the need for priming. The overex-
pression of 3xFLAG-ATG4B and 3xFLAG-RavZ notably reduced 
the formation of eGFP-LC3B-containing autophagosomes in ATG4B 
KO HeLa cells during autophagy induction and inhibition with 
100 nM bafilomycin A1 (BafA1) in Earle’s balanced salt solution 
(EBSS) for 2 h (Fig. 3F). Conversely, the overexpression of the 
catalytically inactive 3xFLAG-ATG4BC74S did not reduce the 
formation of eGFP-LC3B-containing autophagosomes. Interestingly, 
the 3xFLAG-ATG4B∆LIR overexpression led to the formation of 
eGFP-LC3B-containing autophagosomes at levels comparable 
with those observed in 3xFLAG-ATG4BC74S under the same con-
ditions. These findings demonstrated that the C-terminal LIR motif 
of ATG4B is critical for LC3B-PE delipidation from the auto-
phagosome membrane.

The LIR motif localized at the N-terminal of RavZ is more 
crucial for the delipidation of mATG8-PE on the autophagic 
membrane (Fig. 1 and 2). To further explore the role of the LIR 
motif, we incorporated either N- or C-terminal LIR(Fy) motifs 
into 3xFLAG-ATG4B∆LIR; thus, we created 3xFLAG-ATG4BnFy 
and 3xFLAG-ATG4BcFy. Furthermore, 3xFLAG-ATG4BcFy, not 

3xFLAG-ATG4BcFy, reduced the formation of eGFP-LC3B- 
positive autophagosomes (Fig. 3F). In contrast to RavZ, the 
C-terminally localized LIR motif plays an important role in 
LC3B-PE delipidation on autophagosomes.

In the case of RavZ, the catalytic domain of RavZ has membrane 
association properties but lacks direct LC3 binding capability. 
Therefore, the LIR motif of RavZ is necessary for the initial reco-
gnition of mATG8s on the autophagic membrane (4, 10). The cata-
lytic domain then extracts the PE moiety of mATG8-PE from the 
autophagic membrane and deconjugates it while binding to the 
acyl chain of PE (10). Consequently, the LIR motif located at the 
N-terminus relative to the membrane-bound catalytic domain is cru-
cial for supporting the subsequent processing by the catalytic domain.

In contrast, the catalytic domain of ATG4B can directly bind 
to mATG8s (7), which is why it can prime pro-LC3B to LC3B-I 
independently. However, the catalytic domain alone cannot 
delipidate lipidated LC3B on the autophagic membrane. Given 
that ATG4B deconjugates LC3B-PE without extraction, an 
additional motif is required to enable the catalytic domain to 
access lipidated LC3B on the autophagic membrane. Intere-
stingly, the C-terminal LIR motif of ATG4B wraps around the 
LC3B core domain, which is already occupied by the catalytic 
domain, thereby enhancing the binding strength between 
ATG4B and LC3B (16). Therefore, unlike the classical binding 
of the LIR motif to the LC3B core, the C-terminal LIR motif of 
ATG4B binds to pre-occupied LC3B in an atypical manner.

On the basis of our current study, we proposed that the N- 
and C-terminal LIR motifs in RavZ had different roles (Fig. 4). 
RavZ targets autophagosome membranes through multiple path-
ways: an membrane targeting (MT) domain via PI3P/PI(3,5)P2 
binding, the 3 motif in the catalytic domain via membrane 
association, and the N- and C-terminal LIR motifs via mATG8 
binding. Initially, RavZ proteins delipidate tethered mATG8s 
predominantly via N-terminal LIR motifs, including LIR1 and 
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LIR2. However, the contribution of LIR1 and 2 motifs to tet-
hered mATG8 delipidation by N-terminal LIR motifs is negli-
gible, as demonstrated by the lack of differences between 
3xFLAG-RavZ(∆MT)mLIR3 and 3xFLAG-RavZ(∆MT)C258S(9). In-
deed, RavZ can be stably localized to the autophagic mem-
brane through an MT domain or the C-terminal LIR motif, in 
addition to the 3 motif in the CAD; thus, it can non-se-
lectively delipidate nearby mATG8s-PE. For ATG4B, the pro-
tease CAD alone is sufficient for the “priming” of pro-LC3B into 
the LC3B-I form (Fig. 3E). This finding is consistent with reports 
that the CAD of ATG4B can bind to LC3B (7), indicating that 
this interaction is sufficient for cleaving pro-LC3B in a solution. 
Additionally, the C-terminal LIR motif on the autophagic mem-
brane participates in LC3B-PE delipidation by ATG4B (Fig. 3F).

Our study showed the importance of LIR motif positioning 
in the functionality of proteins such as RavZ and ATG4B in the 
autophagy pathway. For RavZ, N-terminal LIR motifs partici-
pate in delipidation; for ATG4B, the C-terminal LIR motif is 
essential for delipidating LC3B-PE on autophagosomes (Fig. 4). 
The LIR motif has traditionally been considered non-essential 
in terms of its position within the protein, as it functions by 
binding to specific mATG8s to facilitate targeting. However, 
our study reveals that the function of the LIR motif can vary 
depending on its relative position within the protein, influ-
enced by the structure and mechanism of the catalytic domain. 
Therefore, it is crucial to consider not only which mATG8s the 
LIR motif binds to but also its position within the protein. 
Additionally, based on our findings, we propose that intro-
ducing various combinations of LIR motifs at the N- or C-ter-
minus of RavZ or ATG4B could lead to the development of 
recombinant proteins with distinct regulatory effects on various 
autophagic pathways. Our results challenge the prevailing assu-
mptions about the redundancy of LIR motifs in such proteins 
and offer new insights into their functional specialization and 
interaction dynamics with autophagic membranes. This under-
standing of LIR motif roles clarifies their contribution to auto-
phagy. It also provides a basis for establishing potential thera-
peutic strategies that target these pathways in diseases associated 
with autophagy dysregulation.

MATERIALS AND METHODS

DNA constructs
All primer sequences used in these experiments are listed in 
Supplemental Table 1. eGFP-tagged deconjugase-Fy and enzyme- 
deficient mutant form (C258S) of deconjugase-Fy were con-
structed by replacing the existing 3xFlag tag with PCR-am-
plified eGFP. The amplified eGFP was inserted into C1-de-
conjugase-Fy and C1-deconjugase-Fy(C258S) vectors by using 
a specific set of restriction enzymes (Nhe1-BglII; R016S and 
R010S, Enzynomics, Daejeon, Korea). The LIR deletion mu-
tant forms were amplified with their respective primer sets 
and inserted into the C1-eGFP vector with the specific restri-
ction enzymes (EcoR1-Apa1; R002S and R020S, Enzynomics, 

Daejeon, Korea). Each LIR was amplified through PCR and in-
serted into the C1-eGFP-CAD vector via restriction enzymes 
(BglII or SalI; R010S and R009S, Enzynomics, Daejeon, Korea) 
to create chimeric mutants containing LIR(Fy) and LIR(St). 
ATG4B and ATG4BC74S were obtained from Addgene (#190862, 
Addgene, Watertown, MA). The LIR deletion mutant of ATG4B 
and the LIR(Fy)-containing ATG4B constructs were also am-
plified with their respective primer sets and inserted into 
C1-3xFLAG-ATG4B or C1-3xFLAG-deconjugase-Fy vectors by 
using Gibson AssemblyⓇ Master Mix (E2611, New England 
Biolabs, Ipswich, MA). MyrPalm, LC3B[120G], and eGFP were 
each amplified via PCR and ligated into pcDNA3.1(＋) vector 
by using Gibson AssemblyⓇ Master Mix to create the Myr-
Palm-LC3B[G-M]eGFP construct. Previously described DNA 
constructs for mRFP-LC3B, mRFP-GABARAPL1, RavZ, RavZC258S, 
and deconjugase-Fy were used in this study.

Cell culture and transfection
Human ATG4B knockout HeLa cell line was purchased from Abcam 
(ab265814, Abcam, Cambridge, UK). HeLa cells and ATG4B 
knockout HeLa cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; 11965092, Thermo Fisher Scientific, Waltham, 
MA) and supplemented with 10% (v/v) fetal bovine serum (FBS; 
12483020, Thermo Fisher Scientific, Waltham, MA) and penicillin/ 
streptomycin (15140122, Thermo Fisher Scientific, Waltham, MA) in 
a humidified atmosphere with 5% (v/v) CO2 at 37oC. mATG8 HKO 
HeLa cells were cultured in DMEM and supplemented with 15% 
(v/v) FBS and penicillin/streptomycin in a humidified atmosphere 
with 5% (v/v) CO2 at 37oC. The cells were seeded in a sticky-slide 
eight-well system (#80828, Ibidi, Martinsried, Germany) to obtain 
40%-60% confluent cells on the day of imaging. They were trans-
fected with the indicated DNA constructs by using calcium phos-
phate or Lipofectamine 2000 (631312, Takara bio, Kusatsu, Japan 
and 11668500, Invitrogen, Waltham, MA) 24-26 h before imaging. 
The relative amount of each construct was empirically calculated in 
terms of the relative expression of each construct combination.

Confocal microscopy and drug treatment
Cells were observed using an inverted Zeiss LSM-900 scanning 
laser confocal microscope with ZEN software (Carl Zeiss, Ober-
kochen, Germany). The laser lines for excitation and the spectral 
detection windows for fluorochromes were 488 nm (508-543 nm 
for eGFP) and 561 nm (578-649 nm for mRFP), respectively. Each 
fluorescent protein was sequentially imaged using appropriate 
eGFP (500-550 nm) and mRFP (575-625 nm) emission filters 
Most of the images have been taken from living cells.

Rapamycin (Rapa) was obtained from Sigma-Aldrich (553210, 
Sigma-Aldrich, St. Louis, MO). Cells were incubated with 100 nM 
rapamycin in DMEM ＋ 10 or 15% FBS for 2-4 h to induce auto-
phagy. All treatments and assays were performed at 37oC unless 
otherwise indicated. Autophagy-deficient cells were treated with 
100 nM bafilomycin A1 (B1793, Sigma-Aldrich, St. Louis, MO) in 
EBSS (E3024, Sigma-Aldrich, St. Louis, MO) for 2 h to accumulate 
autophagosomes.
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Western blot analysis
Transfected HeLa or ATG4B KO HeLa cell lysates were prepared 
by adding cells to a lysis buffer solution (50 mM Tris, pH 7.5, 150 
mM NaCl, 0.5% sodium deoxycholate, 0.2% SDS, 0.2% NP-40, 
and protease inhibitors). Equal amounts of protein were resolved 
by SDS-PAGE, transferred to PVDF membranes, and incubated 
with primary antibodies at 4oC overnight. After being washed 
thrice, the membranes were incubated with secondary antibodies 
conjugated with horseradish peroxidase for 1 h. Signals were 
visualized with a Western Bright ECL kit (K-12045-D50, Adva-
nsta, San Jose, CA). The following antibodies were used: eGFP 
antibody (sc-9996, Santa Cruz Biotechnology, Dallas, TX) at 1: 
10,000, LC3 antibody (#2775, Cell Signaling Technology, Dan-
vers, MA) at 1:1000, -actin antibody (sc-47778, Snta Cruz Bio-
technology, Dallas, TX) at 1:1000, and ATG4B antibody (ab154843, 
Abcam, Cambridge, UK). The following secondary antibodies 
were used: HRP-conjugated mouse anti-rabbit (1:10,000; sc-2357, 
Santa Cruz Biotechnology, Dallas, TX) and HRP-conjugated mouse 
IgG kappa binding protein (1:10,000; sc-516102, Santa Cruz 
Biotechnology, Dallas, TX).

Counting of LC3/GABARAP-positive autophagosomes (spot 
number analysis)
The number of spots over a certain field size in a single cell 
was counted using the ImageJ software to determine the 
reduction in LC3/GABARAP-positive autophagosomes through 
the enzyme activation of RavZ in autophagy-induced cells. The 
cell image was changed to an 8-bit image and inverted. Then, 
the background was removed so that only the spot remained 
visible. The number of spots was counted using the “Analyze 
particles” function of Image-J. A minimum of 20 cells was 
quantified using this approach. Statistical data were calculated 
and graphed using GraphPad Prism8 (GraphPad, La Jolla, CA).

Quantitative analysis of autophagosome/cytosol (A/C) 
fluorescent intensities
The average value of the vesicle or cytosol fluorescent intensity 
was obtained from at least five randomly selected points on the 
vesicles or in the cytosol of a single cell by using the ZEN software 
to calculate the ratio of autophagosome/cytosol (A/C) fluorescent 
intensities. Similarly, the quantitative A/C ratio of at least 10 
randomly selected cells per experiment was determined from three 
independent experiments. Statistical data were calculated and 
graphed using GraphPad Prism8 (GraphPad, La Jolla, CA).
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