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The Atg4 cysteine proteases are required for processing
Atgs8 for the latter to be conjugated to phosphatidylethano-
lamine on autophagosomal membranes, a key step in autopha-
gosome biogenesis. Notably, whereas there are only one atg4
and one atg8 gene in the yeast, the mammals have four Atg4
homologues and six Atg8 homologues. The Atg8 homologues
seem to play different roles in autophagosome biogenesis, and
previous studies had indicated that they could be differentially
processed by Atg4 homologues. The present study provided
the first detailed kinetics analysis of all four Atg4 homologues
against four representative Atg8 homologues. The data indi-
cated that Atg4B possessed the broadest spectrum against all
substrates, followed by Atg4A, whereas Atg4C and Atg4D had
minimal activities as did the catalytic mutant of Atg4B (C74S).
On the other hand, GATE-16 seemed to be the overall best
substrate for Atg4 proteases. The kinetics parameters of Atg4B
were also affected by its structure and that of the substrates,
indicating a process of induced fit. The determination of the
kinetics parameters of the various Atg4-Atg8 pairs provides a
base for the understanding of the potential selective impact of
the reaction on autophagosome biogenesis.

Macroautophagy plays multiple roles in mammalian cells,
although it is primarily a stress response to nutrient defi-
ciency in the yeast. More than 30 genes have been defined
that participate in autophagy or an autophagy-related process
in the yeast, many of which have mammalian homologues (1,
2), whose heterogeneity could contribute to functional
diversity.

The core autophagy machinery is built around two ubiqui-
tin-like conjugation systems (3). In one system, the ubiquitin-
like protein, Atgl2, is conjugated to Atg5 through a covalent
bond with the participation of Atg7 and Atgl0. The Atg5-
Atgl2 complex interacts with Atgl6 to form a multimer com-
plex, which is localized to membranes of early autophago-
somes. In another system, the ubiquitin-like protein, Atgs, is
first cleaved by a cysteine protease, Atg4, to expose the con-
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served C-terminal glycine. Atg8 is then conjugated to phos-
phatidylethanolamine with the participation of Atg7 and Atg3
(3—6). Recent studies have also indicated the participation of
an Atgl2-Atg5-Atgl6 complex in the lipidation of Atg8 (7).

The unconjugated form of Atg8 is in the cytosol or loosely
associated with the membranes, whereas the phosphatidyle-
thanolamine-conjugated form is tightly associated with the
membranes (5, 8). This association of Atg8 with the autopha-
gosomal membrane is considered to be important for mem-
brane extension, membrane fusion, and the eventual enclo-
sure of the membrane to form the vesicles (9-12). The
deletion of Atg8 in the yeast results in much smaller autopha-
gosomes (13).

Yeast cells express a single Atg8 gene, whereas in humans,
there are six Atg8 homologues belonging to two subfamilies:
the MAP1A/B (microtubule-associated proteins 1 A/B)/LC3
(light chain 3) subfamily (LC3A, LC3B, and LC3C) and the
y-aminobutyric acid receptor-associated protein (GABARAP)
subfamily (GABARAP, GATE-16 (Golgi-associated ATPase
enhancer-16)/GABARAPL?2, and Atg8L/GABARAPLI) (11,
14-17). The conserved glycine, which is proximal to the scis-
sile bond, is present in yeast Atg8 and all of the mammalian
homologues.

Although LC3B has been most extensively studied in mam-
malian cells and has been widely used as a mammalian au-
tophagosome marker, the differences among different mam-
malian Atg8 homologues have not been well characterized.
However, a recent study (16) indicated that these homologues
could contribute to autophagosome biogenesis in different
ways. LC3s are involved in phagophore elongation, whereas
GABARAP molecules are important for later stage autopha-
gosome maturation (16).

Atg4 is a cysteine protease of the C54 family (18). There is
one single member in yeast, and deletion of it arrests the au-
tophagy process (8). There are four homologues, Atg4A,
Atg4B, AtgdC, and Atg4D, in humans and mice (18), whose
individual contribution to autophagy is not well character-
ized. However, genetic deletion of AtgdB (19, 20), but not
Atg4C (21) resulted in notable defects in autophagy, suggest-
ing that there are functional variations among the Atg4
homologues.

The specificity of various Atgd homologues versus various
Atg8 homologues in mammalian cells and their individual
significance has just begun to be revealed. Studies have
indicated that Atg4B are able to cleave LC3B, GATE-16,
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GABARAP, and Atg8L (11, 17, 22, 23). On the other hand,
GABARAP (11) and GATE-16 (11, 24) seemed to be better
substrates than LC3B (11) or Atg8L (17) for Atg4A. It is not
clear whether native Atg4C and Atg4D could process any of
the mammalian Atg8 homologues (17, 18, 25). Overall, sys-
temic studies of all four Atg4 homologues together have not
been conducted to quantitatively investigate and compare
their catalytic properties against the mammalian Atg8 homo-
logues, which was the aim of the present work.

Our results indicated that AtgdB had the broadest substrate
spectrum with similar affinity and catalytic efficiency toward
each of the Atg8 substrates tested. Although Atg4A was the
second best enzyme, Atg4C and Atg4D had minimal activi-
ties, as did the Atg4B catalytic mutant (C74A). On the other
hand, GATE-16 was the better substrate for all Atgd homo-
logues. Kinetics studies also indicated that conformation
changes of Atg4B induced by its substrate was important for
the catalysis. These studies thus indicated the broad diversity
in the catalytic efficiency among different Atg4-Atg8 pairs,
which could affect autophagy in mammalian cells in ways dif-
ferent from that seen in the yeast in order to meet the func-
tional diversity.

EXPERIMENTAL PROCEDURES

Chemicals, Antibodies, and Peptides—Chemical reagents
were obtained from Sigma unless otherwise stated. The
mouse anti-FLAG and anti-GAPDH antibodies were obtained
from Sigma. The anti-Atg4 antibodies were from Abgent (San
Diego, CA). HRP-conjugated goat anti-mouse secondary anti-
bodies were from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA). LC3B peptides were customarily ordered
from Chi Scientific (Boston, MA). All peptides were protected
at the N terminus by an acetyl group and chemically linked to
a fluorochrome, 7-amino-4-trifluoromethyl coumarin (AFC),?
in their C termini.

Bacteria Strains, DNA, and Plasmids—The Escherichia coli
strain BL21(DE3) (Invitrogen) was used as the host for pro-
karyotic production of proteins. The plasmids pET-28a(+)
(Novagen, Madison, WI), pGEX-6P-1 (GE Healthcare), and
pcDNA3.1(+) (Invitrogen) were used for DNA cloning.

The open reading frames of the following human Atg4 ho-
mologues and Atg8 homologues were amplified by high fidel-
ity PCR using RNA extracted from HEK-293A cells: AtgdA
(GenBank™ accession number NP_443168), AtgdB
(NP_037457), AtgdC (NP_116241), AtgdD (NP_116274),
MAP 1A/1B Light Chain 3B (LC3B, NP_073729), GABA(A)
receptor-associated protein (GABARAP, NP_009209),
GABA(A) receptor-associated protein-like 1 (Atg8L,
NP_113600), and GABA(A) receptor-associated protein-like 2
(GATE-16, NP_009216). ATG4A, ATG4B, and ATG4C were
cloned into pET-28a(+) in fusion with the N-terminal His,
tag. ATG4D was cloned into pGEX-6P-1 in fusion with the
N-terminal GST tag. All Atg8 homologues (Atg8s) were first

2 The abbreviations used are: AFC, 7-amino-4-trifluoromethyl coumarin;
Atg4s, mammalian Atg4 homologues; Atg8s, mammalian Atg8 homo-
logues; CBB, Coomassie Brilliant Blue; GABARAP, y-aminobutyric acid
receptor-associated protein; RFU, relative fluorescence unit(s).
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cloned into pET-28a(+) in fusion with the His, tag at the N
terminus. The DNA fragment encoding GST was then ampli-
fied from the pGEX-6P-1 plasmid and inserted in frame at the
C termini of the Atg8s in the above constructs. The mutant
AtgdB<"*5 was constructed using the ExSite in vitro site-di-
rected mutagenesis system (Stratagene, La Jolla, CA). Atg4B
with the deletion of the N-terminal first 24 amino acids
(AtgdB*'~?*) was constructed by amplifying the correspond-
ing ATG4B sequence.

To express Atgds in mammalian cells, ATG4 genes were
cloned into the mammalian expression vector pcDNA3.1(+)
with the insertion of the FLAG tag at their N termini. All
DNA constructs were confirmed by sequencing.

Protein Expression and Purification—The plasmids were
introduced into BL21(DE3). Protein expression was induced
by isopropyl B-b-1-thiogalactopyranoside. AtgdD was purified
by affinity chromatography using glutathione-Sepharose (GE
Healthcare), whereas all other Atg4s and Atg8s were purified
by affinity chromatography using Ni?>*-NTA resin (U.S. Bio-
chemical Corp.). All preparations were further purified by gel
filtration using a Superdex 75 column (GE Healthcare). The
purity and the apparent molecular weight of the purified pro-
teins were verified by SDS-PAGE and Coomassie Brilliant
Blue (CBB) staining.

Kinetics Analysis of Atg4 with Atg8s-GST—Purified Atgds
and Atg8s-GST at the concentrations indicated in the figure
legends were incubated together in Buffer A (150 mm NaCl, 1
mM EDTA, 1 mm DTT, and 50 mMm Tris-HCI, pH 7.2) in a vol-
ume of 20 ul at 37 °C for the designated times. Reactions were
stopped by adding the Laemmli sample buffer and resolved by
SDS-PAGE, followed by CBB staining. The amounts of sub-
strates (Atg8s-GST) and the cleaved products (Atg8s and
GST) were quantified by densitometry and the use of a GST
standard curve.

The percentage of substrate that remained at each reaction
time point was equal to OD 4 5. Gs1/(OD A¢ggs-gs +
ODggr + OD 4 85) X 100%. This value was then plotted again
the reaction time. For subsequent kinetic analysis, the optimal
time was determined, at which the reaction became linear
under the given experiment conditions.

Subsequently, Atg8s-GST at different concentrations were
incubated with a given Atg4 enzyme for the period of this op-
timal time. The initial velocity (mm/s, y axis) was defined as
the change in the concentration of GST (one of the cleavage
products of GST-Atg8s), which was plotted against the con-
centration of the substrate (mm, x axis). The curves were then
fitted using the non-linear regression method (SigmaPlot
10.0, Systat Software, San Jose, CA), from which the V,___and
K,,, (Michaelis constant) for each enzyme-substrate reaction
were derived. k_,, (catalytic constant) was determined by di-
viding V., by the concentration of the enzyme. Catalytic
efficiency is defined as k_,/K,,, (mol ™" liter s 1).

Kinetics Analysis of Atg4B with LC3B Peptides—LC3B-AFC
peptides (0.1 mm) were incubated with Atg4s in Buffer B (10%
sucrose, 0.1% CHAPS, 100 mm NaCl, 1 mm EDTA, 50 mm
Tris-HCL, pH 7.2) in a total volume of 100 ul at 37 °C in
opaque 96-well plates. Enzyme activity was determined by the
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FIGURE 1. Cleavage of Atg8 homologues by Atg4 homologues. A, His-tagged human Atg4A, Atg4B, Atg4B<’*°, and Atg4C and GST-tagged human Atg4D
were expressed in E. coli, and purified using Ni?*-NTA resins or glutathione-Sepharose, respectively. Five micrograms of each purified protein were verified
by SDS-PAGE and CBB staining. The arrow indicates the major species purified. Atg4C seemed to exist in several species with different electrophoretic mo-
bility. The 73 kDa band in Atg4D preparation was confirmed by immunoblot assay (data not shown). B, four human Atg8 homologues were fused with the
His tag at the N terminus and GST at the C terminus, expressed in E. coli, and purified using Ni?"-NTA resins. Ten micrograms of each purified protein were
verified by SDS-PAGE and CBB staining. The arrow indicates the major species purified. C, alignment of the amino acid sequences at the cleavage site of the
four Atg8 homologues examined here and five others in the literature. Cleavage occurs C-terminal to the glycine (P1). The lower panel shows the scheme of
the cleavage of the Atg8-GST by Atg4, which results in two small fragments, His-tagged Atg8s (~17 kDa) and GST (~26 kDa). D and E, the substrates Atg8s-
GST (0.5 mg/ml) was incubated with vehicle control (D) or 0.0125 mg/ml of Atg4A (D), Atg4B (E), or Atg4B<"** (E), respectively, in a volume of 20 ul for 1 h at
37 °C. The reaction was stopped, and the mixture was resolved by SDS-PAGE and CBB staining. F, the substrates Atg8s-GST (0.5 mg/ml) were incubated with
0.025 mg/ml Atg4C or Atg4D, respectively, in a volume of 20 ul for 3 h at 37 °C. The reaction was stopped, and the mixture was resolved by SDS-PAGE and

CBB staining.

release of the AFC using a fluorescence plate reader (GENios,
TECAN, San Jose, CA) at Ay, = 400 nm/A,, = 510 nm.

The relative fluorescence units (RFU) from the released
AFC group were recorded up to 48 h. In the kinetics analysis,
the RFU was converted to the concentration of AFC using an
AFC standard. In these assays, 100 RFU was equivalent to 10
nM free AFC. The initial velocities (in the first 20 h of reac-
tion) were calculated as the change of AFC concentration/
min, which was plotted against the concentration of the pep-
tide substrate. The curve was fitted using the non-linear
regression method (SigmaPlot 10.0). The kinetic parameters
were determined as described above for the full-length
substrates.

Cleavage of Atg8s-GST by Cell Lysate—25 pg of cell lysate
of HEK-293A with or without Atg4 transfection were mixed
with 5 ug of Atg8s-GST. After 3 min of incubation, the reac-
tions were stopped by adding the Laemmli sample buffer and
resolved by SDS-PAGE and CBB staining. The density of the
product GST was determined by densitometry, from which
the percentage of cleavage of the substrates was calculated.

Cell Culture, Transfection, and Immunoblotting Assay—
HEK-293A cells were grown in DMEM containing 10% fetal
bovine serum and 1% penicillin/streptomycin. They were
transfected with the indicated constructs using Lipofectamine
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2000 (Invitrogen). Transfected cells were harvested 24 h later
and lysed using Buffer C (150 mm NaCl, 1 mm EDTA, 0.1%
Triton, 50 mm Tris-HCI, pH 8.0) with freshly prepared prote-
ase inhibitor (1 wg/ml aprotinin, 1 pug/ml leupeptin, 1 pg/ml
pepstatin, and 20 pg/ml PMSEF).

For immunoblot assay, lysates were separated by SDS-
PAGE and transferred to PVDF membranes. After the appli-
cation of the appropriate antibodies, signals were developed
using an Immobilon Western detection kit (Millipore, Bil-
lerica, MA) according to the manufacturer’s instructions.

RESULTS

Atg4 Homologues Are Different in Their Capability of Pro-
cessing Atg8 Substrates—To determine and to compare the
enzymatic characteristics of the Atg4 homologues, we pre-
pared recombinant proteins using a bacterial expression sys-
tem. AtgdA, Atg4B and its catalytic mutant, AtgdB“”*5, and
Atg4C could be readily expressed and purified when fused
with the His, tag at the N terminus. AtgdD was not soluble
when fused with the His, tag, but a workable amount of the
protein was expressed in the soluble fraction when it was
fused with GST at the N terminus. These proteins were then
purified using an Ni>"-NTA column and glutathione beads,
respectively (Fig. 1A). Similarly, the four major Atg8 homo-
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FIGURE 2. Determination of the catalytic kinetics of Atg4A. A, the substrates Atg8s-GST (0.5 mg/ml) were incubated with Atg4A (0.0125 mg/ml) in a vol-
ume of 20 ul for the indicated time. The reaction was stopped, and the mixture was resolved by SDS-PAGE and CBB staining. B, the gels were subjected to
densitometry analysis, and the densities of the substrates, Atg8s-GST, and of the two products, GST and Atg8s, were determined. The percentage of sub-

strate that remained at each reaction time point was equal to OD,,

gs-6s7/(ODprggs.cst T ODgst T ODpggs) X 100%. The time at which 50% of substrates

were cleaved was 200 s for GATE-16, 1,700 s for Atg8L, and 2,400 s fqor GABARAP, respectively. C, different concentrations of Atg8s-GST as indicated were
incubated with Atg4A (0.0125 mg/ml) in a 20-ul volume for 5 h (for LC3B-GST), 1 min (for GATE-16-GST), or 5 min (for GABARAP-GST and Atg8L-GST), re-
spectively. The reactions were stopped, and the mixture was resolved by SDS-PAGE and CBB staining. D, the initial velocity (V, y axis) was defined as the
change of the concentration of GST/s (mm/s) (see “Experimental Procedures”), which was then plotted against the concentration of the substrate (S (mm), x
axis). The curves were fitted using the non-linear regression method (SigmaPlot 10.0).

logues fused with the His tag were purified using an Ni**-
NTA column (Fig. 1B).

The GST-Atg8s, when cleaved by Atg4 at the conserved P1
glycine, would result in products (GST and Atg8s) that could
be easily separated from the full-length substrates by SDS-
PAGE (Fig. 1C), which constitutes an easy and reproducible
way to analyze the reaction. Using this assay, we found that
Atg4dA was able to cleave GATE-16, GABARAP, and Atg8L
but not LC3B (Fig. 1D), whereas Atg4B could hydrolyze all
four substrates (Fig. 1E). The activity depended on the cata-
lytic cysteine so that AtgdB“”*® lost most of the activities (Fig.
1E). On the other hand, Atg4C and Atg4D could only weakly
cleave LC3B and GATE-16 but not GABARAP or Atg8L (Fig.
1F). These results indicated that the four Atgd homologues
had diverse abilities to process the various Atg8 homologues,
consistent with some of the findings in previous work (11,
14-17, 26).

Quantitative Analyses Reveal Kinetics Differences in Differ-
ent Pairs of Atg4 and Atg8—To better define the unique char-
acteristics of each Atg4 homologue, we decided to determine

their enzymatic kinetics toward the various Atg8 homologues.

Whereas the amount of substrates and the enzymes in a
particular reaction could be well controlled, the amount of
products generated from such reactions had to be determined
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by a particular analytic method. Although different ap-
proaches could be taken, we decided to measure the products
by SDS-PAGE followed by CBB staining, which allowed a di-
rect visualization of the products. Toward that point, we de-
termined that the amount of GST generated from the
Atg8s-GST substrates could be reproducibly and quantita-
tively measured. The molecular mass of GST is around 26
kDa, which allows its migration in a standard SDS-PAGE
to a relative stable position in the middle section of the gel.
The optical density of the CBB-stained GST band was a
linear function of the amount of the protein (data not
shown) and was minimally affected by the electrophoresis
conditions, as compared with the smaller bands of Atg8s.
With a standard curve constructed for each experiment,
the amount of GST generated could be determined by a
careful densitometry analysis.

We first examined the kinetics of Atg4A (Fig. 2). AtgdA
could rapidly cleave GATE-16-GST. About 50% of the GATE-
16-GST proteins were cleaved in 3—4 min in the present ex-
perimental conditions (Fig. 2, A and B). On the other hand,
cleavage of GABARAP and Atg8L were much slower, and it
took about 30 and 40 min, respectively, to digest up to 50% of
these substrates. Consistently, AtgdA did not seem to digest
LC3B to any significant levels up to 300 min (Fig. 2A4) (data
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TABLE 1
The kinetic parameters of Atg4 enzymes against full-length Atg8s-GST

The V.. (mol liter ' s7") and K;,, (mol/liter) for each enzyme-substrate pair was derived from the curve fitting (Figs. 2—4, and 6) using the non-linear regression
method (SigmaPlot 10.0). k_,, (catalytic constant, s 1) was derived by dividing V.., by the concentration of the enzyme in each reaction. ND, experiment not done.
LC3B-GST GATE-16-GST GABARAP-GST Atg8L-GST
K, (10~° mol/liter)
AtgdA 3.39 £ 0.51 1.57 = 0.46 2.08 =0.75 3.67 = 0.30
AtgdB 0.51 £ 0.05 0.61 £ 0.07 0.58 = 0.05 0.44 = 0.23
AtgdC 4.75 = 0.24 1.24 = 0.13 ND ND
AtgdD 131 %027 0.72 % 0.36 ND ND
AtgdBS71s 0.68 = 0.04 0.44 = 0.08 0.84 = 0.09 0.35 = 0.06
AtgaB*! 2 0.59 = 0.06 0.94 = 0.13 ND ND
k.ni/K,,, (mol ™" liter s™*)
AtgdA 58.5 12,800 2,460 1,960
AtgdB 89,600 107,000 78,900 88.800
AtgdC 12.2 20.3 ND ND
AtgdD 34.2 32.8 ND ND
AtgdB74S 43.6 65.9 10.9 16.5
Atg4}3‘\1 T 118,000 121,000 ND ND

not shown), suggesting that the reaction, if it ever occurred,
was extremely slow, under these conditions.

Based on this analysis and the consideration of experimen-
tal feasibility and reproducibility, we determined that the pre-
ferred reaction times for further kinetic analysis of AtgdA
were 1, 5, 5, and 300 min for GATE-16, GABARAP, Atg8L,
and LC3B, respectively. The amount of the substrates that
would be cleaved during the designated period of time was
estimated to be less than 20, 10, 10, and 5% for the four sub-
strates, respectively.

Having set the reaction time, a fixed amount of Atg4A was
then mixed with different amounts of Atg8 homologues. The
amount of GST generated was determined (Fig. 2C), and the
velocity was calculated at each substrate concentration as de-
tailed under “Experimental Procedures.” This plot (Fig. 2D)
allowed the calculation of K, and k_,,/K,,, of Atg4A toward
the four substrates (Table 1). Remarkably, the affinity (1/K,,,)
of Atg4A toward the four Atg8 homologues was very similar,
although that for GATE-16 was the highest. GATE-16 was
also the best substrate for Atg4A, followed by GABARAP and
Atg8L, with LC3B being the last in the list. The catalytic effi-
ciency (k,,/K,,) of AtgdA for GATE-16 was around 220-fold
that for LC3B.

Using the same approach, we determined the K, and
k.../K,, for AtgdB (Fig. 3) (Table 1), AtgdC, and AtgdD to-
ward different substrates (Fig. 4) (Table 1). AtgdB was able to
bind to the four Atg8 homologues with similar affinities,
which were higher than those of Atg4A toward these sub-
strates. The catalytic efficiency was also similar for all four
substrates with that for GATE-16 being the best. Compared
with Atg4A, Atg4B had higher k_, /K, values toward the
three common substrates, GATE-16, GABARAP, and Atg8L,
ranging from 7-fold higher for GATE-16 to 44-fold higher for
Atg8L (Table 1).

The catalytic mutant (C74S) of Atg4B had dramatically re-
duced ability to cleave all four substrates, with the &_,,/K,,,
values smaller than 0.1% of those of the wild type enzyme
(Fig. 3, E and F, and Table 1). As anticipated, the affinities of
this mutant to all four substrates were generally not changed;
thus, the reduced k,,,/K,, largely reflected the decreased cata-
lytic rate.
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Atg4C and Atg4D possessed the lowest activity toward the
four Atg8 homologues (Figs. 1F and 4 and Table 1). No activi-
ties for GABARAP and Atg8L could be detected in the assay
conditions with prolonged reaction time up to 5 h and in-
creased concentrations of enzyme or substrates (data not
shown). Very weak activities toward LC3B and GATE-16
could be detected in prolonged reactions. Interestingly, the
affinities of AtgdC and AtgdD toward GATE-16 were very
similar to those of AtgdA and Atg4B, respectively (Table 1),
yet the k_,,/K,,, values of both reactions were in the same
range as that of AtgdB<"*® toward the same substrate. Al-
though other factors had to be considered regarding these
differences, the data would suggest that AtgdC and AtgdD
were catalytically more or less similar to AtgdB<7*5,

Selective Activities of Atgd Homologues Can Be Confirmed
in ex Vivo Conditions—To determine whether the various
Atg4 homologues had the same catalytic profile in cells as that
defined in the in vitro assay, we transfected these molecules
tagged with FLAG into HEK-293A cells. Western blot using
an anti-FLAG antibody indicated that the four Atg4 homo-
logues and the Atg4B catalytic mutant (C74S) were all ex-
pressed at similar levels (Fig. 5A4), making it possible to com-
pare their enzymatic activity against the same set of
substrates.

Lysates from these cells were prepared and admixed with
the four GST-fused Atg8 homologues individually. The cleav-
age assay was characterized for the generation of the cleaved
product, GST (Fig. 5B). Quantitative analysis indicated that
transfection of Atg4dB resulted in increased activities against
all four substrates, whereas transfection of Atg4A resulted in
an increased activity mainly against GATE-16 (Fig. 5C).
Transfection of AtgdC, AtgdD, and AtgdB<"*® led to no more
activities than the endogenous background level. These obser-
vations were consistent with the results from the in vitro as-
say, indicating Atg4B as the most potent with the broadest
substrate specificity, followed by Atg4A.

We noted that the endogenous Atg4 activity was readily
detectable against GATE-16 and LC3B as well as, to a lesser
extent, the other two substrates (Fig. 5C). This activity was
probably contributed by the endogenous Atg4B and AtgdA
(Fig. 5D). The observation that transfection of Atg4A resulted
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FIGURE 3. Determination of the catalytic kinetics of Atg4B and Atg4B<74%, A, the substrates Atg8s-GST (0.5 mg/ml) were incubated with Atg4B (0.0125
mg/ml) in a volume of 20 ul for the indicated time. The reaction was stopped, and the mixture was resolved by SDS-PAGE and CBB staining. B, the percent-
age of substrate that remained at each reaction time point was determined as in Fig. 2B. The time at which 50% of substrates were cleaved was 35 s for
LC3B, 23 s for GATE-16, 25 s for GABARAP, and 26 s for Atg8L, respectively. C, different concentrations of Atg8s-GST as indicated were incubated with Atg4B
(0.0125 mg/ml) in 20 wl for 20 s for all substrates. The reactions were stopped, and the mixture was resolved by SDS-PAGE and CBB staining. D, the initial
velocity of the reaction at each substrate concentration was plotted, and the kinetics was determined as described in the legend to Fig. 2D. E, different con-
centrations of Atg8s-GST as indicated were incubated with Atg4B~"** (0.025 mg/ml) in a volume of 20 ul for 5 h for all substrates. The reactions were
stopped, and the mixture was resolved by SDS-PAGE and CBB staining. F, the initial velocity of the reaction at each substrate concentration was plotted,

and the kinetics was determined as described in the legend to Fig. 2D.

in a noticeable difference in the activity only against GATE-16

seemed to reinforce the notion that AtgdA was mainly spe-
cific to GATE-16, as indicted by the in vitro assay (Table 1).
On the other hand, transfection of AtgdB caused increases in
activities against all substrates, supporting the in vitro finding
that this homologue had the broadest activity.

The Catalytic Efficiency of Atg4B Is Affected by Its Structure
and Interaction with the Substrates—Crystallographic studies
of Atg4B alone (27) or in association with LC3B (28) sug-
gested several structural elements of Atg4B that could affect
its reaction with LC3B. The binding of LC3B could trigger a
conformation change in Atg4B to induce a better fit of the
substrate in the catalytic site. In addition, the N-terminal part
of Atg4B may hamper the exit of cleaved LC3B from the ac-
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tive site, and deletion of this part seemed to enhance the
activity.

To examine these issues from the kinetics aspect, we pre-
pared the recombinant Atg4B that lacked the N-terminal tail
(A1-24) and determined the kinetics of this variant against
the two most sensitive substrates, LC3B and GATE-16 (Fig. 6,
A and B). When compared with the wild type Atg4B (Table
1), Atgd4B*'~?* had a significantly increased k_,,/K,, in pro-
cessing LC3B, an approximately 31.7% increase. But this en-
hancement was less noticeable with GATE-16 with only a
13.1% increase in k. /K, (Fig. 6B). The affinity (1/K,,) of
AtgdB*'~** was reduced slightly toward LC3B (0.59 X 10~ °
mol/liter mutant versus 0.51 X 10~ ° mol/liter wild type) but
quite notably toward GATE-16 (0.94 X 10~° mol/liter mutant
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FIGURE 4. Determination of the catalytic kinetics of Atg4C and Atg4D. A and B, different concentrations of LC3B-GST and GATE-16-GST as indicated
were incubated with 0.025 mg/ml Atg4C (A) or Atg4D (B) in a volume of 20 ul for 5 h. The reactions were stopped, and the mixture was resolved by SDS-
PAGE and CBB staining. C, the initial velocity of the reaction at each substrate concentration was plotted, and the kinetics was determined as described in

the legend to Fig. 2D.

A B

Atg4BCT4s

Atg4A
Atg4B
AtgaC
AtgaD
Ctrl

ANti-GAPDH [ s s s |
C 100

80
60
40
20
0
80
60
40
20

0
80
60
40
20

O0 5

Atg4A Atg4B

—@— LC3B-GST

—O— GATE-16-GST
GABARAP-GST
Atg8L-GST

AtgdC
Atg48C74S

Atg4aD
Ctrl

Cleaved substrate %

10 15 0 5

Time (min)

10 15 20

GATE-16-GST
GABARAP-GST
Atg8L-GST
LC3B-GST
GATE-16-GST
GABARAP-GST
Atg8L-GST

-
]
Q
[as]
©®
[&]
o]

3 20 3 20 3 203 20

320 320 3 20 3 20 (mg/ml)

Atg8s-GST- Atg4B
—EEESEEEE N
GST»| —_—— ==
o e T s, TR e R
Atg4D

= | Ctrl

[#] Anti-AtgdA
Anti-Atg4B
Anti-Atg4C
Anti-Atg4D

{8l

Anti-GAPDH

FIGURE 5. Determination of the cleavage activities of Atg4 homologues in mammalian cells. A, each of the four FLAG-Atg4 homologues were trans-
fected into HEK-293A cells for 24 h, and the lysates were prepared for the immunoblot analysis using an anti-FLAG antibody. The expression of the Atg4s
was comparable among different constructs. B, HEK-293A cell lysates (1 pg/ml) with or without the overexpressed Atg4s were incubated with different
Atg8s-GST (0.25 mg/ml) in a volume of 20 ul for 3 or 20 min. The reactions were resolved by SDS-PAGE and CBB staining. The optic densities of the sub-
strates (Atg8s-GST) and the products (GST and Atg8s) were determined by densitometry. C, the percentage of cleaved substrates was calculated as the ratio
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mologues and GAPDH.

versus 0.61 X 10~ mol/liter wild type), which might explain
the more significant increase in the catalytic efficiency of
AtgdB*'~** toward LC3B.

We then examined the impact of conformational change of
Atg4B on LC3B cleavage in terms of the differences in the
kinetics. The crystallographic study indicates that a regulatory
loop (amino acids 259 -262) in Atg4B covers the entrance of
the catalytic site, preventing its interaction with the C-termi-
nal tail of LC3B (28). Upon binding of LC3B, however, this
regulatory loop is lifted, allowing the formation of a groove
along which the LC3B tail could enter the catalytic site. Al-
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though Phe''? of LC3B is critical in causing this process, over-
all conformation changes require multiple interfaces of
AtgdB-LC3B interaction. Moreover, it had been suggested
that a rat LC3 peptide (amino acids 116 —124) containing the
conserved P1 glycine 120 could not bind to and be cleaved by
human Atg4B (27).

The above finding, however, could have been affected by
the less sensitive detection method used in the assay and the
presence of only 5 amino acids preceding the P1 glycine. We
thus designed a series of peptide composed of 4, 6, or 8 amino
acids, including the P1 glycine 120 (Fig. 7A). These peptides
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FIGURE 6. The impact of the N-terminal sequences on the catalytic efficiency of Atg4B. A, different concentrations of LC3B-GST or GATE-16-GST were
incubated with Atg4B*'~2* (5 ug/ml) in a volume of 20 ul for 30 s. The reactions were stopped and resolved by SDS-PAGE and CBB staining. B, the initial
velocity of the reaction at each substrate concentration was plotted, and the kinetics was determined as described in the legend to Fig. 2D.
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FIGURE 7. The catalytic efficiency of Atg4 for LC3B peptides. A, based on the sequence of LC3B, three peptides ranging from 4 to 8 amino acids long
were designed. In addition, a G120A mutant of the octapeptide was synthesized. All peptides were chemically linked with AFC at their C termini. B, the pep-
tide, 4-AFC (0.1 mm), was incubated with Buffer B, 10 ug of Atg4B, or 20 g of Atg4B“"** in a total volume of 200 ul for different times as indicated. The RFU
from the released AFC group were recorded, which was correlated to the activities of Atg4B and was not detected in the presence of buffer only or
Atg4B<7**, C, the LC3B peptides (0.1 mm) were incubated with Buffer B, Atg4A (20 ug), Atg4B (10 ug), Atg4B<*° (50 ug), Atg4C (50 ug), or Atg4D (50 ug) in
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Atg4B~'~2*in a total volume of 100 p,l for 20 h. The released AFC was measured, and the RFU was converted to the concentration of AFC using an AFC
standard. In this assay, 100 RFU was equivalent to 10 nm free AFC. Their initial velocities (in the first 20 h of reaction) were calculated as the change in AFC

concentration, which was plotted against the concentration of the substrate peptide. V,

were coupled with AFC, which allowed a much more sensitive
analysis by monitoring the fluorescence signals of the released
AFC.

Indeed, with this sensitive assay, cleavage of the peptides
was detected (Fig. 7, B and C). The octapeptide (8-AFC)
yielded a higher signal level than the hexapeptide (6-AFC) and
the tetrapeptide (4-AFC). Mutation of the P1 glycine to ala-
nine abolished the cleavage. Inclusion of N-ethylmaleimide, a
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' nax and K, values were derived as described above.

general cysteine protease inhibitor, or the mutation of the
catalytic cysteine (C74S) almost completely inhibited the
cleavage, particularly for 8-AFC. In addition, the octapeptide
was more specific than the tetrapeptide. It was only minimally
cleaved by Atg4A and was not cleaved by Atg4C or AtgdD
(Fig. 7C).

It was noted, however, that the reaction had a very slow
kinetics (Fig. 7B). The amount of AFC generated was calcu-
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lated using pure AFC as the standard. The results showed that
both the affinity and the catalytic efficiency for the octapep-
tide were dramatically diminished, compared with the full-
length LC3B, in the case of wild type Atg4B (k_../K,, = 0.047
mol " liter s~ ') and AtgdB*'** (k_,,/K,, = 0.061 mol  liter
s~ 1) (Fig. 7D). Thus, despite the fact that the octapeptide con-
tained Phe''?, which is important for lifting the regulatory
loop, and included amino acids 113—120, which would fully
occupy the groove leading to the active site on Atg4B, it could
not fully induce Atg4B to the completely activated status as
the full-length LC3B did. The catalytic efficiency of AtgdB

for the full-length LC3B was 1.9 X 10°-fold that for the octa-
peptide. Together, these data provide the kinetics evidence for
the importance of the inducible activation of Atg4B by its full-
length substrates.

DISCUSSION

Several approaches had been taken to assess the enzymatic
activity of Atg4. Cleavage of Atg8 byAtg4 in yeast was evident
from the altered size of Atg8 in immunoblot (8). In the mam-
malian system, Hemelaar et al. (22), by adding a reactive
chemical group to the substrates, determined that AtgdB
could react with several Atg8 homologues. Most of the recent
assays used fusion constructs that tag the Atg8 homologues,
mainly LC3B, at the C terminus. The tag is released after the
cleavage and is detected as an indication of Atg4 activity.

The GST tag had been used in many studies (11, 17, 23, 24).
The cleavage is determined by SDS-PAGE, which separates
the cleaved GST from the cleaved Atg8s and the uncleaved
Atg8s-GST. We have found this approach to be highly spe-
cific with low background and to be very reproducible. We
selected this method for our kinetic analysis also because all
previous major work regarding the recognition of Atg8s by
Atgds was performed with this method, which provided the
base for comparisons.

However, it is possible that kinetic analysis using different
detection methods will cause disparity in the results. Thus, it
is important to consistently use the same method when com-
paring the kinetics parameters among different Atg4 homo-
logues or among different Atg8 substrates.

Does the kinetics measured using GST-fused Atg8s truly
represent the real cleavage of Atg8s? Although a firm conclu-
sion could not be drawn without the actual comparison, co-
crystallographic study of Atg4B and LC3B does not suggest
the importance of the C-terminal end of LC3B in the binding
to Atg4B or in the catalysis by Atg4B (28). Comparisons of the
cleavage of LC3B with fusion partners of different sizes at the
C terminus do not indicate any obvious changes in cleavage
efficiency (27). It is thus likely that the fusion with GST or
other tags at the C terminus of Atg8s would not affect the
kinetics analysis. We thus do not attempt to differentiate
Atg8s and Atg8s-GST in our analysis.

Kinetic Variations among Different Atgd Homologues—Us-
ing the GST-tagged Atg8 homologues, our kinetic analysis
indicated that AtgdB was most potent among Atg4 homo-
logues, followed by Atg4A. Thus, Atg4B was able to cleave all
four Atg8s-GST (GATE-16 > LC3B = Atg8L = GABARAP)

MARCH 4, 2011+VOLUME 286+NUMBER 9

with the catalytic efficiency (k,/K,,) ranging from 1.07 X 10°
mol ! liter s ™! to 7.9 X 10* mol " liter s "

Atg4A could not cleave LC3B-GST, and it also has a lower
affinity and lower catalytic efficiency than Atg4B toward the
other three substrates. Still, it had a quite high catalytic effi-
ciency (k_,/K,, from 1.28 X 10* to 1.9 X 10° mol ' liter s ')
toward these substrates (GATE-16 > GABARAP = Atg8L)
(Table 1). Although Atg4C and Atg4D could process LC3B
and GATE-16, their activities seemed to be minimal, at a level
comparable with that of AtgdB<”*S (Table 1).

Previous studies (11, 17, 22—-24), although collectively lead-
ing to comparable conclusions, could cause misinterpretation
without the measurement of the kinetics. For example, it was
reported that Atg4A could not process Atg8L (17). Kinetic
studies showed that Atg4A could process Atg8L, but the cata-
lytic efficiency was only about one-sixth of that for GATE-16.
Another finding was that recombinant Atg4C was shown to
be unable to process mouse Atg8L (17) but able to hydrolyze a
synthetic peptide ([(7-methoxycoumarin-4-yl)acetyl]-Thr-
Phe-Gly-Met-[N-3-(2,4-dinitrophenyl)-L-a,8-diaminopropio-
nyl)]-NH,) derived mainly from the yeast Atg8 (18), resulting
in doubts about the true capability of Atg4C. Our kinetic
studies suggested that Atg4dC and Atg4D were not capable of
cleaving Atg8L or GABARAP under comparable experimental
conditions, although they did possess very low activities to-
ward LC3B and GATE-16 (Table 1).

Most importantly, kinetic analysis could reveal novel infor-
mation about the relationships of Atg4 enzymes with the vari-
ous substrates. Atg4B is not only able to cleave all four sub-
strates, but it also demonstrates a similar affinity and catalytic
efficiency toward these substrates (Table 1), suggesting that it
has the structural flexibility to bind and catalyze all of these
substrates.

On the other hand, Atg4A does not bind to these substrates
as well as AtgdB, which may explain why the catalytic effi-
ciency is lower too. However, the most surprising finding
from the kinetics point of view is that Atg4A could not hydro-
lyze LC3B. Notably, whereas the K, of Atg4A for LC3B
(3.39 X 10~° mol/liter) was comparable with that for Atg8L
(3.67 X 10~ mol/liter), the catalytic efficiency toward LC3B
(58.5 mol ! liter s *) was only about 3% of that toward Atg8L
(1,960 mol * liter s~ ). When compared with the cleavage of
GATE-16, Atg4A processed LC3B with a catalytic efficiency
of only 0.5% of that toward GATE-16, but the affinity of bind-
ing was reduced by about 50% (Table 1). It is thus possible
that structural characteristics unrelated to binding capability
contribute to the differences in catalytic efficiency. This no-
tion is further supported by the comparison with the kinetic
parameters of AtgdB<"*, which had a very similar k_,,/K,,
value toward LC3B as Atg4A.

The crystal structure of human Atg4B has been resolved
(27, 29). The active site is composed of elements from Cys74,
Asp®”®, and His*®*°. This is the geometry observed in the ca-
nonical catalytic triad of cysteine protease. Mutagenesis stud-
ies confirmed that they are indeed required for Atg4B enzy-
matic activity (27).

The crystal structure of Atg4A has not been resolved. How-
ever, Atg4A shares a significant similarity in sequences and in
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the catalytic triad (Cys’”/Asp®’?/His*®!) with Atg4B (18).
Other structure elements may affect its recognition of LC3B
as an effective substrate. Structure studies indicate that all the
residues of Atg4B that interact with LC3B are also conserved
in Atg4A, except Leu”?. Atg4A instead possesses Ile*** at the
corresponding position. When Ile**® was changed to Leu, the
mutated Atg4A acquired a notable ability to cleave LC3B (28).
However, although the affinity (1/K;,,) of Atg4A toward LC3B
was only about one-seventh of that of AtgdB, the magnitude
of reduction of catalytic efficiency was more significant than
one might expect, compared with other substrates (Table 1),
again indicating that other factors could contribute to the
catalytic efficiency.

Interestingly, Atg4C and Atg4D bound to LC3B with simi-
lar affinity as Atg4A but had an even lower catalytic efficiency
toward this substrate. They bound to GATE-16 better than
Atg4A. In fact, AtgdD binds to GATE-16 in the same affinity
range as Atg4B, but both Atg4dC andAtg4D could only mini-
mally catalyze LC3B or GATE-16. Thus, Atg4C and Atg4D
were very similar to AtgdB<”*5, which bound to all four
Atg8s-GST as well as Atg4B did but possessed a catalytic effi-
ciency of as little as 0.01% of that of wild type Atg4B (Table 1).

The crystal structures of AtgdC and Atg4D are not avail-
able yet, but a significant sequence similarity is shared with
Atg4B (18). The catalytic triad is conserved (Cys''°/Asp>*®/
His®**” for AtgdC and Cys'**/Asp®>®/His>*® for AtgdD). It is of
note that AtgdC and Atg4D have longer sequences than
AtgdA and Atg4B, and the catalytic triad may be spatially po-
sitioned differently, rendering it difficult for the substrates to
access it. Interestingly, deletion of the N-terminal 63 amino
acids of AtgdD by a caspase-mediated cleavage stimulated its
catalytic activity toward Atg8L (25), confirming that struc-
tural changes could improve substrate access to the active
site.

Substrate-induced Conformation Change in Atg4 for Maxi-
mal Catalytic Efficiency—The AtgdB-LC3B crystallography
study indicates that binding of LC3B with Atg4B through the
initial interactions between the ubiquitin domain of LC3 and
a concave surface at the left side of the conserved region of
Atg4 induces conformation changes in Atg4B, which involves
the relocation of the regulatory loop (amino acids 259 —262)
and allows the catalytic site accessible to the LC3B C-terminal
tail (28). In addition, the N-terminal region of 24 amino acids
of Atg4B is positioned at the back of the active site, which
could affect the exit of the cleaved substrate (28). Thus, dele-
tion of this N-terminal domain was found to lead to an in-
creased activity of Atg4B (28). Our kinetic analysis confirmed
these findings. AtgdB*'~>* had a 31.7% increase in catalytic
efficiency toward LC3B but only a 13.1% increase toward
GATE-16 (Table 1). A slightly improved catalytic efficiency of
this mutant was also observed in another study in the pres-
ence of Na,-citrate (30). However, this deletion actually re-
duced the binding affinity, particularly for GATE-16, which
might counteract any improvement in catalytic efficiency. It is
also possible that the improved catalytic efficiency of
AtgdB*'2* may be more significant for membrane-bound
substrates, which may demand more stringent conditions for
substrate exit (28).
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The more notable difference was found in the use of pep-
tide substrates. Although Atg4B can specifically cleave an oc-
tapeptide of LC3B (amino acids 113—120), the catalytic effi-
ciency (k_,/K,, = 0.047 mol " liter s~ ') was even lower than
that of its catalytic mutant (C74S) toward the full-length
LC3B (k,,,/K,, = 43.6 mol ' liter s~ ). Such a cleavage was
detected essentially because of a prolonged reaction time, an
increased enzyme concentration, and the use of a sensitive
fluorescent tag (AFC). The low catalytic efficiency did not
seem to be related to the actual composition of the amino
acids at the P2—-P4 positions (30) or the length (Fig. 7C) of the
peptide. On the contrary, the lack of the ubiquitin domain of
LC3B could lead to a very inefficient binding of the LC3B C-
terminal tail to the catalytic site of Atg4B due to the lack of
induced conformation change. It is conceivable that the regu-
latory loop (amino acids 259 —262) would still mask the access
to the active site. Nonetheless, deletion of this regulatory loop
did not improve catalytic efficiency (27) but led to the loss of
the activity completely (30).

The apparent importance of the inducible activation of
Atg4B by LC3B may also suggest that in cases where substrate
hydrolysis was ineffective, such as cleavage of LC3B by Atg4A,
there might be a lack of such conformation changes, in addi-
tion to other structural concerns (see above).

Kinetic Variations among Different Atg8 Substrates—Inter-
estingly, although LC3B was most frequently examined in the
mammalian autophagy process, GATE-16 seemed to be better
processed by Atg4 enzymes. The order of substrate preference
for Atg4A is GATE-16 > GABARAP = Atg8L >> LC3B, and
the order for Atg4B is GATE-16 > LC3B = Atg8L =
GABARAP in terms of catalytic efficiency. A similar order of
substrate preference for Atg4B had been reported in another
study (30), which had also examined LC3C but not Atg8L.
LC3C was not as good of a substrate as LC3B for Atg4B. The
catalytic efficiency for LC3C fell between that for LC3B and
that for GABARAP. Combining the data from the two studies,
the relative order of the catalytic efficiency of Atg4B for the
various substrates seems to be the following: GATE-16 >
LC3B > Atg8L/LC3C > GABARADP. Although the third
member of the LC3 subfamily, LC3A, had not been experi-
mentally examined, it has the highest sequence homology to
LC3B among all other Atg8 homologues, implying that it
might be processed by Atg4B with a similar efficiency.

The structural basis of the substrate preference by different
Atg4 homologues is unclear. Crystal and solution structures
of LC3B, GABARAP, and GATE-16 have been reported (31—
35). The tertiary structures of these Atg8 homologues are very
similar. The structures include an N-terminal subdomain
composed of two a-helices and a C-terminal subdomain that
adopts a ubiquitin fold. The N-terminal subdomain of cleaved
LC3B (LC3-I) makes contact with the surface of the C-termi-
nal subdomain, and as such, they adopt a single compact con-
formation in solution. The electronic potential surfaces of the
a-helices differ among the Atg8 homologues, potentially con-
tributing to the selection of specific binding partners. How-
ever, the binding affinity between different Atg4-Atg8 pairs
did not seem to be correlated with the catalytic efficiency (Ta-
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ble 1), although overall, these Atg8 molecules prefer AtgdB to
other Atg4 homologues.

The glycine residue at the scissile site is conserved in yeast
Atg8 and all of its mammalian homologues and is crucial for
the hydrolysis by Atg4 family protease (5, 8) (Fig. 1C). In addi-
tion, a conserved aromatic residue at the P2 position (Phe or
Tyr) is also required for the hydrolysis, as shown in the case of
LC3B (27) and confirmed in a positional scanning study (30).
The latter study also indicated that the optimal amino acid
at the P3 position had a longer side chain (Thr, Leu, or Val)
and that the optimal amino acid at the P4 position was Gly,
followed by Ser and Asn.

It is interesting to note that among the six mammalian
Atg8 homologues, only GATE-16 has the exact same P4—-P1
sequence (NTFQG) as the yeast Atg8 (ScAtg8), implying that it
might be evolutionarily more ancient from catalytic point of
view and providing a possible explanation for why it is a more
preferred substrate kinetically.

Potential Physiological Significance of Unique Atgd-Atg8
Reactions—At the expression level, Atg4B and Atg4C possess
broader tissue distribution than Atg4A and AtgdD (18, 21). At
the functional level, AtgdB and Atg4C, but not Atg4A and
AtgdD, could complement yeast Atg4 in autophagy (18).
However, this does not mean that AtgdA and Atg4D cannot
be functional in mammalian cells. Notably, although the dele-
tion of the single Atg4 gene in yeast arrests autophagy (8),
genetic deletion of Atg4dB (19, 20) and Atg4C (21) in mice in-
dicated a much more significant role of Atg4B in autophagy,
although the defect seems to be only partial. These results are
consistent with the biochemical properties of AtgdB and
Atg4C, with the former being more potent in substrate selec-
tion and catalytic efficiency. On the other hand, the results
also suggest that the function of individual Atg4 enzymes
could be compensated to some degrees so that the defect of
Atg4B deletion was not lethal, unlike the case of Atg7 or Atg5
deletion (36, 37).

All four Atg8 homologues examined in this study have been
shown to be not only cleavable by one or more Atg4 homo-
logues but are also found to be conjugated to phosphatidyle-
thanolamine and to be associated with membranes (4-6, 11,
15, 17, 23). Their individual roles in autophagosome biogene-
sis were more directly examined recently (16). It was found
that LC3B, GATE-16, and GABARAP had different roles in
the early and later stage of autophagosome biogenesis. This
suggests that Atg8 homologues could play different roles in
autophagy. Genetic deletion of LC3B (38), however, did not
lead to arrest of autophagy, suggesting that either other LC3
subfamily members (LC3A or LC3C) or the GABARAP sub-
family molecules can compensate for the loss of LC3B.

The expression pattern of LC3, GABARAP, and GATE-16
in various rat tissues has been determined and found to be
broad, although LC3 is most enriched in the brain,
GABARAP is most enriched in the spleen, and GATE-16 is
most enriched in the heart and brain (15). Thus, it is possible
that variations in the expression of Atg4 homologues and
Atg8 homologous, coupled with the kinetics differences be-
tween different Atg4-Atg8 pairs, may affect autophagosome
biogenesis in a temporal and spatial way.
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