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SUMMARY

Autophagy is a bulk degradation pathway that
removes cytosolic materials to maintain cellular ho-
meostasis. The autophagy-related gene 13 (Atg13)
and microtubule associate protein 1 light chain 3
(LC3) proteins are required for autophagosome for-
mation. We demonstrate that each of the human
LC3 isoforms (LC3A, LC3B, and LC3C) interacts
with Atg13 via the LC3 interacting region (LIR) of
Atg13. Using X-ray crystallography, we solved the
macromolecular structures of LC3A and LC3C, along
with the complex structures of the LC3 isoforms with
the Atg13 LIR. Together, our structural and binding
analyses reveal that the side-chain of Lys49 of LC3
acts as a gatekeeper to regulate binding of the LIR.
We verified this observation by mutation of Lys49
in LC3A, which significantly reduces LC3A positive
puncta formation in cultured cells. Our results sug-
gest that specific affinity of the LC3 isoforms to
the Atg13 LIR is required for proper autophagosome
formation.

INTRODUCTION

Autophagy is an essential intracellular process that maintains
cellular homeostasis by degrading proteins, organelles, and
bacterial pathogens. Dysfunction of the autophagy pathway
causes a range of diseases in humans, including cancers, the
neurodegenerative diseases such as Alzheimer's and Parkin-
son’s, myopathies, and heart and liver diseases (Mizushima
et al,, 2008; Levine and Kroemer, 2008; Dikic et al., 2010). The
process is widely conserved, from yeast to higher eukaryotes.
Autophagy has been particularity well characterized in yeast.
Here, the process is initiated by the autophagy-related

gene 1 complex (the Atg1 complex), which consists of Atgl
(Kamada et al., 2000), Atg13 (Funakoshi et al., 1997), Atgl7
(Kamada et al., 2000), Atg29 (Kawamata et al., 2005) and Atg31
(Kabeya et al., 2007). Atg1 complex formation is regulated by
target of rapamycin complex 1 (TORC1) and protein kinase A
(PKA). Under stress-free conditions, the Atg1 complex is phos-
phorylated and inactivated by TORC1 and PKA. However, upon
the induction of autophagy by intracellular signals {(nutrient starva-
tion or endoplasmic reticulum stress) or extracellular signals (inva-
sion of pathogens), TORC1 and PKA are switched off, activating
autophagy by allowing the Atg1 serine/threonine kinase to phos-
phorylate the Atg1 complex. The Atg1 complex is then recruited
to double membrane structures, known as isolation membranes.

In human cells, Atg1 and Atg13 are conserved, although Atg1
is known as Unc-51-like kinase 1 (ULK1; Chan et al., 2007, 2009).
The human homologs of Atg17, Atg29, and Atg31 are not re-
ported; however, the focal adhesion kinase family interacting
protein of 200 kDa (FIP200) is thought to play the role of Atg17
(Hara et al., 2008), and Atg101 has been identified as a compo-
nent of the human Atg1 complex, called the ULK1 complex
(Hosokawa et al., 2009). It was recently reported that Atg8 inter-
acts with the Atg1 protein via the W/Y/FxxL/I/V motif (known as
the LC3-interaction region [LIR]) promoting Atg1 degradation in
the vacuole by recruiting the complex to the autophagosome
(Kraft et al., 2012).

Atg8 is one of the autophagy-related genes that are indis-
pensable for autophagosome formation, membrane tethering,
and hemifusion (Nakatogawa et al., 2007). In yeast, only one
Atg8 protein has been identified, whereas in human cells, seven
Atg8 homolog proteins are reported and these are categorized
into three subfamilies: microtubule associate protein 1 light
chain 3 (which we call LC3A, LC3B, and LC3C in this work),
y-amino-butyric acid receptor-associated protein (GABARAP,
GABARAPL-1, and GABARAPL-3), and golgi-associated adeno-
sine triphosphatase enhancer of 16 kDa (GATE-16, also known
as GABARAPL-2; He et al., 2003; Xin et al., 2001).

These Atg8 family proteins undergo multistep modifications:
first by the cysteine protease Atg4, then the E1-like (ubiquitin
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activating) enzyme Atg7, and finally the E2-like (ubiquitin conju-
gating) enzyme Atg3; as a result, they are conjugated to the auto-
phagosome membrane in the following manner. In the first step,
newly synthesized Atg8 family proteins are immediately cleaved
at its C terminus by Atg4, resulting in the exposure of the C-termi-
nal conserved glycine residue (Hemelaar et al., 2003; He et al.,
2003; Tanida et al., 2004; Li et al,, 2011). Atg7 forms a thioester
intermediate with Atg8, followed by the conjugation of phospha-
tidylethanolamine by Atg3, which anchors the Atg8 family pro-
teins to the autophagosome membrane (Schiumpberger et al.,
1997; Tanida et al., 1999; Taherbhoy et al., 2011). In this process,
Atg8 family proteins play a role not only in the elongation of the
autophagosome membrane, but also in the recruitment of spe-
cific cytosolic materials to the autophagosome membrane,
such as unfolded or aggregated proteins, mitochondria, and bac-
terial pathogens, via adaptor proteins that have the LIR motif.
Hence, the process is called selective autophagy (Ichimura and
Komatsu, 2010; Johansen and Lamark, 2011).

Five Atg8 structures in complex with LIRs have been reported:
Atg8/Atg19 (Noda et al., 2008); LC3/Atg4B (Satoo et al., 2009);
LC3B/p62 (Noda et al., 2008; ichimura et al., 2008); LC3C/
NDP52 (von Muhlinen et al., 2012); and GABARAP/neighbor of
BRCA1 gene 1 (NBR1; Rozenknop et al., 2011). Despite these
studies, the interaction mechanism remains unknown, although
it has been demonstrated that the side-chains of Trp/Phe/Tyr
and Leu/lle/Val recognize two different hydrophobic surfaces
on Atg8 proteins, named the W- and L-sites by Noda et al
(2010). Recently, Alemu et al. {2012} reported that Atg8 family
proteins directly interact with ULK1, Atg13, and FIP200, mem-
bers of the Atg1/ULK1 complex, through the LIR, and character-
ized ULK1 and Atg13 LIR motifs binding to GABARAP. The ULK1
LIR motif is required for starvation-induced autophagosome
formation (Alemu et al., 2012).

Structure
Crystal Structure of Atg13 LIR/LC3 Complex

Figure 1. The ULK1 Complex Interacts with

4+ 4 LC3 Family Proteins
-k (A) Myc-ULK1 complex (mixture of Myc-
4 - Atg13, Myc-Atg101, Myc-ULK1, and Myc-FIP200)

coprecipitate with empty vector controls (lane 1),
OSF-LC3A (lane 2), OSF-LC3B (lane 3), or OSF-
LC3C (lane 4).

(B) ULK1 complexes coprecipitate with LC3C.
Myc-LC3C coprecipitations with empty vector
controls (lane 1), OSF-Atg13 (fane 2).

(C and D) Directed yeast two-hybrid interactions
between human Atg13 and LC3 family proteins.
The top array shows doubly transformed yeast
replica plated on minus Leu, minus Trp, minus His,
minus Ade selection media, where successful
growth represents a positive protein interaction.
The bottom array shows replica-plated yeast on
minus Leu, minus Trp media (a control for equiv-
alent transformation and yeast growth). The indi-
cated constructs were fused to activating domains
(ADs) or DNA binding domains (DBDs). Unfused
DBD and AD constructs are shown as negative
controls.

Myc-LC3C

Myc-LC3C

OSF-Atg13

In this article, we describe the bind-
ing interaction between Atg13 and LC3.
Employing in vitro binding assays, we
have independently determined that Atg13 directly interacts
with LC3 via the LIR located at its C terminus. To probe the struc-
tural basis and mechanism of this interaction, we have used
X-ray crystallography to solve the structures of LC3A and
LC3C, along with the structures of LC3 isoforms in complex
with a peptide containing the residues 436-447 of Atg13, which
includes the LC3 interaction region W/Y/FxxL/I/V. Structural
comparison reveals that binding of the LIR to LC3 induces a
structural change of the side-chain of Lys49 of LC3, exposing
a hydrophobic surface to accept the LIR. This movement is
conserved in the LC3 family proteins. We verified the role of
Lys49 by mutagenesis, which significantly reduces autophago-
some formation. Together, our data demonstrate that Lys49
plays an important role in regulating the interaction with LIR-
containing proteins in autophagy.

RESULTS

Atg13 Binds to LC3 Isoforms

The four known ULK1 complex subunits (ULK1, FIP200, Atg101,
and Atg13), which included a One-STrEP-FLAG (OSF) tag, were
simultaneously coexpressed in human embryonic kidney 293T
cells (HEK293T) cells to create “baits” that could be used to
identify ULK1 complex binding proteins. The resulting mixture
of ULK1 complex proteins was affinity purified on a Strep-Tactin
resin, which captured Atg13 and its binding pariners. Bound
proteins were separated by SDS-PAGE and identified by
mass spectrometry analysis, which, remarkably, identified two
different Atg8/LC3 family proteins as the ULK1 complex copreci-
pitates (LC3A and LC3C; data not shown). These interactions
were initially verified by demonstrating that Myc-tagged ULK1
complexes bound to immobilized OSF-LC3A, OSF-LC3B, and
OSF-LC3C, but not to control resins (Figure 1A). Reciprocal
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Figure 2. Schematic Representation of
Atg13 and LC3 Isoforms

(A) The Atg13 deletion mutants and LIR peptides
for the interaction analysis.

(B) Sequence alignment and secondary structure
representation of LC3 isoforms. The multiple
sequence alignment was generated by ClustalX2
(Larkin et al., 2007) using a box shade represen-
tation by BOXSHADE 3.21 (http://embnet.vitai-it.
ch/software/BOX_form.htmi). The bar shows the
region of LC3A constructs that is used in this study
(2-121) along with the secondary structures esti-
mated using the DSSP program (Kabsch and
Sander, 1983; boxes are « helices and arrows B
strands).
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interactions were also confirmed by testing that Myc-tagged
LC3C bound specifically immobilized OSF-ULK1 complexes
(Figure 1B). The LC3 family proteins also exhibited positive
two-hybrid interactions with the Atg13 subunit, but not with the
FIP200, ULK1, or Atg101 subunits (Figures 1C and 1D; data
not shown). These results indicate that the Atg13 subunit of
this complex is responsible for the interaction with the LC3 family
proteins.

Mapping the LC3 Binding Region in Atg13

To determine the LC3 binding sites in Atg13, we performed
glutathione S-transferase (GST) pulldown assays using a range
of Atg13 truncated mutants and the three LC3 isoforms, LC3A,
LC3B, and LC3C (Figure 2). Expressed proteins corresponding
to the regions of 49-244, 145-345, and 245-450 of Atg13 were
inserted into the pCold Trigger Factor (TF) vector and expressed
in E. coli as 6xHis-TF fused proteins. The GST-LC3 proteins were
bound to glutathione Sepharose 4B (GS4B) resin and mixed with
6xHis-TF-Atg13 constructs (Figure 3A). The 6xHis-Atg13245-450

——

was pulled down with GST-LC3A and
GST-LC3C, but not with GST-LC3B. For
further investigation, we divided the re-
gion from 245 to 450 of Atg13 as shown
in Figure 2A. These proteins were ex-
pressed in E. coli and immobilized on
GS4B resin. GST-LC3s were cleaved by
thrombin and separated using size exclu-
sion chromatography. Purified LC3s were
incubated with the resin immobilized with
the GST-Atg13 constructs (Figures 3B~
3D). All three LC3 isoforms bound to
Atg13345-450 gnd Atg13436-450. Although
initial  binding experiments did not
show binding between 6xHis-TF-Atg13
and GST-LC3B, further pulldown experi-
ments using additional truncated LIR
constructs demonstrated that 15 amino
acids (436-SSGNTHDDFVMIDFK-450) is
sufficient to be recognized by the three
LC3 isoforms, whereas the mutants of
Atg13 lacking residues 436-450 (346~
380, 346-380, and 346-435) did not
bind to LC3s. The LC3 binding region of
Atg13 identified here includes a motif similar to the LIR reported
previously, xxxW/YxxL/I/V, where x is an acidic residue (Noda
et al., 2008; Ichimura et al., 2008; Noda et al., 2010; Atg13,
441-HDDFVMI-447) and corresponds to the region reported by
Alemu et al. (2012). This investigation demonstrated that LC3
isoforms bind to Atg13 via the LIR motif.

i3 VP YMITASQETFGH
[} KDEDGRIY MUY ASQETFGLESAYY
MAEIERD YLl Vit o ThA N L R AEC LESAAPRDGS SLEDRPCNPL
o™

Dissociation Constants for the LC3 Interaction with LIR

To characterize the interaction kinetics between the Atg13 LIR
variants and LC3s, we performed real-time interaction analysis
using a surface plasmon resonance (SPR) biosensor, three
GST-tagged constructs of the Atg13 LIR (436-447, 439-447
and 441-447), and the LC3A, LC3B, and LC3C isoforms. Arange
of concentrations of each LC3 isoform were injected onto the
GST-Atg13 LIR peptides immobilized to a sensor chip via an
anti-GST antibody. All three LC3 proteins demonstrated concen-
tration-dependent increases in resonance signals (Figure S1
available online). The apparent dissociation constants (Kp) for
the Atg13 LIR peptide/LC3s interaction were calculated using
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Figure 3. ldentification of Atg13 LIR by Pulldown Assay

GST pulldown assays were performed using GST-LC3 isoforms and 6xHis-TF-Atg13 {A) or GST-Atg13 and LC3 isoforms (B-D). GST-fusion proteins were
immobilized on Glutathione sepharose 4B and mixed with purified counterpart proteins. Pulldown products were subjected to SDS-PAGE and detected by

Coomassie brilliant blue (CBB) staining.

the Scatchard plot analysis (resonance unit versus resonance
unit/concentration [RU versus RU/concentration]). The Kp values
for LC3A were 17.5 + 0.2 uM (GST-Atg13435447) 16.4 + 0.3 uM
(GST-Atg13*3%-447) and 18.3 + 0.6 uM (GST-Atg13*41447); those
for LC3B were 57 + 4 uM, 50 3 uM, and 52 + 7 uM, respectively;
and those for LC3C were 12 + 4 yM, 10 £ 3 pM, and 13 = 6 uM
(n = 3), respectively. Clearly, the addition of the N-terminal resi-
dues to the Atg13 LIR did not affect the binding affinities. The
overall amino acid sequence identity between LC3A and LC3B
is 83%, whereas between LC3A and LC3C, or LC3B and
LC3C, it is only 55%. However, the binding affinity of LC3B to
the Atg13 LIR is appreciably lower than that of LC3A or LC3C
to Atg13 LIR. These data demonstrate that the region of Atg13
from 441 to 447 is sufficient to interact with LC3s and that
LC3B may have a different LIR binding mode, given the lower
affinity compared with LC3A and LC3C.

Structures of Uncomplexed Three LC3 Isoforms and the
Isoforms in Complex with the Atg13 LIR

To elucidate the structural basis of the interaction between Atg13
and LC3s, we used X-ray crystallographic analysis to solve the
structures of LC3A (2.00 A; Protein Data Bank [PDB] code
3WAL) and LC3C (1.75 A; PDB code 3WAM). In addition, we
solved the complex forms of all three isoforms using chimeric
proteins of Atg13***4".LC3A (1.77 A; PDB code 3WAN),
Atg134%5447_| C3B (2.60 A; PDB code 3WAOQ), and Atg13436-447.

LC3C(3.10 i\; PDB code 3WAP), and recently we reported a high-
resolution structure of LC3B (1.60 A; PDB code 3VTU; Rogov
et al., 2013). Data collection and refinement statistics are summa-
rized in Table 1 and the overall structures are depicted in Figure 4.
Overall structures of the uncomplexed LC3 isoforms are closely
aligned (RMSD values: LC3A versus LC3B = 0.7 A, LC3A versus
LC3C = 1.2 A, LC3B versus LC3C = 1.3 A), with noticeable differ-
ences in the loops between o3 and B4 and the region including B4,
B5,and o4 (Figure 4). The asymmetric unit of the Atg13-LC3A con-
tains two molecules, whereas the crystal structure of Atg13-LC3C
contains only one and that of Atg13-LC3B contains four mole-
cules, in which molecules A and B bind to molecules D and C,
respectively (Figure 52). Interestingly, each of the chimeric mole-
cules are packed within the crystal such that the Atg1343447
N-terminal region interacts, not with its fused LC3 domain,
but with an LC3 domain related by the crystallographic symmetry
(Atg13-LC3A, Atg13-LC3B, and Atg13-LC3C) and a noncrystal-
lographic symmetry (Atg13-LC3B).

A comparison of the uncomplexed LC3 isoform structures to
the Atg13-LC3 chimeric structures shows that the overall topol-
ogies are very similar. The electron density for the N terminus of
the Atg13 LIR was not visible for Atg13-LC3A and Atg13-LC3B
(residues Ser436 to His441) or for Atg13-LC3C (residues
Ser436 to Glu443; Figure S3). This implies that the N terminus
ofthe Atg13 LIR is not involved in the interaction, which is consis-
tent with our detailed interaction experiments presented above
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Table 1. Data Collection and Refinement Statistics

LC3A LC3C

Atg13®S447 | C3A  Atg13*3%7LC3B  Atg13%3447. C3C

Data Collection

Refinement

< Highest resolution shell is shown in parentheses. rmsd, root-mean-square deviation.

in which truncated peptides 436-447, 439-447, and 441-447
bind to LC3s equally well. The Atg13 LIR in all three chimeric pro-
teins were recognized by the same hydrophobic pockets of LC3,
consisting of side-chains of 1le23, Lys49, Lys51, Phe52, Leu53,
lle66, and Phe108 via hydrophobic interactions to Phed44 of
the Atg13 LIR (the W-site) and by main-chain hydrogen bonding
between Lys51 and Leu53 of LC3 and Val445 and 1le446 of the
Atg13 LIR (the L-site; Tables S1 and S2). A comparison with
the binding interactions found in the previously reported crystal
structure of the LC3B/p62 complex (ichimura et al., 2008; PDB
code 2ZJD) shows that the W/Y/FxxL/I/V motif, which in Atg13
is 444-FVMI-447 and in p62 is 340-WTHL-343, holds a similar
conformation with similar interactions.

Lys49 Undergoes a Large Structural Rearrangement
upon Atg13 LIR Binding

We then investigated side-chain structural arrangements by
comparing the LC3A and Atg13-LC3A structures with sufficiently
high resolutions, 2.00 A and 1.77 A, respectively. In the Atg13-
L.C3 isoform complex structures, the side-chains of 1le23,
Lys49, Lys51, Phe52, Leu53, 1le66, and Phe108, and additionally
in the Atg13-LC3A complex structure Glu19, His27, Lys30, and
Pro55 of LC3, are involved in the interaction with Atg13436-447
(Figure 5A). Upon Atg13*3%447 pinding, these residues, except
for Lys49, move slightly to reorganize (Figures 5A and 5B). In
contrast, the side-chain of Lys49 in LC3A undergoes a large

rotamer rearrangement. According to Wild et al. (2011), the
Lys49 movement upon the optineurin LIR binding was also
observed by the nuclear magnetic resonance experiment. In
the uncomplexed structure, the gamma and epsilon carbon
atoms of Lys49 form hydrophobic interactions with the aromatic
ring of Phe52 (Figure 5C). However, in the complexed structure,
the side-chain of Lys49 shifts by as much as 6.7 A at the zeta
nitrogen to open the hydrophobic interaction surface; as a
result, both Phe52 and Lys49 form hydrophobic interactions
with Val445 of Atg13 LIR.

Critical Residues for the Binding of Atg13 with LC3A
To determine the contribution of individual amino acid residues of
Atg13 to the interaction with LC3, we measured relative binding
abilities of point mutations in Atg13 compared with the wild-
type (WT) protein using an SPR biosensor. The GST-fused
Ala-substituted Atg13 LIR peptides were immobilized onto an
SPR sensor chip via anti-GST antibodies (Figure 6A), and LC3A
was injected onto the sensor chip. As shown in Figure 6B, the
binding affinity to LC3A of all Ala-substituted mutants decreased
significantly. In particular, the mutations of Phe444 (M4) and
lled47 (M7) to Ala reduced the binding affinity to ~25% (Fig-
ure 6B). The control protein (GST-GS) did not bind to LC3A.
Next, we investigated which residues in LC3A are required for
Atg13 binding. In this experiment, we prepared six single muta-
tions of LC3A to probe the LIR binding (Figure 6C). The first was
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