The EMBO Journal (2009) 28, 1341-1350 | © 2009 European Molecular Biology Organization | All Rights Reserved 0261-4189/09

www.embojournal.org

THE

EMBO

JOURNAL

The structure of Atg4B-LC3 complex reveals the
mechanism of LC3 processing and delipidation

during autophagy

Kenji Satoo"*, Nobuo N Noda*,

Hiroyuki Kumeta', Yuko Fujioka', Noboru
Mizushima?, Yoshinori Ohsumi® and
Fuyuhiko Inagaki’-*

'Department of Structural Biology, Graduate School of Pharmaceutical
Sciences, Hokkaido University, Sapporo, Japan, “Department of
Physiology and Cell Biology, Tokyo Medical and Dental University,

Tokyo, Japan and *Division of Molecular Cell Biology, National Institute
for Basic Biology, Okazaki, Japan

Atg8 is conjugated to phosphatidylethanolamine (PE) by
ubiquitin-like conjugation reactions. Atg8 has at least two
functions in autophagy: membrane biogenesis and target
recognition. Regulation of PE conjugation and deconjuga-
tion of Atg8 is crucial for these functions in which Atg4
has a critical function by both processing Atg8 precursors
and deconjugating Atg8-PE. Here, we report the crystal
structures of catalytically inert human Atg4B (HsAtg4B) in
complex with processed and unprocessed forms of LC3, a
mammalian orthologue of yeast Atg8. On LC3 binding, the
regulatory loop and the N-terminal tail of HsAtg4B under-
go large conformational changes. The regulatory loop
masking the entrance of the active site of free HsAtg4B is
lifted by LC3 Phell9, so that a groove is formed along
which the LC3 tail enters the active site. At the same time,
the N-terminal tail masking the exit of the active site of
HsAtg4B in the free form is detached from the enzyme core
and a large flat surface is exposed, which might enable the
enzyme to access the membrane-bound LC3-PE.
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Introduction

Autophagy is the process through which the bulk degradation
of cytoplasmic components by the lysosomal/vacuolar sys-
tem occurs (Klionsky and Ohsumi, 1999), and it has a critical
function in numerous biological processes (Mizushima,
2007). In autophagy, a double-membrane structure called
an autophagosome sequesters a portion of the cytoplasm
and fuses with the lysosome/vacuole to deliver its contents
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into the organelle lumen (Baba et al, 1994). Genetic ap-
proaches in Saccharomyces cerevisiae have identified many
autophagy-related (ATG) genes involved in this process
(Klionsky et al, 2003), and subsequent biochemical analyses
have demonstrated that a novel ubiquitin-like conjugation
system called the Atg8 system is essential for autophagosome
formation (Ichimura et al, 2000). In the Atg8 system, nascent
Atg8 is cleaved at its C-terminal arginine residue by Atg4, a
cysteine protease (Kirisako et al, 2000), and the exposed
C-terminal glycine is conjugated to phosphatidylethanola-
mine (PE) by Atg7, an El-like enzyme (Tanida et al, 1999;
Ichimura et al, 2000), and Atg3, an E2-like enzyme (Ichimura
et al, 2000). The Atg8-PE conjugate itself possesses mem-
brane tethering and hemifusion ability (Nakatogawa et al,
2007), and has an essential function in autophagosome
formation, especially at the membrane expansion step
(Nakatogawa et al, 2007; Xie et al, 2008). For the normal
progression of autophagy, not only the formation but also the
deconjugation of Atg8-PE is required, which is again
mediated by Atg4 (Kirisako et al, 2000). Thus, Atg4 has a
critical function in autophagosome formation through the
reversible modification of Atg8. Although the conjugation
mechanism adopted by the Atg8 system is similar to those of
ubiquitin-like conjugation systems, the Atg8 system is unique
in that Atg8 modifies a lipid, not a protein. As Atg8-PE is
anchored to the membranes, Atg4 has to access the mem-
branes prior to Atg8-PE deconjugation. Therefore, Atg4
seems to possess some structural features suitable for mem-
brane targeting, which are not present in deconjugating
enzymes for ubiquitin and other ubiquitin-like modifiers.
Atg8 is also unique in that it does not have the Gly-Gly
sequence conserved among ubiquitin-like modifiers, but con-
serves the aromatic residue-Gly sequence at the N-terminal
side of the scissile bond.

In mammals, an Atg8-like conjugation system, called the LC3
system, has been shown to exist (Kabeya et al, 2000). Similar to
the Atg8 system in yeast, the C-terminal peptide of LC3 is
cleaved by mammalian Atgd homologues (Hemelaar et al,
2003; Marino et al, 2003; Kabeya et al, 2004; Tanida et al,
2004). The processed form, called LC3-I, has a glycine residue at
its C terminus and resides in the cytosol (Kabeya et al, 2000). By
the actions of mammalian Atg7 and Atg3 homologues (Tanida
et al, 2001, 2002), LC3-I is further modified to another form,
called LC3-II (Kabeya et al, 2000), which is most likely the PE-
conjugated form as in the Atg8 system (Kabeya et al, 2004;
Tanida et al, 2006). To date, four human homologues of yeast
Atg4 have been reported: HsAtgd4A/autophagin-2, HsAtg4B/
autophagin-1, autophagin-3 and autophagin-4 (Hemelaar et al,
2003; Marino et al, 2003). Among them, HsAtg4B is the sole
enzyme reported to efficiently cleave LC3 precursors and LC3-
PE (Kabeya et al, 2004). Thus, HsAtg4B is considered to have an
important function in mammalian autophagy by processing and
deconjugating LC3.

The EMBO Journal VOL 28 | NO 92009 1341


http://dx.doi.org/10.1038/emboj.2009.80
http://dx.doi.org/10.1038/emboj.2009.80
mailto:finagaki@pharm.hokudai.ac.jp
http://www.embojournal.org
http://www.embojournal.org

1342

Structure of the HsAtg4B-LC3 complex
K Satoo et al

We previously reported the crystal structure of HsAtg4B in
its free form (Sugawara et al, 2005). The active site of
HsAtg4B is masked by the regulatory loop, suggesting its
conformational change on complex formation with LC3
(Sugawara et al, 2005). However, the molecular mechanism
of LC3 recognition by HsAtg4B, especially recognition of the
membrane-anchored LC3-PE, remains elusive. Here, we re-
port the crystal structures of a catalytically inert HsAtg4B
mutant in complex with the processed and unprocessed
forms of LC3. The structures showed that a large conforma-
tional change is induced at the regulatory loop upon complex
formation with LC3. Further, they showed that the N-terminal
tail of HsAtg4B also undergoes a large conformational
change, which seems to be crucial for targeting the enzyme
to the membrane-bound LC3-PE.

Results and discussion

Overall structure of the HsAtg4B-LC3 complex

We first tried to crystallize the full-length HsAtg4B complexed
with LC3, but could not obtain any crystals. To date, the
structure of free HsAtg4B has been reported in two crystal
forms (Sugawara et al, 2005; Kumanomidou et al, 2006), both
of which showed that the C-terminal 39 residues (residues

A AN

C-termmal tail

355-393) are highly flexible, and only 19 residues (residues
355-373) and 16 residues (residues 362-377) were observed
and modelled in each form, though with high B-factors.
Therefore, we used a C-terminal deletion mutant of
HsAtgdB(1-354) for crystallization with LC3 (Satoo et al,
2007). We obtained crystals of HsAtgdB(1-354) with a sub-
stitution of His280 with alanine (a catalytically inert form) in
complex with LC3(1-120), a processed form, and determined
the structure by the molecular replacement method
(Figure 1A; Table I). Apart from certain regions, the folds of
the HsAtg4B and LC3 in the complex were almost identical to
those of each free form (Figure 1B and C). The r.m.s.d. of Ca
atoms between free and LC3-bound HsAtg4B was 1.1 A for
295 residues, which exclude the N-terminal tail, whereas that
between free and HsAtg4B-bound LC3 was 0.9A for 112
residues. LC3 is comprised of three regions: the N-terminal
domain consisting of two a-helices, the ubiquitin-like core
and the C-terminal tail (Sugawara et al, 2004). On complex
formation with HsAtg4B, the only large conformational
change was observed in the C-terminal tail, which has an
extended B-conformation in the complex (Figure 1B). The
interaction sites for HsAtg4B are localized in the C-terminal
tail and its surrounding regions, and the N-terminal domain
has no interaction with HsAtgdB. HsAtg4B consists of the

| HsAtg4B(1-354, H280A)

N-terminal tail

C Short finger domain

Figure 1 Overall structure of the HsAtg4B-LC3 complex. (A) Ribbon diagram of the HsAtg4B-LC3(1-120) complex. HsAtg4B is coloured
salmon red, and LC3 is coloured green. (B) Structural comparison between free and HsAtg4B-bound LC3. Crystal structure of free LC3(1-120)
(PDB code 1UGM) is superimposed on the HsAtg4dB-bound LC3. HsAtg4B-bound LC3 is coloured green, and free LC3 is coloured grey.
(C) Structural comparison between free and LC3-bound HsAtg4B. Crystal structure of free HsAtg4B (PDB code 2CY7) is superimposed on the
LC3-bound HsAtg4B. LC3-bound HsAtg4B is coloured salmon red, and free HsAtg4B is coloured grey. The regions with large conformational
differences between free and LC3-bound forms are coloured black (free) and red (LC3 bound). All the figures representing molecular structures

were generated with PyMOL (DeLano, 2002).
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Table I Data collection and refinement statistics
HsAtg4B construct 1-354 H280A 1-354 H280A 1-354 C74S
LC3 construct 1-120 1-124 1-124
Beamline A KEK NW12A SPring8 BL41XU SPring8 BL41XU
Wavelength (A) 1.0000 1.0000 1.0000
Temperature (K) 95 90 920
Resolution range (A) 50-1.90 50-1.90 50-2.05
Outer shell (A) 1.97-1.90 1.97-1.90 2.12-2.05
Observed reflections 183688 222721 119677
Unique reflections 34587 34039 27207
Completeness (%) 95.6 (92.5) 96.4 (69.5) 90.8 (73.8)
RuergeD 0.056 (0.330) 0.079 (0.343) 0.079 (0.268)
Resolution range (A) 50-1.90 50-1.90 50-2.05
No. of protein atoms 3365 3401 3425
No. of water molecules 314 184 153
R/Rfree 0.192/0.227 0.200/0.229 0.208/0.252
r.m.s.d. from ideality

Bond length (A) 0.005 0.006 0.006

Angle (deg) 1.30 1.30 1.26

classical papain-like domain and the short finger domain, a
domain unique to Atg4 family proteases (Sugawara et al,
2005). The ubiquitin core of LC3 is bound to the interface
between the two domains of HsAtg4B, and LC3 extends its C-
terminal tail to the active site of HsAtg4B located at the centre
of the papain-like domain. When the structure of free
HsAtg4B is superimposed on that of the LC3-bound form,
the C-terminal region (residues 362-377) partially overlaps
with the bound LC3 (Figure 1A and C); therefore, the C-
terminal region should be displaced by LC3 upon complex
formation. The buried surface between the ubiquitin core of
LC3 and HsAtg4B is 1679 A%, whereas that between the tail of
LC3 and HsAtg4B is 944 A%. It should be noted that upon
complex formation with LC3, HsAtg4B undergoes a large
conformational change at two regions; the N-terminal tail
and the loop masking the catalytic site in free HsAtg4B
(Figure 1C). We previously named this loop the ‘inhibitory
loop’; however, considering that the role of the loop is not
just inhibitory, we have renamed this loop the ‘regulatory
loop’ in this paper.

The interaction between HsAtg4B and LC3

The ubiquitin core of LC3 forms both hydrophilic and hydro-
phobic interactions with HsAtg4B (Figure 2A). Asn76 of LC3
forms hydrogen bonds with the side chains of Asn146 and
GIn150 of HsAtg4B. Ser87 and Val91 of LC3 also form hydro-
gen bonds with the side chains of Asnl172 and Glu350 of
HsAtg4B, respectively. Arg68 of LC3 forms a salt bridge with
Aspl71 of HsAtg4B. In addition to these hydrophilic interac-
tions, hydrophobic interactions are observed at two sites;
Phe80 of LC3 is bound to the relatively hydrophobic groove
on HsAtg4B, and the side chains of Tyr38, Leu82 and Valll2
and the main chain of Gly85 of LC3 form a hydrophobic
pocket into which the side chain of Leu232 of HsAtg4B
projects. We performed in vitro cleavage assay using LC3-
GST as a substrate (Sugawara et al, 2005). As shown in
Figure 2C, Tyr38, Arg68, Phe80 and Leu82 of LC3 and
Aspl71 and Leu232 of HsAtg4B are partially responsible for
the processing of LC3-GST. This is consistent with a recent
mutational analysis showing that Phe80 and Leu82 of LC3 are
required for processing by HsAtg4B (Fass et al, 2007).

©2009 European Molecular Biology Organization

The C-terminal tail of LC3 also forms hydrophilic inter-
actions with HsAtg4B (Figure 2B). Ser115 and Phell9 of LC3
form hydrogen bonds with the side chain of Arg229 and the
carbonyl oxygen of Tyr143 of HsAtg4B, respectively, and the
side chain of GIn116 of LC3 forms hydrogen bonds with the
main chains of Asnl46, Leu228 and Ile317 of HsAtg4B.
In vitro cleavage assay showed that GIn116 of LC3 and Arg229
of HsAtg4B are important for the processing of LC3-GST by
HsAtg4B (Figure 2C) (Sugawara et al, 2005). Furthermore,
Phell9 and Gly120 of LC3 form close contacts with the
regulatory loop and the side chain of Trpl42 of HsAtg4B,
respectively. These two residues are essential for the proces-
sing by HsAtg4B (Figure 2C) (Sugawara et al, 2005).

In contrast to the high processing activity of HsAtg4B
against LC3, HsAtg4A cannot process LC3 efficiently,
although it efficiently processes GATE-16 (Kabeya et al,
2004). All the residues of HsAtg4B that form direct interac-
tions with LC3 are also conserved in HsAtg4A except for
Leu232, the position of which is occupied by an isoleucine
(Ile233). The substitution of Ile233 with leucine enhanced the
processing activity of HsAtg4A against LC3-GST (Figure 2C,
right), suggesting that this residue is one of the determinants
of human Atg4 homologue specificities. However, the exis-
tence of more pivotal site(s) responsible for this specificity is
speculated as the substitution of Leu232 of HsAtgdB with an
isoleucine only slightly reduced the processing activity of
HsAtg4B against LC3-GST (Figure 2C, right).

Structures of the HsAtg4B-LC3 precursor complex

We next determined the structures of LC3(1-124), which has
four residues (Thr-Ala-Leu-Ala) at the C terminus of the
processing site, bound to HsAtg4B(1-354) with a mutation
at either His280 (H280A) or Cys74 (C74S) (Table I). The
electron densities of residues 123 and 124 of LC3(1-124)
were disordered, so they were excluded from the model
(Figure 3A). Figure 3B shows the catalytic site structures of
LC3(1-124)-bound HsAtg4B with either a H280A (left) or
C74S (right) mutation. Although overall structure is almost
identical, some conformational differences are observed at
their catalytic sites. When the structure of LC3(1-124)-bound
HsAtg4B with a H280A mutation is superimposed on that of

The EMBO Journal VOL 28 | NO 92009 1343
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Figure 2 Interaction between HsAtg4B and LC3. (A) Interaction between HsAtg4B and the ubiquitin core of LC3. HsAtg4B is coloured salmon
red, and LC3 is coloured green. The side chains of the residues involved in the HsAtg4B-LC3 interaction are shown as stick models. Possible
hydrophilic interactions are shown as broken lines. (B) Interaction between HsAtg4B and the C-terminal tail of LC3. Trp142 and the regulatory
loop of HsAtg4B are coloured blue, whereas the remainder is coloured as in (A). As the side chain of Cys74 has two conformations, both
conformations are shown. Possible hydrophilic interactions are shown as broken lines. (C) In vitro proteolysis assay. Left, LC3 mutants fused to
GST were incubated with HsAtg4B. Right, LC3-GST was incubated with HsAtg4B mutants. Procedures are described in detail in Materials and

methods.
in the H280A mutant is affected by the H280A mutation.

Therefore, we consider the structure with the C74S mutation

free HsAtg4dB, the C-terminal region of LC3 (residues 121-
to be the more reliable model for the HsAtg4B-LC3 precursor

122) and the side chain of Cys74 are in steric hindrance with
the side chain of His280, suggesting that their conformation
©2009 European Molecular Biology Organization
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LC3(1-124) bound to HsAtg4B C74S

Figure 3 Structure of HsAtg4B complexed with a LC3 precursor. (A) Annealed F,—F, electron density map for the C-terminal region (residues
119-122) of LC3(1-124). Left, LC3(1-124) bound to the HsAtg4B H280A mutant; right, LC3(1-124) bound to the HsAtgdB C74S mutant.
Structure of the C-terminal region of LC3 is also shown as a stick model, in which carbon, nitrogen and oxygen atoms are coloured green, blue
and red, respectively. (B) Structure of the C-terminal tail of LC3(1-124) and the catalytic site of HsAtg4B. Left, LC3(1-124) bound to HsAtg4B
H280A mutant, right, LC3(1-124) bound to the HsAtg4B C74S mutant. HsAtg4B is shown as a ribbon model, whereas LC3 is shown as a stick
model. The side chains of the residues comprising the catalytic triad and Tyr54 of HsAtg4B are also shown as a stick model. Carbon, nitrogen,
oxygen and sulphur atoms are coloured green, blue, red and yellow, respectively. Mutated catalytic residues are coloured cyan. (C) Structural
comparison between the HsAtgdB-LC3 precursor and SENP2-SUMO-3 precursor complexes. Left, structure of the HsAtgdB-LC3 precursor
complex; right, structure of the SENP2-SUMO-3 precursor complex. HsAtg4B and SENP2 are shown as a ribbon model, whereas LC3 and
SUMO-3 precursors are shown as a stick model. The side chains of the important residues at the catalytic site are also shown as a stick model.

Atom colouring is the same as in (A, B).

complex. In contrast to the substantial interaction of Phell9
and Gly120 of LC3 with HsAtg4B, Thr121 and Alal22 of LC3
have little interaction with the enzyme. Definite binding
pockets for PE are not present around the C-terminal region
of LC3. This is consistent with the observation that HsAtg4B
has high specificity against residues N-terminal to the scissile
bond but not against the C-terminal moiety.

Recently, the structures of SENP proteases in complex with
SUMO precursors have been reported (Reverter and Lima,
2006; Shen et al, 2006). Although SENP protease has little
sequence homology with HsAtg4B, the structures around the
catalytic sites of both are similar. Figure 3C shows a compar-
ison of the catalytic site structures of the SENP2-SUMO-3

©2009 European Molecular Biology Organization

precursor complex in a productive form (right) (Reverter and
Lima, 2006) and the HsAtg4B-LC3(1-124) complex (left). In
the SENP2-SUMO-3 precursor complex, Trp410 of SENP2
functions as a clamp to position the Gly-Gly motif (Gly91
and Gly92) and the scissile bond of SUMO-3, so that the
scissile bond has the cis configuration of the amide nitrogens,
which is further stabilized by hydrogen bonds between the
amide nitrogens and the carbonyl oxygen of SENP2 Val477. A
hydrogen bond between the carbonyl oxygen of SUMO-3
Gly92 and the side chain of SENP2 GIn542 also contributes
to the stabilization of the cis configuration. In the case of the
HsAtg4B-LC3(1-124) complex, Trp142 of HsAtg4B functions
as a clamp and positions Phell9 and Gly120 of LC3 in a

The EMBO Journal VOL 28 | NO 9| 2009 1345
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similar manner to that observed in the SENP2-SUMO-3
precursor complex. This is in good agreement with the results
of mutational studies showing that Trp142 is crucial for the
processing activity of HsAtgdB (Sugawara et al, 2005).
However, neither the cis configuration nor the hydrogen
bonds of the scissile bond have been observed in the
HsAtg4B-LC3(1-124) complex. This might be a unique
feature of the HsAtg4B-LC3 precursor complex as GIn542 of
SENP2, which is conserved as GIn/Asn among most
deubiquitinating enzymes (DUBs) and ubiquitin-like specific
proteases (ULPs), is not conserved and a Tyr residue (Tyr54)
occupies the position in HsAtg4B.

Conformational changes of HsAtg4B upon complex
formation with LC3

As shown in Figure 1C, two regions of HsAtg4B undergo large
conformational changes upon complex formation with LC3.
These conformational changes are observed in both LC3
(1-120)- and LC3(1-124)-bound HsAtg4B. Figure 4A shows
surface models of free (left) and LC3-bound (right) HsAtg4B.
LC3(1-124) bound to HsAtg4B is shown as a ribbon model.
In free HsAtg4B, both the N-terminal tail and the regulatory
loop cover the catalytic site, and Cys74 is buried (Figure 4A,
left). The regulatory loop and Trp142 cover the entrance of
the catalytic site, whereas the N-terminal tail, especially Tyr8,
covers the exit of the catalytic site. Upon LC3 binding, the

# Redulgtoty N-terminal
lopp Htail

P “loaP

regulatory loop and the side chain of Trp142 undergo a large
conformational change to form a groove, along which the
LC3 tail accesses the catalytic cysteine, Cys74 (Figure 4A,
right). Furthermore, the N-terminal tail also undergoes a
large conformational change that exposes a large flat surface
around the exit of the active site of HsAtg4B (Figure 4A, right;
circled). HsAtg4B lacking the N-terminal tail showed higher
processing activity against LC3-GST than did wild-type
HsAtgdB (Figure 4B), indicating that the N-terminal tail
actually suppresses the activity of HsAtg4B by blocking the
exit of the active site of HsAtg4B.

Structural basis for the recognition of the LC3 tail

by HsAtg4B

The regulatory loop of HsAtg4B is topologically conserved in
DUBs and ULPs; however, in these proteases, its conforma-
tion is fixed in an open form and it does not cover the active
site of the enzymes. Figure 4C shows a comparison of the
active site structures of free (left), LC3(1-124)-bound
HsAtg4B (middle) and the SENP2-SUMO-3 precursor produc-
tive complex (right). In the case of SENP2, the conformation
of the loop equivalent to the regulatory loop of HsAtg4B is
fixed in an open conformation by His474 and Trp479, which
push against the root of the loop. In contrast, only small
residues, Gly257, Gly258 and Ala263, are located at the root
of the regulatory loop in HsAtg4B. Their side chains are too

Regulatol

& @ @& ® —GST

- W = —|C3

- Regulatory
loop

Figure 4 Conformational change in HsAtg4B upon complex formation with LC3. (A) Surface model of free (left) and LC3(1-124)-bound (right)
HsAtg4B. W142 and the regulatory loop are coloured blue, and the N-terminal tail is coloured cyan. The catalytic Cys74 is coloured red. LC3
(1-124) is shown as a ribbon model. (B) In vitro proteolysis assay using N-terminal tail-deleted HsAtgdB. LC3-GST was incubated with either
wild-type or N-terminally truncated HsAtg4B and was subjected to SDS-PAGE analysis. (C) Structural comparison between free and LC3(1-
124)-bound HsAtg4B and SENP2-SUMO-3 precursor complexes. Left, free HsAtg4B; middle, the HsAtgdB-LC3 precursor complex; right, the
SENP2-SUMO-3 precursor complex. The three structures are shown in the same orientation. Model colouring is the same as in Figure 3.
(D) Surface model of LC3(1-120) bound to HsAtg4B. Atom colouring is the same as in (A).
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small to fix the conformation of the regulatory loop in the
open state. Instead, the side chain of Trpl42 interacts with
Pro260 in the regulatory loop and fixes its conformation in
the closed form (Figure 4C, left). Thus, the regulatory loop, in
cooperation with Trp142, masks the entrance of the catalytic
site in the free form. When LC3 is bound to HsAtg4B, the
location of the side chain of Trp142 is replaced by Phell9 of
LC3 that pushes the root of the regulatory loop to the open
conformation in a similar role to that of His474 and Trp479 in
SENP2. This results in the formation of a groove at the
entrance of the active site. The available space in the groove
is too narrow to accommodate any residue other than the
glycine at the N-terminal side of the scissile bond (Figure 4D).
Thus, Phell9 and Gly120 of LC3 are essential for hydrolysis
by HsAtg4B, and such specificity is endowed by the regula-
tory loop. The aromatic residue-Gly sequence at the N-
terminal side of the scissile bond is well conserved among
Atg8 family proteins. This is in contrast to ubiquitin and
ubiquitin-like modifiers that have a conserved Gly-Gly se-
quence at the N-terminal side of the scissile bond, which is
essential for hydrolysis by DUBs and ULPs. The aromatic
residue-Gly sequence is one of the determinants by which
Atg4 family proteases distinguish Atg8 family proteins from
other ubiquitin-like modifiers. However, this sequence is not
enough for hydrolysis by HsAtg4B as a peptide derived from
the C-terminal tail region (residues 116-124) of LC3 was not
hydrolysed by HsAtg4B (Sugawara et al, 2005), indicating
that the tail region by itself cannot open the auto-inhibited
structure formed by the regulatory loop and Trpl42.
Although the binding site for the tail region of LC3 is auto-
inhibited, that for the ubiquitin core region of LC3 is acces-
sible. Therefore, we propose the following model; LC3 first
binds to HsAtg4B with its ubiquitin core by the interaction
shown in Figure 2A. Using this interaction as a scaffold, the
tail region of LC3 opens the regulatory loop and binds to the
active site of the enzyme for processing. Recently, the struc-
ture of UfSP1, a processing and deconjugating enzyme for the
ubiquitin-like modifier Ufm1, was reported (Ha et al, 2008).
UfSP1 shows higher structural similarity to HsAtg4B than to
other deconjugating enzymes, and its loop equivalent to the
regulatory loop of HsAtg4B has two conformations in the
crystal. The possibility exists that UfSP1 also utilizes the loop
for regulation of its protease activity in a manner similar to
HsAtg4B.

Interaction of the N-terminal tail with the WXXL-binding
site of LC3

The N-terminal tail of HsAtg4B, which masks the exit of the
catalytic site of free HsAtg4B, is detached from the enzyme
core in the complex. The N-terminal tail in the open con-
formation interacts with a crystallographically adjacent, non-
substrate LC3 molecule in all three HsAtgdB-LC3 complex
structures (Figure 5A, LC3(N)). The N-terminal tail adopts an
extended B-conformation and forms an intermolecular -
sheet with B2 of non-substrate LC3. The side chains of Tyr8
and Leull of the N-terminal tail interact with the hydropho-
bic pockets comprised of Ile23, Pro32, Lys51, Phe52, Leu53,
Val54, Leu63, Ile67 and PhelO8 of LC3 (Figure 5B). In
addition, an ionic interaction is formed between Asp9 of
the N-terminal tail and Arg70 of LC3 (Figure 5B).
Interestingly, this interaction mode is very similar to that
observed between Atg8/LC3 and the WXXL motif (Noda et al,
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2008). The WXXL motif is a recently identified motif that is
specifically recognized by Atg8/LC3, and is conserved in
receptor proteins involved in selective autophagy such as
p62, the receptor protein for ubiquitinated aberrant proteins
(Ichimura et al, 2008; Noda et al, 2008), and Atgl9, the
receptor protein for aminopeptidase I (Noda et al, 2008).
Figure 5C shows a superimposition of LC3 complexed with
the WXXL motif-containing region of p62 and the N-terminal
region of HsAtg4B. Tyr8 of HsAtgdB and Trp338 of p62 are
bound to one hydrophobic pocket of LC3, whereas Leull of
HsAtg4B and Leu341 of p62 are bound to another hydropho-
bic pocket in a quite similar manner.

To clarify whether the interaction between LC3 and the
N-terminal tail of HsAtg4B observed in the crystal is due to a
crystal packing artefact or not, NMR analysis was performed
using 15N-labelled LC3 and a peptide derived from the N-
terminal region (residues 1-18) of HsAtg4B. The peptide was
titrated into a solution of °*N-labelled LC3 (Figure 5D). The
residues that showed large chemical shift perturbations on
the addition of the peptide coincided with those involved in
the interaction with the N-terminal tail of HsAtg4B in the
crystal (Figure 5E). These results clearly support the notion
that the interaction observed in the crystal is also maintained
in solution. Thus, the open conformation of the N-terminal
tail in the HsAtg4B-LC3 complex seems to be induced by its
interaction with the WXXL-binding site of non-substrate LC3.

Conclusions

In this study, we reported the LC3-bound structure of
HsAtg4B and identified important residues of both LC3 and
HsAtg4B for processing. Further, we showed that the con-
formation change of the regulatory loop is responsible for the
specificity of HsAtg4B against the unique Phe-Gly sequence
of LC3 that is distinct from the Gly-Gly sequence conserved
among ubiquitin-like modifiers. Besides the regulatory loop,
the N-terminal tail showed a conformational change from the
open to the closed conformation upon complex formation
with LC3. As only the open conformation seems to be
favourable for membrane targeting of HsAtg4B that would
be required for LC3-PE deconjugation, the conformation of
the N-terminal tail could serve for the regulation of the
deconjugation activity. The open conformation of the N-
terminal tail was stabilized by the interaction with non-
substrate LC3 in vitro. Such interaction might also occur
in vivo and the open conformation might be induced under
LC3-rich conditions. Alternatively, some unidentified fac-
tor(s) might be responsible for such stabilization in vivo.
Recently, the activity of HsAtg4A and 4B was shown to be
regulated by reactive oxygen species in vivo (Scherz-Shouval
et al, 2007). To understand the regulation mechanism in LC3-
PE deconjugation process, further studies both in vivo and
in vitro would be required.

Materials and methods

Expression and purification

Expression and purification of the HsAtg4B(1-354) H280A mutants,
LC3(1-120) (LC3-I) and LC3(1-124), for crystallization were
described earlier (Satoo et al, 2007). Expression and purification
of the HsAtg4B(1-354) C74S mutant for crystallization were
performed using the same procedure as that for the H280A mutant.
Proteins used for proteolysis assays were prepared as follows.
Single-mutant HsAtg4Bs (D171A, L232A, L2321 and D314A) and
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LC3(N)

HsAtg4B

Figure 5 Interaction of the N-terminal tail with the WXXL-binding site of LC3. (A) Overall structure of HsAtg4B bound to both substrate and
non-substrate LC3. Substrate LC3 is designated as LC3(S) and coloured green, whereas non-substrate LC3 is designated as LC3(N) and coloured
blue. (B) Stereo-view of the N-terminal tail of HsAtg4B bound to the WXXL-binding site of LC3. The side chains of the residues involved in the
interaction between HsAtg4B and LC3 are labelled and shown with a stick model. Model colouring is the same as in (A). (C) Structural
comparison of the N-terminal tail-LC3 interaction with the p62-LC3 interaction. The structure of LC3 complexed with a p62 peptide is
superimposed on that complexed with the N-terminal tail peptide. As the structure of LC3 is almost identical to each other, only that bound
to the N-terminal tail peptide of HsAtg4B is shown. (D) Chemical shift perturbations of the LC3 backbone amide groups upon complex
formation with the N-terminal-tail peptide. The combined 'H and '°N chemical shift differences, calculated using the equation
Ap.p.m. = [(ASHy)? + (ASN/5)*]"/* were plotted against residue numbers. (E) Mapping of chemical shift perturbation results on the crystal
structure of LC3 bound to HsAtg4B. The residues with Ap.p.m. >0.4 are shown in blue, 0.4>Ap.p.m.>0.3 in cyan and 0.3>Ap.p.m. >0.2

in green.

LC3-Is (Y38A, R68A, F80A, L82A, Q116A, E117A, T118A, F119A and
G120A), as well as the HsAtg4A I1233A mutant, were prepared by
PCR-mediated site-directed mutagenesis and sequenced to confirm
their identities. Wild-type and mutant LC3-Is with a GST tag fused
to the C terminus (LC3-GSTs) were inserted into the pET1la vector
(Novagen). They were then expressed in Escherichia coli BL21 DE3
and purified on a glutathione-Sepharose 4B column. Further
purification was performed using a HiTrap CM cation-exchange
column (GE Healthcare) and a Superdex 75 gel-filtration column
(GE Healthcare). Wild-type and single-mutant HsAtg4As and
HsAtg4Bs, as well as N-terminally truncated HsAtg4B (residues
25-393), were inserted into the pGEX6p vector. They were then
expressed in E. coli BL21 DE3 and purified according to the
procedure described for the HsAtg4B(1-354) H280A mutant (Satoo
et al, 2007). They were concentrated to 0.01, 0.1 and 1.0 mg/ml for
HsAtg4Bs, HsAtg4As and LC3-GSTs, respectively, in 20mM Tris—
HCI (pH 8.0) and 150 mM NaCl. Proteins used for NMR spectro-
scopy were prepared as follows. The N-terminal tail peptide of
HsAtgdB (residues 1-18) was inserted into the pGEXG6p-LC3-I
vector, and expressed as a fusion to GST-LC3-I in E. coli BL21
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DE3. After purification on a glutathione-Sepharose column,
GST-LC3-1 was cleaved from the peptide with HsAtg4B. Further
purification of the peptide was performed using a Superdex 75 gel-
filtration column. The purified peptide was concentrated to 1.6 mM
in 25mM sodium phosphate (pH 7.0), 100 mM NaCl and 0.02 mM
NaN;. LC3-I uniformly labelled with '°N was prepared by growing
E. coli in M9 medium containing 1 g/l **NH,CI (Shoko) followed by
purification according to the same procedure described for non-
labelled LC3-I (Satoo et al, 2007). The purified '°N-labelled protein
was concentrated to 0.5mM in 92% H,0/8% D,0O containing
25mM sodium phosphate (pH 7.0), 100mM NaCl and 0.02 mM
NaN3.

Structure determination and refinement

Crystallization and diffraction data collection for the HsAtg4B
(H280A)-LC3(1-120) and HsAtg4B(H280A)-LC3(1-124) complexes
have been described earlier (Satoo et al, 2007). Crystallization and
diffraction data collection for the HsAtgdB(C74S)-LC3(1-124)
complex were performed by the same procedure as that for the
HsAtg4B(H280A)-LC3(1-124) complex. The structure of the
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HsAtgdB(H280A)-LC3(1-120) complex was determined by the
molecular replacement method using the MOLREP program (Vagin
and Teplyakov, 1997). The site of HsAtg4dB was first determined
using the free HsAtgdB structure (PDB code 2CY7) as a search
model, and that of LC3(1-120) was determined using the LC3-I
structure (PDB code 1UGM) as a search model. Crystallographic
refinement was performed using the CNS program (Brunger et al,
1998). For each cycle, the model was rebuilt manually using the
COOT molecular modelling program (Emsley and Cowtan, 2004) in
several steps alternated with cycles of automated refinement using
data to 1.9A resolution. Using the HsAtg4B(H280A)-LC3(1-120)
complex structure as an initial model, the structures of the
HsAtg4B(H280)-LC3(1-124) and HsAtg4B(C74S)-LC3(1-124) com-
plexes were determined by several cycles of crystallographic
refinement using CNS and model building using COOT. The
refinement statistics are summarized in Table I.

In vitro proteolysis assay

All proteolysis assays were performed by mixing the enzyme and
substrate at a volume ratio 1:1 at room temperature. For LC3 mutant
analyses, wild-type and mutant LC3-GSTs (1 mg/ml) were mixed
with 0.01 mg/ml HsAtg4B and incubated for 10 min. For HsAtg4B
mutant analyses, wild-type and mutant HsAtgdBs (0.01 mg/ml)
were mixed with wild-type LC3-GST (1 mg/ml) and incubated for
10 min. For the analysis of the N-terminal truncated mutant of
HsAtg4B, wild-type and N-terminally truncated HsAtg4B (0.01 mg/
ml) were mixed with LC3-GST (1 mg/ml) and incubated for 2 min.
For HsAtg4A mutant analysis, wild-type and mutant HsAtg4A
(0.1 mg/ml) were mixed with LC3-GST (1 mg/ml) and incubated
for 10 min. All the reactions were stopped by boiling with the SDS
sample buffer and analysed by SDS-PAGE and Coomassie Brilliant
Blue staining.
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