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1. Introduction

Autophagy is an intracellular bulk degradation system conserved among eukaryotes from
yeast to mammals. It is responsible for the degradation of cytosolic components and organelles
in response to nutrient deprivation. There are three main types of autophagy:
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA).
Microautophagy sequesters cytoplasmic components and delivers them for degradation by
direct invagination or protrusion/septation of the lysosomal or vacuolar membrane (Mijaljica
et al., 2011; Uttenweiler and Mayer, 2008). CMA targets specific cytosolic proteins that are
trapped by the heat shock cognate protein of 70 kDa (hsc70) and, through interaction with
lysosome-associated membrane protein type 2A (LAMP-2A), they are then translocated into
the lysosomal lumen for rapid degradation (Orenstein and Cuervo, 2010). Macroautophagy,
hereafter referred to as autophagy, is the most well characterized process of the three. During
autophagy, double membrane structures called autophagosomes sequester a portion of the
cytoplasm and fuse with the lysosome (or vacuole in the case of yeast and plants) to deliver
their inner contents into the organelle lumen (Mizushima, 2007; Mizushima et al., 2010).
Analyses of autophagy-related (Atg) proteins have unveiled dynamic and diverse aspects of
mechanisms that underlie membrane formation during autophagy (Mizushima et al., 2010;
Nakatogawa et al., 2009). As the contents of autophagosomes are indistinguishable from their
surrounding cytoplasm (Baba et al., 1994), autophagy has long been considered a nonselective
catabolic pathway. Recent studies, however, have provided evidence for the selective
degradation of various targets by autophagy. In autophagy-deficient neuronal cells,
intracellular protein aggregates accumulate and eventually lead to neurodegeneration,
suggesting that autophagy selectively degrades harmful protein aggregates (Hara et al., 2006;
Komatsu et al.,, 2006). Damaged or superfluous organelles, such as mitochondria and
peroxisomes, and even intracellular infectious pathogens are also selectively degraded by
autophagy (Goldman et al., 2010; Gutierrez et al., 2004; Manjithaya et al., 2010; Nakagawa et
al., 2004; Noda and Yoshimori, 2009). In the budding yeast Saccharomyces cerevisiae, a-
mannosidase and aminopeptidase I are selectively transported to the vacuole through
autophagic pathways (Baba et al., 1997; Hutchins and Klionsky, 2001).

Although the precise molecular mechanisms of cargo selection by autophagy are yet to be
established, an increasing number of autophagic receptors that are responsible for
recognition of specific cargoes have been identified. These include Atgl9 and Atg34 in the
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selective transport of vacuolar enzymes to the vacuole through autophagy (Leber et al,,
2001; Scott et al., 2001; Suzuki et al., 2010), p62 and neighbor of BRCA1 gene 1 (NBR1) in the
autophagic degradation of ubiquitinated protein aggregates (Bjorkoy et al., 2005; Kirkin et
al., 2009), PpAtg30 in pexophagy (autophagic degradation of peroxisome) (Farre et al., 2008),
and Atg32 and Nix1 in mitophagy (autophagic degradation of mitochondria) (Kanki et al.,
2009; Novak et al., 2010; Okamoto et al., 2009). Most of these receptors interact directly with
Atg8-family proteins, which are crucial factors in autophagosome biogenesis.

We have been studying the mechanisms of specific cargo recognition during autophagy,
especially those of the selective delivery of vacuolar enzymes into the vacuole in yeast. We
summarize here the current knowledge of such mechanisms as revealed by biochemical and
structural studies.

2. Recognition of vacuolar enzymes by Atg19 and Atg34
2.1 Selective transport of vacuolar enzymes by autophagic pathways

In the budding yeast S. cerevisine, a-mannosidase (Amsl) and a precursor form of
aminopeptidase I (prApel) are selectively delivered into the vacuole through the cytoplasm
to vacuole targeting (Cvt) pathway under vegetative conditions, and via autophagy under
starvation conditions. The Cvt pathway is topologically and mechanistically similar to
autophagy (Lynch-Day and Klionsky, 2010); therefore, studies on the molecular mechanisms
of cargo recognition in the Cvt pathway will provide insight into the basic mechanism of
selective autophagy. prApel, the primary Cvt cargo, is synthesized in the cytosol as a
precursor form with a cleavable propeptide consisting of 45 amino acid residues at the N
terminus (Klionsky et al., 1992) and assembles into a dodecamer. The prApel dodecamer
further self-assembles into a higher order structure called the Apel complex. The existence
of a specific receptor for prApel was proposed when it was observed that prApel transport
to the vacuole by the Cvt pathway is both specific and saturable.

Two groups simultaneously discovered that Atgl9 has all of the characteristics needed to be
a receptor for prApel in Cvt transport (Leber et al., 2001; Scott et al., 2001). Characterization
of the protein revealed that Atgl9 is needed for the stabilization of prApel binding to the
Cvt vesicle membrane, and that in atg19A cells, prApel maturation is inhibited while
autophagy is not affected (Suzuki et al., 2002). In addition, Atgl9 binds to prApel in a
propeptide-dependent manner, suggesting that the propeptide region is responsible for the
recognition of prApel by the Cvt pathway machinery (Shintani et al., 2002). A secondary-
structure prediction suggested that the prApel propeptide forms a helix-turn-helix structure
and that the first helix exhibits the characteristics of an amphipathic a helix (Martinez et al.,
1997). Our previous study revealed that the region containing the first helix of the prApel
propeptide (residues 1-20) is sufficient for interaction with Atgl9 (Watanabe et al., 2010).
This is consistent with a previous report showing that the first helix of the prApel
propeptide is critical for prApelprocessing (Oda et al., 1996). In vitro pull-down assays
showed that the coiled coil domain of Atgl9 (residues 124-253), which contains a predicted
coiled coil between amino acids 160 and 187, directly interacts with the prApel propeptide.
This is consistent with a previous report showing that the prApel-binding site of Atgl9 is
located in the region between amino acid residues 153 and 191 (Shintani et al., 2002).

Amsl, another Cvt cargo, oligomerizes after synthesis and associates with the Apel
complex through the action of Atgl9. Atgl9 has two stable domains, the N-terminal
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domain (residues 1-123) and the Ams1 binding domain (ABD; residues 254-367, see below
for further details). Amsl associates with Atgl9 via the ABD that is distinct from the
prApel binding site and therefore Atgl9 can simultaneously interact with both prApel
and Amsl. prApel, Amsl, and Atgl9 assemble into a large complex called the Cvt
complex, which was identified as an electron-dense structure localized close to the
vacuole by electron microscopy (Baba et al., 1997). Atgll interacts with Atgl9 to recruit
the Cvt complex to the preautophagosomal structure (PAS), which plays a central role in
autophagosome formation near the vacuole (Shintani et al., 2002; Suzuki and Ohsumi,
2010). Atgl9 further interacts with Atg8, which is localized at the PAS and involved in the
elongation of autophagosomes, using the Atg8 family-interacting motif (AIM; 412-WEEL-
415) to induce formation of the Cvt vesicle (Noda et al., 2008). Atg8 is conjugated to
phosphatidylethanolamine (PE) and associates with autophagosomes or the Cvt vesicle
(Ichimura et al., 2000). This explains why the vesicle selectively surrounds only the cargo.
After transport to the vacuole, the prApel propeptide is removed via a proteinase B-
dependent reaction to generate mature Apel (mApel), and the Apel complex
disassembles back into dodecamers. Atg34, an Atgl9 paralog, functions as an additional
receptor protein for Ams1 but not prApel only under starvation conditions (Suzuki et al.,
2010). Although Atg34, similar to Atgl9, has the predicted coiled coil (residues 130-157),
Atg34 is not capable of interacting with prApel.

Recently, two cargoes that are selectively delivered to the vacuole have been identified:
leucine aminopeptidase III (Lap3) (Kageyama et al.,, 2009) and aspartyl aminopeptidase
(Ape4) (Yuga et al., 2011). Lap3 is transported to the vacuole for degradation only when it is
overproduced under nitrogen starvation conditions. Lap3 forms a homohexameric complex
of ~220 kDa, which further forms an aggregate independently of prApel. Although this
transport is partially mediated by Atgl9, it remains to be determined whether Lap3 can
interact with Atgl9. Ape4 is the third Cvt cargo, which is similar in primary structure and
subunit organization to Apel. Ape4 lacks the N-terminal propeptide that is used by prApel
for binding to Atg19. As the Ape4-binding site in Atgl9 is located between the prApel- and
Amsl-binding sites (residues 204-247), these enzymes are unlikely to compete with each
other for binding to Atg19. As Atg34 did not interact with Ape4, it might not be involved in
Aped4 transport. More recently, Suzuki et al. elucidated that selective autophagy
downregulates Tyl transposition by eliminating Tyl virus-like particles (VLPs) from the
cytoplasm under nutrient-limited conditions (Suzuki et al., 2011). Although Tyl VLPs are
not vacuolar enzymes, they are targeted to autophagosomes by an interaction with Atgl9.
The N-terminal domain of Atgl9 is specifically required for selective transport of Tyl VLPs
to the vacuole, though Atgl9 is able to interact with Tyl Gag without the N-terminal
domain. Selective autophagy might safeguard genome integrity against excessive insertional
mutagenesis caused during nutrient starvation by transposable elements in eukaryotic cells.

2.2 Structural basis for Ams1 recognition by Ag19 and Atg34

Scott et al. suggested that Ams] is delivered to the vacuole in an Atgl9-dependent manner
(Scott et al., 2001). Ams1 was found to associate with Atgl9, and a defect in the Apel-Atgl9
complex formation was shown to severely affect the import of Amsl into the vacuole,
whereas Ams1 was dispensable for transport of the Apel-Atgl9 complex. This suggests that
Ams1 might exploit the prApel import system to achieve its own effective transport to the
vacuole and that it is tethered to the Apel-Atgl19 complex through interaction with Atgl9. In
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our recent study, we identified the Amsl binding domain (ABD) in Atgl9 and Atg34 by
limited proteolysis of full-length Atgl9, an in vitro pull-down assay as well as sequence
alignment (Watanabe et al., 2010). In atg19A cells expressing Atg19AABD, Ams] transport to
the vacuole was inhibited, suggesting that the Atg19 ABD is required for Amsl transport to
the vacuole through the Cvt pathway. In such cells, prApel transport to the vacuole is the
normal process. These results indicate that the Atgl9 ABD is specifically responsible for the
transport of Amsl, but not prApel, to the vacuole through the Cvt pathway.

The Atg19 and Atg34 ABD structures were determined in solution using NMR spectroscopy
(Figure 1A and B) (Watanabe et al., 2010). Both ABDs comprise eight -strands (A-H), of
which A, B, E, and H form an antiparallel p-sheet; the surface of this sheet faces a second
antiparallel B-sheet comprising C, D, F, and G, thus forming a typical immunoglobulin-like
B-sandwich fold. The Atgl9 and Atg34 ABD structures are similar to each other with a root
mean square difference of 2.1 A for 102 residues (Z-score calculated by the Dalilite program
(Holm and Park, 2000) is 12.8). There are relatively large structural differences between the
Atg19 and Atg34 ABDs in the loops located at the bottom of the immunoglobulin fold (the
loop connecting strands A and B (AB loop), CD, EF, and GH loops). In contrast, the loops
located at the top of the immunoglobulin fold (the BC, DE, and FG loops) have a similar
conformation. Furthermore, the residues comprising the top loops, especially those of the
DE loop, are more strongly conserved between the Atgl9 and Atg34 ABDs than those
comprising the bottom loops (Figure 1). In the DE loop, His-310/296, Glu-311/297, Ile-
314/300, and Lys-315/301 of Atgl9/Atg34 are exposed. Among these exposed residues,
His-310/296 and/or Glu-311/297 of the Atgl9/Atg34 ABD are essential for Amsl
recognition. Further analysis showed that in atg19Aatg34A cells expressing Atgl9H310A
(substitution of His-310 with alanine) but not Atgl9E311A, transport of Ams1-GFP to the
vacuole under autophagy-inducing conditions is inhibited. This indicates that the conserved
His residue in the DE loop of the Atgl9 ABD plays a critical role in Amsl recognition and
that Amsl binding of the Atgl9 ABD is essential for Ams1 transportation to the vacuole.
Similar experiments using Atg34 mutants showed that His-296 of Atg34 ABD, which
corresponds to His-310 of Atgl9 ABD, also plays a critical role in Ams1 recognition.

The ABDs in Atgl9 and Atg34 have a P-sandwich fold that is observed in a variety of
immunoglobulins and immunoglobulin-like domains responsible for recognizing various
proteins. Because antibodies generally recognize antigens using the hypervariable loops
from both the VH and VL regions, their manner of antigen binding should differ from that
of monomeric ABDs with Amsl. Interestingly, however, the ABD-Amsl interaction
resembles that observed between camelid antibody fragments and their antigens, as camelid
antibodies lack a light chain and function as a monomer where hypervariable loops of the
VH are responsible for antigen binding (Muyldermans, 2001). It also mimics the interaction
of monobodies (artificially designed proteins that use a fibronectin type III domain as a
scaffold) and their targets, as monobodies interact with their targets using similar loops in a
monomeric immunoglobulin fold. Camelid antibody fragments and monobodies interact
with their target proteins using loops clustered at one side of their immunoglobulin fold;
these loops are topologically equivalent to the BC, DE, and FG loops of the Atgl9 and Atg34
ABDs, one of which was shown to be crucial for Amsl recognition as mentioned above.
Therefore, they might recognize Ams1 using these loops in a similar manner with camelid
antibodies and monobodies. In order to further elucidate the recognition mechanism of
Amsl by the ABD, structural determination of the Amsl-ABD complex by X-ray

www.intechopen.com



Mechanism of Cargo Recognition During Selective Autophagy

crystallography is needed. We have already succeeded in overexpressing S. cerevisize Amsl
in Pichia pastoris and purifying it on a large scale (Watanabe et al., 2009). Crystallization and

structural determination of the Ams1-ABD complex are now in progress.

A

Atgl9:
Atg34:

Atgl9:
Atg34:

Fig. 1. Solution structures of Atgl9 and Atg34 ABDs. (A), (B) Ribbon diagrams of the Atg19
ABD and Atg34 ABD structures, respectively. Strands are colored light blue and labeled.
Loop residues conserved between Atgl9 and Atg34 are colored red. Left and right are related
by a 180° rotation along the vertical axis. (C) Sequence alignment between Atg19 and Atg34

Top Top

Bottom

254

254 VEPPNERSLQITMNQRDNSLYFQLFNNTNSVLAGNCKLKFTDAGDKPTTQIIDMGPHEIGIKEYKEYRYF
242 LTTPNDPLLHVEVSNEDNSLHFILYNKTNIIIPGNCTFEFSSQIS—--EVFSIKMGPHEIGIKGQKELWEF

246
367

324 PYALDLEAGSTIEIENQYGEVIFLGKYGSSPMINLRPPSRLSAE
310 PSLPTPLSNYTMKVVNQDGETILVGKCADSNEITLKSPLASFST

348

ABDs. Gaps are introduced to maximize the similarity. Conserved or type-conserved

residues are colored red. Secondary structure elements of the Atgl9 and Atg34 ABDs are

shown above and below the sequence, respectively.
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3. Receptor proteins required for the selective degradation of organelles by
autophagy

Damaged or superfluous organelles, such as mitochondria and peroxisomes, are also
selectively degraded by autophagy. To date, several receptor proteins which function in
these selective types of autophagy have been identified.

3.1 Receptor proteins in mitophagy

The mitochondrion is an organelle that produces energy through oxidative phosphorylation
and simultaneously generates reactive oxygen species (ROS), causing oxidative damage to
mitochondrial DNA, protein and lipids, and often inducing cell death. Therefore, an
appropriate quality control of mitochondria is important to maintain proper cellular
homeostasis. Selective degradation of mitochondria via autophagy, known as mitophagy, is
the primary mechanism for mitochondrial quality control. Two groups independently
identified Atg32 as a receptor protein for mitophagy in yeast (Kanki et al., 2009; Okamoto et
al., 2009). Atg32 is a single-pass mitochondrial outer membrane protein, and its N- and C-
terminal domains are oriented towards the cytoplasm and the intermembrane space,
respectively. Mitochondria-anchored Atg32 binds Atgll during mitophagy to recruit
mitochondria to the PAS. When mitophagy is induced, Atg32 is phosphorylated, for which
Ser-114 and Ser-119 of Atg32 are required. , The phosphorylation of Atg32 is required for
Atg32-Atgll interaction and mitophagy (Aoki et al.,, 2011). By controlling the activity
and/or localization of the kinase that phosphorylates Atg32, cells may regulate the amount
of mitochondria or remove damaged or aged mitochondria through mitophagy. Similarly to
other receptor proteins, Atg32 binds to Atg8 using the AIM sequence, 86-WQAI-89, and this
binding is required for the efficient sequestration of mitochondria by the autophagosome.
The Atg32-Atg8 interaction may restrict autophagosome formation to the neighborhood of
the targeted mitochondrion by gathering surrounding Atg proteins. Although no homolog
of Atg32 has been identified in mammals, Nix was recently shown to be a mammalian
mitophagy receptor protein (Novak et al, 2010). Similarly to Atg32, Nix has a
transmembrane domain in its C terminus that can target the protein to the mitochondrial
outer membrane and has a functional AIM, 35-WVEL-38, that directly interacts with
mammalian Atg8 homologs. Thus Nix may fulfill the function of Atg32 in mammals.

3.2 Receptor protein in pexophagy

Peroxisomes have diverse functions, including the decomposition of hydrogen peroxide
and the oxidation of fatty acids. The specific degradation of peroxisomes by autophagy,
pexophagy, is conserved from yeast to humans and is triggered physiologically to allow
cells to clear an excess of peroxisomes. The study of methylotrophic yeasts, particularly P.
pastoris and Hansenula polymorpha, has led to the current understanding of the molecular
mechanism governing pexophagy. Farre et al. identified Atg30 as a receptor protein for
pexophagy in P. pastoris (Farre et al., 2008). PpAtg30 interacts with peroxisomes via two
peroxisomal membrane proteins, Pex3 and Pex14, and with autophagy machinery via
PpAtgll and PpAtgl7, which organize the PAS. Several residues on PpAtg30 are
phosphorylated under pexophagy conditions and, similarly to Atg32, such
phosphorylation, especially that of Ser-112, is required for PpAtgll interaction. The
isolation membrane then expands and surrounds the PpAtg30-localizing peroxisomes, in
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order to selectively degrade surplus peroxisomes. Unlike other receptor proteins, PpAtg30
has no AIMs, so that PpAtg30 is unable to interact directly with PpAtg8. It is important to
understand how the isolation membrane expands around the peroxisome surface while
excluding cytosolic contents, and this is speculated to involve the interaction of PpAtg30
with an unidentified protein in the isolation membrane, or the interaction of PpAtg8 with
another protein on the peroxisome surface.

4. Receptor protein for selective autophagy in C. elegans

Germ granules are restricted to the germ cells of many higher eukaryotes and are believed
to carry germ cell determinants (Strome and Lehmann, 2007). Germ granules in
Caenorhabditis elegans, also known as P granules, are maternally contributed and dispersed
throughout the cytoplasm of a newly fertilized embryo. During C. elegans embryogenesis,
some P granules are left in the cytoplasm destined for the somatic daughter cell and these P
granules are quickly disassembled and/or degraded (Hird et al., 1996). Recently, Zhang et
al. provided evidence that the P granule components PGL-1 and PGL-3 that remain in the
cytoplasm destined for somatic daughters are selectively removed by autophagy through
the receptor protein SEPA-1 (Zhang et al., 2009). In autophagy-deficient somatic cells, PGL-1
and PGL-3 extensively accumulate in the P granules, and SEPA-1 mediates the accumulation
of these P granules into aggregates, termed PGL granules, through its self-oligomerization
and direct interaction with PGL-3. SEPA-1 can also directly interact with LGG-1, an Atg8
homolog. Thus, PGL granules associated with SEPA-1 could be incorporated into
autophagosomes through the interaction of SEPA-1 with LGG-1. Because the expression of
SEPA-1 is restricted to somatic cells, the selective exclusion of P granules is ensured only in
these cells. An in vitro pull-down assay showed that the SEPA-1 fragment containing amino
acids 39 to 160 is required for both self-oligomerization and interaction with PGL-3 and that
the SEPA-1 fragment containing amino acids 289 to 575 is required for interaction with
LGG-1. The SEPA-1 fragment that interacts with LGG-1 contains a canonical AIM sequence,
469-YQEL-472 (Noda et al.,, 2010). Thus, the YQEL sequence in SEPA-1 is a potential
candidate for a functional AIM.

5. Recognition of ubiquitinated cargoes by p62 and NBR1

Autophagic degradation of ubiquitinated protein aggregates is important for cell survival.
Defects in autophagy cause the accumulation of ubiquitin-positive protein inclusions,
leading to severe liver injury (Komatsu et al., 2005) and neurodegeneration (Hara et al.,
2006; Komatsu et al., 2006). The polyubiquitin-binding protein p62, also called sequestosome
1 (SQSTM1), is a common component of protein aggregates found in both the brain and the
liver of patients suffering from protein aggregation diseases. These include Lewy bodies in
Parkinson’s disease, neurofibrillary tangles in Alzheimer’s disease, and huntingtin
aggregates (Kuusisto et al., 2001, 2002; Nagaoka et al., 2004; Zatloukal et al., 2002). In the
liver, Mallory bodies, hyaline bodies in hepatocellular carcinoma, and al antitrypsin
aggregate contain p62 (Zatloukal et al, 2002); all of these aggregates contain
polyubiquitinated proteins. p62 interacts with ubiquitin via its C-terminal UBA domain
(Vadlamudi et al., 1996) and self-assembles via its N-terminal PB1 domain (Ponting et al.,
2002), thereby forming large aggregates containing ubiquitinated proteins. p62 further
interacts with LC3, a mammalian homolog of Atg8, via the LC3 interacting region (LIR;
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residues 321-342), so that ubiquitinated protein aggregates containing p62 are selectively
degraded by autophagy (Bjorkoy et al., 2005, Komatsu et al., 2007; Pankiv et al., 2007).
Therefore, it is implied that p62 functions as a receptor protein for ubiquitinated proteins to
be degraded in lysosomes. It is also hypothesized that p62 functions as a receptor for
organelles such as peroxisomes and mitochondria (Kim et al., 2008; Kirkin et al., 2009), and
for intracellular bacteria (Dupont et al., 2009; Yoshikawa et al., 2009; Zheng et al., 2009).
Recently, neighbor of BRCA1 gene 1 (NBR1) has been identified as another autophagy
receptor (Kirkin et al., 2009). The structure of NBR1 is similar to that of p62, and NBR1 can
bind both LC3 via the LIR and ubiquitinated proteins via the UBA domain. Like p62, NBR1
is sequestered into the autophagosome via LC3-interaction and/or p62-interaction and
markedly accumulates in autophagy-deficient tissues.

To clarify the molecular mechanism of ubiquitinated cargo recognition by p62 and NBR1,
it is necessary to elucidate which proteins conjugated with either K48-linked or K63-
linked polyubiquitin chains are targeted to the autophagy/lysosomal degradation
pathway. Classically, proteins conjugated with K48-linked polyubiquitin chains are
recognized as the proteolytic substrate by the UBD-containing proteasomal receptors.
Recently, K63-linked chains have been implicated in proteolytic degradation of misfolded
and aggregated proteins (Olzmann et al., 2007; Tan et al., 2008; Wooten et al., 2008). Given
the reported preference of the known ubiquitin-binding autophagy receptors for K63-
linked ubiquitin chains, cargoes conjugated with K63-linked ubiquitin chains may be
preferentially targeted to the autophagy/lysosomal degradation pathway. However, p62
has been shown to compete for ubiquitinated cargo with the classical proteasomal
receptors. Accumulation of p62 resulting from inhibition of autophagy compromised
degradation of proteasomal substrates, most likely due to the excessive interaction
between p62 and substrates conjugated with K48-linked polyubiquitin chains (Korolchuk
et al., 2009). It remains to be clarified how p62 distinguishes between K48-linked and K63-
linked polyubiquitin chains.

To date, several structural studies have been performed on p62. Isogai ef al. determined the
crystal structure of the UBA domain of mouse p62 and the solution structure of its
ubiquitin-bound form (Isogai et al., 2011). In crystals, the p62 UBA domain adopts a dimeric
structure, which is distinct from that of other UBA domains. In solution, the domain exists
in equilibrium between the dimer and monomer forms, and ubiquitin-binding shifts the
equilibrium toward the monomer to form a 1:1 complex between the UBA domain and
ubiquitin. The extreme C-terminal end of the p62 UBA domain is responsible for
dimerization of the domain. Mutations that inhibit dimerization of the p62 UBA domain
increase the affinity of p62 for ubiquitin. These results suggest an autoinhibitory mechanism
in the p62 UBA domain to avoid self-degradation by the ubiquitin-proteasomal system. The
interaction between the p62 LIR and LC3 is structurally and functionally well characterized
(Ichimura et al., 2008; Noda et al., 2008). In the structure of the p62 LIR in complex with LC3,
the tryptophan and leucine residues in the p62 LIR, DDDWTHL, interact with two
hydrophobic pockets, the W-site and the L-site, where tryptophan and leucine residues
respectively interact (Noda et al.,, 2010) on the surface of LC3. In agreement with the
structure of the p62 LIR in complex with LC3, the tryptophan and leucine residues are
involved in the turnover of p62 via autophagy. Recently, the structure of the NBR1 LIR in
complex with GABARAP, a LC3 paralog, has also been determined (Rozenknop et al., 2011).
Similar to the interaction between p62 LIR and LC3, the tyrosine and the third isoleucine
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residues in the NBR1 LIR, EDYIII, interact with GABARAP in a manner typical of the
interaction of AIM with Atg8 homologs.

6. Receptor proteins required for the restriction of infectious bacterial growth
by autophagy

Autophagy also serves as a cell-autonomous effector mechanism of innate immunity in the
cytosol. It does this through restricting bacterial proliferation by separating bacteria from
the nutrient-rich cytosol and delivering them into bactericidal autolysosomes. Several
examples showing that these types of autophagy are mediated by cytosolic bacteria-
recognizing receptor proteins have been recently reported. In Drosophila melanogaster, PGRP-
LE, a receptor protein for bacterial peptidoglycans, induces autophagy of wild-type but not
listeriolysin-deficient Listeria monocytogenes, suggesting that this pathway specifically selects
cytosolic bacteria for autophagy (Yano et al., 2008). However, it is unknown how PGRP-LE
induces the autophagic degradation of L. monocytogenes and whether PGRP-LE binds the D.
melanogaster Atg8 orthologs.

Salmonella enterica Typhimurium (S. Typhimurium) typically occupies a membrane bound
compartment, the Salmonella-containing vacuole (SCV), in host cells. In mammalian cells,
S. Typhimurium and other bacteria enter the cytosol and are released from SCVs, then
become coated with a dense layer of ubiquitin (Perrin et al., 2004) and are delivered to
lysosomes via autophagy (Birmingham et al., 2006). It was reported that p62 functions as a
receptor protein for delivering such ubiquitin-coated bacteria into autophagosomes
(Dupont et al., 2009; Zheng et al., 2009). In addition to p62, two other receptor proteins
were identified, NDP52 (Thurston et al., 2009) and Optineurin (Wild et al., 2011), both of
which recognize ubiquitin-coated bacteria. NDP52 is recruited by ubiquitin-coated S.
Typhimurium and binds both ubiquitin via a zinc-finger domain (residues 420-446) and
LC3. Although NDP52 interacts with LC3, it has not been clarified whether NDP52 has an
AIM. NDP52 also coordinates a signaling complex including Tank-binding kinase (TBK1),
Sintbad and Napl. In vitro binding studies revealed that a SKICH domain (residues 1-127)
in NDP52 is required for direct Napl binding. Thereby, NDP52 recruits TBK1 to
ubiquitin-coated S. Typhimurium. The ability of NDP52 to serve as an adaptor for TBK1
also seems to be critical in the cell-autonomous response, but it remains to be determined
what role TBK1 plays in association with NDP52. OPTN is another autophagy receptor
protein that binds and co-localizes with LC3 via an AIM (178-FVEI-181) and ubiquitin via
its ubiquitin binding in ABIN and NEMO (UBAN) domains. The N-terminal region of
OPTN (residues 1-127) also interacts with TBK1 (Morton et al., 2008). When TBK1 is
recruited into S. Typhimurium via OPTN, it becomes activated and phosphorylates OPTN
at Ser-177, one residue N-terminal to the OPTN AIM. The phosphorylation of Ser-177
increases the affinity between OPTN and LC3, which is consistent with the previous
review showing that acidic residues are preferred at the N-terminal side of the AIM for
higher affinity with Atg8 homologs (Noda et al., 2010). Although p62, NDP52 and OPTN
target the same bacteria, NDP52 and OPTN localize to microdomains on the surface of
ubiquitinated bacteria where p62 does not co-localize (Cemma et al., 2011; Wild et al.,
2011). Because these autophagy receptors have their respective ubiquitin-binding
domains, the distinct specificities for different ubiquitin chains may result in partitioning
of the receptors to different subdomains on the bacterium. However, it is still unknown
which type of ubiquitin chains are conjugated to the bacterial surface components.
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7. Concluding remarks

Autophagy receptor proteins have two main functions: recognizing autophagic cargoes, and
interacting with Atg8 homologs. Because of these functions, autophagy receptor proteins
can tether autophagic cargoes to the isolation membrane (e.g., Atgl9; Figure 2) so that the
cargoes are selectively and efficiently engulfed by an autophagosome and transported into
the vacuole/lysosome. Although the mechanism of direct interaction with Atg8 homologs

® prApef @ Ams1 O Atg19 @ Atg8

Ape1fcomplex

Ape1 propeptide

Isolation membrane

Fig. 2. Atg19 tethers autophagic cargoes to the isolation membrane. Atgl9 interacts with
prApel and Amsl via the coiled coil domain and ABD, respectively. Atgl9 also interacts
with Atg8, which is conjugated to phosphatidylethanolamine (PE) and associates with the

isolation membrane, via the AIM. Therefore, autophagic cargoes are tethered to the
isolation membrane.

via the AIM is common among most autophagy receptor proteins, the recognition
mechanisms of autophagic cargoes by autophagy receptor proteins are too divergent to be
elucidated. We reported that Atgl9 and Atg34 ABDs, similarly to the camelid antibody and
monobody, recognize Amsl, an autophagic cargo, using the loops clustered at one side of
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their immunoglobulin fold. Recent proteomics analysis has identified proteins that are
selectively degraded by autophagy (Onodera and Ohsumi, 2004). Although the recognition
mechanism of these target proteins by autophagy has not been established, autophagy-
specific receptor proteins possessing an ABD-like fold might be responsible. Identification
and structural analysis of other autophagy receptor proteins are required for further
clarification of the molecular mechanism of specific cargo recognition during autophagy.

8. Acknowledgment

This work was supported by Grants-in-Aids for Young Scientists (A) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan and for JSPS Fellows from
Japan Society for the Promotion of Science.

9. References

Aoki, Y., Kanki, T., Hirota, Y., Kurihara, Y., Saigusa, T., Uchiumi, T. & Kang, D. (2011).
Phosphorylation of Serine 114 on Atg32 mediates mitophagy. Mol Biol Cell, Vol.22,
No.17, Sep, pp. 3206-3217, 1059-1524

Baba, M., Osumi, M., Scott, S.V., Klionsky, D.J. & Ohsumi, Y. (1997). Two distinct pathways
for targeting proteins from the cytoplasm to the vacuole/lysosome. | Cell Biol,
Vol.139, No.7, Dec 29, pp. 1687-1695, 0021-9525

Baba, M., Takeshige, K., Baba, N. & Ohsumi, Y. (1994). Ultrastructural analysis of the
autophagic process in yeast: detection of autophagosomes and their
characterization. | Cell Biol, Vol.124, No.6, Mar, pp. 903-913, 0021-9525

Birmingham, C.L., Smith, A.C., Bakowski, M.A., Yoshimori, T. & Brumell, J.H. (2006).
Autophagy controls Salmonella infection in response to damage to the Salmonella-
containing vacuole. | Biol Chem, Vol.281, No.16, Apr 21, pp. 11374-11383, 0021-9258

Bjorkoy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Overvatn, A., Stenmark, H. &
Johansen, T. (2005). p62/SQSTM1 forms protein aggregates degraded by
autophagy and has a protective effect on huntingtin-induced cell death. | Cell Biol,
Vol.171, No.4, Nov 21, pp. 603-614, 0021-9525

Cemma, M., Kim, P.K. & Brumell, J.H. (2011). The ubiquitin-binding adaptor proteins
p62/SQSTM1 and NDP52 are recruited independently to bacteria-associated
microdomains to target Salmonella to the autophagy pathway. Autophagy, Vol.7,
No.3, Mar, pp. 341-345, 1554-8627

Dupont, N., Lacas-Gervais, S., Bertout, J., Paz, 1., Freche, B., Van Nhieu, G.T., van der Goot,
F.G., Sansonetti, P.J. & Lafont, F. (2009). Shigella phagocytic vacuolar membrane
remnants participate in the cellular response to pathogen invasion and are
regulated by autophagy. Cell Host Microbe, Vol.6, No.2, Aug 20, pp. 137-149, 1931-
3128

Farre, ]J.C., Manjithaya, R.,, Mathewson, R.D. & Subramani, S. (2008). PpAtg30 tags
peroxisomes for turnover by selective autophagy. Dev Cell, Vol.14, No.3, Mar, pp.
365-376, 1534-5807

Goldman, SJ., Taylor, R, Zhang, Y. & Jin, S. (2010). Autophagy and the degradation of
mitochondria. Mitochondrion, Vol.10, No.4, Jun, pp. 309-315, 1567-7249

Gutierrez, M.G., Master, S.S., Singh, S.B., Taylor, G.A., Colombo, M.I. & Deretic, V. (2004).
Autophagy is a defense mechanism inhibiting BCG and Mycobacterium

www.intechopen.com



392 Biochemistry

tuberculosis survival in infected macrophages. Cell, Vol.119, No.6, Dec 17, pp. 753-
766, 0092-8674

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima, R.,
Yokoyama, M., Mishima, K., Saito, I., Okano, H., et al. (2006). Suppression of basal
autophagy in neural cells causes neurodegenerative disease in mice. Nature,
Vol.441, No.7095, Jun 15, pp. 885-889, 0028-0836

Hird, S.N., Paulsen, J.E. & Strome, S. (1996). Segregation of germ granules in living
Caenorhabditis elegans embryos: cell-type-specific mechanisms for cytoplasmic
localisation. Development, Vol.122, No.4, Apr, pp. 1303-1312, 0950-1991

Holm, L. & Park, J. (2000). DalilLite workbench for protein structure comparison.
Bioinformatics, Vol.16, No.6, Jun, pp. 566-567, 1367-4803

Hutchins, M.U. & Klionsky, D.J. (2001). Vacuolar localization of oligomeric alpha-
mannosidase requires the cytoplasm to vacuole targeting and autophagy pathway
components in Saccharomyces cerevisiae. | Biol Chem, Vol.276, No.23, Jun 8, pp.
20491-20498, 0021-9258

Ichimura, Y., Kirisako, T., Takao, T., Satomi, Y., Shimonishi, Y., Ishihara, N., Mizushima, N.,
Tanida, I., Kominami, E., Ohsumi, M., et al. (2000). A ubiquitin-like system mediates
protein lipidation. Nature, Vol.408, No0.6811, Nov 23, pp. 488-492, 0028-0836

Ichimura, Y., Kumanomidou, T., Sou, Y.S., Mizushima, T., Ezaki, J., Ueno, T., Kominami, E.,
Yamane, T., Tanaka, K. & Komatsu, M. (2008). Structural basis for sorting
mechanism of p62 in selective autophagy. | Biol Chem, Vol.283, No.33, Jun 4, pp.
22847-22857, 0021-9258

Isogai, S., Morimoto, D., Arita, K., Unzai, S., Tenno, T., Hasegawa, J., Sou, Y.S., Komatsu, M.,
Tanaka, K., Shirakawa, M., et al. (2011). Crystal Structure of the Ubiquitin-
associated (UBA) Domain of p62 and Its Interaction with Ubiquitin. | Biol Chem,
Vol.286, No.36, Sep 9, pp. 31864-31874, 0021-9258

Kageyama, T., Suzuki, K. & Ohsumi, Y. (2009). Lap3 is a selective target of autophagy in
yeast, Saccharomyces cerevisiae. Biochem Biophys Res Commun, Vol.378, No.3, Jan
16, pp. 551-557, 1090-2104

Kanki, T., Wang, K., Cao, Y., Baba, M. & Klionsky, D.J. (2009). Atg32 is a mitochondrial
protein that confers selectivity during mitophagy. Dev Cell, Vol.17, No.1, Jul, pp. 98-
109, 1534-5807

Kim, P.K., Hailey, D.W., Mullen, R.T. & Lippincott-Schwartz, J. (2008). Ubiquitin signals
autophagic degradation of cytosolic proteins and peroxisomes. Proc Natl Acad Sci U
S A, Vol.105, No.52, Dec 30, pp. 20567-20574, 0027-8424

Kirkin, V., Lamark, T., Sou, Y.S., Bjorkoy, G., Nunn, J.L., Bruun, J.A., Shvets, E., McEwan,
D.G., Clausen, T.H., Wild, P., et al. (2009). A role for NBR1 in autophagosomal
degradation of ubiquitinated substrates. Mol Cell, Vol.33, No.4, Feb 27, pp. 505-516,
1097-4164

Klionsky, D.J., Cueva, R. & Yaver, D.S. (1992). Aminopeptidase I of Saccharomyces
cerevisiae is localized to the vacuole independent of the secretory pathway. J Cell
Biol, Vol.119, No.2, Oct, pp. 287-299, 0021-9525

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, ]J., Tanida, 1., Ueno, T., Koike, M.,
Uchiyama, Y., Kominami, E., et al. (2006). Loss of autophagy in the central nervous
system causes neurodegeneration in mice. Nature, Vol.441, No.7095, Jun 15, pp. 880-
884, 0028-0836

www.intechopen.com



Mechanism of Cargo Recognition During Selective Autophagy 393

Komatsu, M., Waguri, S., Koike, M., Sou, Y.S., Ueno, T., Hara, T., Mizushima, N., Iwata, J.,
Ezaki, J., Murata, S., et al. (2007). Homeostatic levels of p62 control cytoplasmic
inclusion body formation in autophagy-deficient mice. Cell, Vol.131, No.6, Dec 14,
pp- 1149-1163, 0092-8674

Komatsu, M., Waguri, S., Ueno, T., Iwata, J., Murata, S., Tanida, I., Ezaki, J., Mizushima, N.,
Ohsumi, Y., Uchiyama, Y., et al. (2005). Impairment of starvation-induced and
constitutive autophagy in Atg7-deficient mice. | Cell Biol, Vol.169, No.3, May 9, pp.
425-434, 0021-9525

Korolchuk, V.I., Mansilla, A., Menzies, FM. & Rubinsztein, D.C. (2009). Autophagy
inhibition compromises degradation of ubiquitin-proteasome pathway substrates.
Mol Cell, Vol.33, No.4, Feb 27, pp. 517-527, 1097-2765

Kuusisto, E., Salminen, A. & Alafuzoff, I. (2001). Ubiquitin-binding protein p62 is present in
neuronal and glial inclusions in human tauopathies and synucleinopathies.
Neuroreport, Vol.12, No.10, Jul 20, pp. 2085-2090, 0959-4965

Kuusisto, E., Salminen, A. & Alafuzoff, I. (2002). Early accumulation of p62 in neurofibrillary
tangles in Alzheimer's disease: possible role in tangle formation. Neuropathol Appl
Neurobiol, Vol.28, No.3, Jun, pp. 228-237, 0305-1846

Leber, R., Silles, E., Sandoval, I.V. & Mazon, M.]. (2001). Yol082p, a novel CVT protein
involved in the selective targeting of aminopeptidase I to the yeast vacuole. | Biol
Chem, Vol.276, No.31, Aug 3, pp. 29210-29217, 0021-9258

Lynch-Day, M.A. & Klionsky, D.J. (2010). The Cvt pathway as a model for selective
autophagy. FEBS Lett, Vol.584, No.7, Apr 2, pp. 1359-1366, 0014-5793

Manyjithaya, R., Nazarko, T.Y., Farre, ].C. & Subramani, S. (2010). Molecular mechanism and
physiological role of pexophagy. FEBS Lett, Vol.584, No.7, Apr 2, pp. 1367-1373,
0014-5793

Martinez, E., Jimenez, M.A., Segui-Real, B., Vandekerckhove, J. & Sandoval, I.V. (1997).
Folding of the presequence of yeast pAPI into an amphipathic helix determines
transport of the protein from the cytosol to the vacuole. ] Mol Biol, Vol.267, No.5,
Apr 18, pp. 1124-1138, 0022-2836

Mijaljica, D., Prescott, M. & Devenish, R.J. (2011). Microautophagy in mammalian cells:
revisiting a 40-year-old conundrum. Autophagy, Vol.7, No.7, Jul, pp. 673-682, 1554-
8627

Mizushima, N. (2007). Autophagy: process and function. Genes Dev, Vol.21, No.22, Nov 15,
pp. 2861-2873, 0890-9369

Mizushima, N., Yoshimori, T. & Ohsumi, Y. (2010). The Role of Atg Proteins in
Autophagosome Formation. Annu Rev Cell Dev Biol, Oct 29, pp., 1081-0706

Morton, S., Hesson, L., Peggie, M. & Cohen, P. (2008). Enhanced binding of TBK1 by an
optineurin mutant that causes a familial form of primary open angle glaucoma.
FEBS Lett, Vol.582, No.6, Mar 19, pp. 997-1002, 0014-5793

Muyldermans, S. (2001). Single domain camel antibodies: current status. | Biotechnol, Vol.74,
No.4, Jun, pp. 277-302, 0168-1656

Nagaoka, U., Kim, K,, Jana, N.R., Doi, H., Maruyama, M., Mitsui, K., Oyama, F. & Nukina,
N. (2004). Increased expression of p62 in expanded polyglutamine-expressing cells
and its association with polyglutamine inclusions. | Neurochem, Vol.91, No.1, Oct,
pp. 57-68, 0022-3042

www.intechopen.com



394 Biochemistry

Nakagawa, I, Amano, A., Mizushima, N., Yamamoto, A., Yamaguchi, H., Kamimoto, T.,
Nara, A., Funao, J., Nakata, M., Tsuda, K., et al. (2004). Autophagy defends cells
against invading group A Streptococcus. Science, Vol.306, No.5698, Nov 5, pp. 1037-
1040, 0036-8075

Nakatogawa, H., Suzuki, K., Kamada, Y. & Ohsumi, Y. (2009). Dynamics and diversity in
autophagy mechanisms: lessons from yeast. Nat Rev Mol Cell Biol, Vol.10, No.7, Jul,
pp. 458-467, 1471-0072

Noda, N.N., Kumeta, H., Nakatogawa, H., Satoo, K., Adachi, W., Ishii, J., Fujioka, Y., Ohsumi,
Y. & Inagaki, F. (2008). Structural basis of target recognition by Atg8/LC3 during
selective autophagy. Genes Cells, Vol.13, No.12, Dec, pp. 1211-1218, 1356-9597

Noda, N.N., Ohsumi, Y. & Inagaki, F. (2010). Atg8-family interacting motif crucial for
selective autophagy. FEBS Lett, Vol.584, No.7, Apr 2, pp. 1379-1385, 0014-5793

Noda, T. & Yoshimori, T. (2009). Molecular basis of canonical and bactericidal autophagy.
Int Immunol, Vol.21, No.11, Nov, pp. 1199-1204, 0953-8178

Novak, I., Kirkin, V., McEwan, D.G., Zhang, J., Wild, P., Rozenknop, A., Rogov, V., Lohr, F,,
Popovic, D., Occhipinti, A., et al. (2010). Nix is a selective autophagy receptor for
mitochondrial clearance. EMBO Rep, Vol.ll, No.l, Jan, pp. 45-51, 1469-3178
(Electronic)

Oda, M.N., Scott, S.V., Hefner-Gravink, A., Caffarelli A.D. & Klionsky, D.J. (1996).
Identification of a cytoplasm to vacuole targeting determinant in aminopeptidase 1.
J Cell Biol, Vol.132, No.6, Mar, pp. 999-1010, 0021-9525

Okamoto, K., Kondo-Okamoto, N. & Ohsumi, Y. (2009). Mitochondria-anchored receptor
Atg32 mediates degradation of mitochondria via selective autophagy. Dev Cell,
Vol.17, No.1, Jul, pp. 87-97, 1534-5807

Olzmann, J.A., Li, L., Chudaev, M.V, Chen, J., Perez, F.A., Palmiter, R.D. & Chin, L.S. (2007).
Parkin-mediated K63-linked polyubiquitination targets misfolded DJ-1 to
aggresomes via binding to HDACS. | Cell Biol, Vol.178, No.6, Sep 10, pp. 1025-1038,
0021-9525

Onodera, J. & Ohsumi, Y. (2004). Ald6p is a preferred target for autophagy in yeast,
Saccharomyces cerevisiae. | Biol Chem, Vol.279, No.16, Apr 16, pp. 16071-16076,
0021-9258

Orenstein, S.J. & Cuervo, AM. (2010). Chaperone-mediated autophagy: molecular
mechanisms and physiological relevance. Semin Cell Dev Biol, Vol.21, No.7, Sep, pp.
719-726, 1084-9521

Pankiv, S., Clausen, T.H., Lamark, T., Brech, A., Bruun, ]J.A., Outzen, H., Overvatn, A.,
Bjorkoy, G. & Johansen, T. (2007). p62/SQSTM1 binds directly to Atg8/LC3 to
facilitate degradation of ubiquitinated protein aggregates by autophagy. | Biol
Chem, Vol.282, No.33, Aug 17, pp. 24131-24145, 0021-9258

Perrin, AJ., Jiang, X., Birmingham, C.L., So, N.S. & Brumell, J.H. (2004). Recognition of
bacteria in the cytosol of Mammalian cells by the ubiquitin system. Curr Biol,
Vol.14, No.9, May 4, pp. 806-811, 0960-9822

Ponting, C.P., Ito, T., Moscat, J., Diaz-Meco, M.T., Inagaki, F. & Sumimoto, H. (2002). OPR,
PC and AID: all in the PB1 family. Trends Biochem Sci, Vol.27, No.1, Jan, pp. 10,
0968-0004

www.intechopen.com



Mechanism of Cargo Recognition During Selective Autophagy 395

Rozenknop, A., Rogov, V.V., Rogova, N.Y., Lohr, F., Guntert, P., Dikic, I. & Dotsch, V.
(2011). Characterization of the interaction of GABARAPL-1 with the LIR motif of
NBR1. | Mol Biol, Vol.410, No.3, Jul 15, pp. 477-487, 0022-2836

Scott, S.V., Guan, J., Hutchins, M.U., Kim, J. & Klionsky, D.J. (2001). Cvt19 is a receptor for
the cytoplasm-to-vacuole targeting pathway. Mol Cell, Vol.7, No.6, Jun, pp. 1131-
1141, 1097-2765

Shintani, T., Huang, W.P., Stromhaug, P.E. & Klionsky, D.J. (2002). Mechanism of cargo
selection in the cytoplasm to vacuole targeting pathway. Dev Cell, Vol.3, No.6, Dec,
pp. 825-837, 1534-5807

Strome, S. & Lehmann, R. (2007). Germ versus soma decisions: lessons from flies and
worms. Science, Vol.316, N0.5823, Apr 20, pp. 392-393, 1095-9203 (Electronic) 0036-
8075 (Linking)

Suzuki, K., Kamada, Y. & Ohsumi, Y. (2002). Studies of cargo delivery to the vacuole
mediated by autophagosomes in Saccharomyces cerevisiae. Dev Cell, Vol.3, No.6,
Dec, pp. 815-824, 1534-5807

Suzuki, K., Kondo, C., Morimoto, M. & Ohsumi, Y. (2010). Selective transport of alpha-
mannosidase by autophagic pathways: identification of a novel receptor, Atg34p. |
Biol Chem, Vo0l.285, No0.39, Sep 24, pp. 30019-30025, 0021-9258

Suzuki, K., Morimoto, M., Kondo, C. & Ohsumi, Y. (2011). Selective Autophagy Regulates
Insertional Mutagenesis by the Tyl Retrotransposon in Saccharomyces cerevisiae.
Dev Cell, Vol.21, No.2, Aug 16, pp. 358-365, 1534-5807

Suzuki, K. & Ohsumi, Y. (2010). Current knowledge of the pre-autophagosomal structure
(PAS). FEBS Lett, Vol.584, No.7, Apr 2, pp. 1280-1286, 0014-5793

Tan, .M., Wong, ES., Kirkpatrick, D.S., Pletnikova, O., Ko, H.S., Tay, S.P., Ho, M\W.,,
Troncoso, J., Gygi, S.P., Lee, M.K,, et al. (2008). Lysine 63-linked ubiquitination
promotes the formation and autophagic clearance of protein inclusions associated
with neurodegenerative diseases. Hum Mol Genet, Vol.17, No.3, Feb 1, pp. 431-439,
0964-6906

Thurston, T.L., Ryzhakov, G., Bloor, S., von Muhlinen, N. & Randow, F. (2009). The TBK1
adaptor and autophagy receptor NDP52 restricts the proliferation of ubiquitin-
coated bacteria. Nat Immunol, Vol.10, No.11, Nov, pp. 1215-1221, 1529-2908

Uttenweiler, A. & Mayer, A. (2008). Microautophagy in the yeast Saccharomyces cerevisiae.
Methods Mol Biol, Vol.445, pp. 245-259, 1064-3745

Vadlamudi, RK., Joung, I., Strominger, J.L. & Shin, J. (1996). p62, a phosphotyrosine-
independent ligand of the SH2 domain of p56lck, belongs to a new class of
ubiquitin-binding proteins. | Biol Chem, Vol.271, No.34, Aug 23, pp. 20235-20237,
0021-9258

Watanabe, Y., Noda, N.N., Honbou, K., Suzuki, K., Sakai, Y., Ohsumi, Y. & Inagaki, F.
(2009). Crystallization of Saccharomyces cerevisiae alpha-mannosidase, a cargo
protein of the Cvt pathway. Acta crystallographica Section F, Structural biology and
crystallization communications, Vol.65, No.Pt 6, Jun 1, pp. 571-573, 1744-3091

Watanabe, Y., Noda, N.N., Kumeta, H., Suzuki, K., Ohsumi, Y. & Inagaki, F. (2010). Selective
transport of alpha-mannosidase by autophagic pathways: structural basis for cargo
recognition by Atgl9 and Atg34. | Biol Chem, Vol.285, No.39, Sep 24, pp. 30026-
30033, 0021-9258

www.intechopen.com



396 Biochemistry

Wild, P., Farhan, H., McEwan, D.G., Wagner, S., Rogov, V.V., Brady, N.R,, Richter, B., Korac,
J., Waidmann, O., Choudhary, C., et al. (2011). Phosphorylation of the autophagy
receptor optineurin restricts Salmonella growth. Science, Vol.333, No.6039, Jul 8, pp.
228-233, 0036-8075

Wooten, M.W., Geetha, T., Babu, J.R., Seibenhener, M.L., Peng, J., Cox, N., Diaz-Meco, M.T.
& Moscat, J. (2008). Essential role of sequestosome 1/p62 in regulating
accumulation of Lys63-ubiquitinated proteins. | Biol Chem, Vol.283, No.11, Mar 14,
pp. 6783-6789, 0021-9258

Yano, T., Mita, S., Ohmori, H., Oshima, Y., Fujimoto, Y., Ueda, R., Takada, H., Goldman,
W.E., Fukase, K., Silverman, N., et al. (2008). Autophagic control of listeria through
intracellular innate immune recognition in drosophila. Nat Immunol, Vol.9, No.8,
Aug, pp. 908-916, 1529-2908

Yoshikawa, Y., Ogawa, M., Hain, T., Yoshida, M., Fukumatsu, M., Kim, M., Mimuro, H.,
Nakagawa, 1., Yanagawa, T., Ishii, T., et al. (2009). Listeria monocytogenes ActA-
mediated escape from autophagic recognition. Nat Cell Biol, Vol.11, No.10, Oct, pp.
1233-1240, 1465-7392

Yuga, M., Gomi, K., Klionsky, D.J. & Shintani, T. (2011). Aspartyl aminopeptidase is
imported from the cytoplasm to the vacuole by selective autophagy in
Saccharomyces cerevisiae. | Biol Chem, Vol.286, No.15, Apr 15, pp. 13704-13713,
0021-9258

Zatloukal, K., Stumptner, C., Fuchsbichler, A., Heid, H., Schnoelzer, M., Kenner, L., Kleinert,
R., Prinz, M., Aguzzi, A. & Denk, H. (2002). p62 Is a common component of
cytoplasmic inclusions in protein aggregation diseases. Am | Pathol, Vol.160, No.1,
Jan, pp. 255-263, 0002-9440

Zhang, Y., Yan, L., Zhou, Z., Yang, P., Tian, E., Zhang, K., Zhao, Y., Li, Z., Song, B., Han, ]., et
al. (2009). SEPA-1 mediates the specific recognition and degradation of P granule
components by autophagy in C. elegans. Cell, Vol.136, No.2, Jan 23, pp. 308-321,
0092-8674

Zheng, Y.T., Shahnazari, S., Brech, A., Lamark, T., Johansen, T. & Brumell, J.H. (2009). The
adaptor protein p62/SQSTM1 targets invading bacteria to the autophagy pathway.
J Immunol, Vol.183, No.9, Nov 1, pp. 5909-5916, 0022-1767

www.intechopen.com



= ‘ ‘ Biochemistry
ﬂlcv"'E_MBTRV Edited by Prof. Deniz Ekinci

B ) i

ISBN 978-953-51-0076-8

Hard cover, 452 pages

Publisher InTech

Published online 02, March, 2012
Published in print edition March, 2012

Over the recent years, biochemistry has become responsible for explaining living processes such that many
scientists in the life sciences from agronomy to medicine are engaged in biochemical research. This book
contains an overview focusing on the research area of proteins, enzymes, cellular mechanisms and chemical
compounds used in relevant approaches. The book deals with basic issues and some of the recent
developments in biochemistry. Particular emphasis is devoted to both theoretical and experimental aspect of
modern biochemistry. The primary target audience for the book includes students, researchers, biologists,
chemists, chemical engineers and professionals who are interested in biochemistry, molecular biology and
associated areas. The book is written by international scientists with expertise in protein biochemistry,
enzymology, molecular biology and genetics many of which are active in biochemical and biomedical research.
We hope that the book will enhance the knowledge of scientists in the complexities of some biochemical
approaches; it will stimulate both professionals and students to dedicate part of their future research in
understanding relevant mechanisms and applications of biochemistry.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Yasunori Watanabe and Nobuo N. Noda (2012). Mechanism of Cargo Recognition During Selective
Autophagy, Biochemistry, Prof. Deniz Ekinci (Ed.), ISBN: 978-953-51-0076-8, InTech, Available from:
http://www.intechopen.com/books/biochemistry/mechanism-of-cargo-recognition-during-selective-autophagy

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




