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This division aims to understand the autophagy in re-
spects to its molecular mechanism and its physiological
role in multicellular organisms. Cells execute degrada-
tion processes of their constituents together with bio-
synthetic processes. These two processes are well coor-
dinated to regulate the biological activities. In other
word, we must shed light on degradation process to
fully understand the cell, because the study on the de-
gradation has been retarded compared to the biosyn-
thetic process. Autophagy is well conserved in eukary-
otes and is a major route for bulk degradation of cyto-
plasmic constituents and organelles.

I. Background

Upon nutrient starvation, autophagic process starts as
building up a membrane structure, an autophagosome,
in the cytoplasm. The autophagosome sequesters cyto-
sol and organelles nonselectively. Then it is delivered to
the vacuole/lysosome, and the cytoplasmic materials
inside are degraded by vacuolar/ lysosomal proteases.
We had discovered autophagy in a simple eukaryotic
model organism, Saccharomyces cerevisiae and mor-
phologically defined the whole process. We have al-
ready isolated a set of autophagy-deficient mutants
(apg), and have cloned most of APG genes essential for
autophagy.  We are now characterizing these gene
products.

II. Apg10 is a unique protein conjugating enzyme

Last year, we reported on novel protein conjugation
system required for autophagy. Apg12, one of Apg
proteins, is terminated with glycine at its C-terminus.
The C-terminal glycine is bound to a lysine residue of

Apg5, another Apg protein, via an isopeptide bond.
This conjugation reaction is distinct from but quite
similar to ubiquitination and the other related reaction
such as SUMO-1 and Rub1 system. All of these ubiq-
uitination-like (Ubl) reactions are catalyzed by a series
of enzyme system.

First, C-terminal glycine of Ubl protein is activated
by binding to active center of E1-like enzyme via a
thioester bond. E1-like enzymes are ATPase which
share sequence similarity each other, and the ATPase
activity is prerequisite for the reaction. Collaborating
with Dr. Kominami’s laboratory(Juntendo Med. Univ.),
we have reported that Apg7 is an E1-like enzyme in-
volved in Apg12 conjugation reaction.

Next, C-terminal glycine of Ubl protein is conjugated
to the active center of E2-like enzyme via thioester
bond.  We characterized Apg10, which is required for
conjugation reaction of Apg12. Apg10 binds to Apg12
depending on Apg7 function. We identified active cen-
ter, Cys residue, of Apg10.  C-terminal Gly of Apg12
bind to this Cys via a thioester bond. The active Apg10
is required for Apg12-Apg5 conjugation, and necessary
for autophagy. Most notably, all previously known E2-
like enzymes show sequence similarity each other,
however Apg10 does not show the similarity to any
known E2 enzymes. Apg10 is a quite unique E2-like
enzyme. These findings prompted us the idea that Ubl
conjugation system is more prevailing than ever expect-
ed from sequence similarity.

Figure 1 Molecular apparatuses for autophagy in yeast. Upper
Panel: The diagram of Apg12 system. The numerals in the boxes
denotes the corresponding Apg proteins. The number of each
subunits in the final complex is still not determined. Arrow
related to Apg16 does not necessarily represent the order of the
events, rather do show the concept of the organization. Lower
Panel: Immunofluorescence (Left) and Nomarsky Images
(Right) of Apg8 localization. The vacuolar protease deficient
mutants were starved and the tagged Apg8 is observed as the
FITC signal (the arrow in left panel). Autophagic body is indi-
cated by the arrow in the right panel
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III. Apg16 crosslinks multiple Apg12-Apg5 con-
jugates

Despite these findings of novel Ubl system, the
mechanism how the system is involved in autophagic
mechanism is still to be determined. However, an acces-
sory part related to this system, which will aid us under-
standing the point, was discovered.

In a two-hybrid screen with Apg12 as a bait, we
identified a novel protein, Apg16, which is required for
autophagy.  Thereafter, we noticed that the Apg16 is
not bound to Apg12 but Apg12-Apg5 conjugate.
Moreover, Apg16 is bound to Apg5 alone, but more
preferentially to Apg12-Apg5 conjugate. The binding
occurs at the N-terminal region of Apg16. On the other
hand, Apg16 have a coiled coil domain at its C-
terminus, which generally functions for protein interac-
tion. Actually Apg16 forms an homooligomer via the
coiled coil domain. In accordance with this scheme, two
or more independent Apg12-Apg5 conjugates were
shown to be cross-linked via Apg16. Hence, this hetero-
oligomeric large protein complex may play a role in
autophagic process.

IV. Apg8 as a tracer of membrane flow in auto-
phagosome formation

Autophagosome is a double membrane structure. The
outer membrane fuses with the vacuolar membrane, and
the inner membrane structure is released into the
vacuolar lumen. The released membrane structure,
autophagic body, is disintegrated depending on the
vacuolar protease activity, and the cytosolic materials
inside are degraded. Therefore, when vacuolar protease
activity is blocked, autophagic bodies are accumulated
inside the vacuole.

Apg8, one of Apg proteins, is transcriptionally up-
regulated upon starvation via Tor-kinase dependent
signaling pathway, which controls induction of auto-
phagy. Indirect immunofluorescence study showed that
during a nutrient-rich growing phase, Apg8 is mostly
dispersed throughout the cytoplasm as tiny dot struc-
tures. Upon starvation, Apg8-positive structure appears
adjacent to the vacuole, which represents autophago-
some or its  intermediate. When vacuolar protease
activity is blocked, Apg8 was observed to be accumu-
lated inside autophagic bodies. According to immuno
EM analysis in collaboration with Dr. M. Baba (Japan
Women’s Univ.), Apg8 is mostly enriched on the mem-
brane of forming intermediate of autophagosome. Upon
completion of the formation, Apg8 is detached from the
membrane and some are released to the cytosol and the
others are entrapped within the autophagosome. Thus,
Apg8 could be a useful tracer for membrane flow in
autophagosome formation. More detailed EM observa-
tion clarified that Apg8-positive electron lucent small
structures are gathering around forming autophagosome.
We postulate that these structures are one of the precur-
sors of autophagosomal membrane. If this is the case,
formation process of autophagosome is accompanied
with multiple fusion of small precursor structures to the

intermediate structure. This contradicts to the generally
accepted scheme that autophagosome is formed by
engulfing of the preexisting large membrane structure,
such as ER. This hypothesis will be tested in our ongo-
ing project.

V. SKD1 regulates morphology of endosomes and
membrane traffic through them in mammalian
cells

We also engage in the study of mammalian to pursue
cell biological and physiological issues of autophagy. In
the course of the study, we encountered an interesting
molecule, which regulates membrane dynamics in en-
dosomal system.

The mouse SKD1 is an AAA-type ATPase homolo-
gous to the yeast Vps4p/ Csc1p implicated in both
autophagy and transport from endosomes to the vacuole.
To elucidate a possible role of SKD1 in mammalian
endocytosis, we generated a mutant SKD1, harbouring a
mutation (E235Q) that is equivalent to the dominant
negative mutation (E233Q) in Vps4p/Csc1p. Overex-
pression of the mutant SKD1 in cultured mammalian
cells caused defect in uptake of transferrin and low-
density lipoprotein. This was due to loss of their recep-
tors from the cell surface. The decrease of the surface
transferrin receptor (TfR) was correlated with expres-
sion levels of the mutant protein. The mutant protein
displayed a perinuclear punctate distribution in contrast
to a diffuse pattern of the wild type SKD1. TfR, the
lysosomal protein lamp-1, endocytosed dextran and
epidermal growth factor (EGF), but not markers for the
secretory pathway were accumulated in the mutant

Figure 2. TfR and the endocytosed dextran are accumulated in the
compartments where the mutant SKD1 is localized. HeLa cells
transfected with the mutant SKD1 fused with GFP were incubated
in the presence of 1 mg/ml TRITC-dextran at 37 °C for 8 hours.
The cells were then fixed, permeabilized, and subjected to immu-
nofluorescence confocal microscopy for TfR. GFP-mutant SKD1
labeling (a), TfR staining (b), TRITC-dextran labeling (c), and a
merged image (d) of a same field are shown. Arrows heads and
arrows indicate the untransfected cells and the mutant SKD1-
positive compartments in the transfected cells, respectively. Bar,
20 µm.
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SKD1-localized compartments. Degradation of EGF
was inhibited. Electron microscopy revealed that the
compartments were exaggerated multivesicular vacu-
oles with numerous tubulo-vesicular extensions con-
taining TfR and an endocytosed horseradish peroxidase.
The early endosome antigen EEA1 was also redistribut-
ed to these aberrant membranes. Taken together, our
findings suggest that SKD1 regulates morphology of
endosomes and membrane traffic through them.
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