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The yeast vacuole : just a cellular garbage dump?

Why is the vacuole so large?  
in plants, the vacuole occupies more than 90% of cell
volume

many physiological functions
storage compartment: sugar, acids, ions, protein
defense: secondary metabolites, pigments, alkaloids

inhibitors
gravitropism etc
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In 1988   lab at the College of Arts and Sciences, 
The University of 

Tokyo 

Lytic function of the yeast vacuole
Acidic compartment
Various hydrolytic enzymes

proteinase, peptidase, nucleotidase
mannosidase, phosphatase etc.

homologous to the lysosome in mammals?
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A question 
a biology class for first-year undergraduate 
students at of The University of Tokyo 

How many red blood cells are made per 
second in an average human body?                                                                                            



Red blood cell :
3 x 10６ cells/sec

Hemoglobin :
1 x 1015 molecules/sec



生々流転
諸行無常

All things are in a state 
of relentless and 
ephemeral flux

Four seasons in Japan



Rice



Body Weight  60 kg

Synthesis
240g/day

Food Protein

Intake
70g/day

Degradation
240g/day

70g/day
Excretion

Urea, CO2

Reutilization
170g/day

Protein
9.0 kg

Amino 
Acid 
Pool

Protein Dynamics in  Body



Life is in an equilibrium state  between synthesis 
and degradation of proteins.

replacement of most proteins every 3 months
“difference between organisms and machine”

Recycling is essential for life
important ability for survival against starvation
critical selection factor in evolution



Rudolf Schoenheimer
(1898-1941)

Biochemist

J. Biol. Chem., 1939

“Protein Turnover”

using isotope as a tracer



Christian de Duve

1955
Discovery of the Lysosome

EM analysis by Rockefeller 
group 

1962

Rockefeller University
Nobel Prize (1974)

Auto (Self) - Phagy (Eating)
“Autophagy”



Non-selective proteolysis
Physiological Regulation
by amino acids, hormone

Glenn E. Mortimore

Liver perfusion

Per O Seglen (1943  
- )

Cell Biologist/Cultured liver cell



Two major intracellular protein degradation systems

Target protein
UbUbUbUbUbUbUb

Degradation26S Proteasome

Proteins
Lytic

Enzymes

Ubiquitin/Proteasome System
Specific target recognition 
Short-lived Proteins

Nobel prize in Chemistry 2004
Aaron Ciechanover

Avram Hershko
Irwin Rose

Lysosome/Vacuolar System
Bulk and Non-selective
Long-lived Proteins



Vacuoles is a lytic compartment?

An acidic compartment containing various 
degradative enzymes,



M.Osumi

-N starvation
Growing cell Spores 

cellular remodeling  

by Masako Osumi



Vacuole:  sole organelle visible under a light microscope
relatively large size, no structure inside
low protein concentration, low viscosity 

Phase Contrast

Yeast cells under a light microscope

Nomarski



Starvation of vacuolar proteinase-deficient mutants 

BJ-926 ： a prb1-1122 pre1-407 pep4-3 leu2 trp1 ura3-52
a prb1-1122 pre1-407 pep4-3 leu2 trp1 ura3-52

Strains constructed by Elizabeth W. Jones

Cells grown in 
nutrient rich medium

(YEPD)

Nitrogen-Starvation
medium (SD(-N))



Morphology of the vacuole of proteinase-deficient mutant 
strains subjected to nitrogen starvation



Time course of accumulation of autophagic bodies

0 min 15 min 1 h 2 h 3 h



Takeshige et al. 1992







Baba et al. 1994







The autophagic process in yeast

By M. Baba



Using genetics to understand autophagy

What is the phenotype of the mutants?
Microscopic screen : no accumulation of autophagic
bodies in the vacuole

cdc mutants : cell cycle
By Lee H. Hartwell, Nobel Prize 2004

sec mutants: secretory pathway 
By Randy W. Schekman,  Nobel Prize 2013 

Isolation of autophagy-defective mutants

Only one mutant, apg1-1 (atg1)
Miki Tsukada
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Isolation of apg (atg) mutants
EMS treated cells

first screen by plate assay for the loss viability
in SD(-N) medium

second screen for lack of autphagic body accumulation 
by light microscopy under starvation

complementation analysis

apg (atg) mutants

38000

2700

99

14
Tsukada and Ohsumi 1993



ATG genes

A set of genes encoding machinery essential for the 
unique membrane dynamics of autophagosome
formation

Why are so many genes are yet to be unidentified?

Most researchers interested in  “essential genes” in extremely 
rich medium, such as YEPD.

atg mutants can grow normally and show little phenotype 
under growing conditions. 



What is encoded by the ATG genes?

Cloning of ATG genes

Sequencing of ATG genes

Identification of Atg proteins 

→ A group of novel uncharacterized 
genes

no hint about protein function



1988-
College of Arts and Sciences, The University of Tokyo

Small lab, but foundation of autophagy research

1996-
National Institute of Basic Bilogy

Tamotsu Yoshimori
Takeshi Noda & Yoshiaki Kamada
Noboru Mizushima, 
then Post Docs, Graduate Students

Cloning of ATG genes, collaboration with Mariko Ohsumi
Autophagy in Yeast, Mammals, and Plant 



Atg12 is covalently attached to Atg5
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1. Atg12 is synthesized as an active form.
2. Atg12 is much larger than Ubiquitin but Ubi-fold is essential for

its function.
3. Atg5 is the only target molecule for Atg12 conjugation.
4. Components of Atg12 system are constitutively synthesized.
5. Atg12-Atg5 conjugate formation is irreversible.
6. Atg12-Atg5 conjugation is not starvation induced.
7. Atg5 interacts with Atg16, and form a large complex of

dimeric Atg12- Atg5･Atg16
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M. Baba
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1.  Atg8 forms a large protein family in eukaryotes.
2.  Nascent Atg8 is processed by cysteine proteinase Atg4 to

C-terminal Gly exposed form.
3.  Atg8 is also activated by Atg7 E1 enzyme.
4. Deconjugation of Atg8-PE by Atg4p is necessary for normal

progression of autophagy.

Atg8 conjugation system
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Atg4
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Phosphatidylethanolamine

Kirisako et al. 2000, Ichimura et al. 2000
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The Atg8 and Atg12 Systems

Atg8p Atg4p

Atg4p
Atg8p-PE

Atg5p

Atg12p Atg12p-Atg5p
conjugate



Growing

Tor1/2

Starvation
(Rapamycin)
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Dephosphorylated Atg13 strongly binds to
Atg17 and Atg1,  and enhance its kinase activity

Kamada et al. 2000Noda and Ohsumi et al. 1998



Complex Ⅰ Complex Ⅱ
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PI3 kinase essential for autophagy
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Kihara et al. 2001



Atg31 Atg29

Vps34 P13kinase complex

Atg12/Atg8 ubiquitin-like conjugation systems

18 Atg proteins required for autophagosome formation

interaction

Atg9, Atg2/Atg18 complexAtg1kinase complex

nutrient stavation

Atg31 Atg29



Plant(Arab.)
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Autophagy in whole organisms:

GFP-LC3 
Transgenic mouse

N. Mizushima



Expanding autophagy research
Various physiological function of autophagy



Two major roles of autophagy

Nutrient Recycling: 
essential for survival under starvation
bulk, non-selective degradation
amino acids for protein synthesis, energy source

Elimination of excessive or harmful materials: 
essential for clearance of cytoplasm   
selective degradation

specific protein, protein aggregates
supramolecular structures : ribosome……
organelles : mitochondria, peroxisomes, 

lysosomes,  ER, nucleus….
Invasive bacteria, Virus particles



Diverse modes of autophagy

Nakatogawa, Ohsumi et al.
Nature Reviews, 2009 

~ 40 Atg proteins



Studies of Atg proteins function during 
autophagosome formation



Localization of Atg proteins to the PAS  

Suzuki et al. 2001
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Suzuki et al. 2007



Atg17-2xGFP (dimer form of Atg17-Atg29-Atg31)

Nutrient rich condition
[ in YPD medium ]

Nitrogen starvation for 2 h
[ in SD(-N) medium ]



Current overview of sequential events at the PAS 



Isolation membrane

Atg8

Plant Atg12b

Atg12-Atg5-Atg16N
complex

Human Atg4B-LC3
complex

Atg6

Atg3

Atg7

Ape1

Atg16
ABD

Atg8-Atg19AIM
complex

Atg19

CCD

Selective cargo
Ams1

Structural Analysis of Atg proteins 

Inagaki F :  Hokkaido Univ
Noda N :    Inst of Microbial Chem



Early events of autophagosome formation

Dynamics of the Atg1 complex



Atg13 as a key regulator



The Atg13MIM region has two roles
in recognition of Atg1tMIT

Atg13MIM
S484

S494, S496

S515, S517Atg1tMIT

MIM(N) region
Essential binding region
(for both the Cvt pathway 
and autophagy)

MIM(C) region
Regulatory region
(regulated by phosphorylation)

“Low affinity ”
for the Cvt pathway

“High affinity ”
for Autophagy

MIM

MIT-MIM

MIT

Nutrient rich Starvation

Atg1 Atg13

P

Atg1 Atg13P P

P P

P P



S428/S429 are phosphorylated in nutrient-rich conditions

Atg13 phosphorylation sites
(Nut. rich > Rap. 1 h)



“Low affinity”
Cvt pathway “High affinity” Autophagy

Nutrient rich Starvation
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MIM, 5S

Formation of Atg1 complex
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Cvt pathway “High affinity” Autophagy

Nutrient rich Starvation
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MIM, 5S

Atg1 complex at the PAS



Atg13 phosphorylation sites
(Nut. rich > Rap.)

PDB: 4HPQ

Atg13-Atg17 interaction may be regulated by phosphorylation



Working Model of early step of autophagy induction



The PAS

Flexible supramolecular-assembly made up multimeric
complexes of Atg proteins and membrane structure

The PAS assembly  is highly regulated  by modification 
and transient interactions of Atg proteins at each 
stage of membrane formation



Fundamental questions to be answered

Autophagic degradation of cytoplasmic components: 
when, What  and How?

Induction conditions, what kind of nutrient limitation?
signal transduction for induction

Identification of targets of autophagy
Various modes of autophagy, distinct molecular machinery

constitutive autophagy
selectivity autophagy
micro- and macro-autophagy

Identification and fates of degradation products
their effects on cellular metabolism



Huang and Kawamata et al. 2015



The explosion of autophagy research 

Autophagy in yeast

Regulation by Tor, Atg12 conjugation system

Atg8 conjugation system, Pl3K complex

Visualize Atgp, Proposal of PAS

Reconstitution system

Structure analysis of Atgps

Hierarchy of Atg protein

Mitophagy specific receptor



Looking back on 27 years of autophagy research

A long and winding path
many accidents and wonderful encounters

Intellectual curiosity driven research

Fortune 
profound subjects, autophagy
excellent colleagues, nice collaborators
indispensable grant support
supportive family
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