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Autophagy - recycling in cells

The Nobel Prize in Physiology or Medicine is d to Yoshinori Ohsumi for his discoveries of mechanisms for autophagy.

Autaphagy, o celf-aatlng’ s 1Bking place inside all calls. Autophany s 3 fundamental process for degrading and recycling callular
tompanents, and is used ta el minate damaged proteins and omganelles, Autophagy can rapidly provide fuel to malntain the cellulsr
energy supply and bullding blocks for renewal of callular companents. Autophagy is esseritial for the cellular responss to stapvation and
ather types of stress, Yoshinart Ohsurni dentified essential genes and elucidated the undsdying mechanisms for sutsphady.

Degradation and recycling

e fusing with the lysosome, the caro af the
autophagasome |5.destreved, and the dedraded
material becomes avallable for renewal of cellular
an be used as fuel for engray

Initiation of autophagy

Stress sianals inftiate altophagy. A small Servatian
uesicle expands to form a double-layered
membrane.
Formation of
autophagosomes Transport to the lysosome st
Cellutar content selacted far gestruction is ophageseme is transported foareayeling L Sioe
enclosed inthemembrane forming a sack-iks ed the lysosome’ Lysosomes
vesicle called ‘autophagosome’ or degradation of blological 3500
000 5
500 E
Cancer, Agirig 2500 ?:‘1l
R 2000 2
Cantrol Stanved 7]
1500 5
=
1600
Call stress Embryodevelopment  Infections
500
(%)
< =TS me = B ;o s = ww m s = -
Autophagy is a central Y ROl e e i B2 5 E & 28 &8 E8E 2 E 8 5 5
: I, Vaguole  Autaphagosgne Vs SallEs <Ol e e R [ S R
function inside cells 7
During the 1960% ressarchers first observed that i = 4 ; -
S e Groundbreaking experiments Autophagy in health and disease
enclosing it ""‘\'9535‘95 that were HEHEPOREE ) Yeast calls are relatively easy 1o stidy and are often Used as a model for human cells, Bhsumi Used Ohsumisinitial breakthrough was published in 1992 Since then, the esesrch fisld
the lysosame for degradation: Litle was known yeset [acking degradation enzymes in the vacuale; the yeast cells! lysesome. AUtaphagy Was hias expandad dramatically, We now know that dutophagy contials many
4 unlt ":ﬂ‘;mm“ Ohsumi in the.early 19905 used induced by starving the cells and when degradation was blacked, autophaapsefnes accumulaced physiclogical fhctions. For example, autophady can eliminate vading intrscelivlar
Baker's yeast to study sutphagy. inside the vatunie (left images). This pravided a sinple way to study autophagy. Chsumi then batiatia and vinises: Cells use dulophagy to degrade damaged protains dnd
sereened thousands of yeast mutants and identified 15 autophagy genes (right image), Hisfurther organelles, & quality contral mechanism that is cntical fer counteracting negative
studies revealed the molecular machinery underdying autophagosame formation. consenquences of 3ging, Disrupted autophagy s associated with many diseases,

including cancer, type 2-tlabetes and age-associated neuradegenearation.

EM phota cred

Nobelférsamlingen
The Nobel Assembly at Karclinska Institutet




TR0 &

5
» g —
\ 2 B ? gt
wile » o ) g
7 4 3 =
i '8 —i % R
[ s | “ 1
 Cy g -
L, = | P
3 ks \
,".-
¥ %
)

EMBO Meeting in Italy (2009)

EERAtQERF DR E
i by KIfEEHRIBL
¥

Nobel Reception in Stockholm (2016)

-jm:ﬁ  HEFEA—FR D7
i}:@fﬁﬁﬁ'ﬁﬁﬁ

JKE : Atgl12
C. de Duve A*\/Xj_‘ixd)%ﬁ

J—RILE

1963
/ 1969 1975 1981 yq57

EFIEMEBICELE S
FA—r 27 O—DE=E




® FFDHE

JOT77Y—LI%
EDOSHICLTRRSINF=N?
LWV R ICR 2 OB N H D)

RIZIXEL Y TAE T4 (serendipity) . Bl 5

MBEAICTFENADLDZHRTHIEINEETHD !

® FF([CHENTEIDT

3 HYVE

SFOR

I

LA EIFT AL, FHLL

HBOFERIZIE, BARFERMINHD !

(Z<DIZE. ROARRITEHDSHBIFEF L THD)




LY
] |

EWMERD T RILFT—UE

EYBTEHEERRIG (B2t - HFEOLT) (X|RIT /LI Rt
(ZRILX—DWE) THHH. KD R RIS (GBI ERIE/ 5 | F DY
RIFEIILTVRIG (TRILEF—DTRE)THS : B AFOFE_EE

NH,- 7= /B -COOH +

(%) &R
+ ATP

+
H,0

BUNJEDERED R

NH,- 73 /8 -COOH

(hnok) 5> fiz
- ATP

NH,-7=/#&-CONH-7=/E-COOH

ERIE1BIZ#100 keDATPZE B &

ATP
(EPOIRILF—EE)
T L
)8 R
0 ==
. / : ﬁ (?T_/)

A | (JF—2)
|
|
|

SIRIILX—)UBES
(7000cal/mol)



ATPKRTFIER > N B 5 iR

Y Dj'.lfad)i' \i)ili - 357
ﬁ%ﬁé%ﬁu_fﬁmﬂji&
HHAR (in vivo) IZB 1T B3 1\ ) B R (in vitro : SERE M)
IZIERBMIRIILF—DDLETHD SOr eromms
: : (603K fE >37JK1E)
(J Biol Chem 1953) MV. Simpson _ = 54— 20K 1B
_ e 25
COMXE MAFOEBRS BT 3
MR L HEROREICRYGKTD ! < +ATP
w20F
REE ®©
<
Host
Alfred L. Goldberg &
(HMS, USA) o
o 10+
Pioneering work 5 b
to open a new
field of intracellular
protein degradation 0 1 | |
5.0 60 7.0 80 9.0

JD Etlinger and AL Goldberg : A soluble ATP-dependent proteolytic system responsible for the
degradation of abnormal proteins in reticulocytes. PNAS 74, 54-58, 1977
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The discovery of ubiquitin-mediated protein degradation
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ATP Serves Two Distinct Roles in Protein Degradation,One Requiring and One Independent of Ubiquitin
K. Tanaka, L. Waxman, and AL. Goldberg: Journal of Cell Biology 96, 1580-1585 1983

PROTEIN ATP-Mg**
SUBSTRATE + UBIQUITIN (Ub) \
PROTEIN
Ub Ub
PROTEIN
SUBSTRATE

ATP-Mg**
STIMULATED PROTEOLYSIS

PEPITIDES
|

\{
ATP RTFHEDE OB SRR
AMINO ACIDS S mepgerr




J7aT77YV—LDir4
Protease + ~some (Proteasome)
(FaT7—EHeEeEz B L-ES KA F)
1988 Nature

R DRBEZIVIN)EZITRILET—IRTEFEMIC
DRI AHAERTEMGIVNVETRERESIK
(BUNVERFRDFER)

'Jrl'\‘J L.Dn44 (G E Palade 1955/Nobel Prize 1974)
- Rlbonucleoprotem particle/~some (Ribosome)

(BUNVEERDFER)
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Negative staining by uranyl acetate

Mr 20S 26S

= 20nm
ETDETIL

FEBS Lett 1991
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Holo-Enzyme (RP-CP-RP)

Fih 45 1 F &
RP (Regulatory Particle)  CP (Catalytic Particle) ) e

The 26S Proteasome (Cryo-EM)
Schweitzer A et al., 3.9 A PNAS 2016
Huang X et al. 3.5 A NSMB 2016
Ding Z et al., 4.2 A Cell Res 2017

W. Baumeister (MPI) : Single Particle Analysis
by Cryo-EM and X-ray Crystallography

Titan Krios
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Negative-staining (TEM) Cryo-electron Microscopy (Cryo EM)
EEEFIEME(BRE BERVSY) 247 (BIKR) B FIEMER

7077 —LOEFEMBERENT/NE
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RP

o ring
B ring
‘\‘ B ring
Y oring

RP triple ATPase (Rpt) subunits 1-6
RP non-ATPase (Rpn) subunits 1-15

cDNA cloning Era (1989 - 2005)

Rpn3, Rpnb, Rpn6,
Rpn?7, Rpn8, Rpn9,
FEpn11, Rpn12, Rpn15

Rpni0

Rpni, Rpn2, Rpnl3

Rpt1, Rpi2, Rpt3,
Rpt4, Rpi5, Rpt6
(ATPase ring)

al, o2, ad, ad, ab, ob, af

| B1.B2.p3. p4. p5, p6. p7

B1. B2, p3. p4. p5. p6. p7
al, o2, o3, ad, ab, of, af

CP = oy ;f3, 7B5.70, 7

(20S Proteasome)
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- Serine protease
- Cysteine protease (Thyol-)
» “Aspartic protease (E&1%-)
- Metalloprotease (£/&-)
*N-terminal threonine protease
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ﬁﬁﬁi'ﬁtl J:é 3

PN

(0}

Blue:B1(Caspase-like) Purple:B2 (Trypsin-like) Red:B5 (Chymotrypsin-like)
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@ Cleavage of polyUb chain (Rpn11, UCH37, Usp14)

UCH37
® o @ Trap of polyUb chain
C . RpnlZ ___ (Rpn10, Rpn13) Ub receptor
Polyubiquitylated | 24 . Ubiquitn % .
Protein | [ &
[ )
le \ "' UlMRen10

€

N

':'(uﬂe
el

t

3 Unfolding of protein

(ATPase RING)
Base

Ubiquitin 1:1
@ Hydrolysis of protein
(20S Proteasome)

Pru™ | Amino Acids (AAs) €— -

Peptids
(3-15 AAs)

Redundant roles of Rpn10 and Rpn13 in recognition of ubiquitinated proteins
and cellular homeostasis. Hamazaki J. et al., PLoS Genet. 2015 e1005401.
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Ubiquitin System @ .

E1 g ~ 2 é‘
E2 B3R ~ 50
E3 B ~ 600 °\3~

DUBEZZ%& ~ 90
Proteasome
Core : ~ 66
PIPs : ~ 50 e
Total ~ 1000 .:.
(~4% in Genome)
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- B MDunfolding



The Ubiquitin-Proteasome System
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‘ Kumatori, A., et al.: Abnormally high expression of proteasomesin |
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JAaT7YV—LOBEEFOHRR L

Reste
Y

1t ﬁ@; J-jz Peptide aldehyde (MG132)

b

e (. v
N M. B
ffkm Y o
\N 0] Y ‘ ‘

{EZEE R peptide boronic acid (PS341)
C
HO.
UL
O,N N N\:)LN g
H = H m
0 Y 0

{EZ= & Rl Peptide vinyl sulfone (NLVS)

d

WMAEMESE

WMEMEE

Epokomicin

O ™0

' HN
0
OH

B-lactone

F

MG132 (Z-LLL-H)

Inhibits cystein ptoteases, such as
calpain and cathepsins, B, H, L, K, S etc
AL Goldberg et al., 1994

PS341
Bortezomib (Velcade) reversible
J Adams et al., 1995

Irreversible binding to active threonines, but

are less reactive tha aldehydes
H Ploegh et al., 1997

a’',p’-epoxyketone peptide natural product
Unexpected morpholino formation with the

N-terminal threonine (1992) M. Hanada

clasto-lactastatin: active derivative of
microbial metabolite Lactacystin (LC)

Formation of an ester bond with the N-terminal

Threonine (1991)

EMERFE

aldehyde

boronic acid

vinyl sulfate

epoxyketone

B-lactone

AR KRR ELIE (20158 /—AJLE : lvermectin) KA R !



Bortezomib (Velcade™) ZAFY—LIEEFITHEDIRMNAF !

NDC 63020-049-01

The drug has over two billion dollars (= 2000 &)
in annual sales in the preferred treatment for multiple
myeloma (Z F 4 &5 8EfE)! AL Goldberg J Cell Biol 2012

TAvINRE—(EEREERR) HEOLREREZBTENZE
b, EXGRY LIFICKYBEXRGRIBREEHHTHELZIEITEE !

Lt EREBRERRIZEDL=—H

VELCADE
(bortezomib) for Injection

2.5 -

2.0

1.5

g/dL

1.0

0.5

0.0 Im

10/1/00 12/1/00 2/1/01 4/1/01 6/1/01 8/1/01 10/1/01

from A Ciechanover
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JaT77V—LOEEHR: ZREEHEBOMMNAR (5 FIRHE) !

Bortezomib (#R)L7Y3J VELCADE®, PS-341)
Reversible boronic acid inhibitor

FDA (2003), Japan (2006)

Ixazomib (/427 NINLARO®, MLN9708)
Oral analog of Bortezomib

FDA (2015), Japan (2016)

Carfizomib (h—24JLY'2T Kyprolis®) — kit 7O077Y—LEEH
Next-generation proteasome inhibitor of 35

Irreversible epoxyketone inhibitor (modified form of Epoxomicin —YU101)
FDA (2012)

Oprozomib (ONX-0912): oral analog (clinical trial)

Combination Therapy (&%)
Ixazomib or carfizomib in combination with lenalidomide plus dexamethasone
- Lenalidomide L 31JF3K (thalidomide derivative) : fe & A& ZE (IMiDs)

Cul4CBRN E3 ubiquitin ligase resulator targets: poly-ubiquitylation of IKZF1, IKZF3, CK1o.
-Dexamethasone: A 7O A K& R
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WERE R

Genome MRNA

Editingm tRNA
rRNA
miRNA
DNA — RNA — A /\JH

5 Splicing =R

g Editing
Gene Level MRNA Level Protein Level
Knock-out (KO) Knock-down (KD) Proteasome !
CRISPR-Cas9 RNAi (siRNA, shRNA) Autophagy ?
BInFaE-7/LmE HZEBREZRE-RNAEZE HEE-IRESR

RRGRI[ADIRRELGDBEGEF I\ EEERMIC
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PROTACs (proteolysis targeting chimera

PROTAC

E3 LIGASE

Raymond Deshaies - Craig Crews
Caltech (Amgen) Yale (Aravinas)

l

ENGAGING THE BODY'S
UBIQUITIN-PROTEASOME SYSTEM
TARGET TO DEGRADE DISEASE-CAUSING

PROTEIN
BROTEINS PROTEASOME

UBIQUITIN

DEGRADED
PROTEIN

PNAS 2001

PROTAC MECHANISM

The PROTAC works by recruiting an E3 ligase to tag
the target protein for ubiguitination & degradation via
the proteasome. After the protein is destroyed, the
PROTAC continues its mission.

from Arvinas, Inc (HP)

PROTACs
Lenalidomide

Fulvestrant

ARV-771

dBET1

ARV825
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(PubMed Number / Year)
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RP cDNA cloning
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CP cDNA cloning
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Thank you for your attention!




