APOPTOSIS

MUD:r. Jan Platenik, PhD.

Ancient Greeks: apoptosis ... autumn dropping off leaves from trees
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John FR. Kerr, A. Curie a A. Wylie, 1972:

term apoptosis first used for “natural cell death”
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Necrosis vs. Apoptosis

engulfed dead cell phagacytic cell
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Programmed cell death (apoptosis)
* Integral part of life

Regulation of cell type and number during development and further on

* Elimination of abnormal, nonfunctional or dangerous cells, such as infected
cells, cells with damaged DNA, cells over-producing oxygen radicals

* Elimination of “homeless” cells that wandered to improper tissue
» Elimination of lymphocytes reactive against body‘s own tissue
* Elimination of incipient tumor cells

* Program requiring gene expression, proteosynthesis and ATP.
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Apoptotic signalling pathways
Constitutively present in every cell

Lack of survival signals
o / (... “suicide™)
Activation \

Due to external proapoptotic
stimulus (... “murder’)

Cell allways integrates and
responds to many signals:
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Initiation phase
(origin of apoptogenic signal)

Propagation phase
(activation of effector and regulatory molecules of apoptosis)

|

Effector phase
(fragmentation of structural proteins, fragmentation of
genomic DNA, formation of apoptotic bodies,
“EAT ME” signals for phagocytosis)

|

Phagocytic phase

Caspases (Cysteine ASpartate Prote ASES)

Actual executioners of cell death

Proteases with cysteine in the active site

Cleave their target proteins at specific aspartic acids

Present in every cell as inactive zymogens
(procaspases)

Human caspases:
Caspases working in inflammation: caspase 1 (ICE), 4, 5
Caspases working in apoptosis:

Initiator caspases: 2, 8, 9, 10

Effector caspases: 3, 6, 7




Caspases (Cysteine ASpartate Prote ASES)

Actual executioners of cell death
Proteases with cysteine in the active site
Cleave their target proteins at specific aspartic acids

Present in every cell as inactive zymogens

(procaspases)
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Initiation phase

(origin of apoptogenic signal)

Propagation phase
(activation of effector and regulatory molecules of apoptosis)

Effector phase
(fragmentation of structural proteins, fragmentation of
genomic DNA, formation of apoptotic bodies,
“EAT ME” signals for phagocytosis)

Phagocytic phase
Extrinsic pathway:
Death Receptor Pathway \
Intrinsic pathway:
Mitochondrial activation
of apoptosis

/

Effector kaspases
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Death receptor pathway

killer lymphocyte

—death domain
SpRor \ death effector

domain

a
death effector
domain i

procaspase-8 or 10

—_— D — SESESES J ———— apoptotic target cell
ASSEMBLY ACTIVATION AND
OF DISC CLEAVAGE OF
PROCASPASE-8, -10,
OR BOTH
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FADD: Fas-associated death domain

DISC: death-inducing signaling complex

When the cells do no want to die:

* Decoy receptor: binds ligand as the death receptor,
but lacks the intracellular death domain

* FLIPP protein: looks like an intracellular initiator
caspase but lacks the proteolytic domain

* IAPs (Inhibitors of apoptosis): natural caspase
inhibitors, proteins that bind and block caspases,
originally found in viruses. They set the threshold for
activation of proteolytic cascade.

— anti-IAPs (pf. Smac/Diablo) act against them




Role of mitochondria in cell death

» Release of proapoptotic factors from
intermembrane space:
* cytochrome ¢
» AIF (apoptosis inducing factor)
e Smac/Diablo (inhibitor IAPS)
* procaspases
 Disruption of cellular energetics and ATP
(cytochrome c release, depolarisation)

e Production of oxygen radicals

Apoptosome |

CARD domain
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Vi ome; Apaf1 by apoptosome triggered . activation of
cytochrome ¢ by release of dADP procaspase-9
and hydrolysis of in exchange for
bound dATP to dADP dATP (or ATP)

caspase-9 cleaves and
thereby activates
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\
mitochondrion

Apoptosome = Apaf-1 + dATP + cytochrome c + procaspase 9
Apaf-1: apoptotic protease activating factor-1

CARD: caspase recruitment domain




Mechanism of cytochrome c
release from mitochondria ?

N

MPT

|

Proapoptotic Bcl proteins

Matrix swelling

|

Outer membrane
rupture

(Bak, Bax)
l

Translocation to mito and
formation of channels in
outer membrane

Mitochondrial Permeability
Transition Pore (MPT)

* Opening of a “megachannel” in the inner
mitochondrial membrane

e Permeable for any molecule < 1500 Da

* Collaps of the inner membrane potential,
dissipation of proton gradient, uncoupling or
inhibition of respiration

e Swelling of mitochondria
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“Megachannel” (MPT) opening is

 Triggered by: matrix Ca’*

e Stimulated by:
* Oxidants
* Depolarisation
* Inorganic phosphate
* Inhibited by:
* Protons (low matrix pH)
* Magnesium ions
* ATP and ADP
* Cyclosporin A

Function of MPT:
* Physiologic (reversible) MPT opening:

— Energetically “cheap” efflux of Ca?* from
mitochondria?

— Calcium signalling:
Ca?*-induced calcium release
....mitochondria as a “Ca®* signalling storing memory
device”

 Pathologic (irreversible):
— Cell death (necrosis and apoptosis)
— Suicide of old mitochondria?

— Mechanism how old mitochondria are marked for
autophagy?
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Mechanism of cytochrome c
release from mitochondria ?

MPT Proapoptotic Bcl proteins

l (Bak, Bax)
l

Matrix swelling

Translocation to mito and
l formation of channels in

outer membrane

Outer membrane
rupture

Bcl proteins

Family >10 proteins, prototypic member: Bcl-2 (B-cell
lymphoma... oncogene)

1-4 BH domains... homo/hetero-oligomerisation

C-terminal hydrofobic region ... localises to membranes (outer
mito, nuclear m., ER)

Ability to aggregate and form channels in membranes

BH4 BH3 BH1 BH2

(A) anti-apoptotic
Bcl2 protein
(e.g., Bcl2, Bdl-X,)

(B) pro-apoptotic
BH123 protein
(e.g., Bax, Bak)

(C) pro-apoptotic
BH3-only protein
(e.g., Bad, Bim, -
Bid, Puma, Noxa) L

Bcl2 protein
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Release of cytochrome ¢
from mitochondria ?

MOMP
(Mitochondrial Outer Membrane

Permeabilisation)

rather than MPT?

Apoptotic signal, stress, cellular damage etc.
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APOPTOSIS
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apoptosom

Bcl proteins

* (A) anti-apoptotic (Bcl2, Bcl-X| ): 4 BH domains, sequester and
inhibit the proapoptotic Bcl proteins

* (B) proapoptotic BH123 (Bax, Bak): 3 BH domains, aggregate,
resulting oligomers form channels in membranes

e (C) proapoptotic BH3-only proteins (Bid, Puma, Noxa etc.): one
BH domain, mostly inhibitors of the antiapoptotic Bcl proteins

BH4 BH3 BH1 BH2

(A) anti-apoptotic
Bcl2 protein
(e.g., Bcl2, Bdl-X) =

(B

-

pro-apoptotic
BH123 protein
(e.g., Bax, Bak)

(C

L

pro-apoptotic
BH3-only protein
(e.g., Bad, Bim,
Bid, Puma, Noxa) L

Bcl2 protein
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BH3-only proteins couple apoptosis
to various signalling pathways:

e Lack of external survival signals:

— JNK kinase induces expression of BH3-only
protein Bim

 DNA damage:

— The p53 protein induces expression of BH3-only
proteins Puma and Noxa

e The BH3-only protein Bid links extrinsic and
intrinsic apoptotic pathways

i Smac/DIABLO (Direct IAP-binding
’/ protein with low pl)

Nature 407 (2000) 770-776.

Apoptotic substrates
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Initiation phase
(origin of apoptogenic signal)

Propagation phase
(activation of effector and regulatory molecules of apoptosis)

|

Phagocytic phase

Target proteins of caspases

» Selective limited cleavage of a set of >100
target cellular proteins, e.g.:
— Cytoskeletal proteins (fodrin, gelsolin)
— Nuclear lamins
— Cell-cell adhesion proteins

— ICAD (inhibitor of CAD, caspase-activated
DNAse) ... results in CAD activation
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DNA laddering
MM AN VNN PN NI

“beads-on-a-string”
form of chromatin

30-nm chromatin
fiber of packed
nucleosomes

section of
chromosome in an
extended form

condenged section
of chromosome

entire
mitatic
chramosome

1400 nm

MET Rl MOLECULE HAS BEEN
PACKAGED INTO & MITOTIC CHROMOSOME THAT
15 50,000% SHORTER THAN ITS EXTENDED LENGTH
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BioTechniques 33:734-736 (2002)

Example of ,,EAT ME* signal:
phosphatidylserin

Healthy cell keeps assymetric distribution of membrane phospholipids:

fosfatidylcholin
EXTRACELLULAR SPACE sfingomyelin

0

CYTOSOL

\ fosfatidylethanolamin

fosfatidylserin
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During apoptosis phosphatidylserin is redistributed by enzyme
scramblase to outer layer of the cellular membrane ... signal for
phagocytosis
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Signaling pathways dependent on
proteolysis

* Proteolytic modification is an irreversible switch
* Not only death, but also development

* ...regulated proteolysis controls activity of
latent gene regulatory proteins, e.g.:

— Notch/Delta
— Wnt/B-catenin
— NF-kappaB

Notch/delta signaling

* Contact-dependent signaling

* Interaction Notch-delta regulates cell fates
(lateral inhibition)

membrane-bound receptor
inhibitory signal protein
protein (Delta) (Notch)

B ® 2

—

ST
Y
.__ nerve cell \
unspecified developing from inhibited
epithelial cells epithelial cell epithelial cell
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Notch/delta signaling

signaling cell CYTOSOL
plasma
membrane

‘ Notch

Notch-delta binding
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Figure 15-76 Molecular Biology of the Cell 5/ (© Garland Science 2008)

Wnt/B-catenin signaling

(A) WITHOUT Wnt SIGNAL (B) WITH Wnt SIGNAL
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Figure 15-77 Molecular Biology of the Cell 5/e (© Garland Science 2008)

19



NF-kappaB signaling
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Co., N.Y. 2004.

Pathogenesis of diseases as

dysregulation of apoptosis
f)

* Neurodegeneration, ischemia, AIDS:
too much apoptosis...

e Autoimunity, tumors:
too little apoptosis...
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Tumor cells tend to live on glycolysis and
“switch off” mitochondria (Warburg effect)

Dichloroacetate: 9)

Cl
OH

Cl

inhibits PDH kinase — activation of PDH
— activation of mito respiration and
production of oxidants
— activation of apoptotic program
— and tumor cells die ...

(Bonnet S et al.Cancer Cell. 2007 Jan;11(1):37-51).

“Samurai law of biology:
It 1s better to die than to be wrong”
(V.P. Skulachev)

Mitoptosis: program of mitochondrial
elimination (= MPT)

Apoptosis: program of cell death

Organoptosis
/“-;\‘

Phenoptosis:

_‘www,buttertf);-giﬁscom
...Septic shock, ischemic heart disease, voo-doo?
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