Cell death




Selfish killing: A toxin-antitoxin system increases the
Frequency of the TA-containing plasmid with respect
to copies of the Plasmid that lack the element
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A prokaryotic addiction module: a plasmid expressing a stable toxin
and an unstable antidote behaves as a selfish genetic element

Cell division
Plasmid segregation




Addiction modules as a simple form of death regulation

Anything that regulates the half-life
or expression of the toxin/antidote
can influence the fate of self and
neighbors.

Addiction modules. A,B,C: A bacterium
containing a plasmid secrets a long-lived
toxin and a short lived antidote (A). Loss of
the plasmid (B) results in loss of the
antidote before loss of the toxin and this
causes cell death (C); D,E,F,G,H: A
bacterium secreting a toxin and producing
an antidote (D) will kill a bacterium that
does not have the addiction module (E) and
(F) whilst being protected itself (G). It is
unable to kill a bacterium with the addiction
module (H); I,J,K,L: A bacterium housing a
plasmid with an addiction module divides
() and a daughter cell containing the
plasmid survives (J) whereas one without
the plasmid (K) is killed by remaining toxin
(L); a process known as post-segregational
killing.




Altruistic cell death: death of some promotes the survival of others

Stress
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induction

lnh':;:on Figure 1. Altruistic programmed cell death (PCD) and its

(€ N intervention strategies. (A) Induction of PCD by
\ -\o O/ - \ environmental stress may be coupled with release of public
\O / goods that provide direct or indirect benefits to the
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induction overall better bacterial growth. (C) PCD may be inhibited to
PR decrease the generation of public goods (indicated by the
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Altruistic death in response to infection

infection
immunity
blocked
unmodified
MGE DNA
Immunity parasite
*
MGE DNA degraded,
f infection abrogated Inactivation . “
modified mmEmEzZ==s —p
DNA b

¥

ey codem

Immunity and programmed cell death: distinct but coupled defense strategies. The host DNA is
protected from the action of the restriction enzyme by methylation whereas the invading DNA is
sensitive. Innate immunity, in the form of RM systems, can inactivate the parasite DNA and block
infection. However, if the innate immunity fails (e.g. due to the activity of the parasite-encoded
antidefense system) and the parasite reproduces, the infection induces genotoxic stress which
activates proteases cleaving antitoxins. The resulting activation of toxins leads to dormancy or
PCD. M, modification enzyme; R, restriction enzyme; T, toxin; A, antitoxin; MGE, mobile genetic
element.



A chromosomal Toxin-Antitoxin module lets cells respond to

Environmental stimuli through suicide or quiescence (arrest)
Transcription

>

|

v
MazE Antitoxin MazF Toxin

ppGpp
50°C lnhl‘bmon of ‘
DNA damag wi by MazE
Antibiotics Degradafion
Phages Of MazE by a
ClpPA

r 4 Sequence specific
mRNA cleavage

L

Cell death or metabolic arrest
(waiting for a better environment)



A chromosomal Toxin-Antitoxin module protects populations of
bacterial cells from spread of a cell-killing phage (virus)
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1014 cells in your body total

1011 cells die each day

Lifetime = about 365 X 50 = 2 X 104 days

2 X 1075 total cell deaths



Some functions of programmed cell death

Sculpting

A & B

Deleting Structures

Adjusting Cell Eliminating Dangerous
Numbers or Injured Cells
F G
=
<D
g res,, =
G« — & o J—
©« 1y \
3 @ (@]
® (=]

Development:

* deletion of entire
structures
 sculpting of tissues
* neuron-target
matching in the
nervous system.

Surveillance:

remove cells that are
damaged or otherwise
dangerous to the
organism as a whole
(cells with mutagenic
DNA damage, or viral
infections).




Apoptosis removes cells in interdigital "web" tissue

(B) | J

limbs stained with Acridine Orange, a dye specific for apoptotic cells
(A) embryonic day E13.5 (B) embryonic day E14.5.

Figure 18-2 Molecular Biology of the Cell (© Garland Science 2008)



Types of Cell Death

Apoptosis
(Programmed
Cell Death) :

* Cell-Autonomous
» Stereotypic
* Rapid
e “Clean”
(dead cells eaten)

¥ - ™ . y |
‘ B ¥ X o
. = 1 . N

Necrosis :

* Not Self-Initiated
* Not Stereotypic
« Can Be Slow
® HMessy!!
(injury can spread)



Apoptosis

from Greek
“apo” meaning “separation”
&
“ptosis” for “falling off”

(Kerr JFR, Wyllie AH & Currie AR, 1972)



Overview: Programmed Cell Death
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Two biochemical hallmarks of apoptosis

(B)

NH;
H— cI —coo ©
o,
9
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o 9 o
d=0¢=0 )
. I
Cells undergoing apoptosis show 2 2 2
a ladder of DNA fragments. g § 7 2
EE [l E
Endonuclease cleaves DNA into N - 4
nucleosomal units. phosphatidyl- pho

serine

Molecular Biology of the Cell (© Garland Science 2008)
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Phosphatidylserine is a
negatively charged
phospholipid; it is normally
restricted to the inner
leaflet of the cell
membrane.

Phosphatidylserine flips
during apoptosis
(activation of scramblase
by caspase) and signals
macrophages to
phagocytose the cell.



TUNEL assay for apoptosis

DNA Fragmentation - TUNEL
In Situ Cell Death Detection Kit - Test Principle

Cells on shde

In situ nick translation In situ end labeling (TUNEL)
(template dependent) (template independent) l
nick = S
3 3 Add TdT and FITC-
[ [ . ) o - - - dUTP to cells
[Il ....... aEEEEdEEEEEEE J l
. 5 /\ A
FITCAUTP
Incorporated imto
+ Terminal polymerase + Terminal transferase ~ DNA
+X-ONTP (m + X-ONTF (m) l
v v /
v
: Y A 3
Fluorescence
eEERE— [ e . .~ B

<FITC> POD or <FITC> AP

Light mroscopy

TUNEL: Terminal deoxynucleotidyl transferase
dUTP nick end labeling

TdT adds nucleotides to 3’ end of DNA molecule.
Enzyme involved in adding diversity during VDJ
recombination in the immune system.




Apoptosis: release of cytochrome c, annexin V
staining, and cell permeabilization

cytochrome c (green).

Annexin Vis a
phopholipid binding
protein with high affinity
for phosphatidylserine
(PS).

PS (red) is translocated
from the inner leaflet to
the outer leaflet during

cell death.

Alberts et al. (2007)



Necrosis

Cells receives structural or
chemical insult—damage!

Cells and organelles swell

Release of enzymes from
lysome

— Auto-digestion and dissolution

Invasion of phagocytic cells
and inflammation

firitii

Calls and organelies swel
Chromatin condensas
Membranes
H fiuid rushes in H;0
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Cell death and its regulation

Cellular interactions regulate cell death in two
fundamentally different ways

Most cells require signals (trophic factors) to stay alive
and will undergo programmed cell death in the
absence of these signals. Thus, death is in fact the

default pathway

Some cells are triggered to undergo programmed
cell death by specific signals

All cells carry the proteins required to bring about
their own death



Alteration in the

Rate of Cell Death

results in Disease

Rate of Cell
Proliferation

Rate of
Cell Death

Homeostasis

Disorders of Cell
Accumulation:

Cancer

Disorders of

o0
2 o0 Cell Loss:
Do Alzheimer's Disease




Diseases associated Diseases associated

with inhibition of with increased rates of
Cell Death Cell Death
* Tumor formation and metastasis + Neurodegenerative disorders
: : Alzheimer's
* Autoimmune disorders Parkinson's

Cerebellar degeneration

* Viral infections Retinitis pigmentosa

Herpesviruses ‘ _
Poxviruses + Ischemic Injury
Adenoviruses Myocardial infarction
Stroke
- AIDS

» Toxin-induced liver diseases
Alcohol




developmental time

4

C. elegans is a great model organism for
molecular genetic studies of Cell Death

Neurons

- Cuticular Cells

Pharynx
Intestine
~ Vulva
Gonad
" Germ Cells

Muscle

White, Horvitz, Sulston, 1982; Sulston, Schierenberg, White, Thomson, 1983 )

Bodywall Muscle

Sydney
Brenner

© The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

(b) Fertilized egg
(zygote)

E;’:‘-_qu_e__._n Z “j f T Hours
il T EHE] (a2 ¥ | Adult
WL e " |} 1B g 50 Hours
HHTHT h e . : ‘ Embryogenesis
(i h A

Hatching

aig g | 1N L1
larva

[ AR
"y

gt T gt R

Neuronal Cell Death Lineages L2 larva

{Brenner, 1973; Sulston and Horvitz, 1977;

If food is scarce,
dauer larva
develops

Dauer larva

H. Robert
Horvitz

John
Sulston



Cell deaths in C. elegans

M Nervous system 6 founder cells in lineage
and other ectoderm P4 gives rise to germ cells
M Muscle and other
mesoderm Zygote
: 1
Intestine |
Programmed .
cell deaths
E C D P4
® O o
No. surviving cells: 606 252 34 47 20  Variable
No. programmed cell deaths: 116 14 0 1 0 Variable

131 cells undergo programmed cell death in a
stereotypic manner.

In strong cell death mutants, these 131 cells

survive. Metzstein et al. (1998) TIGS 14:410



Programmed Cell Death of single identified

. 2 Classes of C. elegans Cell Death Mutants
neurons can be followed in live worms

WT
(pro-survival genes +

)

- (Sulton and Horvitz, 1977) -



ced-3 mutants lack programmed cell deaths

(a)

(a) ced-1 mutant
(prevents phagocytosis
of dead cells, so that
they can be visualized)

(b) ced-1/ced-3 mutant
does not show dead
(b) cells (they are live).

Use of the ced-1 mutant
allows identification of
cell death mutants.

Lodish et al. 2004



ced-9 mutants show ectopic cell deaths and
embryonic lethality

a Wild type
57 67 &9 69 aH 5 7 AW AR 4P 4
b ced-9(If)

(a), (b) cell lineages of ventral cord blast cells
P1-P12. X=cell death. In ced9 mutants, the
pattern of cell deaths is variable

(h) wt embryo, arrow shows cell death
(i) ced9 mutant, showing ectopic cell death

Hengartner et al. (1992) Nature



Cell death in the worm: the genes

Decision to die Exeg:;i&n of Engulfment Degradation

D=+ = - (D)~ @

(Healthy cell)  (Healthy cell,

(Dead cell)
committed to die)
ced-1
—> ced-2
ces genes___| EGL-1— CED-9—| CED-4 - CED-3 —» ceg-g nuc-1
ced-
ced-7
ced-8
< ced-10 >
cell type- \ J
specific } all dying cells

Expressed in
all cells

Expressed in cell-type,
Context-dependent manner



ced-3 - the pioneer caspase

Caspases are Cell Death proteases

Caspases are a highly specialized class of proteins that cleave (but
not necessarily destroy) other proteins

Caspases - contain a Cys residue in the active site (Cys proteases) and
they cleave preferentially after Asp residues

Caspases are present in every cell of our bodies but they are
produced as inactive precursor (zymogen)

In response to cell death-inducing stimuli they become activated,
cleave other proteins and induce the demise of the cell

Caspases exist in all animals (mammals, insects, worms, etc.)




Positive Feedback

Caspase zymogen Active caspase

/ A

large small —»

cell death-activating
substrates



Caspases transduce cell death signals
and mediate cell destruction

Death receptor mitochondria-dependent T cells
ligation signals
Apical/initiator
Caspases. caspase-8 caspase-9 granzyme B
Effector caspase-3

caspases /\ caspase-7
IAPs

CELLULAR PROTEOLYSIS
NUCLEASE ACTIVATION

Caspases sufficient to mediate apoptosis
are present in all cells



Three classes of proteins function in
the intrinsic apoptotic pathway

Regulator  Adapter Effector

C. elegans Ced-9 | Ced-4 —> Ced-3 =3> Death

Vertebrates Bcl-2 —| Apaf-1 => Casp9 —> Casp3 —> Death

Injured mitochondrion Active caspase-9
I | € ) = Caspase
I ( $_|\ ) ;:,> "| cascade
Cytochrome ¢ CED-4-like Inactive
protein procaspase9

Bcl-2 family proteins inhibit (or activate) Apaf-1 through an
indirect, mitochondria-dependent mechanism



Reconstitution of apoptotic elements in a mammalian cell-

" ) free system ©)
ATP| -| +| - ATP | - | +| -
dATP | -| -| + dATP - | -
lane |1(2(3 lane |1 |2
PARP
—~ — -4 P32 1%;: - :Precursor
- -p20 < 50—
3 34 — Cleaved
28 — Products
19 — - -

Cleavage of ced3 and DNA fragmentation used as two hallmarks of apoptosis.

(A) Hela (non-apoptotic) cytosolic fraction (S100) incubated with radiolabeled caspase 3 (=CPP32,
mammalian ortholog of ced3). dATP required for cleavage.

(B) S-100 could cleave radiolabeled PARP (substrate for caspase CPP32).

(C) S100 incubated with purified nuclei.

Conclusion: S-100 supernatant could be activated by dATP into pro-apoptotic state. In this system,
dATP triggers the apoptotic program in healthy cytosol. ]
dATP: deoxyadenosine-5-triphosphate Liu et al. (1996) Cell



Separation of 2 factors

S$100 loaded onto phosphocellulose
Apafl  Apaf2 column. Neither flow-through (FT) nor

bound (B) fractions contained caspase
3 activation activity.

S-100 [+ |+ |-|=|-|-]|-|-~ However, mixing the two fractions
reconstituted activity.

PC-FT |- |- |+|+] - |- +
Factors were named Apaf~apoptotic

PC-B |- |-]|-]|. + |+ - - protease activating factor

dATP |- |+|-|+]|-|+]|-|+

Iane |1|2|3|4|51|6|7|8

CPP32 How to purify Apaf2?
Precursor ™ ™S m e

Cleaved - —
Products

Liu et al. (1996) Cell



What is in the PC bound fraction? Purification of Apaf2

Table 1. Purification of Apaf-2 from HelLa Cells

Specific Total
Step Fraction Protein Activity Activity Purification Recovery
mg units/mg unit -fold %

1 S-100 348.5

2 Phosphocelluse 104 126.6 13166 1 100

3 50% Ammonium-Sulfate 23.8 833.3 19824 6.6 150

Precipitation

4 Phenyl-Sepharose 0.473 42145 19934 333 151

5 Superdex-200 0.460 43367 19950 343 152

6 Mono Q/Mono-S 0.076 263150 20000 2079 152

Fractions

6

10

Precursor

Cleaved Rl
Products |l g

0.3 M NaC(Cl

O.I‘M//‘

2. Phosphocellulose, bound

3. supernatant

4. bound

5. sizing column

6. Mono Q FT/Mono S (cation column)
bound

S—_

Mono S fractions (last protein column)
were incubated with the phophocellulose
flow-through and radiolabeled caspase 3.

Purified Apaf-2 was identified by tryptic
digest and peptide sequencing.
cytochrome ¢

Liu et al. (1996) Cell




Cytochrome c functions in the respiratory chain

Respiratory complexes in the inner membrane generate

Intermembrane space Mitochondrial matrix proton gradient and membrane Dotential:
NS ( ) LT _ - Complex | = NADH-CoQ reductase
e : - Removes 2 electrons from NADH and transfers them

to ubiquinone (Q) to make QH2.

NADH
+ Complex lll = CoQH,-cytochrome c reductase;

NAD™ gyccina
Succinate cytochrome bc, complex

Y nt A (”FAD
TH" Fumarate <\ ;267 - Transfers electrons from QH2 to cytochrome c.
i it + Complex IV = Cytochrome c oxidase
o e 7 "y - Transfers electrons from cytochrome ¢ to molecular
X g H* gl Cy .
g -' . A oxygen, producing water.
11,0,
A Nees S |
7 Na H._-:C 4 H'.O AR et H 4
ADP [P, —> ATP - Complex Il = Succinate-CoQ reductase; succinate
, : dehydrogenase
@ pav— : * Removes electrons from succinate and transfers
" Sy f sSe 4 g U . .
[V ,,,,_m*___" -\ 4 them to ubiquinone. No protons pumped.
SEETY) (@ B ¢ N
Mitochondrial outer Mitochondrial inner
membrane membrane

Ubiquinone (=Coenzyme Q) and cytochrome c are mobile/
soluble electron carriers between the respiratory
complexes.



Import of cytochrome c to the IMS

After import into the intermembrane
space folding leads to trapping of \/D
cytochrome c.

Apocytochrome c is covalently
attached to heme by cytochrome c
heme lyase (in intermembrane space)
to form holocytochrome c¢. Only the
latter species is active in promoting
apoptosis.

Could apoptosis induction be

TOM tosis Ir be
complex due to a co-purifying protein?

« Commercial cytochrome cis

@ active.
SS

Me * Inmunodepletion of
cytochrome ¢ removes
apoptotic activity of S100.

i,
\S/J )
@)
S o)
‘;\cg 0
xaa/ s ('Y 9 Cytochrome c contains a
2\ / \ 4 CXXCH motif for coordinating

heme c. His and Met are axial
\s ligands. Neupert (2007) Ann Rev Biochem



Apoptosis: release of cytochrome c, annexin V
staining, and cell permeabilization

cytochrome c (green).

Annexin Vis a
phopholipid binding
protein with high affinity
for phosphatidylserine
(PS).

PS (red) is translocated
from the inner leaflet to
the outer leaflet during

cell death.

Alberts et al. (2007)



t(14;18) Chromosomal Translocation
Causes Human B-Cell Leukemia
by Overexpression of Bcl-2

DO Bz

Chromosome 18

Chromosome 14

W
Chromosome 18

R

et st |g Heaw Chain

Chromosome 14

A
e

t(14;18) Chromosomal Translocation

(Vaux, Cory & Adams, 1988)
(Korsmevyer, et al.; Croce, ef al_; Sklar, ef al_; 1985 - 1990)



neo

Bcl2 prevents cytochrome c release

Bcl-2

f |

1

0 12 4 6 0 1 2 4 e(hours)Staurosporme

- - -

<— PARP precursor

Cleaved
products

Mitochondrial
=~ cytochrome ¢

- Cystolic
= cytochrome ¢

Bcl2 (B-cell lymphoma 2) is activated by
a chromosomal translocation in follicular
lymphomas. Bcl2 is placed under
transcriptional regulation by the
immunoglobulin locus.

Ced9 is Bcl2 ortholog in worms.

Human leukemia cells transfected with
Bcl2 or neomycin control. Treated with 1
uM staurosporin (broad-range protein
kinase inhibitor) to induce apoptosis.

(B) PARP [poly(adenosine diphosphate-
ribose) polymerase] cleavage used as
marker for caspase 3 activity.

(C) and (D) Bcl2 overexpression prevents
cytochrome c release into cytosol.

Yang et al. (1997) Science



Bcl2 prevents cytochrome c release

A neo Bcl-2

1 I 1

I
0 2 3 4 0 2 3 4 (hours)Etoposide

.—.———-——-q
— — . . - - e

=— PARP precursor

Cleaved
products

- Cystolic
cytochrome ¢

M 0 2 3 4 0 2 3 4 (hours)Etoposide

Cells treated with etoposide (inhibitor of
topoisomerase Il; causes DNA strand
breaks) to induce apoptosis.

(A) PARP [poly(adenosine diphosphate-
ribose) polymerase] cleavage used as
marker for caspase 3 activity.

(B) Bcl2 overexpression reduces/slows
cytochrome c release into cytosol.

(C) DNA fragmentation assay.

Yang et al. (1997) Science



Cells that lack cytochrome c cannot carry out OXPHOS,

and are selectively insensitive to some apoptotic stimuli
A B
/- +/+ -/= +/+

STS '= + = & UV(s) 2 4 815 2 4 8 15
il o o -

C D

o
= TNF-¢ = + +
-FCS (hr) 24 48 72 24 48 72 -

— e .-_ja -

+/+

However,
more
sensitive to
TNF.

Li et al. (2000) Cell



CAD and ICAD act downstream of caspases

death factor

- i- r
Fas Ligand/TNF/TRAIL f-ray, anti-cancer drugs,

death receptor factor-deprivation, etc.

Fas, TNF-R1, DR3, etc. ’
v

adaptor _# ) .
FADD/TRADD a i BH3-only proteins
Bad Puma Noxa
@D

caspase 3 cleaves ICAD at 2 @ O @&

positions, ICAD releases CAD, .. IS
CAD enters nucleus (due to ; Q—‘ @ ? v v ‘/
nuclear localization sequence) b . .
Mitoch
and cleaves chromosomal DNA - —— 0:3 IARIASN
between nucleosomes. Sz e Bct-2/Boix O
@ cytochrome ¢

However, mice lacking CAD or proteolysis of PARP. 9_63 — Apaf-1
ICAD deficiency develop normally. R— o
Once caspases are activated, o.-- N
cells still die. - g

g7 7
Mitochondrial Endo G and other / “«av
nucleases also implicated. /// ICAD
DNAse Il in macrophages degradation of
important for degradation of DNA CAD ICAD ~”  chromosomal DNA
(non-cell autonomous). CAD

Nagata (2009) Annu. Rev. Immunol.



Identification of a caspase-activated DNAse (CAD)

6

FT

8

10121416182022242628 30

S$100 supernatant from mouse T
lymphocytes (WR19L cells) were
loaded onto DEAE Sepharose
column. Fractions eluted, treated
with caspase 3.

DNA degradation activity tested
on genomic DNA (top) and
plasmid DNA (middle).

In bottom panel no caspase 3
was added.

Conclusion: caspase 3 activates

a nuclease (termed CAD) present
in the S100 supernatant.

Enari et al. (1998) Nature



FT 6

8

Identification of CAD inhibitor (ICAD)

10121416182022242628 30

CAD activity of Fas-activated cells
was inhibited by S100 fraction of
growing cells.

iICAD activity assayed in fractions

by inhibition of degradation from
active CAD sample.

Enari et al. (1998) Nature



Proteins Regulating Apoptosis: Bcl-2 family

/ Bcl-2 Iamily\

Protectors Killers
Bcl-2 Bax
Bcl-x Bak
Bel-W Bok/Mtd
Mcl-1 BCl-KS

Al

Boo/Diva

C. elegans ced-9

Adenovirus E1B819K

Epstein-Barr virus BHRF1

Regulators
Bad Bik/Nbk
Bid HRK
Bim Puma
BmF Noxa
Hrk

C. elegans Egl-1

UHal  BHL lew]

[BH2 )=ﬂ Protectors
|

B e [ B illers
i ,
T e—
|
! :

Mechanism of action

BH domain

Anti-apoptotic Blc-2
— Have 4 of these domains —
BH1, BH2, BH3, BH4

— Block mitochondrial pathway

Pro-apoptotic Bcl-2
— May have 3 of these
domains
— BH3 domain

» Regulate protein-protein
interaction that signal cell
death



Models of Bax or Bak activation

Death stimuli
* Oncogene activaton + DNA damage * Ancilis
* Growth-factor withdrawal * Kinase inhibition * Micmotubule parturbation
Activators | | Sensitizers
* Bid * p537 Puna? Others? | —€ » | « Bad * Noxa * Hrk * Berf
* Bim * Bik *BNIP3 s Puma? «MULE
Activated Bax or Bk

Pom formation and

cytochrome ¢ egreas
Displacement of activator .
o o U “
Activator
Bel-2 f
Displacement
Activated of activated Activator

Bax or Bk Bax or Bak or sensitizer




(a) Nematodes

EGL-1
(BH3 only)

+
CED-3

A 4
Apoptosis
73

o, ®
aEC A
G

3 7 NN 4

Some pathways of apoptosis

(b) Mammals
Apoptotic stimuli

'Bid, Bim
(BH3 only) AlF
! HTRA2/0MI
\ 7 e EndoG
]

i _{1 'l
'SMAC/DIABLO | @idATP
B
L___l\_\ﬁ

E aspase-s" Initiator

Cellular targets

Apoptosis

72

Lodish et al. (2008)

Worms: Ced4 is normally suppressed by
its physical interaction with Ced9 on the
mitochondrial surface. Eg1-1
transcriptional activation competes for
Ced-9 binding, freeing Ced4 to activate
Ced3.

Mammals: Release of cytochrome ¢
activates Apaf1, resulting in
oligomerization into the apoptosome that
activates procaspase 9 (by autocleavage).
Caspase 9 is an initiator caspase that
then activates effector caspases like
caspase 3.

Caspases are normally inhibited by
binding of inhibitor of apoptosis proteins
(IAPs). Upon apoptosis induction,
mitochondria release SMAC/DIABLO that
release IAP from caspases.

How does mitochondrial outer membrane
permeabilization occur?



Bax and Bak cause mitochondrial outer membrane
permeabilization (MOMP)

a Antl apoptotlc BCL-2 protelns
ZA— 7 : Va —

BH4[ (BH3 [ ‘BHl ‘L‘_\BHZ (M ([ () BCL-2, BCL-W, BCL-XL, Al and MCL-]
Pro-apoptotic BCL-2 proteins BH domains= Bcl2 homology
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Intrinsic and extrinsic cell death pathways involve MOMP

Liganad

W (rast
Death—t_| ] | TRAIL
Plasma membrane receptor .11 or TNF)

a Intrinsic b Extrinsic
Anti-apoptotic BCL-2
proteins
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FADD)

C (a)
l l 1 1 &2 2 cell death:
BH3-only protein activation| ——=——>BAX or BAK<_t°\° ;’L é
o O 1 S Cytochrome c: required for caspase activation
Active caspases
MOMP Bpas® SMAC/Diablo: second mitochondria-derived
a2 Y = e \B2E® activator of caspase; binds and antagonizes
0 e XIAP (X-linked inhibitor of apoptosis protein)
Mitochondrion IMS
e0 s 7 Matrix OMI/HtrA2: mitochondrial protease; binds and
o}
SMAC .+ O g e cleaves XIAP
OMI - o
0 @ Cytochrome ¢
| AIF: Apoptosis-inducing factor
&> APAFI
|

Pro-caspase 9

AEQ Endonuclease G: Nuclease in mitochondria.

XIAP

However, knockout mice studies indicate that
apoptosis can occur in the absence of the
latter 4.
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Extrinsic signals can signal cell death
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Intrinsic versus extrinsic pathways for cell death

Fas= target of 2 monoclonal antibodies
that triggered apoptotic cell death in w Criine
some tumor cells. AN

X
Cloning of Fas showed that it is member

of tumor necrosis factor receptor family “ > - ‘
(class of cytokine receptors). - ;
|
Led to expression cloning of the Fas BCL-2-regulated !
ligand (FaslL). pathway :
(B :
Spontaneous mouse mutants in Fas (Ipr) whud »! :
or FasL (gld) develop lymphadenopathy ‘ |
and lupus-like autoimmune disease. T \
|
Ligation of Fas leads to assembly of .‘ :
DISC (death-inducing signaling N |
complex). Caspase 8 is activated by (1)
dimerization and conformational change, o
and (2) autoproteolytic processing. The Apoptosome
activated enzyme leaves the DISC and (APAF-1 +

eip pro-CASP-8)
cleaves substrates within the cell.

CAD=caspase-activated DNAse
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iICAD=inhibitor of CAD
BID activated by caspase 8 cleavage.

Nagata et al. (2009) Immunity




Decoy ligands block death signaling from
outside the cell; Decoy adapters block

death from the inside

Figure 2 TRAIL. The key elements of the TRAIL signalling pathway are conserved in
other members of the TNF ‘death recaptor’ family, such as CD95 (Apo-1/Fas).

a, The trimerized TRAIL ligand (blug) is shown from a top-down view nestled into a
trimer of the DRS/TRAIL-R2 receptor ectodomain (light brown). Coordinated Zn®*
seems to have a key role in conferring the appropriate signalling conformation.

b, The 'extrinsic' cell death pathway s launched by death-receptor ligands that
trigger caspase-8 oliomerization and proximity-induced autoproteolytic activation via
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adapter molecules such as FADD/Mort1. Activation is regulated by decoy recaptors, which preclude the binding of TRAIL to the functional receptor, and dominant-negat
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Survival signals often block preexisting death signals
0

Survival

Inhibition of death receptor
ligand synthesis
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