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Abstract

Smac/Diablo and HtrA2/0Omi promote apoptosis by binding to
and antagonizing IAP proteins, including the ‘X chromosome-
linked inhibitor of apoptosis’ (XIAP). Here we show that
caspase-mediated proteolysis of a limited subset of cell death
substrates exposes functional Smac/Diablo-like N-termini
after cleavage, which are able to bind to and antagonize XIAP.
We propose that this mechanism may establish a feedforward
sensitization of the apoptotic pathway and contribute to the
functional redundancy of IAP antagonism. In addition, this
may be particularly relevant in Alzheimer’s disease since the
caspase-generated C31 peptide, an established cytotoxin,
acquires Smac/Diablo-like properties after apoptotic proces-
sing.
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Introduction

XIAP performs its antiapoptotic activity by binding and
inhibiting caspase-3, -7 and -9." Two proapoptotic mitochon-
drial proteins, Smac/Diablo and HtrA2/Omi, interact with and
antagonize XIAP, thereby restoring caspase activity and
promoting cell death.?® Both proteins are synthesized as
larger precursors that are proteolytically processed during
import into mitochondria. Processing unmasks residues that
are essential for XIAP binding, including a critical N-terminal
Ala residue, but release from mitochondria concomitant with
cytochrome cis also required for accessibility to cytoplasmic
XIAP. We reasoned that nonmitochondrial caspase sub-

strates could perform a similar function if the N-terminus of the
scissile bond contained a Smac/Diablo-like motif. This would
obviate the need for mitochondrial perturbation, for example in
some modes of ‘death receptor’ triggering, and also amplify
the apoptotic response by a feedforward mechanism.
A survey of 92 established cleavage sites within caspase
substrates identified nine that would produce the critical N-
terminal Ala (Figure 1a).°~'" We examined two of these in
detail (Figure 1b):'3 XIAP itself, since it could function as its
own antagonist after caspase proteolysis in human cells, and
the amyloid-$ precursor protein (APP), since the caspase-
generated C31 peptide has been shown to promote apoptotic
death by a hitherto undefined mechanism.

Experimental procedures

Equipment and reagents

The Biacore 1000, CM5 and SA sensor chips, N-hydroxy-
succinimide (NHS), N-ethyl-N'-(3-diethylaminopropyl) carbo-
diimide hydrochloride (EDC) and 1 M ethanolamine (pH 8.5)
were purchased from Biacore Inc. (Piscataway, NJ, USA).
Synthetic peptides were purchased from Synprep Corporation
(Dublin, CA, USA).

cDNA cloning, expression and purification of BIR3
(XIAP)

A cDNA encoding residues 244-497 of human XIAP
(containing the BIR3 domain) plus a six histidine tag
was created by PCR using the cDNA for XIAP (UMP 8411)
as a template and the N-terminal primer XIAP-N244
(5'GCG TCT AGA CTC GAG CAT ATG GTG AGT TCT
GAT AGG AAT TTC3') and the C-terminal primer XIAP-
C6HIS (5'GCG TCT AGA CTC GAG CAT ATG TTA ATG
ATG ATG ATG ATG ATG AGA CAT AAA AAT TTT TTG
CTT GAA AG3). The resulting PCR fragment was
cloned via the Ndel restriction site into the procaryotic
expression vector pET11c (Novagen), generating the
plasmid-DNA UMP 8684, which was confirmed by sequen-
cing. The encoded BIR3 polypeptide was overexpressed
in the E. coli strain BI21-Codon Plus (DE3) (Novagen), and
insoluble protein was recovered in purified inclusion
bodies. The inclusion body BIR3 protein was dissolved in
guanidine HCI (GuHCI) buffer (6 M GuHCI, 25 mM Na,HPO,
(pH 8.0), 5mM DTT, 1uM Zn(OAc),), and then renatured
by dialysis against 41 of renaturing buffer RB (25mM
Na,HPO, (pH 7.0), 5% (w/v) glycerol, 0.01% (v/v) NP-40,
1mM DTT, 50uM Zn(OAc),) containing progressively
decreasing concentrations of GuHCI. Dialysis was
performed at 4°C using the following steps: 2h 30min
RB+3M GuHCI, 2h 30min RB+1M GuHCI, 2h 30min
RB+0.4M GuHCI, 2h 30min RB+0.2M GuHCI, o/n
RB+0.1M GuHCI, three times 2h 30min RB and finally
o/n RB. The dialysed BIR3 solution was clarified by
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Figure 1 (a) A survey of 92 proteins that have sufficient criteria for being

authentic caspase substrates during apoptotic death (see Nicholson,® Roy and
Nicholson'® and Fischer et al'! for details and further references) yields nine that
would produce N-terminal Ala residues at the scissile bond (indicated by dashed
vertical line). (b) Caspase-mediated cleavage of human XIAP and APP yield Ala
N-termini with sequence similarity to established IAP antagonists. Synthetic
peptides made to mimic these termini, and used in the experiments described
below, are indicated in blue. The caspase cleavage site as well as the N-terminal
Ala are unique to human XIAP (not present in rat, mouse or bovine sequences),
whereas both are conserved in APP from most species (including mouse, rat,
guinea-pig and others)

centrifugation at 3000 x g for 10min at 4°C, followed by
a second centrifugation at 30000 x g for 15min. The
protein concentration in the resulting supernatant was
determined by densitometric scanning of Coomassie blue-
stained gels and by the method of Bradford. The protein
solution was aliquoted, quick-frozen and stored at —80°C.
Protein used for the surface plasmon resonance experiments
was dialysed overnight against phosphate-buffered saline
(PBS) plus 50 uM Zn(OAc),.

Surface plasmon resonance

All surface plasmon resonance experiments were performed
with an upgraded BIACORE 1000 at 25°C. The running buffer
was HBS (20mM HEPES (pH 7.4), 150 mM NaCl, 3.4 mM
EDTA, 0.05% (v/v) Tween20) and the protein and peptide
dilutions were done in HBS with 50 uM Zn(OACc)..

Kinetic assay of the Smac-20 interaction with BIR3

Smac-20 interaction with BIR3 was performed on an SA
sensorchip. The sensorchip surfaces were activated by three
pulses (5ul each) of 1M NaCl and 50mM NaOH. After
baseline stabilization, Smac-20 was coupled to the surface
through biotin—streptavidin interaction by injecting the bioti-
nylated Smac-20 peptide (1nM in HBS) until the desired
amount was coupled (ca. 10 RU). The subsequent kinetic
experiments were carried out at a flow rate of 20 ul/min.
Different concentrations of BIR3 (from 46.7 to 1250 nM) were
randomly injected over a Smac-20 surface as well as over a
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mock surface (no Smac-20) for 180s, followed by buffer
injection for 180s. Regeneration of the sensor chip for
subsequent injections was accomplished by two pulses of a
solution of 50 mM n-octyl glucopyranoside, 10 mM HCI (25 ul
each at 100 ul/min), followed by EXTRACLEAN and RINSE
procedures. All experiments were done in duplicate. The
curves were then prepared using the ‘double-referencing’
method and globally fit using nonlinear least squares analysis
and numerical integration of the differential rate equations
using the SPRevolution® software package. All the sensor-
grams from injections of BIR3 concentrations over the Smac-
20 surface were then globally analyzed using several different
kinetic models that are available in the SPRevolution®
software package.

Competition experiments

For the competition experiments, the flow rate was 5 ul/min.
Smac-20 peptide was immobilized on CM5 sensorchips
by the standard amine-coupling procedure. Mock surfaces
were also generated using the same procedure by
replacing the protein solution with running buffer. The
competition experiments were run as follows: 1 uM of BIR3
or 1uM of BIRS3, preincubated for at least 1h at room
temperature with different concentrations of the competing
peptides, was injected (15 ul) over the Smac-20 and mock
surfaces. The amount of BIR3 still bound to the surface 5s
after the end of the injection on the mock surface was
subtracted from the corresponding value from the Smac-20
surface. The quantity of BIR3 bound 5s after the end of
the injection was expressed as a percentage of BIR3
binding in the absence of competing peptide and plotted
against the concentration of the competing peptide. After
each injection, surface regeneration was accomplished by
injecting 5 ul of 120mM HCI solution. All the experiments
were done at least in duplicate.

Preparation of cytoplasmic S-100 cell extract

Frozen Jurkat cells (equivalent to 5.2 x 10° cells) were
resuspended in 5 volumes of buffer A (20 mM HEPES-KOH
(pH 7.5), 10mM KCI, 2 mM Na-EDTA, 250 mM sucrose, 1 mM
DTT) containing 0.1 mM PMSF and 1% (v/v) Sigma P-8340
Protease-Inhibitor-Mix. Following incubation on ice for
15min, the cells were disrupted using a Dounce homogeni-
zator (15 strokes, Wheaton 15ml, Pestle B) and then
centrifuged at 1000 x g for 10 min at 4°C to remove nuclei
and cell debris. The resulting supernatant was centri-
fuged at 13000 x g for 10 min at 4°C, followed by a third
centrifugation step at 100000 x g for 1h at 4°C. The
resulting supernatant was aliquoted, frozen on dry ice and
stored at —80°C.

Cytochrome c-dependent caspase activation
assay
The cytochrome c-dependent activation assay was performed

in a 20 ul volume of reaction buffer A (20 mM HEPES-KOH
(pH 7.5), 10mM KCI, 2mM Na-EDTA, 250 mM sucrose, 1 mM
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DTT). Protein (50ug) from the S-100 cell extract was
mixed into 40 nM of purified, recombinant BIR3 (XIAP) and
variable amounts of peptides or vehicle. The reaction was
then started by the addition of 1 ug of horse heart cytochrome
¢, 1.25mM dATP and 2.5mM MgCl, and incubated for 1h
at 30°C. Cytochrome c-dependent activation of caspase-9
was monitored via caspase-3 activity, which was measured
by fluorometry as release of AMC from Ac-DEVD-AMC.
Following the activation reaction, 180 ul of caspase-3 sub-
strate buffer was added (50 mM HEPES-KOH (pH 7.0), 2mM
Na-EDTA, 0.1% (w/v) CHAPS, 10% (w/v) sucrose supple-
mented with the substrate Ac-DEVD-AMC and DTT) to
obtain final concentrations of 10 uM (Ac-DEVD-AMC) and
5mM (DTT). Using an excitation wavelength of 380 nm and
an emission wavelength of 460nm, the release of free
AMC was monitored continuously for 60 min in 1-min intervals
and expressed as arbitrary fluorescence units per min. The
DEVDase activity of the mock-treated sample without
BIRS3 inhibition was set to 100% and used as reference for
the other samples.

Results and discussion

For these studies, we chose to study the antagonism of the
BIR3 domain of XIAP, which works at the apical point of the
caspase cascade by preferentially inhibiting caspase-9.'> The
binding constants for Smac/Diablo antagonism of BIR2 have
previously been established by surface plasmon resonance
(K4=35nM)."® Smac-20, a synthetic peptide containing the N-
terminal 20 residues of mature Smac and able to bind BIR2,®
bound to BIR3 with a K value of 64 nM, consistent with it also
being a high-affinity antagonist of BIR3 (Figure 2a). Using the
interaction of Smac-20 with BIR3 as a positive control, the
entire proapoptotic caspase-generated C31 peptide of APP
(APP-AA), or a 12-residue XIAP peptide corresponding to the
neo-N terminus generated by caspase proteolysis (XIAP-AV),
was tested for BIR3 binding at the same site by competition
surface plasmon resonance (Figure 2b). All three Ala-terminal
peptides were able to compete for the Smac/Diablo-binding
site on BIR3, whereas control peptides with altered N-termini
did not. The rank order of affinity was Smac-20>APP-
AA>XIAP-AV. These data indicate that caspase-generated
Ala termini within substrates, such as APP and XIAP, are
biochemically able to bind to the Smac/Diablo groove in BIR3.

We next wanted to determine whether these same peptides
could functionally antagonize BIR3 inhibition of caspase
activation. For these experiments, we used the cytochrome
c-responsive in vitro activation system'” used previously to
define Smac/Diablo function.>™ Isolated cell cytosols were
activated with cytochrome c plus dATP. This results in the
formation of an active apoptosome, caspase-9 activation and
then caspase-3 activation, which is measured in a
continuous fluorometric assay using the caspase-3 substrate,
Ac-DEVD-AMC."® The recombinant BIR3 domain of XIAP
blocked caspase activation in this system and this blockade
was entirely prevented by the presence of >50 uM of Smac-
20, the positive control synthetic peptide (Figure 3a). Simi-
larly, both the APP-C31 peptide and the XIAP-AV peptide
(Figure 3b and c, respectively) were able to antagonize the
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Figure 2 (a) Surface plasmon resonance kinetic analysis of the interaction of

Smac-20 with the BIR3 of XIAP. A C-terminal biotinylated Smac-20 peptide
(corresponding to the first 20 residues of mature mitochondrial Smac/Diablo) was
immobilized on a Biacore SA chip and the indicated concentrations of
recombinant BIR3 (residues 244-497 of human XIAP, containing the C-terminal
ring-zinc-finger and a six-His epitope tag) were injected over the ligand surface
for 180s. A Ky of 64 nM was calculated from the resulting response curves. (b)
Peptides corresponding to caspase-generated fragments of XIAP and APP
(XIAP-AV 12 mer and APP-AA 31 mer, respectively) compete for binding to the
Smac/Diablo site on BIR3. A nonbiotinylated Smac-20 peptide was immobilized
by amine coupling to a Biacore CM5 sensorchip. Solutions of the indicated
peptide concentrations were preincubated with 2.5 M recombinant BIR3 prior to
injection onto the immobilized Smac-20 chip. Competition curves were
constructed from the resulting sensorgrams. Two control peptides with altered
N-termini (MetGly N-terminus for APP instead of AlaAla (APP-MG), Met N-
terminus for XIAP instead of Ala (XIAP-MV)) were tested at the highest
concentrations used without effect

BIR-3-mediated attenuation of cytochrome c-stimulated cas-
pase activation, but the corresponding control peptides were
not. The rank order of efficacy was entirely consistent with the
biophysical interaction studies. Furthermore, in the absence
of exogenously added BIR3, apoptosome activation was
enhanced approximately 20% by the presence of Smac-20,
APP-C31 or XIAP-AV (but not their corresponding control
peptides), presumably owing to antagonism of endogenous
IAPs already present in the Jurkat cell cytosol fractions
(Figure 4). In this system (absence of exogenous BIR3),
maximum stimulation occurred with all three peptides at
12.5 uM.
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Figure 3 Peptides corresponding to mature Smac/Diablo (a) or to the caspase-
generated fragments of APP (b) and XIAP (c) antagonize |IAP-mediated inhibition
of caspase activation. The apoptosome/caspase-9/caspase-3 pathway was
stimulated in naive S100 Jurkat cell cytosols by the addition of cytochrome ¢
(50 ng/ul) and dATP/MgCl, (1.25 mM/2.5 mM). After a 1 h incubation, caspase-3
activity was measured by continuous fluorometry using 10 uM Ac-DEVD-AMC.
All samples contained 40nM recombinant BIR3 (described above), except
reference samples used to establish the 100% ‘noninhibited’ activity. The
indicated active peptides (solid bars) and negative control peptides (open bars)
were included in the incubations at the concentrations indicated
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Figure 4 Peptides corresponding to mature Smac/Diablo (a) or to the caspase-
generated fragments of APP (b) and XIAP (c) antagonize endogenous IAP-
mediated inhibition of caspase activation and accelerate caspase activation. The
apoptosome/caspase-9/caspase-3 pathway was stimulated in naive S100 Jurkat
cell cytosols exactly as described for Figure 3, except that recombinant BIR3 was
not included in the incubation mixtures. The indicated active peptides (solid bars)
and negative control peptides (open bars) were included in the incubations at the
concentrations indicated
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Figure 5 Feedforward amplification model for apoptosis sensitization by
caspase-substrate neo-termini. AP proteins, such as XIAP, help prevent
inappropriate apoptotic suicide by direct inhibition of activator and effector
caspases (C9, C3, C7; caspase-9, -3 and -7, respectively). Apoptotic triggering
through the ‘intrinsic’ mitochondrial pathway is initiated by the release of
mitochondrial intermembrane space constituents including cytochrome c (circled
‘c’), which is a cofactor for APAF-1 oligomerization and activation of caspase-9,
and Smac/Diablo plus HtrA2/Omi, which antagonize the IAP-mediated blockade
on caspase activity through P4" Ala N-termini. IAPs are also antagonized by the
pro-caspase-9 linker peptide which is exposed following caspase-9 proteolytic
maturation (not indicated). A limited subset of caspase cell death substrates
present Smac/Diablo-like Py Ala N-termini when cleaved by the effector
caspases — caspase-3 and -7 (e.g. XIAP and APP). These neo-termini also
participate in IAP antagonism, thus contributing to the unopposed activation of
the caspase pathway

Collectively, these data demonstrate that in addition
to the two mitochondrial proteins previously demonstrated
to antagonize IAP function, and the caspase-9 linker
peptide which baits XIAP,' caspase substrates may
themselves function to promote amplification of the
caspase cascade by participating in the antagonism of
IAP function. This could promote a feedforward sensitiza-
tion of the apoptotic pathway (Figure 5) and may be of
particular relevance in Alzheimer's disease, where the
caspase-generated C31 peptide of APP has been shown
to promote apoptotic death. These findings also predict
that IAP antagonism is a collective event, and that the
absence of an overt phenotype in Smac/Diablo-deficient
mice?° is expected given the redundancy that occurs as a
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consequence of caspase cleavage products having IAP
antagonistic properties.
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