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Activation of effector caspases is a final step during apopto-
sis. Single-cell imaging studies have demonstrated that this
process may occur as a rapid, all-or-none response, triggering
a complete substrate cleavage within 15min. Based on
biochemical data from HeLa cells, we have developed a
computational model of apoptosome-dependent caspase
activation that was sufficient to remodel the rapid Kinetics
of effector caspase activation observed in vivo. Sensitivity
analyses predicted a critical role for caspase-3-dependent
feedback signalling and the X-linked-inhibitor-of-apoptosis-
protein (XIAP), but a less prominent role for the XIAP anta-
gonist Smac. Single-cell experiments employing a caspase
fluorescence resonance energy transfer substrate verified
these model predictions qualitatively and quantitatively.
XIAP was predicted to control this all-or-none response,
with concentrations as high as 0.15pM enabling, but
concentrations >0.30pM significantly blocking substrate
cleavage. Overexpression of XIAP within these threshold
concentrations produced cells showing slow effector caspase
activation and submaximal substrate cleavage. Our study
supports the hypothesis that high levels of XIAP control
caspase activation and substrate cleavage, and may promote
apoptosis resistance and sublethal caspase activation in vivo.
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Introduction

Apoptosis removes superfluous or damaged cells from the
body of multicellular organisms. Enhanced or repressed
apoptotic cell death contributes to developmental defects,
autoimmune diseases, cancer and neurological disorders
(Meier et al, 2000; Yuan and Yankner, 2000). Activation of
effector caspases is a central and ultimate step in many
apoptosis pathways. In the intrinsic pathway, the activation
of effector caspases is triggered by mitochondrial outer
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membrane permeabilisation (MOMP) and the subsequent
release of proapoptotic proteins into the cytosol. The release
of cytochrome c (cyt-c) triggers the formation of the apopto-
some, a multiprotein complex comprising apoptotic protease-
activating factor 1 (Apaf-1), procaspase-9, dATP/ATP and cyt-c
(Li et al, 1997; Zou et al, 1997). Apoptosome-bound caspase-9
subsequently activates effector caspases-3 and -7 that are
responsible for most of the morphological and biochemical
changes occurring during this type of active cell death (Li et al,
1997; Zou et al, 1997; Janicke et al, 1998b; Slee et al, 1999).
The signalling network gains complexity by additional
caspase-3-dependent feedbacks (Slee et al, 1999).

The X-linked-inhibitor-of-apoptosis-protein (XIAP) is a cy-
tosolic inhibitor of caspases-9, -3 and -7 and the most potent
member of the IAP family of proteins (Deveraux and Reed,
1999). XIAP can be counteracted by the second mitochondria-
derived activator of caspases (Smac)/DIABLO (Du et al, 2000;
Verhagen et al, 2000). Smac is released from mitochondria
together with cyt-c and competitively and sterically displaces
caspases from their XIAP interaction sites (Wu et al, 2000;
Rehm et al, 2003). XIAP also enforces the degradation of
its binding partners by ubiquitination (Suzuki et al, 2001;
MacFarlane et al, 2002). However, recent studies demonstrated
a lack of phenotype in XIAP-deficient mice and human cells in
response to the activation of the intrinsic apoptosis pathway
and have questioned a significant role for XIAP in apoptosis
regulation (Harlin et al, 2001; Wilkinson et al, 2004).

Single-cell imaging studies using fluorescence resonance
energy transfer (FRET) probes containing conserved caspase
cleavage sites have demonstrated that the activation of
effector caspases during apoptosis may be a rapid, all-
or-none process (Tyas et al, 2000; Rehm et al, 2002). We
have previously also found that efficient effector caspase
activation can occur within 5min of MOMP (Rehm et al,
2003). Although these studies demonstrated an astonishing
efficiency of the apoptotic signalling cascade, a comprehen-
sive explanation for this rapid, all-or-none behaviour and its
control by XIAP and factors such as Smac is still lacking. The
complex nature of a protein network with multiple variables
acting at the same time can only be analysed on a systems
level. We therefore have developed a computational model of
the process of apoptosome-dependent caspase activation
based on a 53 reactions network that enabled us to study,
understand and subsequently experimentally verify effector
caspase activation and its control by XIAP.

Results

Computational modelling and single-cell analysis of
apoptosome-dependent effector caspase activation

in Hela cells

We developed a computational model of apoptosome-
dependent effector caspase activation in HeLa cells. In this
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computational approach, cyt-c and Smac release initiate a
reactions network that eventually leads to the activation of
effector caspases. A full description of the model is provided
as Supplementary data 1. The model was implemented in
MATLAB and integrates known and de novo-determined
protein concentrations (Supplementary data 2), reaction,
degradation and inhibitory constants, as well as the indivi-
dual kinetics for cyt-c release, Smac release, and the cyt-c-
induced apoptosome formation. The resulting substrate clea-
vage serves as an output function (Figure 1A). The model
was a priori designed to allow a direct comparison of the
model output with the cleavage of an FRET-based effector
caspase substrate in single-cell imaging experiments, allow-
ing a validation of model predictions.

In vivo responses were recorded in HeLa cells exposed to
the kinase inhibitor staurosporine (STS), a stimulus that
induces cell death through the mitochondrial apoptosis path-
way (Tafani et al, 2001; Rehm et al, 2002). The onset of
MOMP in response to STS was determined in vivo using
tetramethylrhodamine methylester (TMRM), a fluorescent
probe used to measure fast changes in the mitochondrial
membrane potential (AW,). The release of cyt-c occurs
concomitantly with AW, depolarisation and the loss of cyt-
¢ causes this initial depolarisation, as readdition of cyt-c is
able to restore A¥y(Varnes et al, 1999; Dussmann et al, 2003;
Rehm et al, 2003; Goldstein et al, 2005). Effector caspase-
dependent substrate cleavage was detected by FRET analysis
using a recombinant CFP-DEVD-YFP fusion protein (Tyas
et al, 2000; Rehm et al, 2002). In HeLa cells stably expressing
the FRET probe, effector caspase activation in response to
1 uM STS manifested rapidly after the onset of MOMP (Figure
1B and C). In agreement with previous findings from our
group (Rehm et al, 2003), quantitative analysis of the imaging
data revealed an average time window of 4min between
MOMP and effector caspases activation (Figures 1C and
4F), and a complete cleavage of the FRET substrate within
1S min (Figure 1D).

Temporal protein profiles during apoptosome-
dependent effector caspase activation

Analysis of effector caspase activation using the above-
described computational model produced an output that
very closely resembled the biological responses observed in
the single-cell imaging experiments (Figure 2A). Modelling of
effector caspase-dependent substrate cleavage calculated an
onset of effector caspase activation ~ 5 min after cyt-c release,
reaching completion after 15 min.

The model subsequently allowed us to calculate and
illustrate changes in protein concentrations and interactions
over time, providing insights into the kinetics of the under-
lying signalling process (Figure 2B-F). Following cyt-c
release, apoptosome formation and Smac release
(Figure 2B), active caspase-9 (p35/p10) is generated shortly
before a pronounced increase in active caspase-3 (Figure 2C).
The temporal relationship of these events suggests a tight
coupling of both processes. This can be explained by the
caspase-3-dependent feedback on the apoptosome which
generates the caspase-9 (p35/pl0) form (Srinivasula et al,
2001). Caspase-9 (p35/pl0) has an increased enzymatic
activity when compared to caspase-9 (p35/pl12) and
cannot be inhibited by XIAP (Srinivasula et al, 2001; Zou
et al, 2003). Therefore, caspase-3 can sharply increase
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as soon as a substantial amount of caspase-9 (p35/p10) has
been generated.

The model predicts that free XIAP levels rapidly decrease
during the first 10 min following the onset of cyt-c release
(Figure 2D). About 35% of the total XIAP binds to the
apoptosome-associated caspase-9 (p35/pl2), peaking at
~6min. XIAP also rapidly inhibits caspase-3 with a steady
increase peaking at ~ 10 min. The model predicts that the p2
fragment, also termed decoy peptide, generated by processing
caspase-9 (p35/pl12) to the p35/pl0 form only plays a
minor role as it is never present in sufficient amounts to
substantially block XIAP (Figure 2D). Significant caspase-3-
dependent cleavage of XIAP sets in 10 min after cyt-c release,
generating the BIR1-2 and BIR3-RING fragments (Figure 2E).
The majority of the BIR1-2 fraction binds to and inhibits
caspase-3, whereas the BIR3-RING fraction is predominantly
free in the cytosol or bound to the p2 fragment of caspase-9
(Figure 2E).

Following its release into the cytosol, Smac binding
to XIAP peaks 8 min after the onset of MOMP. Surprisingly,
only about 10% of the total Smac protein can bind to XIAP
before XIAP cleavage sets in, suggesting that Smac might
only play a minor role at standard physiological condi-
tions (Figure 2F). Owing to the low affinity, Smac binding
to XIAP cleavage products plays no significant role (data
not shown).

Modelling of the effects of caspase and proteasome
inhibition on cytosolic Smac/DIABLO levels

Smac is released together with cyt-c after MOMP (Rehm et al,
2003). Caspase inhibition with the broad-spectrum caspase
inhibitor zVAD-fmk decreases cytosolic Smac levels signifi-
cantly (Rehm et al, 2003; Sun et al, 2004). However, cytosolic
Smac levels can be restored by the addition of proteasome
inhibitors, suggesting that proteasome-dependent Smac de-
gradation is accelerated under conditions of caspase inhibi-
tion (MacFarlane et al, 2002; Rehm et al, 2003; Sun et al,
2004). To provide a mathematical explanation for these
findings, caspase activities or protein degradation constants
in the model were set to zero and cytosolic Smac levels were
modelled (Figure 2G). Caspase inhibition resulted in a sig-
nificant degradation of cytosolic Smac, whereas proteasome
inhibition kept Smac protein levels at a consistently high
level. The model explains the enforced Smac degradation by
the zZVAD-fmk-inhibited caspase fraction, resulting in a higher
amount of free XIAP. XIAP in turn binds to Smac, enforcing
Smac degradation by ubiquitination. In addition, caspase-
dependent cleavage of the proteasome is blocked and Smac
degradation therefore prevails through the later stages of
apoptosis (Figure 2G).

Sensitivity analysis predicts an XIAP-dependent
threshold for effector caspase activation

To identify the key parameters affecting caspase activation,
we analysed how the model responded to changes in protein
concentrations and alterations in the Kkinetics of the input
functions. Responses were evaluated by the time required to
cleave 20 or 80% of the caspase substrate after the onset
of MOMP (Figure 3A-F). At standard conditions (defined
as conditions in naive HeLa cells), 20% of the substrate
was cleaved by 8min, and 80% by 12min after MOMP.
Surprisingly, altering the kinetics of cyt-c-induced apopto-
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some formation or Smac release only slightly affected the
substrate cleavage, and fast effector caspase activation per-
sisted even when kinetics were significantly slowed down
(Figure 3A and B). Alterations in the Smac concentration also
only had a minor influence on substrate cleavage (Figure 3C).
In HeLa cells, apoptosome formation is quantitatively limited
by the amount of procaspase-9 (Supplementary data 2). As
expected, substrate cleavage was highly sensitive to changes
in procaspase-9 and procaspase-3 concentrations, with potent
inhibition of substrate cleavage at subphysiological concen-
trations (Figure 3D-E). In other cell types, the amount of
Apaf-1 may limit apoptosome formation. In such cases, the
system would respond with sensitivities to altered Apaf-1
concentrations that correspond to those observed for pro-
caspase-9 in the HeLa model.

In agreement with previous studies that demonstrated
levels of apoptosis were not altered in XIAP-deficient animals
(Harlin et al, 2001), lowering the physiological XIAP concen-
tration did not significantly accelerate substrate cleavage
after the onset of MOMP (Figure 3F). Elevated XIAP protein
levels, however, delayed substrate cleavage exponentially
(Figure 3F), suggesting that high XIAP concentrations may
fully block caspase activation.

To study this phenomenon in more detail, we plotted
substrate cleavage profiles for a continuous range of XIAP
concentrations from 0puM (knockout) to 0.5puM (eightfold
higher than the physiological concentration in naive HeLa
cells) (Figure 4A). Interestingly, the computational analysis
predicted that XIAP concentrations between 0.15 and 0.30 uM
separate conditions of complete substrate cleavage from
conditions that lack significant substrate cleavage.

Single-cell analysis in XIAP overexpressing cells
confirms model predictions

To confirm these model predictions, we tested the effect
of XIAP overexpression on effector caspase activation in
real-time. HeLa cells were infected with an XIAP expression
adenovirus (AdV-XIAP) (multiplicity of infection (m.o.i.) 100)
and apoptosis was induced with 1 uM STS. Western blotting
confirmed a strong XIAP overexpression following adenoviral
infection (Figure 4B). Subsequent densitometry analysis
revealed that the XIAP protein level in AdV-XIAP-infected
cultures was 4.5 times higher than the protein level under
control conditions. As the physiological XIAP concentration
in HeLa cells has been determined as 0.063 uM, adenovirus-
mediated overexpression of XIAP hence should fall within the
predicted XIAP concentration threshold (4.5 x 0.063 uM =
0.28 uM).

Single-cell imaging revealed that cells overexpressing
XIAP indeed showed a pronounced delay between MOMP
and effector caspase activation (Figure 4C; compare to
Figure 1B). Modelled substrate cleavage kinetics around a
XIAP concentration of 0.28 uM calculated slower cleavage
kinetics and submaximal substrate cleavage (Figure 4D).
Correspondingly, individual traces of HeLa cells infected
with AdV-XIAP showed submaximal substrate cleavage and
substantially altered activation kinetics, very closely resem-
bling the model predictions (Figure 4E).

Quantitative analysis indicated that the delay between
MOMP and effector caspase activation increased from 4 min
in noninfected or AdV-LacZ-infected controls to 12 min in
AdV-XIAP-infected HeLa cells (Figure 4F). Quantitative
analysis of substrate cleavage durations using a sigmoid
Boltzmann function likewise demonstrated reduced caspase
activity in XIAP-overexpressing cells (Figure 4G). In these
calculations, the width of the sigmoid turnover was deter-
mined by the factor dt and was used as a measure for the
duration of substrate cleavage (Rehm et al, 2002). Because
the adenovirus-mediated overexpression of XIAP fell within
the predicted XIAP threshold range, small cell-to-cell varia-
tions of XIAP levels in vivo should have a strong influence on
the substrate cleavage characteristics of individual cells
(compare with Figure 4A). This was clearly reflected by the
higher variation of the ‘time to cleavage’ and ‘width of
turnover’ values in the AdV-XIAP-infected cells compared
to the control cells (Figure 4F and G).

Interestingly, 64% of cells that showed less than 40%
substrate cleavage (n=11 cells), and 78% of cells that
showed less than 30% substrate cleavage (n =9 cells) failed
to develop morphological changes typical of apoptosis
(shrinkage, blebbing) during the duration of the experiment.
Below a threshold of 25% substrate cleavage, submaximal
effector caspase activation failed to elicit an apoptotic phe-
notype in all cells investigated (15h follow-up after MOMP).

Single-cell analysis in Smac-overexpressing cells
confirms model predictions

The model predicted that variations in the Smac concentra-
tions only mildly influence substrate cleavage (Figures SA
and 3C). We therefore experimentally examined the conse-
quence of Smac overexpression on effector caspase activity in
HeLa cells overexpressing Smac. HeLa cells were generated
that exhibited a 3.4-fold overexpression of Smac, equalling
an intracellular concentration of 0.428 pM (Supplementary
data 2). Confirming the model predictions, substrate cleavage
in these cells was not significantly accelerated compared to
control HeLa cells (Figure 5B).

Figure 1 Modelled signalling network and cellular responses during apoptosome-dependent apoptosis. (A) Schematic representation of the
modelled interaction network. Mitochondria undergo MOMP and concurrently depolarise. Following Apaf-1 oligomerisation and caspase-9
activation, effector caspases-3 and -7 get activated. Enzymatic cleavage processes are shown as green arrows; inhibitory interactions by XIAP
and Smac proteins are shown as red dashed lines. Parameters in grey boxes serve as input and output functions of the computational model.
Asterisks highlight reactions that are solely caspase-3 dependent. In addition, all proteins are subject to proteasomal degradation. (B) MOMP is
followed by effector caspase activation. Images illustrate a representative HeLa cell infected with a f-galactosidase expression virus (AdV-LacZ;
m.o.i. 100) and treated with 1 uM STS. Mitochondrial depolarisation is shown as a decrease in TMRM fluorescence. Cell boundaries are
outlined in white. Time stamps show the time after stimulus addition. Effector caspase activation was detected by an increase in the CFP/YFP
emission ratio because of proteolytical cleavage of a CFP-DEVD-YFP fusion protein (see Materials and methods). Probe cleavage in the cytosol
precedes cleavage in nuclear regions. Scale bar =5 pm. (C) Microscopy images were quantitatively analysed. Mitochondrial depolarisation
(TMRM intensity) and effector caspase-dependent FRET disruption (CFP/YFP emission ratio) data for a representative HeLa cell is shown as
function of time after stimulus addition (1 uM STS). Arrows indicate onset of depolarisation and onset of substrate cleavage. (D) Analysis of
substrate cleavage. Traces from three representative HeLa cells show that FRET substrate cleavage during STS-induced apoptosis is complete.
Traces were synchronised to the time point of depolarisation.
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All-or-none caspase activation relies on positive apoptosome by generating caspase-9 (p35/pl0), which is
feedback signalling believed to amplify signal progression (Zou et al, 2003). In
Caspase-3 orchestrates the final stages of apoptotic cell this context, the model predicts that even very low pro-
death by cleaving many characteristic caspase substrates. caspase-3 concentrations (~0.05uM, compare with HeLa
In addition, caspase-3 also positively feeds back onto the pro-caspase-3 concentration of 0.12uM) are sufficient for
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rapid effector caspase activation and substrate cleavage

(Figure 6A and C).

In caspase-3-deficient cells, a high expression level of
caspase-7 may partly substitute for caspase-3. However,
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these

cells still lack this caspase-3-dependent positive feedback
loop (Slee et al, 1999). To understand how cells can compen-
sate for the loss of caspase-3, caspase-3 and caspase-3-depen-
dent feedback loops were eliminated from the HelLa model,
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and effector caspase activity was adjusted to values for cas-
pase-7 (i.e. we assumed that caspase-7 was the only effector
caspase activated). Under these circumstances, the procas-
pase-7 concentration required for complete substrate cleavage
was ~3-fold higher than for procaspase-3 in the standard
model (Figure 6B and D). Indeed, it has been shown that
caspase-3-deficient MCF-7 cells capable of undergoing apop-
tosis express elevated amounts of procaspase-7 (Janicke et al,
1998a). Of note, even at high procaspase-7 concentrations only
~35% of the initial protein was available as free effector
caspase, and substrate cleavage was delayed and slow
(Figure 6B and D). These results demonstrate that in the
absence of caspase-3 strict all-or-none caspase activation is
not achieved but substantial substrate cleavage is still possible.

We next modelled the role of XIAP in the two scenarios.
In presence of caspase-3, XIAP concentrations that greatly
exceed physiological conditions can lead to incomplete
substrate cleavage (Figure 6E). However, in absence of
caspase-3, the model predicts that slight overexpression of
XIAP may be sufficient to block substrate cleavage comple-
tely (Figure 6F).

Lack of caspase-3 feedback signalling amplifies

XIAP effects

From this model prediction, we hypothesised that in cells
lacking the caspase-3 feedback loop, apoptosome-dependent
effector caspase activation should be very efficiently inhibited
by XIAP overexpression. Furthermore, this effect is expected

>
o)
3

Computational analysis of caspase activation
M Rehm et al

to be so robust that it should also be detectable qualitatively
in other cellular systems. To verify this, we used the well-
established model system of caspase-3-deficient MCF-7 breast
carcinoma cells. MCF-7 cells with the caspase-3 gene stably
reintroduced (MCF-7/C3) served as an additional control.

In agreement with previously published data (Rehm et al,
2002, 2003), both MCF-7 and MCF-7/C3 cells underwent
effector caspase activation after MOMP, but the loss of
caspase-3 significantly extended the time between mito-
chondrial depolarisation and effector caspase activation
(Figure 6G) and also reduced effector caspase activity (data
not shown). A delayed response was also observed in MCF-7/
C3 cells overexpressing XIAP by adenoviral infection
(m.o.i. 100) (Figure 6G). However, the most pronounced
phenotype was observed in MCF-7 cells overexpressing
XIAP (100 m.o.i.), with >90% of cells showing a complete
inhibition of substrate cleavage during the time course of the
experiments (22 h) (Figure 6H).

Discussion

Cellular life/death decisions may require a robust decision
matrix, both upstream and downstream of mitochondria. In
the mitochondrial apoptosis pathway, effector caspase activa-
tion is initiated by the release of cyt-c from mitochondria
(Zou et al, 1997). The initiating cyt-c release has been
described to be a rapid all-or-none process (Goldstein et al,
2000). We demonstrate here qualitatively and quantitatively
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that the subsequent caspase activation network guarantees
a swift execution of apoptosis. Interestingly, sensitivity
analyses predicted that effector caspase activation may only
mildly depend on the cyt-c release and subsequent apopto-
some formation kinetics. This would argue against a biologi-
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Apaf-1 or procaspase-9, and that either Apaf-1 or procaspase-
9 stoichiometrically limit apoptosome formation. However,
scenarios may exist where cyt-c levels are also rate-limiting,
as a cyt-c threshold has recently been described in human T-
cell leukemia cells (Murphy et al, 2003).

In addition to an important role of procaspase-9, Apaf-1
and caspase-3 described in previous studies (Kuida et al,
1996, 1998; Yoshida et al, 1998) and confirmed in the present
study, we provide evidence for a critical role of XIAP in this
system. Recent studies have demonstrated a lack of
phenotype in both Smac- and XIAP-deficient mice, as well
as in XIAP-deficient human cells during the activation of the
mitochondrial apoptosis pathway (Harlin et al, 2001; Okada
et al, 2002; Wilkinson et al, 2004). Our model predicts that
these proteins are indeed redundant under physiological
conditions. An interesting difference was, however, predicted
in the respective overexpression scenarios. Smac over-
expression was predicted to have little effect on effector
caspase activation, a finding that was experimentally verified
in subsequent single-cell studies. In contrast, overexpression
of XIAP was predicted and experimentally verified to drama-
tically inhibit this process. This finding supports previous
observations that elevated IAP levels can prevent apoptosis in
resistant and malignant tumours (Tamm et al, 2000; Kashkar
et al, 2003), and that XIAP may contribute to oncogenesis
(Vaughan et al, 2002). In cells expressing high levels
of XIAP, Smac however may become a second important
player. Administration of Smac or Smac mimicking peptides
can potentiate susceptibility to apoptosis-inducing agents
in XIAP-expressing cells (Arnt et al, 2002; Li et al, 2004).
Similarly, high XIAP concentrations have been shown to
protect differentiated neuronal cells from apoptotic stimuli,
and Smac injection is able to re-establish full responsiveness
(Potts et al, 2003). Sensitivity analysis of the effects of
combinations of high Smac and XIAP levels on effector
caspase activation can confirm this model qualitatively and
quantitatively (Supplementary data 3). It has also been
suggested that nonlethal caspase activation is a frequent
physiological process and may play an important role in
cellular signal transduction (Sordet et al, 2002; Arama et al,
2003; Clarke et al, 2003; Weber and Menko, 2005). Taken
together, our study suggests that (i) the positive feedback
loop between caspase-9 and -3 and (ii) XIAP acting as a
potentiometer on the kinetics of this feedback control the
system’s response during apoptosome-dependent apoptosis,
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and (iii) that submaximal substrate cleavage has a low
probability to occur in vivo.

Interestingly, this study also provides preliminary informa-
tion on how much caspase activity or substrate cleavage may
be tolerated in cells without the subsequent appearance of
a caspase-dependent apoptotic phenotype. Within the limita-
tions of single-cell analyses and our FRET substrate approach,
we provide here evidence that submaximal substrate
cleavage (less than 25% in our experimental setting) does
not elicit significant morphological changes in HeLa cells.
Conversely, we found that all cells that exhibited greater than
65% substrate cleavage subsequently underwent apoptosis
(data from n=40 cells). This finding highlights the require-
ment of an efficient effector caspase activation for the execu-
tion of apoptosis.

The 53 reaction network model that was based on ordinary
differential equations provided us with detailed insight into
the complex nonlinear signalling processes during apopto-
some-dependent apoptosis. Previous systems biology studies
have provided insights into the mechanisms of caspase
activation in response to an activation of death receptors
(Bentele et al, 2004; Eissing et al, 2004), however, largely
bypassing the mitochondrial apoptosis pathway. Our study
was also designed to avoid drawbacks of exclusive in silico
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Figure 5 Smac overexpression does not accelerate substrate clea-
vage kinetics in HeLa cells. (A) Model prediction that increases in
Smac concentration do not substantially alter substrate cleavage
kinetics. (B) Evaluation of FRET substrate cleavage kinetics in single
HeLa cells overexpressing Smac. Substrate cleavage traces for single
cells were fitted with a sigmoid Boltzmann function. dt determines
the width of the turnover of the sigmoid function. Data from n =20
or 19 cells are shown as mean + s.e.m. (P=0.97; U-test).

Figure 4 XIAP overexpression significantly decelerates apoptotic signalling and inhibits effector caspase activity. (A) A continuous variation of
the XIAP concentration reveals a threshold between 0.15 and 0.30 uM deciding of efficient substrate cleavage by effector caspases. At high XIAP
concentrations, substrate cleavage is potently blocked. (B) Comparison of XIAP expression levels. Western blot comparing XIAP expression
levels of HeLa cells infected with AdV-LacZ or AdV-XIAP. B-Actin served as loading control. (C) Mitochondrial depolarisation and subsequent
effector caspase activation are shown for a representative HeLa cell infected with AdV-XIAP (m.o.i. 100) and treated with 1uM STS.
Mitochondrial depolarisation is shown as a decrease in TMRM fluorescence. Effector caspase activation was detected by an increase in the CFP/
YFP emission ratio owing to proteolytic cleavage of a CFP-DEVD-YFP fusion protein. Scale bar =10 pm. Time stamps show the time after
stimulus addition. (D) Model-calculated substrate cleavage kinetics around 4.5-fold XIAP overexpression (0.26-0.30 pM). (E) Submaximal
substrate cleavage upon XIAP overexpression. Microscopy images were quantitatively analysed and traces for three XIAP overexpressing HeLa
cells treated with 1 pM STS are shown. Traces were synchronised to the time point of depolarisation for comparability to the model predictions
in (D). (F) Delay between mitochondrial depolarisation and effector caspase activation. Data from n =32 (AdV-LacZ) and 41 (AdV-XIAP) cells
are shown as median +first and third quartiles, respectively. Noninfected cells served as controls (n=16). XIAP overexpression significantly
delayed effector caspase activation after MOMP when compared to LacZ-infected cells (P=3.6 x 107%; Mann-Whitney U-test). Model
predictions (Calc) are shown as comparison. (G) Evaluation of substrate cleavage kinetics of single cells. CFP/YFP ratio traces for single
cells were fitted with a sigmoid Boltzmann function. dt determines the width of the turnover of the sigmoid function. Data from n =27 (AdV-
LacZ) and n=41 (AdV-XIAP) cells are shown as median+first and third quartiles. Noninfected cells served as controls (n=19). XIAP
overexpression significantly slowed down substrate cleavage when compared to LacZ-infected cells (P=9.1 x10~°; independent samples
t-test). Model predictions (Calc) are shown as comparison.
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or population-based studies (that lack temporal resolution achieved by comparing the outputs of the systems biology
and are sensitive to asynchrony in apoptosis commitment) approach directly with a similar output that could be detected
(Stucki and Simon, 2005; Bagci et al, 2006). This was in single-cell analyses. The computational model also en-
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abled us to calculate simultaneously the temporal profiles
of the 19 proteins and protein complexes involved in this
process. Currently, this can only be achieved by a systems
approach, as single-cell imaging set ups are confined to
monitor only a limited number of biological processes in
a single experiment.

Although the model was able to explain cellular all-
or-none responses and to differentiate between key processes
and redundant processes, the current model still has limita-
tions. The most important limitation is that it allows for a
temporal simulation, but that spatial effects such as intracel-
lular gradients and protein redistributions were omitted from
calculations. In epithelial cells such as HeLa cells, diffusion
processes would equalise concentration ramps within sec-
onds, whereas signalling occurred in a time frame of minutes.
Diffusion processes can therefore be largely ignored.
However, spatial analysis of signal progression might become
important for large or polarised cells such as neurons, mega-
karyocytes or myotubes and would require the extension of
the current model to a spatiotemporal simulation. Indeed,
locally restricted effector caspase activation has been re-
ported to occur during neuronal injury after cerebral ischae-
mia and during sperm and macrophage cell differentiation
(Sordet et al, 2002; Arama et al, 2003). In these scenarios,
caspase activity might be confined to distinct subcellular
compartments or subcellular organelles, and a propagation
of death signals from one compartment to the next might be
subject to additional control steps.

It is also important to note that the model predicts effector
caspase activation and substrate cleavage but not explicitly
cell death or survival. Other routes to cell death have been
described that compensate for a lack of effector caspase
activation. Mitochondrial dysfunction secondary to MOMP
can lead to impaired respiration and ATP production, and
caspase-independent cell death after MOMP can be partially
rescued by the supply of glucose (Lang-Rollin et al, 2003).
MOMP is also able to trigger a Bcl-2-sensitive, caspase-
independent cell death by autophagy (Tolkovsky et al,
2002; Lang-Rollin et al, 2003). Even though these alternative
routes to cell death exist, the ability to induce apoptosome-
dependent caspase activation is essential during develop-
ment. In mice lacking core components of this signalling
system, neurons are incapable of dying through alternative
pathways, and animals display nervous system hyperplasia
and are not viable (Kuida et al, 1996, 1998; Cecconi et al,
1998). In the adult system, rapid effector caspase activation
may likewise be required for an efficient removal of defective
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cells by phagocytosis (Lauber et al, 2004), thereby preventing
tissue inflammation and promoting tissue regeneration.
Hence, the ability of cells to undergo rapid effector
caspase activation may be important both during develop-
ment and in the adult organism. Our study provides a
comprehensive explanation for this important phenomenon
and its control by XIAP.

Materials and methods

Materials
Embryo-tested mineral oil was from Sigma. STS was from Alexis
(Griinberg, Germany). TMRM was from MobiTec (Gottingen,
Germany).

Cell culture and transfection

All cells were cultured in RPMI 1640 medium (Sigma) supplemen-
ted with penicillin (100 U/ml), streptomycin (100 pg/ml) and 10%
fetal calf serum (PAA, Colbe, Germany). Cells were transfected with
0.6 ug of plasmid DNA (pmyc-CFP-DEVD-YFP; Tyas et al, 2000),
and 6 pl Lipofectamin 2000 (Invitrogen) per milliliter of serum-free
medium at 37°C for 4 h. Generation and characterisation of MCF-7
cells and HeLa cells stably expressing a CFP-DEVD-YFP fusion
protein have been previously described (Rehm et al, 2002).

Adenoviral infections

AdV vectors to express [-galactosidase or XIAP were a gift from Dr
JB Schulz (University of Goettingen, Germany). Vector generation
has been described previously (Eberhardt et al, 2000). Cells were
washed with PBS and infected at m.o.i. of 100 in serum-free
medium for 3 h and subsequently cultured in full growth medium.
Experiments were carried out 24 h after infection.

Western blotting

Equal amounts of protein (30 pg) were loaded onto sodium dodecyl
sulphate (SDS)-PAGE gel (10%). Proteins were separated at 130V
for 1.5h and blotted to nitrocellulose membranes (Protean BA 83;
Schleicher & Schuell, Germany) in transfer buffer (25mM Tris,
192 mM glycine, 20% methanol (v/v) and 0.01% SDS) at 18V for
60 min. Blots were blocked with 5% nonfat dry milk in Tris-buffered
saline with 0.1% Tween (TBST) (15mM Tris-HCIl pH 7.5, 200 mM
NaCl and 0.1% Tween-20) at room temperature for 2 h. Membranes
were incubated with a mouse monoclonal anti-XIAP antibody
(1:2000, BD), a rabbit polyclonal anti-caspase-3 antibody (1:1000,
Santa Cruz) or a mouse monoclonal anti-f-actin antibody (1:5000,
Sigma). Membranes were washed with TBST three times for 10 min
and incubated with anti-mouse or anti-rabbit peroxidase-conju-
gated secondary antibodies (1:4000, Jackson ImmunoResearch, PA,
USA) for 1h. Blots were washed and developed using an enhanced
chemiluminescence detection reagent (Amersham, UK).

Time-lapse microscopy and digital imaging

Cells were equilibrated with 30nM TMRM in N-2-hydroxyl
piperazine-N'-2-ehane sulfonic acid-buffered medium (10 mM; pH
7.4), covered with mineral oil, and placed in heated (37°C)

Figure 6 Role of caspase-3 feedback signalling in all-or-none caspase activation. (A-F) Model responses for apoptotic signalling with (A, C, E)
or without (B, D, F) caspase-3. Upon loss of caspase-3, caspase-7 served as the central effector caspase. (A, B) Temporal effector caspase
activation profiles upon varying the initial procaspase concentrations. (A) Caspase-3 activation is rapid and results in a sharp peak of free
active caspase-3 (caspase-3 that is not inhibited by XIAP or BIR1-2). A high percentage of the overall amount of procaspase gets activated. (B)
In the absence of caspase-3, caspase-7 activation is slow, does not exceed ~35% of the initial amount of procaspase-7 and is not detectable at
concentrations below ~0.35puM. (C, D) Temporal profiles of substrate cleavage upon varying the initial procaspase concentrations. (C) In
caspase-3-expressing cells, small concentrations of procaspase-3 are sufficient to result in complete substrate cleavage whereas (D)
considerably higher amounts of procaspase-7 are needed for complete substrate cleavage. (E, F) Substrate cleavage as a consequence of the
procaspase/XIAP balance. (E) Only on substantial overexpression of XIAP substrate cleavage can be inhibited in presence of caspase-3,
whereas a slight overexpression of XIAP in caspase-3-deficient cells results in a complete inhibition of substrate cleavage (F). Arrow points at
the standard conditions in HeLa cells. (G-H) Experimental results from single-cell analyses of caspase-3-deficient MCF-7 cells. (G) FRET
substrate cleavage is significantly delayed upon loss of caspase-3. Data from n =26, 23 and 10 cells are shown as mean+s.e.m. MCF-7 cells
show a delay in substrate cleavage following depolarisation (P=0.08; U-test). Overexpression of XIAP in MCF-7/C3 cells delays substrate
cleavage to a similar extent (P = 0.04; U-test). NA, not applicable. (H) MCF-7/caspase-3 and MCF-7 cells infected with either B-galactosidase or
XIAP expression adenoviruses (AdV-LacZ; AdV-XIAP; m.o.i. 100) were treated with 1M STS. Cells not showing effector caspase activity
following mitochondrial depolarisation were quantified.
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incubation chambers that were mounted on the microscope stages.
Apoptosis was induced with 1 uM STS.

The epifluorescence microscope used was a Nikon TE 300 with
a x40 S-Fluor oil objective (Nikon, Germany), equipped with a
polychroic mirror and filter wheels in the excitation and emission
light paths containing the appropriate filter sets (Rehm et al, 2003).
Images were recorded using a cooled CCD camera (Spot RT SE6,
Diagnostic Instruments). The imaging setup was controlled by
MetaMorph software (Universal Imaging, PA, USA).

The confocal microscope used was a Zeiss LSM 500 META
inverted microscope (Carl Zeiss, Germany) attached to a confocal
laser scanning unit equipped with a 405-nm diode laser, 488-nm
argon laser and a 543-nm helium/neon laser. Using a x 63 oil
fluorescence objective, CFP, FRET, YFP and TMRM fluorescence
were monitored and quantified confocally using optimised filter and
mirror sets. The membrane-permeant, cationic probe TMRM
distributes across cellular membranes according to the Nernstian
equation. TMRM has little effects on the respiratory chain activity
at the concentration used in the present study (30 nM).

Kinetics of AY ; depolarisation and FRET disruption

For analysis of AW, Kkinetics in single cells, the fluorescent
mitochondrial regions were segmented from the cytoplasmic and
nucleus regions. After background subtraction, the average
fluorescence intensity per pixel was calculated. This value
resembles the concentration of TMRM inside mitochondria (Duss-
mann et al, 2003).

Caspase cleavage kinetics was detected at the single-cell level by
FRET analysis. Images were processed using MetaMorph software.
CFP/YFP emission ratio traces were obtained by dividing the
average fluorescence intensity values of single cells after back-
ground subtraction. Plots were scaled and fitted with the sigmoid
Boltzmann function y= (A1-A2)/(1+ exp((x—x0)/dt)) + A2 with
dt determining the width of the turnover, A1 the minimum, A2 the
maximum and x0 the time when the turning point of the function is
reached. Data for dt were analysed for significance statistically.

The percentage of FRET substrate cleavage was determined by
calibrating changes in the CFP/YFP emission ratios. To account for
possible bleaching throughout the measurement, ratios were
corrected for CFP/YFP changes in nonapoptotic control cells. As
the FRET substrate is fully cleaved in parental apoptotic cells (Rehm
et al, 2002), the mean CFP/YFP emission ratio change in parental
apoptotic control cells was equated with 100% substrate cleavage.
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