THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 38, pp. 26277-26289, September 19, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

A Systems Biology Analysis of Apoptosome Formation and
Apoptosis Execution Supports Allosteric Procaspase-9

Activation™

Received for publication, June 17,2014, and in revised form, July 31,2014 Published, JBC Papers in Press, August 8, 2014, DOI 10.1074/jbc.M114.590034

Maximilian L. Wiirstle* and Markus Rehm*®'

From the *Department of Physiology and Medical Physics, °Centre for Systems Medicine, Royal College of Surgeons in Ireland,

Dublin 2, Ireland

Background: Mathematical simulations of apoptosome formation and mechanisms of caspase-9 activation were conducted

and validated against experimental data.

Results: Only simulations that assume allosteric caspase-9 activation can accurately reproduce all experimental data.
Conclusion: A mechanism of allosteric caspase-9 activation is favored over homodimerization-based activation.
Significance: Our findings challenge the dogma that all initiator caspases are activated by homodimerization.

The protease caspase-9 is activated on the apoptosome, a
multiprotein signal transduction platform that assembles in
response to mitochondria-dependent apoptosis initiation.
Despite extensive molecular research, the assembly of the holo-
apoptosome and the process of caspase-9 activation remain
incompletely understood. Here, we therefore integrated quanti-
tative data on the molecular interactions and proteolytic pro-
cesses during apoptosome formation and apoptosis execution
and conducted mathematical simulations to investigate the
resulting biochemical signaling, quantitatively and kinetically.
Interestingly, when implementing the homodimerization of
procaspase-9 as a prerequisite for activation, the calculated
kinetics of apoptosis execution and the efficacy of caspase-3
activation failed to replicate experimental data. In contrast,
assuming a scenario in which procaspase-9 is activated allosteri-
cally upon binding to the apoptosome backbone, the mathemat-
ical simulations quantitatively and kinetically reproduced all
experimental data. These data included a XIAP threshold con-
centration at which apoptosis execution is suppressed in HeLa
cervical cancer cells, half-times of procaspase-9 processing, as
well as the molecular timer function of the apoptosome. Our
study therefore provides novel mechanistic insight into apo-
ptosome-dependent apoptosis execution and suggests that
caspase-9 is activated allosterically by binding to the apopto-
some backbone. Our findings challenge the currently prevailing
dogma that all initiator procaspases require homodimerization
for activation.

Members of the cysteine aspartate-specific proteases
(caspases) protein family are important mediators of apoptosis
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signaling and fulfill key roles during the initiation and execution
phases of apoptosis. The zymogens (procaspases) of the initia-
tor caspases-2, -8, -9, and -10 are expressed as inactive mono-
mers and bind to specific activation platforms upon apoptosis
induction. It is generally believed that these activation plat-
forms serve to locally accumulate initiator procaspase mono-
mers, resulting in their proximity-induced homodimerization,
activation, and auto-proteolytic processing (1). The PIDDo-
some and the death-inducing signaling complex have been
identified as activation platforms for initiator caspases-2 or
-8/-10, respectively (2, 3), whereas the apoptosome provides the
activation platform for initiator caspase-9 (4—6). The apo-
ptosome consists of apoptotic protease-activating factor 1
(Apaf-1)* and the co-factors dATP/ATP and cytochrome c (4,
7, 8). Apaf-1 is a member of the STAND (signal transduction
ATPases with numerous domains) family (9) and comprises
three functional domains: a NH,-terminal caspase recruitment
domain (CARD), a nucleotide-binding and oligomerization
domain, and a COOH-terminal WD40 repeat domain (4, 10).
Upon activation of the mitochondrial apoptosis pathway, cyto-
chrome c is released into the cytosol and activates Apaf-1, and
active Apaf-1 then homo-oligomerizes into the heptameric
apoptosome backbone (11, 12). In the fully assembled complex,
the CARDs of Apaf-1 form a ring structure that sits above the
central hub of the apoptosome (13), and interactions with the
CARD in the procaspase-9 prodomain recruit procaspase-9
into the apoptosome (14). Binding of procaspase-9 to the apo-
ptosome results in its activation (7, 15). As for other initiator
caspases and in contrast to effector caspases, intra-chain cleav-
age of procaspase-9 is not required for activation but rather a
consequence of autocatalysis following activation (16). Pro-
cessed caspase-9 can be released from the apoptosome and
thereby is inactivated. The apoptosome therefore acts as a pro-
teolytic molecular timer that provides transient caspase-9
activities (17). Active caspase-9 cleaves and activates the main

2 The abbreviations used are: Apaf-1, apoptotic protease-activating factor 1;
CARD, caspase recruitment domain; MOMP, mitochondrial outer mem-
brane permeabilization; XIAP, X-linked inhibitor of apoptosis protein.
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proteases of the apoptosis execution phase, effector caspases-3
and -7 (18).

The molecular mechanism of caspase-9 activation on the
apoptosome is still incompletely understood. Two hypotheses
for possible activation mechanisms have been proposed. The
dimerization hypothesis suggests that binding to the apopto-
some facilitates the activation of procaspase-9 by homo-
dimerization (19, 20). Experiments in which the CARD of
procaspase-9 was replaced with a leucine zipper domain dem-
onstrated that procaspase-9 indeed can be activated by forced
dimerization (21). A similar finding was also made when
dimerizing procaspase-9 in presence of high concentrations of
kosmotropic salts (20). However, in contrast to all other
caspases, the caspase-9 dimer is asymmetric and contains only
one active catalytic site (19). The allosteric activation hypothe-
sis instead suggests that binding to the heptameric Apaf-1 com-
plex may allosterically induce a conformational change in pro-
caspase-9, which results in the activation of the latter (22). In
support of this hypothesis, it was found that procaspase-9 and
processed caspase-9 are active when bound to the apoptosome,
whereas cytosolic processed caspase-9 is inactive and mono-
meric (22, 23). Furthermore, caspase-9 bound to the apopto-
some processes its physiological substrate procaspase-3 signif-
icantly more efficiently than force-dimerized free caspase-9
does (24). Despite a substantial body of published data on and
quantitative investigations of apoptosome formation and
caspase-9 processing, it therefore is still unclear whether
caspase-9 is activated primarily by homodimerization or allo-
sterically on the apoptosome backbone (25). We addressed this
fundamental question in the current study by investigating
both scenarios by a systems biology-based approach. First, we
integrated the available quantitative biochemical knowledge on
the signaling kinetics and molecular interactions during Apaf-1
activation and oligomerization and from this generated a cell
physiologically relevant mathematical model for the formation
of the apoptosome backbone. This core model was subse-
quently extended to compare the signaling processes during
apoptosis execution for scenarios of allosteric and homo-
dimerization-based caspase-9 activation. The results of these
mathematical simulations were then validated against the body
of published in vitro and in cellulo experimental data.

EXPERIMENTAL PROCEDURES

Model Implementation and Parameterization—All models
were implemented as ordinary differential equations. An over-
view of all model components, reactions, and their parameter-
ization can be found in the supplemental tables. MATLAB
2007b (The Mathworks, Cambridge, UK) was used as the pro-
gramming and modeling environment. The reaction systems
were solved using the ODE15s solver that implements a back-
ward differentiation formula for numerical integration.

Determination of K, for Procaspase-9 Binding to Apaf-1—
The K, value for binding of procaspase-9 to Apaf-1 was deter-
mined from an IC,, value reported by Palacios-Rodriguez et al.
(26). The approach is described in brief in the following. Pala-
cios-Rodriguez et al. initiated the assembly of the heptameric
Apaf-1 complex in vitro by addition of dATP and cytochromec,
and in the presence of procaspase-9, which the latter binding to
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the apoptosome via CARD-CARD interactions. A catalytically
inactive procaspase-9 mutant was added a competitive inhibi-
tor in these assays. LEHD-afc was used as a fluorigenic
caspase-9 substrate at a concentration of 100 um, and the K,
value of caspase-9 toward the substrate was reported as 686 um
(24). The IC,, from these measurements therefore can be used
to determine the dissociation constant of procaspase-9, using
the Cheng-Prusoff equation (27). An IC;, of 0.8 um (26) there-
fore leads to a K, of 0.7 uM for procaspase-9 binding to the
apoptosome.

Model Adaptation for the Study of the Molecular Timer Func-
tion of the Apoptosome—Conditions as detailed in supplemen-
tal Table 11 were used to investigate whether APOPTO-ALL or
APOPTO-DIM variants can replicate the molecular timer
behavior of the apoptosome. The mathematical models were
parameterized to resemble the in vitro preincubation of Apaf-1
with dATP, cytochrome ¢, procaspase-9, and a caspase-3 sub-
strate. Protein degradation and production were switched off.
Procaspase-3 was added with a delay (5, 10, 20, or 30 min). The
velocity of procaspase-3 activation was determined increases in
cleaved caspase-3 substrate 1 min after procaspase-3 addition.
These conditions replicate the in vitro experimental conditions
used by Malladi et al. (17).

RESULTS

Successful Development of a Core Model of Apaf-1 Activation
and Oligomerization—To investigate possible caspase-9 activa-
tion mechanisms, we first developed a core model that reflects
Apaf-1 activation and the formation of the heptameric apopto-
some backbone. This core model was subsequently used to gen-
erate extended models for the investigation of allosteric and
homodimerization based caspase-9 activation.

The apoptosome consists of seven molecules of Apaf-1,
which in healthy cells reside as inactive monomers in the cyto-
sol. Subsequent to mitochondrial outer membrane permeabili-
zation (MOMP), cytosolic cytochrome ¢ binds to Apaf-1 and in
presence of ATP or dATP induces a conformational change in
Apaf-1. This conformational change allows multiple activated
Apaf-1 molecules to assemble into a stable heptameric apopto-
some backbone on which caspase-9 can be activated. Cyt-c was
modeled to rapidly enter the cytosol (£, = 1.5 min), as shown
experimentally before (28) and, together with ATP or dATP, to
bind to inactive Apaf-1. For simplicity, dATP and ATP were
implemented as one species in the model. Because the binding
order of cytochrome ¢ and dATP to Apaf-1 is interchangeable
(29), both reaction sequences were implemented in the core
model. Affinities and rate constants for the interaction of cyto-
chrome ¢ and Apaf-1 were published previously (30, 31). k_,
and kg values for the interaction of dATP and Apaf-1 were
calculated from the published K, (32) and the rate of dATP
turnover by Apaf-1 (29). Furthermore, we allowed activated
Apaf-1 monomers to fall back into their auto-inhibited state
(29). A list of all reactions and their parameterization is pro-
vided as supplemental Tables 1-4. From these data, we calcu-
lated the profiles for cytosolic cytochrome ¢ accumulation and
Apaf-1 activation using reactant quantities found in HeLa cer-
vical cancer cells. Our simulations demonstrate that Apaf-1
activation is a rapid process that reaches completion within
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FIGURE 1. Development of a core model of Apaf-1 activation and oligomerisation. A, signaling kinetics for Apaf-1 activation as calculated from the
interactions of inactive Apaf-1 with cytochrome c (cyt-c) and dATP/ATP. B, local sensitivity analysis of apoptosome assembly kinetics and quantities. Using a
mathematical model comprising the interactions of cytochrome ¢, dATP/ATP and Apaf-1, k,,./k.¢ pairs for Apaf-1 oligomerization were screened. Calculated
kinetics for the apoptosome formation process were plotted. C, for the optimal Apaf-1 k,./k.¢ pair, quantities and formation kinetics of active Apaf-1 in all
oligomeric species are shown. In correspondence with previous experimental data, 65% of the activated Apaf-1 assembled into hepatmeric apoptosomes
within 4-5 min. D, The efficiency of Apaf-1 heptamerisation is shown for the concentration range of Apaf-1 as reported for various human cell lines.

~2.5 min of onset of cytochrome c release (t, = 1.2 min) (Fig.
1A).

We next implemented the oligomerisation process by which
activated Apaf-1 forms stable heptamers. Upon activating
Apaf-1 by adding cytochrome ¢ to native cytosolic extracts or in
in vitro reconstitution experiments, fully functional apopto-
somes assemble within 5—10 min (6, 32—37). Based on the avail-
able literature, we determined that in HeLa cells and other
widely used human cell line models at least 60 -70% of Apaf-1
oligomerizes into the heptameric apoptosome backbone (6, 17,
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33, 34, 38). For the mathematical simulations, we allowed all
possible combinations of intermediate Apaf-1 oligomers to be
reversibly generated prior to heptamer formation and assumed
the fully formed heptamer to be stable. Because the K, for
Apaf-1 oligomerization has not been described yet, we first
computationally screened for K, values, which allowed for
>60% apoptosome formation (data not shown). For these K,
values, we next screened for Apaf-1 k_ /k g pairs, which pro-
vide 65% apoptosome formation within 5 min within the con-
text of the overall signaling system (from MOMP-induced cyto-
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FIGURE 2. Model extension strategies to investigate allosteric or dimerization-based activation mechanisms on the apoptosome. The core model of
Apaf-1 activation and oligomerization was extended in two variants. These reflect allosteric (APOPTO-ALL) or homodimerization based (APOPTO-DIM)
caspase-9 activation. Both variants also entail additional reactions which reflect the overall network of apoptosis execution, including the key players Smac,
XIAP, effector caspase-3, and the resulting cleavage of effector caspase-3 substrates. The latter model output can serve for direct comparison with cleavage
kinetics and quantities measured experimental in individual cells. cyt-c, cytochrome c.

chrome c¢ release to Apaf-1 heptamerization) (Fig. 1B).
Simulations for HeLa cell conditions, using the optimal Apaf-1
ko n/k e pair, demonstrate the trend toward higher order Apaf-1
oligomers, with heptamers dominating (Fig. 1C). Changes in
Apaf-1 amounts within the expression range that is typically
found in human cell line systems (300 — 600 nm) (39 —41) do not
notably alter the efficiency of heptamer formation (Fig. 1D). An
overview of all reactions of the oligomerization process and its
parameterization is provided in supplemental Tables 5 and 6.

Taken together, the core model for the formation of the apo-
ptosome backbone developed here accurately remodels exper-
imental data on apoptsome formation kinetics and Apaf-1
oligomerization efficiency. This core model subsequently
served to implement extensions that represent scenarios of
caspase-9 activation based on homodimerization on the apop-
tosome (APOPTO-DIM) or based on allosteric activation by
the apoptosome backbone (APOPTO-ALL).

Model Extensions to Investigate Allosteric or Homo-dimeriza-
tion-based Activation of Caspase-9 on the Apoptosome—Based
on the above core model of apoptosome formation, we next
developed two model variants that reflect scenarios of allosteric
activation of procaspase-9 on the apoptosome (APOPTO-ALL)
or activation of procaspase-9 by homodimerization on the apo-
ptosome (APOPTO-DIM) (Fig. 2). For both APOPTO-DIM
and APOPTO-ALL implementations, the apoptosome was
modeled to provide seven binding sites for procaspase-9. In the
APOPTO-DIM variant, procaspase-9 dimerization and activa-
tion was assumed to occur as soon as two procaspase-9 mono-
mers bind to the apoptosome. As it is not required for these
monomers to bind side-by-side in APOPTO-DIM, the simula-
tion results of APOPTO-DIM reflect the maximum efficiency
for a dimerization-based caspase-9 activation scenario. As
demonstrated in the crystal structure of the processed
caspase-9 hetero-tetramer (19), caspase-9 dimers were mod-
eled to possess only one active site. In the APOPTO-ALL model
variant, the binding of procaspase-9 monomers to the apopto-
some is sufficient for allosteric activation. Cleavage of pro-
caspase-3 and caspase-9 auto-processing were implemented
identically in both model variants, taking into account differ-
ences in the affinity of active procaspase-9 and active processed
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caspase-9 to procaspase-3 (17). Both model variants were also
linked to reactions which describe the activity of effector
caspase-3, the role of the caspase inhibitor XIAP, the XIAP
antagonist Smac, and the half-times of all proteins. The latter
reactions were implemented as described for a previously vali-
dated model of downstream apoptosis execution signaling (41).
The output of activated effector caspase-3 and the associated
substrate cleavage by caspase-3 provided the possibility to com-
pare the simulation results obtained with APOPTO-ALL and
APOPTO-DIM to legacy experimental kinetics and quantities
of substrate cleavage in living cells. A detailed overview of all
reactions and rate constants is provided in supplemental Tables
7 and 8.

Mathematical Simulations of Allosteric Caspase-9 Activation
Replicate Experimental Data on Apoptosis Execution Signaling,
Quantitatively and Kinetically—Procaspase-9 binds via
CARD-CARD interactions to the apoptosome backbone (7).
For the parameterization of the CARD-CARD interaction, we
took into account that procaspase-9 binds to the Apaf-1 CARD
with a K, of ~0.7 um, as calculated from Palacios-Rodriguez et
al. (26) (see “Experimental Procedures”) and that procaspase-9
binds ~10-fold more efficient to the apoptosome than pro-
cessed caspase-9 (17). To obtain the related k,,, and kg rate
constants, we conducted sensitivity analyses with both APO-
PTO-ALL and APOPTO-DIM, aiming to reproduce experi-
mental data on caspase-3-dependent substrate cleavage in
HelLa cervical cancer cells.

In HeLa cells, caspase-3 was reported to fully cleave recom-
binantly expressed FRET substrates within 15 min of MOMP
(41-43). From the sensitivity analysis using the APOPTO-ALL
implementation, a kg value of 2 min~ ' with a corresponding
k., of 2.85 (uM X min) ' was determined as optimal to repli-
cate these substrate cleavage profiles, quantitatively and kinet-
ically (Fig. 3, A and B). APOPTO-ALL also replicated a previ-
ously described XIAP threshold concentration (41) at which
caspase-3 substrate cleavage and apoptosis execution are effi-
ciently suppressed (Fig. 3C).

We next repeated the sensitivity analysis with the APOPTO-
DIM model implementation. Surprisingly, the analysis failed to
determine a suitable pair of rate constants because no k_,/k ¢
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FIGURE 3. Mathematical modeling of allosteric caspase-9 activation replicates experimental data on apoptosis execution signaling. A, using the
APOPTO-ALL variant of the mathematical model, comprising the entire signal transduction network from initiation of apoptosis execution to the resulting
substrate cleavage, a local sensitivity analysis was conducted to identify a k,,./k pair for the interaction of caspase-9 with the apoptosome. Calculated kinetics
for caspase-3-dependent substrate cleavage were plotted against time. B, for the optimal k,./k¢ pair, the substrate cleavage kinetic by effector caspase-3 was
calculated for conditions found in HelLa cervical cancer cells. For comparison, previously reported experimental data (41) are shown in gray and demonstrate
that the simulation results closely correlate with in cellulo signaling kinetics. C, XIAP concentrations were screened in APOPTO-ALL to identify whether a
previously reported threshold concentration at which substrate cleavage at Hela cell conditions becomes submaximal and sublethal (41) can be replicated.

cyt-c, cytochrome c.

pair could provide the experimentally described rapid cleavage
kinetics of effector caspase-3 substrates (Fig. 44). Within 15
min of MOMP, no more than 25% of the substrate was calcu-
lated to be cleaved (Fig. 4B), indicating insufficient amounts of
active caspase-9 early upon apoptosome formation. Rather
than excluding caspase-9 homodimerization as a molecular
mechanism required for activation on the apoptosome, we
investigated whether the APOPTO-DIM parameterization
could be modified justifiably to replicate experimental data. To
accelerate caspase-9 activation, we allowed binding of pro-
caspase-9 also to active Apaf-1 monomers and Apaf-1 oligo-
mers smaller than the heptameric apoptosome backbone (addi-
tional reactions are listed in supplemental Tables 9 and 10).
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Procaspase-9 monomers therefore could also homodimerize
at earlier times on Apaf-1 oligomers ranging from dimers to
hexamers. However, the acceleration of caspase-9 activation
was insignificant (data not shown). Next, we therefore con-
sidered a tighter binding of procaspase-9 to the apoptosome
by modifying the K, value itself. Strikingly, the K, had to be
reduced 10-fold from the experimentally determined value
to obtain the condition where rapid and full substrate cleav-
age was achieved (Fig. 4C). With a k¢ value of 0.2 min~ " and
a corresponding k, of 2.86 (um X min) ', it was possible to
reproduce caspase-3 substrate cleavage kinetics for HeLa
cell conditions (Fig. 4D) as well as the reported XIAP thresh-
old behavior (Fig. 4E).
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FIGURE 5. Mathematical modeling of allosteric caspase-9 activation replicates experimental data on procaspase-9 processing. A, procaspase-9 proc-
essing kinetics calculated for the allosteric activation scenario (APOPTO-ALL). A rectangle indicates experimentally determined half-times (15, 36, 37, 44). B,
procaspase-9 processing kinetics calculated for the fitted homodimerization-based activation scenario (APOPTO-DIMg,). A rectangle indicates experimentally
determined half-times. C, the procaspase-9 half-times for an allosteric activation mechanism are robust to changes in the procaspase-9 concentration. D, the

procaspase-9 half-times calculated with APOPTO-DIMg;, are highly sensitive to changes in the procaspase-9 concentration. cyt-c, cytochrome c.

In summary, APOPTO-ALL, the systems model of apoptosis
execution, which assumes a mechanism of allosteric caspase-9
activation, replicated experimental data on substrate cleavage
by effector caspase-3 and on the XIAP cell death threshold,
quantitatively and kinetically. In contrast, APOPTO-DIM
required a considerable fitting of the procaspase-9/Apaf-1
affinity (APOPTO-DIMg,) to replicate experimental data on
apoptosis execution signaling.

Mathematical Simulations of Allosteric Caspase-9 Activation
Replicate Experimental Data on Procaspase-9 Processing—To
further investigate which of the two model implementations
provides biologically more meaningful results, we determined
the profiles of procaspase-9 processing that result from scenar-
ios of allosteric (APOPTO-ALL) and dimerization-based
(APOPTO-DIMy,) caspase-9 activation and compared these
with experimental data. The reported half times for pro-

caspase-9 cleavage in cytochrome ¢ activated native cell
extracts range from 4 to 10 min (15, 36, 37, 44). The half-time of
procaspase-9 processing in the APOPTO-ALL model variant
was determined as 8 min, therefore falling into the experimen-
tally determined range (Fig. 5A). When investigating pro-
caspase-9 processing in APOPTO-DIMy,, we found that pro-
caspase-9 processing proceeded significantly slower (£, = 18
min) than reported experimentally (Fig. 5B). Therefore,
APOPTO-DIMg, failed to reproduce experimental kinetics of
procaspase-9 processing, whereas the molecular mechanism of
allosteric caspase-9 activation, implemented in APOPTO-ALL,
provides kinetics of procaspase-9 processing which match
experimental findings. We furthermore conducted a sensitivity
analysis to determine the influence of the procaspase-9 concen-
tration on its own processing. Although 10-fold changes in the
procaspase-9 concentration did not notably influence its half-

FIGURE 4. Mathematical modeling of dimerization-based caspase-9 activation requires substantial parameter fitting to replicate experimental data
on apoptosis execution signaling. A and B, using the APOPTO-DIM variant of the mathematical model, comprising the entire signal transduction network
from initiation of apoptosis execution to the resulting substrate cleavage, a local sensitivity analysis was conducted to identify a k,,/k¢ pair for the interaction
of caspase-9 with the apoptosome. Calculated kinetics for caspase-3-dependent substrate cleavage for protein expression profiles found in HelLa cells were
plotted against time. Simulation results demonstrate that rapid and complete substrate cleavage could not be replicated. C, as described in A, a local sensitivity
analysis was conducted for a K; 10-fold lower than the experimentally reported value. The adjustment the K, value promoted a more rapid and complete
substrate cleavage. D, from the sensitivity analysis conducted with an adjusted K, value (as shown in C), an optimal k,,/k pair could be identified that allowed
to replicate experimentally measured substrate cleavage kinetics and amounts. E, XIAP concentrations in the fitted APOPTO-DIM variant were screened to
identify whether a previously reported threshold concentration at which substrate cleavage at HeLa cell conditions becomes submaximal and sublethal can be
replicated. cyt-c, cytochrome c.
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FIGURE 6. Mathematical modeling of allosteric caspase-9 activation replicates the molecular timer function of the apoptosome. A, visualization of an
experimental setting by which the molecular timer function of the apoptosome can be detected. Delays in addition of procaspase-3 to reconstituted apo-
ptosomes results in a significantly reduced capacity to activate caspase-3. The timer function is not observed when uncleavable procaspase-9 is used in the
assay. Data insets are reproduced with kind permission from (17). B, the time-dependent capacity to activate caspase-3, as calculated by APOPTO-ALL, is shown.
The timer function is clearly visible. C, calculations as described in B were repeated for conditions in which uncleavable procaspase-9 was used. The timer
function is lost. D and E, the time-dependent capacity to activate caspase-3, as calculated by APOPTO-DIMg;, is shown for conditions in which procaspase-9 (D)
or uncleavable procaspase-9 (E) was used. The molecular timer function cannot be detected. cyt ¢, cytochrome c.

time in APOPTO-ALL, such changes significantly affected pro-
caspase-9 half-times during homodimerization based activa-
tion (APOPTO-DIMg,) (Fig. 5, C and D). Given the consistent
findings of procaspase-9 half-times in the minutes range in var-
ious experimental systems (15, 36, 37, 44), an allosteric pro-
caspase-9 activation mechanism may therefore be favored over
a homodimerization-based mechanism.

Mathematical Simulations of Allosteric Caspase-9 Activation
Replicate the Molecular Timer Function of the Apoptosome—
The apoptosome functions as a molecular timer, which mani-
fests in a transient capacity to process and activate pro-
caspase-3 in in vitro apoptosome reconstitution experiments
(17). This has been attributed to caspase-9 turnover on the apo-
ptosome, where processed caspase-9 is released and then
replaced continuously by procaspase-9. Once the pool of pro-
caspase-9 becomes depleted, procaspase-3 activation becomes
inefficient (17).

We implemented the in vitro experimental conditions used
by Malladi et al. (17) in our in silico models (see “Experimental
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Procedures” and supplemental Table 11) and then tested
whether APOPTO-ALL or APOPTO-DIMy, can replicate the
molecular timer function of the apoptosome. In these experi-
ments, cytochrome ¢, dATP, Apaf-1, and procaspase-9 were
preincubated to allow for apoptosome formation and caspase-9
activation. Procaspase-3 was added after defined times (5, 10,
20, and 30 min) (Fig. 6A), and the resulting caspase-3 activity
was determined. Using the APOPTO-ALL model variant, we
found that delays in procaspase-3 addition resulted in reduced
amounts of caspase-3 activity (Fig. 6B). These results closely
correlated with the reported experimental data (see also repro-
duced data displays in Fig. 64) (17). Repeating these simula-
tions in presence of an uncleavable procaspase-9 mutant high-
lighted that the molecular timer function was abolished (Fig.
6C), an effect that can be attributed to the retention of pro-
caspase-9 at the apoptosome. Again, the elimination of the
timer function was indeed reported previously for conditions in
which an uncleavable procaspase-9 mutant was used (see also
reproduced data displays in Fig. 64) (17). In contrast, dimeriza-
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tion-based caspase-9 activation, implemented in APOPTO-
DIMy,, failed to replicate the reported experimental results
(Fig. 6, D and E). Therefore, only the allosteric caspase-9 acti-
vation mechanism, implemented in APOPOTO-ALL, allowed
us to quantitatively and kinetically replicate the catalytic timer
function of the apoptosome.

Fitting and Modeling Dimerization-based Caspase-9 Activa-
tion with Catalytic Site Adjustment Fails to Replicate Half-
times of Procaspase-9 and the Apoptosome Molecular Timer—
Crystallization showed that the processed caspase-9 dimer
possesses only one catalytic site (19). Because the catalytic
mechanism of caspases is highly conserved within this protease
family and because all crystal structures for other caspases show
two catalytic sites in a conformation compatible with substrate
binding and cleavage, it could be argued that the inactive cata-
lytic site reported for caspase-9 may represent an intermediate
in which one catalytic site was trapped in an inactive conforma-
tion. We therefore repeated all simulations with a variant of
APOPTO-DIM in which two catalytic sites were assumed for
dimerized caspase-9.

Similar to results reported for APOPTO-DIM in Fig. 3, also
the variant with two catalytic sites per caspase-9 dimer initially
failed to replicate experimental data on rapid and efficient apo-
ptosis execution (Fig. 7, A and B). The K, of procaspase-9 bind-
ing to the apoptosome had to be adjusted to ~30% of its exper-
imentally determined value before a k,./k . pair could be
identified that allowed to replicate apoptosis execution kinetics
(Fig. 7, C and D). As for APOPTO-DIMg, (Fig. 3), also for this
variant of APOPTO-DIM (termed APOPTO-DIMg,,x), we
implemented that irrespective of the binding site on the apo-
ptosome, caspase-9 molecules instantaneously dimerize with
100% efficiency. Our simulations therefore reflect overestima-
tion limits for the efficacy of a biological system that builds on
dimerization-based caspase-9 activation.

As for APOPTO-DIMg,, also APOPTO-DIMy,, could rep-
licate submaximal substrate cleavage for elevated XIAP con-
centrations (Fig. 7E) but failed to reproduce experimentally
described half-times of procaspase-9 (Fig. 7F). Analyzing the
molecular timer function demonstrated that APOPTO-
DIMy,,x calculated considerable substrate cleavage rates at 30
min after apoptosome formation (~55 or 60% of the starting
value) (Fig. 7G), whereas the experimentally reported half-time
was <10 min (17). Uncleavable procaspase-9 remained stably
bound to the apoptosome (Fig. 7H). Taken together, these
results therefore demonstrate that while APOPTO-DIM,,«
performs better than APOTPTOy,, not all key features of apo-
ptosis execution could be replicated. Simulations building on
the assumption of an allosteric activation mechanism (APO-
PTO-ALL), without additional model fitting, instead replicated
all tested characteristics of apoptosis execution signaling.

DISCUSSION

Here, we report the first systems biological model of apopto-
sis execution that entails all key signaling events of apoptosome
formation and caspase-9 activation. Our simulations demon-
strate that linking the individual reactions involved in Apaf-1
activation and oligomerization, parameterized based on avail-
able experimental data, is sufficient to accurately replicate apo-
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ptosome formation quantitatively and kinetically. Our study
also provides strong support for an allosteric activation mech-
anism for procaspase-9 on the apoptosome backbone, therefore
challenging the prevailing concept that all initiator caspases are
exclusively activated by homodimerization.

Even though apoptosis signal transduction has been investi-
gated comprehensively by mathematical modeling (45-47),
details on the process of apoptosome formation have typically
been omitted from such models. Instead, direct inputs of active
caspase-9 or 1:1 interactions between Apaf-1 and procaspase-9
served as triggers to investigate the interplay of caspase-9,
XIAP, Smac, and executioner caspases and to understand how
this interplay controls apoptotic cell death decisions (41, 43, 48,
49). Prior modeling studies omitted details on apoptosome for-
mation for justifiable reasons and at the cost of not being able to
investigate caspase-9 activation mechanisms. First, biochemi-
cal data of sufficient quality and quantity to meaningfully sim-
ulate and analyze apoptosome formation by systems modeling
were not available at the time. Second, although in most inves-
tigated cell lines, typically only 15-20 min are required for apo-
ptosis signaling to proceed from MOMP to the completion of
substrate cleavage by effector caspases (40 —43, 50), the major-
ity of Apaf-1 oligomerization and procaspase-9 processing
occurs within the first 1-2 min following MOMP (35, 37).
Because the kinetics of mitochondrial cytochrome c release,
which can readily be measured in living cells (51), resemble the
kinetic of apoptosome formation, this allowed to circumvent
the need for a detailed implementation of apoptosome forma-
tion and caspase-9 activation. Third, the high number of inter-
mediate oligomeric fractions between cytochrome ¢, dATP/
ATP and Apaf-1 prior to formation of the heptameric
apoptosome backbone would have introduced a significant
combinatorial complexity into prior mathematical models.
Indeed, in our study a total of 61 core reactions describe 222
reactant entities to capture the formation of the Apaf-1 hep-
tamer and the subsequent activation and regulation of caspases.
In contrast, only 51 reactions and 23 reactants were necessary
to describe apoptosis execution when omitting apoptosome
formation (41). Our implementation of the core reactions of
apoptosome formation, their parameterization with published
rate constants, and the determination of additional rate con-
stants from published biochemical data were sufficient to cal-
culate apoptosome formation quantities and kinetics that rep-
licated experimental measurements without further parameter
optimization or model training. This indicates that our simula-
tions provide biologically meaningful insight into the complex-
ity of this signaling process and also provides the possibility
to study scenarios in which apoptosome formation or pro-
caspase-9 recruitment may be physiologically or pathophysi-
ologically suppressed (52—54).

The question of whether caspase-9 is activated by homo-
dimerization or instead by an allosteric activation mechanism
on the apoptosome backbone has been asked repeatedly (20—
22, 25, 55). We therefore investigated the plausibility of both
mechanisms in the context of the overall signaling system and
found that only an allosteric activation mechanism can repli-
cate all tested characteristics of apoptosis execution signaling
without further parameter fitting. These included apoptosis
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FIGURE 7. Fitting and modeling dimerization-based caspase-9 activation with catalytic site adjustment. A and B, using an APOPTO-DIM (APOPTO-
DIMg;,x) model variant, modified to reflect two catalytic sites per caspase-9 dimer, a local sensitivity analysis was conducted to identify a k,,./k.¢ pair for the
interaction of caspase-9 with the apoptosome. Calculated kinetics for caspase-3-dependent substrate cleavage were plotted against time and demonstrate
that experimental results on rapid and complete substrate cleavage could not be replicated. C and D, as described in A and B, a local sensitivity analysis was
conducted with a K, of ~30% of the experimentally reported value. The fitting of K, k., and k. allowed to replicate rapid and complete substrate cleavage.
E, XIAP concentrations in the fitted model variant were screened to identify whether a previously reported threshold concentration at which substrate cleavage
at Hela cell conditions becomes submaximal and sublethal can be replicated. F, APOPTO-DIM,, failed to replicate experimentally reported half-times of
procaspase-9. G and H, As in Fig. 6, the time-dependent capacity to activate caspase-3, as calculated by APOPTO-DIMg,,y, is shown for conditions in which
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execution kinetics, apoptosis suppression by XIAP, pro-
caspase-9 half-times, and the molecular timer function of the
apoptosome. Our findings therefore contradict the currently
prevailing opinion that all initiator caspases are activated by
homodimerization on specific activation platforms. The notion
that caspase-9 homodimerization is a prerequisite for activa-
tion substantially builds on experimental conditions in which
procaspase-9 dimerization was promoted artificially and in
absence of Apaf-1. For example, the overexpression of pro-
caspase-9 results in its auto-aggregation and activation, both in
pro- and eukaryotic cells. Likewise, the stabilization of pro-
caspase-9 dimers in presence of kosmotropic salts results in its
activation (20), as does the forced dimerization of procaspase-9
in which the CARD domain was replaced by a leucine zipper
domain (21). However, caspase-9 activities obtained in absence
of Apaf-1 are ~20-fold lower than those measured in presence
of the apoptosome (56), indicating that forced dimerization
may result in non-physiological caspase-9 activities. In further
support of dimerization-based activation, it was brought for-
ward that procaspase-9 mutants cannot be activated upon apo-
ptosis induction in mammalian cells when amino acid substi-
tutions are introduced into the dimerization interface (20).
However, these substitutions may also abrogate the capacity of
CARD-recruited caspase-9 monomers to further interact with
the apoptosome backbone, and thereby may prevent the con-
formational changes that are required for allosteric caspase-9
activation. Finally, it was suggested that allosteric caspase-9
activation could be ruled out as replacing the procaspase-8
death effector domains with the caspase-9 CARD was sufficient
to activate caspase-8 on the apoptosome (21). However, this
finding provides only information on the propensity of caspase-8 to
dimerize rather than excluding that caspase-9 requires the apopto-
some as an allosteric activator.

Evidence that may instead support an allosteric activation
mechanism for procaspase-9 can be found in the published lit-
erature. The initial suggestion that procaspase-9 may be acti-
vated allosterically was based on the observation that caspase-9
activity increases significantly in presence of the apoptosome
(22, 57), but the possibility that caspase-9 homodimerizes in
this setting was not ruled out. However, if dimers form on the
apoptosome, these dimers must be very unstable because
caspase-9, once released from the apoptosome, is monomeric
and inactive (22, 58). In contrast, commercially available
caspase-9, recombinantly overexpressed in and purified from
Escherichia coli, provides stable activity, suggesting that it may
differ from caspase-9 activated in living mammalian cells.
Although the apoptosome provides seven binding sites for
pro-/caspase-9 monomers through CARD-CARD interactions
with Apaf-1 (6), saturating the apoptosome with excess
caspase-9 results in activities that reflect only one to two cata-
lytically active sites, as found in two independent studies (17,
21). Although initially this was suggested to be attributable to
inefficient apoptosome formation (21), this could indicate that
the apoptosome activates only a fraction of the bound pool of
caspase-9 (one to two molecules) rather than triggering effi-
cient caspase-9 dimerization. Stoichiometric data on Apaf-1
and procaspase-9 expression in human cancer cell lines further
supports a mechanism of allosteric caspase-9 activation. For
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example, HeLa cervical cancer cells express ~12-fold higher
amounts of Apaf-1 than procaspase-9 (41), indicating that the
likelihood of two procaspase-9 molecules to bind side-by-side
on the apoptosome is very low. Nevertheless, caspase-9 activa-
tion and apoptosis execution is highly efficient in these cells.
Similar unfavorable ratios for a dimerization-based activation
process were reported in various other cell lines, including
MCE-7 breast cancer cells, human colon carcinoma cell lines
(HCT-116, Lovo, DLD-1, HT29), and panels of 11 glioblastoma
and 11 melanoma cell lines (39, 40, 59). Structural analysis
based on electron cryo-microscopy data indicated that the
seven Apaf-1 CARD domains may form a flexible procaspase-9
recruitment platform in the center of the apoptosome complex
(60). Of note, three-dimensional reconstructions without sym-
metry restraints indicated that only a single caspase-9 may
interact with the apoptosome through the Apaf-1 nucleotide-
binding domain, whereas the other caspase-9 molecules are
flexibly tethered to the apoptosome backbone. This asymmetry
may therefore likewise be indicative of an allosteric activation
of procaspase-9 monomers.

Despite our results and the supportive findings described
above, we cannot formally exclude the possibility that caspase-9
may also homodimerize on the apoptosome. However, we sug-
gest that such a homodimerization may not be required for the
initial activation event and/or that it may occur subsequent to
activation. To unequivocally reject a dimerization-based acti-
vation mechanism and thereby to confirm a purely allosteric
activation mechanism will pose a tremendous experimental
challenge, because ultimately it would be required to engineer
apoptosomes that possess only a single procaspase-9 binding
site. Our study may therefore direct future research to decipher
one of the most fundamental processes in apoptosis signal
transduction. A deeper understanding of the mechanisms of
this process may also assist in directing drug design and inter-
vention strategies for human pathologies that are associated
with excessive or unwanted caspase-9-dependent apoptosis,
including acute settings such as stroke, but also neurodegenera-
tive diseases, or ototoxicity during platinum drug-based chem-
otherapy (61-64). Due to the strongly overlapping substrate
specificities in the caspase family (65), identifying highly spe-
cific inhibitors of caspase-9 may have no prospect of success.
Likewise, compounds that interfere with Apaf-1 directly to pre-
vent apoptosome formation (66) may also negatively affect
non-apoptotic roles of Apaf-1 (67, 68). Inhibitors that instead
prevent the recruitment of procaspase-9 to the apoptosome or,
if required for allosteric activation, the interaction with the
Apaf-1 nucleotide binding domain following recruitment (60),
could provide a mechanism-based and more specific route
toward identifying potent suppressors of apoptotic cell death.
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