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Abstract
Background: The lack of detailed understanding of the mechanism of action of many biowarfare
agents poses an immediate challenge to biodefense efforts. Many potential bioweapons have been
shown to affect the cellular pathways controlling apoptosis [1-4]. For example, pathogen-produced
exotoxins such as Staphylococcal Enterotoxin B (SEB) and Anthrax Lethal Factor (LF) have been
shown to disrupt the Fas-mediated apoptotic pathway [2,4]. To evaluate how these agents affect
these pathways it is first necessary to understand the dynamics of a normally functioning apoptosis
network. This can then serve as a baseline against which a pathogen perturbed system can be
compared. Such comparisons can expose both the proteins most susceptible to alteration by the
agent as well as the most critical reaction rates to better instill control on a biological network.

Results: We explore this through the modeling and simulation of the Fas-mediated apoptotic
pathway under normal and SEB influenced conditions. We stimulated human Jurkat cells with an
anti-Fas antibody in the presence and absence of SEB and determined the relative levels of seven
proteins involved in the core pathway at five time points following exposure. These levels were
used to impute relative rate constants and build a quantitative model consisting of a series of
ordinary differential equations (ODEs) that simulate the network under both normal and pathogen-
influenced conditions. Experimental results show that cells exposed to SEB exhibit an increase in
the rate of executioner caspase expression (and subsequently apoptosis) of 1 hour 43 minutes (±
14 minutes), as compared to cells undergoing normal cell death.

Conclusion: Our model accurately reflects these results and reveals intervention points that can
be altered to restore SEB-influenced system dynamics back to levels within the range of normal
conditions.

Background
Apoptosis is a naturally occurring mechanism by which a
cell undergoes programmed death in response to external

or internal signals. It has been shown that many potential
biowarfare agents including Staphylococcal Enterotoxin B
(SEB) improperly activate the pathways controlling this
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process in a variety of cell types [1-4]. These agents target
specific components of these pathways, inducing a cas-
cade of reactions that modify the rate at which apoptosis
occurs. The large scale cell death that ensues brings about
a state of unrecoverable shock.

Since the induction of apoptosis underlies the lethality of
SEB, this pathway presents a good target for therapeutic
intervention. Previous results have shown that SEB treat-
ment affects the expression of proteins involved in the
Fas-mediated apoptotic pathway [2,4]. However, the
mechanisms by which these agents interact with this path-
way, and the cellular components most advantageous for
potential therapies, is unclear. In order to establish a bet-
ter understanding of these interactions, it is first necessary
to develop a model of the pathway as it functions under
normal cellular conditions. This model can then serve as
a baseline against which experimentally perturbed sys-
tems can be compared and key intermediates determined.

The model of receptor-mediated apoptosis is represented
in Figure 1 and summarized as follows. The cascade
begins with extracellular Fas ligand (FasL) binding to the
cell surface receptor Fas/CD95, thus initializing aggrega-
tion and activation [5]. The adapter protein FADD binds
to the Fas receptor through its death domain (DD) and
transfers the apoptotic signal to the inactive forms of cas-
pase-8 (procaspase-8) and caspase-3 (procaspse-3). This
causes procaspase-8 to undergo a self proteolytic cleavage
reaction resulting in its activation, as well as small traces
of proteolytic cleavage of procaspase-3. Once activated,
caspase-8 is instrumental in the subsequent activation of
multiple other proteins [6]. Of particular interest is the
subsequent proteolytic cleavage of procaspase-3 by cas-
pase-8. Activation of caspase-3 rapidly results in DNA deg-
radation and inactivation of other cellular functions [5].
The activation of executioner caspase-3 is also one of the
final stages in cell death, thus providing an endpoint
marker for verification of apoptosis.

A level of control over this process is provided by a family
of proteins called inhibitors of apoptosis (IAPs). IAPs can
intervene at the executioner caspase point to suppress cell
death [7-9]. Leveraging this regulatory reaction can
increase our understanding of the system dynamics to
instil regulation points and control mechanisms.

Our main objectives within this exposition are two-fold.
We developed a parsimonious model representation of
Fas-mediated apoptosis under normal cellular conditions
in an attempt to (1) reduce the complexity of the biologi-
cal network to the most critical protein intermediates and
(2) elucidate the most influential reaction rates for con-
trolling an SEB-exposed system and reverting the system
back to a normal cellular state. Our model [see Additional
file 1] provides an accurate representation of the pathway
dynamics, as evaluated by consistency with experimental
data.

Results
Model of the normally functioning Fas pathway
In order to develop a model of Fas-mediated apoptosis
under what we identify as 'normal' conditions, we stimu-
lated human Jurkat cells with an anti-Fas antibody and
determined the relative levels of seven proteins involved
in the core pathway by western blot at 0, 2, 4, 8, and 12
hours after exposure. It should be noted that the introduc-
tion of a signal (the anti-Fas antibody in this case) for
induction of apoptosis is artificial as compared to com-
pletely normal cellular conditions. However the primary
comparison seeks to identify differences between non-
pathogen induced and pathogen induced apoptosis. The
measured protein levels were used to impute relative rate
constants and build a quantitative model consisting of a
series of ordinary differential equations (ODEs) that sim-
ulate the network under normal conditions. Flow cytom-
etry was also conducted on the stimulated Jurkat cells at
the time points specified to verify the presence of cell
death and determine a difference in early apoptotic events
between a normally functioning Fas pathway and one
under the influence of SEB exposure (examined in the
next section).

Under these conditions, the simulated results are in agree-
ment with the experimental data. All proteins assayed,
with exception to procaspase-8, correlate with data in our
model with coefficient values of at least 0.70 (Table 1).
From Figure 3a, the Fas receptor is shown to immediately
decrease in level after activation with the anti-Fas activat-
ing antibody, while FADD increases with a strong inverse
relationship (r = -0.72 between FADD and the Fas recep-
tor). The simulated results from the inactive and active
caspase-3 proteins reach successive peaks, with a time dif-
ference of 1.71 hours (Figure 3c), suggestive of the time
required for proteolytic cleavage of the precursor form

Table 1: Correlation between experimental and simulated data 
The p-values are calculated for a one-sided alternative 
hypothesis, assuming a positive association between the 
experimental and simulated curves for each protein (H0: β= 0 vs. 
H1: β > 0).

Protein Pearson's correlation coefficient p-value

Fas receptor 0.70 < 0.0001
FADD 0.83 < 0.0001

Procaspase-8 -0.48 0.9998
Procaspase-3 0.97 < 0.0001

Caspase-8 0.95 < 0.0001
Caspase-3 0.81 < 0.0001

xIAP 0.71 < 0.0001
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Diagram of Fas-mediated apoptosisFigure 1
Diagram of Fas-mediated apoptosis. Model pathway representation of Fas-mediated apoptosis (modified from Fusseneg-
ger et al., 2000).
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and subsequent activation. The mean protein levels from
the experimental data follow the same pattern, with a time
difference of 1.96 ± 1.63 hours between inactive and
active caspase-3. This difference between average peaks in
inactive and active caspase-3 for experimental and simu-
lated results amounts to approximately 15 minutes. Such
a difference is significantly small, when examined in the
context of the biological reproducibility for each experi-
mental curve. It is interesting to note the constitutive pro-
tein level of the X-linked inhibitor of apoptosis protein

(xIAP) (Figure 3d). This protein has been shown previ-
ously to directly inhibit caspase-3 [10]. The regulation
between xIAP and caspase-3 is examined in detail in the
Reaction rates space section. The strong similarities
between the experimental and simulated data indicate
that this model describes this Fas-mediated mechanism.

The simulated procaspase-8 protein is least correlated
with experimental results due to the abnormally large
peak in level at ~ 4.5 hours, followed by a steep shift in
slope direction after this point. Procaspase-8 is expressed
at large protein levels, as compared to procaspase-3. Such
a result is likely due to transcriptional activation of the
procaspase-8 gene. Since this particular caspase is also
involved in the internally-mediated (mitochondrial)
mechanism of apoptosis, larger concentrations might be
necessary for activation of competing protein cascades,
not captured within this model representation. The simu-
lated procaspase-8 curve resembles the experimental
results up to the apex of the curve. After this point, the
simulated curve continues to increase with positive slope,
whereas the experimental curve decreased rapidly. The
modeled representation of procaspase-8 was calculated to
assume a protein expression pattern that both proceeds
and resembles caspase-8, similar to the relationship
exhibited between procaspase-3 and caspase-3. So this
unexpected discrepancy between simulated and experi-
mental results for procaspase-8 is likely the result of a
transcriptional effect, not captured within the model rep-
resentation.

Model of the Fas pathway under the influence of SEB 
exposure
In order to develop a model of this pathway under SEB-
influenced conditions, the previously described experi-
ments were performed with the addition of recombinant
SEB. Compared to normal conditions, the experimental
data shows significant differences (using a threshold of p
< 0.05) in protein level patterns for three of the seven crit-
ical proteins – procaspase-8, caspase-3, and xIAP. In addi-
tion, flow cytometry results for the SEB-exposed cells
indicate a positive shift in density for annexin-stained
cells, as compared to cells stimulated with only the anti-
Fas antibody at ~ 8 hours (data not shown). This distribu-
tion difference in the former illustrates how exposure to
SEB (and anti-Fas antibody) induces apoptosis at a greater
rate than cells stimulated with the anti-Fas antibody.
Table 2 contains the T2 statistics, F-values, degrees of free-
dom (df), and p-values for the protein comparisons.

When visualizing the curve patterns for these three pro-
teins, the differences between conditions are apparent
(Figure 4). The inactive procaspase-8 protein reaches max-
imum levels at 4.41 ± 0.10 hours under normal cellular
conditions (Figure 4a), whereas in SEB-exposed cells, this

Table 2: Summary of Hotelling's T2 two-sample test. For a size α 
= 0.05 test, there is a significant (denoted with a '*' symbol) 
difference between normal and SEB-exposed conditions for 
procaspase-8, caspase-3, and xIAP.

Protein T2 value F-value df (t, n-t) p-value

Fas receptor 2.73 0.48 4,7 0.75
FADD 33.48 4.78 4,4 0.079

Procaspase-8 101.32 14.47 4,4 0.012*
Procaspase-3 8.00 1.14 4,4 0.45

Caspase-8 33.51 4.79 4,4 0.079
Caspase-3 54.60 9.56 4,7 0.006*

xIAP 113.96 16.28 4,4 0.01*

Maximum rate constant range comparisonFigure 2
Maximum rate constant range comparison. Resulting 
minimum aggregate distances between experimental and sim-
ulated data for 150 initial value seedings (Monte Carlo simu-
lation). Each curve represents the aggregated error 
(summated simulated vs. experimental) for the proteins in 
the model (y-axis) as a function of the trial (x-axis) using 
increasing maximum allowable relative rate constants. This 
allows the relative rate constants in the model to be con-
strained to the smallest range of values.
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protein reaches maximum levels at 2.20 ± 0.22 hours (Fig-
ure 4b). This is a time lead difference of 2 hours 13 min-
utes (± 14 minutes).

The active caspase-3 protein shows a similar pattern to
procaspase-8. Under normal cellular conditions, this pro-
tein reaches a maximum level at 4.65 ± 0.18 hours (Figure
4c) (approximately 14 minutes after procaspase-8),
whereas under conditions of SEB exposure, caspase-3
reaches a maximum level at 2.94 ± 0.16 hours (Figure 4d).
This is a time lead difference of 1 hour 43 minutes (± 14
minutes). The result that under SEB exposure, both cas-
pase-3 and procaspase-8 show accelerated rates by

approximately 2 hours implies that these two proteins are
coupled to some mechanism induced by SEB. This associ-
ation, however, is likely related to another pathway and
not to this Fas-mediated model, since the intermediates in
the cascade (procaspase-3 and active caspase-8) do not
exhibit a similar accelerated pattern.

The xIAP protein seems to demonstrate the largest appar-
ent difference of the three. Under normal cellular condi-
tions, this protein is at a constitutive level (considering
confidence bounds-Figure 4e), whereas under SEB-
exposed conditions, this protein is down-regulated, or
essentially degrading at a fast rate (Figure 4f). The maxi-

Simulation results under normal cellularconditionsFigure 3
Simulation results under normal cellularconditions. Simulated protein profiles for the seven proteins assayed. (a) Fas 
receptor and FADD protein. (b) Inactive (procaspase-8) and active (capase-8) caspase-8 proteins. Note that the two proteins 
are plotted on the same graph with different scales. (c) Inactive (procaspase-3) and active (capase-3) caspase-3 proteins. Note 
that the two proteins are plotted on the same graph with different scales. (d) xIAP protein.
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mum level for xIAP under SEB-exposed conditions is at t
= 0. Previous work has demonstrated xIAP to be a direct
inhibitor of caspase-3. Our experimental results support
this finding in that under normal conditions, xIAP is at a
constitutive level. However, under conditions of SEB
exposure, xIAP is inhibited, or simply negatively affected,
thereby reducing the repressive effect on caspase-3 and
consequently increasing the rate of caspase-3. This result

implies two notions: (1) SEB influences the degradation
of xIAP, thereby both releasing a regulatory effect and
increasing the rate of caspase-3, and subsequently, apop-
tosis, and (2) under SEB-exposed conditions, increasing
the rate of xIAP can be a potential solution to restoring the
level of caspase-3 and the normal rate of apoptosis. Such
an implication is evaluated next for possible solutions
within the rate constant space.

Experimental data comparison between normal andSEB-exposed conditionsFigure 4
Experimental data comparison between normal andSEB-exposed conditions. (a) Procaspase-8 protein under nor-
mal cellular conditions. (b) Procaspase-8 protein under SEB-exposed conditions. (c) Caspase-3 protein under normal cellular 
conditions. (d) Caspase-3 protein under SEB-exposed conditions. (e) xIAP protein under normal cellular conditions. (f) xIAP 
protein under SEB-exposed conditions. Points in each plot are from a random sample from experimental values. Red dashed 
lines are placed at the time point where the peak occurs for each curve while blue lines represent 95% point-wise and simulta-
neous Bonferonni confidence bounds.
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Reaction rate space
To understand the conditions under which caspase-3 is
both expressed normally and at an increased rate (under
the influence of SEB exposure), the relative kinetic rate
space is sampled to define regions of normal and per-
turbed cellular conditions. As was explained previously,
caspase-3 is one of the final proteins leading to DNA dam-
age and cell death in the Fas-mediated mechanism, so
understanding the parameters under which this protein is
synthesized provides control over the outcome of apopto-
sis. Such boundaries are necessary to identify those areas
within the plane associated with the system behaviour.
This perspective on the allowable rate space provides a
regulatory mechanism to revert a perturbed cellular sys-
tem back to a stable normal state.

Two possible scenarios were examined within this analy-
sis. First, the two rate constants from the primary regula-
tory reaction between xIAP and caspase-3 were simulated
for solutions under normal cellular conditions (Figure 1-
ultimate reaction). This criterion encompasses normal
caspase-3 synthesis, where the expression peak occurs at
4.65 hours and xIAP is either constitutively, or simply pos-
itively expressed (Figures 4c,e). The second scenario sim-
ulates the rate constants where the peak in expression of
caspase-3 is increased from 4.65 hours and the expression
of xIAP is a decreasing function (Figures 4d,f), resembling
either degradation or decreasing expression. Possible
example solutions to these two scenarios are provided in
Figure 5. For each plot, the bold line represents the same
average protein profile as those observed in Figure 4. The
dashed lines represent examples of potential solutions
that are simulated. Note that in the dashed line solutions,
the protein levels that are simulated can vary, however,
the peak rates and linear trends cannot.

Within the model, the primary regulatory reaction
between xIAP and caspase-3 is dictated by two relative rate
constants, allowing the plane to be readily visualized
within two dimensions (Figure 6). This extraction of the
solution space for the two rates under both conditions is
represented with green circles for normal states and blue
crosses for SEB-simulated states, where each point repre-
sents a rate value for the forward (k15) and reverse (k16)
reaction. It is interesting to note the peak pattern for the
possible rate values necessary to achieve SEB-exposed con-
ditions (blue crosses). Such points are indicative of cas-
pase-3 expression at an increased rate and a decreasing
expression function for xIAP. As the k16 rate values
increase, the range of k15 values begins to decrease, for
allowable solutions to the SEB-exposed condition.
Though the allowable rates for the model were restricted
to the range of 1.0 × 10-9 to 18 (justified in the Methods
section), the y-axis (representative of k16) was simulated
for values up to 70, to identify the highest point for the

SEB-simulated solution space. The rate space under nor-
mal cellular conditions is restricted to two small areas
within the plane: very small values of k15 and k16, and
large values of k16 for k15 limited to the range of 5.5 to 9.
Simulations using the rate values within these two small
regions provide results associated with normal cellular
conditions for caspase-3 and xIAP, as determined by
agreement with experimental data. In attempt to revert a
perturbed system from SEB-exposed to normal cellular
conditions, this representation can guide the necessary
directionality and magnitude of rate adjustments. For
example, at relative rate values of k15 = 8 and k16 = 30, the
system exhibits behaviour indicative of SEB exposure,
however, an increase in the reverse rate constant (k16) to
values greater than 40 can restore the expression of both
caspase-3 and xIAP to behaviours simulating a normal
system. This result is counterintuitive when first examin-
ing this reaction, mainly because an increase in the reverse
reaction rate, k16 would imply an increase in the rate of
caspase-3 synthesis, rather than a reduction. However, it is
important to remember that k16 is the sole synthesis
parameter for xIAP and the level of xIAP is but a single
component of one degradation term for caspase-3. So k16
values that occur greater than a certain threshold (values
greater than 40 in this example) dramatically increase
xIAP to high levels, which simultaneously increases the
degradation term of caspase-3, thus slowing down the
rate. To simulate this result within a cellular system, this is
analogous to increasing the cellular concentration of xIAP
to a point where apoptosis can be slowed down, indica-
tive of normal cellular conditions.

Discussion
We have constructed a parsimonious model representa-
tion of Fas-mediated apoptosis under both normal and
SEB-influenced cellular conditions. Our simulated results
agree with experimental data as evaluated by correlation.
In addition, experimental results demonstrate an
increased rate of apoptosis and significant differences for
three proteins (procaspase-8, caspase-3, and xIAP)
between normal and SEB-exposed conditions.

In addition to the direct effect of SEB on the Fas pathway,
there are several other factors that could lead to this accel-
eration of apoptosis. First, several factors could be causing
an increase in FasL concentration. Specifically, both SEB
treatment of various cell types (including Jurkats) and
activation of the Fas receptor [13,14] have been shown to
cause the de novo production and secretion of soluble FasL
(sFasL). Also, SEB treatment has been shown to induce the
production of several members of the (tumor necrosis fac-
tor) TNF superfamily such as TNFα and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) [11].
Increased TNFα levels have been shown to lead to proteo-
lytic cleavage of existing FasL from the cell surface [12].
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Caspase-3 and xIAP under normal and simulated SEBconditionsFigure 5
Caspase-3 and xIAP under normal and simulated SEBconditions. (a) Caspase-3 potential solutions where a peak in 
expression occurs at 4.65 ± 0.18 hours. (b) xIAP potential solutions where the protein is either constitutively expressed or 
simply positively expressed after t = 0. (c) Simulated potential solutions for caspase-3, where the rate of synthesis is increased 
from 4.65 hours. Note that the level of expression can fluctuate with an increased rate. (d) Simulated potential solutions for 
xIAP, where the protein has negative expression levels after t = 0. The multiple dashed lines for each plot represent the various 
degrees of potential protein levels that can occur, while maintaining the expected pattern.
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This increase in sFasL would create a positive feedback
loop thus increasing the rate of apoptosis.

Second, the increase in TRAIL expression has been shown
to initiate Jurkat cell apoptosis through the DR5 receptor
[15]. In addition to promoting apoptosis, activation of
this parallel pathway eventually leads to an increase in
caspase-8 expression and may partially explain our results
(discussed further below) [15]. The addition of other
pathways into our minimal model will be the subject of
further work.

Finally, the induction of fratricide apoptosis in which acti-
vated T cells begin inducing apoptosis in neighboring cell
as a result of SEB exposure may play a role in this rate
increase as well [16].

It is interesting to note that the increased rate for procas-
pase-8 is not complimented by an increase in proteolytic
cleavage and subsequent activation of caspase-8. This
implies that SEB is inducing the increased rate on the gene
expression point, since the inactive caspase demonstrates
a significant difference in the presence of SEB exposure, as
opposed to the active caspase.

This accelerated rate is likely the result of SEB affecting
several signal transduction pathways that regulate cas-
pase-8 expression. Studies have shown that SEB stimula-
tion of Jurkat cells causes them to begin secreting various
cytokines such as interferon gamma (IFNγ) within 30
minutes following exposure [17-19] The release of IFN-γ
can then increase the rate of transcription of caspase-8 in
an interferon regulatory factor 1 (IRF1) dependent man-
ner. [18,20,21].

The accelerated rate of caspase-3 and degradation of xIAP
under SEB influence imply a repressive regulation of xIAP
under normal conditions, such that SEB exposure releases
the repressive effect and increases the rate of caspase-3 and
subsequently, apoptosis. SEB has been shown to induce
the activation of caspase-3 [12], however, the combined
effect on the interaction (indirect or direct) between SEB
and xIAP/caspase-3 is not well understood. Under the
assumption of a mitochondrial mechanism (internally
mediated apoptosis), SEB could inhibit xIAP similar to
how synthetic Smac/DIABLO has been demonstrated to,
thereby leading to an increased activity of caspase-3 and
caspase-9 in etoposide-induced cells [22]. However, since
autocrine release of fas was observed, and previous work
has shown the SEB treatment induces FasL release [12],
the mechanism is more likely not primarily mediated
through the mitochondrial pathway, and instead, fas-
mediated.

Simulation results also demonstrate a means to instil con-
trol on an SEB-exposed system. Utilizing the primary
inhibitory reaction between caspase-3 and xIAP, the rela-
tive rate space was computed to illustrate values for con-
verting a perturbed system back to normal cellular
conditions. Such results indicate that at specific increased
concentrations of xIAP, the rate of apoptosis can be
reduced from an SEB-exposed rate to a normal cellular
rate.

Conclusion
In future work, we plan to expand the model to account
for the protein intermediates that are observed to have an
effect on procaspase-8, in addition to the indirect connec-
tion between increased rates of procapase-8 and caspase-
3 under the influence of SEB.

Methods
Flow cytometry
After the cells became confluent in free RPMI1640 with
1.0 × 106/ml cells, they were split equally into three flasks.
One flask was incubated with anti-Fas (0.01 ug/ml) and
the other was incubated with the combination of anti-Fas
(0.01 ug/ml) and SEB (1 ug/ml). The control group was
untreated. Cells were then aspirated out from three flasks
after 2, 4, and 8 hour of incubations. They were washed

Rate space for caspase-3 and xIAP synthesis forsingle regula-tory reactionFigure 6
Rate space for caspase-3 and xIAP synthesis forsingle 
regulatory reaction. Plot of simulated solutions to normal 
conditions and SEB-exposed conditions within varied values 
of relative rate constants k16 vs. k15. Normally distributed 
random noise (jitter) has been added to the green points to 
reduce the overlap and illustrate the frequency of simula-
tions.
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with cold (2–8°C) 1X PBS, and centrifuged at 500 × g for
5 min at room temperature before labeled with Annexin
V-FITC, PI, or a combination of Annexin V-FITC and PI
(amounts of reagents added are according to the manufac-
ture protocol, TACS Annexin V-FITC Apoptosis Detection
Kit, R&D systems), respectively. Cells were analyzed in a
Becton Dickinson FACSCaliber flow cytometer using Cell
Quest software. At least 10,000 viable cells per condition
were analyzed.

Western blot analysis
Cell lines and cell culture media were purchased from
ATCC (Manassas, VA). Cells were maintained in RPMI
medium supplemented with 10% FBS and antibiotics.
The Fas pathway was activated by the addition of 0.01 µg/
ml of an anti-Fas activating antibody (clone DX2, BD
Pharmingen, San Diego, CA) for normal cellular condi-
tions and 1 µg/ml of SEB (Sigma Chemical, St. Louis,
MO), in addition to the anti- Fas antibody, for perturbed
conditions within the time range indicated (0–12 hours).

All blots were performed using standard procedures. In
summary: following treatment, cells were lysed using M-
PER lysis buffer (Pierce, Rockford IL) and the protein con-
centration was determined by BCA assay. A mass of 50 µg
of total protein was loaded on a 10% polyacrylamide gel
and separated by electrophoresis. Proteins were trans-
ferred to a nitrocellulose membrane and probed with spe-
cific antibodies (below) for 1 hour at room temperature.
Blots were developed using ImmunoStar ECL reagent
(BioRad, Hercules, CA) and imaged using a VersaDoc
Imaging System (BioRad, Hercules, CA). Relative protein
concentrations were determined using QuantityOne soft-
ware (BioRad, Hercules, CA). Initial concentration values
for the seven proteins assayed were simultaneously deter-
mined on the same nitrocellulose membrane.

The antibodies (Table 3) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA) or R&D Systems (Minne-
apolis, MN) and used at 1 µg/ml.

Relative protein level curves
Mean protein levels were calculated from a minimum of
three independent replicates for each protein, ranging to

nine replicates for some proteins. The five points for each
protein curve (five time states: 0, 2, 4, 8, and 12 hours)
were increased to 50 points with linear interpolation.
Curve kurtosis was then reduced with a local polynomial
regression fitting (loess smoothing). The 95% point-wise
and simultaneous Bonferroni confidence intervals were
calculated from the variance for each curve. All error terms
and propagation of error given for time point intervals are
calculated with the standard error of the mean.

Ordinary differential equations (ODEs)
Initial value ODEs were determined from the model reac-
tions (see Appendix) for each protein/protein complex.
The equations were solved using a classical Runge-Kutta
4th order integration function available in the 'odesolve'
package of R [23]. The protein with the minimum initial
level (active caspase-3) was used as the basal value for the
protein complexes at (t = 0). This was determined to sup-
port the assumption that proteolytic activation of caspases
(caspase-3 and caspase8) and protein complex formation
occurs at minimum levels (thus at low concentrations) at
initial time points.

Optimization
The optimization problem seeks to minimize the aggre-
gate Euclidean distance between the experimental and
simulated data given as:

where x and y are simulated and experimental protein
concentrations, respectively, n is the total number of pro-
teins, and t is the total number of times states. The 16 rel-
ative kinetic rate constants (parameters) were computed
using a two-phase minimization approach over multiple
trials. Due to the dependence between initial value seed-
ing and the minimized function (local optima), a Monte
Carlo simulation [24] was used to iteratively seed the ini-
tial parameter values to begin each optimization. The dis-
tance function was first minimized with a Newton-type
non-linear procedure available in the 'stats' package of R
[23]. The parameter values determined at convergence of
the distance function were then seeded into a subsequent
quasi-Newton minimization method with box constraints
[25]. This method constrains the parameter values to a
specified range in the minimization of the distance func-
tion. This final aggregate distance was stored in a list for
each simulated trial.

For each iteration in the Monte Carlo simulation, the
parameter values were sampled from a random uniform
distribution with a lower bound near zero and an upper
bound of λ. The λ variable was increased from an initial
value of nine to a maximum value of λ = 27. This proce-
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Table 3: Antibody information

Protein Clone Species Supplier Note

Caspase-3 N-19 Goat Santa Cruz Precursor form
Caspase-3 269518 Rabbit R&D Systems Active form
Caspase-8 S-19 Goat Santa Cruz Precursor form
Caspase-8 AF832 Rabbit R&D Systems Active form

xIAP 48 Mouse BD Pharmingen
FADD S-18 Goat Santa Cruz

Fas B-10 Goat Santa Cruz
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dure was implemented for determination of the mini-
mum allowable parameter value range with the minimum
distance function. Such a method constrains the rate con-
stants to a small range of values. The results are repre-
sented in Figure 2. Each line corresponds to a different
maximum parameter value λ over a series of 150 minimi-
zation trials. When the 16 parameter values are confined
to the range of near-zero (1.0 × 10-9) to λ = 9, the mini-
mum aggregate distance obtained over 150 trials is 45.48.
However, as the maximum allowable parameter value is
increased to λ = 18, the minimum aggregate distance is
reduced to 44.46. Additionally, all maximum parameter
values λ ≥ 18 converge to the same minimum aggregate
distance. This result indicates that the distance function is
not reduced any further with a maximum parameter value
greater than λ = 18. As such, the range of rate constants
was limited to values of λ = 1.0 × 10-9 to λ = 18.

Hotelling's two-sample T2 test
For assignment of a statistical summary to the difference
between each protein under normal and SEB-exposed
conditions, a T2 test was calculated, using all replicates for
each protein. This multivariate analog to the Student's t-
test is implemented to account for the correlation struc-
ture between the t time state variables. The squared dis-
tance is given by:

(2.1)  T2 = n ( - µ0)T (S)-1 (  - µ0), where

, and

 and

such that at large values of T2, the hypothesis H0: µ = µ0 is

rejected. The T2 statistic is distributed as Ft,n-t,

where Ft,n-t, is a random variable that follows an F – distri-

bution with t and n - t degrees of freedom [26]. For each
comparison, Bartlett's test was computed to verify the
homogeneity of the covariance matrices
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