Supporting Information for Schliemann et al., 2011

This supplement gives further information on the proposed mathematical model of TNF induced pro-
and anti-apoptotic signaling. First, the mathematical model of a nominal cell is described, with a
particular emphasis on the parameter estimation involved in its development. The model is fully
described in Tables S2.1 — S2.3, which list species, reactions and compartments of the model. The
second part defines the cell ensemble model. Finally, the cell ensemble model is validated with
different experimental data sets.

Single Cell Mathematical Model

The mathematical model of TNF-R1 induced pro- and anti-apoptotic signaling is based on a
combination of published models [1-2] that have been significantly expanded by novel parts describing
the signal complex formation, the NF-xB activation mechanism, and the crosstalk of anti- and pro-
apoptotic pathways. See Figure 1 in the main paper.

The model consists of 47 compounds and 88 reactions, including mRNA synthesis, translation and
transportation between extracellular space, cytoplasm and nucleus, as well as formation and
dissociation of complexes. See Table S1 for a list of species and Table S2 for the list of reactions. All
occurring reactions were modeled according to the law of mass action. As 18 reactions are reversible,
the model contains 106 kinetic parameters.

The model parameters were adjusted to KYM-1 cells. Some of the parameters could be determined
from our own experimental data (Figure S 2.1). From Figure 2C - D, the following values were
estimated as time of death of a nominal cell: 5.25h for 10 ng/ml and 7.5h for 1 ng/ml continuous TNF
stimulation; for 30 minute pulse stimulation, 7.0h for 10 ng/ml and survival for 1 ng/ml.

Most other parameters were taken from literature [1-4]. The remaining parameters were adjusted to
published experimental data, e.g. reproducing constitutive NF-kB shuttling with 9% of the total NF-xB
and 17% of the total IxBa already present in the nucleus without TNF stimulation [5], or to binding
studies of TNF and TNF-R1 [6], using Monte-Carlo based optimizations.

The assumed extracellular volume of 420 um’ corresponded to the amount of culture medium available
per cell in our standardized cytotoxicity assay. Values of a representative cell close to the median
volumes were estimated using 3D-microscopy (data not shown). The volumes of the cellular
compartments were chosen as 3.2 pm3 for the cytoplasm and 1/3 of that for the nucleus. The
compartment volumes are shown in Table S2.3.

The initial conditions for the model were chosen such that all states were in the equilibrium without
TNF or activated caspases (the life steady state). Due to the permanent nuclear shuttling of NF-kB and
IkBa, this steady state could only be calculated numerically.

The nominal, single cell model is available in Systems Biology Markup Language (SBML). See
Supplementary material model_code.xml.
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Figure S2.1. Comparison of Experiments and Simulation employed for the Model Calibration. (A) Binding of TNF to
the TNF receptor, reaching 50% after 4.3 minutes. This is comparable to [6]. (B) Unbinding of TNF from the TNF
receptor, with a decrease of 15% within approx. 8 minutes, as [6]. (C) Degradation rate of the TNF receptor: our
own experimental data obtained by blocking protein production with CHX and quantifying the number of receptors
using flow cytometry.(D) Degradation rate of the TNF receptor: our own experimental data as shown in(C) (blue
squares, left axis), model simulation (red line, right axis). (E) Time of death for 1 and 10 ng/ml TNF of a median cell
as estimated from cytotoxity assays, Figure S1: dots. Time of death for different TNF stimulation (solid lines) and
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minimal lethal TNF concentration (dash-dotted line) as calculated from the mathematical model of a nominal cell.
Red: continuous, blue: 30 minute pulse stimulation. (F) Cell surface TNF-R1 distribution, experimentally
determined by FACS analysis (in blue) and approximated by a lognormal distribution (in red).



List of all species of the model, with their compartment, initial condition, database information (uniprot [7] or ensemble[8] IDs) and additional information. The numerical values

are rounded to three significant digits.

Table S2.1: List of Species

Name Compartment | Initial Database Comment

Information

1 | TNFR_E extracellular 3.72e-6 yM uniprot:P194 | TNF receptor1 on KYM-1 as dimers, 3000 binding sites/cell [9]
38

2 | TNF_E extracellular 0.0002 pM uniprot:P013 | Tumor Necrosis Factor; CysHisTNF R32W/S86T[10-13]
75

3 | TNF:TNFR_E extracellular 0 uM uniprot:P194 | TNF-TNF-R1 complex \cite[6]
38|P01375

4 | TNFR cytoplasm 8.75e-5 yM uniprot:P194 | freshly produced TNF receptor1
38

5| RIP cytoplasm 0.0633 pM uniprot:Q135 | Receptor-interacting protein
46

6 | TRADD cytoplasm 0.0917 uyM uniprot:Q156 | TNFR1-associated DEATH domain protein
28

7 | TRAF2 cytoplasm 0.103 uM uniprot:Q129 | TNF receptor-associated factor 2
33

8 | FADD cytoplasm 0.0967 uM uniprot:Q131 | FAS-associated death domain protein
58

9 | TNF:TNFR:TRADD | cytoplasm 0 uM uniprot:P194 | TNF~TNFR~TRADD complex
38|P01375|Q
15628

10 | TNFRCH1 cytoplasm 0 uM uniprot:P194 | TNF-R1-Complex1 includes: RIP and TRAF2

38|P01375|Q
15628|Q129




33|Q13546

11

TNFRCint1

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628|Q129

33|Q13546

transitional receptor stage1

12

TNFRCint2

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628

transitional receptor stage2

13

TNFRCint3

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628|Q131
58

transitional receptor stage3

14

TNFRC2

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628|Q131
58

TNF-R1-Complex2 includes: FADD

15

FLIP

cytoplasm

0.00856 pM

uniprot:0155
19

FLICE-inhibitory protein

16

TNFRC2:FLIP

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628|Q131
58|015519

TNFRC2~FLIP complex

17

TNFRC2:pCasp8

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628|Q131
58|Q14790

TNFRC2~pCasp8 complex

18

TNFRC2:FLIP:FLIP

cytoplasm

0 uM

uniprot:P194
38|P01375|Q
15628|Q131
58|015519|0
15519

TNFRC2~FLIP~FLIP complex




19 | TNFRC2:pCasp8:p | cytoplasm 0 uM uniprot:P194 | TNFRC2~pCasp8~pCasp8 complex
Casp8 38|P01375|Q
15628|Q131
58|Q14790|Q
14790
20 | TNFRC2:FLIP:pCas | cytoplasm 0 uM uniprot:P194 | TNFRC2~FLIP~pCasp8 complex
p8 38|P01375|Q
15628|Q131
58|015519|Q
14790
21 | TNFRC2:FLIP:pCas | cytoplasm 0 uM uniprot:P194 | TNFRC2~FLIP~pCasp8~RIP~TRAF2 complex
p8:RIP:TRAF2 38|P01375|Q
15628|Q131
58|015519|Q
14790|Q135
46/Q12933
22 | IKK cytoplasm 0.2 yM uniprot:0151 | Inhibitor-kB kinase in inactive form
11
23 | IKKa cytoplasm 0 uM uniprot:0151 | active IKK
11
24 | A20 cytoplasm 0.0326 uM uniprot:P215 | A20-protein
80
25 | NFkB cytoplasm 3.61e-5 uM uniprot:P198 | nuclear factor kB
38
26 | IkBa cytoplasm 0.000317 uM | uniprot:P259 | Inhibitor-kBa
63
27 | IkBa:NFkB cytoplasm 0.00472 uyM uniprot:P259 | IkBa~NF-kB complex
63|P19838
28 | PlkBa cytoplasm 0 uM uniprot:P259 | P-IkBa

63




29

NFkB_N

nucleus

0.000655 uM

uniprot:P198
38

nuclear NF-kB

30

kBa_N

nucleus

0.00131 uM

uniprot:P259
63

nuclear IkBa

31

IkBa:NFkB_N

nucleus

8.52e-5 pM

uniprot:P259
63|P19838

nuclear IkBa~NF-kB complex

32

A20_mRNA

nucleus

5.27e-5 pM

ensembl:Ho
mo_sapiens/
Transcript/Su
mmary?t=EN
ST00000237
289

A20-mRNA; A20 gene: TNF a-induced protein3

33

[kBa_mRNA

nucleus

5.03e-5 uyM

ensembl:Ho
mo_sapiens/
Transcript/Su
mmary?t=EN
ST00000216
797

IkBa-mRNA; IkBa gene: NF-kB inhibitor a

34

XIAP_mRNA

nucleus

0.000208 yM

ensembl:Ho
mo_sapiens/
Transcript/Su
mmary?t=EN
ST00000371
199

XIAP-mRNA; XIAP gene: baculoviral IAP repeat-containing 4

35

FLIP_mRNA

nucleus

0.000132 pM

ensembl:Ho
mo_sapiens/
Transcript/Su
mmary?t=EN
ST00000309
955

FLIP-mRNA; FLIP gene: CFLAR

36

BAR

cytoplasm

0.0886 uM

uniprot:Q9NZ
S9

Bifunctional apoptosis regulator




37 | XIAP cytoplasm 2.44 uyM uniprot:P981 | X-linked inhibitor of apoptosis protein
70

38 | pCasp8 cytoplasm 1 uM uniprot:Q147 | Procaspase-8
90

39 | pCasp3 cytoplasm 0.25 uM uniprot:P425 | Procaspase-3
74

40 | pCasp6 cytoplasm 0.02 uM uniprot:P552 | Procaspase-6
12

41 | Casp8 cytoplasm 0 uM uniprot:Q147 | active Caspase-8
90

42 | Casp3 cytoplasm 0uM uniprot:P425 | active Caspase-3
74

43 | Caspb cytoplasm 0 uM uniprot:P552 | active Caspase-6
12

44 | BAR:Casp8 cytoplasm 0 uM uniprot:Q9NZ | BAR~Caspase-8 complex
S9|Q14790

45 | XIAP:Casp3 cytoplasm 0 uM uniprot:P981 | XIAP~Caspase-3 complex
70|P42574

46 | PARP cytoplasm 0.521 uyM uniprot: Poly [ADP-ribose] polymerase 1
P09874

47 | cPARP cytoplasm 0 uM uniprot: cleaved PARP
P09874




Table S2.2: List of Reactions

List of all reactions of the model, with substrate, reaction direction, product, reaction rate for forward (ka) and backward (kd) reaction, name and
additional information. The numerical values are rounded to three significant digits.

Substrate Product ka kd Name Comment
1 TNFR TNFR_E 0.001 TNFR transport into fast export of resynthesized TNF-
1/s membrane Receptor
2 0 TNFR 8.75e-8 | --- TNFR production [6, 14]; TNFR1 on KYM-1 as dimers
puM/s (=3000 binding sites/cell);
3000(mo/cell)/6e5(uM/mo)/3.2e-
12(cell volume)
3 TNFR_E 0 0.0235 TNFR degradation TNFR1 on KYM-1 as dimers (=3000
1/s binding sites/cell); degradation rate
measured in own FACS experiment
4 0 RIP 6.33e-6 | 0.0001 | RIP turnover [14]
MM/s 1/s
5 0 TRADD 9.17e-6 | 0.0001 | TRADD turnover [14]
MM/s 1/s
6 0 TRAF2 1.03e-5 | 0.0001 | TRAF2 turnover [14]
MM/s 1/s
7 0 FADD 9.67e-6 | 0.0001 | FADD turnover [14]
MM/s 1/s
8 TNF:TNFR_E 0 0.0235 TNF~TNFR degradation | same as TNFR degradation
1/s
9 TNF:TNFR:TRADD 0 0.0235 TNF:TNFR:TRADD same as TNFR degradation
1/s degradation
10 TNFRC1 0 5.6e-5 TNFR Complex1 same as TNFR degradation




1/s degradation
11 TNFRC2 0 5.6e-5 TNFR Complex2 same as TNFR degradation
1/s degradation
12 TNFRC2:FLIP 0 5.6e-5 TNFR Complex2~FLIP same as TNFR degradation
1/s degradation
13 TNFRC2:FLIP:FLIP 0 5.6e-5 TNFR same as TNFR degradation
1/s Complex2~FLIP~FLIP
degradation
14 TNFRC2:pCasp8 0 5.6e-5 TNFR same as TNFR degradation
1/s Complex2~Procaspase-8
degradation
15 TNFRC2:pCasp8:pCasp8 0 5.6e-5 TNFR same as TNFR degradation
1/s Complex2~Procaspase-
8~Procaspase-8
degradation
16 TNFRC2:FLIP:pCasp8 0 5.6e-5 TNFR same as TNFR degradation
1/s Complex2~FLIP~Procas
pase-8 degradation
17 | TNFRC2:FLIP:pCasp8:RIP:T 0 5.6e-5 TNFR same as TNFR degradation
RAF2 1/s Complex2~FLIP~Procas
pase-8~RIP~TRAF2
degradation
18 TNFR_E + TNF_E TNF:TNFR_E 5.38e+3 | 0.0277 | TNF~TNFR binding and | fitted [6]
1/uM/s 1/s release
19 TNF:TNFR_E + TRADD TNF:TNFR:TRADD 5.75 TNF~TNFR~TRADD fitted
1/uM/s building
20 RIP + TRAF2 + TNFRCH1 1 TNFR Complex1 building | RIP for NF-kB activation; RIP
TNF:TNFR:TRADD 1/s/(uM) ubiquitination after TRAF2 [15];
n2 TRADD-TRAF2-Complex [16]; fitted
for an internalization T(50%) of 10-

10




20min [6]

21 TNFRC1 TNFRCint1 0.00118 | --- Receptor internalization fitted to realize 45 min complex2-lag-
1/s step phase [17]; internalization of TNFRC1
22 TNFRCint1 RIP + TRAF2 + TNFRCint2 0.00113 | --- Receptor internalization fitted to realize 45 min complex2-lag-
1/s step2 phase[17]; dissociation of TRAF2 and
RIP
23 2 FADD + TNFRCint2 TNFRCint3 0.121 Receptor internalization fitted to realize 45 min complex2-lag-
1/s/(uM) step3 phase[17]; recruiting of FADD
n2
24 TNFRCint3 TNFRC2 0.114 Receptor internalization fitted to realize 45 min complex2-lag-
1/s step4 phase [17]; fusion with Golgi
25 TNFRC2 + FLIP TNFRC2:FLIP 11/uM/s | --- FLIP recruitment to DISC formation; [18]; fitted
TNFR Complex2
26 FLIP + TNFRC2:FLIP TNFRC2:FLIP:FLIP 1 1/uM/s | --- FLIP recruitment to [18]; fitted
TNFR Complex2~FLIP
27 TNFRC2 + pCasp8 TNFRC2:pCasp8 0.1 Procaspase-8 Procaspase-8 at DISC; [18] [18-19];
1/uM/s recruitment to TNFR fitted
Complex2
28 TNFRC2:pCasp8 + pCasp8 TNFRC2:pCasp8:pCasp8 0.1 Procaspase-8 Procaspase-8 homodimer at DISC;
1/uM/s recruitment to TNFR [18-19]; fitted
Complex2~Procaspase-8
29 TNFRC2:pCasp8:pCasp8 TNFRC2 + Casp8 2.71/s Caspase-8 activation by | Procaspase-8 homodimer at DISC
TNFR Complex2 leads to active Caspase-8; 2
pCasp8=1 Casp8; [18-19]; fitted
30 FLIP + TNFRC2:pCasp8 TNFRC2:FLIP:pCasp8 11/uM/s | --- FLIP recruitment to [18-19]; fitted
TNFR
Complex2~Procaspase-8
31 TNFRC2:FLIP + pCasp8 TNFRC2:FLIP:pCasp8 1 1/uM/s | --- Procaspase-8 [18]; fitted

recruitment to TNFR
Complex2~FLIP
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32 TNFRC2:FLIP:pCasp8 TNFRC2 + Casp8 1.8 1/s Caspase-8 activation by | Heterodimers at DISC active
TNFR Caspase-8; [20-21]; fitted
Complex2~FLIP~Procas
pase-8
33 RIP + TRAF2 + TNFRC2:FLIP:pCasp8:RIP:T | 0.1 RIP~TRAF2 recruitment | RIP and TRAF2 recruitment to
TNFRC2:FLIP:pCasp8 RAF2 1/s/(uM) at TNFR p43FLIP [18-19]; fitted
n2 Complex2~FLIP~Procas
pase-8
34 | TNFRC2:FLIP:pCasp8:RIP:T TNFRC2:FLIP:pCasp8:RIP:T | 0.1 IKK activation by TNFR IKK activation by TNFR Complex2
RAF2 + IKK RAF2 + IKKa 1/uM/s Complex2~FLIP~Procas
pase-8~RIP~TRAF2
35 0 IKK 2e-5 0.0001 | IKK turnover [2]: ka=0.000025; kd=1.25e-4; fitted
MM/s 1/s
36 0 NFkB 5e-7 0.0001 | NF-kB turnover fitted
MM/s 1/s
37 0 FLIP 7.03e-7 | 0.0001 | FLIP turnover fitted ([22]: FLIP overexpression =>
puM/s 1/s no death in Type 1)
38 0 XIAP 0.00024 | 0.0001 | XIAP turnover [23-24]; fitted
1 uM/s 1/s
39 0 A20 3e-6 0.0001 | A20 turnover constitutively produced A20 (versus
puM/s 1/s [2]: 3e-4); fitted
40 IKKa 0 0.0001 IKK* degradation [25]
1/s
41 IkBa:NFkB 0 0.0001 IkBa~NF-kB complex [2, 26]: 2e-5; fitted
1/s degradation
42 NFkB_N 0 3.3e-5 nuclear NF-kB fitted
1/s degradation
43 IkBa_mRNA 0 0.00013 | --- IkBa-mRNA degradation | http://Igsun.grc.nia.nih.gov/mRNA/ind
1/s ex.html, [27]
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44 IkBa| — |0 0.00154 | --- IkBa degradation 5-10min half life [28]; fitted
1/s
45 IkBa N| — |0 3.3e-5 free nuclear IkBa fitted
1/s degradation
46 IkBa:NFKB N | — | O 3.3e-5 nuclear IkBa~NF-kB fitted
1/s complex degradation
47 PlkBa | — | 0 0.0116 P-lIkBa degradation fitted
1/s
48 A20 MRNA | — | 0 0.00015 | --- A20-mRNA degradation http://Igsun.grc.nia.nih.gov/mRNA/ind
51/s ex.html, [27]
49 XIAP_mRNA | — | 0 3.46e-5 | --- XIAP-mRNA degradation | http://Igsun.grc.nia.nih.gov/mRNA/ind
1/s ex.html, [27]
50 FLIP . mRBRNA | —| 0 5.47e-5 | --- FLIP-mRNA degradation | http://Igsun.grc.nia.nih.gov/mRNA/ind
1/s ex.html, [27]
51 TNFRC1 + IKK | — | TNFRC1 + IKKa 300 IKK activation by TNFR [29-30]; fitted
1/uM/s Complex1
52 IKKa | — | IKK 0.1 1/s IKK* inactivation IKK inactivation by
autophosphorylation or
phosphatases, e.g. by PP2A [25];
fitted
53 TNFRC1 + A20 | — | TRAF2 + TNF:TNFR:TRADD | 0.02 TNFR Complex1 RIP at TNFR Complex 1
+ A20 1/uM/s inactivation by A20 ubiquitination and proteasomal
degradation [31]; fitted
54 NFkB + IkBa | — | IkBa:NFkB 4 1/uM/s | --- IkBa NF-kB association [2, 32]: 0.5; fitted
55 IKKa + IkBa:NFkB | — | IKKa + NFkB + PlkBa 0.333 release and degradation | [33]; fitted
1/uM/s of bound IkBa
56 NFkB | — | NFKB_N 0.0125 NF-kB nuclear [2] (fitted)
1/s translocation
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57 NFkB_N | — | NFkB_N + IkBa_mRNA 1e-51/s | --- IkBa-mRNA transcription | fitted
58 IkBa_mRNA | — | IkBa + IkBa_mRNA 0.021/s | --- IkBa translation [2]: 0.5; fitted
59 IkBa | < | [kBa_N 0.005 0.0008 | IkBa nuclear ka fitted ([2]: 0.001); kd=[2]
1/s 51/s translocation
60 NFkB N + IkBa_N | — | IkBa:NFkB_N 0.5 IkBa binding NF-kB in fitted
1/uM/s nucleus
61 IkBa:NFkB_N | — | IkBa:NFkB 0.005 IkBa_NF-kB N-C export [2]: 0.01; fitted
1/s
62 NFkB_N | — | NFkB_N + A20_mRNA 1.25e-5 | --- A20-mRNA transcription | [2, 34]
1/s
63 A20_mRNA | — | A20 + A20_mRNA 0.005 A20 translation [2]
1/s
64 NFkB_N | — | NFKkB_N + XIAP_mRNA 1.1e-5 XIAP-mRNA transcription | fitted
1/s
65 XIAP_mRNA | — | XIAP_mRNA + XIAP 0.0111 XIAP translation fitted
1/s
66 NFKkB_N | — | NFKB_N + FLIP_mRNA 1.1e-5 FLIP-mRNA transcription | [35]; fitted
1/s
67 FLIP_mRNA | — | FLIP + FLIP_mRNA 0.00116 | --- FLIP translation fitted
1/s
68 0 | & | pCasp8 6.17e-5 | 6.17e- | Procaspase-8 turnover fitted
puM/s 51/s
69 0 | & | pCasp3 1.54e-5 | 6.17e- | Procaspase-3 turnover fitted
puM/s 51/s
70 0 | & | pCaspb 1.23e-6 | 6.17e- | Procaspase-6 turnover fitted
puM/s 51/s
71 Casp8 | —| 0 5.79e-5 | --- Caspase-8 degradation fitted
1/s
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72 Casp3 0 5.79e-5 | --- Caspase-3 degradation fitted
1/s
73 Casp6 0 5.79e-5 | --- Caspase-6 degradation fitted
1/s
74 XIAP:Casp3 0 5.79e-5 | --- XIAP~Caspase-3 fitted
1/s complex degradation
75 0 BAR 5.13e-7 | 5.79e- | BAR turnover fitted
puM/s 6 1/s
76 BAR:Casp8 0 5.79e-5 | --- BAR~Caspase-8 fitted
1/s complex degradation
77 0 PARP 3.01e-6 | 5.79e- | PARP turnover [3]
MM/s 6 1/s
78 cPARP 0 5.79e-6 | --- CPARP degradation CPARP degradation
1/s
79 pCasp3 + Casp8 Casp8 + Casp3 0.0267 Caspase-3 activation fitted (same order of magnitude as [3]:
1/uM/s 0.06)
80 pCasp6 + Casp3 Casp3 + Caspb 0.03 Caspase-6 activation fitted (same order of magnitude as [3]:
1/uM/s 0.06)
81 pCasp8 + Caspb Casp8 + Caspb 0.00064 | --- Caspase-8 activation fitted (same order of magnitude as [3]:
1 1/uM/s 0.06)
82 XIAP + Casp3 XIAP:Casp3 2 1/uM/s | 0.001 XIAP~Caspase-3 ka=fitted; kd=[3]
1/s complex formation
83 XIAP + Casp3 Casp3 6 1/uM/s | --- XIAP degradation due to | XIAP induced Caspase-3
Caspase-3 proteasomal degradation [36]; fitted
84 XIAP:Casp3 XIAP 5e-51/s | --- XIAP~Caspase-3 fitted
complex breakup
85 RIP + Casp3 Casp3 0.5 negative feedback loop fitted
1/uM/s Caspase-3 on TNFR
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Complex1
86 FLIP + Casp3 Casp3 0.5 FLIP degradation by fitted
1/uM/s Caspase-3
87 Casp3 + PARP Casp3 + cPARP 0.6 PARP cleavage as [3]
1/uM/s Casp3 substrate
88 BAR + Casp8 BAR:Casp8 2.08 0.001 BAR~Caspase-8 ka=fitted; kd=[3]
1/uM/s 1/s complex formation
Table S2.3: List of Compartments
Name Volume
1 Cytoplasm 3.2pl
Extracellular 1.34e+3 pl
3 Nucleus 1.06 pl
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Mathematical Cell Ensemble Model

Our cytotoxicity experiments consistently revealed that some cells survived TNF treatment,
indicating TNF resistance in a subpopulation. Moreover, we observed a broad cell to cell
variability in the kinetics of cellular responses. This variance could also be inferred from
gradual and partial cytotoxicity responses shown in Figure 2 in the main paper. Reproduction
of such heterogeneous population responses requires the identification of the sources of cell
variability. Excluding environmental sources, this variability arises from pre-existing
differences in the levels of proteins [37]. Indeed, a significant variation in the number of cell
surface TNF-R1 receptors across the cell population was observed in our own FACS analysis
(Figure S2.1E, blue). The corresponding distribution closely followed a lognormal
distribution X, i.e. X = ¢"*”", where N is a normal distribution with zero mean and standard
deviation of one. We estimated the parameter ¢ to 0.148 (see Figure S2.1E, red), and the
median e" was set to 3000 molecules per cell, as obtained from equilibrium binding studies
using radio labeled ligand [6]. We assumed all 19 production rates (4 translations via NF-kB,
15 basal productions) followed this distribution around the respective initial values of the
nominal cell, independently from each other, and constructed a cell ensemble model, with
identical cells except for these varied production rates. The initial condition of each cell was
chosen as the steady state with no active caspases.

Experimental Validation of the Cell Ensemble Model

The cell ensemble model was validated with different experiments targeting markers of the
NF-kB and the apoptotic module. First, single cell measurements of nuclear NF-xB were
obtained using GFP transfection and compared to single cell simulations of the cell ensemble
model (Figure S2.2A). Then, average cytoplasmic IkBa concentrations were acquired using
Western Blotting (Figure S2.2B-C), and compared to the average IxBa concentration within
the cell ensemble model (Figure S2.2D). In both cases, the qualitative behavior of
experiments and simulation of the cell ensemble model was similar.

The apoptotic response was quantified using Caspase-3 activity assays (Figure S2.3A), the
development of morphological signs of apoptosis in life cell imaging (Figure S2.3B), and
cytotoxicity assays (Figure S2.3C-D). Different input signals were applied: continuous or 30
minute pulse stimulation of 3 and 30 ng/ml TNF (Figure S2.3C-D) or microinjection of
Caspase-3 (Figure S2.3B). In all of the cases, the experiments and simulations of the proposed
cell ensemble model matched nicely.
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Figure S2.2. Validation of the Cell Ensemble Model by comparison with Experimental Data: NF-kB
module. (A) Simulated time courses of NF-kB in the nucleus compared to experimentally obtained
fluorescence data from single cells transfected with pEGFP-p65 (green) for 10 ng/ml TNF continuous
stimulation. (B)-(C) Experimental data of IkBa (with Actin as loading control) from Western Blotting
after 10 ng/ml TNF continuous (B) and 30 minute pulse (C) stimulation over time. (D) Comparison of the
experimental data of (B) in red and (C) in blue with the average IxBa concentration as obtained from
simulating the cell ensemble model with the corresponding stimuli. Data were normalized by their
maximal values.
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Figure S2.3. Validation of the Cell Ensemble Model by comparison with Experimental Data: Apoptotic
Response. (A) Caspase-3 activity assays for continuous stimulation with 1 ng/ml TNF (blue). The error
bars show the spread of second and third quartile. In green the corresponding simulation of the cell
ensemble model. (B) Time of death as a function of the amount of microinjected activated Caspase-3.
Single cells were microinjected with a mixture of Caspase-3 and FITC-Dextran to quantify the relative
microinjected amount. For each single cell, a star represents the time to death (development of
morphological signs of apoptosis) estimated from time lapse video versus the integrated initial FITC-
Dextran fluorescence intensity. The colors differentiate data from three individual experiments. Cells that
survived for more than 3 hours were classified as survivors (infinite time to death). In silico microinjection
data was obtained by simulating the cell ensemble model 1000 times per stimulus intensity. The solid gray
line depicts the median values of the cell populations. For some exemplary stimulus strengths, boxplots
show the distributions of the times of death (cyan line: median; light gray box: second and third quartiles;
dashed line: whiskers with a maximum length of 1.5 interquartile range; gray dots: outliers). (C) — (D)
Experimental cytotoxicity assays (diamonds and triangles; bars indicate standard deviation of three
experiments) combined with the respective simulation results. Red: continuous stimulus, blue: 30 minute
pulse stimulation. Solid lines: simulation results of the cell ensemble model. (C) 3 ng/ml TNF. (D) 30ng/ml
TNF.
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Methods

Immunostaining and FACS Analysis

Cell surface TNF-R1 was detected with the TNF-R1-specific antibody H398 (2-4 pug/ml
mouse IgG2a, [38]) and a secondary antibody FITC-labeled goat anti-mouse IgG + I[gMH+L
(Dianova, Hamburg, Germany) at 7 pg/ml. Flow cytometry was performed using a
FACSVantage DiVa (Beckmann Coulter Inc, Fullerton, USA) or a Cytomics FC 500 CXP
(Beckmann Coulter Inc, Fullerton, USA). Cells were suspended in phosphate-buffered saline
(PBS) + 0.05% (v/v) bovine serum albumin (BSA) + 0.02% (v/v) sodium azide (NaN3). As a
control, cells were treated with PBA instead of the primary antibody. For each measurement,
10,000 cells were recorded and the data was analyzed using the software CXP analysis 2.2
(Beckmann Coulter Inc, Fullerton, USA).

Preparation of Cytoplasmic Protein Extracts

10° KYM-1 cells were seeded in 6-well plates, cultivated over night and stimulated the
following day, as mentioned, for each experiment. For intracellular protein quantification via
Western Blot analysis, cytoplasmic extracts of KYM-1 cells were prepared as follows. After
stimulation, cells were scraped off, washed once with PBS and centrifuged for 5 min at 1,500
rpm. Cytoplasmic and nuclear cell extracts were separately obtained by resuspending pelleted
cells in 80 ul WL-buffer (10 mM HEPES pH 7.9, 10 mM NaCl, 0.1 mM EDTA, 5% glycerol,
50 mM NaF, 1 mM DTT), placing them on ice for 15 minutes, adding 1 pl 10% NP-40 and
mixing well. Cytoplasmic extracts were obtained as the supernatants resulting from
centrifugation at 2,600 rpm for 5 minutes. Total protein concentrations of the supernatants
were determined with the Bradford protein assay reagent (Protein Assay, BioRad, Hercules,
USA) and photometric extinction measurement at 595 nm. For all samples, identical protein
amounts were employed for Western Blots.

SDS-PAGE and Western Blots

Equal amounts of protein were subjected to resolving gels with 12.5 % acrylamide (35 mA for
2 h) and transferred by semi-dry electro blotting (1.5 mA/cm?for 90 minutes) onto a
nitrocellulose membrane. After blocking with Odyssey Blocking Buffer (Roche Biosciences,
Germany; 1x in PBS), incubation with primary antibody of interest was performed in
blocking buffer supplemented with 0.2% Tween-20 at 4°C over night. After washing with
PBS supplemented with 0.1% Tween-20, samples were incubated with secondary IRdye800-
conjugated antibodies in blocking buffer supplemented with 0.2% Tween-20 for 1 hour at
room temperature. Immunodetection of protein bands was performed on an Odyssey Infrared
Imaging System 2.1.12 (Li-COR Biosciences, Germany). Protein band intensities were
quantified using Odyssey software. Rabbit polyclonal antibody directed against [kBa
(41 kDa; 1:1,000) was purchased from Cell Signaling Technology®. Polyclonal goat antibody
for Actin (43 kDa; 1:1,000) were purchased from Santa Cruz Biotechnology Inc. The
secondary IRdye-conjugated antibodies were IRDye 800 CW goat anti-rabbit IgG (LI-COR
Bioscience, Lincoln, Nebraska, USA; 1:10,000) and IR Dye 800 CW donkey anti-goat (LI-
COR Bioscience, Lincoln, Nebraska, USA; 1:12,000). Prestained Protein Marker, broad range
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(6 - 175 kDa) were used. Membranes were stripped in Stripping buffer (LI-COR Bioscience)
and then reprobed with the indicated antibodies.

Microinjection

KYM-1 cells for microinjection were grown over night in 35 mm glass-bottomed cell-culture
dishes (P35G-1.5-14-C, MatTek, Ashland, MA, USA) in RPMI 1640 supplemented with 5%
FCS. Before microinjection, the medium was replaced with phenol red-free Dulbecco's
Modified Eagle medium (DMEM) (Invitrogen) supplemented with 5% FCS. Adherent-cell
microinjection was performed using pressure injector Femtojet, micromanipulator 5171,
microinjection needles Femtotip II, inner diameter ~0.5 pm, and back-loaded using
microloaders (all from Eppendorf). The injectate consisted of human, recombinant Caspase-3
(Biovision; 0.42 mg/ml final concentration) with DTT (to keep Caspase-3 in its reduced,
active form [39]; 10 mM final concentration) and FITC-Dextran (Molecular Probes; MW
20,000, 2 mg/ml final concentration) and was injected into the cytoplasm of KYM-1 cells
(pressure 45 hPa, time 0.2 s). About 50 cells were injected for each experiment. Caspase-3
from different batches was assayed for bioactivity before usage. The increase in fluorescence
intensity over time was quantified in a spectrophotometer while letting Caspase-3 digest
known amounts of the fluorescent substrate Ac-DEVD-AMC (Alexis Biochemicals; protocol
adapted from substrate manufacturer’s recommendation). This showed only slight inter-batch
variability (data not shown). As a control for microinjection, cells were injected with BSA
(0.42 mg/ml final concentration) instead of Caspase-3, the cells survived for at least 8 hours
(data not shown). A time-lapse video of the injected cells was acquired (one frame every two
minutes, total capture 4-8 h) and cells were scored for integrated average FITC fluorescence
intensity (from the first frame that did not contain significant fluorescence contamination due
to leaked injectate) and the time to death required to develop morphological signs of apoptosis
like blebbing and shrinkage. Time-lapse and analysis was performed in Volocity 4.0.1.

Microscopy

One day before the experiment 3x10° cells were seeded in a 35 mm glass bottom microscopy
dish (MatTek) and transiently transfected with the respective plasmid. For live cell imaging,
the cell culture medium was exchanged with phenol red-free DMEM supplemented with 10%
FCS. Cells were placed in the microscope chamber held constantly at 37 °C and 5% CO,. To
induce apoptosis, cells were treated with 10 ng/ml TNF and were observed for the indicated
time periods. For control experiments, KYM-1 cells were treated as described above but
without stimulation. Live cell imaging experiments, except those using microinjection, were
performed with the inverse microscope HS CellObserver (Carl Zeiss). Supplementary pieces
of equipment were an AxioCam HR 12 bit camera and a 488nm blue LED illumination by the
Colibri system. The object lens was a Plan Apochromat 63x/1.4 oil differential interference
contrast (DIC) M27.

For quantitative analyses of microscopic data (except data from microinjection experiments),
images were further processed with AxioVision LE 4.7.1 (Carl Zeiss). Regions of interests
were defined for signal and background and the fluorescence intensity was tracked over time.
Microscope stage for microinjection and subsequent imaging was DM IRB (Leica) with
climate controlled at 37°C using Incubator ML, Heating Insert P, FoilCover 35 mm with
Cultfoil 25 pm (all PeCon). The light source for fluorescence imaging was Sutter DG4 (Sutter

21



Instruments), emission and excitation filters and dichroic (Semrock and Chroma). Images and
time-lapse video acquired using an ORCA-RT CCD camera (Hamamatsu).
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