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Table 1 State variables definition for reaction species

States Species States Species States Species
x, IkBa X IKKIkBa-NF-«kB X7 IkBo,-NF-kB,
%, NF-«B 210 KK Xig kBB,
X3 IkBa-NF-«kB %) IKKIxBf X1 IkBB,-NF-«kB,
Xy kBB X1 IKKIkBB-NF-«B %20 IkBe,
Xs IkBB-NF-«B X3 IKKIkBe X1 IkBe,-NF-kB,
X IkBe X4 IKKIkBe-NF-kB Xy IkBa,
X7 IkBe-NF-«kB X5 NF-kB, X3 1kBB.
Xg IKKIkBa X6 IkBa, Xy IkBe,

RNV TR “t” RO RN mRNA, Thr “n” RS A RTE A
The subscript ‘-t” represents the mRNA corresponding to the former protein and ‘n’ indicates

the proteins inside nucleus
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Fig.3 (A)The one-parameter bifurcation diagram for c,. Both thick solid line and thin dashed line describe the
equilibrium state of x;; (NFkB in the nucleus). The thick solid line corresponds to the steady state and the thin
dashed one corresponds to limit cycle oscillations. The two joint points are Hopf bifurcation points labeled as
HB1 (1.8695) and HB2 (16.7578). The system will produce limit cycle oscillations when ¢, is between HB1 and
HB2. The black dots within the limit cycle range (seem to be a circled line due to the numerical density)
correspond to the maximum and minimum values of oscillations at each ¢, (B) The period changes with the
variation in ¢, within the limit-cycle oscillatory range. The oscillation becomes slower with the increase of ¢,
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variation of ¢, within a rather large range. (B) The period changes with the parameter variation. In the limit-cycle
parameter region, the oscillation frequency increases with the growing of ¢,
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Abstract: Oscillation phenomenon is very common in biological systems. It is crucial to study oscillatory
behaviors to understand gene regulation functions. Model-based analysis in combination with experimental
study provides a new and systematic way to investigate biological oscillations. The nuclear factor-xB (NF-«B)
signaling is an important signaling pathway that is involved in a variety of cellular processes including
immune response, inflammation, and apoptosis. Recent studies revealed damped oscillations of NF-«B
activity both experimentally and computationally, etc. In this work, based on a differential equation model,
bifurcation analysis was used to examine whether it was possible for this system to produce sustained
oscillations (limit cycle oscillations) rather than damped oscillations. Both one- and two-parameter bifurcation
analyses have been performed and it was found that certain conditions could possibly result in sustained
oscillations of nuclear NF-xB activity. The parameter regimes corresponding to such oscillations were
calculated with this method.

Key Words: Steady state behavior; Sustained oscillation (limit cycle); Bifurcation analysis; NF-«B signal
pathway
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B 3R
A1 NF-kB ES®ESMEITERE RIS
A.LT NF-kB {5 55 5 WIS USSR (1 S B K e Nl g 2 5
NF-«B {5 5 5 PR A ILAUST 26 B N, o 24 R SO REGERPIRAS AR, TERLR
1o RTEMPHEE, BRI A1 1 source Al sink. BRI, HHE /354 1 wmol/L 1 0 wmol/L.

&A1 NF«BREHRHNFSHRRETIFR

Table A1 List of reactions and kinetic parameters of the NF-xB model

Kinetic
Reactions Nominal values Units
parameters
Source — IkBa, k, 1.848x10* (pmol/L)™" min!
Source — kBB, ks 4.272x107 (pmol/L)™ min™
Source — IkBe, ks 3.048x107° (pmol/L)™" min™
NF-kB+NF-kB, — IkBa +NF-kB,+NF-«B, s 7.92 (pmol/L)> min™
NF-kB,+NF-kB, — IkBB_+NF-kB,+NF-kB, s 0.0 (mol/L)? min™
NF-kB,+NF-kB, — IkBe_+NF-kB,+NF-kB, ke 0.8 (pmol/L)? min™
IkBa, — sink k, 0.0168 min™!
IkBB. — sink ks 0.0168 min™!
IkBe, — sink ko 0.0168 min!
IkBa, — IkBa+IkBoa, ko 0.2448 min™
kBB, — IkBB+IkBB, ky 0.2448 min
IkBe, — IkBe+IlkBe, ki 0.2448 min-1
IkBa+NF-kB — IkBa- NF-kB ki 30.0 (pmol/L)™" min™
IkBR+NF-kB — IkBf- NF-«kB k 30.0 (pmol/L)" min™
IkBe+NF-kB — IkBe- NF-kB ks 30.0 (pmol/L)™" min™
IkBa,+NF-kB, — IkBa,-NF-kB, ke 30.0 (pmol/L)" min™
IkBB,+NF-kB, — IkBf,-NF-«kB, ky 30.0 (pmol/L)™" min™
IkBe,+NF-kB, — IkBg,-NF-kB, kg 30.0 (pmol/L)™" min™
IkBa-NF-kB — NF-kB+IkBa ko 6x107 min™!
IkBB-NF-kB — NF-«B+IkBf ko 6x10~° min™!
IkBe-NF-kB — NF-kB+IkBe ks 6x107 min™!
IkBo,-NF-kB, — NF-kB,+IkBa, ko 6x107° min™!
IkBB,-NF-kB, — NF-kB+IB, ki 6x10° min”!
IkBeg,-NF-kB, — NF-kB,+IkBg, ko 6x107 min™!
IKK+IkBa— IKKIkBa Fas 1.35 (mol/L)" min™
IKK+IkBB— IKKIkBB o 0.36 (wmol/L)" min™
IKK+IkBe— IKKIkBe ky 0.54 (pmol/L)™ min™
IKKIkBa — IKK+IkBa kg 0.075 min~!
IKKIkBB — IKK+IkBf ko 0.105 min™!
IKKIkBe — IKK+IkBe ko 0.105 min™!
IKK+IkBa-NF-kB — IKKIkBa-NF-kB ks 11.1 (pmol/L)™" min™
IKK+IkBB-NF-kB — IKKIkBB-NF-kB ks 2.88 (wmol/L)" min™
IKK+IkBe-NF-kB — IKKIkBe-NF-kB ks 4.2 (pmol/L)™" min™

(to be continued)
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(Continued)
Kinetic
Reactions Nominal values Units
parameters
IKKIkBa-NF-kB — IKK+IkBa-NF-«B ks, 0.075 min!
IKKIkBB-NF-kB — IKK+IkBB-NF-kB ki3 0.105 min™!
IKKIkBe-NF-kB — IKK+IkBe-NF-kB k36 0.105 min™!
IKKIkBa+NF-kB — IKKIkBa-NF-kB ks 30.0 (pmol/L)" min™
IKKIkBB+NF-kB — IKKIkBB-NF-kB ks 30.0 (pmol/L)™" min!
IKKIkBe+NF-kB — IKKIkBe-NF-kB ks 30.0 (pmol/L)™" min™
IKKIkBa-NF-kB — NF-kB+IKKIkBa ko 6x107 min™
IKKIkBB-NF-kB — NF-kB+IKKI«Bf by 6x107° min™
IKKIkBe-NF-kB — NF-kB+IKKIkBe ki 6x107 min™!
IkBa — IkBa, ks 0.09 min™!
kBB — IkBB, ki 0.009 min™'
IkBe — IkBe, ks 0.045 min™!
IkBa, — IkBa ks 0.012 min™!
kBB, — IkBB ky 0.012 min™
IkBe, — IkBe kg 0.012 min™!
IkBa-NF-kB — IkBa,-NF-kB, ko 0.276 min™!
IkBB-NF-kB — IkBB,-NF-«kB, kso 0.0276 min™!
IkBe-NF-kB — IkBe,-NF-«kB, ks, 0.138 min!
IkBa,-NF-kB, — IkBa-NF-kB ks 0.828 min™!
IkBB,-NF-kB, — IkBB-NF-«B ks 0.414 min™!
IkBg,-NF-kB, — IkBe-NF-kB ks 0.414 min™!
NF-kB — NF-kB, ki ss 5.4 min™
NF-kB, — NF-kB ks 0.0048 min™
IkBa — sink ks 0.12 min!
IkBB — sink ksg 0.18 min™!
IkBe — sink kso 0.18 min!
IkBa, — sink ke 0.12 min™!
IkBB, — sink ke 0.18 min™
IkBe, — sink ke 0.18 min™!
IkBa-NF-kB — NF-«B ke 6x107 min!
IkBB-NF-kB — NF-kB ke 6x107 min™!
IkBe-NF-kB — NF-kB ks 6x107 min!
IkBa,-NF-kB, — NF-kB, ks 6x107 min™!
IkBB,-NF-kB, — NF-kB, ke 6x107° min™
IkBe,-NF-kB, — NF-«kB, ke 6x107 min™!
IKKIkBa — IKK ke 1.8x107*y min™!
IKKIkBB — IKK ko 6x10**y min™!
IKKIkBe — IKK ko 1.2x1073*y min™
IKKIkBa-NF-kB — IKK+NF-kB ko 0.36%y min™!
IKKIkBB-NF-kB — IKK+NF-kB ks 0.12%y min™
IKKIkBe-NF-kB — IKK+NF-«kB ko 0.18%y min™!

vt IKK 37, HAGRAN B A RN 2 A3 DAz

v is IKK multiplier, whose level varies correspond to different stimulus
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Al2 HESH (FFILE A2)

FA2 BEFHEESH
Table A2 Other parameters in the model

Parameter descriptions Parameters Nominal values Units
Hill coefficient H, 3.0 /
Hill coefficient H, 3.0 /
Hill coefficient H, 3.0 /
IkB, inducible txn delay T 0 min
IkBg inducible txn delay T 45 min
IkB, inducible txn delay T, 45 min
IKK multiplier y 0.01 /
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