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Degenerate topology analysis of robustness in cellular signaling network
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Abstract ; Cellular signaling network shows good robustness during interference, but the intrinsic mechanism about it
is still not clear. This study aims to analyze the topological structure properties of the cellular signaling network.
Boolean network was used to simulate the dynamic cellular signaling network, and the disturbance of network nodes
was used to simulate the interference of external environment. The function of different topological networks was
explored by using evolutionary strategy to analyze their robustness under various interference environments. By
adopting the quantitative definitions proposed by Edelman et al, we measured the topological characteristics of
degeneracy, redundancy and complexity in the evolved Boolean networks, and compared their mechanism and
contributions to the robustness. As is shown in the results, in the progress of evolution of the network, the degeneracy
is positivly correlatlive with the robustness significantly, and the correlation coefficient between the degeneracy and
the robustness is better than that between the redundancy and the robustness. And network nodes and complexity
increase with the robustness. They also have a better correlation with degeneracy than that with redundancy, which
demonstrates that the increased nodes improve the robustness and complexity in a degenerate way. Therefore, the
topology characteristic of cellular signaling network is the degeneracy rather than the redundancy. The degeneracy
provides an efficient method for solving the complex problems of biology system and offers references for the reliability
design of manual system.
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Fig.2 Relation of the robustness and the degeneracy of the evolutive network

100 ¢
90

~

[\*]
A I TCA S mat

80 F

L
(5]

70
6ot

PEFE 1%

!
—_

SO [, o AWEYE

(=]

40 '
6 8

4
5274 at

Ju—
(=]

(b)

Ry 45

100 | S

90 | 14 Ei
S 80t 3 &
= 2
# 70 12 >
o i

60 | 11 =

0 =
5 L
10
40 1 1 1 1
0 2 4 6 8 10

IR mat

B3 BUENMBRIMIERESERE HHEMTREXR

Fig.3 Relation of the degeneracy, redundancy and complexity of the evolutive network



B K A ETRS SRS AGE A i e 45

90 92 94 96 98 100
LY %

8 10 12 14 16 18

B4 RUERMERIMITRBSHINSH

Fig.4 The nodes and topology parameters of the evolutive network

4 7 i

R 2 B R 8 955 X 24 R BAR AR i 000 4% 55 2
YIRS AFAE R IRICARHIC, X LETUAR PICIFA
eIl I A B TUAR £ 1 R AR R R G I BE MRS E
TR e 10 7 2 v 2R SE DD RE A B M A (]
PREFRGE M A 5 AL RE 1> AR SO Y
WA B RIE ] T AR M 2 5 LB R Y R G
(], = S I WA 2 TUARARAE S A FR I+
PIFHERF IR G e . IF L, o R R A 5
TR T PR 2 190 265 1) 4 4 D A2 2R PR ] 4, LA
LT I AL FRAE B/ L . FEABETE
HWFFE ARG S 0 2% B R %) 000 2% A Tl 4 b i
R4, BARIZ M 25 BAT AR 515 S IO FEA AL
ER M T VR0 AN s, BAT —E iR PR
P AEATE S Ab B 2% 32 BRI R, 15
SR R ST, R SR R 1, 2T RNA
oyl 22 Mg R G RIS, (R Sl —
NI G0 B P T g, 72 2% 1) T AL
PEBIE BTS2 2[RI N [R5 5 3 % 58 Sk
A JRiE I N 2 ST S AEAR RIS
AT LA — 2 LA R A A, 384 R 2 B SRR

TR R A W) R GEN AN R S5 A8 (1 00 B
AMFEIZIRERIHS 1L, W 2 5ICRMEIRE ., IIRE
fRos MR RA IR hEE, ARG HRD
A e MR LSy, TR R G E Y R 5 h AR
UL TR A A T AR RS AN R IR
LM RS ARG MM IR
AVF 2B XHEY R A BT, A B W)l 9
PG A=) R G5 B | A2 20 P R A P S e P
ALy, SCHR[ 24 ] BE T A RGP RIE & A
SORIE IR ZR N T I G i 2R, O HAE (et

YR G ERNE AR AN S 2R 1k I i A
BT OCHE RO A% O IR AL T, SCHR[ 10 108 18
YIRS TR DO T OUAR IR UETRA
FRPER 22 R 45 R e BoA R S 2R 8, SCHR[ 11 ]
IR R G BAAEN IR, EHE RS
SRER) — IR R B, SCHR [ 29 | BF 9T & BLAE #f
KRG, TURRGHA BARK EAL L i 9 R 5E
WAL PR 7, R 2 AR ) 2R G AL AN B 10 B 2 {2
I ER . SCHER[ 30 ] 42 1 I3 AR W) R G PR
—BpJr ik, TR AT DI R G ARE . fEAHEST
A 1 0 24 B0 BT B2 RIS MR BE TEAR O , O HLBE
AR AR I, AR OG5 HL s ¢
RIE S GRS

A=) I AR F MET T 4R D e B i B
HEAEH], X — SR A N TR G 05 A BT it
WS, B, SCEKE 31 ] A5 S8 A 1R AL B 45
B TR AMEGERLBE BT 5 H AR B AS AL, B UOR 15 A 8
RS L RGBT Uk, DL i T R GEAE S 2% L 1k
PG T R ATSEVE S IE RRE ) . TEAE D L AR A
PRIE X 240 M55 X 245 s i -5 52 24k ri PR 5 X R
G TR, 2 5 DR R G0 ST i
A Sl M5 BT E YR IR ; T TERL
PR T IX IS 2R 8 Y L R 6 ok 1k R 3 5
1, 200 6 00 205 A ) R 45 R P 1) PR TE LB DAy FL T
O R i I S i D) = P

5 4 ik

AR SOR A 7R I 2 A5 AR DLAR M IR0 285 1) 3 254 7
T AL TTER S M A b2 8], 234 AN TR] 1 4%
WIME TG T B IhRE & v, vEm, 6L T
R BIEMTHRITE A AL S R B TR E  TUAR L
R IR BEF NS, X et e A5 D ae & etk



46 2 # f& & % %13 4
AR S AIVE AL, FEAFAT 458 . [14] MACIA J, SOLE R V. Distributed robustness in cellular net-
(1) SF T A2 R h N A T4 B fi 9t works; insights from synthetic evolved circuits[ J]. Journal
-~ \dd ’ ZIN )
N f the Royal Society Interface, 2009, 6(33) ;. 393-400.

1:'_’_~ é a=d S A | I . I Ah@‘ J S 2o I:" o y y ’ b

Be 5 B PREEHUADCHE S 25 DR f PRy 225 2 [ 15] KUAUFFMAN S. Homeostasis and differentiation in randam
S At 34 |
ZOk H T M RN I genetic control networks[ ]].Nature,1969,224.177- 178,
() TEEEERT SRR, MR 22 [16] WANG R S, SAADATPOUR A, ALBERT R. Boolean
bt T i , I B A L U4 , 545 Zu B A AH S modeling in syst(Em]s biology: an overview of methodology
S o N — and applications[ J |. Physical Biology, 2012,9.1-14.
! SCLA HH 35 39 B[R] Bl 45 ] 2% i £ o i E anc ’ ’
’ A ER TR T 1238 9 (At [17] TYSON J, NOVAK B. Functionalmotifs in biochemical

JJEE% XL ] I L [R]

E%‘V-Il_o reaction networks [ J]. Annu. Rev. Phys. Chem, 2010,
(3) P£& T S E S &2 2% B RN 15 JF B Wk 35 1E AH 61: 219-240.

y T A RE > b 5 4 FH % 4 e s . Neutral fitness landscapes in

5, i S TUASE MM PERAR, DIVIAISH b2y [18] FEMBNANDEZ P, SOLE R V. Neutral finess landscapes

\ \ NN — signalling networks[ J]. J. R. Soc. Interface, 2007,4.41-47.

SRLRTIEA 7 S 15 T I N S AR TITT A gra g netvorel ) |

o o [19] BRAY D. Protein molecules as computational elements in

LSjRLEERTE 2P living cells[J]. Nature, 1995,376:307-312.

[20] WENG G, BHALLA U S, IYENGAR R. Emergent prop-

%%j{ﬁﬁ( References) erties of networks of biological signaling pathways [ J].

Science, 1999, 283(5400) :381-387.

(1] XIBGE. TIRF . 0 2 TR mtafsy  [21] AR AR, S0, 55 iS4 [ M ] dLsat:
BFLM . st AL, 2012. PhEIRAL, 2001.

LIU Zengrong, WANG Rulql, YANG Lil’lg, et al. Frame SUN Daye, GUO Yanlin, MA Ligeng, et al. Cellular Sig-
and analysis of the hiological molecule network[ M ].Bei- nal transduction M. Beijing: Science Press, 2001.
jing:Science Press, 2012. [22] WAGNER A. Robustness and evolvability; a paradox re-

[2] STELLING J, SAUER U, SZALLASI Z et al. Robustness solved[ J]. Proceedings of the Royal Society B, 2007,
of cellular functions[ 1]. Cell, 2004, 118; 675-685. 275(1630) ; 91-100.

[3] KITANO H. Towards a theory of biological robustness[ J]. (23] TONONI G, EDELMAN G M, SPORNS 0. Complexity
Molecular Systems Biology, 2007, 3(1): 1-7. and coherency: integrating information in the brain[J].

[4] FELIX M A, WAGNER A. Robustness and evolution: Trends in Cognitive Science, 1998, 2(12) ; 474-484.
concepts, insights and challenges from a developmental [24] WHITACRE J M. Degeneracy: a link between evolvability,
model system[ J]. Heredity, 2008, 100; 132—140. robustness and complexity in biological systems[ J ]. Theoret-

[5] 2RI ALFST . (Y SRR R 1], 2 ical Biology and Medical Modelling, 2010, 7(6): 1-17.
ZHU Bing, BAO Jiali, YING Lei. Progress of biological ro- al. Evolutionary mechanics: new engineering principles
bustness[ J]. Acta Biophysica Sinica, 2007, 23(5) : 357-363. for the emergence of flexibility in a dynamic and uncertain

[6] LEE W B, HUANG J Y. Robustness and topology of the world[ J]. Natural Computing, 2012, 11(3) : 431-448.
yeast cell cycle Boolean network [ J]. FEBS Letters, [26] RANDLES M, LAMB D, ODAT E, et al. Distributed redun-
2009,583(5) : 927-932. dancy and robustness in complex systems [ J]. Journal of

[7] KITANO H.Biological robustness[]]. Reviews, 2004,5 Computer and System Sciences, 2011, 77(2) ; 293-304.
(11) ; 826-837. [27] DEMONGEOT J, WAKU J. Robustness in biological reg-

[8] MASON P H. Degeneracy at multiple levels of complexity ulatory network III: Application to genetic networks con-
[J]. Biological Theory, 2010, 5(3) ; 277-288. trolling the morphogenesis [ J ]. Comptes Rendus Math-

[9] EDELMAN G M, TONONI G. A universe of conscious- ematique, 2012, 350(5) ; 289-292.
ness[M] . New York,NY,US:Basic Books, 2000. [28] JAMES M W. Biological robustness: paradigms, mecha-

[10] TONONI G, SPOMS O, EDELMAN G M. Measures of nisms and systems principles[ J]. Frontiers in Genetics,
degeneracy and redundancy in biological networks [ J ]. 2012,3:1-15.

[11] EDELMAN G M, JOSEPH A. GALLY J A. Degeneracy ciple for achieving robustness and evolvability [ J ]. Jour-
and complexity in biological systems[]J]. PNAS, 2001, nal of Theoretical Biology, 2010,263(1) : 143-153.
98(24) . 13763-13768. [30] LI Y, DWIVEDI G, HUANG W,et al. Quantification of

[12] WAGNER A. Distributed robustness versus redundantcy degeneracy in biological systems for characterization of
as cause of mutational robustness| J]. BioEssays, 2005, functional interactions between modules [ J ]. Journal of
27(2) : 176-188. Theoretical Biology, 2012, 302. 29-38.

[31] Xi&, mse WA, R0 A~ —— A G B i T 5T 5

[13] 5K X05  BRASAT 5. P RGT A T 5 72 1)
SR oA ). PREAAR, 2009, 58(10) ; 7322-7328.
ZHANG Hong, LIU Shufang, QIAN Minggqi, et al.Analy-
ses of degeneracy in neural system and neural code[ J].

Acta Physica Sinica, 2009, 58(10) ; 7322-7328.

SUR[J]. AR, 2009, 31(1): 1-7.

LIU Shanghe, YUAN Liang, CHU Jie. Electromagnetic
Bionics: A New Study Field of Electromagnetic Protection
[J]. Chinese Journal of Nature, 2009, 31(1) . 1-7.



