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Modeling of in Silico Microbe System based on the Combination of
a Hierarchical Regulatory Network with Metabolic Network

ol M 2, & A e dEELEEEFA
{Sung Gun Lee, Sang il Han, Kyung -Hoon Kim, Young Han Kim, and Kyu Suk Hwang)

Abstract : FBA(flux balance analysis) with Boolean rules for representing regulatory events has correctly predicted cellular
behaviors, such as optimal flux distribution, maximal growth rate, metabolic by-product, and substrate concentration changes, with
various environmental conditions. However, until now, since FBA has not taken into account a hierarchical regulatory network, it has
limited the representation of the whole transenptional regulation mechanism and interactions between specific regulatory proteins
and genes. In this paper, in order to solve these problems, we describe the construction of hierarchical regulatory network with
defined symbols and the introduction of a weight for representing interactions between symbols. Finally, the whole cellular behaviors
with titne were simulated through the linkage of a hierarchical regulatory network module and dynamic simulation module including
FBA. The central metabolic network of E. coli was chosen as the basic model to identify our suggested modeling method.
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Fig. 3. Hierarchical regulatory network.
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Table 2. Activeinactive regulatory elements in hierarchical regul atory network with time.

Time (h) 51 54 Fl RP1 01 NG3 P3 5G3 SW3
0~4.8 A N I A I I I I I
4.8~5.0 I N A A A I A A A
5.0~ I N A A A I A A A

A: Active, [ Inactive, M None.

a8
n n n u [
o6 " B \
E 4 1
g Fomardale
>
] T
0 1 2 d 4 a ]
Time(h)
“_:?'ﬁ
T T L
gt )
[ s -
: ' =
g i ﬁ/"‘p [T
B » ! ';'r/z-'
g
il H 3 i | S 2 7
Pzl b

2% 6. Glucose®l fumarate®l]X] E2)4 A7k Narang et a.2] A
HelolEi(om, a)st 24} HA)e] HmE HAFE
time profile.

Fig. 6. Acrobic growth on glucose and firnarate. Three time profile
showing the comparison of sirmlation resultsi—) and
experimental data (e m, &) obtained by Narang et al.

protein), LHE B frAte] B H1E, ddlzle] g4
3 282 9% A H9A7dday time)F 22 FBE AFSH,
°lg E5E 54 BA EE ] AdzRdoz agsid "ok

3 ¥ eAEe] vEde dilEBd Adzde=z
2hgsle, 214N 2 Bo] HIEAd Ede = Halg
af @Adst T, AE dae] delur] g #E AdAIRIk

=3 Bg EAMME Fda 2 EHINAM AAdE
AdzAss uHFeRA, dag, A2 7149 s=9
3, 28l1 28 o B4 32 24 Ho Az R
A4S el 713 522 time profiles B 80 71zt
gl AFE FHA 28 EMI fd HE A2 dBF
ok #HzE BE2 o] 458 fdA 23 JEH3AA
A2 Adzdss AdstA fok ol"2A AF5H f3al
23 EHI 2adlq 44E FE 54 24 gl
AdE HEST M2 AAE o=, JHY rldE Alatlo] A
AEct
2. 88 FHA =H B2Ab

AFH Fda 24 EHT, E wiig] T A4} HEH
3, BA BTEE olBFgemA, B A0l AAlgt mdw
o] d™Ele Atk 27]F27 (biomass: 0015 g, glucose: 6 mM,
fumarate: 64 mM, delay time: 0303 2|t ETE{glucose: 10
mM/ e DCWh, fiumarate: 7 mM/ g DCWh, estimated, Oxygen:
20mM/ g DCW-h)©] 2212212 25 E] 5 E o7k

AL 25 g T 9] fAH9] glucose} fumarate 7}
QY A5, AF5H =E EHIY 1 AR g &
A= 44 s1o] A48 EE ghicoser} HiZ|d] 48171 o
2] 27 W] Ho, o] 28 acl debd A=
Het 228 fEolME 7H5317F ‘not gate’ol] 254 WI-1]
o] 511 eAMPZT H|E4 8 Hek o] gucose”t cAMP B =
Hle A dled cAMP/ICRP EFHE AM EFA =
[23:25]), W[-1]¢] HEE/LHE dE= Axdel 22
& #HddHs wopell lslA o3 #EAdE ®ok NG3E
S191] 21814 positive control mode7} A &7 wiFol] H|ZE A
7 H1, NGBolA v W-1]o] B3E HZd = A 2ok 3
FHo =, FHAS AAMEA] ek F3A Aol dews
o} fumB & 3L WA WLl o)A Hg e glck 2
=, deuBHumE operon®] “down-regulation’ FE7F E T, o=
2184 A4l EHI HdollA] fumaateS t4})}R] EB1A
"Het dwrel fimpe] HBAE ddle 58 24 ZEdA
glucose®] F=71002] ghe] 2jfld dizl=] 2] &Eck

€3 BAL ZEAA glucosert <079] Fho] BlElEH, s1dl=
fumarate®t EA51A o W-1]e] acE oiebd ZEE dE
= ASECk GlucoseZl §17] W £l ‘not gate’sl] 2]ai4 WI1]
= %=1, E13 RP1o] E/dg gk Zag Hdde] 7t




843

3] g2 M A9 A, AR 51 HE2 HuE
o deube} fumBzt diA} 2R3 HAEoA fumarateE A}
siA gk Al 2 2 23 2459 FYHEES E
coli7} &3 B4 Hlpreferred cabon source)3] glicoseE ™
A A7 E AEE A e T gel o 5, B 2).

3. 55 HE ZAL

Glucose®} fimarate 7} ] 2] B4l &Y B E coli 2
A7 dgle] dEE olgA A5 4 Sd(diauxic growth
curve)©] A ZESIck o] A3 HAEE E colig] HAEH A1)
ofsi AdE ALz, F A8 A A 7 sle] H
ATF2HE AR 6.

12} 47T =0 ~ t = 4.8h)2 glucosest thrl =, da&
o] 071N 2 E coli7} A FH 22 A=)

o] Flle Axe] FEE glcose2] EAE Heh
= 8134 o]z} thi} 2 Al(catabolite repression)E 3t 2F T
W CRPRYe] B8 B, ve R 250t HIEAEE =itk
B Mt =48 ~t =502 F A T2 92 fumarate S O
ANl A Bash GHEE FAOE B wlizh A

all.
[ ]

221 A3 M =50 ~ 02 A T3 9 FHE F A
2} fionBd] 2ol 4] fumarate’t tAlEE Ftels. ) 43
£0] 0211, Ho] FFgo] TmM gDCWhHE &)= Eic}

VL 34k

E =TT E coti®] F diA} ES I #E 7
Azl 24 AAUFS 2E37] HelA, BE 2= AF
4 23 JEHIS FE31511, 2P =8 HehliE At
F29] s E29goEs, 2 gdladd friajilold]
BAE = f4sA 2gsigict HEHeR Add =
d= o] eFdE AE3)7] AelA T AR daddaA
2] 48 Fdal BAeE 54 43 BAME 2Esiaick

=3 73zl 28 ENFAAN Do) eHES F3H

A 2EL gl Mz Asd JAE Ao 588 BAE
2 2% 364 daBnB opeong THHD G duBsh
fumBECladiveE = A3 =HEH FAE] HHE& B F
I gtk 4714 genes?] activefinactivec] F= A E=F A
9 FEAS F449 2d Bl & 77 (effector) S
og| AHEH, AFH 2H dEHIANA 49 A 9]
= B4R A9, gobushA A1z, 991 ]
e VAR Fo] 4D locas] Aol Bang A
Hom gaAlE A o 5

9EATE AFAes 27 Duds] BB 92
2 a3, 29 il MENZI Bad Sdde 2
St olge 2y TR dge ¥e FEAEC
TLO%ETLFH. 05, o Z) i} vSH 25 B0l o
=+ Rsitke AL 4 g ok

Holg 752 2d% AFH 28 YENI3S 589 =
b RES] AdlE Al dE B f3d4 2E 45
(prediction of dynamic gene regulation)yS 7H&3}A o, FAH
ol gy §AEe] ogA zaNes zPHEAE
ApHoz 2 BAZe ofE A= 2% SN B £ 9
28|, % ol Badle) BE Hast oAEE FET

HH - AS8 - AILBEE =241 H 11 2, H 10 = 2005, 10

= TraAlEs] AMAIEA B3 2 Boinh BA ZR
A 2] HIEA s B4 A= mad dd A<
AlzHozhe] AEET, 2t 2HE] B48E FHdA ga
A2 fumarate?] 7HA-7} whaFich viek Q| Eo] H|ZdE 7t
g Al fumaates] Z-aob 20817 Gk ol2dt ©
HollA 2e, 2] Ag 242 2835l dEd 2HE
£ SRR 2Hdl= BAEAS, EEE, EEH A #
Eri(posiﬁve,negaﬁve)% R F48F T vk

Glucose®} fumarate 5 =2] time profiles} A7F DAL 7]E
of =F [2218] 29 ZEAe} Ao FEF @& Rk a3
621 A7 BHNM gucose At T} A& 071N,
fumarate tHA} Tk} AFE021h 2 HSEQI o] A58
£3 7]8(mixed-substrate) 4227 HA DY 7|2 (single-
substrate) 4782 HlwFE d(glucose: 0.73h", furnarate: 0.41W
N2z glucoses] 7S A9 BLF e verdo,
fumarate®] d7&c] A2l ¥ HEE ZFAHICh ol £
g 21de] 2] dakge] v 7129 FAd] 4AE2 235}
7] ZBgei22le AE 2 Be{Feh

£ AFAMAE FFE 84 Sfregulatory protein, genes,
effectors ete) A}0]2] BAE t=0H FAsA BH617] 914
A AL e 2Pl ( AelE ZlsE A%
24 JENZE F539len, () 759 AFH 248 1
EH3 2T 54 B4 BEEs dAFRLEA, S
mE FFZ2 nlAdEY AFS BABIGITE ol2gt BAL E
Ae2 AEFA FEAAA oz BF zsldlA A
she rlgES] diil 23, 2d 2, f3a 4 A
g 783 HEE ABY 92 Aok

#oE#

[1] H H MacAdams, and L. Shapiro, “ Circuit simulation of genetic
networks,” Science, vol. 269, pp. 650-636, 1995.

[2] W.C. Covert, C. H. Schilling, and B. O. Palsson, “Regulation of
gene expression in fhux balance models of metabolism,” J.
Theor. Bial vol. 213, pp. 7388, 2001.

[3] S. Meyers, and P. Friedland, “Knowledge-based simmlation of
genetic regulation in bacteriophage lambda,” Mucleic Acids Res.,
vol. 12, pp. 19,1984

[4] M. Tomita, K. Hashimoto, K. Takahashi, T. S. Shimizu, Y.
Matsuzaki, F. Mivoshi, K Saito, S. Tamida, K. Yugi, J. C. Venter,
and C. A. Hutchison I, “E-Cell: software emvironment for
whole-cell simulation,” Biotsformatics, vol. 13, pp. 72-84, 1999.

[3] 7. C.Liao and M. K. Oh, “Toward predicting metabolic fluxes in
metabolically engineered strains,” Metabolic Engineering., vol.
1, pp.214-223,1999.

[6] S. Y Lee and Papoutsakis, detabolic for balance analisis,
Mareel Deker, New York, U.S.A, ppl3-57,1999.

[7]1 A. Varma, B. W. Boesch, and B. O. Palsson, “Stoichiometrie
interpretation of Fycherichia coli glucose eatabolism under
various oxygenation rates,” dppl Fiviron, Microbiol, vol. 59,
Pp. 2465-2473, 1993.

[8] A. Vamma and B. O. “Palsson, Stoichiometric flux balance
models quantitatively predict growth and metabolic by-product
Secretion in wild type Eicherichia coli W3110,” Appl. Environ.
Microbol, vol. 60, pp. 3724-3731, 1994a.



Journal of Contral, Automation, and Systems Engineering Vol 11, Mo. 10, October 2005 542

[9] A. Varma and B. O. Palsson, “Metabolic flux balancing: basic
concepts, scientific and practical use,” Fio/Technology, vol. 12,
pp. 994-998, 1994b.

[10] W. C. Covert and B. O. Palsson, “Transcriptional regulation in
constraints-based metabolic models of Ficherichia coli™ J. Biol
Chen., vol. 277, pp. 28038-28064, 2002.

[11] M. W. Covert, E. M. Knight, J. I. Reed, M. I. Henrgard, and B.
0. Palsson, “Integrating high-throughput and computati onal data
elucidates bacterial networks,” MNifure, vol. 429, pp. 92-96, 2004,

[12] S. G Lee, “A study on in silico sirmilation of vanous carbon
sources-grown Fycherichic coli based on a hierarchical
regulatory network and flux balance analysis)” Doctoral Thesis,
Pusan National Univiersity, 2003.

[13] 8. G Lee, C. M. Kim, and K. S. Hwang, “Development of a
software tool for in silico simulation of Excherichia coli using a
visual programming environment’ Jowwal of Biotechnology,
vol. 119, pp. 8792, 2005.

[14] 8. G Lee, K. S. Hwang, and C. M. Kim, “Dynamic behavior of
regulatory elements in the hierarchical regulatory network of
various carbon sources-grown Facherichia coli) Journal of
Microbiology and Biotechnology, vol. 15, pp. 551-339, 2005.

[13] P. H Winston, Artificial Teelligence, Addison Wedey, US.A,
pp. 119-137,1992.

[16] C.H. Sechilling, J. 8. Edwards, Letscher D., and B.0O. Palsson,
“Combining pathway analysis with flux balance analysis for the
comprehensive study of metabolic systems” Biotechnal

Bioeng., vol. 71,no. 4, pp. 286-306, 2000.

[17] B A. Cotter and R. B Gunsalus, “Contribution of the for and

arcA gene products in coordinate regulation of eytochrome o

and d oxidase (vodBCDE and opddR) genes in Ercherichic
coli? FEMS Microbiol Letts, vol. 70, pp. 3136, 1992.

[18] A. M. Huerta, H. Salgado, D. Thieflty, and J. Collado-Vides,
“RegulonDB: A database on transcriptional regulation in
Escherichia coli? Nucleic. Acids Res.,vol. 26, pp. 55-59,1998.

[19] S. S. Shen-Om, R. Milo, S. Mangan, and U. Alon, “Network
motifis in the transeriptional regulation network of Evcherichia
coli? Nature Genetics, vol. 31, pp. 6468, 2002.

[20] G. N. Stephanopoulos, A. A Anstidou, and J. Nielsen,
Metabolic  Engineering:  Principles  and  Methodologtes,
Academic press, London, UK, ppl80-193,1998.

[21] K. B. Andersen and K. V. Meyenburg, “Are growth rates of
Escherichia coli in batch cultures limited by respiration?,” J.
Bacterial. vol. 144, no. 1, pp114-123, 1980.

[22] A. Narang, A. Konopka, and D. Ramkiishna, “New pattems of
mixed-substrate utilization duning batch growth of evcherichia
coli K127 Biotechnol Bioeng.,vol. 55, no 3, pp747-757,1997.

[23] A. Kremling, K. Bettenbrock, B. Laube, J. W, Lengeler, and E.
D. Gilles, “The organization of metabolic reaction networks:
Application for dimwic growth on glucose and lactose,” Afeta.
Eng.,vol. 3, pp. 362-379, 2001.

[24] R. Mahadevan, J. S. Edwards, and J. D. Francis, “Dynarnic flux
balance analysis of dimede growthin Ficherichia coli)” Biophys.
., vol. 83, pp. 1331-1340, 2002.

[25] P Wong, 5. Gladney, and J. D. Keasling, “Mathematical model
of the lac operon: Inducer exclusion, eatabolite repression, and
dimrcic growth on glucose and lactose,” Biotechnol Progr., vol
13, pp 132-143,1997.



850

1973 3¥ 194 1996 AN e
glgtzel s sl 19081 RtiEtm &
e A4} 200503~ A RodE
Zetzst s il Bk AEHE
g, Al v P EE.

33

1968+1 349 14340 19921 Ealdlglm
g 4L 19943 FoidiEa &
g8l AL 20000 BldEn 24

200313~ FEidEgw FEgEl BK
21 AEol A= post-doe.

T RY
195549 14 424 19824 5disin
F335 I 19853 YE EABY
" O FeEe A 0w QR E
S R geEss ) @4 2
d - y ez g o Bk

‘ 434 AED, BT AR A
27, FHERUR, ARHES,

283 dhAL 200251 LYE JAIST post-doe.

Hicd - Xt

OH1
kol

- AISEIES =AM 11 3, M0 = 200510

4
197841 49 424 20031 g n
ek zen 8}, 2005587 e
T geRe ). BaRcls 48
L Aush Az n)ggs

Ad#
195213 849 21940, 19764 Eoldietm
F9Ee 3. 10808 BTA|E
A FeEeta ) 1984 0% Lamar
Univ. 82 W), @) Eoldsim
geipen e PARcR By
2, FERRA, HEERA




