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Metabolic network analysis of Mycobacterium tuberculosis

H37Rv with constraint-based models

DU Zhicheng', GUAN Peng', HUANG Desheng’ *
(1. Department of Epidemiology, School of Public Health, China Medical University, Shenyang 110001, China;
2. Department of Mathematics, College of Basic Medical Sciences, China Medical University, Shenyang 110001, China)

Abstract; To explore the key medium components and essential genes of tuberculosis metabolic network, we used
the genome-scale metabolic network model iNJ661 to analyze Mycobacterium tuberculosis H37Rv. The study was
conducted on the COBRA toolbox for Matlab. Simulation of dynamic growth, solution space sampling at the level the
enzyme activity and gene deletion analysis were performed with the help of constraint-based modeling methods.
Ammonium, ferric iron, phosphate, sulfate and glycerol of the medium components could affect the growth of
H37Rv. After removing phosphate from the medium, ten enzymes were inhibited in varying degrees, among which
triosephosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate mutase and enolase were
constrained significantly. 188 essential genes and 16 pairs of synthetic lethal genes among nonessential genes were
obtained by simulating deletion studies. Constraint-based modeling and analysis can now be used for the preliminary
understanding of the nature of Mycobacterium tuberculosis H37Rv strain metabolic network and could provide the
reference for future related research.
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Wi 5 N 7 5 A AR 3 e A R R ) T R
Kt AR E 250 4 LR D 7 55 R D e
B, MRS G AL AR, 2% A8 A%
Hu o HE T 2 A AR W A DR AR AR 4
( Genome-scale metabolic network, GSMN) (5 4>
PO A ER R 1SB619 A5 K% /0 BUAT 1 iNJ661 | L 58
21l IAF692 FERMRAT I 1NT46 45) , il # AAE
T b AT G B AL TR0 LA S5 56 2 i PRAVE
FEHH | ARBIIECR I FE T Lo Ay TR 2
RS REAT T 114 35 TR 2 R AR 3 1 2% iNJ661 ) R AT
A A5 E 3B A — 2P PR ZIZ A R 25 1) & 1

IR ik

1.1 BUEHRE

SRR B Probr viE SR BE bR H37Rv BBR 1Y
GSMN % iNJ661 F 2013 4 4 7 18 H M BIGG
(http://bigg. ucsd. edu/) T #, ¥ X N Systems
Biology Markup Language (SBML)'® . E41& T 661
AEEP 540 ASFE GRS 826 MBI 1 025
AN B (HEH 939 AR ATEARI N ) o [
M KEGG ( http://www. genome. jp/kegg ) . PubMed
( www. ncbi. nlm. nih. gov/pubmed ) ., Tuberculist
(http :// genolist. pasteur. fr/TubercuList ) 3k 75 1 40 iY
KTEEAT A H3TRy W kA SO 3 B D 40 55
ZWAFER
1.2 COBRA %t

2R 1 B 843 BT AR COBRAY ( Constraint-
based reconstruction and analysis ) J&7F 3¢ [ il A 45 Je
W R 27 X MV 5 43 K¢ Palsson Fl Herrgard 4015 T FF
KW, E & — i 17 1£ Matlab ( Mathworks Inc.,
Natick, MA, USA) 3858 T & TH TG4 3 T2
AR BT TR, 32 2T e A0 476 . 38 & 17 20 A
(Flux balance analysis, FBA) i & V- fiif JL{] 43 #7 .
WS R AT | /MR R B B B B
2555 (Gap Filling) A TR AL AT
AL . IZERAF ) B T RRAS FT LA Palsson /N Y 32
T4 2% T 4% (http . // systemsbiology.ucsd.edu/) .
1.3 BEFESHF

FBA'™) S de AR (1) — o 2 SRS 53 7 3k

ARG A ARG B, BT D A2
W4 (S) A TS AT (S, = 0) Kb BE— 88 28 G0 ] T, H:
S R I b TR
N— MY, B — R s — MR R, BT R
FORIZAIAEZ A RO ik 2 T R gL Y
FFINAIHECAERT AR5 38 1t 1T 4347 Tk 25 )
PIAAE R, 5 1RE RN FHEAE oR AJ , BD
AR AN PR RS 8] B 45 6 e B AR R 8,
MR T 1 SRR AR AR . AR AT R SR
AR W A AR AR B DRI B | T R A A
FBA i RSB, FBA s MR R AR A, DA 5
AR UL TT B A5 R R RR AR IR, by i Ui In)
COBRA A AL X A 23 [RI A T A .
1.4 OptKnock it 21

KLY TR, COBRA FX 43 1 % AT
WL HEAT 30T, B AR o B AR 7= i Ao
VRN 520 (0 85 Ry 20 R A, 355 R il B AR =9
PR K, (TP s Ry S N T 53k 1 i e 56

2 4 R
2.1 ZE#ZFFE H37Rv BB GSMN #E iNJ661

BRI S B — SR 0 21 4 1Y
150328 ST FH AR BANIESE , o 4 2 i 1R
RATE M AR S — DALV A Y
TEIF I3 ARAR LAY 1 B S iNJ661 T2
139378 2.31 43, ZAEAEL P -85 14 BT - [ ( Gene-
protein-reaction, GPR) A .1t ZR # o] 5 76.76% ,
T WA R 20T R Gap Filling' " i 2 X
IZRERIEA TR, & B 37 AN BER A i AR
48 Ak Z JT T KOS A X8 A i T0F5E
NG T8 .

2.2 iNJ661 HyHEICRE

iINJ6O1 FBEARIFRHE T 87 A>T fH 3 ¢ i) 1% 5 HE A
4y, T ) 15 #7 5 8 Middlebrook 7H9, Z5# 4T 5
A GG HME T 5%, e R sl i — A i 25 AT
A K Ry B SR R RS O H L BT R T
Middlebrook 7H9"'*"  Youmans'™' . CAMR!™ = Ffi 8%
FrdEA K B IR HE I IR B A KA LR 1
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Table 1 Composition and biomass accumulation of
Middlebrook 7H9, Youmans and CAMR

Middlebrook 7H9, Youmans 1 CAMR

R, 30 0 AR5
AHR AR A S5 R R L3823 ( Ammonium ) | =
Wk &L (Ferric iron) | B R £ ( Phosphate ) | B ik £5
(Sulfate) . H 1 ( Glycerol) , iNJ661 = K252 2 BH
EELEARK (R 2) , XmLE 5 A SR
S 32 A A T R 25 0 B, 391 B B
TR HIROR

101 —*
08T
——D—Xylose/L.—Arabinose/
0.6 Maltoheptaose
—®=D-Ribose/D-Arabinose
04 —*—D-Galactose
——D-Glucose
02} ——Maltose/Trehalose
0 . . . . .
0.2 04 0.6 0.8 1.0

B2 FERIBRET iNJ661 HEKE
Fig. 2 Biomass accumulation of iNJ661 model when different

carbon sources added

+R2 BT Middlebrook 7H9 5—m 5% R4 iNJ661 4=

Table 2 Corresponding biomass accumulation of iNJ661 model

with single change in Middlebrook 7H9

iNJ661 Growth

Middlebrook 7H9 Youmans CAMR
ammonium oxygen L-alanine
calcium L-asparagine L-arginine
chloride citrate L-asparagine
citrate glycerol L-aspartic acid
copper water L-glutamic acid
octadecanoate
ferric iron L-glycine
(Tween)
L-glutamate phosphate L-isoleucine
magnesium sulfate L-leucine
oxygen magnesium L-serine
phosphate potassium L-phenylalanine
sodium bicarbonate pyruvate
ferric iron
sulfate glycerol
('minimal amount )
octadecanoate
water
(Tween)
D-glucose
glycerol
Biomass
0.052 2 0.031 4 0.058 0
Accumulation

3 3 LR e I A [+ 2 R R itk 52 A WL 25
X AR AR K R, 45 R R AR A 22 E TR
(Ser) \KAZ IR (Asn) AR (Glu) BB IEE R
WA K DIAZ 28 ( Maltose ) FI1EF 34 ( Trehalose ) 7F
HRBIR AN B By SR b bR AR KR (B 1
Kl2),

—_ —_
(=) W
T 1

e
W
T

Growth relative to gluonly

A R A N S IR IR RS

Amino acid provided

(=)

B1 BMIMARESEERE INJ661 4K ZE
Fig. 1 Biomass accumulation of iNJ661 model when
different amino acids added singly
TE A BB A ZRR (Clu) 1E 0 1 3677 T hrAk,

Notes: All valueshave been standardized to glutamic acid as 1.

Deletion Biomass Accumulation
ammonium 0.048 4
calcium 0.052 2
chloride 0.052 2
citrate 0.052 2
copper 0.052 2
ferric iron 0
L-glutamate 0.052 2
magnesium 0.052 2
oxygen 0
phosphate 0
sodium 0.052 2
sulfate 0
water 0.052 2
D-glucose 0.026 6
glycerol 0

2.3 fRZ[EhiE
TEALH H37Rv WM AE KBRS R B4k

UM BE Fr e v e Pl Rk 23 AU Y A 4 52 3 Wt
AOBELAT , B3 i R BT 181 ok LSS — 2R 97 il £ 335
(K3) . SRR T REEER A R R RS A2 5] 14
i, JH A P AR 152 S5 44 I ( Triosephosphate isomerase ,
TPL) | 3 — il R H il 8% i &0 B ( Glyceraldehyde-3-
phosphate dehydrogenase, GAPD) B2 H ¥ ik A2 i
fif ( Phosphoglycerate mutase, PGM ). /& B M
(Enolase, ENO)3ZFRBI &
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Fig. 3 Sample histogram of proteinase concentration
under differentreaction flux in medium with phosphate
vs. without phosphate
T LR 7R AR IR kb 4R AL
Notes: The dotted lines indicate phosphate is removed from the medium.
2.4 EREMER
WE 5 22 FR M 245 T R A0 AN BB 1 3, U001 B 2 0 A
ETEJEBE, it FBA i 58 INJ661 13k A A R
%3 EER RV & 188 AN EEER o ivD
(Singh V, et al. 2011) ,rmlA (Qu H, et al. 2007) ,
inhA ( Banerjee A, et al. 1994) kasA (Lee W, et al.
2011) . embC/embA/embB ( Goude R, et al. 2008/
Amin A, et al. 2008/ Li W, et al. 2010) % & @ 5%
UESE, 3 AMEAF L ZIE N B USSR A 27 ] 3k
16 MFEEFXF (£ 3),
F3 INJ6o1 HERIF L REE 16 P EILEE T
Table 3 16 pairs of non-essential genes in iNJ661

model whose simultaneous deletion is lethal

ID Name ID Name
| Rv1373 9 fabD
Rv0295¢ fabD2
tal 1sC
2 ! 10 s
rpe Rv2182¢
fabG1 suhB
3 11
feoT impA
4 gmdA 12 pgsA3
gea pgsA2
ilvA thyX
5 13
thrC thyA
ilvA 'H
6 o 14 e
thrB cmk
argG accES
7 15
arcA accD3
H hpt
8 ue 16 P
arcA deoD

2.5 OptKnock 3%
9T K A AT TR B BOw Tk £ 225 5 40 o g 1

H 60% Vi b By ig T s 4+ (41 Phthiocerol
dimycocerosate, PDIM ) %% 1] #H B St N A
OptKnock 2  # 5if B 15 7 R 2 L 25 R R
10 mmol -gDW™'-h™", 43 5 # H 45 % & 4 PPDIM
(Phenol phthiocerol dimycocerosate ) Fil PDIM LK H:
BRI E (R 4) 4R BRI ACGS — B ]
PIil: PPDIM 7= & & KAk, #1#i] ACDS, GLCSI1 ., ICL
=AM AT AR PDIM =i ok, g DL RN SR
5, 7 ] BRI [H] 4845 5 22 1) PPDIM 1 PDIM, LA
PEAT HEEOR FI7E S A AL T 5T, AU T s 5t
PR~ A W 2% v (i SR A R S AR A
F 7 A A B R
#* 4 OptKnock 1372
Table 4 OptKnock process model whose simultaneous

deletion is lethal

Max vbiomass

Knockouts
Metabolites Enzyme Growth Production
reactions
(h™')  (mmol - h™")
" Completed
Wild 0.052 2
Network"

N-acetylglutamate

PPDIM ACGS 0.052 2 0.413 5
synthase
N-acetylglutamate
ACGS v
synthase
PDIM GLCS1 glycogen synthase
ICL Isocitrate lyase 0.052 2 0.4459
39 ik

ABIFFEE A7 B B B iNJ661 BEAY 1Y Bl 25
ARG DS H3TRy TE AR 1 S 50 50l A — 3, Pl
BV E ORI, RIS K, BRI IR b
Bl  ZANEREL WEMRER ARIRERAH I mAk R A K
W32 IR s )RR 23 A 76 2 1 KPR S B Y
B HbR (CANBERRER ) X TR AR K RS2 | J5 22 F 5T
A BT AH DG R I R ARAT 7] BE 5 240 o L 22 A A
AIRCR

FED M B3R 27~ v 2R A5 1 0 o b BRI
Sassetti 55 7E A (1 5 - 7E 25 2% 58 LB A5 SR A
£, 915 HHT H37Rv #8059 25 W #E AR AR — 20, 25 45
B 5 NI R R 2 BT, B9 R B R e B ]
L RN AT B R B BT 45 4% 25 ) s e B B
FfE2% OptKnock AR L B P 2R Y 5t PDIM 11
PR TR AR | FE TR SO0 A o 2y o e P B, 48
SEEHTT R AR I E YT SN B TAE w5 2
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