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Abstract: Graph-theory-based pathway analysis is a commonly used method for pathway searching in
genome-scale metabolic networks. However, such searching often results in many pathways biologically
infeasible due to the presence of currency metabolites (e.g. H", H,0, CO,, ATP etc.). Several methods
have been proposed to address the problem but up to now there is no well-recognized methods for
processing the currency metabolites. In this study, we proposed a new method based on the function of
currency metabolites for transferring of functional groups such as phosphate. We processed most
currency metabolites as pairs rather than individual metabolites, and ranked the pairs based on their
importance in transferring functional groups, in order to make sure at least one main metabolite link
exists for any reaction. The whole process can be done automatically by programming. Comparison with
existing approaches indicates that more biologically infeasible pathways were removed by our method
and the calculated pathways were more reliable, which may facilitate the graph-theory-based pathway

design and visualization.

Keywords: metabolic network model; graph theory; currency metabolites; pathway analysis
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MAEBR (L-glutamate, glu) G, # A M
NADH HI NAD fGlf#rxf, LR Fewif ATP Al
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Table 1

ADP fCIHIXT o i3k SR 9 ) 78 S g i 1 g
HOENG — e B R L A Z 5 RO A
Wi B 2R gk Ak, B aT DR o KBk . % T
VETFBIF LT B H ) L 3t 38 A %o ik
FPAbBR, I X AR 45 o B o] RE A IR
WA R AT A SR AR P L B
Rahman, Heath, Croes Il Blum %5, tH4¥2H T
MR 0 B - 254 5 B P2 s R i
AT AR AL R AR A A PR O
AL F AR, T B SN B 5 A i A A Y i
FEBAR e 1 ORI By I AR S R ) AR T T
] LA o 3K 2 v oA ST IR W AN G 3 Ik
WA LB, A ENAEAEE AT Bk
R AN 50 4% SR R 25 BR T AR SR R A
R, BIHACA L, ekt E AR
HRIRBEAT T IZ AT (bR I 7 R A PR E A
2020 4F Motwalli JFk TR FEAY
A R AR 1 PATHC™® B4 % i T 5120,
A Z T H W T A &, 45 @ IR e
FRral, AT LA B 2 5] IntEnz®" | Rheal |

Comparison of different methods for dealing with currency metabolites

Methods Description

References

Remove currency

metabolites nodes

reaction but a main metabolite in another

Remove currency
metabolite links

Highly connected metabolites are identified as currency metabolites and removed from the [23]
network. The problem is that a metabolite (e.g. ATP) can be a currency metabolite in one

Determine which links should be removed in each reaction based on their functions (e.g.  [24]

for transferring H), need time consuming manual examination of every reaction

Weighted metabolic Highly connected currency metabolites have high weights and thus less likely to be found [27]

network graph
but not network visualization
Atom mapping

Avoid meaningless links without atom transfer but many links through currency

by a lightest pathway search method. Suitable for biologically meaningful pathway search

[25-26]

metabolites still exist (e.g. carbon atom transfer to CO,). Require metabolite structure

information which are not available in many published metabolic models

Weighted atom
mapping graph
Pair and rank
method

for network visualization

for pathway search as well as visualization

Combination of the above two methods, improved pathway search results but not suitable [28]

Automatic process of each reaction to determine which metabolite links should be removed This study
based on predefined and ranked currency metabolite pairs. The reduced graph can be used

http://journals.im.ac.cn/cjben
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Figure 1 Pathways found by graph based methods from different metabolic databases. A—E were three
searched pathways from pyruvate to L-aspartate obtained from IntEnz, BiGG, Rhea, ModelSeed databases
and based on PATH®™® tool!*®!, respectively. F is three searched pathways from D-glucose to L-aspartate using
the PATH®® tool, in which the purple pathway on the left is the optimal pathway after ranking and screening.
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BiGG B EIHR R (http:/bigg.ucsd.edu/)
J2 (e Jo ik e PR 2 RUFE ACIGHSE B 1) B v A7 £ P
A5 35 FIORTRN A9 1) 108 /> e it it JE PR 21 R
PR R AHY . AT AR AL o 8 fie e HLAFY
T Ry R B R —— KB AF A (Escherichia
coli) FERIVERBFFERT G2 o

BiGG ¥l i 4 & KA 58 ME AR
B, Escherichia coli str. K-12 substr. MG1655
R AR S BB BB B 2017 4E kK R K
ML151552 g fa % 1 877 MR
2 712N, 1516 MEERL. 7E BIGG $Udi
R iIML1515 /9 SBML (systems biology
markup language)?®*! (http://sbml.org/) &=/
VE AT B 5 RIS B TE RSB
1.2 TEHE®E

M Python 41l 5 AT AR BE, 1k
AFTF Python T HAL COBRApy (constraints-
based reconstruction and analysis for Python)™*"
P4 AF R, PR BICE ] 2 B SBMIL A X827 v (14 4 1
Yy 55 A A ., 8] Pandas T HAT MY
PREOE AR LR E R Bxcel #%203CkY, DUEA
TAR RS .

DN 2 S B 7 S el Tl N
NetworkXP IR 2% /347 . B4, #5 SBML #% X
SCHR A2 A% B A2 0 SO Al D T B ) B

R2 AMRPAARRBEESRTELREMFERER

I S N R R XS, AR R T T R X
SEOC R X A B EUE AL T B EER B
FFREISEAE A NetworkX ] PAFH 2 DI
EIVE R i RONAE LA iR, R 2
HAROE T A S R T T TRE . MUAS DA
NEGhHE, TR A DA R ESR DL K
LRSI, github WP ¥ README.md
X4 (https://github.com/tibbdc/GraphCM/blob/
main/README.md),
1.3 ZEEUE

it FH Excel SCHFA7Ai# I it 38 A A S0
AR, M Excel Hi{#i ] Pandas A9 k%L
18] S AR SR A (] ) fi 14 38 4 G s 4 R e X
BT, 315 B List 5136, T 5 180 25 14 537
1.4 REIEH

g3 B AL M 2% 32 2l I COBRApy .
NetworkX Fl Pandas =/ FE M T HA, A
AT BT T 5 v i e 50 g B LS 2
AENER 3 Fs.

2 BER504

2.1 RIBAETYITHEE 55 # R AL TR

B, HH“model.reactions” PREHEBUR %
IML1515 BRI A RO AE B (HEBR 5S4 S L
S GRS ) o 5 S 5 A S S 1y 40 A L)
Xfo @RE/R H . H,0, 0y, Pi S5t s ¥1E
RERY b B R AR R A R A, 3K 9 985 Xt

Table 2 Details of the programming languages and computing tools used in this study

Names Category Function Version Download link

Python Programming language = Programming language 3.8.5 https://www.python.org/getit/
COBRApy Package Read model information 0.20.0 http://opencobra.sourceforge.net/
NetworkX  Package Graph based network analysis 2.5 https://networkx.org/

Pandas Package Data analysis and manipulation tool 1.1.4 https://pandas.pydata.org/

http://journals.im.ac.cn/cjben
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R3 XHFAARBEARESSIAINEE

Table 3 The name of the function statement used in this paper and its implementation function

Function names Package Function

Model.reaction COBRApy Reaction information
Model.metabolite COBRApy Metabolite information
Reaction.reactants COBRApy Reactants in reaction
Reaction.products COBRApy Products in reaction
Metabolite.elements COBRApy Metabolite elemental composition
Reaction.reversibility COBRApy Determine reaction reversibility
MultiDiGraph() NetworkX Create a directed graph
Add_edge NetworkX Directed graph add edge

All shortest paths NetworkX Calculate shortest path
Read_excel Pandas Read the excel file

ExcelWriter Pandas Create excel writable file
DataFrame Pandas Tabular data structure

HE, BAE RN H H R B0 4 B R A

FEAN AT S BT B B S 4, T LA I B8N B ik 1Y)
AN e R R AR 2 I 7/ S N S [y £ S
https://github.com/tibbdc/GraphCM/tree/main/data/
external/special currency metabolites.csv) =5 f)

T T N Z AN BR AR . 2, S
Xof b B A R 2848 R pyr 2 asp 1Y Ik iR AR
(K 2 P1-P3), 4ni&l 2 fr7n, P2 1 P3 ixf&H
PR pyr H 28 akg MR (L-alanine, ala) H
R glu BURRUDRIESE . 43P A I A 1R Y
& FE ] 3% ) W, ALATA L (2-oxoglutarate+
L-alanine<=>L-glutamate+pyruvate) 4, akg #l
glu Y9 S AE FAE . 5L s X A~ CE
e AR Ry 24 B i B AR 1 AR s 0 ) TR A S B
ala Fl pyr [B 9565, A A4 akg Al pyr &
pyr Fl glu BB S, FTLA akg F1 glu 7210
I H N 2 AR A i s A G R R BR . FRAT
X R A TR IML1515 458 8Y v ] i 777 akg 11 glu
1) 20 A=A R AT 434, & AU W GLUDYy
(glu_ L c+th20 ct+nadp c<=>akg cth c+nadph c+
nh4 c¢) H akg Fl glu N iZAE N £ TSP IR
TEH A 19 A i 310 S 5% 22 e i) it i
R, N 2B LIRS bR A5

&: 010-64807509

T, RERBMEEERZIE, IRZ &
Bl 1 N BR BE 2R . R 4 PR,
GUACYC i, 45 gtp 14 il AU S 25 BR
2xffi gtp #| 35cgmp RIS ; NTPP6
R, EEW atp Ml amp #BAE A E A
Rl , R IHSEAE I RO P A A A A i A
£, atp 5 amp BYIERE LR AR X OR B o
WA A F A (GFOPTA) FI A 4 I e 55 &
(PTRCTA) ), akg il glu UL K& gln Fl glu
AR RE SN M, HUE 2 TR I A
VE Rt Be 5% 7%, Iz A R vl A ok Bk .

MIEARSCVES Ma EUTFEARIN 45 42 Jm 45
PRI v $i H 3 A AN iy B DU 4k
FE SC, TR ZAR IS AE S VR R S
W, FATTAR A it 308 A P A o g B
TIRE LA R 2, oxst H A I A TR il i — 4
PE B i s Qi 4% REAS [R] D Be 4 AT A
Xf (currency metabolite-pairs, CMPs), UN## A
(NADH/NAD) . ¥R (ATP/ADP). #4455
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IV NTPP6. N T i (B A [ g 22 /A — s
Yoxt 4z, AR PG K 1 20 b S 25 A
JEA R (A0 MetaCycP®y, HIWT 5 07 v A Wik
CMPs & FZILAFER X, K HIETHEY,
Fie B e e 2 B SO i) CMPs. il
4 MetaCyc HT 2% BRI IZAE R 2

Pyruvate

Phosphoenol
1 pyruvate

ATP l

- I ———" Oxaloacetate

|

L-aspartate

T, TVEZAZME B E A ALY = R IR AL TR I
AR B R JE RS, ERON NDPKS: ATP+
dGDP<=>ADP+dGTP ', ¥ ATP fERfltik
dGDP 1ER5ZM4, itk ATP #1 ADP 14 S
FEAHL A FRE T, NIZHRE dGDP 1 dGTP %
FEXTHTH, #2018 CMPs BOISER B, mIGHET
SR EAE A T AR dGDP #] dGTP {45t
HE P g 0% 5 H i 38 A 40 X 81 2 WM https://
github.com/tibbdc/GraphCM/tree/main/data/exter
nal/pairs_of currency metabolites.csv F3RHL .

Ay
1

B2 RBERHYAERLLESZSIHAIERS XEREEIEER

Figure 2 Pathways from pyruvate to L-aspartate upon different treatment of currency metabolites. The left
side represents the pathway from pyruvate to L-aspartate through currency metabolites; P1, P2 and P3
represent the pathway from pyruvate to L-aspartate by directly removing the currency metabolites in the
metabolic network, where P1 represents the main pathway from pyruvate to L-aspartate in the metabolic

network.

x4 EHEERREBEAGYIERRRESE TR EREX A

Table 4 Examples of missing or redundant connection pairs caused by direct removal of currency

metabolites

Reaction ID Reaction names

Reaction equations

Missing or redundant connection pairs

GUACYC  Guanylate cyclase gtp_c—35cgmp_c+ppi_c

NTPP6 Nucleoside triphosphate atp_cth20_c—amp_c+h c+ppi c
pyrophosphorylase

GF6PTA Glutamine fructose
6-phosphate transaminase

PTRCTA Putrescine transaminase

akg ctptrc_c—4abutn_ctglu L ¢

gtp_c¢—35cgmp ¢

atp_c—amp_c

fop _ct+gln L c—gamé6p ct+glu L ¢ gln L c—>gamé6p c/féop c—glu L ¢

akg c—4abutn_c/ptrc c—glu L ¢

http://journals.im.ac.cn/cjben
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2.2 RBRIEYIAEFRSEIRE
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R ROVAE B, SRR SR/ N Tl E
R, FRA a0 ATP. NADH %5 & kiR
$ie BB LA AT e G HE 1 i B e R 4T 25 B

fea BARE - ERAUY X, Re, R
Fi A A 0 3 1 8 A A A 1 T 2 o, XA
1] P P A B 1 FAT BT U ) PRI A, o RT3
BB AT i AR 4 R AT LS B =22 ) A ik
e, iz AT AR T2 R LA A ) 2% Y
e R EE K (%07 %0 AR SO R AR Dy

https://github.com/tibbdc/GraphCM/blob/main/no
tebook/graph_currency metabolites.ipynb),

|Metabolic network mode]l

o

4 v N PFK: atp+f6p-->adp+fdp+h
Select the reactions in the model | NDPKS: atp+dgdp<=>adp-+dgtp

(exclude exchange and biomass reaction) (atp+dgdc-->adp+dgtp)

(adp+dgtp-—~atp+dgdp)

v

A 4 PFK: reas: atp, fop

Extract reactants set, pros: adp, fdp, h
products set NDPKS5: reas: atp, dgdp

pros: adp, dgtp

ICurrent metabolite pairs |

Nt ettt e e e,
-~
-

I

i

1

| >

i v

: h 4 PFK: reas: atp, fop

' 3 Remove of small | 1 | pros: adp, fdp
"""""""""" currency metabolites NDPKS: reas: atp, dgdp
Process currency metabolites J{ pros: adp, dgtp

| PFK: reas: fop, pros: fdp
NDPKS5: reas: dgdp, pros: dgtp

v

Remove currency
metabolite pairs

Get metabolite pairs

o o

1
A 4 1
: fop—fdp {lable: PFK !
Reactant-product pairs | _ _ _ o dgdpidgtg ;lable: NDP}KS}
(keep at least one pair) A dotp—dgdp {lable: NDPK5} ]
\\\@ "’ ‘\ ® ",1
- ’ P - - i -
i S hvh i Reaction sample
i raph theory i
: sl )l Calculate pathway | i
1@ J

Analysis result

3 R A EIERERRZE

Figure 3 The flow chart of transforming metabolic network model into graph theory model. (O represents
the process of transforming the metabolic network model into reactant-product pairs; @ represents the
pairing and ranking of currency metabolites in the network; 3 represents the example of splitting reversible
and irreversible reaction into metabolite pairs respectively; @) represents the pathway search analysis of
graph theory model.
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T LRI, B XA 2% v (Y AT 3
Mo, AR5 COBRApy 1. H 1 iy
“reaction.reversibility” BREGHEI IR A, IR
AR R4 R PR AS E R i i 2 R
B Y S NDPKS, - 4543 R AN AT 3 2
SR X WA 2 0 [ e 2 Bt m A G P, 15 30 40
=5 PR AT .

XL 1 877 MR . 2 712 ARV
iML1515 RS HEAT B3R (% it AR b 3 2
J&, 831713 e Z m K 3 526 M
PO B i R AR R AR AR h S A AR P Fh ER
PR LA By R e EAA AR [l B A S AR
WY Z S, Flan, SER (valine) & AL
PR d5 Ji — > SO AT DA RS [a] () il R4 . TIVE

(glutamate+2-ketovaline<=>valine+-ketoglutarate)
F AvtA (alanine+2-ketovaline<=>valine+pyruvate),

X PSSO 3 ) i P glu A1 ala £ O 2 2R 2R A 3
A, (B = ZACE X R 2 2-ketovaline—valine,
PRL b0 3 33 AN [ I A 75 380 4 [ A 40 110
e, RE DR, ERREEEES, EEK

*5 FERNFS A

Table 5 Examples of splitting reversible reaction

W E] 3 189 Ay, HZREIARS I R E A
L A R v A Qs DL R AR 2 o e A
) I AR A A P 0T HE P Ak B A 3 1) 34 4
XPEERFEATREE, G5 R aER 6 fion., R
AT LA, Bt - HEp 22 Bt A s
T AR T — 2L ITR B0, (A5 & X1
B R D XA 1] RS ST A SRR,
W B HA T AR 5 b
23 ERBREERZRERERSH

I ot 3 A 35 P A ) Ab 385 A5 B A A 1)
K, 315 pyr 2] asp 2B K 400000 2. 3 Fil 4 (iR
B, S5k 6 o, WRPATLIE T,
s AR Y A ad BN I HE R T IE BRI L 19
RN B D, B E NG E T, 25
TR . ARSI A, EBREAEY s,
pyr #| asp MEREEREKE N 3, ME 1 @A
AR RS R R AR KE R 2, R
RIGAFH iIML1515 A R 2% Hh e/ — S A0k %
PG, VA IR IR H 44 R S BRI S o 75
Ah, XECH YT T HEY Z 5, pyr # asp

Reaction ID  Reaction equation Lower bounds  Upper bounds  Reactant-product pairs
NDPKS5 atp_c+dgdp c<=>adp_c+dgtp c -1 000 1 000 -

NDPKS5 atp_c+dgdp_c—adp_c+dgtp ¢ 0 1 000 dgdp_c—dgtp ¢
NDPKS5 adp_c+dgtp_c—atp_c+dgdp ¢ 0 1 000 dgtp c—dgdp ¢

F 6 MBAEAE IR FE B9 G T E R

Table 6 Number of connections of metabolite pairs obtained by different treatment of currency metabolites

Treatment of currency Number of connections

Number of connections between

pyr-asp pathway numbers

metabolites between metabolites metabolite pairs after removal of 2 3 4
duplicates

Untreated 14 021 8 602 7 1387 254280

Directly to remove 4036 3477 0 22 68

In pairs to remove 4731 3989 0 0 15

Pair and rank to remove 3526 3189 0 1 16

Annotation: “pyr”: pyruvate, “asp”: L-aspartate.
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