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Graph-based and constraint-based heterologous metabolic
pathway design methods and application
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2 Biodesign Center, Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308,
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Abstract: It is among the goals in metabolic engineering to construct microbial cell factories producing
high-yield and high value-added target products, and an important solution is to design efficient
synthetic pathway for the target products. However, due to the difference in metabolic capacity among
microbial chassises, the available substrate and the yielded products are limited. Therefore, it is urgent
to design related metabolic pathways to improve the production capacity. Existing metabolic
engineering approaches to designing heterologous pathways are mainly based on biological experience,
which are inefficient. Moreover, the yielded results are in no way comprehensive. However, systems
biology provides new methods for heterologous pathway design, particularly the graph-based and
constraint-based methods. Based on the databases containing rich metabolism information, they search
for and uncover possible metabolic pathways with designated strategy (graph-based method) or
algorithm (constraint-based method) and then screen out the optimal pathway to guide the modification
of strains. In this paper, we reviewed the databases and algorithms for pathway design, and the
applications in metabolic engineering and discussed the strengths and weaknesses of existing algorithms
in practical application, hoping to provide a reference for the selection of optimal methods for the design

of product synthesis pathway.

Keywords: pathway design;
constraint-based methods

metabolic network; metabolic engineering; graph-based methods;
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Table 1 Databases used for pathway design

Databases ~ Website Description

BiGG http://bigg.ucsd.edu/ A database with a set of stardized identifiers, which integrates
108 genome-scale metabolic network models

KEGG https://www.kegg.jp/ An integrated database consisting of eighteen original databases in four
categories. The database contains 541 pathways, 18 749 metabolites,
11 467 reactions and 7 276 genomic information

MetaCyc https://metacyc.org/ A curated database of experimentally elucidated metabolic pathways from
all domains of life. It contains 2 879 pathways, 16 861 metabolites,
16 986 reactions from 3 185 different organisms

BRENDA  https://www.brenda-enzymes.org/ A database of enzyme functional data, which contains over 5 million data
for about 9 000 enzymes from 13 000 organisms

Rhea https://www.rhea-db.org/ An expert-curated knowledgebase consisting of 11 638 metabolites and
13 362 reactions information, which using the ChEBI to describe metabolites

MetaNetX  https://www.metanetx.org/ An integrated database consisting of information from BiGG,
ModelSEED, BioCyc and other databases, which using MNXref to
describe reactions and metabolites

MetRxn http://ec2-54-191-241-202.us-west-  An integrated database consisting of information from BRENDA, KEGG,

2.compute.amazonaws.com/
MetRxntest.php
BKM-react http://bkm-react.tu-bs.de/

BioCyc and BKM-react

An integrated and non-redundant biochemical reactions database

containing known enzyme-catalyzed and spontaneous reactions from
BRENDA, KEGG, MetaCyc and SABIO-RK
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Table 2 Graph-based metabolic pathway design methods

Type of dealing Methods Database Search Network Pathway ranking  Access References
with currency algorithm representation
metabolites
Removal FMM KEGG  Breadth-first Compound Compare pathway Closed access [26]
search (BFS) graph across organisms
PATH® KEGG Yen’s loopless Bipartite graph Thermodynamics, Open access web  [25]
k-shortest path compound toxicity, server:
with A product https://www.cbre.ka
heuristic consumption, ust.edu.sa/pathcre8/
enzyme copy
number
Weighted graph Croes et al. KEGG DFS Bipartite graph Weight of pathway No access [27]
Structure PHT KEGG BFS with Compound Structure similarity Closed access [28]
similarity HOHL graph and pathway length
(higher-order
horn logic)
Atom mapping ReTrace KEGG  Heuristic Bipartite Atom conservation Free download [29]
search graph and pathway length
LPAT KEGG BPAT-M Bipartite Atom conservation Open access web  [24]
graph and pathway length server:
http://metabolicpat
hs.kavrakilab.org/#
Ipatrun
Combination  Faust et al. KEGG Jimenez’s Bipartite Wilcoxon paired Closed access [30]
methods k-shortest graph signed-rank test and
paths pathway length
MRE KEGG Yen’s loopless Compound Thermodynamics  Open access web  [4]
k-shortest path graph and genes from host server:
organism https://www.cbrc.k
aust.edu.sa/mre/
AGPathFinder KEGG CAGTG Compound Reaction Closed access [31]
graph thermodynamics
and compound
similarity
BPFinder KEGG BPFinder Compound Compound Open access web  [5]
graph similarity, server:
thermodynamic http://114.215.129.

feasibility and
conserved atom
groups

245:8080/atomic/
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Figure 4 Optimal pathway for the synthesis of resveratrol with phenylalanine predicted by LPAT.
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Figure 6 Pathway for the synthesis of resveratrol with phenylalanine predicted by BPFinder. (A) The part of
optimal pathway. (B) The fourth pathway in the results.
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4. Enzyme cost
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Figure 7 Workflow of pathway design based on constraint methods
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P A | B R 5 ) S 05 B g S5 B A2 4
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321 ETHEESNKEIRZ T

2015 4, Chowdhury Z57JETF MetRxn %
WEETF R T optStoic 54k, ZBEBRERITS
77 it e A R A A 2 T 1 R DT BE A A Sk B R
7, BRI, B, WicR
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Optimal
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(43, (A) Integrate metabolic reactions

information from one or more species to construct metabolic network. (B) Transfer metabolic network to
stoichiometric matrix (S matrix), where rows represent metabolites, columns represent reactions and numbers
represent metabolite coefficients in reactions. (C) The flux distribution can be obtained by using the S matrix
and the objective function of the model. Adding additional constraints can reduce the solution space in which
objective function optimization can be performed to find one or more optimal solutions (red dot).
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Table 3 Constraint-based rational pathway design methods

Methods Database Optimization features References

OptStrain KEGG Maximize product theoretical yield, minimize the number of [6]
non-native reactions and maximize growth-coupled production

SimOptStrain ~ KEGG Maximize growth-coupled production [44]

optStoic MetRxn Optimize overall stoichiometry and minimize the number of reactions  [7]
(minRxn) or the total metabolic flux (minFlux)

PathTracer BiGG Minimize the number of overall transfers and elemental transfers, [45]
maximize the overall transfer scores, and minimize pathway length

comb-FBA MetaCyc, ATLAS™®  Maximize product yield and minimize the total flux [47]

DLW R 58— 15 B i A s AR b2 . H
H' minRxn 77 2 FLIE MR MILP [A) @, X AE 15
FHEAPS; T minFlux 2765 — R ET
LY LP )8, J5 223540 T e doke i 42 2y
{4 MILP [0] 85, #H . minRxn, J3HEmE11E3] T
B340, o Chowdhury FIFHIL kAL T 6 5
BRI b ORI A R, Hd
1% T Bogorad 5 Y NOG @42, it i
AR S T EE S Co, LR A ™ —mfk
G (O 3-FRFEET R . 2-10 5 R A In) 28 —
) A BERE AR QBRI T 2 AT iR AR, 1E
TN 25 S v B9 B T S 06 5 UE Y L NI A2 FUB
W

2019 4, A5 IET MetaCyc F i 22 Fn
ATLAS 48 IF % T comb-FBA #3217, %5
Pl A A A T K T 2R pFBA A,
M BRAG Z 467 S A a2 . AU i, A
MR AR5 T R EER AR 2. MU
MetaCyc ¥4 ERT, nILAAS 2 9l i i 4 3
. LHREREM B 1E MCC (K 8A); M fdH
MetaCyc F1 ATLAS $#s 2T, vl i i A2 #40)
SERBh AR T 3 Stk ts, AT
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GAA &R (K 8B), -2t i R SE B T 88%
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Figure 8 Prediction results of methanol assimilation pathways based on different methods. (A) Using
comb-FBA based on MetaCyc. (B) Using comb-FBA based on MetaCyc and ATLAS. (C) Graph-based

methods. FALD: formaldehyde;

HO6P: hexulose 6-phosphate;

F6P: fructose 6-phosphate; AcP:

acetyl-phosphate; E4P: erythrose 4-phosphate; S7P: sedoheptulose 7-phosphate; G3P: glyceraldehyde
3-phosphate; R5P: ribose 5-phosphate; XuS5P: xylulose 5-phosphate; RuSP: ribulose 5-phosphate; GALD:

glycolaldehyde; Ara5P: arabinose 5-phosphate.
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Figure 9 Pathway for the synthesis of resveratrol with glucose predicted by OptStrain. The heterologous

reactions are marked in orange.

BTAREE, BTG 48 0T & 1Y S A2 15
BEVEDICRGE | 258 F1 R G R D3I 46 52 75 DR
ARk, SRR RO A R KR Rk,
E TPy A A b A R A EBGR T
Y, AN A BBk AR S BRI I S 5
P FESR At THE SRR, TEILE 10, DU
] IR 52 Bl SR % foe 50 1 7 IR A T iR
Bt A, AT R AE R R
AR S B O T P A7 A 10 TR R0 Bk A AT 1
GiMEE,

oo, BTRNEN RIS st keSS
SRR 1 T T T 2 52 3 g e A P Ak B 0 5

&: 010-64807509

M. B AT E AR A By e, TR
Oy Pl Az 20 56, i R LR T AR K
T B b b 3 1 AR I X G R, IF
HAEA LSR5 387 i A —
FE DL, DRt s e B A S 8 1 ko £ il 4 Ak
PR 2 B2 N . BB B R 2
AR 2 B R, IO S SOR) TR
SRS A PR A AT AR AE A JE o TR T L
#veF ) B s A RE A Y T G B R i
X[, W AMLGAMPYZE T H., ik, W
AR ki g AR 3 i, A7 e 40 R JRIBR -
Sr—, BRE I AR S A B B i A 4 P T

X: cjb@im.ac.cn



1404 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

.| Substrate utilization
pathway design

Heterologous
pathways design

A 4

Product synthesis
pathway design

Synthesis biomass
from substrate?

Consider
host organism
metabolism?

Linear synthesis
pathways?

Constraint-based
pathway design methods

Calculate the yield
of pathways?

A 4

YES _|Constraint-based and graph-based
pathway design methods

Constraint-based
pathway design methods

Explore

i YES ( Graph-based pathway
all possible > o o
pathways? k esign methods

lNO

Constraint-based and graph-based
pathway design methods

10 EFESBRERIRITAFEFERNREE

Figure 10 Flow chart of guiding the selection of pathway design methods.
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