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E. coli metabolic 
capabilities
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How can we identify multiple metabolic manipulations for producing a 
desired product and also computationally evaluate of the consequences of 
potential network modifications?
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How can we systematically select the appropriate set of pathways/genes 
to recombine into existing production systems?

Desired
Phenotype

E. coli metabolic 
capabilities

How can we identify gene knockouts that will force biochemical 
overproduction by coupling it with cell growth?

Desired
Phenotype

E. coli metabolic 
capabilities

E. coli metabolic 
capabilities
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Escherichia coli Chemical Process Plant
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DNA
Sequence Genes Proteins 

(Enzymes)
Metabolic 
Pathways

Cellular 
Physiology

Increasing Complexity
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DNA Sequence

Genes

Enzymes
(Gene Products)

Metabolism and
Cellular  Physiology

Automated Sequencing
Genomics

DNA Microarrays
Transcr iptomics

2-D Protein Arrays
Proteomics
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Genome Annotation:
DNA sequence

ORFs identification
Genes

ORFs assignment
Genes Products

Function

Genome
Database

List of reactions

Pathway
Database

Organism’s 
metabolism

Metabolic Reconstruction:

ORF = open 
reading frame, a 
shor t fragment of 
DNA  that  is 
translated into 
RNA message 

Manual curation

Wet Lab

Literature Review

Organism-Specific Model Construction:
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Biodegradation of 

Xenobiotics
Metabolism of 

Complex Carbohydrates

Nucleotide 
MetabolismMetabolism of 

Complex Lipids

Carbohydrate 
Metabolism

Metabolism of 
Other Amino Acids

Amino Acid 
Metabolism

Lipid 
Metabolism

Metabolism of 
Cofactors and Vitamins

Energy 
Metabolism

Biosynthesis of 
Secondary Metabolites

Glucose

Glc-6-P

Fru-6-P
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Central Metabolism in E. coli
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Glucose G6P
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Reaction network:

2B C

A B
v1

v2

Stoichiometr ic matr ix: A

B

C

v1 v2

-1 0

1 -2

0 1

Mass balance:

dt
=  v1 – 2 v2

d[B]

Steady-state assumption:
�=

j
jij vS0

i = set of metabolites (chemical species)

j = set of reactions

mmol B

gDW⋅⋅⋅⋅hr
v ≡≡≡≡

Metabolic Flux:



Biomass Composition

. �� # ����������������

4D
3C
2B

(mmol / gDW)

4D
3C
2B

(mmol / 

AAxt B C

D

Dxt

biomassbiomass

biomass

bA

bD

v1 v2

v3

vbio vbio

vbio

“Cell boundary”

AAxt B C

D

Dxt

biomassbiomass

biomass

bA

bD

v1 v2

v3

vbio vbio

vbio

“Cell boundary”

Given:
(1) Stoichiometry of the network

(2) Cellular composition information

(3) Substrate uptake rate

bA = mmol
gDW*hr

-10

1000
-4100
-3010
-2-1-11
000-1

1000
-100
-010
--1-11
000-1

=

Optimization Model:
Maximize vbio

subject to

0
0

-10

0
0

-10

5 unknowns > 4 equations

vbio

v1

v2
v3

bD

v1,v2,v3,vbio,bD > 0

D

3.33310

D

AAxt B C

D

biomassbiomass

biomass

“Cell boundary”

AAxt B C

Dxt

biomassbiomass

biomass

10

0

4.444

“Cell boundary”

Growth rate: = 1.111 hr-1
Model Predictions:

vbio

1.111

1.111

1.111

Units of flux:  mmol/(gDW*hr)
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How can we identify multiple metabolic manipulations for producing a 
desired product and also computationally evaluate of the consequences of 
potential network modifications ?
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How can we systematically select the appropriate set of pathways/genes 
to recombine into existing production systems?

Desired
Phenotype

E. coli metabolic 
capabilities

How can we identify gene knockouts that will force biochemical 
overproduction by coupling it with cell growth?

E. coli metabolic 
capabilities
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E. coli Stoichiometr ic Models:

• Pramanik &  Keasling (1997)

(300 reactions, 289 metabolites)

• Edwards &  Palsson (2000)

(627 reactions, 438 metabolites)

• Reed, Vo, Schilling &  Palsson (2003)

(931 reactions, 625 metabolites)

+

5,700
reactions

from KEGG
and MetaCyc

databases

Multi-organism 
Reaction
Network
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Desired
Phenotype

E. coli metabolic 
capabilities

~ 1000 reactions

KEGG database
~ 6000 reactions
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PEP
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PEP

G6P

F16P

F6P

13P2DG

3PDGL

2PDGL

PEP

PYR

OA

MAL

SUCCOA
CIT

AKG

GAP

ICIT

DHAP

GLC

PYR
D6PGL RL5P

X5P

S7P

E4P F6P

GAP

R5P

D6PGC

FUM

ACCOA

SUCC

ACTP

AC

LAC ETH

GL3P

Glycerol

3-HP

1,3 PD

IPP

DMAPPPYR
Non-mevalonate pathway

MEV

Mevalonate
pathway

Useful in Apparels, Upholstries, etc.

Precursors to anticancer 
and antimalarial drugs
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j
jj vc

0=�
j

jij vS

�
�
�= 0
1

jy
if reaction flux switched “on”
if reaction flux switched “off”

Maximize

Subject to

jjj yv ⋅≤≤ max0 ν

�
=

reactions
nonEcolij

jy

jjj yv ⋅≤≤ max0 ν

Procedure: 1)  Find maximum theoretical yield using all reactions in
multi-organism reaction network

2)  Find minimum number of non-E. coli reactionsnecessary to
achieve maximum yield

0=�
j

jij vS

Yield = maximum theoretical

Minimize

Subject to



(1)  Futile Cycle Exclusion

	��" ����������� �����0 � ��

2321 ≤++ yyy
A

C B
(~ 350 futile cycles eliminated)

y1

y2

y3

(2) Connectivity Constraints
I f an internal metabolite is produced…
at least one reaction consuming this metabolite must be active

Ay1

y2

y3

y4

4321 yyyy ++≤
(~ 700 connectivity constraints added)
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Example: Glucose to 1,3-Propanediol using KEGG database
Typical Shortest Path Result

D-Glucose

Glycerol

D-Fructose

D-Fructose-1-phosphate

D-glyceraldehyde

1,3-Propanediol

3-Hydroxypropanal

Balanced Shor test Path Result 
at Max. Yield

D-Glucose

Glycerol

D-Fructose

D-Fructose-1-phosphate

Dihydroxyacetonephosphate D-glyceraldehyde

1,3-Propanediol

3-Hydroxypropanal

sn-Glycerol-3-phosphate

Max. Yield: 2 mol 13PD 
1 mol GLC

Net Cost:      2 NADH
2 NADPH

� Branched pathways
� Energy/cofactor requirements
� Maximum yield information

Key Advantages

ATP

ADP

NADPH

NADP
ATPADP

NADH

NAD

NADPH

NADP
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Example: Glucose to 1,3-Propanediol using KEGG database
Typical Shortest Path Result

D-Glucose

Glycerol

D-Fructose

D-Fructose-1-phosphate

D-glyceraldehyde

1,3-Propanediol

3-Hydroxypropanal

Alternative Pathway

D-Glucose

Glycerol-3-phosphate

D-Glucose-6-Phosphate

D-Fructose-6-phosphate

Dihydroxyacetonephosphate

1,3-Propanediol

3-Hydroxypropanal

D-Glyceraldehyde-3-phosphate

Max. Yield: 2 mol 13PD 
1 mol GLC

Net Cost:      2 ATP
2 NADH

� Branched pathways
� Energy/cofactor requirements
� Maximum yield information

Key Advantages

ATP

ADP

NADH

NAD

NADH

NAD

D-Fructose-1,6-phosphate

Glycerol

ATP

ADP
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Flux balance model: Edwards & Palsson, 2000

Biomass composition: Neidhardt, 1996

Two uptake environments:  (i)  Glucose only
(ii)  Multiple organic uptake

A B C

D F

E

� Burgard &  Maranas, Biotechnol. Prog., 2001
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Reaction set reductions are attained by 
successively eliminating energy 
producing reactions occurring in
(i) glycolysis
(ii) the TCA cycle
(iii) the pentose phosphate pathway

236

231
230

228
227 227 227

226 226 226 226

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0.1%

(i) Glucose-only uptake

M
in

im
al

 R
ea

ct
io

n 
Se

t

Target % of Maximum Growth Rate

Minimal Reaction Sets Are Not Unique!!

Proposed MILP Framework:
Contains 11 of 12 lethal gene deletions

FBA Single Gene Deletions:
Identifies 7 of 12 lethal gene deletions
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Reaction set reductions are generally 
attained by
(i)  importing additional metabolites at

successively lower growth rates
(ii) eliminating energy producing

reactions from the core pathways

(ii) Multiple organic uptake

M
in

im
al

 R
ea

ct
io

n 
Se

t

Target % of Maximum Growth Rate

203

134

127
126

125 125 125 125 125
124 124

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0.1%

0

5

10

15

20

25

30

35

0%20%40%60%80%100%

Target % of Maximum Growth Rate

M
et

ab
ol

it
es

 U
pt

ak
en
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(ii) Multiple organic uptake

M
in

im
al

 R
ea

ct
io

n 
Se

t

Target % of Maximum Growth Rate

203

134

127
126

125 125 125 125 125
124 124

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0.1%

Functional  Classi fi cation # r xns
ALA Isomerization 1
Alternative Carbon Source 7
Anaplerotic Reactions 1
ATP Maintenance 1
Biomass Synthesis 1
Cell Envelope Biosynthesis 3
EMP Pathway 5
Lipid A Biosynthesis 9
LPS Sugar Biosynthesis 7
Membrane Lipid Biosynthesis 16
Murein Biosynthesis 10
Pentose Phosphate Pathway 4
Pyrimidine Biosynthesis 1
Respiration 5
Salvage Pathways 17
Transport 36

124

Minimal Reaction Set:

Mushegian and 
Koonin (1996)

94 metabolic genes                            
in minimal gene set
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How can we identify multiple metabolic manipulations for producing a 
desired product and also computationally evaluate of the consequences of 
potential network modifications ?

� * ����
��	����+ 
�������	�����������
�
�
��	�����������

How can we systematically select the appropriate set of pathways/genes 
to recombine into existing production systems?

Desired
Phenotype

E. coli metabolic 
capabilities

How can we identify gene knockouts that will force biochemical 
overproduction by coupling it with cell growth?

Desired
Phenotype

E. coli metabolic 
capabilities

E. coli metabolic 
capabilities
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Maximum 
Theoretical Yields 
(mol/mol glucose)

1.71

2.00
Acetate

Succinate

Ethanol

2.00Lactate
2.78Formate

2.40

Experimental 
Yields 

(mol/mol glucose)

0.34

0.84
Acetate

Succinate

Ethanol

0.10Lactate
1.16Formate

0.81

(Stokes, J. Bacteriology, 1949)

Cellular
Objective

Bioengineering
Objective

(e.g.,
Max. biomass production
Min. metabolic adjustment
Max. ATP production, etc.)

(e.g., 
Max. 1,3-propanediol yield
Max. lactate yield, etc.)
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Maximum 
Theoretical Yields 
(mol/mol glucose)

1.71

2.00
Acetate

Succinate

Ethanol

2.00Lactate
2.78Formate

2.40

Experimental 
Yields 

(mol/mol glucose)

0.34

0.84
Acetate

Succinate

Ethanol

0.10Lactate
1.16Formate

0.81

(Stokes, J. Bacteriology, 1949)

Cellular
Objective

Bioengineering
Objective

??

(e.g.,
Max. biomass production
Min. metabolic adjustment
Max. ATP production, etc.)

(e.g., 
Max. 1,3-propanediol yield
Max. lactate yield, etc.)
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Inner Problem:
adjust reaction fluxes

� optimize cellular objective
− Max. biomass yield
− Min. metabolic adjustment
− Max. ATP yield

Maximize

s.t.

Biomass Yield

� Fixed substrate uptake rate

� Network connectivity

(over fluxes)
s.t.

MaximizeOuter Problem:
adjust knockouts

� optimize bioeng. objective
− Max. 1,3-propanediol yield
− Max. lactate yield

Biochemical Yield

� Blocked reactions identified
by outer  problem

� Minimum biomass yield

� # Knockouts ≤≤≤≤ limit

(over gene knockouts)
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PRIMAL (Inner problem)

subject to

7 	�1 � ���
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uptakevGLC =

BiomassPRIMAL vZ =Maximize

0=�
j

jij vS

0≥jv

ZDUAL

ZPRIMAL

Optimal solution
if and only if:

ZDUAL = ZPRIMAL

vj

DUAL

guptakeZDUAL ⋅=Minimize

subject to
ui, g

ui

g
multipliers

0, =+� gSu
i

GLCii

1, ≥�
i

Biomassii Su

0≥�
i

ijiSu



PRIMAL (Inner problem)

subject to
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0, =+� gSu
i

GLCii

DUAL

uptakevGLC =

BiomassPRIMAL vZ =Maximize

0=�
j

jij vS

0≥jv

guptakeZDUAL ⋅=Minimize

1, ≥�
i

Biomassii Su

subject to
ZDUAL

ZPRIMAL

0≥�
i

ijiSu

=⋅ guptake Biomassv

Maximize Productv
yj, ui, g, vj

subject to

{ }1,0∈jy

0, =+� gSu
i

GLCii

1, ≥�
i

Biomassii Su

0≥�
i

iji Su

uptakevGLC =

0=�
j

jij vS

ui, g

vj

� ≤−
j

jy )1(
jjj yv ⋅≤≤ max0 ν

Dual

Primal

MILP problem

# of knockouts
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Case Studies:
(1) 1,3 Propanediol (2) Lactate

Questions:
� Identify single, double, triple, and quadruple knockout strategies?
� Characterize allowable envelope of biomass vs. biochemical production?

?

?

?

Growth

Biochemical
Production
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0
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14

0 0.2 0.4 0.6 0.8 1 1.2

Growth Rate (1/hr )

1,
3 

P
D

 P
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ct
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n 

L
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s 

(m
m

ol
/h

r)

Complete E. coli network

Basis: 10 mmol/hr glucose, 1 gDW cells

Maximum Growth:

E. coli (wild type)

GL3P

Non-E. coli
reaction

Glycerol
GPP1& 2

3-HP
dhaB

1,3 PD

dhaT

Non-E. coli genes/enzymes: GPP1&2:   glycerol-3-phosphatase 
dhaB:   glycerol dehydratase
dhaT: 1,3 PD oxidoreductase

Klebsiella pneumoniae

Klebsiella pneumoniae

Saccharomyces cerevisiae
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GLAL

Basis: 10 mmol/hr glucose, 1 gDW cells

Maximum Biomass :
1,3 PD:

1.05 hr-1

0.00 mmol/hr
“Wild” type:

Maximum Biomass :
1,3 PD:

0.21 hr-1

9.66 mmol/hr
Mutant A:

Mutant A: 
(3) Fructose-1,6-bisphosphatase (fbp) or Fructose-1,6-bisphosphate aldolase (fba)
(2) Phosphoglycerate kinase (pgk) or Glyceraldehyde-3-phosphate dehydrogenase (gapA, gapC1C2)
(1) Aldehyde dehydrogenase (adhC)

GL3P

Non-E. coli
reaction

Glycerol

2KD6PG

Entner-Doudoroff

3-HP

1,3 PD
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Non-E. coli
reaction

Maximum Biomass :
1,3 PD :

0.11 hr-1

9.84 mmol/hr
Mutant C:

Maximum Biomass :
1,3 PD :

0.14 hr-1

9.78 mmol/hr
Mutant D:

Maximum Biomass :
1,3 PD :

0.16 hr-1

9.75 mmol/hr
Mutant E:

GLAL

DR5P

ACAL

Maximum Biomass :
1,3 PD :

0.29 hr-1

9.67 mmol/hr
Mutant B:

Mutant B: (2)  Triose phosphate isomerase (tpiA)
(3)  Glucose 6-phosphate-1-dehydrogenase (zwf) or 6-Phosphogluconolactonase (pgl)

(1)  Aldehyde dehydrogenase (adhC)

(4)  Deoxyribose-phosphate aldolase (deoC)

Maximum Biomass :
1,3 PD :

0.21 hr-1

9.66 mmol/hr
Mutant A:

Basis: 10 mmol/hr glucose, 1 gDW cells

Maximum Biomass :
1,3 PD :

1.05 hr-1

0.00 mmol/hr
“Wild” type:

GL3P

Glycerol

3-HP

1,3 PD
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Basis: 10 mmol/hr glucose, 1 gDW cells

Maximum Growth:
E. coli (wild type)
Mutant A
Mutant B
Mutant C
Mutant D
Mutant E

Mutant A
Mutant B
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Bernhard Palsson

Jay Keasling

Fred Blattner

Christophe Schilling

University of Wisconsin

University of California, Berkeley

University of California, San Diego

Genomatica, Inc.
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Costas Maranas The Pennsylvania State UniversityOptKnock Predictions:

Strain Construction:

Adaptive Evolution:

HT Characterization:

Data/Software Integration:
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60 days ~ 500 generations

Three designs constructed:

Blattner Lab: Strain Construction
Palsson Lab: Adaptive Evolution

1) pta-adhE (5 strains evolved)
2) pta-pfk (3 strains evolved)
3) pta-adhE-pfk-glk (3 strains evolved)

Increased glucose uptake rates or increased lactate yields ?
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“Anaerobic Conditions”

Knockouts:
(2) Phosphotransacetylase (pta)
(1) Acetaldehyde dehydrogenase (adhE)

Blattner Lab: Strain Construction
Palsson Lab: Adaptive Evolution
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KEGG
MetaCyc
EMP
UM-BBD

Universal database
(~ 5,700 reactions)

(a) Database compilation
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(b) Database curation
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Cellular
Objective

Bioengineering
Objective

(e.g.,
Max. biomass production
Min. metabolic adjustment
Max. ATP production, etc.)

(e.g., 
Max. lycopene yield
Max. lactate yield, etc.)
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• Maximum theoretical 
vanillin yield : 0.63 g/g glucose.

Step 2:

Step 3:

No. of non-native functionalities : 3

• Alternative pathways found.
• Theoretical yields in the augmented 
E. coli network almost identical for 
these gene addition strategies.
• One strategy : 
(i)    E.C.# 1.2.1.46
(ii)   E.C.# 1.2.3.12 
(iii)  E.C.# 1.2.1.67

Reaction addition steps same as those identified in Li and Frost, 1998.

E.C.# 1.2.1.67
Vanillin

D-Glucose

D-Glucose 6-phosphate

D-Fructose-6-phosphate

Erythrose-4-phosphate

DAHP

3-Dehydroquinate

3-Dehydroshikimate

3,4-Dihydroxybenzoate

Vanillate

Pyruvate

Formate

Formaldehyde

E.C.# 1.2.1.46

E.C.# 1.2.3.12

NAD
NADH + H+

NADH + H +

NAD + H2O



> ���������2 ��" ���� �
�������� (�����
Step 4: Identification of knockout strategies – Quadruple strategy

(i)   Acetate kinase
(ii)   Pyruvate kinase
(iii)  PTS transport
(iv)  Fructose-6-phosphate aldolase

Mode of growth is anaerobic in all cases!

Basis glucose uptake rate: 10 mmol/ gDW/ hr
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How can we identify multiple metabolic manipulations for producing a 
desired product and also computationally evaluate of the consequences of 
potential network modifications?

� * ����
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How can we systematically select the appropriate set of pathways/genes 
to recombine into existing production systems?

Desired
Phenotype

E. coli metabolic 
capabilities

How can we identify gene knockouts that will force biochemical 
overproduction by coupling it with cell growth?

Desired
Phenotype

E. coli metabolic 
capabilities

E. coli metabolic 
capabilities
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H. pylori E. coli S. cerevisiae
389 rxns 740 rxns 1173 rxns

Universal Media (Aerobic) 38 103 338
Glucose (Aerobic) 66 207 450
Glucose (Anaerobic) 210 515
Glucose Optimal (Aerobic) 77 408 774
Glucose Optimal (Anaerobic) 410 789

number of blocked reactions
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max v1 / v2 = Rmax

min v1 / v2 = Rmin
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Potential Flux Ratio Outcomes:
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Reactions “ affected” by v*

Corresponding flux ratio outcomes,

v1,2, or 3 ≤≤≤≤ c⋅⋅⋅⋅v*
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v6

v* ≤≤≤≤ c⋅⋅⋅⋅v4,5, or 6

“ Equivalent KO’s” for  v*
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Growth on glucose minimal media
Steady-state conditions

� The forward and backward directions of the major 
metabolic pathways show significant internal coupling.

(1) glycolysis
(2) pentose phosphate pathway
(3) TCA cycle

� Anaplerotic and respiration reactions are uncoupled
from the rest of central metabolism.

� The major pathways above are uncoupled from one
another.
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Equivalent knockouts

ICD_F: Isocitrate dehyrogenase

1)  GLTA: Citrate synthase
2)  ACN_F: Aconitase

Growth on glucose minimal media
Steady-state conditions

Removing either GLTA or ACN forces the flux 
thru ICD to zero.
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Growth on glucose minimal media
Steady-state conditions

G6P

F16P

F6P

GAPDHAP

GLC

D6PGL RL5P

X5P

S7P

E4P F6P

GAP

R5P

D6PGC
ZWF_F PGL GND

RPE_F RPI_F

TKT1_F

TALB_F
TKT2_F

2KD6PG

GAP PYR

EDD

EDA

Sets of affected reactions

ZWF: Glucose 6-phosphate-1-dehydrogenase
PGL: 6-Phosphogluconolactonase

1) EDD: Phosphogluconate dehydratase
2) EDA: 2-Keto-3-deoxy-6-phosphogluconate aldolase
3) GND: 6-Phosphogluconate dehydrogenase
4) RPE_F: Ribulose phosphate 3-epimerase
5) TKT2_F: Transketolase

Removing ZWF or PGL forces flux thru the 
five affected reactions to zero.
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Genome-wide metabolic coupling
E. coli growth on a glucose minimal medium
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