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2 .1 .1 .2 8

2 .1 .2 .2 6 .3 .3 .1

3 .5 .2 .5

1 .4 .1 .1 0

1 .7 .3 .3 1 .1 .1 .2 0 4 1 .1 .3 .2 2
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Is ovaleryl-C oA
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P hos phatidyl
ethanolamine

C E P HA L IN

3 .1 .4 .1 2

2 .7 .8 .3

P roges terone

1 .5 .1 .1 2

2 .7 .3 .2

4 .2 .1 .1 73 .1 .2 .4

2 .6 .1 .3 2

4 .4 .1 .1 5

A c etyls erine 2 .7 .7 .42 .7 .1 .2 51 .8 .9 9 .1
A denylyls ulphate

(A P S )

2 .7 .1 .3 9

4 .4 .1 .1 5
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P -ADP - NHC H C H S H2 2                                         NHC H C H C O2 2OC H  C (C H ) C H(OH)C O2 3 2
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H
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the T C A C Y C LE  (mainly) in the Mitochondrial matrix

and AT P  F OR MAT ION spanning the
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An electron flow (an electric current) generated from
NADH and UQH2 drives the translocation of protons
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I’m interested in understanding cell 
metabolism / physiology

Metabolism is the process 
through which cells acquire 
energy to make biomass

This is the dominant view driving the analysis of 
metabolism. 

e.g;  Flux Balance Analysis (FBA) implements 
biomass optimality, metabolic models consider 
pathways optimised separately for biomass, etc. 



http://www.mannvit.com/Markets/UnitedKingdom/AnaerobicDigestion/!

Metabolism 
before a cell

Metabolism 
across cells

Metabolism 
without growth

Anaerobic digestion Animal gut                    ….

Healthy tissue         ….Environmental microbes

Selection? Selection on what?



Applying engineering principles to (re)design 
biological systems

Maybe we need an 
alternative conceptual view 
on metabolism?



The dream of every cell is to 
become two cells 

François Monod

Life is an electron looking for a 
place to rest 

Albert Szent-Györgyi

Adaptive evolution

Neutral evolution

Metabolism optimised for biomass production 

Metabolism invented biomass to stabilise a state 
of nonequilibrium thermodynamics



Metabolism as an electron flow system 
shaped by thermodynamic bottlenecks 
and biophysical tradeoffs

Interrogating metabolism as an 
electron flow system. 
Christian Zerfass, Munehiro Asally, Orkun S Soyer 

Current Opinion in Systems Biology 13: 59-67 (2019). 
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4 -P -P antetheine

4 -P -P antothenylc ys teine

4 -P -P antothenate

P antoate

6 .3 .2 .1

1 .1 .1 .1 6 9

3 .5 .1 .2 2

2 .7 .1 .3 3

NH

NH 

O

O

O

O

C H OH2

OH
OC H 3

 C H(OH)C OO

H2

NH3

+
C H-C OO

CO

O

C OO

NR ibose- P
N
+

C OO

NH

C H C OO2

O

OH

C H O2 P

NHC OC H NH2 2

OH

F ormyl
glyc inamide-R  P

Urea

F ormyl
glyc inamidine-R  P

A llantoate A llantoin UR A T E

A DP

Xanthine Hypoxanthine

Inos ine

A denine

A denylo-
s uc c inate

5 -A mino
imidazole-R  P

5 -A mino-4 -imidazole
c arboxylate-R  P

5 -A mino-4 -imidazole
(N-s uc c inylc arboxamide)-R  P

5 -A minoimidazole
c arboxamide-R  P

F ormylamido-
imidazole-

c arboxamide-R  P

 H NC ONH2 2

HN
H C2 C HO

NH
R P

NH

C

C
C
O

C
C O

OC
NH

N H

H
N

HN

H

C
C
O

C
C H

OC
NH

N

N

HN

C arbamoyl
ß-alanine

Dihydro-
urac il Urac il

d-A DP

d-A T P

G T P G DP

XA NT HOS INE -P
(XMP )

T T P

T DP

ß-Ureido
is obutyrate

Dihydro
thymine

T hymine d-UMP d-C MP d-C DP

C DP

C arbamoyl
as partate

Dihydro
orotate

Orotate Orotidine-P Uridine-P
(UMP )

UDP

3 -A mino-
is obutyrate

C H
C
NH 2

C HOC
NH

NC H
C
O

C HOC
N H

HN

C H-C H3
C
O

OC
N H

HN

C H 2

C H2
C H2

C
O

OC
NH

HN

C
O

C HOC
N H

HN C    C H3

Methylmalonyl
s emialdehyde 

OHC C HC OO

C H3

C H2
C
O

C H-C OOOC
N H

HN C H
C
O

C -C OOOC
N H

HN

H NC ONHC H C H C OO2 2 2

C
C

C
C H

R P
HC

NH

NH

 OOC -C H-C H C OO2

N

N

N

C HO

NH
R P

NH

OC

H C2

2 .7 .7 .4 3
3 .1 .3 .2 9

1 .1 .1 .1 5 8

5 .1 .3 .1 3
2 .7 .1 .3 8
3 .2 .1 .2 3

3 .1 .3 .2 9
4 .1 .3 .2 0

2 .7 .1 .6 0

5 .1 .3 .1 4

5 .1 .3 .7

5 .1 .3 .1

2 .7 .1 .4

5 .4 .2 .3

3 .1 .1 .1 7

1 .1 .1 .4 9

1 .1 .1 .2 1

2 .7 .7 .2 3

3 .1 .3 .2 51 .1 3 .9 9 .11 .1 .1 .1 9

1 .1 .3 .8

5 .3 .1 .3

2 .7 .1 .5 3

1 .1 .1 .9
2 .7 .1 .1 5

2 .7 .1 .1 7

5 .1 .3 .4

5 .1 .3 .1

2 .2 .1 .2

4 .1 .2 .1 3

2 .7 .1 .1 1

2 .7 .1 .4 7

2 .2 .1 .1

1 .2 .1 .1 2

1 .1 .1 .2 9

1 .1 .1 .9 5

1 .3 .1 .3 5

1 .1 4 .9 9 .2 5

2 .3 .1 .4 1

2 .3 .1 .4 1

2 .3 .1 .4 1

1 .1 .1 .1 0 0

5 .3 .9 9 .5

4 .2 .1 .6 0

5 .3 .9 9 .3
1 .1 4 .9 9 .1

1 .1 3 .1 1 .3 4

1 .3 .1 .1 0
1 .3 .1 .9

1 .1 4 .9 9 .5

1 .3 .1 .9

4 .2 .1 .6 1

4 .2 .1 .6 0

4 .2 .1 .6 0

4 .2 .1 .5 9

4 .2 .1 .5 8

1 .3 .1 .9

1 .3 .1 .9

6 .2 .1 .3 3 .1 .2 .2 0

1 .1 .1 .1 0 0

5 .3 .1 .1

HOOC -C OOH

Oxalate

G lyc olate

HOC H C HO2

G lyc ol
aldehyde

E thanolamine-P

2 .7 .1 .3 0

2 .3 .1 .7

3 .7 .1 .2

4 .1 .3 .5

2 .7 .8 .8

2 .1 .1 .1 7
2 .1 .1 .7 1

1 .3 .1 .3 5 2 .7 .8 .2

3 .1 .4 .3

3 .1 .4 .4

2 .7 .7 .1 5

3 .1 .1 .5 3 .1 .4 .2

2 .7 .1 .3 2

2 .7 .1 .8 2

1 .2 .4 .1
2 .3 .1 .1 2
1 .8 .1 .4

2 .6 .1 .2
1 .4 .1 .1

4 .1 .1 .1

2 .3 .1 .5 0

1 .1 .1 .1 0 2

3 .1 .4 .1 2

2 .7 .8 .3

2 .4 .1 .6 2

3 .2 .1 .4 6

5 .2 .1 .3
1 .2 .1 .3 6

2 .3 .1 .7 6
3 .1 .1 .2 1

5 .2 .1 .7

5 .4 .9 9 .7
1 .1 4 .9 9 .7

4 .3 .1 .8

4 .2 .1 .7 5

4 .1 .1 .3 71 .3 .3 .31 .3 .3 .4

4 .9 9 .1 .1

2 .5 .1 .2 9

2 .4 .1 .4 7

4 .1 .1 .2 8 2 .3 .1 .5 2 .1 .1 .4

6 .3 .5 .1
6 .3 .1 .5

2 .4 .2 .1 1

2 .7 .7 .1 8

2 .6 .1 .5

1 .2 .1 .3 2

1 .1 3 .1 1 .5

2 .1 .1 .2 8

2 .1 .2 .2 6 .3 .3 .1

3 .5 .2 .5

1 .4 .1 .1 0

1 .7 .3 .3 1 .1 .1 .2 0 4 1 .1 .3 .2 2
1 .1 .3 .2 2

4 .1 .1 .2 8

4 .1 .1 .2 1

2 .1 .2 .3

2 .4 .2 .1

1 .5 .9 9 .2

2 .1 .1 .5

2 .6 .1 .2 2

3 .5 .2 .3

2 .6 .1 .5 1
1 .4 .1 .7

3 .1 .3 .3

2 .6 .1 .5 2

2 .1 .3 .2

A C E T A T E

2 .4 .2 .4

2 .1 .1 .4 5

R P

C H
C
O

C HOC N

HN

1 .3 .1 .1 4 2 .4 .2 .1 0 4 .1 .1 .2 3

2 .7 .7 .7

2 .7 .7 .7

2 .7 .7 .7

1 .1 7 .4 .1

2 .7 .7 .7

2 .7 .4 .1 4

4 .4 .1 .1

1 .6 .4 .1

1 .1 3 .1 1 .2 0

4 .4 .1 .8

4 .2 .1 .2 2

1 .1 .1 .2 7

4 .1 .1 .2 9 6 .3 .2 .3

6 .3 .2 .2

1 .8 .1 .3

L A C T A T E

A c etaldehyde

2 .7 .1 .2 4

2 .7 .7 .3

4 .1 .1 .3 6

B ile A c ids

C H C H C OS C oA3 2
P ropanoyl-C oA

1 .1 .1 .3 1

2 .1 .3 .1
4 .1 .1 .4 1
5 .1 .9 9 .1

6 .4 .1 .3

6 .3 .2 .5

2 .1 .1 .1 4

2 .1 .1 .1 3

4 .6 .1 .1

C DP -E thanolamine

1 .1 .1 .3 5 4 .2 .1 .1 7

+
HO S C H C H(NH )C OO2 2 3

3 .5 .2 .7
NHHN

C H

 OOC C HC H C H C OO2 2

C MP -N-A c etyl
neuraminate

C DP -diac yl
glyc erol

C HOL INE

E thanolamine

G lyoxylate

HIS T A MINE

2 .3 .1 .4 6
Homos erine

T yramine

P lant P igmentsT annins

Maleyl
ac etoac etate

F umaryl
ac etoac etate

5 .2 .1 .2

C H C OO2

OH

OH

OH

C H C H NH2 2 2

OH
OH

C H C H NH2 2 2

Hydroxyphenyl
pyruvate

α-T oc opherol
(V itamin E )

L IG NIN

d-G T P

OH

OH OH

O

HO

OH

P

OP P T

C H3HO

OHOH

O

NA DP H

2 .2 .1 .1

2 .7 .1 .3

1 .1 .1 .4 5

1 .1 .1 .1 3 0

1 .1 0 .3 .3
1 .1 0 .2 .1

1 .1 .1 .1 0

A T P

C H C H NH2 2 2

NH

HO

5 .4 .9 9 .5

1 .1 4 .1 6 .12 .6 .1 .51 .1 3 .1 1 .2 7

Indole

4 .1 .9 9 .1

1 .1 3 .1 1 .1 1

OH
O

OH

NH C  C  C H C H O2 P

H HC OO

NH2

C OO

6 .3 .5 .3 6 .3 .2 .6 4 .3 .2 .2

G uanine
DNA

6 .3 .4 .44 .3 .2 .2

C
C
O

C
C H

HC
NH

N

N

HN C
C
O

C
C H

HC
NH

N

N

HN

3 .5 .3 .4

2 .4 .2 .1

2 .7 .7 .6  2 .7 .7 .6  

2 .7 .7 .6  

2 .7 .7 .6  

2 .7 .4 .6
2 .7 .4 .3
2 .7 .4 .4

2 .7 .4 .6

2 .4 .2 .1 5

1 .1 .1 .2 0 5

6 .3 .4 .1
6 .3 .5 .2

2 .7 .4 .4

3 .5 .4 .3

3 .2 .2 .2

2 .4 .2 .1

3 .1 .3 .5

3 .1 .4 .6

6 .3 .4 .2

1 .1 7 .4 .1

1 .1 7 .4 .1

3 .5 .4 .1 2

2 .7 .4 .8

2 .7 .4 .9

2 .7 .4 .6

2 .4 .2 .4

1 .3 .1 .2

3 .5 .2 .23 .5 .1 .6

3 .5 .1 .6 3 .5 .2 .2 3 .5 .4 .1

Diphos pho-
mevalonate

Mevalonate

3 -Oxopentanoyl-C oA

3 -Oxoac yl-C oA3 -OH-A c yl-C oA2 , 3 -E noyl-C oA

2 , 3 -Hexenoyl-C oA 3 -OH-Hexanoyl-C oA

A c etoac etyl-C oA3 -OH-B utanoyl-C oAC rotonoyl-C oA

P entanoyl-C oA 3 -OH-P entanoyl-C oA

1 .1 .1 .3 5

1 .1 .1 .3 5

1 .1 .1 .1 5 7

1 .3 .9 9 .3

1 .3 .9 9 .3

1 .3 .9 9 .2

1 .1 .1 .3 5

Odd C  F atty ac ids

S uc c inylhomos erine

C O 2

2 -OXO A C ID

G lutamyl-P

G lutamine

UR E A

P -C reatineC reatine C reatinine

G lyc ine

C IT R UL L INE

G lutamic  
s emialdehyde

2 -A MINO A C ID

P yrroline-5 -
c arboxylate

G lyoxylateP yruvate

4 -Hydroxy-
2 -oxoglutarate

4 -Hydroxy-
glutamate

3 -Hydroxy-
pyrroline-

5 -c arboxylate

P utres c ine
H NC H C H C H C H NH2 2 2 2 2 2

S permidine

S permine

N -T rimethyllys ine66N -T rimethyl-
3 -OH-lys ine

C arnitine

G lutaryl-C oA S ac c haropine2 -A minoadipate
s emialdehyde

2 -A minoadipate2 -Oxoadipate

A rginino-
s uc c inate

G uanidoac etate

Methylmalonyl-C oA

4 .1 .2 .1 2

A s partyl
S emialdehyde

2 , 3 -Dihydro-
dipic olinate

1 .2 .1 .1 1

4 .2 .1 .5 2 1 .3 .1 .2 6 P iperideine-
2 , 6 -dic arboxylate

N-S uc c inyl-
2 -amino-6 -oxo-

pimelate

2 .6 .1 .1 7N-S uc c inyl-2 , 6
diaminopimelate

Diamino-
pimelate

3 .5 .1 .1 8

3 -Methyl-
glutac onyl-C oA

(C H ) C HC H C OS C oA3 2 2(C H ) C HC H C OS C oA3 2 2

3 -Methyl-
c rotonyl-C oA

Is ovaleryl-C oA

OxopantoateHC HO

 OOC C H C  = C HC OS C oA2

C H3

C H C OC HC OS C oA3

C H3

C H C H=C HC OS C oA3

C H3
C H C H(OH)C HC OS C oA3

C H 3

C (OH)C H(OH)C OO

C H C H3 2

C H3

C H  = C C OS C oA2

C H3

HOC H C HC OS -C oA-2

C H3

C H C HC O-S C oA3

C H3

C  (OH)C H(OH)C OO
C H3

C H3

C H C H C HC OS C oA3 2

C H 3

C H C  = C HC OS C oA3

C H3

A T P

4 -A minobutyrate
(G A B A )

1 .3 .9 9 .7

1 .5 .1 .2

1 .1 4 .1 1 .2

2 .6 .1 .3 9 1 .2 .1 .3 1

1 .1 4 .1 1 .8

2 .5 .1 .1 6

2 .5 .1 .2 2

4 .1 .3 .1 6

2 .6 .1 .2 3

1 .5 .9 9 .8

1 .5 .1 .2

6 .4 .1 .4 1 .3 .9 9 .1 0

4 .2 .1 .3 3

2 .6 .1 .6

1 .1 .1 .8 5
Oxoleuc ine

C OOH

(C H ) C HC HC H(OH)C OO3 2

S -A denos ylmethyl
thiopropylamine

(Dec arboxylated S A M)

P R OL INE

C oenzyme A

C H C = C HC H3 2

C H 3

O
C H

C H

3

3
HO

C H3C H3

C H 3

C H C -C H H O3 2 2C P P

C H2

C H C = C HC H O2 2 P P

C H3

3 -P -G lyc erol

P hos phatidyl
ethanolamine

C E P HA L IN

3 .1 .4 .1 2

2 .7 .8 .3

P roges terone

1 .5 .1 .1 2

2 .7 .3 .2

4 .2 .1 .1 73 .1 .2 .4

2 .6 .1 .3 2

4 .4 .1 .1 5

A c etyls erine 2 .7 .7 .42 .7 .1 .2 51 .8 .9 9 .1
A denylyls ulphate

(A P S )

2 .7 .1 .3 9

4 .4 .1 .1 5

4 .1 .1 .2 9

4 .2 .9 9 .8

2 .3 .1 .3 0

P -R ibos yl-P P

1 .1 .1 .1

1 .2 .1 .4

A s partyl-P

5 .1 .1 .7

2 .7 .1 .4 0

4 .1 .3 .1 8

4 .1 .3 .1 8

1 .5 .1 .9

1 .1 4 .1 1 .1

C HOL INE

2 .1 .1 .1 3

1 .3 .1 .2

NHC H C H S H2 2                                         NHC H C H C O2 2OC H  C (C H ) C H(OH)C O2 3 2P

ADP - NHC H C H S H2 2                                         NHC H C H C O2 2OC H  C (C H ) C H(OH)C O2 3 2

P -ADP - NHC H C H S H2 2                                         NHC H C H C O2 2OC H  C (C H ) C H(OH)C O2 3 2

1 .4 .1 .8

1 .3 .9 9 .3

1 .3 .9 9 .3

1 .4 .1 .9

4 .2 .1 .1 8

4 .1 .1 .2 0

1 .3 .9 9 .7

1 .8 .9 9 .2

+
C H C O-OC H C H(NH )C OO2 2 3

2 .5 .1 .6

2 .1 .1 .1 0
2 .1 .1 .2 0

1 .1 .1 .3

1 .1 .1 .3

4 .2 .1 .1 8

4 .1 .2 .5

4 .3 .1 .5

4 .2 .1 .2 0

2 .1 .2 .1

2 .1
.1

.2
0

G lyoxylate

2 .1 .1 .6

1 .4 .3 .4

1 .1 4 .1 8 .1

1 .1 4 .1 6 .2

Hexanoyl-C oA

B utanoyl-C oA

6.3.4.16 6 .3 .5 .5

2 .7 .2 .1 1

2 .1 .3 .3

NO
1 .1 4 .1 3 .3 9

3 .5 .3 .63 .5 .3 .1

4 .3 .2 .1

4 .1 .1 .1 7

2 .7 .7 .4 1

2 .6 .1 .4

1 .1 .1 .1 0 0

1 .1 .1 .8

2 .3 .1 .5 1
2 .3 .1 .1 5

2 .7 .8 .5

S O -
4
2

1 .1 4 .1 6 .4

NH 2 OOC  
 OOC  

4 .1 .1 .2 5

1 .3 .1 .1 3

1 .3 .1 .1 3

2 .7 .4 .6

C Y T IDINE -
triphos phate

(C T P )

C ytos ine

2 .4 .2 .9

4 .1 .1 .1 1

2 .6 .1 .1 8

4 .3 .1 .3

4 .2 .1 .4 9

3HS O -

1 .1 .1 .1 0 5

2 .3 .1 .4 1

NA DP H

1 .1 .1 .2 2

2 .3 .1 .4

5 .5 .1 .4

3 .2 .1 .2 6 3 .2 .1 .4 8

2 .6 .1 .1 6

1 .1 .1 .1 4

2 .7 .7 .3 4

4 .2 .1 .4 7

2 .4 .1 .6 8
2 .4 .1 .6 9

2 .4 .1 .9

5 .3 .1 .8

2 .4 .1 .1 1

O

OP P U

C H OH2

C H OH2

HO OH

OH

HO

2 .4 .1 .2 1

4 .2 .1 .5 2

1 .2 .1 .1 8

4 .2 .1 .1 8

O

C H
C

C HOC
N

HN

DP

C H
C
O

C HOC
N

HN

R P P P

OC H 2

H

C C

H

OHOH

C H

NHN
C
H

CP

H

O

OC H2 C C

H

OH

H

OH

C

H

C C
C

NH2

C
C H

HC
N

R P (P P )

N

N

N
+

P   

NH2H

O

OC H 2 C C

H

OH

H

OH

C

H

C C
OC

C
C H

HC
N

R P

N

N

NHP

H

OC H 2 C C

H

OHOH

C O C H2 C

C ONH 2

C
C H

HC
N

R P  

N

N

NHP

+
OOC C H N(C H )2 3 3

B etaine

B etaine
aldehyde

2 .4 .1 .1 6

5 .1 .3 .6

2 .4 .1 .3 3

2 .7 .7 .1 3

5 .4 .2 .8

5 .3 .1 .8

O

OH

C H OH2

HO

O PHO

2 .7 .1 .2 8

2 .7 .1 .3 1

6 .3 .4 .1 3

5 .3 .1 .1

2 .2 .1 .1

4 .1 .1 .9

3 .1 .2 .1 1

ß-OH-ß-Methyl-
glutaryl-C oA

6 .3 .4 .5

5 .3 .1 .6

2 .5 .1 .2 1

2 .1 .1 .2

3 .5 .2 .1 0

6 .3 .2 .1 3
6 .3 .2 .7 -1 0

2 .7 .7 .2 7

2 .7 .7 .9

3 .5 .4 .1 0

C
C
O

C
C H

OC
N R P

N

N
H

HN

C
C
O

C
C H

N

N

N

HN

R P
H N2 C

2 .7 .4 .6

1 .1 7 .4 .1

2 .7 .4 .6

2 .6 .1 .1 3

C arbamoyl-P

2 .3 .1 .9

C arnitine

2 .6 .1 .4 2 .6 .1 .4 4

C H C (OH)C H C OS C oA3 2

C H C OO2

1 .2 .3 .5

1 .1 .1 .3 4

2 .3 .1 .1 6

4 .1 .3 .5

2 .3 .1 .1 6

4 .1 .3 .4

Menaquinone

4 .1 .1 .1 5

2 .6 .1 .1 9

4 .2 .1 .1 6

C arnos ine

C H C H NH2 2 2C

NHN
C

HC

H

4 .1 .1 .2 2

4 .3 .1 .3

Ubiquinone

P las toquinone

D-R ibos e-5 -P

NH

C H C H(NH )C OO2 3HO
+

O

OH

OH

HO

OP P U

C OO -

O

OH

OH

HO OP P U

C OO -

OH

H OH

HOC H 2 C C C O

H

C O C OO -

O
C HOH
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HO
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C H OH2

O
C HOH
C HOHAcNH

HO

OH
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O

OHOH HOHO
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O

OH
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HO OH
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O
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O
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O
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O
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O
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O
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O
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H
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HOH
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OH
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HOH
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H

OH HOH
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OHH
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OH
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C C C C HO

OHH
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V itamins  C o-enzymes  &  Hormones

P entos e P hos phate P athway

P hotos ynthes is  Dark R eac tions

C OMP A R T ME NT A T ION
T he "B ackbone" of metabolism involves

G LY C OLY S IS  in the C Y T OP LAS M,
the T C A C Y C LE  (mainly) in the Mitochondrial matrix

and AT P  F OR MAT ION spanning the
MIT OC HONDR IAL INNE R  ME MB R ANE

An electron flow (an electric current) generated from
NADH and UQH2 drives the translocation of protons

from the matrix to the intermembrane space.
The retrolocation of these protons through the F0 subunits

of ATP synthase to the matrix then supplies the energy
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Vignette 1: Thermodynamic bottlenecks
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heterogeneous biofilms and granules, enhances the metabolic interactions in a BMC10,11, and that 
diversity and redundancy increase BMC stability and 
performance12. Neither of these proposals is 
convincingly proven.  
 It has been argued that synthetic design of  
novel communities or manipulation of existing ones can 
be utilised to address some of the above questions2 
and to rationally engineer complex and relevant 
functions4. The latter view  underpins a new  wave of 
synthetic biology research, which has already resulted 
in the engineering of  “toy communities” with specific 
population dynamics6,7. While not driven by either an 
ecological or synthetic biology agenda, other studies 
defined several co- and tri-cultures capable of 
degradation of organic compounds into methane13-17. 
The most recent of  these used metabolic models to 
study a specific co-culture18, and subsequently showed 
that this minimal synthetic community is capable of 
converting lactate into methane19. Currently it 
remains unknown how much the complexity of 
such simple communities can be extended (e.g. by 
increasing species numbers) to achieve an 
increase in the range of substrates they can digest 
and their biomethane productivity.

2.Preliminary work leading up to this proposal
In recent published and unpublished studies, we have 
been developing a better understanding of stability and 

function in microbial communities and how  these are affected by the evolutionary process. Here, 
we summarise key findings and insights from these studies which are relevant for this proposal.  

2.1. Species composition and diversity of BMCs can vary over time and with bioreactor 
conditions. Different studies have shown that diversity and composition of  species in a BMC can 
be stable or temporally varying, with seemingly no effect on performance. For example, amplified 
ribosomal DNA restriction analysis of species abundance identified temporal variation in both 
archaea and bacteria populations in otherwise stable reactors20. Similar results were obtained from 
a two-year monitoring of an anaerobic reactor fed with wine distillation waste21. However, other 
studies on communities from reactors treating wastewater and dairy waste, indicated stable 
communities despite changes in process parameters such as feed composition22,23. Process 
parameters, in particular stirring, acidity and temperature, are all shown to alter composition and 
diversity in a BMC24-27. In a recent study, we analysed the effects of a large number of  different 
operating parameters on the microbial diversity and performance of BMCs using laboratory-scale 
activated sludge reactors. This analysis failed to identify clear patterns between changes in such 
parameters, microbial diversity and performance28. It is possible that these disparate findings arise 
because composition and diversity in microbial communities is driven by neutral processes such as 
stochastic population dynamics and random immigration29 (e.g. species incorporation via feed). 
We do not know which selective pressures (i.e. operation conditions) can override such 
neutral  processes to drive the adaptation of BMCs, and how the resulting community would 
look like. We will address these open questions in our research programme.  

2.2. Microbial community properties can be improved through artificial selection (i.e. 
directed evolution). Directed evolution of communities works30. The basic design of such 
experiments is simple: replicate communities are established, and the communities with the 
highest value of  a particular phenotypic trait are used to seed new  communities.  By repeating this 
procedure, it has been possible to select microbial soil communities that support higher plant 
biomass31 and have improved performance in the breakdown of the pollutant 3-chloraniline32.  
While an effective method, it is unclear what was actually selected for in these studies. The most 
parsimonious explanation is that the communities with the most desirable function simply 
contained a higher frequency of a particular microbial species responsible for that function. It is 
also possible that selection favoured particular combinations of  species that produce the desired 
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Figure 1. Schematic of the multistep 
degradation of  organic material in 
methanogenic ecosystems. Each 
step is carried out by a specific 
functional group of  micro-organisms 
(also known as guilds). 

Schink B Microbiol Mol Biol Rev 61:2 (1997)

Engineer synthetic communities to learn about biochemical 
basis of communities Grosskopf & Soyer, Curr. Op. Biotech (2014)
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where ECox is the oxidized electron carrier and ECred is the
reduced electron carrier. Reverse electron flow is thought to be
necessary to sustain lactate oxidation to pyruvate during respi-
ratory growth (42). This cost is also reflected by the lower
biomass yield on lactate than on pyruvate for either growth
modality (Table 2), as previously observed for D. vulgaris
Hildenborough paired with a different methanogen (44). Since
syntrophic growth on lactate provides considerably less energy
than the energy that is available through respiration, we antic-
ipated mechanistic differences in electron transfer reactions
governing the initial two-electron oxidation of lactate.

These mechanistic differences were further suggested by the
global upregulation of genes associated with energy conserva-
tion and electron transfer during syntrophic growth. Upregu-
lation of genes in a predicted operon coding for lactate uptake
and oxidation suggested that the immediate fates of electrons
derived from lactate oxidation differ for syntrophic growth and
respiratory growth. Notably, the lactate dehydrogenase is ho-
mologous to a membrane-bound glycolate oxidase in E. coli
that is directly coupled to the electron transport chain (20, 26,
34). Additionally, the coo genes are upregulated and encode a
protein homologous to those found in other Bacteria and Ar-

chaea that function as proton (or sodium)-translocating hydro-
genases (8, 16, 22, 35), strongly suggesting that they have a
similar electrogenic role in Desulfovibrio. Another highly up-
regulated transmembrane protein (Hmc) likely shuttles elec-
trons from the cytoplasm to and from soluble periplasmic car-
riers, such as cytochrome c3 (28, 33), thus providing a possible
link between cytoplasmic oxidation and periplasmic hydroge-
nases. There is no evidence that Hmc has a function in direct
proton translocation.

Strains with mutations in a subset of the upregulated genes
were used to confirm that there was direct involvement in
syntrophy. The growth phenotype of the !cooL mutant is of
particular significance for the proposed mechanism of syntro-
phic growth. This mutant affected only the lactate-grown co-
culture, and it had no effect on respiratory growth with either
lactate or pyruvate and no significant effect on the pyruvate-
grown coculture. As shown by the model in Fig. 3 and equa-
tions 6 and 7, electrons derived from the oxidation of lactate
may be shuttled via an undefined electron carrier (likely the
quinone pool) to the Coo hydrogenase. The combined reaction
(equation 8) is favorable only at very low concentrations of H2

and pyruvate. Continuous consumption of these compounds

FIG. 3. Proposed metabolic model for syntrophic growth of D. vulgaris Hildenborough. Colors indicate transcriptional changes in individual
genes during coculture growth compared with a sulfate-limited monoculture. The lactate permease is encoded by DVU3026. Abbreviations: Ldh,
lactate dehydrogenase (likely DVU3027); ECred and ECox, reduced and oxidized unknown electron carrier interacting with Ldh, respectively; Por,
pyruvate:ferredoxin oxidoreductase (DVU3025); Pta, phosphate acetyltransferase (DVU3029); Ack, acetate kinase (DVU3030); Aor, aldehyde:
ferredoxin oxidoreductase (DVU1179); Adh, alcohol dehydrogenase (DVU2405); Hdr, putative heterodisulfide reductase (DVU2399 to
DVU2404); Fdred and Fdox, reduced and oxidized ferredoxin, respectively; Coo, cytoplasmic hydrogenase (DVU2286 to DVU2293); Hmc,
high-molecular-weight cytochrome complex (DVU0531 to DVU0536); Hyn1, [Ni-Fe] hydrogenase isozyme 1 (DVU1921 and DVU1922); Hyd,
[Fe] hydrogenase (DVU1769 and DVU1770); CoA, coenzyme A. The red box indicates unique lactate oxidation enzymes that function during
syntrophic growth. The orange box indicates the proposed hypothetical pathway for ethanol production (via hydrogen consumption).
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Vignette 1: Thermodynamic inhibition due to terminal 
electron acceptor availability can be a key driver of 
evolution of metabolic systems (intra- and inter-cellular)
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chemicals could be worth £2.4 billion51. Despite such potentials, waste-based-production remains limited, 
due to lack of bespoke and innovative conversion routes51. This status quo needs to change, as the new EU 
legislation requires that by 2030, recycling of different waste streams is increased to 65-70%, landfilling 
reduced to a max. of 10% of all waste, and measures are implemented to turn one industry's by-product into 
another industry's raw material50. Beyond applications around waste, the engineering of bespoke multi-
species systems will pave the road to designing artificial guts and soils, supporting animal and plant growth 
under controlled settings. Thus, this ERC project to engineer multi-species systems from the bottom-up, and 
with bespoke chemical conversion capacities, holds ground-breaking potential for generating new 
environment-friendly bio-economies through a new phase of synthetic biology. 
Relevance to the European Landscape: Synthetic biology is identified as a priority area for the European 
Commission in 2005 through the “New and Emerging Science and Technology Pathfinder Initiative”. 
Similarly, several member countries announced synthetic biology as a key technology that will allow them to 
maintain their science-driven economic and innovative edge. Despite this broadly defined potential, the field 
is currently dominated by a relatively narrow focus, and it is recognised that synthetic biology urgently needs 
to step-up and start engineering systems of increased complexity based on fundamental design principles 
derived from nature2,9. This ERC project focuses on delivering such a step-change by enabling the rational 
engineering of “microbial engines” composed of multiple species and their interactions. This will open up 
the development of novel synthetic biology applications, as well as allow the design of engineered model 
systems for fundamental insights into microbial interactions. Therefore, the proposed research will place 
European synthetic biologists at the cutting edge of engineering biology at the level of microbial, multi-
species systems.   
 
SECTION B. Methodology 
Workpackage A. Establishing the design principles of and experimental tools for characterising and 
controlling microbial metabolic interactions. 
The overarching vision of this workpackage is to enable rational engineering at the level of microbial 
species. Achieving such rational engineering will require modelling and predicting microbial interaction 
points based on their metabolism, and characterising and manipulating such interactions experimentally. We 
will develop these tools and enable easier and systematic engineering of microbial metabolic interactions. 
 

Project A1. Establishing a thermodynamics-based 
modelling framework for metabolic interactions. All 
microbial organisms display oxidative pathways that 
they utilise under the presence of appropriate electron 
acceptors for complete oxidation of substrates, and 
fermentative pathways that they utilise otherwise and 
that result in incomplete oxidation of the substrate (Fig. 
5). It is also possible that under certain environmental 
conditions, e.g. at high levels of substrate availability, 
both pathways are utilised to harvest maximal possible 
energy from oxidative pathways and directing excess 
substrate into fermentation40,41,45,52. The choice between 
these two modalities of growth, or their combination, 
can be understood in the context of thermodynamics 
and resource allocation.  

We will develop a modelling framework for 
microbial interactions that will take into account this 

point. The reason for this focus is that the interplay and choice between oxidative and fermentative pathways 
in each species would exert a direct effect on metabolic interactions among species that are mediated through 
the end-products of fermentative pathways.  
 
This framework will integrate biophysical models for substrate uptake and resource allocation and 
thermodynamic models of cellular metabolic pathways. We will first implement this using the so-called 
dynamical FBA (dFBA) approach, which combines FBA-based modelling of metabolism with ODE-based 
modelling of population and media dynamics37,41. The use of the dFBA approach will allow us to use species 
rather than community level optimisation criteria when modelling multi-species systems (i.e. species’ 
metabolisms are assumed to be separately optimised only for their own growth maxima). We will first extend 
the dFBA approach by defining additional constraints on the uptake rates, such as those arising from spatial 

Figure 5. A cartoon representation of metabolic 
flux among oxidative (black) and fermentative 
(red) pathways. In presence (A) of strong electron 
acceptors (blue), the oxidative pathways would 
carry most of the flux, while in their absence (B), 
fermentative pathways would dominate. 

High energy respiratory 
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pathways

Ethanol, Acetate, Lactate, 
Butyrate, H2…

ΔG0 < −500kJ /mol ΔG0 > −300kJ /mol

Test 1: Use electrodes as terminal electron acceptors 
to control metabolism via electrode potential



Vignette 2: Cellular trade-offs

Intracellular flux distribution

Given the differences in macroscopic physiological rates, we
ask whether the intracellular distribution of fluxes relied on
the same pathways within each group of aerobic glucose
metabolism. For this purpose, separate isotopic tracer
experiments with [U-13C]- and [1-13C]-labelled glucose
were performed in at least duplicate batch cultures for each
case. Specifically, we determined the mass isotopomer dis-
tributions of proteinogenic amino acids to calculate ratios of
converging fluxes at key branch points in central metabolism

(Blank et al., 2005; Zamboni et al., 2009). The largest
variability between species was in the pentose phosphate
pathway and the TCA cycle, indicated by large differences in
the split ratios serine derived through glycolysis and mito-
chondrial oxaloacetate originating from anaplerosis, respec-
tively (Fig. 1a).

For a more detailed insight, we estimated network-wide
absolute fluxes using these intracellular flux ratios (Fig. 1a)
and secretion rates (Table 2) as input values for net flux
analysis using the FIATFLUX software (Zamboni et al., 2005,
2009). Specifically, this method estimates the best flux

(a)

(b)

Fig. 1. Flux distribution in the seven yeast species on glucose minimal medium. (a) Ratios of converging fluxes at branch points of the central carbon

metabolism. The ratios are given by the division of the flux indicated by the solid line over the flux indicated by the dotted line. (b) The quantitative flux

distribution of Crabtree-positive (left) and aerobic (right) yeasts in mmol g!1 h!1. The thickness of the arrows indicates the glucose uptake normalized

flux distribution with a variability that is depicted in grey.

FEMS Yeast Res 11 (2011) 263–272c" 2011 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
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Trade-offs in cellular metabolism can explain 
respiro-fermentation (overflow metabolism):

Trade-offs in pathway rate and yield
Pfeiffer T, Schuster S, Bonhoeffer S, Science 292 (2001)
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argued that Eq. 4 is a an appropriate model for bacterial
growth on two different resources in a chemostat (Stewart
and Levin 1973; Gottschal and Thingstad 1982).

Uptake of the secondary resource results in a decrease of
its concentration, and taking the rate of production and the
rate of loss due to outflow into account, the rate of change
of a(t) becomes
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Here ya is the yield for growth on acetate, and e is a constant
of proportionality describing how glucose metabolism
translates into production of the secondary nutrient.
Because glucose uptake is not directly affected by the pro-
duction of the secondary nutrient, the dynamic equation
for the glucose concentration remains the same, and Eqs. 3–
5 therefore describe bacterial growth on a primary resource
in a chemostat with the addition of bacterial growth due to
production of a secondary nutrient during consumption of
the primary resource.

Before we formulate the evolutionary dynamics emerg-
ing from this ecological setup, we must specify which of the
parameters in the ecological model should be viewed as
phenotypic properties and which parameters should be
regarded as nonevolving, externally fixed quantities. For
consumption of a single resource without production of a
secondary nutrient, i.e., for the situation described by Eqs. 2
and 3, it is known that coexistence of different bacterial
strains is not possible. Instead, if we consider the compound
parameter J ! kgd/(rg " d), which is the equilibrium concen-
tration of the primary resource in the absence of cross-
feeding, then in a mixture of strains the strain with the
lowest J value will outcompete all other strains (Stewart and
Levin 1973; Hanson and Hubbell 1980). In particular, in a
mixture of strains with equal kg values, the strain with the
highest maximal growth rate rg outcompetes strains with
lower rg. Note that coexistence of two strains is possible in
competition in serial batch if both the rg values and the kg

values are different and ranked in reverse order in the two
strains (Stewart and Levin 1973). We discuss batch culture
models at the end of this section, but for now we concen-
trate on chemostat cultures, and for simplicity we single out
the maximal growth rates rg and ra as evolvable traits and
consider all other quantities as fixed parameters. In particu-
lar, a glucose specialist has a high rg and a low ra, and vice
versa for the acetate specialist. We note that the parameter
e, determining how much waste acetate is secreted during
glucose metabolism, is likely also an evolving trait, so that e
is higher, i.e., acetate production increased, in strains that
are more specialized on glucose (that is, these strains are
very efficient at glucose uptake, but they also produce a
lot of waste during glucose metabolism; Rosenzweig et al.
1994). However, to keep things simple I do not consider this
quantity as a phenotypic trait in this article, and instead it
will be considered, together with the other quantities kg,
ka, yg, and ya, as an external parameter (note that these
parameters may nevertheless influence the evolutionary
dynamics).

Thus, the two traits whose evolution is to be studied are
rg and ra, and to study the evolution of cross-feeding I as-
sume that there is a trade-off between these two traits that
constrains all possible phenotypes to a one-dimensional set
in the two-dimensional rg–ra plane. Specifically, I assume
that there is a negative trade-off of the form

r g ra g ! ( ) (6)

such that g$(rg) %  0 (Fig. 1). Thus, the phenotypic value of ra

is uniquely determined by the value of rg (and vice versa).
Under these assumptions, the task is to study the adaptive
dynamics of the trait rg. To do this, we consider the growth
rate of a rare mutant r$g in an environment determined
by the ecological dynamics of a resident population that is
monomorphic for a resident phenotype rg. If the ecological
system given by Eqs. 3–5 is run to equilibrium for trait
values rg and ra ! g(rg), then the resulting equilibrium con-
centrations of glucose and acetate will be functions c*(rg)
and a*(rg) of the resident phenotype. So long as the mutant
is rare, it will not affect these concentrations. Therefore, the
growth rate of the mutant population density nmut(t) in the
environment set by the resident will be
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where r$g and r$a ! g(r$g) are the phenotypes of the mutant,
and where kg, ka, yg, ya, and d are, as mentioned, fixed
parameters.

Therefore, the per capita growth rate of the mutant r$g
in the resident rg, which we denote by f(r$g,rg), is given
by

Fig. 1. Possible trade-off curves ra ! g(rg) between maximal growth
rate on glucose, rg, and maximal growth rate on acetate, ra. Shown are
the functions ra ! u0 " v0r

2
g with u0 ! 3 and v0 ! 0.1, and ra !

u0 exp["v0rg] with u0 ! 3 and v0 ! 0.2. Note that for the latter g$ %  0 and
g& '  0 for all rg '  0, whereas for the former g$ %  0 and g& %  0 for all
rg '  0 (note that the biologically feasible range of rg is bounded by
the condition g(rg) (  0)

Trade-offs in substrate-based growth rates
Doebeli M, Pop. Ecology 44:2 (2002)

Trade-offs in space/enzyme allocation

Assumption 2. The Cell’s Rate of Energy Demand Is
Proportional to the Cell Volume: The Problem of ATP
Production
Above, we reasoned about the effect of S and V on the rate of
glucose uptake, that is, the rawmaterial for the cell’s energy sup-
ply. They are also intimately related to the cell’s rate of ATP de-
mand. But how large is this demand and how much membrane
space is needed to supply it? We define RATP-demand as the num-
ber of ATP molecules per unit time, per unit cell volume, that
must be produced in order for a cell to sustain a growth rate l.
The amount of ATP, aB, needed to produce E. coli biomass aero-
bically on glucose is roughly 18 billion ATP molecules per femto-
liter of cell volume (Stouthamer and Bettenhaussen, 1977;
Hempfling and Mainzer, 1975; Feist et al., 2007) (Table S1A). In
this work, our term ATP is shorthand that includes all nucleotide
triphosphates. To support a growth rate l, the cell demands ATP
at a rate

RATP!demand =aBl: (Equation 1)

Now, at steady state, this rate of ATP demand must be
met by the rate of ATP supply. For the cell to achieve this
via respiration, there is a minimum fraction of the bacterial
inner membrane that must be electron transport chain. We
can estimate this fraction from the known electron transport

chain structural and kinetic properties (Tables S1A and S1B),
according to

ETCdemand =RATP!demandfETC,
AETC

kATP
,
V

S
: (Equation 2)

fETC is the fraction of RATP-demand generated by the electron
transport chain (the remainder by glycolysis and the TCA cycle;
Box 1 and Table S1C). This ATP demand can be converted to an
electron transport chain surface area by multiplying the first term
by the surface efficiency of the electron transport chain, given
by AETC/kATP. AETC is the membrane area occupied by a
single ‘‘respiratory unit,’’ defined as the amount of electron
transport chain needed to power a single ATP synthase at its
maximum speed kATP = 270 ± 40 ATP/s (Etzold et al., 1997).
The area of a respiratory unit, roughly 84 nm2, is calculated
from the cross-sectional areas of the five electron transport
chain complexes’ protein structures and their abundances
relative to ATP synthase (Box 1; Tables S1B and S1D). The final
term accounts for the reasonable assumption that ATP demand
for replication scales with the volume V of the cell. To express
ETCdemand as a fraction of total membrane area, we divide by
S, resulting in Equation 2.
Thus far, we have estimated the membrane demands of the

electron transport chain, assuming that ATP is produced by a

Figure 2. Increasing Demand for ATP Drives Electron Transport Chain Surface Occupancy
(A) Black bars: estimated occupancy of the inner membrane by standard electron transport chain complexes, from experimental data (Valgepea et al., 2013)
(Table S1B). Red line: the minimal amount of electron transport chain needed to maintain a purely respiratory metabolism. The crossing point at 0.32 ± 0.10 hr!1

indicates that respiration alone is not sufficient to supply the cell’s ATP needs above this growth rate, leading to overflow metabolism (Valgepea et al., 2011).
(B) The total inner membrane protein density (cyan points) follows the trend predicted from a Carnahan-Starling model of protein crowding (cyan curve) for a
protein packing limit of one-third (fitting parameter, see text). This differs from the density needed to maintain fixed stoichiometry between membrane and
cytosolic proteins, approximated here by V/S (black curve). Inner membrane proteins appear to reach their packing limit concurrently with the onset of
fermentation at l = 0.3 hr!1. Inset: steric pressure from protein crowding increases linearly with growth rate.
(C) Prior to the inner membrane reaching its protein packing limit, both glucose transporters (red) and electron transport chain (blue) have space to increase. But
once the packing limit is reached, higher growth rates require increases only in glucose transporters to fuel acetate fermentation due to its greater surface
efficiency for generating ATP (see Box 1).
Error bars represent SDs of experimental abundances.

98 Cell Systems 5, August 23, 2017

Cell Systems

Perspective

Szenk M, Dill KA, de Graff AMR, Cell Systems 5 (2017)
Basan M, et al., Nature 528 (2015)
….



FBA2

FBA1

Species A

Species B

Uptake Reaction Bounds

Species A

Species B

Species B’

Mutation

Ace
G

lu
Ser
…

..

Continue ad 
infinitum Species ….

α i = const.
i=1

n

∑

α i = const.
i=1

n

∑

α i = const.
i=1

n

∑

Inspired from:
Beg et al.PNAS 104:31 (2007)

Zhuang et. al., MSB 7:500 (2011)

available to 
download

Harcombe W. et al.Curr. Cell Rep. 7:4 (2014)

EvoFBA

Can trade-offs lead to evolution of overflow 
metabolism under selection for biomass?



Directed evolution of E.coli using EvoFBA

Continue ad infinitum

1/100

24h 24h

1/100

Lenski,'R.'et'al.,'1991.#Long'term#experimental#evolu3on#in#Escherichia#coli.#I.#
Adapta3on#and#divergence#during#2,000#genera3ons.#American#Naturalist,#

138(6),#pp.1315–1341.#

in silico version of



Many clones emerge over evolution

•  98678&&clones&
generated&

•  3978&&&(~4%)&clones&
survived&a&sub<
culturing&event&

•  235&+/<&30&clones&
present&each&day&



Constraints in cellular resources lead to evolution 
of overflow metabolism and ‘cross-feeding’

FBA

Species A 
Glucose specialist 

Species B 
Acetate “specialist"

FBA

FBA

Grosskopf T, et al BMC Evol Biology 16(1):163 (2016)

Glucose

O2

Acetate



Ecological and evolutionary dynamics of coexisting
lineages during a long-term experiment with
Escherichia coli
Mickaël Le Gaca,b, Jessica Plucaina,b, Thomas Hindréa,b, Richard E. Lenskic,d,1, and Dominique Schneidera,b,1

aLaboratoire Adaptation et Pathogénie des Microorganismes, Institut Jean Roget, Université Joseph Fourier, F-38041 Grenoble, France; bCentre National de la
Recherche Scientifique, Unité Mixte de Recherche 5163, F-38041 Grenoble, France; and cDepartment of Microbiology and Molecular Genetics, and dBEACON
Center for the Study of Evolution in Action, Michigan State University, East Lansing, MI 48824

Contributed by Richard E. Lenski, April 27, 2012 (sent for review January 17, 2012)

Closely related organisms usually occupy similar ecological niches,
leading to intense competition and even extinction. Such compe-
tition also can promote rapid phenotypic evolution and ecological
divergence. This process may end with the stable occupation of
distinct niches or, alternatively, may entail repeated bouts of
evolution. Here we examine two Escherichia coli lineages, called L
and S, that coexisted for more than 30,000 generations after di-
verging from a common ancestor. Both lineages underwent sus-
tained phenotypic evolution based on global transcription and
resource utilization profiles, with L seeming to encroach over time
on the catabolic profile of S. Reciprocal invasion experiments with
L and S clones from the same or different generations revealed
evolutionary changes in their interaction, including an asymmetry
that confirmed the encroachment by L on the niche of the S line-
age. In general, L and S clones from the same generation showed
negative frequency-dependent effects, consistent with stable co-
existence. However, L clones could invade S clones from both ear-
lier and later generations, whereas S clones could invade only L
clones from earlier generations. In this system, the long-term co-
existence of competing lineages evidently depended on successive
rounds of evolution, rather than on initial divergence followed by
a static equilibrium.

experimental evolution | frequency-dependent selection | gene expression

The competitive exclusion principle precludes the stable co-
existence of organisms occupying identical ecological niches

(1–4). Closely related organisms tend to retain ancestral traits
and thus occupy similar niches (5–9), and so competition is es-
pecially intense when they live in sympatry. Natural selection
may then reduce their competition by driving apart those traits
that determine their ecological niches, thereby allowing their
stable coexistence through negative frequency-dependent selec-
tion. Examples of such ecological character displacement have
been documented in many different organisms (10–14). How-
ever, the long-term evolutionary dynamics of competing lineages
following such divergence are poorly understood (15). A theo-
retical model constructed to analyze the coevolution of com-
petitors suggested that this process often led to extinctions (16),
although a later study questioned some of the model’s assump-
tions (17). In an empirical study, the interaction between two
bacterial species was observed to evolve during a short-term
experiment, leading to increased productivity of the community
(18); however, that study examined neither the initial divergence
of the bacteria nor the long-term fate of their interaction.
Consider the simple case of two recently diverged lineages that

occupy slightly different ecological niches and are able to coexist
stably owing to negative frequency-dependent effects. Their
subsequent evolution could lead to several distinct scenarios.
First, fitness might improve relative to earlier generations within,
but not between, the lineages, sustaining their ecological differ-
entiation. Second, competition between the lineages might be
further reduced by character displacement, thereby promoting

their ecological divergence and stabilizing their interaction.
Third, fitness may improve relative to previous generations both
within and between lineages, leading to more complex changes in
their interaction. For example, one lineage might encroach on
the ecological niche of the other, and that encroachment in turn
might cause the extinction of the affected lineage, or might lead to
further evolution of the affected lineage that enables its persistence.
Here we studied the evolutionary dynamics of two bacterial

lineages that diverged from their common ancestor and then
coexisted for tens of thousands of generations in a long-term
experiment. In that experiment, 12 populations of Escherichia
coli were founded from the same strain and propagated in
a glucose-limited minimal medium for more than 40,000 gen-
erations (19, 20). In one population, designated Ara-2, two lin-
eages, named L and S, had diverged from their ancestor and
from one another by 6,500 generations, and they coexisted
thereafter (21–23). Their divergence and coexistence involved
niche construction, in which organisms modify their environment
in ways that promote their own or others’ success (24–27). In
particular, the two lineages compete for the limiting glucose, with
the L lineage able to grow faster on the glucose but secreting a
metabolic byproduct that S is better able to exploit (21, 23).
To characterize and better understand the evolutionary dy-

namics, we sampled four L and S clones from each of three
time points: 6,500, 17,000, and 40,000 generations. We measured
many phenotypes by quantifying and comparing their global
transcription profiles in the medium where they evolved and
their growth abilities in 51 different environments. We also
performed reciprocal invasion experiments using the L and S
populations from the same or different generations to assess how
their ecological interaction had changed and what those changes
might indicate about the evolutionary dynamics that allowed
their long-term coexistence.

Results and Discussion
Expression Profiles and Growth Abilities of L and S Lineages. During
the initial period through 6,500 generations, the bacteria un-
derwent dramatic changes in global expression profiles relative
to their ancestor (Fig. 1A). More than 2,000 genes were differ-
entially expressed between the ancestor and evolved bacteria
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Constraints in cellular resources lead to evolution 
of ‘cross-feeding’



Vignette 2: Cellular trade-offs can be a key driver of 
evolution of metabolic systems (intra- and inter-cellular)

Trade-offs in pathway rate and yield

Trade-offs in substrate-based growth rates

Trade-offs in space/enzyme allocation

Trade-offs arising from conserved moieties and pH???

…



Vignette 2: Trade-offs arising from conserved moieties and 
pH leading to thermodynamic inhibition in different paths
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chemicals could be worth £2.4 billion51. Despite such potentials, waste-based-production remains limited, 
due to lack of bespoke and innovative conversion routes51. This status quo needs to change, as the new EU 
legislation requires that by 2030, recycling of different waste streams is increased to 65-70%, landfilling 
reduced to a max. of 10% of all waste, and measures are implemented to turn one industry's by-product into 
another industry's raw material50. Beyond applications around waste, the engineering of bespoke multi-
species systems will pave the road to designing artificial guts and soils, supporting animal and plant growth 
under controlled settings. Thus, this ERC project to engineer multi-species systems from the bottom-up, and 
with bespoke chemical conversion capacities, holds ground-breaking potential for generating new 
environment-friendly bio-economies through a new phase of synthetic biology. 
Relevance to the European Landscape: Synthetic biology is identified as a priority area for the European 
Commission in 2005 through the “New and Emerging Science and Technology Pathfinder Initiative”. 
Similarly, several member countries announced synthetic biology as a key technology that will allow them to 
maintain their science-driven economic and innovative edge. Despite this broadly defined potential, the field 
is currently dominated by a relatively narrow focus, and it is recognised that synthetic biology urgently needs 
to step-up and start engineering systems of increased complexity based on fundamental design principles 
derived from nature2,9. This ERC project focuses on delivering such a step-change by enabling the rational 
engineering of “microbial engines” composed of multiple species and their interactions. This will open up 
the development of novel synthetic biology applications, as well as allow the design of engineered model 
systems for fundamental insights into microbial interactions. Therefore, the proposed research will place 
European synthetic biologists at the cutting edge of engineering biology at the level of microbial, multi-
species systems.   
 
SECTION B. Methodology 
Workpackage A. Establishing the design principles of and experimental tools for characterising and 
controlling microbial metabolic interactions. 
The overarching vision of this workpackage is to enable rational engineering at the level of microbial 
species. Achieving such rational engineering will require modelling and predicting microbial interaction 
points based on their metabolism, and characterising and manipulating such interactions experimentally. We 
will develop these tools and enable easier and systematic engineering of microbial metabolic interactions. 
 

Project A1. Establishing a thermodynamics-based 
modelling framework for metabolic interactions. All 
microbial organisms display oxidative pathways that 
they utilise under the presence of appropriate electron 
acceptors for complete oxidation of substrates, and 
fermentative pathways that they utilise otherwise and 
that result in incomplete oxidation of the substrate (Fig. 
5). It is also possible that under certain environmental 
conditions, e.g. at high levels of substrate availability, 
both pathways are utilised to harvest maximal possible 
energy from oxidative pathways and directing excess 
substrate into fermentation40,41,45,52. The choice between 
these two modalities of growth, or their combination, 
can be understood in the context of thermodynamics 
and resource allocation.  

We will develop a modelling framework for 
microbial interactions that will take into account this 

point. The reason for this focus is that the interplay and choice between oxidative and fermentative pathways 
in each species would exert a direct effect on metabolic interactions among species that are mediated through 
the end-products of fermentative pathways.  
 
This framework will integrate biophysical models for substrate uptake and resource allocation and 
thermodynamic models of cellular metabolic pathways. We will first implement this using the so-called 
dynamical FBA (dFBA) approach, which combines FBA-based modelling of metabolism with ODE-based 
modelling of population and media dynamics37,41. The use of the dFBA approach will allow us to use species 
rather than community level optimisation criteria when modelling multi-species systems (i.e. species’ 
metabolisms are assumed to be separately optimised only for their own growth maxima). We will first extend 
the dFBA approach by defining additional constraints on the uptake rates, such as those arising from spatial 

Figure 5. A cartoon representation of metabolic 
flux among oxidative (black) and fermentative 
(red) pathways. In presence (A) of strong electron 
acceptors (blue), the oxidative pathways would 
carry most of the flux, while in their absence (B), 
fermentative pathways would dominate. 
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Is a view based on electron flows and biophysical 
limits a useful one to understand and manipulate 
metabolism?



Basics: Develop and parameterise a holistic 
model of metabolism and physiology

Can we develop a toy model capturing the 
dynamics of metabolism, conserved moieties, 
pH, and membrane potential?

Kelsey Cremin Hadrien Delattre
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Modelling the regula�on dynamics
of a metabolic network 

The ability of metabolic networks to regulate their activity and thereby adapt to their reaction medium is of paramount importance for microbes to be able to 

strive in diverse and changing environment. Multiple phenomena are known to influence the rate of metabolic pathways, such as enzyme kinetics, expression 

level, allosteric regulation and thermodynamics. Moreover, pathways in a metabolic network are always deeply intricated, therefore, modelling them in isolation 

from each other cannot provide accurate predictions of pathway shifting. Most recent studies consider metabolism structures and dynamics as optimized for 

biomass production, and aim to create models allowing to to determine metabolic parameters satisfying those objectives.

We expand on previously proposed toy models of cell physiology by including 

physical and metabolic aspects such as conserved moieties dynamics, pH, 

membrane potential etc. Moreover, in contrast with previous models, we chose to 

explore our model's  behavior without imposing ad hoc selective criteria such as 

biomass maximization. This allows to explore the parameterers sets from which 

observed cells dynamics could emerge.

Metabolism is represented as a network, where "key metabolites" are 

connected by metabolic reactions, to which a specific fraction of the proteome 

is associated. The concentration of each metabolite can affect the rate of any 

reaction, and also the proportion of any proteome fraction in the newly 

created proteins. Those two effects are accounted for as two matrices; one 

capturing the influence of each metabolite on the transcription regulation of 

each enzyme (T), and one to capture the effect of each metabolite on the 

activity of each enzyme (P). In addition to these two matrices, a 

stoichiometric matrix (S) stores the stoichiometric coefficient for each 

metabolite and each reaction in the metabolic network.

With this model, we can determine which metabolic regulation networks allow a microbial population to survive, given environmental conditions and metabolic 

capabilities. Small communities of multiple different populations growing together can be simulated. ATP production and consumption is uncoupled, and the 

same thing goes for NAD+/NADH. Therefore, homeostasis can be reached only if the cell's dynamic parameters (notably its regulation matrices, T and P) are 

adequately calibration. Most of the populations that can be generated in the context of this model are then expected to be non-viable. Viable populations in 

specified conditions may emerge through the emulation of natural selection, for example by using a genetic algorithm to select them. 

As the coupling between the numerous dynamic variables of microbial growth (cell volume, growth rate, growth rate, proteome fractions...) have to emerge 

from only mechanistic relationships (thermodynamics, enzyme kinetics, allosteric regulation, transcription regulation...); this model makes possible to develop 

a mechanistic understanding of them.
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Dynamics of conserved moieties:
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Rate of a pathway reaction:

protein synthesis rate

Expression regulation
matrix ]-∞; +∞[

Metabolites concentrations

Concentration of the ith 
proteomic fraction in the 
culture vessel

Enzyme concentration in cell:

Every intracellular species (metabolites and proteins) in accounted for by a 
dynamic variable representing its concentration in the culture vessel. To 
compute its effect on the rate of metabolic reactions, its concentration must 
be converted to intracellular concentration by multiplying it by /

Enzyme kinetics:

Influence of thermodynamics:

Post-translational regulation: Features of the model
- Dynamics of key conserved moieties (NADH, ATP) is accounted for

- ATP and NADH dynamics are not coupled a priori

- Membrane potential and cell pH are accounted for

- Cell size is dynamic and cell shape is accounted for

- main metabolic pathways producing building blocks for enzymes, 

ribozymes, and membrane lipids are accounted for
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Test 1: Use electrodes as terminal electron 
acceptors to shape respiro-fermentation

Control of respiration vs. fermentation in Shewenalla 
oneidensis using electrodes poised at specific potentials
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Try with cellulose degrading Clostridia
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Control of fermentation outputs in 
Clostridia celluloticum using electrodes 
poised at specific potentials
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Test 2: Use electrodes and redox mediators 
to shape metabolic trade-offs

Control of metabolic pathways in cancer cells 
with redox mediators

Zoe Schofield

Intracellular flux distribution

Given the differences in macroscopic physiological rates, we
ask whether the intracellular distribution of fluxes relied on
the same pathways within each group of aerobic glucose
metabolism. For this purpose, separate isotopic tracer
experiments with [U-13C]- and [1-13C]-labelled glucose
were performed in at least duplicate batch cultures for each
case. Specifically, we determined the mass isotopomer dis-
tributions of proteinogenic amino acids to calculate ratios of
converging fluxes at key branch points in central metabolism

(Blank et al., 2005; Zamboni et al., 2009). The largest
variability between species was in the pentose phosphate
pathway and the TCA cycle, indicated by large differences in
the split ratios serine derived through glycolysis and mito-
chondrial oxaloacetate originating from anaplerosis, respec-
tively (Fig. 1a).

For a more detailed insight, we estimated network-wide
absolute fluxes using these intracellular flux ratios (Fig. 1a)
and secretion rates (Table 2) as input values for net flux
analysis using the FIATFLUX software (Zamboni et al., 2005,
2009). Specifically, this method estimates the best flux

(a)

(b)

Fig. 1. Flux distribution in the seven yeast species on glucose minimal medium. (a) Ratios of converging fluxes at branch points of the central carbon

metabolism. The ratios are given by the division of the flux indicated by the solid line over the flux indicated by the dotted line. (b) The quantitative flux

distribution of Crabtree-positive (left) and aerobic (right) yeasts in mmol g!1 h!1. The thickness of the arrows indicates the glucose uptake normalized

flux distribution with a variability that is depicted in grey.

FEMS Yeast Res 11 (2011) 263–272c" 2011 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

266 S. Christen & U. Sauer

Downloaded from https://academic.oup.com/femsyr/article-abstract/11/3/263/553019
by University of Warwick user
on 08 January 2018
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chemicals could be worth £2.4 billion51. Despite such potentials, waste-based-production remains limited, 
due to lack of bespoke and innovative conversion routes51. This status quo needs to change, as the new EU 
legislation requires that by 2030, recycling of different waste streams is increased to 65-70%, landfilling 
reduced to a max. of 10% of all waste, and measures are implemented to turn one industry's by-product into 
another industry's raw material50. Beyond applications around waste, the engineering of bespoke multi-
species systems will pave the road to designing artificial guts and soils, supporting animal and plant growth 
under controlled settings. Thus, this ERC project to engineer multi-species systems from the bottom-up, and 
with bespoke chemical conversion capacities, holds ground-breaking potential for generating new 
environment-friendly bio-economies through a new phase of synthetic biology. 
Relevance to the European Landscape: Synthetic biology is identified as a priority area for the European 
Commission in 2005 through the “New and Emerging Science and Technology Pathfinder Initiative”. 
Similarly, several member countries announced synthetic biology as a key technology that will allow them to 
maintain their science-driven economic and innovative edge. Despite this broadly defined potential, the field 
is currently dominated by a relatively narrow focus, and it is recognised that synthetic biology urgently needs 
to step-up and start engineering systems of increased complexity based on fundamental design principles 
derived from nature2,9. This ERC project focuses on delivering such a step-change by enabling the rational 
engineering of “microbial engines” composed of multiple species and their interactions. This will open up 
the development of novel synthetic biology applications, as well as allow the design of engineered model 
systems for fundamental insights into microbial interactions. Therefore, the proposed research will place 
European synthetic biologists at the cutting edge of engineering biology at the level of microbial, multi-
species systems.   
 
SECTION B. Methodology 
Workpackage A. Establishing the design principles of and experimental tools for characterising and 
controlling microbial metabolic interactions. 
The overarching vision of this workpackage is to enable rational engineering at the level of microbial 
species. Achieving such rational engineering will require modelling and predicting microbial interaction 
points based on their metabolism, and characterising and manipulating such interactions experimentally. We 
will develop these tools and enable easier and systematic engineering of microbial metabolic interactions. 
 

Project A1. Establishing a thermodynamics-based 
modelling framework for metabolic interactions. All 
microbial organisms display oxidative pathways that 
they utilise under the presence of appropriate electron 
acceptors for complete oxidation of substrates, and 
fermentative pathways that they utilise otherwise and 
that result in incomplete oxidation of the substrate (Fig. 
5). It is also possible that under certain environmental 
conditions, e.g. at high levels of substrate availability, 
both pathways are utilised to harvest maximal possible 
energy from oxidative pathways and directing excess 
substrate into fermentation40,41,45,52. The choice between 
these two modalities of growth, or their combination, 
can be understood in the context of thermodynamics 
and resource allocation.  

We will develop a modelling framework for 
microbial interactions that will take into account this 

point. The reason for this focus is that the interplay and choice between oxidative and fermentative pathways 
in each species would exert a direct effect on metabolic interactions among species that are mediated through 
the end-products of fermentative pathways.  
 
This framework will integrate biophysical models for substrate uptake and resource allocation and 
thermodynamic models of cellular metabolic pathways. We will first implement this using the so-called 
dynamical FBA (dFBA) approach, which combines FBA-based modelling of metabolism with ODE-based 
modelling of population and media dynamics37,41. The use of the dFBA approach will allow us to use species 
rather than community level optimisation criteria when modelling multi-species systems (i.e. species’ 
metabolisms are assumed to be separately optimised only for their own growth maxima). We will first extend 
the dFBA approach by defining additional constraints on the uptake rates, such as those arising from spatial 

Figure 5. A cartoon representation of metabolic 
flux among oxidative (black) and fermentative 
(red) pathways. In presence (A) of strong electron 
acceptors (blue), the oxidative pathways would 
carry most of the flux, while in their absence (B), 
fermentative pathways would dominate. 
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Kinetic Assay. All kinetic measurements were performed
on a Hewlett Packard 8452 diode-array spectrophotometer
thermostated at 25 °C. L-Lactate dehydrogenase (LDH) and
formate dehydrogenase (FDH) activities were determined by
following the change in the NADH concentration at 340 nm
(✏340,NADH ) 6230 M-1 cm-1). The flavocytochrome b2
(FCytb2) activity was measured by following the absorption
decrease of 2-(hydroxymethyl)-6-methoxy-1,4-benzoquinone9 at
374 nm (✏374 ) 974 M-1 cm-1).
Reactor. Experimental data were obtained using a thermo-

stated stirred flow-through reactor (3 mL) thermostated at 25
°C and maintained under a continuous N2 atmosphere to
facilitate the removal of CO2 produced by FDH. The separate
inputs of enzymes and substrates was achieved by four different
channels (enzymes, NADH, quinone, pyruvate + formate) with
equal flow-rate controlled by peristaltic pumps (30 µL min-1,
i.e. residence time) 100 min). The outflux solution was passed
continuously through a spectrophotometer cuvette to measure
the absorbances at 340 and 408 nm for further determination
of the NADH and quinone concentrations from the following
relationships, with ✏340,Q ) 681 and ✏408,Q ) 681 M-1 cm-1:

The pyruvate concentration was also determined (end point
method) from absorbance measurements at 374 nm after 1 min
incubation with 0.2 M phenylhydrazine. Preliminary controls
have confirmed that there are no detectable cross reactions
between phenylhydrazine, quinone, formate, and lactate.
Numerical Procedures. The bifurcation diagrams (detection

and continuation of singularities) were computed by using the
software package AUTO9 complemented with a Rosenbrock
method of integration.10

Results and Discussion
Description of the Model. The bicyclic multienzyme system

under study is depicted and detailed in Figure 1. All reactions
take place in a flow-through reaction chamber maintained at a
constant volume, i.e. with equal in- and outflux flow-rates. The
inlet solution contains only pyruvate (Prv), NADH, and quinone
(Qox, oxidized form) with fixed concentrations ([Prv]0, [NADH]0,
and [Q]0) along with the enzymes. The outlet solution contains
all the metabolites (and enzymes). Within the reaction chamber,
pyruvate and NADH are oxidized into lactate (Lac) and NAD,
respectively, by lactate dehydrogenase, LDH. Pyruvate inhibits
its own degradation by LDH (minus sign). In the presence of
formate at saturating concentrations (>10Km, under our experi-

mental conditions), NAD is reduced in turn into NADH by
formate dehydrogenase, FDH, with the production of CO2. The
oxidized form of the quinone, Qox, and lactate are reoxidized
and reduced into pyruvate and Qred, respectively, by flavo-
cytochrome b2, Fcytb2. Therefore, the evolution of the various
metabolite concentrations in the reactor can be described by a
set of three differential equations, set to zero at steady state,
and taking into account the actual reaction rates, as determined
under our experimental conditions, and the various metabolite
fluxes throughout the reactor.

Provided that there is no influx of lactate, NAD, and Qred within
the reactor, equation system (1) is complemented with the
following mass conservation equations,

where R stands for the residence time within the reactor [)(in
and out) flow-rate/volume] and subscript 0 refers to the influx
concentrations.
Derivation of the Individual Enzyme Rate Equations.

L-Lactic dehydrogenase catalyses reversibly11 the reaction

with an equilibrium constant equal to 1.8⇥ 10-6 at pH 7. Under
our experimental conditions, the enzyme operates irreversibly
toward the right-hand side (oxidation and reduction of NADH
and Prv, respectively). Indeed, the further oxidation and
reduction of the products Lac and NAD, respectively, proceed
through irreversible enzymic steps (see below).
The enzyme follows a sequential ordered mechanism with

substrate inhibition by pyruvate:

where VM,LDH is the maximal activity proportional to enzyme
concentration, KmNADH and KmPrv (13 and 29 mM, respectively)
are the Michaelis constants for NADH and pyruvate, respec-
tively, and KIPrv (2 mM) is the inhibition constant for pyruvate.
Kia (83 µM) is a complex kinetic constant.
FlaVocytochrome b2 oxidizes lactate (Lac) into pyruvate in

the presence of 2-(hydroxymethyl)-6-methoxy-1-4-benzoquinone
(Q, oxidized form) and is inhibited noncompetitively by
pyruvate:

where VM,FCytb2 is the maximal activity of the enzyme; Kmlac
and KmQ (0.25 mM and 60 µM, respectively) are the Michaelis
constants for lactate and quinone, respectively.

Figure 1. Model bicyclic multienzyme system (see text for details).

[NADH] ) (A340 - A408)/✏340,NADH and [Q] ) A408/✏408,Q
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to this aspect basically deal with theoretical approaches 
or predictions. Studying analytically a Monod-Jacob 
model for induction and repression, Babloyantz and 
Nicolis [24] have shown that, if due to temporary 
metabolic advantages, a pathway is in a situation where 
it has a head start, all the other pathways will be in- 
hibited permanently. Hahn et al. [25], when consider- 
ing the dynamic behavior of a simple compartmental- 
ized michaelian enzyme in which the product of the 
reaction alters the supply of substrate, mention some 
conditions under which irreversible transitions may oc- 
cur. Later on, the same authors again take up this con- 
cept in order to attempt a plausible interpretation for 
the growth of crown gall tumors (personal communi- 
cation). 

Our aim in the present work is to show experimental- 
ly that in a simple model substrate cycle such irreversi- 
ble transitions can be observed in the absence of any 
drastic constraints imposed on the enzyme kinetic pro- 
perties and/or the parameter values. 

1.2. Model vs experimental 
Our goal is to illustrate experimentally certain par- 

ticular dynamics behaviors of a previously described 
model cycle; we will first recall briefly its main features 
and conditions of validity. Two metabolites, S1 and SZ, 
bounded by moiety-conservation (Sr + Sz = ST) are 
converted in a cyclic manner by two enzymes, El and 
E2. Enzyme El is inhibited by an excess of its substrate 
Sl. Because both enzymes require different 
cosubstrates, A and C, the two pathways are ther- 
modynamically favorable at the same time. The enzyme 
kinetics are supposed to be zero-order with respect to 
their cosubstrates. In that cycle, the two control 
parameters are (1) the moiety total concentration, ST, 
and (2) the ratio, V, of the interconverting enzymes’ 
maximal activities. Monostability and reversible 
bistability (hysteresis) can be observed when either Sr 
or V are varied. Irreversible transitions occur when and 
only when Sr is taken as the control parameter. The on- 
ly kinetic requirement is that the maximal activity of 

Fig. 1. The model minimal cycle and the experimental system under 
investigation. 

the non-inhibited enzyme (E2) is lower than the optimal 
activity of the inhibited one (Ei). 

The model experimental system we have chosen is the 
interconversion of the moiety ATP/ADP (Sr/S2) by en- 
zymes phosphofructokinase (PFK = Ei) and pyruvate 
kinase (PK = E2). Enzyme PFK exhibits an important 
inhibition by excess of its substrate, ATP. The standard 
Gibbs free energies (AC”‘) of the reactions catalyzed 
by PFK (ATP + F-6-P --t ADP + F- 1,6-dip) and PK 
(ADP + PEP - ATP + Pyr) are -3.4 and 
-7.5 kcal. mol-‘, respectively. In order to ensure that 
cosubstrates, F6P (A) and PEP (C) are present at a con- 
stant level during the time course of the reactions prior 
to reach the steady-states, their initial concentrations 
are large with respect to their K,,,s. The minimum model 
cycle and the experimental system are depicted in 
Fig. 1. 

2. MATERIALS AND METHODS 

2.1. Individual enzyme activity measurements 
All the kinetic studies to he presented were carried out in a freshly 

prepared sodium phosphate buffer, 0.1 mM, pH 6.8 (working buf- 
fer), at 20°C. Enzymes and chemicals (analytical grades) were pur- 
chased from Sigma Co. 

The initial activity dependence of pyruvate kinase (PK; EC 
2.7.1.40, from rabbit muscle) as a function of ADP was studied by 
using the pyruvate coupled assay. Measurements were performed in 
the presence of 5 mM phosphoenol pyruvate (PEP), 1 mM MgC12 
and 0.3 mM NADH. The reaction was initiated by introduction of 
1.5 and 3 IU .ml-’ PK and lactic dehydrogenase (LDH; EC 
1.1-l .28), respectively. 

For phosphofructokinase (PFK; EC 2.7.1.1, from rabbit muscle), 
the kinetic measurements were made by using the aldolase (ALD; EC 
4.1.2.13)/triosephosphate isomerase (TPI; EC 5.3.1.l)/glycerol-3- 
phosphate dehydrogenase (NAD+) (G-3-PdH; EC 1.1.1.8) coupled 
assay, in the presence of 1 mM MgC12, 1.1 mM F-6-P and 0.3 mM 
NAD+. The amounts of the three coupling enzymes were lo-50-fold 
the maximal PFK activity, i.e. 0.07, 0.7, 3 and 3 IU.ml-’ for PFK, 
ALD, TPI and G-3-PdH, respectively. The increase in the NAD+ 
concentration is followed at 340 nm. 

The concentrations of F-6-P (PFK) and PEP (PK) were chosen 
such that the enzymes operate under zero-order conditions with 
respect to these substrates ([F-6-P] = 16 K,,, and [PEP] = 45 K,). 

2.2. Operation of the complete cycle 
The kinetic studies dealing with the complete bienzyme cycle, in- 

cluding PFK and PK, were carried out in a thermostated closed reac- 
tor (12 ml) containing F-6-P 1.1 mM, PEP 5 mM, and MgCla 1 mM. 
Samples (0.5 ml) are taken at regular intervals, then diluted in a solu- 
tion of acetonitrile/working buffer (1: 2 v/v) up to a final volume of 
2 ml, in order to stop the reactions. The samples can thus be stored 
congealed at -20°C. The steady-states are supposed to be attained 
when the difference in the ATP (ADP) concentrations between two 
consecutive samples is less than 5%. 

2.3. HPLC nucleosides determination 
The samples were centrifuged for 5 min at 2000 x g, and the super- 

natant was then filtered on a Millex filter (0.4 pm). A 100 pl aliquot 
of the filtrate was injected through an automatic sampler (WISP, 
Waters) into a SAXrBondapak Waters column, using a radical com- 
pressor module (8 x 10 Waters) under isocratic conditions. The elu- 
tion solution is made of KH2P04 0.25 M and KC1 0.5 M at pH 4.0. 
Nucleoside mono-, di- and triphosphates were detected spec- 
trophotometrically at 260 nm (LS Waters detector). Total elution was 
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Metabolism as an electron flow system

Cell-level Multi cell-levelEnzyme-levelThermodynamics is the only physical theory of 
universal content, which I am convinced, that 
within the framework of applicability of its basic 
concepts will never be overthrown!
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