
10
.
S
eq
ue
nt
ia
lm

et
ab
ol
ic
ph
as
es

�
M
et
ab

ol
is
m
ad

ap
ts
to

ch
an

gi
ng

en
vi
ro
nm

en
ts
.

�
E
ve
n
in
co
ns
ta
nt

en
vi
ro
nm

en
ts
,m

et
ab

ol
is
m
ex
hi
bi
ts
ch
an

ge
s

in
en

zy
m
e
ac
tiv
ity
.

�
S
ig
ni
fic
an

tm
et
ab

ol
ic
al
te
ra
tio
ns

du
rin

g
ce
ll
cy
cl
e.

Va
n

D
oo

rn
,
et

al
.

(1
98

8)
C
ha

ng
es

in
ac
tiv
iti
es

of
se
ve
ra
l

en
zy
m
es

in
vo
lv
ed

in
ca
rb
oh
yd
ra
te

m
et
ab

ol
is
m

du
rin

g
th
e

ce
ll
cy
cl
e

of
S
.
ce
re
vi
si
ae
,

J.
B
ac
te
rio

lo
gy
.

17
0,

48
08

-1
5.

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
73

/9
1

W
or
ki
ng

hy
po
th
es
is

P
al
in
ka
s/
B
ul
ik
/B
oc
km

ay
r/H

ol
zh
üt
te
r1

5

S
w
itc
hi
ng

be
tw
ee

n
pa

th
w
ay
s
m
ay

im
pr
ov
e
ov
er
al
le
ffi
ci
en

cy
:

Th
e
ou

tp
ut

is
pr
od

uc
ed

by
a
si
ng

le
flu
x
m
od

e,
us
in
g
al
l
re
ac
tio
ns
.

Tw
o
co
ns
ec
ut
iv
e
flu
x
m
od

es
pr
od

uc
e

th
e
ou

tp
ut

w
ith

hi
gh

er
flu
x
ra
te
s.

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
74

/9
1

W
he
n
is
th
is
po
ss
ib
le
?

�
A
ss
um

e
m
et
ab

ol
ic
ne

tw
or
k
w
ith

in
te
rn
al
m
et
ab

ol
ite
s

M
#
an

d
ou

tp
ut

m
et
ab

ol
ite
s

M
∗ ,
fo
rw

hi
ch

th
er
e
is
a
de

m
an

d
Γ
.

�
A
flu
x
m
od

e
v
w
hi
ch

is
ex
ec
ut
ed

fo
rs
om

e
tim

e
τ
≥
0
sa
tis
fie
s

th
e
de

m
an

d
if

τ
·S
∗ v
≥
Γ
.

�
Tw

o
flu
x
m
od

es
v1

,v
2
w
hi
ch

ar
e
ex
ec
ut
ed

co
ns
ec
ut
iv
el
y
fo
r

tim
e

τ 1
re
sp
.τ

2
sa
tis
fy
th
e
de

m
an

d
if

τ 1
·S
∗ v

1
+

τ 2
·S
∗ v

2
≥
Γ
.

�
C
an

w
e
be

m
or
e
ef
fic
ie
nt

w
ith

tw
o
flu
x
m
od

es
v1

,v
2
th
an

w
ith

on
e
flu
x
m
od

e
v
?

�
In

an
FB

A
co
nt
ex
t,
th
is
is
no

tp
os
si
bl
e,
si
nc
e
w
e
m
ay

al
w
ay
s

ch
oo

se
v
=

τ 1
τ 1
+

τ 2
v1

+
τ 2

τ 1
+

τ 2
v2
,w

hi
ch

ha
s
th
e
sa
m
e
ef
fic
ie
nc
y

τ
=

τ 1
+

τ 2
.

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
75

/9
1

Ill
us
tra

tin
g
th
e
pr
in
ci
pl
e

A
ss
um

e
0
≤

v
≤

ub
/|s

up
p(

v)
|,i
.e
.,
flu
x
bo

un
d
de

pe
nd

s
on

nu
m
be

ro
fa

ct
iv
e
re
ac
tio
ns
.

de
m
an

d
of

m
et
ab

ol
ite

pr
od

uc
tio
n:

10
10

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
76

/9
1



Ill
us
tra

tin
g
th
e
pr
in
ci
pl
e

A
ss
um

e
flu
x
bo

un
ds

0
≤

v
≤

ub
/|s

up
p(

v)
|,

he
re

ub
=
40

.

To
sa
tis
fy

de
m
an

d,
ne

ed
1.
25
·v

1
+
1.
25
·v

2 ,
i.e
.,

τ
=
2.
5.

ou
tp
ut
:
8

ou
tp
ut
:
8

ub
|su

pp
(v

1
)|
=

40 5
=
8

ub
|su

pp
(v

2
)|
=

40 5
=
8

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
77

/9
1

Ill
us
tra

tin
g
th
e
pr
in
ci
pl
e

A
ss
um

e
flu
x
bo

un
ds

0
≤

v
≤

ub
/|s

up
p(

v)
|,

he
re

ub
=
40

.

To
sa
tis
fy

de
m
an

d,
ne

ed
4
·v

3 ,
i.e
.,

τ
=
4.

ou
tp
ut
:
2.
5

ou
tp
ut
:
2.
5

ub
|su

pp
(v

3
)|
=

40 8
=
5

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
78

/9
1

M
od
el
in
g
ap
pr
oa
ch

ri
bo

ge
ne

en
zy

m
e

re
ac

tio
n

ge
ne

ex
pr
es
si
on

g j

en
zy
m
e

am
ou

nt
E

j

re
ac
tio
n

flu
x

v j
≤

kc
j·E

j

B
as
ic
as
su
m
pt
io
n:

To
ta
la
m
ou

nt
of

pr
ot
ei
n
in
th
e
ce
ll
is
lim

ite
d.

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
79

/9
1

S
ha
rin

g
av
ai
la
bl
e
en
zy
m
es

�
S
yn
th
es
is
an

d
de

gr
ad

at
io
n
of

j-
th

en
zy
m
e:

dE
j/

dt
=

g j
ks

j
A
−

kd
j
E

j,

w
he

re
A
is
th
e
to
ta
lm

as
s
of

fre
e
am

in
o
ac
id
s.

�
S
te
ad

y-
st
at
e
co
nd

iti
on

:

E
j
=

g j
A

η j
,
w
ith

η j
=

ks
j/

kd
j.

�
A
ss
um

e
fix
ed

to
ta
lm

as
s
of

am
in
o
ac
id
s

A
to

t
=

A
+

∑
E

iγ
i
[ =

A
+

∑
(g

iA
η i
)γ

i
=

A
(1

+
∑

g i
γ i

η i
)
] ,

w
he

re
γ i
is
th
e
m
ol
ec
ul
ar

m
as
s
of

th
e

i-
th

en
zy
m
e.

�
R
es
ul
tin
g
up

pe
rb

ou
nd

:

v j
≤

kc
j·E

j
=

kc
j
·A

to
t

g j
η j

1
+

∑
ig

iγ
iη

i

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
80

/9
1



O
pt
im
iz
in
g
ce
llu
la
ro

ut
pu
t

�
In
te
rn
al
m
et
ab

ol
ite
s

M
#
,o

ut
pu

tm
et
ab

ol
ite
s

M
∗ ,
al
lr
ea

ct
io
ns

irr
ev
er
si
bl
e.

�
A
ss
um

e
ce
ll
ha

s
to

pr
od

uc
e
a
ce
rt
ai
n
am

ou
nt

Γ
of

ou
tp
ut

m
et
ab

ol
ite
s

M
∗ .

�
A
llo
w
us
in
g
up

to
lfl
ux

m
od

es
v1

,.
..
,v

l
in

lc
on

se
cu
tiv
e
tim

e
in
te
rv
al
s
of

le
ng

th
τ 1
,.
..
,τ

l.
�
O
ut
pu

ti
n

k-
th

tim
e
in
te
rv
al
:

τ k
·S
∗ v

k

�
G
oa

l:
M
in
im
iz
e
th
e
to
ta
lt
im
e

τ 1
+
···

+
τ l
ne

ed
ed

to
pr
od

uc
e
Γ
.

�
Lo
w
er

bo
un

ds
lb
≥
0
(m

in
im
um

ac
tiv
ity

of
ce
rt
ai
n
re
ac
tio
ns
).

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
81

/9
1

N
on
-li
ne
ar

m
ix
ed

0-
1
op
tim

is
at
io
n
pr
ob
le
m

m
in

l ∑ k=
1

τ k

S
#

vk
=
0,

l ∑ k=
1

τ k
S
∗ v

k
≥
Γ
,

lb
j
≤

vk j
≤

kc
j·A

to
t

g j
η j

1
+

∑
ig

iγ
iη

i,

l∈
N
,
k
=
1,
..
.,

l,
j=

1,
..
.,

n,

τ k
∈
R
≥0

,
vk
∈
R

n
,
gk
∈
{ 0

,1
}n

.

�
ca
n
be

re
fo
rm

ul
at
ed

as
m
ix
ed

0-
1
qu

ad
ra
tic

pr
og
ra
m
(M

IQ
P
).

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
82

/9
1

M
od
el
in
g
ge
ne

ex
pr
es
si
on

le
ve
ls

�
g
∈
[0
,1
]n
:
fin
e
tu
ni
ng

of
ge

ne
s

(s
im
ila
rt
o
FB

A
w
ith

M
ol
ec
ul
ar

C
ro
w
di
ng

,c
f.
B
eg

et
al
.2

00
7)

�
fe
as
ib
le
re
gi
on

is
co
nv
ex

�
no

im
pr
ov
em

en
tp

os
si
bl
e
th
ro
ug

h
sw

itc
hi
ng

�
g
∈
{0

,1
}n
:
ge

ne
s
sw

itc
he

d
on

or
of
fi
nd

iv
id
ua

lly
.

�
g
∈

U
⊂
{0

,1
}n
:
ge

ne
s
sw

itc
he

d
on

or
of
fi
n
fu
nc
tio
na

lg
ro
up

s,
�

bi
ol
og

ic
al
ly
m
or
e
m
ea

ni
ng

fu
l

(e
.g
.c
om

m
on

tra
ns
cr
ip
tio
n
fa
ct
or
s)

�
m
ay

us
e
M
in
M
od

es
(H
of
fm
an

n
et

al
.2

00
6)

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
83

/9
1

To
y
ex
am

pl
e

�
Im
pr
ov
em

en
tb
y
sw

itc
hi
ng

de
pe
nd
s
on

pa
ra
m
et
er

va
lu
es
.

�
R
an
do
m
sa
m
pl
in
g
gi
ve
s
im
pr
ov
em

en
ti
n
83
%

of
th
e
ca
se
s.

�
H
ig
he
ri
m
pr
ov
em

en
ti
fm

or
e
pr
ot
ei
n
is
sp
en
td
ow

ns
tre

am
.

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
84

/9
1



B
io
m
as
s
in
ce
nt
ra
lc
ar
bo
n
m
et
ab
ol
is
m

GS
SG

 

GS
H 

(2
) 

N
AD

PH
 

N
AD

P 

Gl
c6

P 

6P
G 

Ru
5P

 

X5
P 

R5
P 

Gr
aP

 

S7
P 

E4
P 

Fr
u6

P 

Gl
c 

Fr
u6

P 
Fr

u1
,6

P 2
 

Gr
aP

 
1,

3P
2G

 
3P

G 

2P
G 

Py
r 

N
AD

 
N

AD
H 

La
c 

Ac
Co

A 

1 
FA

D 
3 

N
AD

 

1 
FA

DH
 

3 
N

AD
H

 GD
P 

GT
P 

AD
P 

AT
P 

O
2 (2

) 
AD

P 

AT
P (8

) (8
) 

DH
AP

 
Gl

yc
er

ol
3P

 

pa
lm

ita
te

 
(3

) 

TR
IG

LY
CE

RI
DE

S 

O
A 

Ci
tr

at
e 

Gl
c1

P 

UD
P-

Gl
c 

GL
YC

O
GE

N
 

(8
) 

7 
AT

P 
14

 N
AD

PH
 

7 
AD

P 
14

 N
AD

P 
8 

Co
A.

SH
 

La
c 

Gl
c 

O
2 

2 
H 2

O
 

PR
PP

 

AT
P 

AM
P 

AD
P 

AD
P 

N
UC

LE
IC

 A
CI

DS
 

O
XI

DA
TI

VE
  

ST
RE

SS
 

                    GE
N

ER
AL

 
EN

ER
GY

 
UT

IL
IZ

AT
IO

N
 

PR
O

TE
IN

S 

2 
P 

UT
P 

AD
P 

AT
P 

AT
P 

AD
P 

AT
P 

AD
P 

AD
P 

AT
P PE

P 

AD
P 

AT
P 

GT
P 

GD
P 

AT
P 

AD
P 

N
AD

 

N
AD

H 

N
AD

PH
 

N
AD

P 

UD
P 

UT
P 

3 
AT

P 3 
AM

P 
2 

P 

G
lc

T 
H

K 

G
6P

as
e 

G
PI

 
PF

K FB
P 

A
LD

 
TI

M
 G

A
PD

H
 

PG
K 

PG
M

 

EN
 

PK
 

LD
H

 
La

cT
 

N
D

PK
 

G
1P

I 

U
G

T 

G
S 

G
SS

G
R 

G
6P

D
 

6P
G

D
 

EP
 

KI
 

TK
 

TA
 A
K 

PR
PP

S 

TG
S 

FA
S 

TC
A

 
CS

 
N

D
PK

 
O

XP
 

G
PD

H
 

PC
 

PD
H

 

PE
PC

K 

TK
2 

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
85

/9
1

O
pt
im
al
M
in
M
od
e
so
lu
tio
ns

S
w
itc
hi
ng

M
in
M
od
es

O
n
an
d
O
ff

S
ub

l
∑

τ 1
τ 2

τ 3
τ 4

#
re
ac
tio
n

sw
itc
he
s

#
ac
tiv
e

re
ac
tio
ns

gl
c,

1
7.
40
5h

0
41

la
c

2
5.
54
4h

2.
30
2h

3.
24
2h

14
29
,4
3

3
4.
80
5h

2.
42
9h

0.
17
6h

2.
20
1h

26
(1
4/
12
)

35
,4
1,
29

4
4.

79
2h

2.
21

4h
0.

09
8h

0.
11

8h
2.

36
2h

26
(8

/8
/1

0)
29

,3
7,

41
,3

5
gl
c

1
10
.7
00
h

0
41

2
7.
96
7h

0.
20
3h

7.
76
4h

9
38
,3
5

3
7.
63
1h

0.
23
9h

5.
83
2h

1.
55
9h

11
(8
/3
)

39
,3
5,
32

4
7.
60
7h

0.
07
1h

1.
38
6h

6.
02
9h

0.
12
1h

14
(4
/3
/7
)

32
,3
2,
35
,3
6

la
c

1
7.
40
5h

0
41

2
5.
94
2h

0.
72
8h

5.
21
4h

7
40
,3
5

3
5.
84
5h

2.
68
8h

2.
42
9h

0.
72
8h

9
(2
/7
)

33
,3
5,
40

4
5.
76
4h

0.
21
0h

2.
68
8h

2.
42
9h

0.
43
7h

10
(3
/2
/5
)

36
,3
3,
35
,3
8

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
86

/9
1

Fi
rs
tM

in
M
od
e
so
lu
tio
n

GS
SG

 

GS
H 

(2
) 

N
AD

PH
 

N
AD

P 

Gl
c6

P 

6P
G 

Ru
5P

 

X5
P 

R5
P 

Gr
aP

 

S7
P 

E4
P 

Fr
u6

P 

Gl
c 

Fr
u6

P 
Fr

u1
,6

P 2
 

Gr
aP

 
1,

3P
2G

 
3P

G 

2P
G 

Py
r 

N
AD

 
N

AD
H 

La
c 

Ac
Co

A 

1 
FA

D 
3 

N
AD

 

1 
FA

DH
 

3 
N

AD
H

 GD
P 

GT
P 

AD
P 

AT
P 

O
2 (2

) 
AD

P 

AT
P (8

) (8
) 

DH
AP

 
Gl

yc
er

ol
3P

 

pa
lm

ita
te

 
(3

) 

TR
IG

LY
CE

RI
DE

S 

O
A 

Ci
tr

at
e 

Gl
c1

P 

UD
P-

Gl
c 

GL
YC

O
GE

N
 

(8
) 

7 
AT

P 
14

 N
AD

PH
 

7 
AD

P 
14

 N
AD

P 
8 

Co
A.

SH
 

La
c 

Gl
c 

O
2 

2 
H 2

O
 

PR
PP

 

AT
P 

AM
P 

AD
P 

AD
P 

N
UC

LE
IC

 A
CI

DS
 

O
XI

DA
TI

VE
  

ST
RE

SS
 

                    GE
N

ER
AL

 
EN

ER
GY

 
UT

IL
IZ

AT
IO

N
 

PR
O

TE
IN

S 

2 
P 

UT
P 

AD
P 

AT
P 

AT
P 

AD
P 

AT
P 

AD
P 

AD
P 

AT
P PE

P 

AD
P 

AT
P 

GT
P 

GD
P 

AT
P 

AD
P 

N
AD

 

N
AD

H 

N
AD

PH
 

N
AD

P 

UD
P 

UT
P 

3 
AT

P 3 
AM

P 
2 

P 

G
lc

T 
H

K 

G
6P

as
e 

G
PI

 
PF

K FB
P 

A
LD

 
TI

M
 G

A
PD

H
 

PG
K 

PG
M

 

EN
 

PK
 

LD
H

 
La

cT
 

N
D

PK
 

G
1P

I 

U
G

T 

G
S 

G
SS

G
R 

G
6P

D
 

6P
G

D
 

EP
 

KI
 

TK
 

TA
 A
K 

PR
PP

S 

TG
S 

FA
S 

TC
A

 
CS

 
N

D
PK

 
O

XP
 

G
PD

H
 

PC
 

PD
H

 

PE
PC

K 

TK
2 

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
87

/9
1

S
ec
on
d
M
in
M
od
e
so
lu
tio
n

GS
SG

 

GS
H 

(2
) 

N
AD

PH
 

N
AD

P 

Gl
c6

P 

6P
G 

Ru
5P

 

X5
P 

R5
P 

Gr
aP

 

S7
P 

E4
P 

Fr
u6

P 

Gl
c 

Fr
u6

P 
Fr

u1
,6

P 2
 

Gr
aP

 
1,

3P
2G

 
3P

G 

2P
G 

Py
r 

N
AD

 
N

AD
H 

La
c 

Ac
Co

A 

1 
FA

D 
3 

N
AD

 

1 
FA

DH
 

3 
N

AD
H

 GD
P 

GT
P 

AD
P 

AT
P 

O
2 (2

) 
AD

P 

AT
P (8

) (8
) 

DH
AP

 
Gl

yc
er

ol
3P

 

pa
lm

ita
te

 
(3

) 

TR
IG

LY
CE

RI
DE

S 

O
A 

Ci
tr

at
e 

Gl
c1

P 

UD
P-

Gl
c 

GL
YC

O
GE

N
 

(8
) 

7 
AT

P 
14

 N
AD

PH
 

7 
AD

P 
14

 N
AD

P 
8 

Co
A.

SH
 

La
c 

Gl
c 

O
2 

2 
H 2

O
 

PR
PP

 

AT
P 

AM
P 

AD
P 

AD
P 

N
UC

LE
IC

 A
CI

DS
 

O
XI

DA
TI

VE
  

ST
RE

SS
 

                    GE
N

ER
AL

 
EN

ER
GY

 
UT

IL
IZ

AT
IO

N
 

PR
O

TE
IN

S 

2 
P 

UT
P 

AD
P 

AT
P 

AT
P 

AD
P 

AT
P 

AD
P 

AD
P 

AT
P PE

P 

AD
P 

AT
P 

GT
P 

GD
P 

AT
P 

AD
P 

N
AD

 

N
AD

H 

N
AD

PH
 

N
AD

P 

UD
P 

UT
P 

3 
AT

P 3 
AM

P 
2 

P 

G
lc

T 
H

K 

G
6P

as
e 

G
PI

 
PF

K FB
P 

A
LD

 
TI

M
 G

A
PD

H
 

PG
K 

PG
M

 

EN
 

PK
 

LD
H

 
La

cT
 

N
D

PK
 

G
1P

I 

U
G

T 

G
S 

G
SS

G
R 

G
6P

D
 

6P
G

D
 

EP
 

KI
 

TK
 

TA
 A
K 

PR
PP

S 

TG
S 

FA
S 

TC
A

 
CS

 
N

D
PK

 
O

XP
 

G
PD

H
 

PC
 

PD
H

 

PE
PC

K 

TK
2 

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
88

/9
1



Th
ird

M
in
M
od
e
so
lu
tio
n

GS
SG

 

GS
H 

(2
) 

N
AD

PH
 

N
AD

P 

Gl
c6

P 

6P
G 

Ru
5P

 

X5
P 

R5
P 

Gr
aP

 

S7
P 

E4
P 

Fr
u6

P 

Gl
c 

Fr
u6

P 
Fr

u1
,6

P 2
 

Gr
aP

 
1,

3P
2G

 
3P

G 

2P
G 

Py
r 

N
AD

 
N

AD
H 

La
c 

Ac
Co

A 

1 
FA

D 
3 

N
AD

 

1 
FA

DH
 

3 
N

AD
H

 GD
P 

GT
P 

AD
P 

AT
P 

O
2 (2

) 
AD

P 

AT
P (8

) (8
) 

DH
AP

 
Gl

yc
er

ol
3P

 

pa
lm

ita
te

 
(3

) 

TR
IG

LY
CE

RI
DE

S 

O
A 

Ci
tr

at
e 

Gl
c1

P 

UD
P-

Gl
c 

GL
YC

O
GE

N
 

(8
) 

7 
AT

P 
14

 N
AD

PH
 

7 
AD

P 
14

 N
AD

P 
8 

Co
A.

SH
 

La
c 

Gl
c 

O
2 

2 
H 2

O
 

PR
PP

 

AT
P 

AM
P 

AD
P 

AD
P 

N
UC

LE
IC

 A
CI

DS
 

O
XI

DA
TI

VE
  

ST
RE

SS
 

                    GE
N

ER
AL

 
EN

ER
GY

 
UT

IL
IZ

AT
IO

N
 

PR
O

TE
IN

S 

2 
P 

UT
P 

AD
P 

AT
P 

AT
P 

AD
P 

AT
P 

AD
P 

AD
P 

AT
P PE

P 

AD
P 

AT
P 

GT
P 

GD
P 

AT
P 

AD
P 

N
AD

 

N
AD

H 

N
AD

PH
 

N
AD

P 

UD
P 

UT
P 

3 
AT

P 3 
AM

P 
2 

P 

G
lc

T 
H

K 

G
6P

as
e 

G
PI

 
PF

K FB
P 

A
LD

 
TI

M
 G

A
PD

H
 

PG
K 

PG
M

 

EN
 

PK
 

LD
H

 
La

cT
 

N
D

PK
 

G
1P

I 

U
G

T 

G
S 

G
SS

G
R 

G
6P

D
 

6P
G

D
 

EP
 

KI
 

TK
 

TA
 A
K 

PR
PP

S 

TG
S 

FA
S 

TC
A

 
CS

 
N

D
PK

 
O

XP
 

G
PD

H
 

PC
 

PD
H

 

PE
PC

K 

TK
2 

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
89

/9
1

Fo
ur
th
M
in
M
od
e
so
lu
tio
n

GS
SG

 

GS
H 

(2
) 

N
AD

PH
 

N
AD

P 

Gl
c6

P 

6P
G 

Ru
5P

 

X5
P 

R5
P 

Gr
aP

 

S7
P 

E4
P 

Fr
u6

P 

Gl
c 

Fr
u6

P 
Fr

u1
,6

P 2
 

Gr
aP

 
1,

3P
2G

 
3P

G 

2P
G 

Py
r 

N
AD

 
N

AD
H 

La
c 

Ac
Co

A 

1 
FA

D 
3 

N
AD

 

1 
FA

DH
 

3 
N

AD
H

 GD
P 

GT
P 

AD
P 

AT
P 

O
2 (2

) 
AD

P 

AT
P (8

) (8
) 

DH
AP

 
Gl

yc
er

ol
3P

 

pa
lm

ita
te

 
(3

) 

TR
IG

LY
CE

RI
DE

S 

O
A 

Ci
tr

at
e 

Gl
c1

P 

UD
P-

Gl
c 

GL
YC

O
GE

N
 

(8
) 

7 
AT

P 
14

 N
AD

PH
 

7 
AD

P 
14

 N
AD

P 
8 

Co
A.

SH
 

La
c 

Gl
c 

O
2 

2 
H 2

O
 

PR
PP

 

AT
P 

AM
P 

AD
P 

AD
P 

N
UC

LE
IC

 A
CI

DS
 

O
XI

DA
TI

VE
  

ST
RE

SS
 

                    GE
N

ER
AL

 
EN

ER
GY

 
UT

IL
IZ

AT
IO

N
 

PR
O

TE
IN

S 

2 
P 

UT
P 

AD
P 

AT
P 

AT
P 

AD
P 

AT
P 

AD
P 

AD
P 

AT
P PE

P 

AD
P 

AT
P 

GT
P 

GD
P 

AT
P 

AD
P 

N
AD

 

N
AD

H 

N
AD

PH
 

N
AD

P 

UD
P 

UT
P 

3 
AT

P 3 
AM

P 
2 

P 

G
lc

T 
H

K 

G
6P

as
e 

G
PI

 
PF

K FB
P 

A
LD

 
TI

M
 G

A
PD

H
 

PG
K 

PG
M

 

EN
 

PK
 

LD
H

 
La

cT
 

N
D

PK
 

G
1P

I 

U
G

T 

G
S 

G
SS

G
R 

G
6P

D
 

6P
G

D
 

EP
 

KI
 

TK
 

TA
 A
K 

PR
PP

S 

TG
S 

FA
S 

TC
A

 
CS

 
N

D
PK

 
O

XP
 

G
PD

H
 

PC
 

PD
H

 

PE
PC

K 

TK
2 

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
90

/9
1

D
is
cu
ss
io
n

�
R
es
ul
ts
de

pe
nd

on
th
e
pa

ra
m
et
er

va
lu
es
,b
ut

th
e
be

ne
fit
of

sw
itc
hi
ng

is
pe

rs
is
te
nt
.

�
N
o
im
pr
ov
em

en
ti
ff
ea

si
bl
e
re
gi
on

is
co
nv
ex
.

�
M
in
M
od

e
so
lu
tio
ns

(U
�
{0

,1
}n
)
bi
ol
og

ic
al
ly
m
or
e
re
al
is
tic
.

�
N
um

be
ro

fp
at
hw

ay
s
in
an

op
tim

al
so
lu
tio
n
ca
n
be

bo
un

d
by

nu
m
be

ro
fo

ut
pu

tm
et
ab

ol
ite
s
(l
≤
|M

∗ |)
.

�
M
IQ
P
re
m
ai
ns

di
ffi
cu
lt
to

so
lv
e.

A
.B

oc
km

ay
r,
M
et
ab

ol
ic
N
et
w
or
ks
,7

Ju
ly
20

16
91

/9
1


