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Iterated flux balance analysis

Varma/Palsson 1994
Flux balance model
Sv=>b
(b net metabolic uptake)
Objective
minimize Z = —vgouth

v U .
S dy M 5T biomass
allm

Divide experimental time into small time steps At.

Specify initial values for external concentrations.

Use flux balance model to predict concentrations for the next
step ( ‘ dynamic profiles).
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Iterative algorithm
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Regulatory constraints

1. Determine substrate concentration S, from previous substrate
concentration S, and additional supply:

ly-At
Se = Sco + sup\[?o;?

2. Scale substrate concentration

0— S
Substr_avail = &7

(X is the cell density)

3. Use FBA to determine actual substrate uptake rate S,, growth rate p,
and potential by-product secretion.

4. Compute new concentrations

X=X = X=X At

aastc == —SuX = SC - SCO+%XO(1 —BI'LAt)

trans = IF (G) AND NOT (B)

rxn = IF (A) AND (E)

Gene G is transcribed by a process trans to produce an enzyme E.

This enzyme then catalyses a reaction rxn which converts substrate A
into product B.

Product B then represses transcription of G, leading to depletion of E.
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Regulatory flux balance analysis (rFBA)
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Simplified core carbon metabolism

Covert/Schilling/Palsson 2001
Refinement of iterative FBA
Divide experimental time into small time steps A t.

Reactions may happen in a given time interval [t,,t,], if corresponding
regulatory constraints are satisfied.

If a regulatory constraint for reaktion k does not hold in [t;,t,], we
impose the temporary constraint

Vi (t) = 0 when t €[t,,t,].

Covert/Schilling/Palsson 2001
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Mathematical model |

Freie Universitat "a" el

Preferential carbon source uptake

Metabolic reactions

—1A=1ATP+1B RI
—1B+2ATP+2NADH +1 ¢ R2a
—1C=2ATP=2NADH+ 1B R2b
—1B+1F R3
-1 C+1G R4
=1 G+08C+2NADH R5a
=1 G+08C+2NADH R35b
=1 C+2ATP+3D R6
—1C—4NADH+ 3 E R7
—IG—IAII’—JN.-\I)H+IH Rsa
+1G+1ATP+2NADH-1 H Ré&h
— 1 NADH -1 O‘ + 1 ATP Rres
Transport processes

— 1 Carbonl +1 A Ter
=1 Carbon2 +1 A Te2
—1Fq+1F T/
—-1D+1D,, Td
—1E+1E,, Te
—1H. 4+ 1H Th
— 1 Oxygen + 1 02 To2

Maintenance and growth processes
—1C=1F—=1H=10ATP + | Biomass Growth

Assume Carbonl to be the preferred carbon source.

Presence of extracellular Carbonl activates a regulatory protein which
inhibits the transcription of the gene which encodes a protein for
transport of Carbon2 into the cell, via a transport process Tc2.

RPcl is the regulatory protein which senses extracellular Carbon1,

tTc2 is the occurrence of a transcription event (which will eventually
result in the protein enabling transport process Tc2 and the relaxation
of one regulatory constraint, vy, = 0).
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RPcl = IF (Carbonl)
tTc2 = IF NOT (RPcl)
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Anaerobic growth

The transcription of many enzymes is regulated according to whether or
not oxygen is available to the cell

Here, the presence of Oxygen will inactivate regulatory protein RPO2,
which inhibits transcription of the genes for Rres and R5a but induces
transcription of the gene for R5b.

R5a and R5b are reactions catalyzed by isozymes.
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Amino acid biosynthesis pathway repression

RPO2 = IF NOT (Oxygen)
tRres = IF NOT (RPO2)
tR5a = IF NOT (RPO2)
tR5b = IF (RPO2).
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The transcription of amino acid biosynthesis genes is often induced by a
low intracellular concentration.

Since intracellular concentrations cannot be determined by FBA, use
fluxes to approximate the regulation.

Metabolite H represents the amino acid, and can be made by the cell
via reaction R8a or transported from the extracellular media through
transport process Th.

For the regulatory structure, Th will be used to activate RPh which will
repress transcription of the gene encoding R8a.

RPh = IF (vq, > 0),
tR8a = IF NOT (RPh).
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Maintain concentrations

Transcriptional regulation maintains concentration levels of important
metabolites.

The activation or repression of these genes depends on the level of B in
the cell.

Use a flux rather than concentration to turn off an enzyme.

Choose R2b as the determining factor; it will activate RPb which in turn
will inactivate tR2a and tR7.
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Mathematical model 11

RPb = IF (Vg > 0),
tR2a = IF NOT (RPb),
tR7 = IF NOT (RPb).
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Reaction Name Regulation

Metabolic reactions

1A~ 1LATP + 1 B Ri
—1B+2ATP +2NADH + 1 ¢ R2a IF NOT{RP)
1 C—2ATP—2NADH +1 8 R2b
—1B+1F R:
1C+1G R4
—1G+08C+2NADH Ria IF NOT (RPO2)
1 G+ 08C+2NADH Rsh IF RPO2
—1C+2ATP 43D Ré
— 1 C—4NADH + 3 E R7 IF NOT (RP'b)
1G—~ 1ATP - 2NADH + 1 H Résa IF NOT (RFPh)
+1 G+ 1TATP 42 NADH — 1 I RSb
— I NADH — 1 02 + 1 ATP Rres IF NOT (RPO2)
Transport processes
| Cartonl + 1 A Tel
— 1 Carbon? +1 4 Te2 IF NOT{RPcI)
—1Fu+1F Tf
1D+ 1D, Td
—1E+1E,, Te
IH,, +1H Th
— 1 Oxygen + 102 Ta2

Maintenance and growth processes
I F— 1 H— 10ATP + | Biomass Grawth

Regulatory proteins

RPO? IF NOT{Oxygen)
RPecl IF Carboni
RPh IF (v, = 0)
RPb IF (g = 0)
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Generating dynamic profiles (rFBA)

Covert/Schilling/Palsson 2001

Divide experimental time into small time steps A t.

At a given time point, use linear programming to identify an optimal
metabolic flux distribution (by maximizing the Growth flux).

Using the resulting flux distribution and the conditions of the system in
a previous time step, the conditions of the next time step are calculated
to obtain biomass as well as extracellular substrate and by-product
concentrations.
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Numerical parameter values
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Parameter Value

Maximum transport rates (mmol g-DCW ™' hr™1')

Carbonl 10.5
Carbon2 10.5
D 12.0
E 12.0
F 5.0
H 5.0
0?2 15.0
Protein synthesis/decay delay (hr) 0.25

Iﬂ five simulations to illustrate each regulatory element separately
and in a complex medium
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1. Catabolite repression
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2. Aerobic/anaerobic diauxie
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3. Amino acid biosynthesis 4. Growth on carbon and amino acid
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5. Growth on complex media 5. Growth on complex media (ctd)
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Discussion
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Regulatory constraints and extreme pathways =

1. quantitative dynamic simulation of substrate uptake, cell growth and
by-product secretion;

2. qualitative simulation of gene transcription events and the presence
of proteins in the cell;

3. investigation of the systemic effects of imposing temporary
regulatory constraints on the solution space.

Covert/Palsson 2003

Flux

= Split all internal reversible P “Py
reactions in a metabolic network 5l
| flux cone C becomes pointed.

= Extreme rays of C are called
extreme pathways. o

= Certain extreme pathways may >
not be permitted due to ‘ {15 not permired due 1o

Py

v

regulatory or environmental regulatory constraints
constraints.
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Simplified core carbon metabolism
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Impact of environment

Covert/Schilling/Palsson 2001

Carbon,
Carbon, ™ REACTION WAME  REGULATION
A-ATF =B LIl
B=2ATP < INADH + C R F NOT(RPY)
C+2ATP » 2HADM —B R
B=F -]
C=G R4
GeeQ8C e 2 NADH Rl F NOT (RPaT)
G=0AC»2NADH R0 F RFo2
CaJATP+3D Ll
CedNaDH—3E A7 EnoTRE)
G ATP « 2 NADH = H RS F NOT (RPh)
M= G+ ATF = 2 NADH RS0
NADH + 02— ATP Rres  F NOT (RPaD)
Tranaport Frocesses
Carton! - & Tet
Cartor2 L T2 FNOTRRen)
Fext—F ™
DDt T8
E —Eent Te
Do et ™
Cueygen 02 Te2
frosminty
CoFars 10ATO - Bomass Gl
Proders
APel I NOT|Ouygen)
AT F Carbon
_____ APa FTh
L FRX

Biomass

> 80 extreme pathways (if neglecting regulatory constraints)

Environemonts Reprossed ey Pathways Pathway kst

cc:F o uoo Ru Ry T: X P2, P4, PS, 16, F5, PO, P10, PI2, P29, P3O,
P31, PR PR, P, RIS, P36 PYT, P,
P45, Pab, P4s, P45, P3O, P31, P32
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ail in Fig. 4.
- 25 = 32 possible e F M Rs P, PR, PAL. P42, P43, P P, P,
environments C1 C2 F o R P30 PIL P, PS5 P46, P49 PO
1 C?F Rsy P42, P49, PHO
P 21 extreme pa.thWayS 2 H o2 : R 2, .‘_J‘I%. P, P10, P30, P31, P, P3RS,
P37, P46, P47, PS0, P51
always impossible due & " ow " DAL P, bie, B30 Detsl i Fig. 3
c1 2 Rs. Pz, PS8
to regulatory a o F onom Ren P2 ¥
. Pil
constraints i
. i F oH R, 0 PY, Pa0, P4L, P42, P43, P, P89, P50,
* several environments Psl, P32
. . 1 F o Rap L] P29, P30, P33, P34, PA5, P46, P49, P50
- "l 3 2y 4 41, P42, P49, PO
show (near-)identical a "o k' Ry 14 P2 . Ph, B9 PIO, P30, P31, P34, PIS,
P37, Pd6. PAT, PS0, P51
sets of extreme 1l 1] R s P39, P42, P43, P50, P31
N p p
pf'zlthways. o o o o R 4 3. P34 Pie, S0
= highest number of Lo Ra *
available pathways is CF oM R Rea R 0
26, lowest number is 2. o o R & P62 7L T BT, BT
R Bl . Re e " 9, P11, PSS, P59, PE2, PGL,
P8, P
c2 H R Rie e 3 P67, P70, P71, P78, PP
2 o2 Ry 4 P8, PR2. P74, PTH
2 Rea Rec, b P70, P78
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o
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Growth on C1, C2 and O2
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1] 2] 2] 4]21]22]23]24 2| 3] 4 IR

5| 6] 7] 8|25(26]27]28 s| 6| 7] 8 el

o [10[11]12|20{30[31[32 30[31

13(14]15(16]33(34]35[36 34]3536

1718[19]20[37(3830]40 18/39]40

41|42|43]44/61|62|63[64 41]42|43{44[61]6263[64

45]46]47]48]65]66]67] 68 43(46]47]48]65]6|67[ 68 46

49|50]51]5269[ 70| 72|72 49/50/51|5269 (70| 71|72 50) 70

53|54]55(56/73|74|75( 76 W?S 74|75[76 74

57|58|50/60[77] 78] 70[80 57]58]50]60|77] 78] 79[ 0 s8] 78 Eavironment.
All possible extreme pathways Tnconsistent regulation Enrué?fné;t;%ecdglmly: Spatgfﬁ?uw
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Four remaining extreme pathways =
Pathway 30 Pathway 34
e I il E .
g {E.\.; o .,.g:.v\
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Growth on C1, C2, F, H and O2

P Patinway

] 0383 Fext + 0717 Hext = 2391 Oxygen 0283 Biemass } 2
29 0717 Camonl + 0J83 Fext + 2391 Owmygen 0283 Bicmass 3
32 0435 Cabonl + 0I83 Fed + 0283 Hext + 2301 Owygen 0283 Biomass =
5 1000 Het + 2595 Coygen 0277 Biomess

8 03277 Cabont + 0723 Hext + 2596 Omygen 0277 Biomass )
0 1000 Carboni + 2596 Owypen D 0277  Biomass } E
il 0723 Carbon? + 0277 Hext + 2596 Oxygen 0277 Biomass "
] 1000 Hext + 2390 Oxygen 0.146 0268 Biomass

12 0262 Fed + 0738 Hed + 1905 Owygen 0357 0262 Biomess

10 0252 Carbont + 0748 Hext + 1985 Owxypen 0435 0252 Bicmass

a3 0773 Cabonl + 0327 Fext = 10891 Oxygen 0955 0227 Biomass

k] 0545 Cabonl + 0227 Fext + 0227 Hext = 1091 Owygen 0953 0227 Biemass

4 1000 Cabont + 1130 Osygen 1043 0217  Bicmass

36 0783 Casbon! #0217 Hext + 1130 Owygen 1043 0.217  Bicmass

4 0,188 Fext + 0813 Hext + 1250 Owygen 0,188  Bicmass

2 0170 _Carbont + 0830 Heat + 1208 Owygen 0170 Biomass

48 0E75 Cabon! + 0125 Fext 0750 0125 Bicmass

62 0750 Cabonl + 0125 Fad + 0125 Hea 0.750 0125 Bicmass

&0 1000 Carbont 0.794 0118  Bicmass

B 0882 Cabont ¢ 0118 Hext 0.794 0.118  Biemass

8 0357 Cabon! + 0083 Fext + 0560 Hext 0083 Bicmass

a8 0817 Cabon! + 0083 Fest 0083 Biomass

48 0833 Cabon! + 0083 Fext + 0083 Hext 0083 Biomass

a7 0429 Carbon? + 0571 Hext 0077  Biemass

48 1000 Casbont 0077 Bicmass

A7 0823 Carbont + 0077 Hext 0077  Bicmass

e 26 extreme pathways, four groups with high similarity
« small degree of variation, once regulatory constraints are taken
into account.
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