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- transformations within the cells of living organisms
3A/CoPE FBA ) X
Primer genome-scale: many reactions and metabolites (> 1000)
SRR stoichiometric: only relative quantities
The Solution m A+B N C
SO ® no kinetics:le,eeA-Et—]eeB{-t—}
. __dB __ dC
B assume steady-state. =G =@ =0

predict steady-state flux distrlbutlons, i.e. the rate of
turnover of molecules through a metabolic pathway
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Toy model for stoichiometric modeling

ADP ATP ATPR17ADP
C
R3 R4 —_
A ! |mm¢ "
FBA/CoPE FBA
Primer L R1 A R2 B R5 D R11 I
| R9 C R1OT | R15 R17
N\
ADP ATP ATP  ADP

m both X (source) and Y (sink) are fixed
m co-factors ATP and ADP

R18
—————
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Flux Balance Analysis formulation

Linear Program:
Maximize Zop; = ¢'J
subject to,

NJ=0

Jmin < J < Jmax

N: stoichiometric matrix

J: steady-state flux vector

c: vector of coefficients that represent the contribution of each
flux in vector J to the objective function Zy,.



Flux Balance Analysis formulation, example

CoPE-FBA 2.0
ADP ATP ATPR16/ADP
T.Maarleveld R3 CR4 /
/\ |R6 ER7F RBl |R12‘J M
R131
R1 R2 R5 R11
X——>A<—>B—>D H I
| RO R1OI | R15R14¢ R17
G L N
'F)QA/COPEFBA ADP ATP ATP  ADP
rimer

Maximize Zop; = €'J = Jig
subject to,
NJ=0
—o00 < Jy <o J, € reversible reactions

0<Ji <0 J; € irreversible reactions
0<, <2
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Maximize Zobj — Jig =1

ADP ATP ATP  ADP
] 18
R3 “ R4 IT»E?FARBL' i JA--t-\ >M -
R13:
KRl AR g R 1 VLK K
_ ’ ‘ I R14t
— R9 G R10 RIS | o Nooee
..... -1 SRITY
ADP ATP ATP  ADP

withJ = [2,2,0,0,2,2,2,2,0,0,2,0,—1,—1,2,1,1,1]

.......
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Optimal solution space characterization'

Fopt = {J : NJ = 0,Jmin < j < jmax ¢TJ = opt}

vertices --- optimal flux vectors

m corner points of the optimal solution space
= non-decomposable
®m no convex combination of other optimal flux vectors

rays --- irreversible cycles
linealities --- reversible cycles

'Kelk et al. 2012
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Alineality ADP ATP

C R16;
A i T
L R1 A R2 B R5 D R11 K

ADP_ ATP

Optimal solution space characterization example

H——I EALE
PR R I
- RN
ADP ATP ADP ATP
B vertices ADP ATP ADP_ATP
LI
X—grA—B——D =5 ? Ty
.| G T || L N—

X
ADP ATP



Subnetworks explain # vertices
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FBA/CoPE FBA ADP ATP ADP ATP
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m NaJa = d # Oi.e. input-output relationship
D+ ADP — H + ATP
I — 0.5(J+1)
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Subnetworks explain # vertices

CoPE-FBA 2.0
T.Maarleveld c ADP ATP ADPR1'SATP
R3 M\ R4 E—F —J LAM—
/ \ | R6 R7 R8 R12R13t
X A, D 2 pR, 2 K LR18 v
Tif e - | ' | R14t -
Iceberg R9 ~ R10 R15 L N
/7 \ R17
FQA/COPE FBA ADP ATP ADP ATP
Primer
The Problem(s) m NaJa = d # Oi.e. input-output relationship

The Solution n D + ADP — H + ATP
CoPE-FBA 2.0 I—0.5(+1L)
m Both subnetworks have 2 vertices
El {R6,R7,R8} and {R9, R10}
{R12,R13,R14} and {R15,-R13, -R14} NOT: {R12, R15}
m Each subnetwork is an independent module with a fixed d:
2 x 2 = 4 network vertices
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m Sometimes

ADP ATP ATPR16¢ADP
The Problem(s) re ARe IT’E?'FAR.%A' qiz d M-
R13;
XA R’\gﬁ.o HRL K +RPy .
R 5 m Sometimes
R9 R10 R15 :
G LeosmmnNessenst
SRITY
ADP ATP ATP  ADP
ADP ATP ATP  ADP
R3 CRA E == F ?Jf’,M
\ | R6 R7 | R13\ :
ERIARZBRSD HR .Never
. s ““‘L N
SRITY
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What if we split reversible reactions 2 ?
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2Klamt and Stelling 2003, Wagner and Urbanczik 2005



Reversible-reaction splitting: the effect
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ADP }A'TP ADPR1€<TP
EwF—x Rz M
l ar | R13f"R13b .
T | R14f 'R14b
R10 R15
The Solution ADP ATP ADP ATP

additional rays — reversiblereaction and linealities
# vertices 1
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# vertices 1
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Reversible-reaction splitting: the effect
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subnetvz;orks ADP ATP AD&EP
E——F J M—
\ _\A! 3l
X A//2<=’\B D 2 H—l 3 % Y
I G I I %_ N
7\ N
ADP ATP ADP ATP

The Solution

additional rays — reversiblereaction and linealities
# vertices 1

m # subnetworks 1
B convex combinations, i.e. reactions can’t cancel out each
other (J; > 0)




Are these vertices?

CoPE-FBA 2.0

T.Maarleveld

m Yes
ADP ATP ATP  ADP
R3 AR E=—F J "?13’ Moeeeee
\3 | R6 R7 RS ' Rize 3 o H
The Solution xr g RS K Y
- R14 m Yes
RS G R10 RIS | veir Noveenit
RIS
ADP ATP ATP  ADP
ADP ATP ATP  ADP
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Reversible-reaction splitting yields all optimal
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A Real Life Example: E.coli Growing on Glucose

Model Toy E. coli iAF1260
Split No Yes No Yes
Growth condition Aerobic

Total reactions 12 23 2374 3226
Rays 0 7 26 604
Linealities 1 0 1 0
Vertices 4 12 839.808 120.932.352
Subnetworks 2 3 6 9
Model E. coliiAF1260 E. coliiAF1260
Split No Yes No Yes
Growth condition Aerobic restricted Anaerobic
Total reactions 2374 3226 2374 3226
Rays 25 602 25 602
Linealities 1 0 1 0
Vertices 1.679.616 40.310.784 31104 1.492.992
Subnetworks 4 4 6 8
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These simulations take forever right?

Haha, this makes
CoPE-FBA the
slowest thing ever!
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|

CoPE-FBA approach (in a nutshell)

5184
CoPE-FBA (weeks) A

; 24, 43
Vert Subnetwork i3
——> 120932352 =g’ £ @ 52
B H¥

54
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Alternative (minutes)

= 82 yertices

) {3 e—- 6+ 3 + 5184 +3+2+54+2+2=5256
& 4 w2

o, 2

Enumerate 0.004% of the vertices to get all




Sounds simple, right?
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Example: Successfully enumerated the 120.932.352 vertices in
minutes rather than weeks!
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"A new standard"
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Summary
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m Faster: CoPE-FBA 2.0, "faster than lightning"
m Better: We enumerate all non-decomposable routes in the
optimum
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The Solution Whatever
I'm still lazy

as shit!
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m Topological understanding of
the metabolic capacity

m Investigate flexibility
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