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A<—> B+ C Reaction 1

7 E a Genome-scale B+2C—D Reaction 2
d metabolic reconstruction
— Reaction n
. 2 o
Reactions ‘éo%p@‘g:\
12 n e o -
b Mathematically represent 3 T v
metabolic reactions k: el =
and constraints 2 ol * =0
- v,
% -1 Vxﬁ'w
-1 -
m /-
Stoichiometric matrix, S Fluxes, v
—V + =
C Mass balance defines a V= Vot..=0
system of linear equations —
y 9 v, —2V,+ ..=0
v,+..=0
etc.
d Define objective function To predict growth, Z = Viiomass
(Z=c v, +C" v, ...)
Vs z
A - Point of
optimal v

e Calculate fluxes

that maximize Z Solution space

& 2 defined by
_x. j constraints
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Maximize Z = c'v
Subjectto S-v=0
a <v, < g forall reactions i

Z=(0 00 0 000 11)(v, v, v; v, Vs V, b b)Y

a=(0 00000 0 0)

f=(2 10 4 6 10 8 100 100)
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MatLab K fi#:

[v,Z]=Ilinprog(c, Aeq, beq, S, b, «, L)

LP problem:
Minimize Z =c¢'x v
Subjectto Aegqxv < b,
S-v=>Db
a<Vv<p

SAeq NI, b=4, NI

A, Vb, < v<b
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>>p =10; 0; 0; 0]

>> Alpha = [0; 0; 0; 0; 0; 0; 0; 0;]

>> pbeta = [2, 10, 4, 6, 10, 8, 100, 100]
>>¢=1[0,0,0,0,0,0,0, 1]

>> Aeq = eye(8)

>> [v, Z] = linprog(-c, Aeq, beta, S, b, Alpha, beta)

v =2.0000 10.0000 0.1822 3.9137 5.7315 6.2685 12.0000 12.0000
Z =-12.0000
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o ZHLTCER CHURRRD

- FBARMIEE (AEM-Varmal994)

- DFBAEZIHHEHE (BioPhysiJ-Mahadevan2002)
- MOMARAIFIHEH (PNAS-Segre2002)

« M_DFBAfERIHFHEHE (MSB-Luo2006)

o dFBARZIFIHEH (PlosCB-Lee2008)
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« FBAA (AEM-Varmal994)

S.v=>b (1)
Minimize Z = — Vg, (2)
Veo . .
D dy M ~, biomass 3)
all M
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DOA form:
« DFBAfE Y e P, 01
M

+ Wi O, J L(z, v, X(1))8(¢ — 1) dt

i=0

r— dz
4-v=0, (1) st — = AvX
d¢
dX
dz X dX ¥ s 5 ﬁz pX
a_ VA, E_ A, = WV, ( ) |
L= 2wV
ety
=1ty +] j=0--M

M

i - Lz) =0 |vi=v,... ViEl|r,,

(BioPhysiJ-Mahadevan2002) v, 2) VI = Vo VIE [t 1]
z=0 X=0 ViE/|t,tl]

%«P% :}‘Ek:‘? z(t)) = zy X(tp) = Xy, (3)
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A-v=20, (1)
S.1.
dz dX 5
E = AvX, E = MX ML= 2wV, (2)

(BioPhysiJ-Mahadevan2002)
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SOA form:

Max 2 w,v;(7)

V()

z2t+ AT)=0 v()=0
cz()vit) =0 VitE [t t]
v(t) = v(t — AT)| = v, AT Vi €E [t t;]
z(t + AT) = z(t) + AVAT
X(t + AT) = X(1) + pnX(¢)AT, (4)
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FBA of knockout

optmall Lo of wild typs
(optimal)

« MOMAZR Y

objective
function

|I N

D(w,x) = \," >, w; — x,)? 4] [MoMAfknockout

i =1

feasible space ¢ l

feasible space (D
of knockout

of wild type

(PNAS-Segre2002)
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dt

17 7)

M DFBA Y

=S.V —I—F(Out}{ — &Xlnx)

(MSB-Lu02006)
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Intracellular " Intracellular
Fast Reactions Slow Reactions

Discretize time t t t % —

— time
© Solve for optimized flux e

[0 00 -a 0007 w]

max (V) ’ 5

-C A =0

s.t. LB;<v;<UB; 0 ¥

_O O 0 +¢ O O O J|_v_|

aX(v’) o
of

(PlosCB-Lee2008) ® Phenotype variable: X(t) :J't
0

© Update constraints and S-matrix (time-delayed fashion) ——
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« COBRA
Box 2 Tools for FBA

FBA computations, which fall into the category of constraint-based reconstruction and
analysis (COBRA) methods, can be performed using several available tools2/-2°. The
COBRA Toolbox!! is a freely available Matlab toolbox (http://systemsbiology.ucsd.edu/
Downloads/Cobra_Toolbox) that can be used to perform a variety of COBRA methods,
including many FBA-based methods. Models for the COBRA Toolbox are saved in

the Systems Biology Markup Language (SBML)3? format and can be loaded with the
function ‘readCbModel’. The E. coli core model used in this Primer is available at
http://systemsbiology.ucsd.edu/Downloads/E_coli_Core/.

In Matlab, the models are structures with fields, such as ‘rxns’ (a list of all reaction
names), ‘'mets’ (a list of all metabolite names) and ‘'S’ (the stoichiometric matrix).
The function ‘optimizeCbModel’ is used to perform FBA. To change the bounds on
reactions, use the function ‘changeRxnBounds’. The Supplementary Tutorial contains
examples of COBRA toolbox code for performing FBA, as well as several additional
types of constraint-based analysis.
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Iiiz o | Data Setup
readCbModel

] ]

= 5

: l : Y

! Optimal growth '+ Sampling

: optimizeCbModel + sampleCbModel
: [ ;

: iy Y I

! Sensitivity Flux variability |

! robustnessAnalysis fluxVariability '  Modules

: Gene deletions Batch growth : identifyCorrelSets
1 singleGeneDeletion dynamicFBA :

\doubleGeneDeletion !
Figure 3 | The workflow for using the COBRA Toolbox. Functions at lower
levels of the hierarchy rely on the internal implementation of the methods at
higher levels. For example, the gene deletion functions perform an optimal
growth calculation for each possible metabolic network with the reaction(s)
associated with one or two genes removed. The exception to this is that
finding network modules requires the user to input a previously calculated set
of samples from the sampling function. On the whole, most of the methods
rely on the principles of FBA.
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» CellNetAnalyser (HijE

'FluxAnalyser)

Type: Mass-flow or Signal-flow

MATLAB

Network Projects (user-created)

Toolbox
methods for analysis of

Interactive mass-flow (metabolic)
_ network maps and signal-flow (signaling
and regulatory) networks

user interfaces (text boxes)

C-files

built-in functions

Network maps created with external programs or imported
from KEGG, TRANSPATH or other sources
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e BioMet (Web Interface)

 FASIMU (Batch Interface)
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Rs
F6P |-1
_ |FDP |+1
~ | ATP [-1
ADP |+1
H* |+1
(c)max Z=C eV
(
ﬁz IV:O
at
size(N)
< =Y (5,°v)=0 vieM
1
\LB<v< UB, vjeN

Vector ¢ is a set of weighting coefficients
on the fluxes contained in v; C denotes
species concentrations; M is the set of
components; N is the set of reactions;
and LB and UB correspond to lower and
upper flux bounds.

Obijective function:
max Z= V12

Flux bounds:
LB1= 10 LBE..‘]E:O
UB1 = 10 UBE..12= 100




