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1  Abstract

In this paper a new approach to determineatspectrum is presented. The approach is basedceon th
use of an interval representation of fluxes, makinmssible to compute-spectrum from an uncertain or
even partially unknown flux distribution. In additi, as a complement of metabolic flux analysisew n
method is proposed that allows the calculationhef tanges of possible values for each non-calailabl
flux. The presented methods are illustrated withékample of CHO cells.

2 Introduction

This work is focused on mathematical methods fangfating a metabolic flux distribution into an
elementary modes or extreme pathways activity patt€hese methods determine how much flux is
being carried by each e. mode or e. pathway uratae particular set of circumstances. Hence, théypoo
informative flux distribution can be translated an& simpler and more meaningful representation.
Unfortunately, this translation has not a uniquiitson but a range of solutions. Thus, two opti@ms
possible: choosing a particular solution (Poolmaale 2004; Schwarz et al., 2005), or dealing wfith
whole solutions region. When choosing one solutiba,validity of the obtained activity pattern degds
on the validation of the underlying assumptiondldwang the second option, thespectrum, the range
of possible values for each e. mode or e. pathwtyity, can be determined (Wiback et al. 2003).

Herein, a new approach that allows determiningatispectrum when fluxes are represented with an
interval is presented. This representation is uselfien a) flux measurements are uncertain, andhgnw
some non-measured fluxes cannot be uniquely detedniKlamt et al., 2002). In addition, a method to
flux calculation is presented as a complement ofabr@ic flux analysis (MFA). In many cases, when
using MFA, the resulting system is undetermined tiedcomplete flux distribution cannot be computed.
In these cases, by using a similar procedure totieeused to determine thespectrum, it is possible to
calculate the ranges of possible values for eachcatculable flux.

3 Theoretical

A biological network can be represented with acttimmetric matrixN, where rows correspond to
the m metabolites and columns to the@eactions. Including irreversible reactionsvaghe mass balance
of the network at steady state (Stephanopoulok, €t298) can be formulated as:

Nw=0 v, 20 1)

In general, as is bigger thamm, the system is undetermined. Nevertheless, thaigonlregion can
be spanned by convex combination with e. modes pathways:

v,=El&r a =20 @)

Wherev,, is a flux distributionE denotes the matrix formed with each e. mode @athway as a
column andu is a vector representing the non-negative actfatyeach e. mode or e. pathways. Despite
differences between e. modes and e. pathways (Rapin, 2004), the proposed methods can be applied
in both cases, and therefore from this point ohé/term e. mode will be used.
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3.1 TRANSLATING A FLUX DISTRIBUTION INTO A E. MODES ACTVITY PATTERN

System (2) can be analyzed using the procedureopeabin (Klamt et al., 2002). The number of e.
modese is always bigger or equal thasm,the number of linear independent vectors needegpan the
solution region. Therefore the rank Bfis equal ton-m Whene=n-mthe system is exactly determined,
and the unique solution can be calculated by ugifig But in generale>n-m and the system is
undetermined witle-(n-m)degrees of freedom. Then, the general solutid@)ofan be considered:

as=a,+K(E)AA a 20 3)

Where a, denotes a particular solutiofg(E) the null space oE and A an arbitrary vector
representing the indeterminacy of equation. Thag; such elementsg; of ag whose corresponding row
in K is a null row, are determined (its value can letarom the non-negative least squares solution).

3.1.1 a-spectrum: The interval Approach

In (Wiback et al., 2003) the concept @fspectrum is defined to work with the solution wegi
Basically, 2% linear programming problems are solved to compherange of possible values for each
e. mode activity. Here, a slight modification oétmethod makes it possible to compute dhspectrum

when the fluxes are represented as an interval:
Oa;,min/max{a;} j D[le] @
subject Elr<sv' Er=2v a, 20

wherev' andv are vectors with extreme values for each flux. Titerval representation implies
reducing the restrictions of the problem, and tfeeeethe solution ranges will be bigger. Nevertks|af
the interval representation is well justified, thietained solution will be less precise, but moediséc.
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Figure 1. Thea-spectrum.

This method makes it possible to compute dkspectrum in two common situations: a) when the
flux distribution is uncertain and b) when it isr@ly unknown. Additionally, it provides a strdig
method for dealing with inconsistency: Only if tax region, defined with an interval, contains one
consistent flux distribution, the linear programmiproblem has a solution. In figure 2, the différen
representations of fluxes based on certainty, stersty and completeness are summarized.
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Figure 2. Fluxes as intervals.



3.2 METABOLIC FLUX ANALYSIS AND THE FLUX SPECTRUM

Although intracellular fluxes can be measunediivo with tracer experiments (Sauer, 2004), there
are several situations where these techniques @tresuitable. In these cases, MFA can be used to
calculate intracellular fluxes by using a set ofaswed fluxes and applying mass balances around
metabolites (Stephanopoulos et al., 1998). Bagicalhking a partition between measured (subindex
and unknown fluxes (subindey, equation (1) can be transformed into:

N, Oy, = -N, [¥, )

Following (Klamt et al., 2002), the determinacy ahd redundancy of (1) can be analyzed. If the
system is determined, a unique solution can be atedp nevertheless, very often it is necessaryet d
with underdetermined systems, where some fluxesatdre uniquely computed (Klamt et al., 2002).

3.2.1  Flux-spectrum

To deal with these undetermined systems, a newoapris proposed that allows the calculation of
the ranges of possible values for each non-caltuflx, resulting in a region that could be ternfleck-
spectrum. Again, these ranges can be obtainedling@ set of linear programming problems:

Ov,,minfmax{v,;} jO [1 nu]

o _ (6)
subject N, V, =-N,_ v, v, 20

Thus, when some fluxes cannot be calculated, thesibectrum provides a method to compute its
ranges of values. Obviously, it is also possibleampute the flux-spectrum when the know fluxes are
represented with an interval (as a previous stettreme values 6NV, need to be calculated).

4  Results

In (Llaneras et al., 2006), the presented meth@d® Hbeen applied to the central metabolism of
CHO cells (Provost and Bastin, 2004). Includings»dl8 matrix P linking extracellular fluxes with
intracellular ones, the extended system has 16holites (ne and 22 reactionf).

4.1 A-SPECTRUM AND. PARTIAL KNOWLEDGE

For example, when only;YG), vo; (CO,) and v (Q) are measured, the system is undetermined: the
rank ofNu (16) is less than the number of unknown (18). &feee the complete flux distribution cannot
be determined by using MFA. Nevertheless, even wherflux distribution is partially unknown, the
spectrum can be computed by using the method pessen3.1.1 (interval fluxes are given in table 9)

3 4
Elementary Mode

4.2 T T T T T T T
F ) e e e e i e i B
I I I I I I
:35}
0 I | | | | | |
© [ ) R
oo 3 | | | | | |
(=} I I I I I I I
D= e e e T e e e
é I I I I I I I
S I I I I | I I
S 277777\7777\7777777\7777\77777’
c I I I I I I I
= [ ) R
31.5 | | | | | | |
= I I I I I
o 1lr+--——-+r-——-—---4--- I
< | | | | |
05 G- -1 --F -t
oy T
1 2 5 6 7

Figure 3. a-spectrum computed from the complete flux distiidrui(e) and from a incomplete ong)(

Table 1 Partially unknown flux distribution representedaaset of intervals (nM/(d x £@ells)).
Vi(G)  Wrvig Vp(Q) Vv2i(COy) V22

44305 [Op* 1.186 2.5574 0




4.2 FLUX-SPECTRUM

As the system is undetermined, at least one flumetbe uniquely determined. Moreover, there is
not any calculable flux (matriK, the kernel oN, has no null rows). Nevertheless, by using theceph
of flux-spectrum it is possible to calculate thage of possible values for each non-calculable flux

T T T I T T T T T I T T
[ N T ...
L T T O T T S T R R
L T T O T T S T R R
8Fr——t- I -F{- 71T T o T om0
[ T T O T T S T R R
. L R
im % e et e T et st el ey e et Al it By M i B
= L T T O T T S T R R
8 67J,L,LJ,LJ,i,LJ,LJ,J,LJ,L,LJ,LJ,,‘,LJ,,
% R
3 T T S T S S R B R A B B I
S T T R S
o T T S T S S R B R A B B I
§ )\(\ T T T T T O S O S S R R S R
AL g - F— ol — A — o4 = o — 4~ 4~k —— 4~ o —
[ \% I %\ T T T T T T S S H R S R
< T T T S T S S R R B A N B B
F T ] i e e e T e B Bl e I e Bl Bl e T i e B e B Sl i
iT T T T T O (O T O A S A R R T
R e o
2 e et B et Sl s sty Bl i el wliy Bty
T T T O S T S S B B R o
1,,‘,‘,,‘,,‘,‘,,‘, ol XL T T T4 X |
O S %;w %\ | [
[ [ I L [
ol \%\ L %%%\ % L XX 0y
123456 7 8 91011121314151617 1819202122

Reaction
Figure 4. Exact flux distribution (x) and flux-spectrum couatpd from an partial flux distributiors{.

Moreover, if a unique and exact value is neededdamending on the size of the ranges, the use of
each range middle point as an estimation is alsienapproach.

5 Conclusion

The translation of a metabolic flux distributiontaran e. modes or e. pathways activity pattern has
been investigated. A new approach to determinerthgectrum was presented. Additionally, a method to
calculate the ranges of possible values for nocutable fluxes was proposed, as a complement to MFA
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