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Abstract plete or certain results, it is promising to go beyond the pure-

Motivation: To reconstruct metabolic pathways from bio-ly genetic approach and consider the gene products in their
chemical and/or genome sequence data, the stoichiometHierplay with each other, e.g. within metabolic networks.
and thermodynamic feasibility of the pathways has to bé/hereas efficient tools for comparing gene sequences are
tested. This is achieved by characterizing the admissibksed extensively nowadays, tools to test the viability of the
region of flux distributions in steady state. This region igleduced metabolic network are not so common. Various ap-
spanned by what can be called a convex basis. The concfaches have been proposed (Fell, 1990; Mavrovouniotis
of ‘elementary flux modes’ provides a mathematical tool t6t al, 1990; Schuster and Hilgetag, 1994; Alberty, 1996;
define all metabolic routes that are feasible in a givedNufioet al, 1997; Stephanopoulos and Simpson, 1997), all
metabolic network. In addition, we define ‘enzyme subset8f them centred around the properties of metabolic networks
to be groups of enzymes that operate together in fixed fl@ st_eady state imposed by their st0|ch|or_netr|c structure. In
proportions in all steady states of the system particular, the approaches of Mavrovounieisal (1990)
Results: Algorithms for computing the convex basis andnd Schuster and Hilgetag (1994) involve algorithms for de-
elementary modes developed earlier are briefly reviewed. {&cting all the simplest stoichiometrically feasible pathways,
newly developed algorithm for detecting all enzyme subsei§d have been successfully applied to various systems of
in a given network is presented. All of these algorithms ha@rbohydrate and amino acid metabolism (l6gal, 1996;
been implemented in a novel computer program namegchusteet al, 1999). . _
METATOOL, whose features are outlined here. The algo-Any set of biochemical transformations can be described
rithms are illustrated by an example taken from sugafmathematically by a system of ordinary differential equa-

metabolism tions (see, for instance, Reder, 1988):

Availability: METATOOL is available from ftp://omsdar-

win.brookes.ac.uk/pub/software/ibmpc/metatool %—X = Nv(X) (1.1)

Supplementary information: http://www.biologie.hu-ber- t

lin.de/biophysics/Theory/tpfeiffer/metatool.html whereN, v andX denote the stoichiometry matrix, the vector

Contact: Tpfeiffer@bp.biologie.hu-berlin.de; Schuster@of reaction rates and the vector of concentrations of ‘internal’

bp.biologie.hu-berlin.de metabolites (i.e. metabolites with variable concentrations),
respectively. In contrast, metabolites are referred to as exter-

Introduction nal if their concentrations are buffered. At stationary states,

Th . . . equation (1.1) simplifies to:

e sequencing of complete genomes results in an importan

increase in information that can and should be translated into Nv=0 (1.2)
knowledge about metabolic pathways. However, the func-

tion of only about half the open reading frames (ORFs) haswe decompose the flux vector into two subvectas;
been unambiguously identified so far (cf. Oliver, 1996). Irandv;,, which include the fluxes of the reversible and irre-
cases where methods for function prediction based on sgersible reactions, respectively. This implies:

guence comparison (Tatuset al, 1996; Huyneret al,

1997; Borket al, 1998) turn out not to give sufficiently com- Virr 20 (1.3)
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Note that it is not necessary to split the reversible reactionsOwing to inequality (1.3), the mathematical problem is be-
into forward and reverse steps. yond the scope of linear algebra. In convex analysis, it is
To decide whether a given group of enzymes (which migtghown that the region of all vectarsatisfying relationships
have been detected by function assignment of a set of ORKE$)2) and (1.3) is a convex polyhedral cdr€Rockafellar,
forms a functionally coherent set in metabolism [cf. the cont970). This cone can be conceived of as spanned by generat-
cept of activity set proposed by Nuéical (1997)], it should ing vectors. Two types of such vectors can be distinguished:
be tested whether the flux vectors realizable by these ewectordi (lirreversible’ vectors) for which the negativéy,—
zymes can obey relationships (1.2) and (1.3). To this end,istnot contained ik, and vectors; (‘reversible’ vectors) for
is necessary to know the structure of the region of admissiblehich the negative by, is situated irfr. Thus, we can write:
flux vectors. Although this region involves an infinite
number of vectors, it can be shown that it is spanned by a_ P
finite number of generating vectors (Rockafellar, 1970; No-r_a_ {VDR V= ZMK * izﬁibi’ Ao B Iy = 0} (2:2)
zickaet al, 1974). In applications to chemistry and biochem-
istry, these generating vectors can be interpreted as meaniMdierer denotes the number of reactions in the system.
ful transformation routes (Clarke, 1980; Schuster and If all reactions are irreversible and, in some cases, even if
Schuster, 1993; Nufit al, 1997). some reactions are reversible, no vedbpoccur. Then, the
The generating vectors can be chosen so as to hav&@er is pointed, i.e. there is no pair of vectors that are oppo-
S|mp||c|ty property in that as many Components as possibﬁ;te to each Other, so that they would make an angle 6f 180
are zero. This is of interest because the set of identified ehbis implies that the set of generating vectors is uniquely
zyme genes is incomplete in most cases, so that it is sensi@fiermined up to multiplication by scalars (cf. Rockafellar,
to test whether at least one functional metabolic route is redi970). If not all of the reactions are irreversible, vedwprs
ized by this set. This leads in a natural way to the concept @iy occur (see FigurEB). These are situated on straight
elementary mode (Schuster and Hilgetag, 1994; Schetsterines, planes or hyperplanes confinigin this case, these
al., 1996), which is defined as a minimal set of enzymes th¥gectors, as well as the vectdgs are not always uniquely
could operate at steady state. The enzymes are weighted vélg{ermined. As the coefficientg in equation (2.2) are re-
the fractional flux they carry. In many situations, more elestricted to be non-negative, the céhean be considered as
mentary modes exist than are needed to construct all admigsconvex combination of the vectdgsh; and -b;. Accord-
ible flux distributions. Therefore, some of them can be takegly, we will call the set of these vectors a convex basis of
as a generator set of the whole admissible region. This wift Their number (which may be interpreted as the algebraic
be discussed in more detail in the present paper. dimension) may be greater than the geometric dimension of
The network structure frequently implies that the interplayh€ cone.
of enzymes is so tight that several enzymes always operaté\n algorithm for constructing a convex basis has been
together in fixed flux proportions. To describe this phenomgiven by Nozickaet al (1974). It is based on the Gauss—
enon, we introduce and illustrate here the concept of enzyrdgrdan method (cf. Groetsch and King, 1988). A number of

subsets. consecutive tableaux are computed by row operations, start-
Even in metabolic networks of moderate complexity, it idng With (| denotes the identity matrix):

difficult or even impossible to find the basis vectors, elemen- NT

tary modes and enzyme subsets by inspection of the reaction TO = ( ool ) (2.3)

scheme. Thus, automated methods are needed. Here, we N

present a novel computer program, named IVIET'A‘TOOI'WhereNIevandNiT" are the transposed submatrices of the stoi-
performing these methods.

chiometric matrix corresponding to reversible and irrevers-
_ o ible reactions, respectively, after a renumbering of reactions.
The structure of the region of admissible fluxes In each step of the algorithm, one column of the left-hand
The complete set of vectovssatisfying equation (1.2) de- side of the t_abl_eau (or!glnatmg from the trans_p_osed StO'Ch.'O'
metry matrix) is considered. All rows containing a zero in

fines a region called the null-spaceMfcf. Groetsch and o
King, 1988). Its dimension is given by the difference of théhat position are transferred to the next tableau. Then, the

T . . X .
number of reactions and the rankbfThe null-space can be rows of N\, are combined with each other and with the ‘irre

described mathematically by a matkx whose columns are versible’ rows according to Gauss. If no combinations of ‘re-

linearly independent vectors spanni,ng this subspace (i. e_:rS|bIe’ rows are p_QSS|bIe_ becaus_e they all contain zeros n
they form a basis). Accordingly, this matrix fulfils the equa-t € respective positions, irreversible’ rows are co.mbllned
tion: with each other. For these, however, only non-negative linear

combination is allowed in order to meet the irreversibility
NK=0 (2.1) constraint (1.3). Moreover, the pair of rows to be combined
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A Sv)={i:v =0} (2.5)

Elementary flux modes
) 3
By definition, the generating vectors (edges) of a pointed

convex polyhedral cone cannot be decomposed into two
other vectors belonging to the cone:

@ o fi 2 A VD) + Aov(@) A, Ao = 0 (3.1)

If all reactions are irreversible, we ha®, v(2) > 0. There-

fore, it can be easily shown that the generating vectors have

a simplicity property in that they encompass as many zeros as

possible. ‘Simplicity’ is meant to imply that when only the

enzymes belonging to this set are operating, then complete
B inhibition of one of these enzymes impedes any steady-state
flux in the system. To phrase this in a mathematical way, we
can use the index set defined in equation (2.5). A generating
vector,fy, of a pointed convex cone cannot be decomposed
into vectorsv(D) andv(@ [cf. relationship (3.1)] with:

S(fk) O S¢®) and Sfy) O SK(?) (3.2)

This property is very interesting from the biochemical
point of view because the generating vectors then correspond
to simple metabolic pathways. A flux vector (vq, vo, ...,

V¢ ) with some of its components being zero can be interpreted
as a set of enzymes and, hence, as a route through the system,
weighted with the fluxes carried by the enzymes. In other
words, generating vectors are stoichiometrically feasible
transformations, from a given substrate to a product (which
could be the same compound as the substrate if the pathway
-by is cyclic), that cannot be decomposed into simpler ones (see,
for instance, the ‘Example’ section). By adapting this prop-
erty to systems involving both irreversible and reversible re-
actions, and taking into account the scaling indeterminacy of
generating vectors, the concept of elementary flux modes has
Fig. 1. (A) Simple reaction system. Reactions (1) and (3) are heen defined (Schuster and Hilgetag, 1994).

irreversible, and reactions (2) and (4) are reversible. X stands for a An elementary flux mode can be defined as a class of flux
metabolite. The stoichiometry matrix of this system réées(1 1 vectors with a representative:

—1-1¥. (B) Convex flux cone belonging to the system shown in (A).
The null-space spanned by the three vedtgrs (1 -1 0 03, kp = M={v:v=pv*, uOIR, u=0} (3.3)

1010y andkz = (1 0 0 1) is taken as the co-ordinate system, . . .
\(NhiCh isydepictSd a(s an ortt{ogonal system for simplicity’s ysqke. such thav* fulfils relatlonSh'ps (1.2) and (1.3), and Ca_nnOt
- (010 1] is a ‘reversible’ generating vectég:= (1-1 00 and D€ decomposed into vector®) andv(® [cf. relationship
f,=(0 1 1 0J are ‘irreversible’ generating vectors. The cone is here (3.1)] which contain zero components wherevefoes and
non-pointed and has the shape of a wedge. in at least one additional position each [cf. relationship (3.2)].
The elementary modes of a biochemical reaction network
are uniquely determined. Moreover, they span the admissible

must meet a simplicity constraint expressed in terms of t€9ion by convex combination. This can be proved as fol-
Wws. Assume that there is a vectofulfilling the steady-

index sets of positions where the respective row contaif@ M > U]
zeros -): state condition (1.2) and sign restriction (1.3) that does not
represent an elementary mode itself and cannot be decom-
§t9) n St9) 0 St@)for all m= i,k (2.4) posed into such modes. Vectothen would not fuffil rela-
tionship (3.1). Ifv() andv(2) represent elementary modes,
wheret? is theith row of the left-hand side part of tith  the assumption of the indirect proof is falsified. If nék) or

tableau. Formallyg(+) is defined as: v(@), or both, could be further decomposed, and so on. Since
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this consecutive decomposition implies a permanent ir(#ii) there are no allosteric or other regulatory effects of

crease in the number of zero components, it would eventual- metabolites inside of the unit on reactions outside.

ly end with a set of vectors that cannot be further decom- Condition (i) is essentially the definition of the enzyme

posed, i.e. with elementary modes. subsets. More exactly, a group of enzymes is an enzyme
The above result implies that a convex basis can be formedbset if for any two membersdnd E of the set, the follow-

by appropriately chosen elementary modes. In general, it carg two conditions are fulfilled: in all flux vectovssatisfy-

be shown that the number of elementary modes is never lesg the steady-state condition (1.2), the raig; has the

than the number of vectors necessary to span the cone. Ceame non-zero value, and the orientations of the irreversible

sider, for example, the system shown in Figlite The reactions involved do not contradict each other. From the

vectors (0101),(1-100),(0110),(1010)and (100 pyoperties of the null-space Nf it follows immediately that

represent elementary modes. However, only three of thethjs condition can alternatively be written as follows: in all

e.g. (010 1) as a ‘reversible’ vector and (1 —1 0 0) and (Ocblumn vector&() of K , the ratick; /k, () has the same non-

1 0) as ‘irreversible’ vectors, are sufficient to form a convexero value. This leads us to an algorithm for detecting the

basis (FigurelB). enzyme subsets.

To compute all elementary m ne must modify th
0 compute all elementary modes, one must modify g Detect all row vectors & that are null vectors.

Normalize each of the remaining row vector& dfy
dividing by its greatest common divisor.

Compare any normalized row vector with any other. If
they are the same and there are no contradictions in the
directionalities of irreversible reactions, the correspon-
ding reactions belong to the same subset. The quotient
of the normalization factors gives the flux ratio.

algorithm outlined in the previous section in that all pairwis€’*
combinations of rows are considered, so that all the simplest
modes are computed irrespective of whether they are dg-
pendent on each other with respect to convex combination:.
Moreover, a test condition similar to equation (2.4) has to be
applied to all row combinations. A detailed presentation of
the algorithm was given earlier (Schusteal, 1996).

The row vectors detected in step 1 correspond to strictly
Enzyme subsets detailed balanced reactions (Schuster and Schuster, 1991),
i.e. their net velocities are zero in any steady state of the sys-
8m. In step 3, itis not actually necessary to compare all rows

at t th ¢ te toether in fixed f ith each other. Instead, one can arrange this comparison in
states of e system, operate ?ge erin fixe ’ux PrOPOL: oimjlar way as in the Gaussian elimination method so that
tions. We will call these groups ‘enzyme subsets’. An illus-

. L I -1)/2 i h :
trative example is given by a branched pathway structuroenyn(n )/2 comparison steps have to be made

such as that occurring in the synthesis of many amino acids
For example, the synthesis pathways of threonine, lysine a

methionine all start from aspartate, with the branch leading, order to carry out the methods of pathway analysis out-
to lysine bifurcating at aspartate semialdehyde, and thged above, a computer program named METATOOL was
branches leading to threonine and methionine bifurcating fdcently developed by T.Pfeiffer in co-operation with the
homoserine (cf. Lehninger, 1982). The enzymes in any oRgher co-authors of the present paper. The program was
branch carry the same steady-state flux. Thus, itis likely th@fitten in C (compiled with GNU gcc) and runs on UNIX
they are expressed simultaneously. and MS-DOS platforms. Itis, together with a help file and an
_InMetabolic Control Analysis, the concept of amonofuncexample file, freely available over the Internet from
tional unit was previously introduced (Kholodengbal,  ftp://bmsdarwin.brookes.ac.uk/pub/software/ibmpc/meta-
1995; Rohweet al, 1996). This refers to a group of enzymesoo|. The program parses ASCII files including the list of
that control the metabolic processes outside of the unit inr@yersible enzymes, irreversible enzymes, internal metabo-
coherent way so that control coefficients can be assigned nNgés, external metabolites and reaction equations. To cope
only to the single enzymes, but to the unit as a whole. Thugith the changing number of rows of the tableau in the course

this unit can in fact be considered as a ‘super-enzyme’. It Wag the algorithm, pointer variables are used. The output con-
shown that a group of enzymes can be considered as a moggts of an ASCI! file including:

functional unit if it fulfils three conditions (Rohwet al,

When studying gene expression or metabolic regulation, it
of interest to detect groups of enzymes that, in all stea

aplementation

1996): * the numbers of reactions and internal and external
metabolites;
(i) there is only one independent flux going through the  the stoichiometry matrix;
unit; . the null-space matrix;
(i) there are no conservation relationships linking metabo  the enzyme subsets given both in the form of a matrix
lites inside of the unit with metabolites outside; and as a list of enzyme names, including the informa-
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tion about whether these subsets correspond to a re-

A . ) ) X5PE xSP

versible or irreversible transformation; RuSP/ GAP F6P

e the overall stoichiometries of the enzyme subsets; RePI

e the stoichiometry matrix of the reduced reaction system I >I’< >
(with the enzyme subsets taken as combined reactions); R5P. s7P E4P

e aconvex basis both in the form of a matrix and as a list ATP T
of enzyme names, including the information about re- PPKII
versibility/irreversibility of the basis vectors; ADP ALDI

e  the overall stoichiometries (in terms of the external SBP
metabolites) corresponding to the vectors forming this DHAP
convex basis; / TP\

» the elementary modes given both in the form of a magep Fep 2P o GAP BPG

formation about reversibility/irreversibility;

e  the overall stoichiometries of the elementary modes in
terms of the external metabolites.

The routine involved in METATOOL for computing the ele- Fi . . : .

; . .Fig. 2. Reaction scheme including the upper part of glycolysis and
mentar)_/ mOd‘?S has also been included in the recent Versmg non-oxidative pentose phosphate pathway. Abbreviations of
of the S'mUIat'or? paqkag(_a GEPASI (Mendes, 1997). enzymes: ALDI, function of aldolase acting on FBP; ALDII,

The computation time is shortened enormously by comsynction of aldolase acting on SBP; FBPase, fructose 1,6-bisphos-
puting the elementary modes and convex basis from a rgshatase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
duced reaction system after taking advantage of a model reFKl, function of phosphofructokinase acting on F6P; PFKII,
duction using the enzyme subsets. Nevertheless, the modisction of phosphofructokinase acting on S7P; PGI, phosphoglu-
and basis are given, in the output, in terms of the originapoisomerase; R5PI, ribose 5-phosphate isomerase; TA, transaldo-
non-reduced system. In all the simulations we have carrie@se; TKI, transketolase I; TKII, transketolase II; TPI, triose-phos-

out with systems comprisirigs0 metabolites and 50 reac- phate isomerase; X5PE, xylulose 5-phosphate epimerase. Abbrevi-
ations of metabolites: BPG, 1,3-bisphosphoglycerate; DHAP, dihy-

tions, for example, running time is <5 s on a UNIX machine. roxyacetone phosphate; E4P, erythrose 4-phosphate; FBP, fructose
However, this time can increase considerably if the structur 6-bisphosphate: F6P, fructose 6-phosphate: GAP, glyceraldehyde

of the SySt.?hm IS SO c_omplex (e.9. atrf]u?hly entatl;l_gletd r_]eltwor -phosphate; G6P, glucose 6-phosphate; R5P, ribose 5-phosphate;
or one with many isoenzymes) that a combinatoria EXRu5P, ribose 5-phosphate; SBP, sedoheptulose bisphosphate; S7P,

plosion of modes occurs. sedoheptulose 7-phosphate; X5P, xylulose 5-phosphate. Underlined
metabolites are considered external.

trix and as a list of enzyme names, including the in- Fa >_< ALD! GAPDH
PFK

AP ADP

Example

Consider a reaction system involving several reactions dfirther subset is {aldolase I, phosphofructokinase 11}, and
hexose and pentose metabolism as shown in FRyuree  all other enzymes make up subsets with one member each.
oxidative part of the pentose phosphate pathway (PPP) isThe elementary modes of the system are given in Table
considered to be absent, as is the case in several microorgitode 1 is the well-known fructose 1,6-bisphosphate cycle.
isms such asMethanococcus jannasch{Selkov et al, Mode 2 represents another futile cycle, which is more com-
1997). We have taken into account that phosphofructokinapéicated and hardly detectable by inspection. Mode 11 corre-
not only acts on fructose-6-phosphate, but also, with a lowsponds to the upper part of glycolysis. Interestingly, a similar
affinity, on sedoheptulose-7-phosphate (cf. the ENZYMHEransformation is realized by mode 6, using the alternative
database, http://www.expasy.ch/sprot/enzyme.html). Like€unctions of phosphofructokinase and aldolase (PFKII and
wise, the activities of aldolase in splitting both fructose-bisALDII). The function of the non-oxidative part of the PPP is
phosphate and sedoheptulose-bisphosphate are consideraften stated as the transformation of six molecules of pen-
The following results are obtained straightforwardly bytoses into five molecules of hexoses (Meléndez-Hetvad,

means of METATOOL. The dimension of the null-space i4994). This function is performed by modes 8 and 9, with the
four. The enzyme activities of ribose 5-phosphate isomeragater implying the hydrolysis of 2 ATP. The reverse trans-
(R5PI), xylulose 5-phosphate epimerase (X5PE), transketiermation, accompanied by the hydrolysis of 1 ATP, is real-
lase | and Il (TKI and TKII) form an enzyme subset with thézed by modes 4 and 7. The remaining modes represent dif-
flux proportions —2:2:1:1. The fact that transaldolase, whicFerent conversions of ribose 5-phosphate into 1,3-bisphos-
is situated in the scheme between TKI and TKII, does ngthoglycerate (BPG) and glucose 6-phosphate or into BPG
belong to this subset, can hardly be seen by inspection.dhly. The multiplicity of modes with the same overall stoi-
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chiometry results from the fact that ALDII together with Discussion
PFKII performs exactly the same transformation as ALDI,
TA and PFKI. In other words, the two glycolytic enzymeCharacterizing the relationships between the genotype and
functions ALDI and PFKI can be bypassed via ALDII, metabolic phenotype requires efficient theoretical tools. One
PFKIl and TA (with the latter used in the reverse direction)of these tools is the structural analysis of metabolic path-
As mentioned in the previous section ‘Elementary fluxvays, which manages without knowledge of kinetic para-
modes’, elementary modes are not always convexly indeaeters. Stoichiometric and thermodynamic constraints con-
pendent. In the system considered here, a convex basidire the region of admissible steady-state fluxes to be a con-
formed by four vectors. Accordingly, algebraic and geometvex polyhedral cone. The structure of this region can be
ric dimensions coincide for this example. METATOOL com-characterized by vectors forming a convex basis. All flux
putes a convex basis consisting of the elementary modesdsstributions possible at steady state are superpositions of
4,7 and 8. All other modes can be obtained by convex corthese basis vectors.
bination of these. For example, the futile cycle representedAnother important concept in pathway analysis is that of
by mode 1 is the sum of modes 7 and 8, and glycolysis is teementary flux modes. These have a clear biochemical in-
sum of mode 7 and two times mode 3. terpretation in that they correspond to simple (non-decom-
In several studies, the enzymes aldolase, transaldolase aadable) metabolic pathways or cycles, as we have demon-
transketolase were modelled on a more detailed level, by castrated here by a simple example. This fact can be used to
sidering the elementary steps of enzyme—substrate binding atefine what a metabolic pathway means. Moreover, it may
of dissociation of the enzyme—product complex (Kuehel,  be speculated that some correspondence between elementary
1990; Nufioet al, 1997). Here, we have modelled these enmodes and different physiological functions of a biochemi-
zymes as overall reactions, but, alternatively, we have also agal network exists. The number of elementary modes in a
plied that more detailed approach and found that the numbergfstem is a measure of the richness of its different metabolic
generating vectors, subsets and elementary modes does fooictions. Moreover, the calculation of elementary modes is
change. For other systems, in which the elementary reactions areneans of determining optimal conversion vyields in bio-
linearly dependent, however, these numbers do change.  technology (Liacet al, 1996; Schustest al, 1999).

Table 1. Elementary modes of the reaction system shown in Figure 2. The enzymes are weighted with their fractional flux (unibiémis given).
Negative values indicate that the reaction is used in the reverse direction. All modes are irreversible. The meaningeefdtierabis as in Figure 2

Mode Overall stoichiometry Enzymes involved

1 ATP = ADP PFKI FBPase

2 ATP = ADP —ALDI ALDII -TA PFKII FBPase

3 NAD + 3 R5P = NADH + BPG + 2 G6P —2 PGI -2 R5PI 2 X5PE TKI TKIl TA GAPDH
4 ATP + 5 G6P = ADP + 6 R5P 5 PGI ALDII TPI 4 R5PI -4 X5PE

-2 TKI -2 TKIl -3 TA PFKII

5 3 NAD + ATP + 3 R5P = 3 NADH + —PGI ALDII TPI -2 R5PI 2 X5PE
ADP + 3 BPG + G6P TKI TKII PFKII 3 GAPDH
6 2 NAD + ATP + G6P = 2 NADH + PGI ALDII TPl —-TA PFKII 2 GAPDH
ADP + 2 BPG
7 ATP + 5 G6P = ADP + 6 R5P 5 PGI ALDI TPI 4 R5PI —4 X5PE
—2 TKI -2 TKIl -2 TA PFKI
8 6 R5P =5 G6P -5 PGI —-ALDI -TPI -4 R5PI
4 X5PE 2 TKI 2 TKIl 2 TA FBPase
9 2 ATP + 6 R5P = 2 ADP + 5 G6P -5 PGI -3 ALDI 2 ALDII -TPI
—4 R5PI1 4 X5PE 2 TKI 2 TKIl 2 PFKII 3 FBPase
10 NAD + ATP + 3 R5P = NADH + ADP + —2 PGI —ALDI ALDII -2 R5PI 2 X5PE
BPG + 2 G6P TKI TKIlI PFKII FBPase GAPDH
11 2 NAD + ATP + G6P = 2 NADH + PGI ALDI TPI PFKI 2 GAPDH
ADP + 2 BPG
12 5 NAD + 2 ATP + 3 R5P =5 NADH + 2 ALDII 2 TPI -2 R5PI1 2 X5PE TKI
2 ADP + 5 BPG TKII -TA PFKIl 5 GAPDH
13 5 NAD + 2 ATP + 3 R5P =5 NADH + 2 ALDI 2 TPI -2 R5PI 2 X5PE TKI
2 ADP + 5 BPG TKII TA 2 PFKI 5 GAPDH
14 5 NAD + 2 ATP + 3 R5P =5 NADH + ALDI ALDII 2 TPl =2 R5PI 2 X5PE

2 ADP + 5 BPG

TKI TKIl PFKI PFKII 5 GAPDH
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In this paper, we have introduced the concept of enzyméao,J.C., Hou,S.-Y. and Chao,Y.-P. (1996) Pathway analysis, engin-
subsets, by defining them as groups of enzymes that operatgering and physiological considerations for redirecting central
together in fixed flux proportions, in all steady states of the metabolismBiotechnol. Bioeng52, 129-140
system. It can be assumed that the enzymes belongingl\.ﬂavrovounlotls,M.L., _Stephanopo_ulos,G._ and _Stephanoppulos,G.
such a subset are expressed from the genome coherently arjg®2%) Computer-aided synthesis of biochemical pathviiys.
form functional units in terms of metabolic regulation. echnol. Bioeng 36, 1119-1132.

Meléndez-Hevia,E., Waddell, T.G. and Montero,F. (1994) Optimiz-

The algorithms related to the above-mentioned Concep'[sation of metabolism: the evolution of metabolic pathways toward

were implemented in a computer program METATOOL. It gimpjicity through the game of the pentose phosphate cycle.

is aimed at complementing earlier software packages for si-Theor. Biol, 166 201—220.

mulation of biochemical systems [e.g. MetaModel by Cormendes,P. (1997) Biochemistry by numbers: simulation of biochemi-
nish-Bowden and Hofmeyr (1991); GEPASI 3 by Mendes cal pathways with Gepasi Brends Biochem. ScP2, 361-363.
(1997)] by focusing solely on structural (topological) aspectiozicka,F., Guddat,J., Hollatz,H. and Bank,B. (19TAorie der

of these systems. For the future, it is planned to extend thdinearen parametrischen Optimierungkademie-Verlag, Berlin.
program so that reaction equations can be extracted aubytno,J.C., Sanchez-Valdenebro,l., Pérez-lratxeta,C., Meléndez-

matically from databases available in the WWW. Hevia,E. and Montero,F. (1997) Network organization of cell
metabolism: monosaccharide interconversiBrochem. J 324
103-111.
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