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Abstract

In metabolic pathway analysis, it should be considered that many enzymes operate with low spédeifigity
nucleoside diphosphokinase, uridine kinase, transketolase, alfjotaséhat various substrates and products can be
converted. Here, we analyze the effect of enzymes with low substrate specificity on the elementary flux modes
(pathways. We also study the benefits of two different approaches to describing multifunctional enzymes. The usual
description is in terms ofoveral) enzymatic reactions. At a more detailed level, the reaction dtiegié-reactions,
hemi-reaction} of the formation and conversion of enzyme-substrate complexes are considered. Multifunctional
enzymes operate according to various mechanisms. This is illustrated here by the reaction schemes for the different
enzyme mechanisms of bifunctional enzymes. For enzymes with two or more functions, it is important to consider
only linearly independent functions, because otherwise cyclic elementary modes would occur which do not perform
any net transformation. However, the choice of linearly independent functions is not a priori unique. We give a
method for making this choice unique by considering the extreme pathways of the hemi-reactions system. A formal
application of the algorithm for computing elementary flux modpathways yields the result that the number of
such modes sometimes depend on the level of description if some reactions are reversible and the products of the
multifunctional enzymes are external metabolites or some multifunctional enzymes partly share the same metabolites.
However, this problem can be solved by appropriate interpretation of the definition of elementary modes and the
correct choice of independent functions of multifunctional enzymes. The analysis is illustrated by a biochemical
example taken from nucleotide metabolism, comparing the two ways of description for nucleoside diphosphokinase
and adenylate kinase, and by several smaller examplex)02 Elsevier Science B.V. All rights reserved.

Keywords: Multifunctional enzyme; Low-specificity enzyme; Elementary flux modes; Nucleoside diphosphokinase; Half-reaction

1. Introduction functional genomics[7—-9 and biotechnology
_ _ [2,6,10,11. A central concept in this analysis is
~ Pathway analysis has become an important tool that of elementary flux modef2,11,13. An ele-
in biochemical modeling[1-6]. It is helpful in mentary mode is a minimal set of enzymes that
~ *Corresponding author. Tel:+ 49-30-9406-3125; fax:- 49- CO”",j operate at steady state. ‘Mlnlm_al’ means
30-9406-2834. that if only the enzymes belonging to this set were
E-mail address: stschust@mdc-berlin.deS. Schuster operating at steady state, complete inhibition of
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one of them would stop any steady-state flux in inhibition by alternative substrates binding to the
the system. If we write a flux distribution as a same active site need not be taken into account in
vector, V, with the components corresponding to computing the elementary modes because these
the fluxes through the particular enzymes, then modes refer to potential flux distributions. The
this definition implies thaV represents an elemen- magnitudes of reaction rates and the percentage of
tary mode if there is no other steady-state flux each elementary mode with which it contributes
distribution,V’, having zero components wherever to the actual flux distribution is not the point of
V does and at least one additional zero componentour interest in pathway analysis.
[13]. The description of multifunctional enzymes can
Another definition says that an elementary mode be made in two different ways. The usual way is
cannot be decomposed into two flux modes involv- by writing overall reactions in terms of substrates
ing fewer enzyme$12,14, and products. In the context of pathway analysis,
, " an alternative was proposed by Nuno et [45].
V#EMVIFAV AN >0 This approach describes the enzymatic mechanism
It has recently been proved that these two in more detail considering the steps of the forma-
definitions are equivalenfl13]. Any flow pattern tion, interconversion and decay of the enzyme—
can be expressed as a non-negative linear combi-substrate compleghalf-reactions, hemi-reactiohs
nation of the elementary modes. In this way, we Such a detailed description has also been used in
can find, for a given biochemical system, the other areas of biochemical modelihgQ].
metabolic routes that lead from a particular starting  Apart from the study by Nuno et aJ15], up to
metabolite to the desired reaction product, and it now, multifunctional enzymes have been treated in
becomes clear whether a particular enzyme is pathway analysis at the level of overall reactions.
essential in the biotransformation. Elementary Of course, the different functions of such an
modes have been determined, for example, for enzyme then have to be treated as distinct reactions
sucrose metabolism in sugar cafg and for when computing the elementary modésr exam-
carbon metabolism inMethylobacterium extor- ple, by the program METATOOL For example,
quens [6]. Related concepts in pathway analysis the two functions of transketolase have been
were proposed1,10,15,16. Nuho et al.[15] and labeled as Tktl and Tktll in2]. For the compu-
Schilling et al.[1] argued to use the set of extreme tation of pathways, this description implies that
pathways(sometimes called ‘convex basisThe the two reactions are treated independently. How-
convex basis is a subset of the set of elementary ever, if knockout mutations or enzyme deficiencies
modes with the property that no extreme pathway are studied, care has to be taken that the two
can be expressed as a superposition of otherreactions are deleted simultaneously from the list
extreme pathways. Elementary modes and the of reactions.
convex basis can be computed by the C program The number of reactions to be considered
METATOOL [17], which is available from depends on the number of different functions of
http:/ /www.bioinf.mdc-berlin.déprojecty meta- an enzyme and, moreover, on the level of descrip-
bolic/metatooy. tion (half-reactions vs. overall reactionsThe
Many enzymes are known to be multifunctional. question arises whether the pathways computed by
This means that different substrates might be elementary mode analysis are invariant to the level
bound in one or more than one active sites. We of description. This will be studied in the present
focus on those enzymes having only one active article.
site, but with a low specificity for the substrates.
An example is provided by uridine kinase. It can 2. The case where all multifunctional enzymes
phosphorylate uridine, cytidine and a number of involve only irreversible steps
derivatives of these nucleosidésuch as 5-fluo-
rouridine) [18,19. As phosphate donors, various For uridine kinase, the reaction with the highest
nucleoside triphosphates can be used. Competitiveactivity is
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Urk1l: ATP+uridine=ADP+UMP. A+B—-C+D and HB—-G+D, can proceed
according to the different mechanisms shown in
Fig. 2. There are opposing views in the literature
about the mechanism of wuridine kinase
[18,19,22,28 (see also database BRENDALet

us first assume that it operates according to an
ordered sequential mechanid4d®,23. Clearly the
phosphate donor binds first. For symmetry reasons,
this implies that(d)NDP is released lagiwith N
standing for A, U or @. Then, the half-reactions

In the following, we list all reactions phospho-
rylating uridine that have more than approximately
50% of the activity of this reaction as well as all
reactions phosphorylating cytidine that have more
than approximately 50% of the activity of the
reaction

Urk2: ATP+cytidine=ADP+CMP,
(which, in turn, has 35.6% of the activity afrk1)

read:

(see database BRENDA, htfy’www.brenda.uni-

koeln.de). ATP+Urk=Urk-ATP (i.e. the enzyme-substrate
complex;

Urk3: dATP+ uridine=dADP+ UMP;
Urk4: dATP+cytidine=dADP+ CMP;
Urk5: dUTP+ uridine=dUDP+ UMP;
Urk6: dUTP+cytidine=dUDP+ CMP;
Urk7: dCTP+uridine=dCDP+ UMP;
Urk8: dCTP+ cytidine=dCDP+ CMP.

Urk-ATP+ uridine=Urk-ADP+ UMP;
Urk-ATP+ cytidine= Urk-ADP+ CMP;
Urk-ADP=Urk+ ADP;

dNTP+ Urk=Urk-dNTP;

Urk-dNTP+ uridine= Urk-dNDP+ UMP;
Urk-dNTP+cytidine= Urk-dNDP+ CMP;

- . : . Urk-dNDP=Urk+ dNDP.
In every cell containing a given multifunctional

enzyme, all its different functions are performed  More rigorously, one should write the formation
simultaneously, but to avoid redundancy, we will and decay of ternary complexes such as Urk-ATP-
consider only independent functions. The other uridine. However, for establishing the input to
ones can be expressed as linear combinations ofMETATOOL, it is not necessary to write all
these. For example,Urk4=—Urkl1+Urk2+ elementary steps. Consecutive steps without
Urk3. The number of linearly independent reac- branching in between can be lumped into one step
tions is given by the rank of the stoichiometry because any elementary mode containing one of
matrix [14,21. This can be calculated either by these steps will also include the othEr7]. For
standard tools from linear algebra or by determin- example, in the ordered ping-pong mechanism
ing the number of metabolites minus the number indicated in Fig. 2al, we can lump the first two
of independent conservation relations. We here steps (E+B—EB, EB->D+EP) into E+B—
apply the second method. There are twelve metab-D +EP and the last two steps+AEP— EC, EC—
olites involved in uridine kinase: ATP, dATP, ADP, C+E into A+EP— C+E, respectively, F-EP—
dADP, UMP, CMP, dUTP, dUDP, dCTP, dCDP, EG, EG—-E+G into F+EP—E+G.
uridine, cytidine, and seven conservation relations, If the enzymatic mechanism of uridine kinase is
notably for the moieties ADP, dADP, dUDP, dCDP, ordered ping-pond23], the half-reactions read:
uridine, cytidine, and phosphate. Thus, the numberATP+Urk=Urk-P+ADP'
2y veator space, the choice of basis vectors is JATP:+ Urk=UrkcP - GADP,
not unique. Here 'one could choose, for example dUTP+ Urk=Urk-P-+dUDP;
the following five1 reactionsUrk1 Ur,k2 Urk3 , dCTP+Ur]<_=Urk—P+dCDP;

) ’ ’ ' Urk-P+ uridine=UMP + Urk;

Urk5, Urk7. Two of these are shown in Fig. 1.
As mentioned in the Introduction, multifunction-

al enzymes can be described in two different ways.

The formulation of a reaction in terms of elemen-
tary steps(half-reaction$ depends on the reaction
mechanism. For example, a bifunctional reaction,

Urk-P+ cytidine= CMP+ Urk.

We consider a system made up of uridine kinase
and several other reactions of nucleotide metabo-
lism (Fig. 1). Here, the number of elementary
modes does not depend on the level of description
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Fig. 1. Uridine kinase system. Enzyme&PT, adenine phosphoribosyltransferadeC 2.4.2.7; Cdd, cytidine deaminas€EC

3.5.4.9; KAD, adenylate kinas€EC 2.7.4.3; Kcyl, cytidylate kinase EC 2.7.4.14; KPR, ribose-phosphate pyrophosphokinase

(EC 2.7.6.2; UPP, uracil phosphoribosyltransferas&C 2.4.2.9; Urk, uridine kinase(EC 2.7.1.48. Metabolite names: ADP,
adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CDP, cytidine diphosphate; CMP, cytidine
monophosphate; Cyt, cytidine; NH3, ammonia; Ppi, diphosphate; PRPP, phosphoribosylpyrophosphate; R5P, ribose-5-phosphate
UDP, uridine diphosphate; UMP, uridine monophosphate. The arrow repres&aibgcorresponds to the production of two mol-

ecules of ADP. Symbols in brackets refer to external metabadlgearces and sinbs

or on the enzyme mechanism. In each case, thereshould be used for an enzyme with two linearly
are four elementary flux modes, which in terms of independent functions.

overall reactions readKcy2, Urk2}; {Kcy1, Cdd, A prominent example of a reversible multifunc-
Urk1}; {UPP, Kcyl, KAD, KPR; {(2 UPP, (2 tional enzyme is transketolag&C 2.2.1.). Each
Kcyl), KPR, APT}. All of them are irreversible.  of its monomers can catalyze the reactidad]
Moreover, the convex basis here coincides with Tkt1: ribose-5P+ xylulose-5P= sedoheptulose-

the set of elementary modes. 7P+ glyceraldehyde-PTkt2: erythrose-4R- xylu-
lose-5P=fructose-6P+-glyceraldehyde-Rwhere P

3. The case where some multifunctional stands for phosphakelnterestingly, a linear com-

enzymes involve reversible steps bination can be writtenTkt3: erythrose-4R- sedo-

heptulose-7R xylulose-5P+ fructose-6P  (Tkt1,

A linear dependence among the various reac- —Tkt2), which is also a bimolecular reaction.
tions of a multifunctional enzyme only occurs if Usually, in the literature, onlyrktl and Tkt2 are
these reactions share partly the same substancegnentioned[24—-26. However, one can likewise
For example, an enzyme catalyzing the reversible indicate, for exampleTkt1 and Tkt3 as independ-
reactions A~>B and A< C will also catalyze the  ent functions of transketolase.
reaction B~ C. In contrast, there is no linear We will now consider the simple hypothetical
dependence for an enzyme catalyzing the reactionssystem shown in Fig. 3a. Reaction 2 is depicted
A< B, CeD. The term ‘bifunctional enzyme’ in terms of hemi-reactions. Half-reaction b is



S. Schuster, 1. Zevedei-Oancea / Biophysical Chemistry 99 (2002) 63-75 67

B

EA N __ , EAB

@]

EC

EL» —Z>< ED—ADU
U

A

> 7

. o
/4 A\
4,

E/
N

EQ

D
ED_A’

i

4
VS

C3
B) )

N
2
EB T>EQ A>/VEA¥-—>EAB —Ansc

b E
F

VEAB

<
—A> EP % ED B
A’ NG F\

~,
<

EC
EG G

b

AA.

EF —=—>EFB —T> EG
B D

o EA\KEAB {fv

Fig. 2. Different reaction mechanisms for the bifunctional reactiehB\~> C+D and B — G+D. (al) Ordered ping-pong with

low specificity in the lower part(a2) Ordered ping-pong with low specificity in the upper paith) Random ping-pong(c1-4)
Ordered sequential with low specificity in various stef). Random sequential.

reversible, while a and c are irreversible. Applying in the two definitions given in the Introduction
the algorithm for computing elementary modes provided that the components ¥f correspond to
[2,13 formally to the hemi-reactions system, the reaction steps. However, when stepsind ¢ are
following modes are obtained: operative, also step can be operative because it

_ belongs to the same enzym,. Therefore, one
{Bx @ —bj, b ¢ B4, {Ey & B4 can write the third mode as the sum of the first
The last mode fulfils the conditions mentioned two and, accordingly, it is not elementary.
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Fig. 3. Simple reaction schemes illustrating elementary modes and convex basis on different levels of de<eipfive.multi-

functional enzyme is represented by half-reactidlebeled bya, b and c). Arrows with single (double arrow-heads refer to
irreversible (reversible reactions. The forward orientation of reversible reactions is symbolized by full arrow-heads. Elementary

flux modes are depicted by dashed arro@s. The same system as {i@) in terms of overall reaction{c) Half-reactions system
with an additional enzymeg,. (d) The same system as {i¢) in terms of overall reactions.
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The overall-reactions of enzymi, could be,
for example:

A=a—b,B=b+c.

The third overall reactionC =a+c, is linearly
dependent o\ andB. Therefore, it should not be
included on computation of pathways. The trans-
lation of the above-mentioned modes from the

69

the ‘elementary modes E,, A}, { —A, C, E3},
{E,, C, E5}. This result is not, however, correct
because the third mode is not really elementary. It
appears that this choice of linearly independent
functions is not suitable. Instead, one should take
the functionsA and B. Importantly, the choice of
these is derived from the convex bas{£,, a,
—b} and{b, c, E5} (with stepa being irreversi-

hemi-reactions system in terms of overall-reactions ble). The convex basis and, thus, the choice of

is (Fig. 3b):
{E., A}, {B, E3}, {E, A+B, Eg.

Now it can clearly be seen that the last one is,
according to the definition of elementary flux

linearly independent functions are imposed on the
multifunctional enzyme by the other enzymes in
the system.

The above reasoning leads us to establishing a
method for identifying the appropriate linearly

modes, not elementary, because it is the sum of independent functions.

two modes involving fewer reactions. In the light
of the verbal definition of elementary modes given
in the Introduction, one may wish to write the

modes in terms of enzymes rather than reactions:

{E., EJ}, {E,, E3}, {E,, E,, Ez}. However, the
last of these is still non-elementary because it
involves the former two as subsets.

We will now consider the convex basis for this
example system. In the half-reactions description,
the extreme pathways afé&,, a, —b} and{b, c,
Es}. The mode{E,, a, ¢, E5} is not an extreme
pathway because it is the sum of these two
pathways. For the given directionality of reactions,
the extreme pathways are unique. However, if, for
example, reactions were reversible, uniqueness
would be lost. We could then choodéE,, a,
—b}, { —E,;, —a, b} and{b, c, Ez}, or we could
choose{E,, a, —b}, { —E;, —a, b} and{E,, a,
¢, E3}. In the overall description, if reactioa is
irreversible, the convex basis reatig,, A}, {B,
E.}. If reactionsE, anda were reversible, we can
take{E;, A}, { —E;, —A}, {B, Ez} or {E,, A},
{—E,, —A}, {C, E3}. Thus, in both cases, the
number of extreme vectors is independent of the
level of description. Moreover, for the overall

1. Determine the convex basis in the half-reactions
system.

2. See which combinations of half-reactions of the
multifunctional enzyme occur and translate
these into overall reactions.

3. Compute the elementary modes in the overall
reactions system.

In this way, the elementary modes are uniquely
defined and do not depend on the level of descrip-
tion. We recall that, on the half-reactions level, the
definition of elementary modes should be applied
in terms of enzymes rather than of half-reactions.

We now apply the above method to a network
describing glycolysis and the pentose phosphate
pathway (see [2] for the reaction equationsin
which transketolase is described by half-reactions.
These readR1: xylulose—5P+ Tkt=glyceralde-
hyde—3P+TktC2; R2: ribose-5P+ TktC2=
sedoheptulose 7P+ Tkt; R3: erythrose-4P+
TktC2=fructose- 6P+ Tkt. This network gives a
convex basis that involves six extreme pathways,
three of which do not contain transketolase at all,
while the others contain R1+R2+R3. This can
be simply translated int@kt1+Tkt2. A transla-

reactions system, the convex basis can be obtainedion involving Tkt3 would be more complicated,

by translating the convex basis of the hemi-reac-
tions system.

As mentioned above, the choice of linearly
independent functions of a multifunctional enzyme
is not a priori unique. In the example under study,
we could take functiong& andC instead ofA and
B. Formal application of the algorithm then yields

for example, 2Tkt2+Tkt3. Thus, the two func-
tions usually given in the literature are in accor-
dance with the above method.

It is interesting to consider the system depicted
in Fig. 3c, which extends the system shown in
Fig. 3a in that the substance converted by the
reversible hemi-reactioh is also converted by an
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additional enzymek:,. For this system the elemen- R5: ATP+KAD =ADP+ KADP;
tary modes in terms of half-reactions refi,, a, R6: GTP+KAD =GDP+KADP;
—b, E4}, {E, b, ¢, E3}, {Ey, & ¢, Eg}. The last  R7: UTP+KAD =UDP+KADP
one reads, in terms of overall reactiof&,, A + R8: CTP+KAD =CDP+KADP;
B, Es} (Fig. 3d). This mode is now elementary R9: ADP+KAD =AMP + KADP.
because it does not involve enzynig. In this
situation, it is thus unnecessary to apply the above
method.

The remaining enzyme reactions are:
UDP: UTP+ G1P=UDP-Glc+ Ppi;
CTP: CTP+ CholP=CDP-CholP+ Ppi;
4. Interconversion of nucleoside triphosphates CPT: CDP-CholP+DAG =CMP+ Pchol;
KIC: CholP+ADP=Chol+ATP;

To illustrate the main point of this paper, we Kcy: CDP+ADP=CMP+ATP;

consider a biochemical system involving the . _ .
enzyme nucleoside diphosphokind&C 2.7.4.6. :DPGYM iDSi6=P2 SIlP
This enzyme reversibly interconverts various UGé: UDP-GIc1=Gch+UDP.
nucleoside triphosphates as well as deoxy-nucleo-
side triphosphates and the corresponding diphos- For such a large system, the comparison of
phates. For simplicity’s sake, we here consider elementary modes at the two levels of description
only the conversion of ATP, GTP, CTP and UTP. is not straightforward. Therefore, we implemented
The general reaction equation reads an algorithm which translates the elementary flux
_ * modes of the overall-reactions system into elemen-
N:TP+N-DP=N.DP+N.TP ) tary flux modes in terms of hemi-reactions and
with N, and N, denoting some nucleosides. As we compares this set with the set of elementary modes
here consider four different nucleosides, there are computed for the hemi-reactions, identifying the
16 different reaction equations of the typ®), of  difference. For writing this program we used Lex
which only six are relevant for symmetry reasons (|exical Analyzer Generatdr with host language
and because N and,N should be different. C. Our program is available upon request.
Nucleoside diphosphokinase operates according  According to the method given in Section 3, we
to an ordered ping-pong mechani$@v] (see also  first determined the convex basis for the half-
database BRENDA Therefore, in the formalism  reactions system. This involves six vectors. How-

of half-reactions, the enzyme reaction can be eyer, three of these are irrelevant because they

written as represent cyclic flows and perform no net trans-
R1: ATP+NDK=ADP+NDKP formation(e.g.R1, —R2, —R5, R6). The vectors
R2: GTP+NDK =GDP+ NDKP of the convex basis contain the following combi-
R3: UTP+NDK =UDP+NDKP nations of hemi-reactions belonging to the same
R4: CTP+NDK =CDP+ NDKP. enzyme:(R1, —R2), (R1, —R3), (R1, —R4),

Now we consider the reaction system shown in (—R5, R6), (R5 —R7), (R5 —R8), (R5,
Fig. 4, which extends a network analyzed earlier —R9). In this way, we define the linearly inde-
[29]. For simplicity’s sake, we do not indicate pendent functions of KAD and NDK:
transport reactions bet\(veen t.jl'fferent organe!les. NDK 1=R1—R3: ATP+UDP=ADP+ UTP:

The network includes, in addition to nucleoside

: ; NDK2=R1—-R2: ATP+GDP=ADP+GTP;
diphosphokinase, several other enzymes of nucle-

: ; : NDK3=R1—-R4: ATP+CDP=ADP+CTP;
otide interconversion. One of these, adenylate K ADL—R5—R9: ATP+AMP —2 ADP-
kinase(KAD ), is multifunctional as well, G + B '

KADL: ATP-+ AMP — ADP 4 ADP: KAD5=R5— R8: ATP+CDP=ADP+CTP;

: - _ KAD6=R5— R7: ATP+UDP=ADP+ UTP:
KAD2: GTP+AMP =GDP+ADP; KAD7= —R5+R6: ADP+GTP=ATP+GDP
KAD3: CTP+AMP =CDP+ ADP; = ~RO+RG: TGIP=ATP+GDP.
KAD4: UTP+AMP =UDP+ ADP. Out of the six reactions of NDK mentioned

Its hemi-reactions read: above, only three are linearly independent because
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Fig. 4. Interconversion of nucleoside triphosphates. Enzy3K, nucleoside-diphosphate kina¢EC 2.7.4.6; UDP, UTP-
glucose-1-phosphate uridylyltransferd&cC 2.7.7.9; PGM, phosphoglucomutagé&C 5.4.2.3; KIC, choline kinasd EC 2.7.1.32;

CTP, choline phosphate cytidylyltransfera¢EC 2.7.7.13; CPT, diacylglycerol cholinephosphotransferaeC 2.7.8.2; IPY,

inorganic pyrophosphatadeeC 3.6.1.3; UGS, glycogen synthas€EC 2.4.1.1); Kcy, cytidylate kinase(EC 2.7.4.14; KAD,

adenylate kinas€éEC 2.7.4.3. Metabolite names other than those in Fig. 1: Chol, choline; CholP, cholinephosphate; CTP, cytidine
triphosphate; DAG, 1,2-diacylglycerol; G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; GDP, guanosine diphosphate; Glyc,
glycogen; GDP, guanosine diphosphate; GTP, guanosine triphosphate; PChol, phosphatidylcholine; UDP-Glc, UDP-glucose; UTP,
uridine triphosphate.

we have eight different metabolites and five con- tions is four. This is in agreement with the func-

servation relation¢for the ADP, GDP, CDP, UDP,
and phosphate moieties Importantly, we have

tions obtained above.
Using these functions, computation of elemen-

obtained exactly three independent overall reac- tary modes by the program METATOOL gives

tions from the convex basis. The reactiNibDK 4:
GTP+ CDP=GDP+CTP, for example, is the sum
of the reactionf\NDK 3 and (— NDK?2). Note that
NDK1, NDK2 and NDK3 are all reversible. As
KAD involves one additional metaboliteAMP)

eight modegTable 1. However, we have to cancel
three of thesémodes 2, 3 and )6because they do
not perform any net transformation. Cyclic modes
that cannot operate due to thermodynamic reasons
are not eliminated by METATOOL. To decide

and implies the same number of conserved moie- whether these modes can operate, one needs to
ties (with AMP instead of ADP being a conserved know whether they are driven by a free-energy
moiety), the number of linearly independent func- difference between external metabolites, which
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Table 1
List of elementary modes for the reaction scheme of nucleotide metabolism shown in Fig. 4

No Elementary flux modes in overall Elementary flux modes in terms Directionality
reaction system in terms of half- of overall reaction
reactions
1 —R5R9 —KAD1 Reversible
2 —R1R2R5 —R8 —NDK2 KAD5 Reversiblé
3 —R1R3R5 —R7 —NDK1 KAD6 Reversiblé
4 R1 —R3 UDP PGM IPY UGS NDK1 UDP PGM IPY UGS Irreversible
5 —R5 R7 UDP PGM IPY UGS —KAD6 UDP PGM IPY UGS Irreversible
6 R1 —R4 —R5 R6 NDK3 KAD7 Reversiblé
7 R1 —R4 —Kcy —KIC CTP IPY CPT NDK3 —Kcy —KIC CTP IPY CPT Irreversible
8 R5 —R6 —Kcy —KIC CTP IPY CPT —KAD7 —Kcy —KIC CTP IPY CPT Irreversible

2These modes are cyclic and perform no net transformation. Therefore, they should be deleted. They occur because several o
the functions of NDK and KAD are identical.

may have been omitted in the reaction equations reactions R1 and —R3, so that this mode is
for the sake of simplicity. It now becomes clear equivalent to mode 4 in Table 1.

that in the presence of multifunctional enzymes, _ .

elementary modes have to be checked carefully 5 Discussion

whether they realize a net transformation of exter- . . .
nal substances. Otherwise, non-elementary modes Multlfunc'glonal enzymes (in thg Sense . of
would be obtained. For example, modes 2, 3 and enzymes with low substrate specificitpre ubig-

6 in Table 1 include mode no. 1 as a subset, and u:to%s Imd“\;:ngr cellr?. Prom:ge?t exarkr:p)l(eiinare
so do modes 5 and 8. The latter two can be alcono enydrogenase, — aldolase, EXoKInase,

cancelled because they perform the same net trans_transketolase, uridine kinase, cytidylate kinase,

. ) . nucleoside diphosphokinase and adenylate kinase.
formation as modes 4 and 7, respectively. Also in . X
the convex basis, irrelevant cyclic modes have to Many other enzymes, which are commonly consid-
be cancelled Tr’1e number of relevant extreme ered as monofunctional, actually catalyze a number

N : . of side reactions, the so-called underground metab-
pathways is three in the overall reactions system

d. th Lo th ber obtained ab ; olism [28]. To our eyes, these facts have not
and, thus, equal to the number obtained above Oradways been duly taken into account in the mod-
the hemi-reactions system.

) eling of metabolic networks. Here, we have inves-
This example shows on a larger scale than the yjgated how to treat multifunctional enzymes in

hypothetical example discussed in Section 3 how etabolic pathway analysis.

to deal with reversible multifunctional enzymes. We have shown that the various reactions that

Here, the reason for a special treatment of such can pe performed by a multifunctional enzyme

enzymes is, however, different. There are sets of catalyzing reversible bimolecular reactions are usu-

overlap. KAD and NDK both use ATP, ADP, UTP,  gverall reactions in pathway analysis, it is impor-

UDP, GTP, GDP, CTP and CDP. Therefore, if we tant to consider only linearly independent reac-
computed the elementary modes for the hemi- tions. Otherwise, cyclic elementary modes are
reactions system formallfthat is, without consid-  obtained which do not perform any net transfor-
ering the enzymes as basic unjtsve would mation and have to be cancelled afterwards. For

obtain, for example, the modéR2, —R3, R5, example, includingN\DK 4 into the set of reactions
—R6, UDP, PGM, Ppase, UGS}. However, the  for the system shown in Fig. 4, we will obtain a
set of hemi-reaction§R2, —R3, R5, —R6} per- spurious elementary mode consisting only of

forms the same overall transformation as the hemi- enzyme NDK (with the functions NDK2,
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—NDK3, NDK4) and performing no net transfor- case. This point is also related to the concept of
mation at all. activity set introduced by Nuno et diL5]. This is

An algorithm for choosing, in a unique way, an the set of all enzymes operative in a given state.
appropriate set of linearly independent functions Note that in the presence of multifunctional
has been given. We suggest that such information enzymes, this set involves fewer items than non-
could be included in metabolic databases. At pres- zero components are contained in the vecdtor
ent, in a number of databases, e.g. ExXPASy because several components refer to the same
ENZYME (http://www.expasy.ciienzyme’) and enzyme.
partly in the literature, the set of possible substrates We have illustrated these theoretical considera-
and products of a multifunctional enzyme are tions by several examples. Another example is the
indicated without specifying the particular reac- reaction system of monosaccharide metabolism
tions, especially for enzymes with a high number studied in[15]. In terms of overall reactions, this
of functions. ExPASy-ENZYME indicates that system gives rise to 296 elementary flux modes,
many nucleoside diphosphates can act as acceptorsvhile in terms of half-reactions, 866 modes would
in the nucleoside diphosphokinase reaction, and arise if the reaction steps were considered as basic
many ribo- and deoxyribonucleoside triphosphates units. Note that Niino and coworkes5] analyzed
can act as donors. Obviously, the number of the convex basis. This set involves eight extreme
pathways would be much greater than the number pathways in both descriptions. Also for the other
obtained in Section 4 if all functions of this examples, we have found that the number of
enzyme were included. extreme pathways is independent of the level of

In all examples we tested so far, the number of description even if the definition is applied to
different functions of multifunctional enzymes as reaction steps. It can be shown that this holds for
derived from the convex basis of the half-reactions any reaction system because the extreme pathways
system is equal to the number of linearly inde- have the property that none of them is a non-
pendent functions as given by the rank of the negative linear combination of other extreme path-
stoichiometry matrix. It will be a subject of future ways. The same property holds after translating
studies to prove that this is true in general for the extreme pathways of the half-reactions system
multifunctional enzymes involving at least one into those of the overall reactions system. When a
reversible reaction. system only contains irreversible steps, the set of

Our main result is that the number of pathways elementary modes coincides with the convex basis
(defined as elementary flux modedoes not  [12]. Therefore, such systems do not cause any
depend on the level of description of multifunc- problems with respect to a description on different
tional enzymes provided that the definition of levels of detail. As illustrated by an example in
elementary modes is applied correctly. This Section 2, the same is true as long as only
requires that enzymes are considered as the basianonofunctional enzymes are reversible.
units in metabolism. We have to find a minimal Both sets of fundamental pathways have their
number of enzymes rather than a minimal number advantages: the convex basis usually involves a
of reaction steps. Note that the definition of ele- smaller number of pathways, but they are some-
mentary modes is based on the principle of genetic times not uniquely determineld 7] and they often
independence introduced by Seressiotis and Baileydo not cover all biochemically relevant routdss].
[16]. This says that upon decomposition of a mode Moreover, they may change considerably upon
into two other modes, no enzymes should be usedaddition or deletion of reactions. For example, if
in addition that are not used by the mode in reactionb in Fig. 3a is deleted, the previous
question because the other modes then would beextreme vectors do no longer apply and the new
genetically independent. Formal application of the extreme vectofa, c} arises. The set of elementary
definition on the level of hemi-reactions would modes is uniquely determined and involves the
imply that the principle of genetic independence full set of potential basic routes in the system.
would hold for hemi-reactions, which is not the Moreover, if enzymes are added to the system,
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new elementary modes may arise while the previ-
ously existing modes remain unchangéi3].
Upon deletion of enzymes, some modes may
disappear while none of the remaining modes will
be changed. While the convex basis is always
independent of the level of description, the ele-
mentary modes require a correct application of the
definition in order that the same property holds for
these.

In future studies, it is worth considering that
different reactions of a multifunctional enzyme can
proceed depending on conditiofs.g. availability
of initial substrat¢. However, the general results
of the present paper will not be affected by this
specification. Moreover, the approach presented
here may be of interest for the modeling of enzyme
evolution because it is generally assumed that the
multitude of present-day monofunctional enzymes
evolved from a smaller number of enzymes with
broader substrate specificity.
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