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Abstract 

 

The driving force for the mechanism of different metabolic reactions inside 

the cell to derive energy is through the flow of electrons. Electrons flow 

through stepwise conversion of biochemical reactants and intermediates into 

different products with the help of different energy carriers or cofactors. This 

framework forms a network topology which contains a balanced set of 

biochemical reactions. The stoichiometric matrix was constructed based on 

different biochemical reactions through the generation or consumption of 

metabolites. The stoichiometric matrix was mathematically analyzed to 

explore the network properties. There are four fundamental subspaces 

available in a stoichiometric matrix. Null space contains all the steady state 

flux distributions in a particular biochemical network. Based on null space 

algorithm, the elementary flux modes were established for glycolysis, PPP and 

acetate formation pathway. Elementary modes resulting in the formation of 

acetate from G6P through glycolysis have positive Gibbs free energy change 

for overall reaction. Acetate formation from G6P via PPP pathway and non-

oxidative phase of glycolysis pathways are less positive than other acetate 

formation modes and hence are more thermodynamically feasible. 

 

 

Introduction 

Cells are consummate transducers of energy, and is capable of inter-converting 

chemical, mechanical, electromagnetic and osmotic energy with great efficiency 

(Lehninger, 2013). The important driving force for the mechanism of different 

metabolic reactions inside the cell to derive energy is through the flow of electrons. 

Electron flow is possible only through the stepwise conversion of subsequent 

biochemical reactants by enzymatic hydrolysis with the involvement of different 

energy carriers such as ATP, ADP, NAD, NADH, NADP, NADPH and other 
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cofactors. The framework of network topology or metabolic pathway contains 

stoichiometrically balanced set of biochemical reactions. Each balanced 

biochemicalreaction describes the interconnectivity between metabolite and a 

particular reaction.Metabolic pathways are mathematically explored to identify the 

different routes through which biochemical reactions for synthesizing a particular 

product are executed at steady state condition. One of the mathematical tools is using 

the concept of null space approach for obtaining different metabolic routes. The 

overall stoichiometry is constructed from which the thermodynamic feasibilityof the 

proposed pathways can be estimated.The conversion of substrates to products using 

enzymes and the transport of metabolites across the cell boundaries have either 

generation or consumption of each of the metabolite. Thus, the stoichiometric 

coefficient for generation of a metabolite is expressed as positive whereas the 

stoichiometric coefficient of consumption of a metabolite is expressed as negative. 

The stoichiometric coefficients for each of the biochemical reaction in the network are 

represented in the form of matrix and is denoted by S. In the stoichiometric matrix S, 

m rows comprise metabolites and n columns comprise biochemical reactions 

involving the metabolites. The stoichiometric matrix provides the basis for various 

mathematical analysis to explore the network properties of the system. Based on the 

law of conservation of mass, the difference between the rate of generation and 

consumption of a particular metabolite is equivalent to the change in concentration of 

metabolite with respect to time (Eq.1). 

k

kik
i vs

dt

dx

 

(1) 

Mathematically, the stoichiometric matrix linearly transforms the reaction rate vectors 

(flux vector) into a vector of time derivatives of concentration vector and is given in 

Eq. 2. 

vS
dt

dx
.

 
(2) 

whereas, flux or reaction rate vector is represented as ),.....,,,( 321 nvvvvv and the 

concentration vector is expressed as ),.....,,,( 321 mxxxxx . The linear transformation 

between the vectors, v and x transforms the flux vectors into metabolite 

concentrations without the need of kinetic parameters or any other information. The 

mathematical exploration of S does not define the dynamic concentration states of the 

metabolic network explicitly but it provides knowledge on topological and structural 

relationships between reactions and metabolites. In a biochemical network, there are 

"m"metabolites and "n"reactions and thus the dimension of the stoichiometric matrix 

is represented as nm . In a typical biochemical network, there are more reactions 

when compared to metabolites and hence S may not have full rank and that is 

considered as rank deficient. Thus, rank of the stoichiometric matrix mrSr )( . 

The rank of a matrix "r" represents the number of linearly independent rows and 

columns of a stoichiometric matrix. Some of the rows or columns are linearly 

dependent which could be computed from the linear combination of different linearly 

independent rows or columns (BO Palsson, 2006). In the stoichiometric matrix S, 

there are four fundamental sub-spaces incorporated in it and is represented in Fig. 1. 
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Figure 1: Linear transformation of a stoichiometric matrix and its four fundamental 

sub-spaces (BO Palsson, 2006) 

 

 

The vector being mapped is in two orthogonal spaces viz., row and null spaces and 

that is called as co-domain or range of the transformation whereas the vector 

produced after linear transformation is in two orthogonal spaces viz., column and left 

null spaces and is called as domain. The linearly independent rows and columns are 

indicated in the row and column space respectively and hence its dimension is given 

by "r" i.e., rank of a matrix. From the rank theorem of linear algebra, the dimension of 

the flux vector is n-dimensional and hence the dimension of the null space is given by 

rn(S)) Null(dim . The dimension of the concentration vector is m-dimensional 

and hence the dimension of the left null space is given by rm(S)) NullLeft ( dim . 

In a stoichiometric reaction network S, the row space contains all the dynamic flux 

vectors in which the change in reaction rate activity is thermodynamically driven. The 

column space contains all the possible time derivatives of the concentration vector of 

the metabolites in which the concentration state of different metabolites in a particular 

network is thermodynamically driven. Null space contains all the steady state flux 

distributions in a particular biochemical network. Left null space contains all the 

conserved metabolite pools or conserved metabolites in which the metabolites do not 

change with time i.e., time invariant. In this study, the steady state flux distributions 

of a biological network has been adapted and hence the right null space or null space 

of a stoichiometric matrix is considered (BO Palsson, 2006). 

Elementary flux mode (EFM) analysis is a promising tool in metabolic engineering. 

EFM is a minimal, specific set of flux carrying vectors operating at steady state 

conditions (Ruckerbauer et al., 2015). If any of the contributing reaction in the 

elementary mode is deleted, the mode does not operate under steady state condition 

and hence EFM becomes invalid (Schuster et al., 1999, 2000; Schuster and Hilgetag, 

1994). EFM is also called as a minimal functional building blocks of stepwise 

reactions leading to a particular product (Zanghellini et al., 2013).The right null space 
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approach concept is adapted to identify the different elementary modes available for 

glycolysis/pentose phosphate pathway (PPP) and acetate formation from glucose. 

There are different tools available to calculate all elementary modes or the subset of 

them in small-medium level metabolic models (von Kamp and Schuster, 2006; Terzer 

and Stelling, 2008; Kaleta et al., 2009; Jevremovic et al., 2011; Machado et al., 2012; 

Jungreuthmayer et al., 2013; Hunt et al., 2014; Pey and Planes, 2014). The currently 

available toolsfor the prediction of EFM are efmtool and CellNetanalyzer (Terzer and 

Stelling, 2008; Trinh et al., 2012). After predicting EFM, it could be utilized for the 

analysis of genetic intervention targets which can turn a wild type organism into an 

optimized cell factory. 

 

 

Methodology 

Right null space or Null space of a stoichiometric matrix 

In biochemical reaction systems, the steady state flux vectors and conservation 

relations among the different concentration vectors of the metabolites play an 

important role (Heinrich et al., 1977; Hayashi and Sakamato, 1986). The flux vectors 

and concentration vectors at steady state condition are investigated based on the right 

null space (N) (Groetsch and King, 1988) and left null space (N
T
) approach of the 

stoichiometric matrix S respectively (Horn and Jackson, 1972; Clarke, 1980, 1988; 

Schuster and Hofer, 1991; Schuster and Schuster, 1993; Bernhard O Palsson, 2006). 

The steady state flux distributions SSv in the null space of a stoichiometric matrix S is 

given in Eq. 3. 

0,0 SSss vSv
 

(3) 

From Eq. (3), it is indicated that the compounds present in m rows must be orthogonal 

to steady state reaction rate vectors SSv . Hence, the row space of stoichiometric 

matrix S is orthogonal to null space of S. The constraints 0SSv  is of higher 

importance since its vector rates are unidirectional (Clarke, 1980, 1988). The 

dimension of the null space is given by rn(S)) Null(dim . If the rank of 

stoichiometric matrix S is equal to m, then )(S) Null( dim is equal to the difference 

between the flux vectors and the number of metabolites. Whereas in a biological 

network, the stoichiometric matrix is rank deficient ( mr ) due to the existence of 

conservation relations such as ATP+ADP = constant, NADP + NADPH = constant 

and NAD + NADH = constant in the system. Thus, the dimension of the null space 

must be greater than zero and hence there is existence of linearly dependent columns 

of S which forms the homogenous equation systems. The non-trivial solutions will be 

obtained for those equations and it must be in the null space of S.To define the null 

space explicitly, the basis of vector space or spanning set of vectors must be 

revealedto describe the contents of the space. Different bases are available such as 

linear basis, a special case of linear basis such as orthonormal basis for linear spaces, 

and a convex basis for finite linear spaces. The preference of basis is more vital 

during its physiological representation in biological network structure (BO Palsson, 

2006). During the representation of the biochemical elements such as metabolite 
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concentrations and reaction or flux vector rates, the negative quantities of biological 

elements are considered to be more meaningless and hence a unique non-negative 

convex basis is most preferred (Heinrich and Schuster, 1996). Schilling et al., 2000 

have reported that a specific set of convex basis is attained through extreme pathway 

analysis and hence the generating vectors are "extreme pathways". 

 

Algorithm for null space approach and EFManalysis 

In the null space approach concept, the reaction rate fluxes are arranged in such a 

manner that first r reactions are reversible whereas the reactions from "r + 1.... n" are 

irreversible. There are two algorithms used for the calculation of elementary flux 

mode using right null space approach concept. One of the algorithmic concept 

describes that the flux vectors are pair wise linearly combined to make it irreversible. 

The null space basis vectors obtained after pair-wise linear combination of rows 

indicate that each of the metabolite is in steady state flux distribution and hence the 

final flux vector lies in the null space of S. The pair-wise linear combination of the 

rows are carried out using Gaussian elimination procedure. The dimension of the null 

space is given by rn(S)) Null(dim  (Schuster et al., 2000). The above described 

concept has been proposed earlier by Nozicka et al., (). The step wise procedure of the 

algorithm is given below. 

 

First step: The initial tableau (T
0
) is formed by transposing the stoichiometric matrix 

S and augmenting it with nn identity matrix (Id)as given in Eq. 4. 

Id]|[0

TST   (4) 

whereas, S
T 

indicates the transposed stoichiometric matrix and Id represents the 

identity matrix, i.e., the set of initial flux or reaction rate vectors that fulfills the 

irreversibility condition. These irreversible reactions can provide a simple geometric 

interpretation. R
n 

represents the space where each of the axes represent the fluxes 

through reactions in a metabolic network by the concept of stoichiometry and linear 

algebra. During the steady state distribution of the system, the flux vectors become 

limited and hence the steady state fluxes are represented in the sub-space as hyper 

plane. If the reactions are defined and hence all the fluxes are positive, the hyper 

plane is in the columns of S
T
 and hence it is described as cone. Thus, the initial cone 

describes the semi positive orthant of the vector space and the columns of S
T
 are 

hyper planes in this space. The flux cone is then generated by the intersection of hyper 

planes with semi positive orthant by mutual intersections and thus it reduces the 

dimension of each hyper plane with the cone by 1. After the pair wise linear 

combination of all rows by fulfilling the irreversibility condition, the final tableau 

obtained has the flux cone which is in the dimension of n-m. 

The first tableau 1T is obtained by the pair-wise linear combination of the rows of 0T

so that the first column of 
TN becomes the null vector. From this, the further tableaux 

are computed by pair-wise linear combination of rows so that each of the column 

becomes null vector successively. The null space basis vectors obtained after pair-

wise linear combination of rows indicate that each of the metabolite is in steady state 

flux distribution. 
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Second step: During pair-wise linear combination of rows to obtain a tableau, an 

irreversible reaction must be linearly combined with a reversible reaction. The 

positive coefficient can be obtained in each of the tableau and hence negative fluxes 

in the elementary modes can be avoided. This step is helpful in making each of the 

reaction "irreversible" in every mode. 

 

Third step: Three conditions are adapted to check non-elementary modes, duplicate 

modes and negative fluxes in all the reactions in each step of null vector formation. 

(i)  Two rows are linearly combined only when it satisfies the condition in Eq. (5). 

)()()( )1()()( j

l

j

k

j

i mSmSmS
 

(5) 

where, 

)( )( j

im represents the i
th

row in the right hand side of the sub-matrix of tableau jT , 

)( )( j

imS represents the set of positions of zero in this row. 

(ii)  "Irreversible" rows must be added and not subtracted. 

(iii)  The rows )1( j

lm obtained after satisfying the condition provided in Eq. 

(5)should also satisfy Eq. (6). 

)()()( )()()1( j

k

j

i

j

l mSmSmS   (6) 

 

 

Metabolic reactions in glycolysis and pentose phosphate pathway (PPP) 

The external and internal metabolites and reversible and irreversible reactions in 

glycolysis/PPP are detailed in Table 1 and Fig. 2. Thermodynamic data for different 

metabolites are given in Table 2. 

 

Table 1: Metabolic biochemical reactions of glycolysis and PPP (Xu et al., 2013) 

 
Enzyme Gene Reaction 

no. 

Reactions 

Glycolysis (10) 

Phosphoglucose isomerase pgi 1 PFPG 66  

Phosphofructokinase pfkA 2 FDPADPATPPF6  

Fructose-1, 6-

bisphosphatase 

fbp 3 PiPFFDP 6  

Fructose-1, 6-bisphophate 

aldolase 

fba 4 2313 PTPTFDP  

Triosphosphate isomerase tpiA 5 2313 PTPT  

Glyceraldehyde-3-

phosphate dehydrogenase 

gapA 6 PDGNADHNADPiPT 3,113  

Phosphoglycerate kinase pgk 7 PGATPADPPDG 33,1  

Phosphoglycerate mutase gpmA 8 PGPG 23  

Enolase eno 9 PEPPG2  

Pyruvate Kinase pyk 10 PyrATPADPPEP  
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Pentose phosphate pathway (PPP) 

Glucose6-phosphate 

dehydrogenase 

zwf 11 PGLDNADPHNADPG 66  

6-Phophogluconolactonase pgI 12 PGCDPGLD 66  

6-Phosphogluconate 

dehydrogenase 

gnd 13 PRLCONADPHNADPPGCD 56 2  

Ribose-5-phosphate 

isomerase 

rpiA 14 PRPRL 55  

Ribulose phosphate 3-

epimerase 

rpe 15 PXPRL 55  

Transketolase 1 tktI 16 PSPTPRPX 71355  

Transaldolase taI 17 PFPEPSPT 64713  

Transketolase 2 tktII 18 13645 PTPFPEPX  

5- phosphoribosyl 1- 
pyrophosphate synthetase 

prs 19 
exPRPR 55  

Pyruvate dehydrogenase pdh 20 acetylCoApyr
 

Acetyl CoA synthetase or 

acetyl CoA lyase 

acs 21 acetateacetylCoA
 

 

Table 2: Gibbs free energy of formation of metabolites at 298.15K and at zero ionic 

strength (KJ/mol) (Alberty, 2003) 

 

Metabolites Abbreviations Gibbs free energy of 

formation (KJ/mol) 

Glucose 6-phosphate G6P -1763.94 

Fructose 6-phosphate F6P -1760.8 

Fructose 1, 6 bisphosphate FDP -2601.40 

D-glyceraldehyde 3-phosphate T3P1 -1288.60 

Dihydroxy acetone phosphate T3P2 -1296.26 

1, 3 bisphospho glycerate 1, 3BPG -2356.14 

3-phospho D- glycerate 3PG -1502.54 

2-phopho D-glycerate 2PG -1496.38 

Phosphoenol pyruvate PEP -1263.65 

Pyruvate Pyr -472.27 

Acetyl CoA Acetyl CoA -188.52 

Acetate ace -369.31 

Adenosine 5' di phosphate ADP -1906.13 

Adenosine 5
'
 tri phosphate ATP -2768.1 

Co2(g) - -394.36 

Phosphate (Pi) Pi -1096.1 

NAD (red) - 22.65 

NAD(ox) - 0 

6- phosphoglucono δ- lactone D6PGL -1582.57 

6 phosphogluconate D6PGC -1782.55 

Ribulose 5- phosphate Ru5P -1434.72 
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Ribose 5- phosphate R5P -1435.72 

Xylulose 5- phosphate X5P -1436 

Sedoheptulose 7-phosphate S7P -1685.66 

Erythrose 4- phosphate E4P -1306.62 

NADP(ox) - -835.18 

NADPH(red) - -809.19 

 
 

Figure 2: Overview of the metabolic network of glycolysis, PPP and acetate 

formation pathway (Xu et al., 2013) 
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Results and Discussion 

The reversible reactions in glycolysis and PPP pathway are pgi, fba, tpiA, rpi, rpe, 

tkt1, taI, tktII and the irreversible reactions are gap, pgk, gpm, eno, pyk, zwf, pgI, 

gnd, pfk, f6p, prs_deob, pdh and acs.Internal metabolites in the glycolysis and PPP 

pathways are E4P, S7P, X5P, Ru5P, GO6P, GL6P, DHAP, FDP, F6P, GAP, D13PG, 

P3G, P2G, PEP, R5P and acetylCoA. The external metabolites are G6P, Pyr, R5Pex, 

Pi, ATP, ADP, NAD, NADH, NADP, NADPH and CO2. 

The stoichiometric matrix contains 16 internal metabolites and 11 reactions. Hence, 

the dimension of the established stoichiometric matrix is 16 11.Before computing 

the elementary modes, the stoichiometric matrix was reduced by lumping the 

reactions that function together (Schuster et al., 2000). Hence, the grouped enzymatic 

sets are given as {pgi}, {fba, tpiA}, {rpi}, {2rpe, tkt1, taI, tktII}, {gap, pgk, gpm, eno, 

pyk}, {zwf, pgI, gnd}, {pfk}, {f6p}, {prs_deob}, {pdh} and {acs} which are 

numbered as reactions from 1-11 respectively. 

The initial tableau(T
(0)

) is obtained by transposing the stoichiometric matrix S of the 

reduced systemand is given below. In the initial tableau T
(0)

, the first four reactions 

are reversible reactions whereas the reactions from 5 to 11 are irreversible reactions. 

T
(0)

=

acs

pdh

{prs_doeb}

{f6p}

{pfk}

gnd}pgI,{zwf,

pyk}eno,gpm,pgk,{gap,

 tktII} taI, tktI,{2rpe,

{rpi}

tpiA}{fba,

{pgi}

Reactions

s/ Metabolite

1000000

1100000

0010000

0000110

0000110

0000001

0101000

0011202

0010001

0002010

0000100

565 AcetylCoAPyrPRGAPPFFDPPRu

 

The initial tableau T
(0) 

of the stoichiometric matrix is augmented with the identity 

matrix and is taken for further consideration. 
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The entries with row numbers 1, 2, 5, 7, 8, 9, 10 and 11 in the first column of T
(0)

 are 

zeros. The above mentioned rows are not required to linearly combine with other 

rows. Hence, the rows are simply copied as such for the formation of next tableau T
(1)

 

and markit as the reversible and irreversible reactions separately. The "reversible" row 

in the next tableau is formed by linearly combining third and fourth rows. However, 

the "irreversible" rows in the next tableaux could be obtained by linear combinations 

of the third and sixth rows and of the fourth and sixth rows. In general, the linear 

combination of two different rows with same type of directionality (either reversible 

or irreversible) results in the formation of respective type of directionality in the next 

tableau. Whereas, the linear combinations of different rows with different types of 

directionality (i.e., if one is reversible and other one is irreversible) result in the 

generation of "irreversible" reactions. The irreversible reactions are linearly combined 

with other rows only using positive coefficient. Based on the above procedure, the 

following tableau T
(1)

 was formed and is given below. 

T
(1)

=

11

10

9

8

7

6

5

4

3

2

1

10000000000

01000000000

00100000000

00010000000

00001000000

00000100100

00000010000

00000201000

00000001200

00000000010

00000000001

1000000

1100000

0010000

0000110

0000110

0010000

0101000

0011200

0031200

0002010

0000100

288

877

722

RRR

RRR

RRR

 

In the tableau T
(1)

, all the rows in the first column are zero. The reactions 1, 2 and 3 

are reversible reactions whereas reversible reactions in the row 4 becomes 

"irreversible" due to its linear combination with an irreversible reaction in the row 

numbered 6. In the second step, the non-pivotal entries in the second column of the 
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tableau T
(1)

 must be linearly combined with other rows to form the null vector. The 

rows numbered 1, 3, 4, 5, 6, 9, 10 and 11 are copied as such into the next tableau 

since their respective second elements are zero already. The reversible reactions in the 

row numbered 2 is linearly combined with irreversible reactions in the row numbered 

8 which results in the formation of "irreversible" row in the next tableau T
(2)

. The next 

tableau T
(2) 

of the stoichiometric matrix is given below. 

T
(2)

=

8

6

7

2

11

10

9

5

4

3

1

00010000010

00000100100

00011000000

00001000010

10000000000

01000000000

00100000000

00000010000

00000201000

00000001200

00000000001

0002100

0010000

0000000

0002100

1000000

1100000

0010000

0101000

0011200

0031200

0000100

188

122

244

233

311

2

2

2

RRR

RRR

RRR

RRR

RRR

 
In tableau T

(2)
, the rows numbered 1 and 3 contain reversible reactions whereas all the 

other rows contain irreversible reactions. The conditions applied are given below. 

During the construction of tableau T
(3)

, a candidate pair for linear combination 

contains the 3
rd 

and 4
th

 rows of T
(2)

. However, as }11,10,9,8,7,6,5,2,1{)()( 43 mSmS

, which is a subset of the set 3

3)(mS and hence these row vectors should not be 

combined to avoid duplication of rows. In the same way, the linear combinations of 4 

and 8
th 

rows, 2
nd 

and 8
th
 rows must be avoided for the duplication of the sets 3

4 )(mS

and 3

2 )(mS  respectively in the tableau T
(3)

. The irreversible rows must be added and 

not subtracted. 
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Valid}11,10,9,8,7,5,3,2{)()(

Valid}11,10,9,7,6,5,1{)()(

)(Invalid}11,10,9,6,5,4,3,1{)()(

)(Invalid}11,10,9,7,5,3,1{)()(

Valid}11,10,9,8,5,3,1{)()(

Valid}11,10,9,8,6,5,1{)()(

)(Invalid}11,10,9,8,7,6,5,2,1{)()(

Valid}11,10,9,8,7,6,5,2{)()(

}11,10,9,7,6,5,4,3,1{)(

}11,10,9,8,6,5,4,3,1{)(

}11,10,9,8,7,5,3,2,1{)(

}11,10,9,8,7,6,5,2,1{)(

}11,10,9,8,7,6,5,4,3,2{)(

41

83

3

282

3

484

24

23

3

343

31

2

8

2

2

2

4

2

3

2

1

mSmS

mSmS

mSmSmS

mSmSmS

mSmS

mSmS

mSmSmS

mSmS

mS

mS

mS

mS

mS

 

}11,10,9,8,6,5,4,3,1{)(

}11,10,9,8,7,5,3,2,1{)(

}11,10,9,8,7,6,5,2,1{)(

}11,10,9,8,7,6,5,2{)(

}11,10,9,8,7,5,4,2,1{)(

}11,10,9,6,5,4,3,2,1{)(

}10,9,8,7,6,5,4,3,2,1{)(

}11,9,8,7,6,5,4,3,2,1{)(

}11,10,8,7,6,5,4,3,2,1{)(

}11,10,9,8,7,6,4,3,2,1{)(

3

2

3

4

3

3

3

1

3

6

3

7

3

11

3

10

3

9

3

5

mS

mS

mS

mS

mS

mS

mS

mS

mS

mS

 

T
(3)

=

8

2

4

3

1

6

7

11

10

9

5

00010000011

00001000011

00002201020

00002001220

00000001202

00000100100

00011000000

10000000000

01000000000

00100000000

00000010000

0002000

0002000

0013000

0035000

0031000

0010000

0000000

1000000

1100000

0010000

0101000

188

522

544

233

155

2

2

3

52

RRR

RRR

RRR

RRR

RRR

 

In tableau T
(3)

, row 1 is reversible whereas all the other rows are "irreversible". All the 

rows formed by irreversible rows are only added whereas the rows involving row 

numbered 1 was subtracted during the linear combination of rows. The reversible row 

numbered 3 in tableau T
(2)

 was linearly combined with the reversible row 2 which 

makes the row numbered 3 become "irreversible" in the tableau T
(3)

. 
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T
(7)

=

11

5

2

4

6

3

1

9

7

8

33002331120

11000311102

22001020011

18180011121844135

00002602226

00601002415

00902202626

00100100100

00011000000

00010602213

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

 

After the establishment of tableau T
(7)

, the elementary modes for the concerned 

metabolic pathways such as glycolysis, PPP and acetate formation pathway were 

established and is shown below. 

 

 

Different Elementary flux modesof combined glycolysis, PPP and acetate 

formation pathway 

The different elementary flux modes were established using null space approach 

algorithm and is given below. The graphical representation of one of the elementary 

flux mode pertaining to the reaction scheme is given in Fig. 3. 

 

Table 3: Elementary flux modes and its corresponding Gibbs free energy change of 

reactions 

 

S.No. Overall reaction Steps )/( molKJGr  
1. 

6NADP3G6P                                        

3CO2R5P6NADPH 2ex  
-3pgi, -2fba, 

-2tpiA, 2rpi, 4rpe, 

2tktI, 2taI, 2tktII, 

6zwf, 6pgI, 6gnd, 

f6p 

-107.18 

2. PiADPATP  pfk, f6p -234.13 

 

3. 
2ex CO2NADPHR5P2NADPG6P  rpi, zwf, pgI, gnd, 

prs_doeb 

324.46 

4. 

2ex 2CO4NADPH2ATP6R5P                           

4NADP2Pi2ADP6G6P
 

6pgi, 2fba, 2tpiA, 

6rpi, -2rpe, -2tktI, -

2taI, -2tktII, 2zwf, 

2pgI, 2gnd, 2pfk, 

6prs_doeb 

1016.86 

5. PiADP6R5PATP5G6P ex  5pgi, fba, tpiA, 

4rpi, -2rpe, -2tktI, -

2taI, -2tktII, -pfk, 

6prs_doeb 

1018.07 
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6. 
2ex 6CO12NADPH6R5P12NADP6G6P  6pgi, 2fba, -2rpi, 

-2rpe, -2tktI, -2taI, 

-2tktII, -6zwf, 

-6pgI, -6gnd, 2pfk, 

6prs_doeb 

-1132.10 

7. 

18NADPH9ATP18acetate                                  

18NAD9Pi9ADP9G6P
 

 

5pgi, 13fba, 

13tpiA, 4rpi, 8rpe, 

4tktI, 4taI, 4tktII, 

18gap, 18pgk, 

18gpm, 18eno, 

18pyk, 12zwf, 

12pgI, 12gnd, 

11pfk, 18pdh, 

18acs 

-9924.57 

 

8. ATP2PyrNADHNADPiADPG6P  pgi, fba, tpiA, 

2gap, 2pgk, 2gpm, 

2eno, 2pyk, 1pfk, 

pdh, acs 

552.35 

9. acetate 24NADH4NADG6P  -2pgi, rpi, rpe, tktI, 

taI, tktII, gap, pgk, 

gpm, eno, pyk, zwf, 

pgI, gnd, 2pdh, 

2acs 

980.23 

10. 

8NADPH4ATP6acetate                                     

8NADP4Pi4ADP2G6P
 

2fba, 2tpiA, rpi, 

rpe, tktI, taI, tktII, 

3gap, 3pgk, 3gpm, 

3eno, 3pyk, 3zwf, 

3pgI, 3gnd, 3pfk, 

3pdh, 3acs 

-3542.30 

 

 

Elementary flux modes with Gibbs free energy constraint are tabulated in Table 3. 

Some of the elementary modes have positive Gibbs free energy change of reaction 

which infer that those reactions oppose thermodynamic feasibility. Among the 

different elementary flux modes, the thermodynamically feasible reaction is the 

acetate formation from G6P. The most thermodynamically feasible elementary mode 

is acetate formation from glucose 6-phosphate through PPP pathway and non-

oxidative phase of glycolysis pathway (EFM7). This study was validated using flux 

balance analysis (FBA) obtained through experimentation in E. coli. Covert et al., 

(2008) have reported that 99% flux flows through glycolysis and 0% flux flows 

through PPP pathway at time t=0. Whereas at time t=6h, 63% of the flux flows 

through PPP pathway and only 35% flux flows through glycolysis pathway. Hence, 

the methodology combining pathway analysis and flux balance analysis incorporating 

thermodynamic constraints can ensure the description of the metabolic phenotype and 

genotype relations and related cellular control activities. 
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Gibbs free energy change of reaction in elementary mode (EFM8) is highly positive 

and hence acetate formation from G6P using oxidative phase of glycolysis is 

thermodynamically less feasible.Ribulose 5-phosphate formation from G6P through 

PPP pathway (EFM 6) is thermodynamically more feasible than through other routes 

of elementary modes. 

 

 
 

Figure 3: Graphical representation of the elementary pathway mode 1 pertaining to 

the reactionscheme 

 

 

Conclusion 

Elementary flux modes for different external metabolites such as ribulose 5-phosphate 

and acetate were established using null space approach. The methodology combining 

pathway analysis and flux balance analysis incorporating thermodynamic constraints 

can ensure the description of the metabolic phenotype and genotype relations and 

related cellular control activities. Thenull space approach for pathway analysis could 

be extended to middle and large scale metabolic models and it throws light on genetic 

intervention targets which can be helpful in metabolic engineering studies for the 

transformation of wild type organisms into optimized cell factories. 
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