The programs, presented in this archive, are made executable for the Linux operating system. They simulate the  distribution of all possible 13C isotopomers in the intermediates of the metabolic network shown in the file “metabolic scheme.bmp ", recalculate the mass isotopomer fractions from the distributions of all isotopomers, fit them to the respective experimental pattern and make statistical analysis of the obtained sets of parameters and metabolic fluxes.

They account for the scheme of transketolase (TK) reaction with competition between the substrates shown in the file “TK-compet.JPG”. The expressions for metabolic fluxes derived for this scheme are present in the “Mathematica” notebook “TK-competition.nb”. 

The subfolders contain the two files necessary for execution of the present programs, a file with parameters (“nv.txt”) that could be changed interactively or automatically and a file with experimental data (”exper.dat”). All the present tools use the same format of the input parameters and experimental data. The present example analyses experiments performed under the incubation with [1,2-13C2]D-glucose . 

The programs can be used for analysis of different experiments and to perform such analysis the experimental data must be changed accordingly, keeping the same name and structure, which is described next.

Structure of the file ”exper.dat” containing experimental data designed for analysis:

1. first row is the number of cycles related to the time step of calculation expressed in min (used by some of the implemented integration methods), according to the equation dt=(maximal time)/50/(number of cycles).

2. second row is the maximal time of isotopomer distribution simulation.

3. Then after the row of comment several rows indicating the isotopomeric composition of initially added glucose are present. First row is glucose amount in the medium in mol divided by respective intracellular volume in ml of the cells present in the medium, and the total number of rows, where the different glucose isotopomers added initially are described. Each subsequent row presents initial portion of the given isotopomer, and the reference number of this isotopomer. The reference number is the decimal transformation of an isotopomer composition schematized as a binary, where 1 states for 13C and 0 states for 12C. For instance, for a 6-carbon glucose 0 refers to unlabeled isotopomer (000000), 63 is uniformly labeled (111111), 32 is labeled in the first position (100000). 

4. Then the same scheme for added lactate and fructose is present. The initial concentrations of the above metabolites  must be set >0 (to avoid division by 0). If really some of them are not present, as fructose in the present example, the factor of their transport (parameter 12 for fructose as indicated in the scheme “metabolic scheme.bmp”) must be set 0.

5. Initial concentrations of glycogen and glutamate.

6. The number of measurements (n) of mass isotopomer fractions present as a set designed for analysis.

7. Then identically organized experimental data sets for each of the measured metabolites. Each set contains:

a. Line of short comments, where the metabolites are indicated:  glucose,   glucogen, Lactate,  fragments C2-C5 and C2-C4 of glutamate, Glc6P

b. For metabolites, which molecule contains N carbon atoms, N+2 lines are present: 0 – N are for fractions of mass isotopomers containing from 0 to N  labeled atoms. Line N+1 indicates total metabolite concentration, which was  measured after the termination of incubation (2h in the present example).

Each line in the sets contains in the first position the standard deviation for the series of the respective mass isotopomer fraction measuremant, present in the subsequent (n-1, see #6) positions.  All numbers must be separated by spaces or tabulation (not by other separators!). To exclude some values  from the analysis, the respective standard deviation could be set extremely high.

Structure of the file “nv.txt” containing initial set of parameters and initial values of total concentrations for intermediates.

Currently the parameters mainly are the Vmax for the reactions of the network shown in the "metabolic scheme.bmp" (except transketolase and transaldolase reactions). The reactions in the scheme are numbered and Vmax for a reaction number n situated in the line number n (starting from 0) of the file "nv.txt". The parameters for transketolase reaction are: parameter 32 is total enzyme concentration, next are the dissociation constants (in mM) for 33-Xyl5P, 34-Gra3P, 35-Rib5P, 36-Fru6P; then (37-38) are constant for Fru6P splitting and rebuilding. Next are the parameters for fransaldolase reaction: 39- total enzyme content, dissociation constants for 40-Ery4P, 41- Fru6P, 42-Gra3P, 43- kinetic constant of Fru6P splitting. Short description of the parameters is provided in the file. Changing of the parameters inside the file is not necessary, because they could be changed in interactive dialog appeared during execution of the program, or automatically in the fitting procedure. 

Next line after the parameter values represents the initial concentrations of the 10 intermediates currently presented in the model as variables: Fru6P+Glc6P, x[1];  Xyl5P+Rib6P, x[2]; Gra3P+DHAP, x[3]; Sed7P, x[4]; Ery4P, x[5]; PEP, x[6]; Pyr, x[7]; OAA, x[8]; Cit, x[9]; CoA, x[10]. Usually the initial concentrations correspond to the steady state at the given values of parameters present in the same file, therefore it is better not to change them in the file. 

The last row represents set of reference number of parameters (written before the number -1), which the program could change in order to fit the experimental data. 

- The estimate of correspondence of the measured and calculated values is displayed next as , and sd is standard deviation. This value indicated in the output as “x square”.

Fitting procedure for total concentrations starts from the set of parameters present in “nv.txt”, makes their random perturbations, minimizes the sum of squares of differences between respective calculated and experimental data normalized by standard deviation (2= ((xe-xi)/sde )2, where xe is the mean experimental value, xi is the respective calculated value) using Powell’s method. After reaching a local minimum of 2 it saves the obtained set of parameters in a file named as integer number, e.g. “1”, “2”, “3”, etc; the saved file has the same structure as “nv.txt” and therefore can be used as a starting point for the following simulation being renamed into “nv.txt”. Then the program makes next perturbation going uphill as assumed the Simulated Annealing algorithm and then repeats local descent. Each subsequent minimum results in the saving of corresponding file of parameters named as next integer.

The value of minimum can be controlled by the program output or by new execution using the saved file. After each step when the deviation decrease, it prints the parameter number, which was changed, sum of square deviations and the parameter value.

Two programs are designed for such fitting: “fit1.out” and “fital.out”. The first program asks the number of data set, which one wish to fit and then minimizes the difference between chosen set and respective calculated pattern of mass isotopomer fractions. The second program finds a set of parameters, which minimize the deviations from all the experimental patterns present in “exper.dat”.

All the programs use Bulirch-Stoer method for the calculation of global concentrations and fluxes, which precedes the simulation of isotopomer distribution. For the following step the two above programs use the simplest and fastest method described in our first paper (Bioinformatics (2004) 20, 3387), which works good provided that the steady state global concentrations and fluxes are determined before.

The solution can be checked by the execution of the program “4methods.out” or “bdf.out” using the saved set of parameters (renamed as “nv.txt”) and comparing the solutions at any point where the parameters are saved. The first of these two programs can use for isotopomer simulation the methods of Runge-Kutta, Bulirch-Stoer, its modification for stiff systems and Rosenbrock. The desirable method can be chosen in the interactive dialog and the most convenient way to compare solutions is by the displayed value of sum of square deviations normalized by experimental standard deviation. The second program uses backward differentiation formula implemented separately, because it uses different libraries. Both programs permit manual change of parameters and respective simulations in interactive dialog. 

Interactive dialog.

Output of the program is the values referred to end of simulated incubation: 

- name of a metabolite,

- set of fractions of mass isotopomers+-standard deviation and respective computed value, starting from non-labeled and ended by labeled in all positions, and finally total concentration of the metabolite found as a sum of all isotopomer concentrations. Each fraction is present as three numbers: mean experimental value, standard deviation, and calculated value.

- The estimate of correspondence of the measured and calculated values is displayed next as 2..

- Then the program displays fluxes, which numbers correspond to the reactions with numbers designated in the "reaction sheme.bmp".

- finally the program displays the values of parameters designated as NV with numbers corresponding to the factors for Vmax of the same reactions, except TK and TA, which are described above.

After this output the program appends the output to the file "dial.txt" and waits for an integer corresponding to the reference number of parameter to be changed. 

If the introduced positive number is less than total number of parameters, it waits for a Real number for the value of respective parameter. When the user introduced the new value for the parameter followed by “enter”, the program repeats simulation with new value of the parameter. This is a way of manual change of parameters and making respective simulations.

If the introduced number is 99, the program quits.

Statistic analysis of the obtained optimal parameters and fluxes.

Two programs are designed for such analysis, “svd.out” situated in the subfolder “svd” and “statistic.out” situated in the subfolder “1statistic”. The first one uses an arbitrarily chosen file of parameters corresponding to a minimum of 2, calculates the sensitivity of 2 to the parameters referred in the last line of “nv.txt”, then finds the second derivative matrix (Hessian matrix) and its inverse, covariance matrix, using singular value decomposition procedure, which represents initial matrix A as a product U*W*VT, where U and V are orthogonal and W is diagonal. Standard deviations of the chosen parameters appear as square root of the diagonal elements of covariance matrix.

Singular value decomposition applied as a tool for the calculation of covariance matrix is used also as a tool to check singularity of the Hessian matrix and therefore the correctness of the found subsequently standard deviations. The ratio of maximal to minimal elements of W define  the condition number and the matrix is considered to be ill-conditioned if this number is higher than 106 – 1012, which is the case in the present example. Therefore it is better to use for statistical analysis the other program, “statistic.out”, which also finds the standard deviations for metabolic fluxes.

“statistic.out” uses all the sets of parameters corresponding to the global minimum of 2 (global minimum can be defined comparing the values of 2 in the series of optimizations). It asks the first and last number of the parameter files, saved by “fit1.out” or “fital.out” named as subsequent integers. These numbers should be introduced separated by space. The program reads one by one the files, and computes respective metabolic fluxes and mass isotopomer fractions. All the sets of parameters, fluxes and mass isotopomers are collected in the respective matrices, and after reading the last file the program finds the mean values, standard deviations and standard errors for each parameter, mass isotopomer and flux among that read and calculated from all the defined parameter files. The results are saved as “calc.txt” for the mass isotopomers, “param.txt” for the parameters and “flux.txt” for the fluxes. These files could be taken by sach programs as “Excel” (Windows) or “Open office -Calc” (Linux).

