This document discusses the FBA.exe software package that can be used to study metabolic systems.

Systems and Methods

Flux-Balance Analysis

An approach used in the analysis of metabolic behavior, flux-balance analysis (FBA), has been developed.  The fundamental principle of FBA is the conservation of mass.  A mass balance is written for each metabolite in a metabolic network to yield a dynamic mass balance.
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Equation 1
where the subscripts ‘syn’ and ‘deg’ refer to the metabolic synthesis and degradation of metabolite Xi.  The uptake or secretion flux, Vtrans, can be determined experimentally.  The growth and maintenance requirements, Vuse, can be accurately estimated from cellular composition.  Equation 1 is typically written in matrix form, 
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Equation 2
where X is an n dimensional vector of metabolite amounts per cell, v is the vector of m metabolic fluxes, S is the n x m stoichiometric matrix, and b is the vector of known metabolic demands.  The element Sij is the stoichiometric coefficient that indicates the amount of the ith compound produced per unit flux of the jth reaction.

The time constants characterizing metabolic transients are typically very rapid compared to the time constants of cell growth and process dynamics, and the transient mass balances can be simplified to only consider the steady state behavior.  Eliminating the time derivative in equation 3, yields, 
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Equation 3
This equation simply states that over long times, the formation fluxes of a metabolite must be balanced by the degradation fluxes.  Otherwise, significant amounts of the metabolite will accumulate inside the metabolic network.  Note that this balance is formally analogous to Kirchhoff’s current law used in electrical circuit analysis.

Linear Programming

Typically the number of metabolic fluxes is greater than the number of mass balances (i.e., m > n) resulting in a plurality of feasible flux distributions to equation 4.  This range of solutions is indicative of the flexibility in the flux distributions that can be achieved with a given set of metabolic reactions.  The particular uses of the metabolic network can be defined as the metabolic phenotype that is expressed under those particular conditions.

Objective Function:

Objectives for metabolic function can be chosen to explore the “best” use of the metabolic network within a given metabolic genotype.  The solution to equation 3 can be formulated as a linear programming (LP) problem (The LP problem is solved with the Lindo callable library – LINDO, Lindo Systems Inc.), in which one finds the flux distribution that minimizes/maximizes a particular objective.  Mathematically, this optimization is stated as,

Minimize/maximize Z




Equation 4
where 
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Equation 5
where Z is the objective, which is represented as a linear combination of metabolic fluxes vi.
Additional Constraints:

Using LP, constraints can be placed on the value of the flux through each of the metabolic reactions.
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Equation 6
These constraints could be representative of a maximum allowable flux through a given reaction, resulting from a limited amount of an enzyme present.  These constraints could also be used to include the knowledge of the minimum flux through a certain metabolic reaction.

The restriction of the flux through certain reactions can be used to model the regulatory events occurring within the cell.  For instance, the repression of certain enzymes, such as pps during growth on glucose can be represented by setting these fluxes to zero or some low level.  Thus, the use of such additional constraints provides increased flexibility in analyzing the metabolic network by incorporating additional knowledge about a particular cell.

Shadow Prices:

In designing metabolic engineering strategies, an important question is; to what extent specific fluxes can be altered, and what the ensuing effect will be on the cellular processes of interest, including growth and product formation.  These issues can be addressed within the LP formulation by using sensitivity analysis of the optimal solution.

The so-called shadow prices, derived from the dual problem,
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Equation 7
are the derivatives of the objective function at the boundary.  The shadow prices can be used to determine whether the cell is limited by a particular constraint.  This feature has proven to be useful to interpret optimum solutions, and metabolic decision-making.

Implementation
The implementation of the program requires several input files.  The required and optional input files will be described below.

Input files

The metabolic reactions file

The file “path.stm” is the file that contains the data to make the stoichiometric matrix, setup the b vector, define the objective function, and define the bounds on the metabolic fluxes.

The first section of the file defines the metabolic reactions.  For example, the following line defines the phosphoglucoisomerase reaction.

-1.0000000 G6P +1.0000000 F6P  0 PGI1R

The “-“ indicates that the metabolite is on the left-hand side of the chemical reaction, and the “+” indicates that the metabolite is the right-hand side of the chemical reaction.  The “0” indicates that the next entry is the enzyme name.  Therefore, for the above the reaction, the enzyme name is PGI1R.  Thus the above line defines the following reaction:

G6P ( F6P  Enzyme = PGI

The naming convention for the enzymes is as followings:

EnzymeName(#)(R)

The (R) is optional and is included to indicate a reversible reaction.  When this option is included, the metabolic flux restricted as follows : -( < vi < (.  When the (R) is omitted, the flux is restricted to positive values.

The number option is include to allow the user to incorporate the potential for the same gene product to catalyze multiple reactions.  This option is important when performing the deletion analysis, because, when the pgi gene is deleted, all reactions PGI#R are simultaneously restricted to zero.

Other naming conventions:

…MAX  - These reactions are used in conjunction with the menu option of defining the objective function.  The flux in these reactions are ALWAYS restricted to zero, and this is only relaxed when the objective function is defined by the menu option, and then the corresponding …MAX flux restriction is relaxed and defined as the objective function.

… xtI and … xtO – These are fictitious fluxes that provide external metabolites to the system.  The external metabolite (…xt) can than be transported via a transporter.  For example:

-1.0000000 GLCxt -1.0000000 PEP +1.0000000 G6P +1.0000000 PYR  0 GLCPTS

The program that reads the databases information sets up the fictitious reactions automatically.  For each metabolite that ends in the “xt”, a fictitious reaction is defined.

One reaction is defined as VGRO, and this reaction represents the amount of the individual metabolites (mmol) that are required to make 1 g of biomass.

The user can include comments in the first section of the reaction file.  The program ignores all information contained between “ // ”.  The user must use care to ensure that the “//” symbols are surrounded by spaces and is a distinct entry.

The next section of the reaction file (begins at the 0.0 end demarcation) allows the user to define the elements of the b vector.  The user can also define the type of constraint on each RHS element (=, <, or >).

The format is as follows:

GLCxt E –10

This allows there to be a net “drain” on the metabolite GLCxt.  This is essentially equivalent to the following:

+1 GLCxt 0 GLCxtI

(Later in the file discussed below – used to define the upper and lower bounds on the fluxes)

10 GLCxtI 10

The defining of the elements of the b vector is rarely used.

The next section of the reaction file is demarcated by the “end E 0”

This section defines the objective function and is used when the menu setting under the “objective function” is “other”, which is the default setting.

The first entry in this section should be “max” or “min” and then the objective function is defined as follows.

c1 Flux1

c2 Flux2

…

This means:

Z=c1*Flux1 + c2*Flux2 + …

Rarely is more than one flux used in the objective function section.

The final section of the reaction file is used to define the constraints on all the fluxes.  The entries are as follows:

MinBound FluxName MaxBound

Thus

0 GLCxtI 10, means 0 < vGLCxtI < 10.

This section can contain comments as described for the first section.

Mapper

The file “Mapper.txt” contains the information for generating the metabolic map.  This file can be altered if desired.  The first number of each line identifies if the line is for metabolite data (3) or reaction data (5).  For the metabolite data, the next two numbers are the x and y coordinate of the metabolite (the third parameter).  For the reaction data, the first two numbers are the x1 and y1 and the following two numbers are the x2 and y2.  Next is the enzymatic reaction name.  The next for numbers are for the x and y coordinate of the flux value and the reaction name.

Deletion input

The file “deletion.txt” contains the enzymatic reactions to be deleted in the single, double, triple and detailed deletion options.  The user is able to delete more that one reaction simultaneously, thus all isozymes can be removed at the same time to observe the metabolic effect of removing an elements that catalyze a given reaction.  The input is as follows:

2 PFLA PFLC

Output files

The output files contain the data generated when the various options are chosen.  Most of the data is simply the raw data that was used to generate the plots; this data can be used to generate custom plots using another application (for example EXCEL).  No displays are generated for the deletion options; however, the appropriate files are self-explanatory.

Brief summary of program options

Analysis 
· Read/Optimize – reads in the stoichiometric matrix and the bounds and runs the LP program (LINDO, Lindo Systems Inc.).

· Print Primal – prints the primal solution to the appropriate file.  The primal solution file contains the solution to the objective function and the optimal value for all the metabolic fluxes.

· Print Dual – prints the dual solution to the appropriate file.  The dual file also contains the objective solution.  It also contains the shadow prices for all the metabolites and the reduced costs for all the metabolic fluxes.

· Draw Map – this option draws the metabolic map.   The metabolic map is drawn based on the information in the mapper.txt file.

· Map Options – this contains the options to change the appearance of the metabolic map.

· Scale – changes the size of the map

· Font Size – allow the user to adjust the size of the font for the enzymes and the metabolites.

· Display Options – this option allows the user to display the metabolites with zero, negative, and positive shadow prices in different colors.  The user is also able to display the reactions that have a metabolic flux equal to zero in different colors based on the value of the reduced cost (negative, zero, or positive).

· Select files – This allows the user to control the files names that are read in or written to.  The user is not able to change the stoichiometric matrix or the bounds file.

· Objective Function – This option allows the user to adjust the objective function of the metabolic network, and then observe the corresponding flux distribution.  The objective function can be set to maximum biomass yield, maximum production of a cofactor (ATP, NADH, NADPH), or maximal production of a biosynthetic precursor (G6P, F6P, R5P, etc).

Deletion

· Single deletion – This calculates objective for each of the deletions that are listed in the deletion.txt input file.

· Double deletion – This calculates the objective for all possible combinations of double deletions that are listed in the deletion.txt input file.  Also given will be a summary of the results.  This will be a listing of all lethal, redundant, and retarding reactions.  The number of the lethal deletions that are trivial is also given.

· Triple deletion – Same as double deletions, but for triple deletions.

· Detailed deletion – This option will perform all the single deletions and give additional information for each single deletion.  The output file will have the objective function value for the wild-type and each of the single deletions.  Additionally, the output file will show the optimal production of each of the cofactors and the biosynthetic precursors for the wild-type and for each single deletion.  Finally, shadow price information regarding each metabolite in the wild-type and the deletion in silico strains will be given.  The scaled shadow prices are also shown; this is a non-dimensional shadow price that allows for the quantitative comparison regarding the importance of the metabolites in obtaining the objective {ref}.

Robustness

· Do Robustness – Performs the robustness analysis.  Robustness is a property of metabolism that allows for the fluxes in the individual metabolic reactions to be altered without significantly altering the objective function.  The metabolic flux through an enzymatic reaction can be varied from the in silico wild-type value down to zero, or it can be increased from the in silico wild-type value.  The sensitivity of the objective function to these changes can be quantified.

· Parameters – Adjusts the parameters that used to perform the robustness analysis and defines the enzymes to consider in the analysis. 

· Draw Robustness – Draws the robustness diagram.

· Plot Options – Adjusts the appearance of the robustness diagram.

Phase Plane

· Make Phase Plane – This option makes the phase plane for the genotype described by the stoichiometric matrix.  The phase plane is a two-dimensional diagram that maps out the phenotypes of a metabolic genotype based on the flux value (typically an uptake rate because it can be obtained experimentally) of two different reactions.  The lines in the phase plane represent qualitative changes in metabolism.  Lines are constructed using a shadow price analysis.  The main lines demark regions with dissimilar shadow prices in the metabolic cofactors or metabolic precursors.  Secondary lines are also constructed.  These represent changes in the shadow prices of any metabolite in the metabolic network.  The secondary lines are useful in identifying a change in the number of alternate flux distributions.

· Options – Changes the options that are used to make the phase plane.

· Draw Phase Plane – Draws the phase plane diagram.

· Plot Options – Changes the appearance of the phase plane diagram.

Isoclines 

· Make Isoclines – Runs the routines that generate the isoclines.  Isoclines are regions in a two-dimensional diagram (similar to the phase plane) that have the same value for the objective function or a certain flux (typically, a secretion flux because it is easy to collect this data experimentally).

· Options – Changes the parameters used to generate the isoclines.

· Draw Isoclines – Draws the isocline diagram.

· Plot Options – Changes the appearance of the isocline diagram.

Connectivity

· Do Connectivity – Calculates the connectivity of all the metabolites in the genotype.  The connectivity is defined as the number of reactions that each metabolite participates.

Comparison

· Options

· Do Comparison – Calculates two flux distributions, one for the reaction file in the reaction file, and one for the 2nd reaction file – defined in the options menu.  The ratio of the fluxes is drawn on the map.
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