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BIOE321Part III

Pathway and Metabolic Engineering

II. Metabolic Flux Analysis 

II.1
Introduction (Metabolic Engineering, Stephanopoulos et al)

Metabolic flux analysis (MFA) is a powerful methodology for the determination f metabolic pathway fluxes. In this approach, the intracellular fluxes are calculated by using a stoichiometric model (metabolic pathway map) for the major intracellular reactions and applying mass balances around intracellular metabolites. A set of measured extracellular fluxes , typically uptake rates of substrates and secretion rates of metabolites, is used as input to the calculations. The result of flux calculation is a metabolic flux map showing a diagram of the biochemical reactions included in the calculations along with an estimate of the steady state rate (i.e., the flux) at which each reaction in the diagram occurs.

II.2
Example (Metabolic Engineering, Stephanopoulos et al)
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II.3
Other Applications of  MFA

(Metabolic Engineering, Stephanopoulos et al)
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FIGURE 8.5 Catabolic metabolism in lactic acid bacteria.




II.3
Concept of reaction stoichiometry

Example 1

Consider a simple reaction network occurring in a constant volume cell shown in the following diagram
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in the above reaction network, S0 is changed into S (this may consider as the intake of substrate from outside of the cell), S is converted to A and B through reaction r1 and r2, A is converted to C by reaction r3, and B is converted to D through reaction r4. Notice that in general the reaction does not contain the stoichiometric information. It is usually accompanied by a set of biochemical reactions, whose stoichiometric relationships have already established. For example, 


Glucose + PEP -> Glucose-6-P + pyruvate

or


pyruvate + NADH -> lactate + NAD+

or 


Glucose-6-P + ATP -> 2 Glyceraldehyde 3-P + ADP

Referring back to our previous example, suppose the reaction network follows the following reactions

Referring back to our current example, suppose the reaction network follows the following reactions



[image: image34.png](4) Calculation of maximum theoretical yields. The calculation of theoreti-
cal yield is based on the stoichiometry of a metabolic network
configured such as to yield maximum product from a designated sub-
strate. Flux split ratios must be fixed such as to maximize the amount
of product formed, and, additionally, constraints on metabolic inter-
mediates and currency metabolites must be observed. Ad hoc theoret-
ical yield determination certainly is possible; however, in complex
metabolic networks a more formalized approach based on MFA is
preferable. Theoretical yield calculations provide a benchmark for real
processes and can also identify alternative pathways with attractive
features for a given application. Additionally, they provide useful
markers (i.e., respiratory quotient) of metabolic activity under condi-
tions of maximum yield that can be pursued in the quest for optimal
control strategies. Examples of all methods are provided in Section
10.1.




Material Balance on the four species So, S, A, B and P, we have
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where ri is the reaction rate in proper units (such as mM/g-cell-hr). Or in a compact form we have
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or
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x is commonly known as the state vector, which contains the state variables (in this case the concentration of each of the species), GT is the stoichiometric matrix, and v is the reaction rector. 

Note: the transpose of G is used as a symbol here because in some textbooks the state and reaction vectors are a row vectors rather than a column vectors.

Question 1: The above formulation assumes the cell volume is constant, what should be done if this assumption is to be removed? Or under what condition this assumption is valid?
Question 2: how will the formulation of the problem change if 
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Example 2

Consider another reaction network shown in the following schematic diagram
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FIGURE 8.1 Fluxes through the different metabolic pathways of Saccharomyces cerevisiae at
anaerobic growth. The fluxes were calculated using the stoichiometric model of Nissen et al.
(1997) and measurements of the uptake rates of glucose and ammonia, the production rates of
carbon dioxide, acetate, ethanol, glycerol, pyruvate, and succinate, and the rate of synthesis of
the key macromolecular pools, i.e., DNA, RNA, protein, lipid, and carbohydrates.




in the above reaction network, S0 is changed into S (this may consider as the intake of substrate from outside of the cell), S is converted to A and B through reaction r1 and r2, A is also converted to B by reaction r3, finally, P is being formed from B through reaction r4. Notice that as in the previous case, in general the reaction does not contain the stoichiometric information. It is usually accompanied by a set of biochemical reactions, whose stoichiometric relationships have already established. For example, 


Glucose + PEP -> Glucose-6-P + pyruvate

or


pyruvate + NADH -> lactate + NAD+

or 


Glucose-6-P + ATP -> 2 Glyceraldehyde 3-P + ADP

Referring back to our current example, suppose the reaction network follows the following reactions
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Material Balance on the four species So, S, A, B and P, we have
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where ri is the reaction rate in proper units. Or in a compact form we have
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or
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x is commonly known as the state vector, which contains the state variables (in this case the concentration of each of the species), GT is the stoichiometric matrix, and v is the reaction rector. 

Note: the transpose of G is used as a symbol here because in some textbooks the state and reaction vectors are a row vectors rather than a column vectors.

II.4
Concept of pseudo-steady state hypothesis (PSSH) on intracellular intermediates


It is generally accepted that there is very high turnover of the pools of most metabolites. As a result, the concentrations of the different metabolite pools rapidly adjust to new levels, even after large perturbations in the environment experienced by the cell. It is therefore reasonable to assume that the pathway metabolites are at a pseudo-steady state. 

Note: the pseudo-steady state assumption does not implies the metabolite concentrates are at a fixed steady state, it is just that the rate of change of these metabolites are so fast that they can adjust to new state steady very rapidly.

Example 1 of II.3


In this example, S, A and B are the intracellular metabolites, and So, C and D are the extracellular metabolites. Apply PSSH to S, A and B, we have
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or we have
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We have a combination of algebraic and ODEs.

Example 2 of II.3


In this example, S, A and B are the intracellular metabolites, and So, P is the extracellular metabolites. Apply PSSH to S, A and B, we have
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Or
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and
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II.5
Application of MFA – estimation of intracellular metabolic flux from extracellular metabolite rate



As mention in section II.1, one of the potential application of MFA is to estimate intracellular metabolic rate. These intracellular metabolic rates are very difficult to measure. However, by making use of MFA, it is possible to estimate these intracellular fluxes based on some measurable quantities, in particular, the rate of formation of extracellular metabolites.




Examples from previous sections will be used to illustrate the concepts.


Recall from II.4 example 1, we have
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Problem statement: Estimate the intracellular fluxes, r1, and r2.


Note 

1. ro is the substrate uptake rate, r3 and r4 are the rates of formation of extracellular product C and D, respectively.

2. Equation (*) has three equations and five unknowns. Therefore, measurements from only two out of the three extracellular fluxes are required to determine the unknown intracellular fluxes, r1 and r2.

Case 1: Measurements: the rates of formation of C and D


Since r3 and r4 are measured, we can rearrange (*) as 
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Therefore
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The above solution can be easily obtained by solving (*) without using matrix inversion. However, the use of matrix inversion will be the method of choice when the stoichiometric matrix is more complex.

Case 1: Measurements: the rate of substrate uptake and the rate of formation of D


Since ro and r4 are measured, we can rearrange (*) as 
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Therefore
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Again, the above solution can be easily obtained by solving (*) without using matrix inversion. However, the use of matrix inversion will be the method of choice when the stoichiometric matrix is more complex.

Question: what will you do when all three extracellular rates are available, i.e., how are you going to make use of the extra measurement?

More Example – choice of measurements


Consider the following reaction network given in Metabolic Engineering (Stephanopoulos et al, 1998).

[image: image32.png]In addition to quantification of pathway fluxes, metabolic flux analysis can
provide additional insights about other important cell physiological charac-
teristics. We provide here a summary of the type of additional information
that may be obtained from MFA along with references to sections in this
book where such applications are elaborated upon in more detail.

ey

()

Identification of branch point control (nodal rigidity) in cellular path-
ways. By comparing changes in branch point flux split ratios resulting
from changes in operating conditions and with different mutants, the
flexibility or rigidity of branch points can be assessed (Stephanopou-
los and Vallino, 1991). In general, rigid branch points resist changes
in flux split ratios whereas flexible ones tend to be more accommodat-
ing. Knowledge of such characteristics of metabolic networks is
important in rationalizing the type of changes that will be most
effective for altering product yields. The concept of nodal rigidity was
defined in Section 5.4, and in Section 10.1.3 we demonstrate how it
can be applied to the study of amino acid biosynthesis.

Identification of alternative pathways. Formulation of reaction stoi-
chiometries, which is the basis of MFA, requires detailed knowledge
of the actual biochemical route by which substrates are converted into
products. This, however, may not be clear for many microorganisms,
as several alternative pathways have been identified in different
organisms and are known to operate under different conditions. It is
important to repeat the pathway definition here (see Chapter 1), as
the sequence of feasible and observable reactions connecting a set of
input with a set of output metabolites. MFA is important in identify-
ing pathways that can reproduce the macroscopic flux measurements
of extracellular metabolites equally well or, for that matter, can
eliminate alternative pathways that are not possible by virtue of their
inability to satisfy material balances. Aiba and Matsuoka (1979)
demonstrated the first application of this type in a citric acid fermen-
tation (see Example 8.3), and in Section 10.1 we provide another



[image: image33.png](3)

example of MFA application to the identification of transhydrogenase
activity in C. glutamicum.

Calculation of nonmeasured extracellular fluxes. Sometimes, the
number of extracellular fluxes that can be measured is smaller than
what is needed to calculate the unknown intracellular fluxes. In this
case, by using flux split ratios determined from previous experiments,
it is possible to calculate the nonmeasured extracellular fluxes, e.g.,
the rates of production of various byproducts, by use of the stoichio-
metric model and the measured fluxes. If measurements of these
fluxes also were to become available, the extent of their agreement
with model predictions could be used for model validation or revi-
sion, as the case might be (see the discussion on overdetermined
systems in Section 8.1.2).





Apply PSSH on the intermediate pyruvate (PYR), NADH, AcCoA, we have
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or
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Case 1: suppose we measure rpyr, rlac, and rfor, we have
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Solving for the other unknown rates, we have
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Therefore, the three unknown fluxes, rc, rac, ret can be calculated from the measured fluxes rpyr, rlac and rfor.

Case 2: suppose we measure rpyr, rac, and ret, we have
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Note, in order to solve the three known fluxes rlac, rc and ret from rpyr, rfor and rac, we need to invert the following matrix

However, the rank of the above matrix is only 2, i.e., the above matrix is singular and cannot be inverted.


This example shows the importance of the choice of measurements.
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