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Abstract

It is quite important to estimate the metabolic flux distribution (MFD) vectors in wvivo, and
to investigate the effect of culture environments on the flux distributions to uncover the metabolic
regulation mechanism of microbial cells. The conventional approach is to compute the MFD using
the stoichiometric equations and the measured specific rates (input and output variables). How-
ever, this method cannot give the MFD for the complex metabolic network which includes cyclic
pathways. In the present investigation, we considered the method of analysing the metabolic fluxes
based on 3C' tracer experiments. In particular, we compared the different techniques of estimating
the bidirectional fluxes in the metabolic networks, studying their applicability with respect to the
different types of data formats obtained through GC-MS (gas chromatography-mass spectrometry)
and NMR (nuclear magnetic resonance) measurements in labeling experiments. It was found that
some techniques cannot be applied for GC-MS and NMR data. In the present research, therefore,
a new preprocessing method for MS and NMR data was developed, to solve some of the problems
encountered in the conventional approaches.

Keywords: Metabolic flux analysis (MFA), bidirectional metabolic fluxes, isotopic tracer, mass spec-
trometry (MS), nuclear magnetic resonance (NMR) spectroscopy, positional enrichment

1 Introduction

Metabolic fluxes constitute a fundamental tool in determining the cell physiology, providing a mea-
sure of the degree of engagement of various pathways in cellular functions and metabolic processes.
Therefore, an accurate quantification of the magnitude of pathway fluxes in vivo is an important goal
for metabolic engineering. The aim of the metabolic flux analysis is to calculate the unmeasurable
metabolic fluxes from the measured quantities and the stoichiometric equations. The conventional
approach to do this is to apply mass balances with stoichiometric equations. However, this method
cannot compute the metabolic flux distribution (MFD) for the complex systems which include cyclic
pathways such as TCA cycle or pentose phosphate pathway. An alternative method to overcome this
problem is to make the isotope balance using the measurements data of NMR and/or GC-MS. Several
analysis methods have been proposed to compute MFD using isotopomer distributions [3, 6, 10]. How-
ever, the computational burden is demanding and the analysis methods are still under much argue. In
the present article, a brief review is made on several approaches and then a new preprocessing method
is proposed.
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2 Types of Data from Labeling Experiments

Carbon isotope labeling studies fall within the category of tracer experiments. There are several ways
of representing the information generated from such experiments:

e Positional '>C labeling: Gives information about the concentration of labeled carbon in each
position of the atom carbon backbone. The important definitions for positional labeling are as
follows:

— Positional enrichment (PE) [10]: The positional enrichment at the ith carbon atom within
a metabolite M is the sum of all the isotopomer fractions of M, where the ith carbon atom
is labeled [10]. This concept is equivalent to the concept of fraction labeling used in [2].

— Metabolic activity vector (M AV) [13]: The vector of all the positional enrichment of a
metabolite. Its nth element contains the specific enrichment of the nth carbon atom in the
corresponding molecule [14].

— Mass distribution vector (M DV') [13]: This may be placed between M AV and IDV (Iso-
topomer Distribution Vectors) with respect to its complexity. Assuming an organic molecule
with n carbon atoms that can occur as 2C or 3C , n+1 different masses are obtained,
ranging from the lowest mass 2C -isotopomer to the highest mass '*C -isotopomer. They
contain the molar fraction of a group of isotopomers with the same mass in every element.

e Isotopomer: The MS and NMR measurements in labeled experiments give the concentrations
of some vectors formed by labeled and unlabeled carbon atoms. These vectors are known as iso-
topomers, since these labeling patterns can be interpreted as isotope isomers [6]. The important
definitions for isotopomer are as follows:

— Isotopomer [10]: Considering only the 2C and '3C isotopes in the carbon backbone of a
molecule M having n carbon atoms, an isotopomer of M is one of the 2" possible labeling
states.

— Isotopomer fraction [10]: Denotes the percentage of molecules in a specific labeling state. An
important difference with respect to the positional fractions is that the isotopomer fractions
always add up to 100%, whereas positional labeling fractions have no such constraint.

— Isotopomer Distribution Vectors (IDV) [6, 13]: Contain the mole fraction of individual
isotopomers.

— Cumomer fraction [10]: This word is an abbreviation of “cumulated isotopomer” and means
a certain sum of isotopomer fractions of a metabolite. They allow to solve analytically the
nonlinearity and high dimensionality of the isotopomer balance equations.

For better understanding of the relations among those representations, Fig. 1 gives the relation
between IDV and M AV for a molecule of alanine (with three carbons). The columns show the eight
isotopomers that constitute the DV, and the estimated isotopomer fraction is given at the top of
each column, while each row shows all the atoms that contribute to generate the M AV, and the three
corresponding positional enrichment values are given at the rightmost position. It is also shown that
the IDV elements sum up to 1, while the M AV elements do not necessarily give 1.

3 States and Transitions Representations

In order to formulate the bidirectional flux analysis, it is necessary to establish the state variables of
the system, fluxes and metabolites states, and to define the transitions between these states. Several
representations have been proposed in the literature for these elements. If the metabolic flux for the ith
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Figure 1: Relation between IDV and M AV for the numerical example of the alanine. All the iso-
topomers that constitute the 1DV are shown in columns. The estimated isotopomer fractions are
given at the top of each column, while each row shows all the atoms that contribute to generate the
M AV. The corresponding positional enrichment is given at the rightmost side.

reaction is expressed by v;, a distinction is made between both forward and backward directions using
the symbols v;” and v;~. These fluxes constitute the natural flux coordinates [9]. The stoichiometric

balance allows only the determination of net fluxes such that v = v;> — v~ but not the forward

and backward fluxes. For practical interpretation of the flux values and for numerical reasons the
direct use of these fluxes variables is not appropriate. To obtain a more suitable representation of the

bidirectional steps, net fluzes, v, and exchange fluz, UfCh have been proposed in [9] such that

net __ . —
i — Y

v 7 —U,Z_, ,U;'ECh:min(vi—}vU;'_) (1)

which are denominated to be application flux coordinates. Finally, to make the treatment of the
infinite exchange values associated with rapid equilibrium reactions numerically f(;zlasible, a rescaling
e
B is chosen on the order of the magnitude of the system input flux [9]. The rescaled exchange flux
vl within the net flux v¢* constitutes the numerical flux coordinates. The transformation equations
between these coordinates systems, and the main features of the latter are shown in Table 1.

In the case of labeling experiments, the information provided for a metabolite with n carbon

labeled backbone may be classified based on the two different labeled metabolite representation levels:

to a bounded range [0 1] is made using a compacting operation such that v The parameter

e Positional level, which represents the concentrations of the labeled carbon in each of the n
positions of the carbon backbone of each metabolite.

e Isotopomer level, which represents the normalized concentrations of each of the 2™ iso-
topomers of the carbon backbone of each metabolite.

The labeling representation levels show the detailed level in which the labeled information is
taken into account. The representations at positional level are simpler than at isotopomer level. In
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Table 1: Transformation equations between the flux coordinates systems. All flux coordinates v;~,

v, v and v¥" have the same dimension and physical unit, while v/®* are dimensionless.

Natural flux coordinates Forward and backward fluxes v;~, v;~
Application flux coordinates Net and exchange fluxes v, v¥°"
Makes easy to express irreversibility (v¥" = 0) and rapid equilibrium (v¥" = 00)
vpet vy vFh — min(—vPet, 0)
Using the transformation: P : : el B = et
& ( v¥eh ) ( vi ) ( v¥h — min (v, 0)
— net —
and its inverse: o1 Uf_ — U;Ch = Vi _)UZ -
Y Y min(v;”, v )
Numerical flux coordinates  Net and [0 1]-rescaled exchange fluxes v[**!, v!®*

Makes the treatment of infinite values associated with rapid equilibrium (v]* = 1) numerically feasible

Unet vﬂet 'Uinet
1 1 . . 1 7 _
Using the transformation: Dpg: res | — wen | = 3. vy
vi ’Ui 1—yTes
K2
and its inverse: P prch _ gres — VT
: 8 [ - [3+Uqcch

k3

practice, the positional representation cannot be used directly for data obtained from MS and NMR
measurements. For this reason, a new numerical processing technique for MS and NMR data has
been developed to allow its use with the simplest methods of the positional representation. Moreover,
to store the information about the fate of the labeled carbons across the network and to decouple
the generation of the steady state equations from the details of the transfer of carbon atoms from
reactants and products, two types of transfer state matrices can be chosen: mapping matrices and
transition matrices. The two types give equivalent information, but the size of the mapping matrices
includes only information about the fates between the substrate and the product metabolite, and the
size of transition matrices includes information about all possible metabolites, being much larger but
with a fixed structure. Note that all of the mapping matrices are the same size.
The several transfer matrices are associated to balances at different represent ion levels. Consider
the following biochemical reaction
A+B—C+D (2)

where A, B, C' and D are metabolite activity vectors. It is possible to formulate the following balances:

e Stoichiometric mass balance: In the molecular representation level, the metabolic concen-
tration of an intracellular metabolite pool must add up to zero in the stationary state due to
mass balance. This gives linear metabolic flux balances equations

A+B-C—-D=0 (3)

e Isotope balance [14]: In the positional level, the insertion of the atom mapping matrices:
AMMs~c, AMMp~c, AMMa~p and AM Mp~p, and metabolite activity vectors A, B, C
and D transform the mass balance equations into an isotope balance

(AMMasc-A)+ (AMMp~c-B)=C, (AMMa>p-A)+ (AMMp-p-B)=D (4)

e Isotopomer balance [7]: In the isotopomer level, the balance is made by substituting the
atom mapping matrices (AM M) with the isotopomer mapping matrices (I M M), the metabolite
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activity vectors with isotopomer distribution vectors I 4, Iz, I and Ip, and the addition operator
+ with the elementwise multiplication operator ®:

(IMMysc -14) @ IMMpsc -1) =1g, (IMMasp-14) ® IMMp-p-1p)=Ip  (5)

It should be noted that the simplest representation level (the molecular level) does not allow
bidirectional flux estimation and that the positional and isotoper levels allow it. For two metabolites
A and C with n and m carbons respectively, the isotope mapping matrix I M M s~ is a 2" x 2™ matrix
and the atom mapping matrix AM M s~¢ is a simpler n X m matrix. For this reason it is interesting to
develop a method to use positional representation to solve the bidirectional flux estimation problem.

4 General Approach to the Bidirectional Fluxes Estimation

Based on the choice of the metabolite labeled representation level and of the transfer matrices, it is
possible to classify the relevant methods for the estimation of the bidirectional fluxes as shown in
Table 2. It is useful to establish a general approach that comprises all the approaches based on the
following steps:

e Preparation:

1. Obtain the labeled data.

3.

Data preprocessing. Correct natural isotopes and obtain metabolic activity vectors in the
case of using methods at positional representation level.

Assume the biochemical pathways.

e Establish the general flux model equations: This model allows the formulation of the
activities of the metabolites as functions of the fluxes. In the case of transition matrices this
model is a linear system with a square matrix.

1.

Introduce the state variables: fluxes and metabolites activities at positional or at isotopomer
representation level.

2. Construct the transfer matrices (mapping or transition matrices).

3. Write the stoichiometric equations either at positional or at isotopomer representation level.

4. Obtain the general flux model equations: Using the transfer matrices to express the sto-

ichiometric equations in the representation level of the method (positional or isotopomers).

5. Formulate linear constraints (equality and inequality constraints).

6. Choose the free fluxes: These are a set of independent fluxes that fixes the remaining linear

degrees of freedom of the constraints. Its values are searched by an optimization method.
Once known, they allow to obtain the remaining fluxes through inverting the constraints
equations.

e Estimation of the free fluxes (and all the state variables): Using an iterative technique,

1.
2.

3.

Initialize a set of free fluxes.

Obtain the metabolites activities by solving the general flux model equations as a
function of the free fluxes. In the case of mapping matrices use Gauss-Seidel techniques,
while in the case of transition matrices, invert the simulation activity matrix.

Compare the state estimates with the fluxes and metabolite activities measurements. Ob-
tain the error between the estimations and the measurements.
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Table 2: Classification of the estimation methods for bidirectional fluxes based on the metabolite
labeled representation level and on the transfer matrices.

Representation level

- Positional Isotopomer
Transfer matrices

Mapping matrices Zupke and Stephanopoulos  Schmidt et al.

[14] 6, 7, 1]
Transition matrices Wietchert et al. Wietchert et al.
3, 9, 12] [4, 10, 11]

— If it is more than a threshold, search a new set free fluxes and go to step 2.
— If it is less than a threshold, finish the search of free fluxes.

4. Obtain the application fluxes.

5. Obtain the natural fluxes.

5 Method to Estimate Positional Representation Vectors from MS
and NMR Data

The representations at atomic level are simpler, require less memory, than the representations at
isotopomer level, since for a metabolite of n carbons the second representation needs a vector of
2™ components while the first needs only n. With the idea that the simpler the better, the best
representation to solve the problem of metabolic flux analysis seems to be the positional representation.
Unfortunately, this representation can not be obtained in practice from MS and NMR data because
these techniques generate information at the isotopomer level and not at the positional level. For
every metabolite with n carbons, MS generates n + 1 data corresponding to the sum of the respective
isotopomers with 0, ..., n labeled carbons. The NMR generates some linear combination of individual
isotopers, but not all of them.

If all the 2" —1 labeled isotopomers of an n carbon metabolite are known (it is not necessary to know
the unlabeled isotopomer I DVj...q, since the sum of all the isotopomers is one), it is possible to obtain
n positional enrichment components (that constitute the metabolic activity vector). Unfortunately,
the MS and NMR measurements generally do not generate all the isotopomers, making it impossible
to apply the methods based on positional representation level techniques. In these cases the Metabolic
Flux Analysis techniques are applied [6, 7, 10, 4] using the most complex representations at isotoper
level.

In order to estimate bidirectional metabolic fluxes with methods based on positional enrichment
representations, it is necessary to compare positional enrichment simulation with positional enrichment
measurements. But the positional enrichment measurements cannot be obtained directly. Here a
method for their estimation based on MS and NMR measurements was implemented, including the
following steps:

1. Isotopomer estimation: Estimate all the isotopomers from the partial information from the
MS and NMR measurements. This estimation is based on deriving a linear system from the MS
and NMR data using a method inspired by [5]:

A-IDV™"0 =B, where A= _Aws , B= Bus : (6)
ANMR 0
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and IDV 90 is the isotopomer distribution vector resulting from the elimination of the un-
labeled isotopomer IDVj..o from the former isotopomer distribution vector IDV, and Ajsg,
Anpr and Bjysg contain the structural information that relates the MS and the NMR signals
(singlet, doublets and doublet of doublet [8]) to the respective isotopomers:

e Ajrs submatrix: Matrix of zeros and ones, storing information about which isotopomers
contribute to each MS signal. It has 2" — 1 columns and as many rows as MS measurements
(n, not considering the unlabeled isotopomer I DVj...q, which is a complement to 1 of the
sum of the labeled isotopomers).

e Bjss subvector: Vector of the MS measurement signals, not including the unlabeled mea-
surement M DV,,.

e Anyr submatrix: Its rows contain the structural information that relates the singlet,
doublets and doublet of doublet NMR signals with the respective isotopomers. They are
built, considering which are the isotopomers that contribute to each signal. For example,
consider the case of a linear chain of carbon atoms.

— Singlet signals: The set of isotopomers that contribute to a singlet signal S in the ith
carbon is Set;s = {IDV...;01,05.--}, where & = {0,1}, “--” means an undefined series
of x and 1; means that the ith position is labeled.

— Doublet - signals: The set of isotopomers that contribute to a doublet- signal D— in
the ith carbon is Set;p— = {IDV..;01,12- }-

— Doublet + signals: The set of isotopomers that contribute to a doublet+ signal D+
in the ith carbon is Set;py = {IDV..;11,00-}-

— Doublet of doublet signals: The set of isotopomers that contribute to a doublet of
doublet signal DD in the ith carbon is Set;pp = {IDV...z11,15.. }-

In the case of branched molecules, aromatic rings or long range couplings between distant
carbon atoms, the same ideas can be applied (with much more complex notation), consid-
ering the corresponding neighbourhood relations between the carbon atoms. Once these
sets are obtained, for each signal without singlets NS = {D+, D—, DD}, it is possible to
add a row in the matrix Anprg, that gives the following equation:

Set;s - IDV;s — Set;ns - IDV;nyg =0 (7)

where IDV;s and IDV;yg are the intensities of the singlet and signals without singlets
respectively, associated with the ith carbon of the metabolite.

The linear system (6), that generally is not square, is solved using a linear least-square method
with non-negative constraints. The solution is determined using the pseudo-inverse matrix A,
so that IDV =90 = (ATA)=LATB. The sensitivity of the solution to errors in measurements
is verified through determining the condition number (ratio of the largest eigenvalue divided by
the smallest one). High condition numbers (> 100) indicate that there are redundant equations
[5]. Those can be eliminated by an iterative process that eliminates one equation at each step
and recomputes the condition number.

2. Metabolic activity vector calculation: The metabolic activity vector M AV is obtained
though multiplication of the transformation matrix IDV2M AV by IDV ~00.

MAV = IDV2MAV - IDV %0 (8)

where the matrix IDV2M AV is a matrix of zeros and ones, distributed in n rows and 2™ — 1
columns, and built with the consideration that the jth column of the ¢th row is one, if and only
if the ith digit of the binary representation of the jth isotopomer is one. This means that all
the isotopomers that have labeled the ith carbon contribute for the ith positional enrichment.
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Table 3: Synthetic MS (left) and NMR (right) values for MAV estimation of alanine.

Frag. m+0 m+1 m+2 m+3 | Carbon No. S D- D+ DD
Ala 123 0.301 0.293 0.275 0.131 2 0.19 0.26 0.28 0.27
3 0.83 0.17 - -

Since this algorithm gives all the positional information of M AV, it is possible to use directly MS
and NMR measurements for estimating the bidirectional metabolic fluxes with positional representa-
tion methods.

6 A Simple Example for MS and NMR Data Preprocessing

To illustrate the preprocessing method proposed here, assume that the MS and NMR measurements
are known for alanine. They will be used to estimate the positional enrichment of this amino acid.
The knowledge of the positional enrichments of the amino acids generated in a biochemical network
is especially important since the amino acids are synthesized by the unique pathways from precursor
metabolites. Then the positional enrichments of their individual carbons directly reflect the positional
enrichments in the precursor, thus being useful to estimate the latter, giving in this way the preprocess
measured information for the metabolite activities, needed in step 3 of the the free fluxes estimation
phase (Section 4). First, it is necessary to estimate all the isotopomers from structural information

1 1 0 1 0 0 0 Alao()l Alam+1

0 0 1 0 1 1 0 Ala010 Alam+2

0 0 0 0 0 0 1 Alaoll Alam+3

0 AZCLQS —AZCIQD_ 0 0 0 0 . Ala100 = 0 (9)
0 Alags 0 0 0 —Ala2D+ 0 Alalol 0

0 AZCLQS 0 0 0 0 —AZ(IQDD Ala110 0

0 0 0 Alagg Ala35’ —AlCLgD_ 0 Ala111 0

where Ala;gig is the relative intensity of the NMR signal Sig = {S, D—, D+, DD} of the ith carbon
of alanine where ¢ = {2, 3}, Alay,, is the concentration of the zzx isotopomer with x = {0, 1}, and
Alay,+; is the mass spectrometry signal produced by the alanine molecule of molecular weight of m 41
where ¢ = {1,2,3} and m is the molecular weight of the non labeled alanine molecule.

For the example data of Table 3, the condition number of the matrix associated with equation (9)
is 41.36 (< 100), which indicates that all the equations are considered to be independent, and the
isotopomers vectors can be obtained by inverting the matrix of the system. However, in general, it
is necessary to apply a linear optimization technique with positive constraints. The estimated I DV
is shown in the top line of Fig. 1 (the unlabeled isotopomer Alaggy was obtained using the condition
that the sum of all the isotopomers is unity). The M AV is obtained from the I DV using the following
IDV2M AV transformation matrix:

Alagor

Alap1o
Alal 1 01 0101 Ala011
AZGQ = 0110011 Alaloo (10)
Alas 0001111 Alayo1

Ala110

Alain
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where Ala; is the positional enrichment of the carbon i of alanine where i = {1,2,3}. These values
are shown in the rightmost of Fig. 1.

7 Conclusion and Discussion

The techniques for the estimation of the bidirectional fluxes reported in the literature were classified
based on the concept of positional and isotopomer representation levels and the transfer matrices.
The representation level concept was used to show why the simplest positional methods cannot be
used for MS and NMR data. To overcome this problem, an algorithm was proposed here where
all the isotopomers were obtained from MS and NMR measurements and then the information was
transformed into positional enrichment. It is important to note that the proposed method is limited
to MS and NMR measurements of metabolites with reduced number of carbon atoms, since the first
stage of preprocessing: estimation of the isotopomers may give meaningless results for metabolites with
more than 5 carbons. It should be noted that even though the isotopomer representation methods
do not require the proposed transformation they also have the dimensional problem, since these
representations require state vectors of order 2" and the mathematical effort becomes very high, more
than 1000-dimensional nonlinear equation system must be solved repeatedly in a normal biochemical
network [11]. For this reason, in such methods molecules with a large number of carbon atoms should
be avoided as suggested in [11].
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