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In this paper, a numerical procedure based on the binary search is proposed for accelerating the parame-
ters identifiability procedure. Basically, the parameters are selected set by set using a given criterion for
ranking the parameters. Since parameters identifiability procedures are strongly dependent on the initial
estimates of parameters values, simultaneous parameters re-estimation step has been proposed in this
paper. Two examples were used to evaluate the performance of the proposed criterion. In both cases,
a significant reduction of the computational time was observed, and the results regard to the model fit
are similar to those criteria based on the selection of parameters one by one, as usually presented in the

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Several areas of human knowledge make use of complex mathe-
matical models containing a large number of parameters. However,
statistically consistent estimation of all these parameters is very
often not possible, since it would demand a prohibitive number of
experimental data or would require inexistent/unavailable mea-
surement devices. In fact, experiments are usually time consuming,
difficult and expensive. A common approach to overcome this
scenario of ill-posed estimation is selecting a subset of parameters
for estimation, while other parameters are set at their initial
estimates; these procedures are commonly known as parameters
identifiability.

Briefly, parameters identifiability procedures seek to determine
a set of parameters of the model that can be consistently esti-
mated using the available experimental data. Theoretically, these
procedures should take into account the influence of the selected
parameters on the model predictions and/or the correlation with
other parameters. Such analyses can be performed based on the
structure of the model, the experimental measurements and uncer-
tainties, and the uncertainties of the initial estimates (Thompson,
McAuley, & McLellan, 2009), which are not easy tasks (Yue et al.,
2006).
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Identifiability procedures presents two important features
(Kravaris, Chu, & Hahn, 2012): (1) interpretability — indicates which
parameters are important for a model dynamic behavior and they
also provide insight about the correlation of the effect that differ-
ent parameters have on the outputs and (2) simplification — reduces
the numbers of decision variables in parameter estimation problem
since non-selected parameters are all fixed at in initial estimates.
Thus, several parameters identifiability approaches have been pro-
posed in the literature. A common sense is the use of sensitivity
analysis, as a natural choice, being a valuable tool for verifying the
parameters importance. In the last decade, several methodologies
were developed based on local sensitivity analysis (Brun, Reichert,
& Kunsch, 2001; Chu & Hahn, 2007; Li, Henson, & Kurtz, 2004;
Lund & Foss, 2008; Sandink, McAuley, & McLellan, 2001; Secchi,
Cardozo, Almeida Neto, & Finkler, 2006; Sun & Hahn, 2006; Yao,
Shaw, Kou, McAuley, & Bacon, 2003) and less usual global sen-
sitivity methods (Chu, Huang, & Hahn, 2011). In most of these
methodologies, parameters are selected from the most estimable to
the least estimable. Nonetheless, this parameters selection is estab-
lished by evaluating the parameters one by one, which can be a time
consuming procedure for a complex mathematical model contain-
ing a large number of parameters. In such scenario, an important
question to be answered is: what is the smallest number of neces-
sary evaluations to be performed to determine a set of identifiable
parameters?

In this context, this work presents a numerical procedure for
parameters selection based on the binary search that could be
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Fig. 1. Classical scheme of parameters identifiability procedures.

applied using any criteria proposed in the literature for ranking the
parameters according to their identifiability (Brun et al., 2001; Chu
& Hahn, 2007; Li et al., 2004; Lund & Foss, 2008; Sandink et al.,
2001; Secchi et al., 2006; Sun & Hahn, 2006; Yao et al., 2003).
Basically, the proposed procedure makes the parameters selec-
tion evaluating subsets of parameters divided in half according to
the selected criterion to order the parameters. This proposal leads
to a significant reduction in the computational cost compared to
the usual procedures. Two examples illustrate the performance of
the proposed procedure: (1) a hypothetical case study - a simply
problem of parameters identifiability with known solution: a lin-
ear model contained large number of parameters and orthogonal
experimental data, and (2) a real case study - a complex problem of
parameters identifiability: a dynamic model of the microorganism
Escherichia coli K-12 W3110 metabolic networks (Di Maggio, Ricci,
& Diaz, 2009) contained 131 parameters and scarce experimental
data.

2. Parameters identifiability

Based on the structure of the mathematical model and on the
available experimental data, a parameter identifiability procedure
splits the parameters set in two subsets: the parameters that can be
estimated, called identifiable parameters, and the parameters that
cannot be estimated and are kept in their initial estimates, called
non-identifiable parameters. According to Kravaris et al. (2012),
selection procedures can be divided into the following categories:
heuristic methods and optimization-based methods. Optimization
methods consist on a combinatorial problem requiring high com-
putational efforts, for such reason, are less used than heuristic
approaches.

Based on sensitivity analysis, heuristic methods for parameter
selection are derived based on the effects that the variations in the
parameters have on the model outputs and so take into account
two criteria for parameters evaluation (Kravaris et al., 2012): (1)
magnitude of the effect, and (2) uncorrelated effect. Non-significant
and/or correlated effects make the parameters estimation proce-
dure ill-posed, even when experimental data would be sufficient
and consistent for identifiability of all parameters of the model.
Although usually these criteria are used together, the performance
of the resulting estimation problem can often not be guaranteed.

Usually, parameters estimation is performed after the set of
estimable parameters be obtained in the identifiability procedure.
Thus, the quality of the initial estimates values admitted to the
parameters is fundamental for the adequate selection. Unfortu-
nately, good parameters initial estimates are seldom known; some
case they can be obtained from the literature or more commonly
assumed arbitrarily (Kou, McAuley, Hsu, Bacon, & Yao, 2005). Clas-
sical scheme employed to parameters identifiability is presented in
Fig. 1.

In the classical scheme, the parameters are included one by one
in the set of selected parameters, verifying if this set is estimable;
otherwise, the last included parameter is removed from the set

and the procedure stops. The first parameter is included in the set
of selected parameters, @), based on its effect on model predic-
tion. For the next parameters, a measure of correlation with the
parameters already included in @) is also taken into account for
re-ranking the remaining parameters. Thus, at each step of the
selection procedure, one should evaluate the correlation between
the parameters, which requires costly and complex operations with
large matrices (Kravaris et al., 2012) such as: (1) orthogonalization
(Li et al., 2004; Lund & Foss, 2008; Yao et al., 2003), (2) collinea-
rity index (Brun et al., 2001), (3) relative gain array - RGA (Sandink
etal.,2001), (4) principal component analysis - PCA (Li et al., 2004),
(5) optimum experimental design criteria - D-optimal, A-optimal,
E-optimal (Chu & Hahn, 2007; Machado, Tapia, Gabriel, Lafuente, &
Baeza, 2009; Weijers & Vanrolleghem, 1997), and (6) Hankel sin-
gular value (Sun & Hahn, 2006).

Being the most popular, the parameters identifiability proce-
dure based on orthogonalization methods is simple and the results
are easier to interpret, having been widely used for the analysis of
complex models (Kravaris et al., 2012). Among them, identifiabil-
ity procedure proposed by Yao et al. (2003) seems to be most used.
Yao et al. (2003) proposed the parameters identifiability based on
well-known Gram-Schmidt orthogonalization method, using a cut-
off value previously specified as stop criterion of selection, being
this criterion replaced by Thompson et al. (2009) for the point
in what the parameters estimation problem becomes ill-posed.
Chu and Hahn (2007) also use Gram-Schmidt orthogonalization
method proposing a forward selection which maximizes the D-
criterion. Also this orthogonalization method is employed by Lund
and Foss (2008) that suggest a methodology that produces very
similar results to those presented by Yao et al. (2003), but presents
great computational complexity. Other approach of parameters
identifiability problem employing orthogonalization methods uses
Householder transforms as in Hiskens (2001) and Velez-Reyes and
Verghese (1995). Both Gram-Schmidt and Householder transforms
orthogonalization methods produce identical results, but House-
holder transforms is more stable numerically (Golub & van Loan,
1996) and the Gram-Schmidt is simpler to interpret (Kravaris et al.,
2012).

Most of the parameters identifiability procedures based on
orthogonalization methods make use of the Fisher Information
Matrix (FIM), defined as:

FIM = (Vo) ' =BT(Vy) 'B (1)

in which B=0Y/d®, more commonly known as local sensitivity
matrix, Vg and Vy represent, respectively, the parameters and
experimental covariance uncertainty matrices.

Most commonly, B matrix is normalized (By), as presented in
Eq. (2), to avoid distortions due to the different magnitude orders
of output variables and parameters values. The literature reports
several forms for normalization, being one of the most commonly
presented as follows.

By = diag(YE)™" (gg) diag(©) 2)

in which Y£ is the vector of mean experimental output variables,
® is the vector of parameters values, and diag(x) denotes the diag-
onal matrix of the vector x. Fig. 2 illustrates such normalization.
In the local sensitivity matrix, B or By, each column is related to
one parameter and each row is related to one output variable.
Thus, each column i can be considered as a sensitivity vector cor-
responding to the parameter i, by. The norm of these sensitivity
vectors, ||bg,||, can be used to evaluate the parameters effects on the
prediction.

Surely, procedures for selecting parameters evaluating one
by one are computationally costly and time consuming. A first
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Fig. 2. Normalized local sensitivity matrix By and sensitivity vectors of parameters.

proposition to overcome this drawback was done recently by Chu,
Huang, Hahn, and Hahn (2012), based on heuristics for assumption
of a number of parameters that can be selected at each iteration.
According to the authors, at each iteration, new parameters are
included in the set of selected parameters, determined by an
optimization procedure, making use of a metric based on the
orthogonalization of the sensitivity matrix. Although appealing,
parameters identifiability using optimization-based methods
results is a combinatorial problem, where nP!/[nSet ! (nP —nSet)!]
represents the total number of combinations for selecting nSet
parameters from a set of nP parameters (Kravaris et al., 2012).
According to Kravaris et al. (2012), these techniques include the
sequential selection procedures, stochastic search techniques, and
heuristic reduction approaches.

3. Binary search

Binary search is an optimized way to determine an element (e.g.,
character or number) in a sorted sequence with no additional infor-
mation. Given a set of sorted numbers, A={1, 2, 3, 4, 5, 6, 7, 8},
where one number is randomly selected. How many questions are
necessary to obtain the selected number making only questions
that can be answered as “yes” or “no”? The most guaranteed fast
way to get this answer with no any additional information is ask
if the number is in the first half of the set. Thus, given the answer,
one can eliminate half of the numbers where the selected number
is not present. The remaining set is divided by half again, asking if
the number is in the first half of the remaining set. This procedure
characterizes a tree search, in which the branches with no selected
number are discharged from the search, reducing rapidly the size of
the set of numbers to be investigated. In Fig. 3, the query tree of this
illustrative example of binary search is presented. Note that what-
ever is the selected number in the set A, the number of evaluations
required is equal to 3.

In binary search the number of necessary evaluations ng,q is
given by:

Ngyg = logy n 3)
in which n is the number of possible values in the original set.

4. Parameters identifiability based on the binary search

An important aspect in search procedures regarding to the com-
putational cost is the numbers of required evaluations to find

w
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Fig. 3. Query tree of the example of set of numbers A using the binary search.

a solution. In classical parameters identifiability procedures the
number of evaluations may become very high, because the one by
one selection of parameters criteria are chosen.

The numerical procedure proposed in this paper is presented in
Fig. 4. In the algorithm, nPss represents the number of successfully
selected parameters as identifiable, which is updated at each well-
succeed selection. The algorithm tries to include more parameters
in this set, being nPs the number of parameters that are temporarily
included in the set of identifiable parameters. However, if the set
containing nPs is not identifiable, the set will be reduced and nPs
will be updated accordingly. In the case of successive fails until
nPs reduces to nPss, no additional parameters could be selected
and the procedure stops. The procedure can also stop when all
the parameters are identifiable (@S) is empty), or no parame-
ters are identifiable. This last case only happens if some problem
occurs for identifying even one parameter, indicating either a bad
range established for the most important parameter or a modeling
problem.

In order to explain the proposed procedure, in Fig. 5 it is applied
to a model with four parameters, showing all possible combina-
tions for this case. The parameters are sorted according to their
importance for the model prediction (as in: Brun et al., 2001; Chu &
Hahn, 2007; Li et al., 2004; Lund & Foss, 2008; Sandink et al., 2001;
Secchi et al., 2006; Sun & Hahn, 2006; Weijers & Vanrolleghem,
1997; Yao et al., 2003, and others). According to the proposed pro-
cedure, the first half of the most relevant parameters of the rank
are included in the set of selected parameters, represented by filled
squares in Fig. 5. When adding parameters to the set of selected
parameters, the conditioning of the estimation procedure should
be evaluated in order to verify if such parameters can be estimated
simultaneously, the invertibility of the matrix FIM can be used for
such purpose. In this numerical procedure, the singularity of the
FIM leads to the reduction of the set of selected parameters.

The main difference on the number of evaluations of the pro-
posed procedure regard to the classical binary search is that, when a
new parameter is included in the set of selected parameters and the
FIM matrix is invertible, then the sort of the non-selected parame-
ters may change (in the classical binary search, the sorted sequence
do not change). Specially in the case where re-estimation of param-
eters is performed, even parameters that have already tried to
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Fig. 4. Numerical procedure proposed for parameter identifiability: set-by-set selection.

been included without success can be now included, which may
happen since the values of parameters change, and so the matrix
FIM may change sufficiently to become invertible. Thus, the set
of non-selected parameters should be re-evaluated according to
the chosen criterion when a new set of parameters is successfully
selected. It must be emphasized that, in the proposed procedure,
once a parameter is successfully selected it will never be removed
from the set of selected parameters.

In most procedures presented in the literature, the selected
parameters re-estimation is only performed after the identifiability
procedure. Without performing simultaneously with the identifia-
bility procedure the estimation of the selected parameters, all the
analyses are done based on the initial estimates of the parameters

values, carrying great uncertainties out to the results. The simul-
taneous parameters re-estimation reduces the dependence of the
identifiability procedure regarding to the initial estimates of the
parameters values (Secchi et al., 2006). Moreover, since one of the
main purposes of the parameters identifiability is to select the set
of parameters that can be estimable by optimization algorithms
that usually require the inversion of the Hessian matrix, with the
simultaneous parameters re-estimation, it is possible to improve
model fit to experimental data, resulting in a better prediction.
Nevertheless, the computational time increases significantly
when parameters re-estimation is performed simultaneously
with identifiability procedure even so, the importance of this
step should not be despised, becoming relevant the development
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of identifiability procedures with less parameters estimation
stages.

However, if one still decides to perform the parameters estima-
tion only after the identifiability procedure, numerical problems
may arise due to modeling errors and/or uncertainties in the initial
estimates of the parameters. As previously mentioned, the quality
of the initial estimates of the parameters is one of the major
problems to the identifiability procedures. There is no guarantee
that the resulting estimation problems will become well-posed,
especially during the estimation step, where the parameters values
may exceed pre-established parameters ranges, and also during
the model evaluation step, where some combination of model
parameters values may lead to infeasible solution. Although these
problems are very common in parameters identifiability, they
have been almost completely neglected in the literature.

When performing these steps simultaneously, as described in
Fig. 4, it is possible to overcome problems that may occur dur-
ing model solving or parameters re-estimation reducing the set
of selected parameters. If the step of parameters re-estimation is
performed in each selection, it is possible that the parameters dis-
carded at this step may be selected in a posterior step, when an
evaluation of the correlation between the set of selected and non-
selected parameters is performed using more suitable values of the
selected parameters.

Global optimization procedures that do not make use of the Hes-
sian matrix could be used to obtain good initial estimates for the
parameters values. However, in many cases of interest, one deal
with complex dynamical models, which present significant numer-
ical restrictions regarding to the parameters values without falling
into numerical problems. Therefore, even derivative-free optimiza-
tion methods, such as particle swarm optimization (Kennedy &
Eberhart, 1995) or genetic algorithm (Goldberg, 1989), for obtain-
ing good initial estimates, may fail in obtaining such values
(Alberton et al., 2013).

An important question about the identifiability procedure is:
what is the number of necessary evaluations? For the binary search
(bs) (Eq. (3)) since there is the possibility of re-sorting the non-
selected parameters when new parameters are selected, in the
worst case, only one parameter would be included each time, and
the re-estimation could make possible the inclusion of parameters
that have also tried to be included without success. Therefore, the
maximum number of re-estimation procedure calls or FIM matrix

evaluation is given by:

Niva = Isup(10g5(nP)
Evaluations to include only the first parameter
+ Isup(logy(nP — 1))
Evaluations to include only the second parameter
+ot Isup(logy(2))
Evaluations to include only the penult parameter
+ L @
Evaluation to include or remove the last parameter
nP-2
Ny =1+ lsuplloga(nP — k)
k=0

For the conventional procedures (cp) of parameters identifi-
ability, where only one parameter is selected each time, in the
worst case, where all the remaining parameters are evaluated and
only at the last evaluation one parameter is included, allowing the
re-evaluation of all remaining parameters again, the number of re-
estimation procedure calls or FIM matrix evaluation is given by:

NP

Eval =

nP
~—~

Evaluations to include only the first parameter
+ (nP—-1)
N——
Evaluations to include only the second parameter
+ (nP —2)
N—_——
Evaluations to include only the penult parameter
+ ..+ 1 (5)
~—~

Evaluation to include or remove the last parameter

Fig. 6 presents the number of necessary evaluations for the worst
case in procedures that try to select parameters one by one and for
the proposed procedure. Although one may expect that the worst
case will seldom happen, the proposed procedure really leads to a
significant lower number of required evaluations. It is especially
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important when simultaneous parameters re-estimation is per-
formed together with identifiability procedure, reducing drastically
the computational cost.

Most of the available criteria to sort the first set of parameters in
the proposed procedure are based on the importance of the param-
eters to the model prediction. Usually, the parametric correlation
is evaluated between set of selected parameters &) and set of
non-selected parameters ®5), avoiding the selection of parame-
ters correlated with the parameters previously selected. Methods
such as relative gain array — RGA (Bristol, 1966; Cao & Rossiter,
1997) and non-square relative gain array - NSRGA (Cao & Rossiter,
1997) can be used as criteria for parameters correlation evalua-
tion previously to the first selection (Botelho, 2012; Sandink et al.,
2001).In parameters identifiability problems, the use of NSRGA (Eq.
(6)) is more indicated because the number of parameters is usually
different from the number of measured variables of the model.

NSRGA = B® (B*)' (6)

in which B* is the pseudo inverse of the sensitivity matrix and ®
denotes the Hadamard (or element-wise) product.

In the proposed numerical procedure, the parameters corre-
lation is evaluated at each step of selection, where parameters
are definitively considered as identifiable parameters if the FIM is
invertible. Therefore, if there are correlated parameters in the first
set, then these parameters will be removed from this set during
the FIM analysis. Moreover, the sum of each column of the NSRGA
matrix is equivalent to the projection of the sensitivity vector of the
corresponding parameter on the parametric space of the selected
parameters, which is the criterion of linear independence used by
Li et al. (2004) and Secchi et al. (2006).

Two examples to illustrate the application of the proposed
procedure are presented in the next section. The results demon-
strate that computational time and cost are lower than addressing
parameters identifiability problem where the selection is made by
evaluating the parameters one by one.

5. Illustrative examples

In the first example, a hypothetical problem of parameters iden-
tifiability with known solution is used for verifying if the proposed
numerical procedure is able to make an adequate selection. In
order to evaluate the robustness of the proposed numerical pro-
cedure when facing real problems, the second example represents
a complex dynamic model containing 131 parameters that should
be selected for estimation with scarce experimental data; in this
problem the solution is unknown. On both cases, parameters re-
estimation is performed.

The proposed numerical procedure was applied using the
parameters identifiability criterion of Yao et al. (2003) for eval-
uation the importance and correlation of the parameters. Such
criterion was selected due to its easy implementation and low
computational cost. Nonetheless, any parameters identifiability cri-
terion can be employed in the procedure.

The algorithm presented in Fig. 4 was implemented in FORTRAN
95, and all case studies were run in an Intel Core 2 Duo with 3 GB
RAM. The parameter estimation was performed using the compu-
tational code Estima&Planeja (Schwaab et al., 2011), based on the
Gauss-Newton method.

Parameters estimation with Gauss—Newton method is an opti-
mization procedure that includes: (1) model evaluation, (2)
linesearch for stepsize calculation with checking of parameters
limits, (3) evaluation of FIM matrix and its inverse. As each of
these steps may fail interrupting the estimation, some modifica-
tions were introduced in this code to improve the convergence
for complex parameters identifiability problems that have scarce
experimental data.

For both examples, the results are presented with the values
of the re-estimated parameters together with the relative devia-
tion, calculated as the ratio between the standard deviation of the
parameter and its estimated value (oy/0).

5.1. Example 1 - a simple model
Let us consider the mathematical model presented in Eq. (7).

nX-1 nX

nx
y=ZXI<‘9k+ szi‘xj'gi,j (7)
k=1

i=1 j=1

in which 6 denotes the parameter, x the independent variable vec-
tor of dimension nX, and y the dependent variable.

The original mathematical model is described only by main
effects, where the number of parameters, nP, is equal to the num-
ber of independent variables, nX=31. The crossed effects were
added to the original model to create a super-parameterized model
and increase the complexity of the identifiability problem. It is
expected that the 31 x 30=930 parameters relating to the second-
order terms become not identifiable because they are correlated
with each other and were not employed to generate the simu-
lated experimental data (y). In this case, the crossed effects are
confounded with the main effects.

The values of the independent variables x for generating the
simulated experimental data were obtained using the software
Statistica 6.0 by Taguchi’s experimental design. The dependent
variable y was generated using the output of the original model
added by a random noise with normal distribution, zero mean
and variance alz, = 0.25. The true parameters values of the origi-
nal model form an arithmetic progression with the first parameter
01 =5, the last parameter 63; =155, and the common difference
of successive members equal to 5. In this scenario the simulated
experimental data are orthogonal and the mathematical model
structure is linear.

Two cases were investigated: without and with re-estimation.
Moreover, since the parameters identifiability procedures are
strongly dependent on the initial estimates of parameters values
(Chu & Hahn, 2007; Omlin & Reichert, 1999), different values were
given for the parameters as initial estimates. For linear models on
the parameters this dependence is generated by using the normal-
ized sensitivity matrix and also by the non-selected parameters
when a re-estimation step is applied. In both cases, the results are
presented in Table 1.
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Table 1
Results for parameters identifiability procedure based on binary search for cases (a) and (b) of the first example. The superscripts represent the positions of the parameters.
Symbol Exact Initial estimates Initial estimates Estimated Estimated
value (a.1and b.1) (a2 and b.2) values (b.1) values (b.2)
61 5 1.2 31 15926561 14.1113M
0> 10 2 30 152.75269 13.8686(2)
03 15 3 29 144.396(29) 17.60813)
04 20 4 28 145.181%8) 23.0792¢4)
0Os 25 5 27 138.824(7) 26.57070)
0s 30 6 26 134.280(26) 31.0258()
07 35 7 25 129.3842%) 39.2003(7)
O 40 8 24 120.687(4 45.6158®)
) 45 9 23 123.44923) 46.3685(9
610 50 10 22 115.398(22) 57.3666(10)
011 55 11 21 108.222(1 63.0269'
012 60 12 20 104.095(9) 64.8253(12)
613 65 13 19 103.92119) 72.3390(13)
014 70 14 18 88.3366(1%) 68.5984(14)
015 75 15 17 85.0125(17) 76.4169(1%)
016 80 16 16 86.7994(16) 86.7994(16)
017 85 17 15 76.41699) 85.012517
O1s 90 18 14 68.5984(14) 88.3366('9)
019 95 19 13 72.3390(13) 103.921019)
020 100 20 12 64.8253(12) 104.095(20)
021 105 21 11 63.0269(11 108.22221)
02 110 22 10 57.3666(10) 115.398(22)
023 115 23 9 46.3685(9) 123.449(23)
024 120 24 8 45.6158(8) 120.68734)
025 125 25 7 39.20037) 129.384(2%)
026 130 26 6 31.0258(®) 134.280(26)
027 135 27 5 26.57070) 138.824(7)
O2s 140 28 4 23.07924) 145.18128)
029 145 29 3 17.60813) 144.396(2%)
030 150 30 2 13.8686(2) 152.752030)
31 155 31 1.2 14.1113M 159.265C1)
91'1 to 93031 0 1 1 a a

2 Non-selected parameters.

5.1.1. Case a - without the parameters re-estimation step

The main objective of this case is to demonstrate the lower time
and computational cost of the proposed numerical procedure com-
pared to usual procedures described in the literature. In fact, only
4 evaluations were required for selection of 31 parameters, while
with conventional parameters identifiability procedures it would
be required at least 31 evaluations. Note that the worst case of the
binary search would require 8588 evaluations (Eq. (4)), and the
worst case of the conventional procedures would require 461,281
evaluations (Eq. (5)).

In order to demonstrate the dependence on the initial estimates
of the parameters values, two initial estimates were investigated:

e Case a.1 - values of the parameters 1-31 in crescent order of
magnitude, with parameters related to the crossed effects kept
equal to one.

e Case a.2 - values of the parameters 1-31 in decreasing order of
magnitude, with parameters related to the crossed effects kept
equal to one.

As expected for the case a.1, the parameters were selected in
decreasing order according to their values, being obtained the set
of the selected parameters G5 ={63;, 63, ..., 6;}. For the case
a.2, the parameters were selected according to their values, that
is, ®151={01,6,, ...,031}. 1t is important to empathize that for more
complex problems (e.g., scarce experimental data, and non-linear
models) the results of parameters selection are highly dependent
on the employed parameters identifiability criteria. Despite the
seriousness of the example, this problem of the dependence on
the initial estimates also occurs in the conventional parameters
identifiability procedures.

The CPU time spent for the selections is the same in both cases.

5.1.2. Case b - with the parameters re-estimation step
Similar to the case (a), investigations were performed with dif-
ferent initial estimates as follows:

e Case b.1 - values of the parameters 1-31 in crescent order of
magnitude, with parameters related to the crossed effects kept
equal to one.

e Case b.2 - values of the parameters 1-31 in decreasing order of
magnitude, with parameters related to the crossed effects kept
equal to one.

Introducing the step of parameters re-estimation, 31 parame-
ters were selected, where the parameters selection order was the
same as obtained without re-estimation. The estimated parame-
ters values are presented in Table 1; for both cases, the relative
deviations were about 1 x 10~2, indicating a good accuracy of the
estimated parameters. The CPU time spent in case b.1 was 1.30 min
and in case b.2 was 1.84 min. In both cases, the results of estima-
tion were the same, as expected, and the re-estimations were able
to get good estimates for the true parameters values. The differ-
ence between re-estimated parameters and true parameters values
is mainly associated with the crossed effects, that are zero for the
exact model and equal to one for the initial estimates, and such val-
ues were kept unchanged during the estimation since the crossed
effects were not included in the set of estimable parameters.

In this example, the NSRGA was also applied to select the first
set of parameters, in order to avoid correlated parameters, leading
to the same results.

5.2. Example 2 — a complex dynamic model

Representing a complex real case of parameters identifiability
problems (complex dynamic model, large number of parameters,
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Fig. 7. Escherichia coli central carbon metabolism.

parameters with low influence for model prediction and/or cor-
related, and scarce experimental data), the E. coli K-12 W3110
metabolic network model (Chassagnole, Noisommit-Rizzi, Schimd,
Mauch, & Reuss, 2002; Di Maggio et al., 2009) is used in this
example. Additionally, conducting experiments for such system are
costly, time consuming and difficult. Consequently, some impor-
tant variables are not measured and their initial conditions are
unknown.

Large scale metabolic network of the glycolysis, the pentose-
phosphate-pathway and the phosphotransferase system of E. coli
K-12 W3110 is presented in Fig. 7.

The mathematical model of E. coli K-12 W3110 metabolic
networks is described by a system of 18 ordinary differential equa-
tions that represent mass balances for extracellular glycolysis and
intracellular metabolites (Egs. (8)-(25)), 7 forcing functions that
represent the co-metabolites (Eqs. (A1)-(A7)) and 30 kinetic rates

that represent the enzymes (Eqs. (A8)-(A37)) (Chassagnole et al.,
2002). This dynamic model has 131 candidate parameters to be
selected.

Modifications were introduced by Di Maggio, Diaz Ricci, and
Diaz (2010) for some enzyme kinetics. In this sense, kinetic expres-
sion for the activity of phosphofructokinase was taken from Diaz
Ricci (1996) (Eq. (A5)) and other modifications are given by
Ratushny et al. (2006) for modeling the activity of glucose-6-
phosphate dehydrogenase (Eq. (A6)).

dcextracellular

glc CxTprs

feed tracellul
dt = D(Cg‘lece - C§|XC racefiu ar) +fpulse - Ox (8)
dCeg
EP — rprs — I'pa1 — r'GePpH — oM — HCagp (9)

de
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dfiffp = 1IpGl — TPFK + F'Tkb + 1A — 2"Mursynth — M Crep (10)
% = I'pkF — 'aLDO — M Crdp (11)
dzgtap = T'ALDO + I'TIS — T'GAPDH + I'TKa + T'1kb — T'TA + I'Trpsynth — M Cgap
(12)
dcsl;ap = T'ALDO — T11s — T'G3PDH — M Cdhap (13)
dfiptgp = I'apDH — PGk — M Cpgp (14)
dZ% = T'pGK — I'PGGIuMu — TSersynth — HC3pg (15)
dz% = I'pGluMu — TENO — M Capg (16)
dfjptep = TENO — TPK — TPTS — I'PEPCxylase — 'DAHPS — T'synth1 — M Cpep
(17)
dfjiyr = TpK + TPTS — I'PDH — T'synth2 + "MetSynth + TTrpsynth — M Cpyr
(18)
dfiﬁtpg = I'GepDH — 'PGDH — M Copg (19)
dcré% = I'pGDH — 'RusP — TR5PI — U Cribusp (20)
dCZ# = T'RusP — I'TKa — T'1kb — M Cxylsp (21)
% = Tka — I'TA — HCsed7p (22)
dC;% = I'rspl — T'tka — TRPPK — MCribsp (23)
dfje;p = I'tA — I'Tkb — TDAHPS — U Cedp (24)
diiilp = 1M — TaipaT — HCglp (25)

The computational code DASSL (Petzold, 1989) was employed
for the numerical integration of the dynamic model.

The experimental data were obtained in Hoque, Ushiyama,
Tomita, and Shimizu (2005) for a time horizont of 300s
and for the following measured variables: glucose (glc),
dihydroxyacetonephosphate  (dhap), erythrose-4-phosphate
(e4p), phosphoenolpyruvate (pep), pyruvate (pyr), fructose-
1,6-diphosphate  (fdp), glyceraldehyde-3-phosphate  (gap),
ribose-5-phosphate (rib5p), ribulose-5-phosphate (ribu5p),
2-phosphoglicerate (2pg), glucose-6-phosphate (g6p), fructose-
6-phosphate (f6ép), and 6-phosphogluconate (6pg). The other
intracellular metabolites were not measured and thus, their
initial conditions are unknown. Since these initial conditions are
important information for the mathematical model, their values

Table 2
Results for parameters identifiability based on the information theory of E. coli
metabolic networks.

Symbol Nominal value Symbol Nominal value
Initial conditions

Cyyisp 5.5406 x 10! Cagp 1.2851

Ce1p 6.7016 x 102 Csed7p 4.0874 x 1072
Cogp 3.7000 x 10>

Parameters

Kpcigsp 4.0000 x 10! KcappH,pgp 5.0000 x 10>
o 1.0519 x 10% KG6ppH nad.ihn 9.0000 x 103
ron 1.2873 x 101 rg‘;;:";hesisz 5.6900 x 10!
Kpaigop2 2.0000 x 10! rimax 5.6700 x 10!
Kriseq 1.3900 x 10! e 8.21073 x 10*
Kpepexylase fdp 7.0000 x 10! Kprs1 3.0823 x 10°
NpEpCxylase,fdp 4.0000 Ksynthesis2,pyr 1.0000
Krusp,eq 1.4000 oo 5.22076
[P 50.0000 KpcpH,nadp 5.0600 x 1072
KcappH,gap 1.2000 KpGpH,nadph 1.3769 x 102

should be estimated together with the parameters. The results
will be presented for two cases: without and with the parameters
re-estimation step. As usual, for both cases, the experimental
uncertainty is admitted proportional to the measured values of
the independent variable (y;) in the form:

oy, =a-yj+b (26)

where a and b can be arbitrarily chosen or obtained experimentally,
or even estimated.

The knowledge of experimental uncertainty is a significant
problem for the majority of investigated systems in chemical engi-
neering. The appropriate knowledge would require replications for
all experiments. Itis important information, but oftenitis neglected
and arbitrarily chosen due to the hard work that would be to char-
acterize the experimental errors. In our case, we admitted a=10-2
and b=10-% (particularly the value of b was chosen based on the
magnitude of experimental data values).

5.2.1. Case a — without the parameters re-estimation step

Considering 5 unknown initial conditions and 131 model
parameters, 136 parameters were evaluated by the proposed
numerical procedure using the available experimental data for
intracellular metabolites. The results are summarized in Table 2,
where 20 parameters and 5 initial conditions were selected as
identifiable, being required only 13 evaluations. The high num-
ber of non-selected parameters may indicate that a large number
of parameters present low influence for model prediction and/or
are correlated with the selected parameters, and that the non-
measured intracellular metabolites store relevant information for
describing E. coli metabolic behavior. Other important factor is
related to the initial estimates of parameters values that can be
far from the true parameters values, and are used in the evaluation
of parameters identifiability criterion.

Table 3

Results of the estimation of initial conditions for non-measured intracellular
metabolites using the proposed numerical procedure with parameters re-
estimation.

Symbol Nominal value Estimated value Relative deviation
Cyyisp 5.5406 x 10~! 5.2742 x 107! 8.9433 x 10°

Ca1p 6.7016 x 102 6.4919 x 102 9.8674 x 10!

Cogp 3.7000 x 103 3.0857 x 103 3.3957

Cagp 1.2851 1.7901 3.5516

Csearp 4.0874 x 102 4.0850 x 102 14311 x 104




Table 4

Results of parameters selection using the proposed numerical procedure with parameters re-estimation.

Parameter Nominal value Estimated value Relative deviation Parameter Nominal value Estimated value Relative deviation
Kpcgep 4.0000 x 101 1.0769 x 102 3.0814 Kpck adp 1.8500 x 10! 1.8500 x 10! 1.9104 x 102
r{,‘g"[" 1.0519 x 103 5.9234 x 102 1.2569 KcappH,nad 2.5200 x 10! 25213 x 10! 6.7565 x 10!
Téngli‘DH 1.2873 x 10! 7.2217 2.0269 x 10! K6ppH,nad,inh 9.0000 x 103 8.6536 x 103 6.1194 x 10!
Kpaifop2 2.0000 x 10! 1.1109 x 105 7.6247 x 10° r:;‘?j‘;‘l, 5.1816 2.2516 2.5393 x 10!
Kpci3pg 5.1700 x 10! 4.5490 x 101 44129 r,‘g‘;},’; 3.7333 1.9924 4,6917
Kpepcxylase fdp 7.0000 x 10! 44571 x 1071 3.7857 rx}_g‘o 3.0423 x 10! 4.0000 1.7730 x 103
TpEPCxylase fdp 4,0000 9.2161 2.3282 Keno2pg 1.0000 x 101 1.0000 x 10! 1.6760 x 10!
rlr,“ca[’)‘H 5.2208 9.4885 x 10! 1.2338 x 103 Kris dhap 2.8000 2.5225 2.2587 x 103
TPEK. 1.9670 1.4669 x 107! 2.5160 Krspieq 4.0000 1.4200 3.5450 x 10!
[Py 5.0000 x 10% 9.4187 9.5864 T 4.0104 6.2336 x 10! 7.4603 x 107!
Krusp,eq 1.4000 1.4855 8.9487 x 103 KpcLumu3pg 2.0000 x 10! 2.0000 x 10! 6.9664 x 102
KcappH,gap 1.2000 22312 x 102 1.3122x 103 HgeppH,nadh 1.2000 x 10! 5.1769 x 101 5.1116 x 10?
KeappH, pgp 5.0000 x 105 8.3295 x 10> 1.3434 x 103 Krkaeq 1.3500 x 10! 1.1685 x 101 2.3249 x 10*
KpcpH,nadp 5.0600 x 102 1.1772 1.3215 x 103 KeNo ,pep 5.2056 x 10! 1.3500 x 10! 3.9731 x 10!
KpcpH,nadph 1.3769 x 102 7.3728 x 102 4.0426 x 102 r%‘;" 2.2000 8.7199 x 102 1.9057 x 103
KpcpH,atp 2.0800 x 102 5.4786 x 10! 4.2688 x 103 NDAHPS, pep 3.6900 x 101 2.4990 2.6254 x 10!
KpcMeq 1.5800 x 10! 1.3716 x 10! 8.7306 x 10! KpcLumu,2pg 3.0000 x 102 3.6900 x 10! 6.3087 x 102
KaLpo.eq 1.4438 x 102 1.4935 x 102 2.6863 KceppH,nadph 1.4000 2.8818 x 1072 7.5260 x 103
rls?/;)éhz 5.6900 x 101 4.2606 x 1072 2.6446 x 10! HgepbH,nadph 8.8572 x 1073 1.4032 8.6816 x 103
r{,’}‘fx 5.6700 x 10! 3.5304 x 1072 6.0122 x 10! Krfep 2.0000 x 102 8.8801 x 103 9.6690 x 103
r{,’}g" 1.0000 1.0745 3.5897 x 103 KwmceppH,nadp 1.0500 1.9406 x 102 3.7786 x 103
Kprst 2.6000 x 10! 2.3386 x 103 3.6104 x 103 Kraeq 1.3900 x 10! 1.0507 14314 x 10*
Ksynthesis2,pyr 4.6800 x 102 1.8140 x 10! 1.5514 x 102 Kriseq 9.5000 x 102 1.3896 x 10! 2.9680 x 102
Kpadp 2.6000 2.5944 x 107! 2.9091 x 102 T s 8.8000 x 102 1.0256 x 102 6.2233 x 10!
Kpck pgp 1.8700 x 101 5.4125x 1072 3.5774 KaLpo,dhap 9.9000 x 101 8.8000 x 102 1.4290 x 102
TIDAHP sedp 3.1000 x 102 3.4499 3.5791 e 5.6180 x 10! 4.0301 x 10! 9.6704 x 103
KpcLumu,eq 1.0000 9.4505 x 10! 7.0688 rlr,rg]\’/‘[ 5.4491 9.0650 x 1072 5.7009 x 10!
Kpk pep 43000 x 102 3.0968 x 102 1.4155 x 10? KpcoH,6pg 3.0000 x 10! 3.6871 1.1154 x 10?
o 4.0700 9.2200 1.5091 Kceppiinadh 3.0000 x 10! 3.0070 x 10! 1.0491 x 10*
Kpareq 6.7000 x 10! 4.2994 x 102 7.1124 x 101 KeeppH,dtn 7.0000 x 103 3.0613 x 10! 4.4899 x 10*
Kpepcxylase,pep 8.4613 8.0500 6.6521 x 10! KmaceppH,g6p 1.8000 x 103 6.9652 x 103 2.2991 x 102
KeNo,eq 2.0000 x 10! 7.1033 x 10! 2.0301 Kpckeq 1.0000 8.9599 x 103 22371 x 103
r%‘\“" 4.2260 x 103 3.2541 x 102 1.4314 x 104 Kris gap 1.5000 x 103 3.4455 x 10! 3.0763 x 102
Kpcrgsp2 2.5274 x 102 5.9448 x 10! 4.9639 r(';";[i‘DH 5.3000 x 103 1.0700 x 102 54517 x 104
rmax 7.3718 2.7500 x 10! 23841 x 103 Kc3ppH.dhap 1.8500 x 10! 6.5999 6.1520 x 104
rmax 9.6972 x 10! 25000 1.0603 x 10! T 25200 x 10~ 1.4961 x 10-3 1.6909 x 102
r‘T‘}‘é" 4.0000 x 101 5.7700 8.9491 x 103 Kpanps,pep 9.0000 x 103 5.3000 x 103 1.5787 x 102
rmax 1.0519 x 103 7.0600 x 101 6.8782 x 10!
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Fig. 8. Experimental and predicted metabolites concentrations as function of the time: (0) experimental value, (-a-) predicted value using initial estimates and (~H-)
predicted value after parameter identifiability.

5.2.2. Case b - with the parameters re-estimation step unknown initial conditions, demanding only 19 iterations. There-
Including the step of parameters re-estimation, the proposed fore, 55 additional parameters were selected by introducing the
numerical procedure was able to select 75 parameters and 5 parameters re-estimation step with only 6 additional evaluations.
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It must be emphasized that the selection of the parameters using
the one by one procedure would require at least 80 iterations.
Actually, the save of computational time is much higher, since the
usual procedure demands much higher iterations, forasmuch the
inclusion of one parameter at each iteration often is not succeed,
and several parameters must be tested before one additional
parameter is definitively included. The CPU time spent with the
proposed procedure was only 3.24 min. For comparison, we have
performed the identification procedure adding one parameter
each time, and obtained the results in 2.28 h, with similar results.
The results are summarized in Tables 3 and 4, respectively, for
both parameters and initial conditions.

The initial estimates of the initial conditions, presented in
Table 3, were obtained in two steps: (1) integrate the model with a
small timestep and null initial concentrations of the non-measured
intracellular metabolites, and (2) take the calculated values for
the non-measured intracellular metabolites concentrations at the
end of the first timestep as initial estimates for the initial condi-
tions. With the parameters re-estimation step, these values do not
present a significant influence.

Most of the estimated parameters values presented in Table 4
present difference of at least one order of magnitude with respect
to the initial estimates. This difference demonstrates that initial
estimates of the parameters could be significantly improved,
as observed in Fig. 8, comparing experimental data with model
prediction using initial estimates and estimated values after the
parameters identifiability. It is important to emphasize that the
estimated values of the selected parameters can be significantly
influenced by the initial estimates of the non-selected parameters.
Special attention should be given at Fig. 8(b), (¢) and (g)-(j), for
which the mathematical model behavior with re-estimated param-
eters values was able to lead to a better fit to the experimental
data.

Applying the NSRGA criteria to select the first set of parame-
ters in order to avoid correlated parameters did not change the
results. Therefore, the additional overhead to select the first set of
parameters seems to be unnecessary.

6. Conclusion

In this work, a numerical procedure for parameters selection
based on binary search was proposed in order to solve the problem
of parameters identifiability with minimum effort. Two examples
were presented to illustrate the performance of the procedure.
In the first example a simple case was presented showing that
the numerical procedure is able to select the parameters accord-
ing to their potential of estimation. The second example is a
scarce experimental data scenario, using a complex mathemati-
cal model of E. coli metabolic network, containing 131 parameters
and 5 unknown initial conditions of metabolites concentra-
tion. In both cases, the proposed procedure leads to significant
reduction of the computational effort and similar results when
compared to the traditional procedures of one by one parameter
selection.

The use of NSRGA for previous evaluation of parameters corre-
lation did not improve the results for the investigated examples.
In fact, the results obtained with the NSRGA are overlapped by
evaluating the correlation parameter performed in each step of the
selection.

A discussion about the simultaneous parameters re-estimation
together with parameters identifiability procedures was presented,
and it was shown that such simultaneous step is very important
for reducing the influence of uncertainties of initial parameters
estimates.
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Appendix A.

See Tables A1-A4.

Table A1
Nomenclature.
Metabolites
glc Glycose
g6p Glycose-6-phosphate
fép Glycose-6-phosphate
fdp Fructose-1,6-biphosphate
gap Glyceraldehyde-3-phosphate
dhap Dihydroxyacetonephosphate
pgp 1,3-Diphosphoglycerate
3pg 3-Phosphoglicerate
2pg 2-Phosphoglicerate
pep Phosphoenolpyruvate
pyr Pyruvate
6pg 6-Phosphogluconate
ribu5p Ribulose-5-phosphate
xyl5p Xylulose-5-phosphate
sed7p Sedoheptulose-7-phosphate
xyl5p Xylulose-5-phosphate
sed7p Sedoheptulose-7-phosphate
ribSp Ribose-5-phosphate
edp Erythrose-4-phosphate
glp Glycose-1-phosphate
Co-metabolites
atp Adenosintriphosphate
adp Adenosindiphosphate
nad Diphosphopyridindinucleotide, oxized
nadh Diphosphopyridindinucleotide, reduced
nadp Diphosphopyridindinucleotide-phosphate, oxized
nadph Diphosphopyridindinucleotide-phosphate, reduced
amp Adenosinmonophosphate
Enzymes
ALDO Aldolase
DAHPS DAHPS synthase
ENO Enolase
G1PAT Glycose-1-phosphate adenyltransferase
G3PDH Glycerol-3-phosphate dehydrogenase
G6PDH Glycose-6-phosphate dehydrogenase
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
MetSynth Methionine synthesis
MurSynth Mureine synthesis
PDH Pyruvate dehydrogenase
PEPCxylase PEP carboxylase
PFK Phosphofructokinase
PGDH 6-Phosphogluconate dehydrogenase
PGI Phosphoglucoisomerase
PGK Phosphoglycerate kinase
PGM Phosphoglucomutase
PGluMu Phosphoglycerate mutase
PK Pyruvate kinase
PTS Phosphotransferase system
R5PI Ribose phosphate isomerase
RPPK Ribose phosphate pyrophosphokinase
RU5P Ribulose phosphate epimerase
SerSynth Serine synthesis
Synth1 Synthesis 1
Synth2 Synthesis 2
TA Transaldolase
TIS Triosephosphate isomerase
TKa Transketolase a
TKb Transketolase b
TrpSynth Tryptophan synthesis




Table A2
Forcing functions for co-metabolites concentrations (mM) (Chassagnole et al., 2002).

t
Catp = 4.27 — 4.163 Al
aw» 0.657 + 1,43t + 0.364(2 (AT)
Cadp = 0.582 + 1.73(2.7317%134)(0.12¢ + 0.000214¢3) (A2)
t t
Camp = 0.123 +7.25 - 795 147 01 5 + 1073 155 g 05t (A3)
Chadph = 0.062 +0.332(2. 71 el £)(0.0 166t1 58 4 0.000166t*7 +1.16-107'°¢7% £ 1.36. 10 3¢"" +1.23. 107 '6¢142) (A4)
t t
Cnagp = 0.159+0.00554 5= o1z T 0182 78105260 (A5)
Cpaan = 0.0934 + 0.0011(2.371-%123%)(0.844¢ + 0.104¢3) (A6)
—0.0218t-0.171)
_ (-0.0435¢-0342)y (L +7.871)(2. 73 )
Chag = 1.314 + 1.314(2.73 ) 843151 (A7)

Table A3
Kinetics rates for enzymes (Chassagnole et al., 2002).

rmasxcexn‘ace]ulal'(cpep /prr) (A8)
Tprs =
(Kers1 + KI’TSZ(Cpep/prl') + KPTSBCEXUACG]UIM 4 Cextlace]ulal Cpep/cpyr))(l +( g"I’TS ,26p /KI’I'S g6p))

1 (Ceep — (Crop/ KI’C.[ eq))

B A9
" Kear g6p( 1+ (Crsp/ (Kb fsp(1 + (Copg / Kpautop.epginh ) + (Copg / Kpaigop6pginn ) + Casp (A9)
rl[}::?(x [(eCfSP/KRpr )(1 + (ecffsl)/KRfSp))npﬂ(i1 (1 + (Cadp/KRadp ))nPFK + LO[((l + (Cpep/KTpep))(l + (Cadp/KTadp ))/((] + (Cpep /KRpep ))(1 + (Cadp/KRadp ))))]HPFK ch,(CfSp/KRpr )(] + Ce,(CfSp/KRpr))nPFkil] (A]O)
TprK =
(1 + (ecfﬁp/KRpr))onK(l + (CadD/KRadp "PFK + LO[ (1 + CPeD/KTpep (] + (Cadp/KTadp)))/((] + (CDEP/KRpep ))(] + (Cadp/KRadp)))]"PFK (1 + Ce,(cfﬁp/KRfSp))CDQD/KTPEP
. 1o Crap — (Caap Canap / KaLpo.eq (A11)
AP Koo fdp + Crap -+ (Karpo,gap thap /KaLpo,eq VaLpo,bir) + (KaLpo dhap Cgap / KaLpo.eq Varbo pir) + (Crap Ceap / Karpo,gap,inh ) + (Canap Cgap / KaLDO eq VaLDO bif)
r r-ll-TSax(thap Cgap /KTIS eq (Al 2)
B KTIS dhap(‘1 + (Cgap/KT[S gap )) + thap
" GAPDH(CEAP Chad — (Cpgp Chadn /KGAPDH eq ) (A13)
AP (Koapp, gap(1 + (Cpgp /Kcapp pgp)) + Cgap N Kcapp nad(1 + (Cnadh /KcappH nadn ) + Cnad)
ok = rpGK adpLpgp — CatpC3DE/ PGK,eq (A14)
(Kpck, adp(1 + (Catp/KPGKatp)) + Cadp )(Kpck pgp(1 + (Cpg/Kpck3pg)) + Cpgp)
oGy = rPGluMu (CSpg CZpg /KPGluMu eq )) (Al 5)
Kpgiumupe(1 + (Capg/ KPGIuMu 2pg) + Capg
e rine (Capg — (Cpep Kenojeq) (A16)
o= KENO,Zpg(‘l + (Cpep/KENO,pep)) + CZpg ( H
P Coep Cadp(Cpep /Kpicpep) + 1)
ok PK -Pep adp(( pep/ PK.pep) ) (A17)

B Kok pep (Lo (((1+ (Catp /Kekcatp )/ ((Crap /Ke sap) + (Camp /Keicamp ) + 1)) + ((Cpep /Kpkc pep) + 1) X Cadp + K adp)
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Table A3 (Continued)
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rmaxC”I’DH
T'pDH = L}HHPDH (A18)
KppH,pyr + Cpyr
"&pon Ceop
oot = hg heg hg 1+r<dm(chd‘ Jhatychat ) (A19)
(Kaspprgep(1 + kegn(C g/ (Keg® + Cagn))) + Caop)(1 + (Cradpn /Kesppr.nadphinn) + (Cnadn /KceppH nadninn ))((Cnadp /KceppH.nadp) nadn*de " nadn ) /
h hae b,
ko (e et e h N
((1+ (Cnadp/KGGPDH,nadp) *Hedn "adh/( a " "adh)) + (Cnadph/KGGPDH,nadphinhZ) nadph )(1 4 (Cnadh/KGGI’DH,nadh) nadh )
max
TPGDH = Tecion Cope Crady (A20)
(Cspg + KPGDH,Gpg)(Cnadp + KPGDH,nadp(1 + (Cnadph/KPGDH,nadph,inh ))(] + (Catp/KPGDH,alp,inh )))
Ciibsp
Trspt = Ty | Cribusp — Krorieq (A21)
nylSp
TRUSP = TRUjap (Cribu5p ~ Keuspeq (A22)
Csed7pcgap
rka = e | Cribsp Cxyisp — Koceeq (A23)
Crsp Caap
rib = Tgn. | CayispCeap — m (A24)
CeapCig
roa = 0% ( CgapCoearp — % (A25)
,eq
rll;?rlXnylasecpeP(l + (Cfdp/KPEPnylase,fdp )TPEPCxylase.dp ) (A26)
TPEPCxylase =
Hiase max KPEPnylase,pep + Cpep
. Tsynth1 Cpep (A27)
Synthl = Z——————~—
Vot KSynthl),Pep + Cpep
Tgynth2 Coyr
Tsyntha = Z——————— (A28)
Vot I<Synthr2ﬁg¥r + prr
T, 3
SerSynth =P8
T h= (A29)
sersynt KSerS nth,3pg + C3pg
Trepk Cribsp
TRPPK = -~ (A30)
KRPPK,r]iRgg + Gribsp
Fespon = —GaPDH dhap (A31)
KcsppH,dhap + Canap
pmax C"DAHPs,e4p C"DAHPS,pep
. _ DAHPS ~edp pep (A32)
DAHPS = NDAHPS, edp DAHPS, pep
(Kpanpseap + Coyy, )(Kparps.pep + Cpep )
— Toem(Ceop — (Co1p/Kpameq)) (A33)
Keemgsp(1 + (Cgip/Keamgip)) + Casp N
S 1ot Cetp Catp(1 + (Crap /Kgipar fap) C1PATHP ) (A34)
(Kcipatgip + Cgip)(Kcipatatp + Carp)
TMursynth = Tiarsynch (A35)
TTrpSynth = Tiosunth (A36)
TMetsynth = T\ietsynth (A37)
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Table A4
Kinetics parameters of the model.
Enzyme Parameters Description
Kprs1 M-M half-saturation constant (mM)
Kprso Constant (mM)
Phosphotransferase system (PTS) Kerss Constant
P v Kprs gop Inhibition constant (mM)
Np1s,g6p Constant
e Maximum reaction rate (mMs—1)
Kpargep M-M half-saturation constant (mM)
Kpcigep Inhibition constant (mM)
KpGleq Equilibrium Constant

Phosphoglucoisomerase (PGI)

Phosphofructokinase (PFK)

Aldolase (ALDO)

Triosephosphate isomerase (TIS)

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

Phosphoglycerate kinase (PGK)

Phosphoglycerate mutase (PGluMu)

Enolase (ENO)

Pyruvate kinase (PK)

Pyruvate dehydrogenase (PDH)

Phoenolpyruvate carboxylase (PEPCxylase)

Kpc1g6p,6pg,inh
Kpal fep,6pg,inh
rmax

PGI
KPF[(,pr,s
Kprk atp,s
Kprkadp.a
Kprk,adpb
Kprk adp,c
KPFI(,amp.a
Kprk.ampb
Kprk pep
Lprk
Nppg
TPEK.
KaLpo fdp
KaLpo,dhap
Karpo gap
KALDO,gap,inh
VaLpo i
KaLpo,eq
rl‘ﬂax

ALDO
Kris dhap
Kris gap
Kriseq
o
KcappH,gap
KcappH,pgp
KcappH,nad
KcapDH nadn
KcappH,eq

Kpck pgp
Kpck 3pg
KPGK,adp
KPGK,atp
KpcK.eq
rmax

PGK
Kpclumu,3pg
KPG]uMu,Zpg
KPG]uMu,eq
rmax

PGluMu
KeNo,2pg
KENO,pep
Kenoeq
rmﬂx

ENO
KPK,pep
Kpg adp
Kpkatp
Kpx fap
KPK,amp
Lpk
npg
r[l;?(ﬂX
KPDH,pyr

NppH
max
TrpH

KPEPnylase.pep

KPE PCxylase,fdp

nPEI’nylase,fdp
max
PEPCxylase

Inhibition constant (mM)
Inhibition constant (mM)
Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
M-M half-saturation constant (mM)
Activation constant (mM)
Activation constant (mM)
Activation constant (mM)
Activation constant (mM)
Activation constant (mM)

Inhibition constant (mM)

Allosteric constant

Number of binding sites

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
M-M half-saturation constant (mM)
M-M half-saturation constant (mM)
Inhibition constant (mM)
Back-forward reaction rate relation
Equilibrium constant (mM)
Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
M-M half-saturation constant (mM)
Equilibrium constant

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
Inhibition constant (mM)

M-M half-saturation constant (mM)
Inhibition constant (mM)
Equilibrium constant

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
Inhibition constant (mM)

M-M half-saturation constant (mM)
Inhibition constant (mM)
Equilibrium constant

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
Inhibition constant (mM)
Equilibrium constant

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
Inhibition constant (mM)
Equilibrium constant

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
M-M half-saturation constant (mM)
Inhibition constant (mM)

Activation constant (mM)
Activation constant (mM)

Allosteric constant

Number of binding sites

Maximum reaction rate (mMs~1)

M-M half-saturation constant (mM)
Number of binding sites
Maximum reaction rate (mMs~1)

M-M half-saturation constant (Mm)
Activation constant (mM)

Number of binding sites

Maximum reaction rate (mMs~1)
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Table A4 (Continued)
Enzyme Parameters Description
Kpcm,g6p M-M half-saturation constant (mM)
Kpemgip Inhibition constant (mM)
Phosphoglucomutase (PGM) KpaM.eq Equilibrium constant
o Maximum reaction rate (mMs~1)
Kcipatgip M-M half-saturation constant (mM)
Kcipatatp M-M half-saturation constant (mM)
Glucose-1-phosphate adenyltransferase (G1PAT) Kcipar fap Activation constant (mM)
NG1PAT,fdp Number of binding sites
. . 5
e Maximum reaction rate (mMs~1)
i : KRppK ribsp M-M half-saturation constant (mM)
Ribose phosphate pyrophosphokinase (RPPK) max Maximum reaction rate (mMs-1)
Kc3ppH,dhap M-M half-saturation constant (mM)
Glycerol-3-phosphate dehydrogenase (G3PDH) pmax Maximum reaction rate (mMs-1)
Serine synthesis (SerSynth) Ksersynth.3pg M-M half-saturation constant ETITIM)
B Maximum reaction rate (mMs~')
erSynth
Kpanps,ep M-M half-saturation constant (mM)
Kpanps pep M-M half-saturation constant (mM)
DAHP synthase (DAHPS) NDAHPS,e4p Number of binding sites
TIDAHPS,pep Number of binding sites
. . 5
TARps Maximum reaction rate (mMs~')
KceppH,g6p M-M half-saturation constant (mM)
KG6ppH,nadp M-M half-saturation constant (mM)

Glucose-6-phosphate dehydrogenase (G6PDH)

6-Phosphogluconate dehydrogenase (PGDH)

Ribulose phosphate epimerase (RU5P)

Ribose phosphate isomerase (R5PI)

Transketolase a (TKa)

Transketolase b (TKb)

Transaldolase (TA)

Synthesis 1

Synthesis 2

Mureine synthesis (MurSynth)
Tryptophan synthesis (TrpSynth)
Methionine synthesis (MetSynth)

KG6PDH nadph,nadph,inh
KceppH,nadph,géph,inh

Inhibition constant (mM)
Inhibition constant (mM)

- : »
TCerpH Maximum reaction rate (mMs~')

KpcpH,6pg M-M half-saturation constant (mM)
KpGpH,nadp M-M half-saturation constant (mM)

KI’GDH,nadph,inh
KPGDH'atp,inh

Inhibition constant (mM)
Inhibition constant (mM)

- . 5
oD Maximum reaction rate (mMs~!)
Kruspeq Equilibrium constant (mM)
. : .
TR Maximum reaction rate (mMs~!)
KRspleq Equilibrium constant (mM)
TRED Maximum reaction rate (mMs~')
KTkaeq Equilibrium constant (mM)
£ Maximum reaction rate (mMs~1)
Krip,eq Equilibrium constant (mM)
(St Maximum reaction rate (mMs~)
Kraeq Equilibrium constant (mM)
o Maximum reaction rate (mMs~')

KSynthl .pep
rmax

M-M half-saturation constant (mM)
Maximum reaction rate (mMs~1)

Synth1
Ksynth2,pyr M-M half-saturation constant (mM)
o Maximum reaction rate (mMs~1)
ynth2
"Marsynth Maximum reaction rate (mMs~')
Trpsynth Maximum reaction rate (mMs~')
TMetsynth Maximum reaction rate (mMs~')
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