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Detoxification is an essential process in a living organism for removing toxic
substances from the cell. In red blood cell cycle, Plasmodium falciparum, the most
devastating malaria parasite, digests hemoglobin from blood and forms hemozoin to
eliminate free heme which is toxic to the parasite. Therefore, the hemozoin
formation is essential to the survival of the parasite and become an attractive target
for developing drugs. Nowadays, computational approaches have been a great tool
to reduce time and cost in drug development process. In this work, we reconstructed
constraint-based metabolic model of P. falciparum and human red blood cell. To
identify drug target we apply flux balance analysis to this model in two objectives.
One is for pathological stage in human, another one is for medication stage. The
reactions which its flux value are change to zero in medication stage are assumed to
be preliminary potential targets due to inhibited by drug treatment. The number of
preliminary potential targets were reduced by test all combination to search the best
set of potential drug targets to inhibit heme detoxification in P. falciparum. Finally,
we obtained heme ligase is one potential drug targets and combination with nitrite
reductase[NAD(P)H] and inositol-3-phosphate synthase for optimal drug targets. In
conclusion, this method shown an effective way to identify drug targets which is
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Chapter 1

Introduction

Background

Malaria has been widespread in tropical zone and is caused by Plasmodium parasite,
especially the species: Plasmodium falciparum and Plasmodium vivax. In the past,
we used quinine from cinchona for treatment. Later, the synthesis of antimalarial
drug was developed through literature and experiment both in vitro and in vivo.
Recently, the drug development deploys computer approach (in silico) to reduce

cost and time.

Malaria parasite’s life cycle exists both in mosquito and human. In mosquito, a
parasite lives in salivary glands but it does not cause any harm to the host. When a
mosquito bites human, parasites are transported to the liver, called the hepatic stage.
After that they release to circulatory system, called the erythrocytic stage. During the
erythrocytic stage, the parasite evades red blood cells to consume some essential
metabolites; especially, hemosglobin for its reproduction. The parasites digest
hemoglobin and release high quantities of free heme which is toxic to the cells. Thus,
the parasites detoxicate the free heme by converting it into hemozoin, so-called the
malaria pigment. Therefore, the hemozoin formation is an attractive target for
developing drugs because it is essential for the parasite survival. Several antimalarial
drugs, such as chloroquine and mefloquine [1], are found to kill malaria parasites by

inhibiting hemozoin production.

However, according to the WHO report [1], there is still an urgent need for the design
of a new generation of malaria drugs targeting multiple essential proteins [1, 2]. By
mimicking this detoxification process of the parasite, we employed a large-scale
metabolic model of Plasmodium falciparum, including the hemozoin formation, and
proposed the promising combinations of drug targets whose inhibition may sive the
same effect and solve drug resistance problem in the malaria treatment by targeting

the heme detoxification.



Literatures review

A way to find drug targets is based on metabolic network which is able to be
analyzed by linear programming called Flux Balance Analysis. The flux balance
analysis method has been introduced and shown an example to analyze quantity of
flux distribution at steady state of both the normal strain and the modified strain in
the network model [3]. Smallbone and Simeonidis [4] analyzed the flux balance
analysis method in geometry perspective and visualized it. An a modification method
of flux balance analysis, OptKnock [5], used programming technique namely bi-level
programming to identify genes as targets of the objective strain. The first level (inner
problem) optimized cellular objectives and the second level (outer problem)
optimized bioengineering objective. OptCom [6] is another modification method of
flux balance analysis for microbial communities. This method models each species as
inner problem of bi-level programming and makes inter-flow in a community into the
community constraint. The outer problem optimizes the objective of the community.
The combined method of OptKnock and Minimization of Metabolic Adjustment
(MOMA) was proposed in 2013 [7]. Other approaches of flux balance analysis have
been continuously introduced in the later years. To avoid kinetic parameters but still
keeps physical constraint in the model, Energy Balance Analysis (EBA) [8] has been
proposed energy constraint from the laws of thermodynamics in the simulation
which contrasts the flux optimization. Combining Energy balance analysis with Flux
balance analysis [9] results in non-linear model and have been solved by a
sequential quadratic programming algorithm. Another thermodynamic-based model,
metabolic flux analysis (TMFA) [10] added linear thermodynamic constraints to flux
constraints in the model. A statistical approach was also proposed in Bayesian flux
balance analysis [11] in an example two-compartment model. The Bayes estimator
and likelihood function are used to estimate fluxes in the system. The heuristics
algorithm was also applied to optimize the gene knockout to obtain the desired
phenotypes. Evolution programming demonstrated the capability to identify genes
for improvement the yeast’s fermentation [12]. A well-known evolution algorithm,

Simulated Annealing (SA) was used and compared with Evolutionary Algorithms (EAs)



in [13]. Flux Balance Analysis gave flux distribution at steady state which flux did not
change in time, but the flux rate in continuous time was also computed and shown
in [14-16]. Some computational methods were based on optimal control theory [17-
20]. The original flux balance analysis has one objective but in some engineering
situation that wants more objectives than one such as maximizing a metabolic flux
and minimizing the number of knockout genes, it has been solved by adopted multi-

objectives with flux balance based method [21-24].

To design a drug, a selected drug target [25] is one thing needed to be
considered. In recent years, several computational approaches help to find the
targets for the drug design and development. A multi-target drug is then being
proposed as it can provide more effective in the treatment than a single-target drug
[26], Later, the network-based approach was suggested to be used in the drug target
identification and the drug design [27, 28]. Many computational methods were
proposed, such as machine learning based method [29], minimization between

healthy state and disease state [30-32] or metabolic network based methods [33, 34].

Based on graph techniques, choke-point analysis was used to find essential
enzymes in Plasmodium falciparum metabolism model [35]. These enzymes have
been proposed as potential drug targets to be inhibited when treating malaria in
human. Later, this method was improved by Fatumo et al. [36] to reduce the
number of potential drug targets by a new method to identify essential reactions in
metabolic network. Ludin et al. [37] clustered P. falciparum proteome to predict
essential proteins and then provided the druggability score for each of that proteins.
By specific stage life-cycle, the stage of parasite was combined with optimization
method. Huthmacher et al. [38] was proposed potential drug targets specific on

blood-stage in the parasite life cycle.

This thesis proposed a novel Plasmodium falciparum metabolism model
integrated with human red blood cell model and heme detoxification pathway. The
new metabolism model was analyzed by flux balance analysis method, and also
used to simulate the optimal number of drug targets which were found by heuristic

optimization. Statistical methods were used to measure the performance of the



model. Based on the integration, the workflow analysis in identifying potential drug
targets were developed and the set of potential drug targets in malaria was

proposed.

Outlines

Chapter 2 provides details about methods in this thesis as shown below:
" Workflow in this thesis
B Mathematics of metabolic model and flux balance analysis
B Genetic Algorithm
B Performance measurement
B Pathway enrichment test

Chapter 3 shows output from the workflow described in chapter 2, the characteristics
of the integrated model, and list of potential drug targets compared to those of the
other literature finding. Finally, this thesis proposes an optimal set of drug targets in
associating with those potential targets. Chapter 4 concludes the result of this thesis,

limitation and the future work.



Chapter 2
Methods

2.1 Workflow

To find new antimalarial drug targets by in silico, we applied an existing metabolic
network of Plasmodium to develop a metabolic network which can represent the
malaria parasite when living in human red blood cell. The network was used for
exploring the metabolic processes in various conditions; especially, during the
treatment condition by using a drug. By simulating a treated and an untreated
condition of the metabolic network, we then identified a list of potential targets and

further analyzed these targets for multiple targeting.

The main works of this task, thus, consists of three main steps as shown in Figure 2.1

and as the following.
Step 1 Create multi-cellular metabolic model

Plasmodium falciparum is a parasite living in human’s liver and red blood cell,
and anopheles (malaria mosquito). The life cycle is modeled by combining
constraint-based metabolism model of Plasmodium falciparum [39] and
human’s red blood cell [40]. All exchanged metabolites of parasite with external

environment are focused.
Step 2 Compare flux distribution between two states

To find potential reactions which could make Plasmodium falciparum die from
severed toxicity in cell, the flux distribution of multi-cellular metabolic model is
separated into two states. The first state is normal condition of the living parasite;
this state the parasite can detoxify toxin caused by hemosglobin degradation after
consuming it from the red blood cell. The second state, which has toxin from
hemoglobin degradation, is mimicked an abnormal condition of the parasite. The
difference of flux distribution between two states was assumed to be the effect

from a drug which disturbed the parasite in the normal state.



Step 3 Find the optimal drug target

The reactions in the parasite which were disturbed from a drug in an abnormal
state have potential to be drug targets. Especially the flux rates of reactions were
changed to be zero. This step reduced the number of potential drug targets by
heuristic optimization and tests the response of potential drug targets by
Minimization of Metabolic Adjustment method to find targets which give high

toxic flux rate.



P. falciparum Red Blood Cell
iTH366 T T iAB-RBC-283

Integrated
model

Pathological Medication
state state

Flux
comparison

Simulation drug target
response

Figure 2.1 Workflow.



2.2 Constraint-based metabolic model

There are many kinds of models that describe any natural behavior. For

chemical reactions in metabolism, one kind of the models to represent relations

between metabolites is a dynamical model. For example, below is a set of four

chemical reactions (Ry, R,, Rs, and R4) with their reaction equations of consuming or

producing 7 substances (A, B, C, D, E, F and G).
Rl: A+B->C+D
R2: 2D->E+G
R3: C+E->F

R&: F+G->2H

From the above simple chemical reactions, by using conversion ratio of substance in

reaction and defines decreasing (reactant) as minus, increasing (product) as plus, they

can be modeled as follows

d[A] =

dat
@ = ‘1171
dt
dat
dat

dt

diF] = +1v,
dt

al6] = +1v,

dt

d[H] =

dt

'1U1

where v; is the flux rate of reaction i.

'1174

'1V4

+2v,

(1
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Each row indicates the change ratio of each substance for all reactions. For example,
Cis a product in reaction R1 and a reactant in reaction R3. Therefore, the coefficient
of Cis +1 for R1 and -1 for R3. Each column indicates the change ratio of all
substances associated with each reaction. For example, reaction R2 converts D to E
and G by the ratio at 2:1. Therefore, the coefficient of D is -2, E and G both are +1.
The flux rate is the conversion rate of reactants to products in the reaction which is

denoted by v.

This system can be written in the following matrix form.

S ©O © O




where X is the rate of change of metabolite vector.

S is called stoichiometric matrix.

v is a flux vector.

0 0
0 0
0 -1
-2 0
+1 -1
0 +1
+1 0
0 0

11

The experiment showed that each reaction in the system has a limited value (lower

bound and upper bound) so the

following form:

b,

IA

b,

IA

IA

b,

lb, <

model will be constrained by their limit in the

IA

IA

IA

<

where [b is a lower bound constraint of flux rate.

ub is a upper bound constraint of flux rate.

2.3 Flux balance analysis

Most models of the metabolic system in a constraint-based approach cannot be

directly solved because of non-square matrix properties.

Furthermore,

the

concentration of each metabolite at steady state is more interesting than a certain

time. When computing concentration of metabolite at steady value, we assume the

differential concentration of each metabolite is zero (no concentration changes any

time). To solve system of linear equations with a certain objective, linear
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programming called flux balance analysis (FBA) [3] was proposed. The objective
function is defined by a reaction representing a main activity (do/produce something)
in the system.

max ch o

subject to S-v=0 (4)

c is a coefficient vector.

v is a flux vector.

S is a stoichiometric matrix.

b is a lower bound constraint vector of flux rate.
ub is a upper bound constraint vector of flux rate.

After solving the system equation (4), a solution vector represents a flux of reactions

at the steady state. [3, 41]

In our work, FBA was used to find the flux distributions of the metabolic networks
under the pathological state and the treatment state. These two metabolic networks
derived from our integrated model iPFRBC-713 by having different objective functions.
The objective in the pathological state is to maximize the production rate of biomass
constitutions according to [39], including Na+/K+ exchanging ATPase which plays an
important role of homeostasis in red blood cell [42, 43]. In treatment state, the
model represents the metabolic network when the parasite stays inside an infected
red blood cell during the drug treatment, which usually inhibits the detoxification
process of the parasite (Figure 2.2). This means the drug causes the toxicity of free
heme (Fe(lll)-protoporphyrin  IX [Fe3+PPIX]) in P. falciparum. Thus, during the
treatment state the toxic flux of heme production rate should be forced to occur by
adding it in the objective function. This is to ensure that the toxic flux is not zero
under this state and to analyze which reactions or enzymes should be blocked
during the treatment. After that, the flux distributions of both models were

compared to get a preliminary list of candidate targets by the criteria that the
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reactions with zero fluxes in the treatment state but non-zero fluxes in the

pathological state could be potential targets in inhibiting heme detoxification.

(a)
Hemoglobin Peptides

o @ ) @) ‘emowoin
(Heme)

reeeis () v @) rrixe e
Fe**PPIX J

(c)
(b)
) . Hemoglobin Peptides
Hemoglobin Peptides

FeZ*PPIX ) Fe2*PPIX B —————— -2 RN _
e () ) @) emoroin (Heme) i (7 Hemozoin
|-|
1 1

T ' l
N

SN oo PN Wh 0 A ________ ~ LSRN
FesPPIX (1 ~ () PPIX+Fe* Fe3*PPIX .. ~ (O PPIX+Fe
~_ | R | RN
~ A FAY
EAENN TN AN
(] “1a* -
1 1 '
1 1
at 2 !
N/ 1 '
1
) X

Figure 2.2 Detoxification pathway. (a) Hemoglobin degradation pathway. (b) Pathological
stage simulation where heme is converted to the nontoxic metabolite (hemozoin). (c) Ideal
treatment stage where heme is changed to cause toxic metabolites and the detoxification

pathway or hemozion formation are inhibited.

2.4 Flux variability analysis

To find the range of flux rate of each reaction in constrain-based model, the

maximum and minimum values of flux at steady state will be calculated. Both



14

values are obtained by solving linear programming in equation (5). This is called flux
variability or flux span analysis [3, 41]. If both maximum and minimum values of flux
are zero, it means that the reaction is not possible to occur in flux balance analysis.
The better the model is the higher the number of the reactions with non-zero flux
range. Therefore, flux span analysis was used to examine the connectivity of flux
flows within our integrated model.

max/min

subject to S-v=0 (5)

lb; < v, < ub,
' v>az

where v; is each reaction in the model, ¢ is a vector indicating the objective reactions

a is a parameter (0 < @ <1) controlling the result approaching the optimal solution

Z which retrieves from solving flux balance analysis.

2.5 Minimization of Metabolic Adjustment

At steady state, the flux rates in the system are computed by flux balance analysis
when disturbing the system by knocking out some reactions. The system is adjusted
to a new steady state. Minimization of metabolic adjustment (MOMA) was proposed
to estimate new flux rate at the new steady state [44]. This method based on
quadratic programming technique whose objective is minimized by the overall

different fluxes in the system as shown in equation (6)

2
v, — X;
Y (=) .

where v is wild-type flux and x is new optimal flux of reaction i. In standard QP form,

equation (6) can be written as
Lt
7 Qz + Lz (7)

where z is v — x constrained by the steady state and reaction rate limit.
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subject to S-v=0 (8)

where v; is a knockout reaction.

In our case, the wild-type network is the integrated model under the pathological

state, the disruption is the knockout reaction strategy by forcing the flux rate of a
knocked out reaction to be zero (v]- = (). This method follows the assumption that
all fluxes in the metabolic processes after the disruption differ from the original
fluxes (wild-type network) as small as possible. Like the parasite, Plasmodium in our
case, if it lacks of some reactions or enzymes are blocked by drug, it will try to
recover all important processes in the metabolic network as much as possible.

Therefore, the method was used to perform the knockout strategy to simulate the

process during the drug treatment.
2.6 Genetic algorithm

This algorithm is used to optimize the objective function based on the evolution
process in nature. It represents a solution vector by a chromosome and encodes a
solution element to gene. It consists of three operations on chromosome: selection,

crossover, and mutation.

Selection will select some individual chromosomes to be the parent for a
next state. The simple selection algorithm used a roulette wheel to assign selection

probability depending on chromosome’s fitness value defined by

, S 9)
Y

where f . is the fitness value of each chromosome.

The selected chromosome will replace its predecessor. The best chromosome is

retained in the next generation regardless its probability.
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0.15

0.3 0.3

0.25
Figure 2.3 An example of roulette wheel selection.
Figure 2.3 shows the fitness value of each chromosome: Chromosome A is 0.3,
Chromosome B is 0.25, Chromosome C is 0.3 and Chromosome D is 0.15. The

summation of all fitness value is 1.0. The pseudo-code of roulette wheel selection is

shown below:

Algorithm RouletteWheelSelection:

For 1 to number of newChromosomes:
r = Random(0,1)
p=0
While p < r and Chromosome in population:
p += Chromosome.fitness
endloop
newChromosomes.add(Chromosome)
endloop
return newChromosomes

end

From the above algorithm, each chromosome in a new generation is selected by its

fitness value which makes the summation of the fitness value (p) more than a

random value (r).
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Crossover combines parent chromosome to produce child chromosome.
Each new child chromosome has some information from both parents. In case of
one-point crossover (Figure 2.4), it swaps the information between chromosomes at a
specific point. The two-point crossover (Figure 2.5) produces child which has more

combination information.

IE | [
_0 1 0 1
1 1 1 1
1 0 1 0
1 o=> 1 0
- o__ o| of | o
1 0 0 1
1 1 1 1

Parentl Parent2 Child1 Child2

Figure 2.4 One-point crossover. The genes from Parentl are split into two parts. The
first part is in Child1 and the second part is in Child2. The genes from Parent2 are
also split into two parts. The first part is in Child2 and the second part is in Child1.
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Figure 2.5 Two-point crossover. Child1 consists of the genes from Parentl two parts
and one part from Parent2. Child2 consists of the genes from the Parentl one and

two parts from Parent2.

Mutation randomly changes gene in a selected chromosome and assigns a

new value.

[o]-|

|
=

oI»—\\n:
— [

o

B

Parent Child

Figure 2.6 Mutation. The a" gene is mutated from 0 to 1.
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This genetic algorithm used a knockout reaction vector as a chromosome and
the toxic flux obtained from MOMA as a value for the fitness function. Each
chromosome contained the activity status of all reactions in the pathological model.
After getting small changes between the wild type and the knockout, the toxic flux
was observed and measured as a fitness function of the genetic algorithm to find the
best smallest set of knockouts yielding high toxicity. During the process of the genetic
algorithm, each generation chromosomes giving the highest toxic flux were selected
to be the parents for the next generation. This approach guarantees that a new set
of knockout reaction vectors, representing an offspring in the next generation, does
not give toxic flux less than the parent generation. This work repeated 50 generations
for each iteration and used Gaussian distribution with scale of 1 and shrink of 0.1 as
parameters to determine mutation position and has crossover 80% in each
generation. Thus, the genetic algorithm was conducted by setting a chromosome as a
vector of knockout reactions and using toxic flux calculated from MOMA as the
fitness function. Each knockout reaction vector (chromosome) was used to mark
which reactions are active (allow to have some flux rate) or inactive (force to be zero

flux) in the pathological model (Figure 2.7).

j=1 j=2 j=3 j=a j=5 j=6

Figure 2.7 Example of a chromosome which represents knockout reactions in MOMA.
From this chromosome the constraint of v;, v, and vg are 0 and constraint of v,, V3

and vs are their upper bound and lower bound.

AUl the programs were done under MATLAB environment. FBA and MOMA can
be found in the COBRA toolbox [41] and genetic algorithm was implemented under
Global Optimization toolbox (www.mathworks.com/products/global-optimization/).

Gurobi was used to solve the linear programming problems (www.gurobi.com).
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2.7 Pathway enrichment test

There are many genes which are detected during drug development may be
potential targets. Genes in the model are separated into two types (detected and
non-detected) and two groups (same pathway and different pathway). These data
were put into contingency table then uses Fisher’s exact test to find the significance
of detected genes. Fisher’s exact test is a statistical method used to determine
association between categorical data commonly use with small samples. Fisher’s
exact test is calculated by equation (10).

Table 2.1 An example of 2 x 2 contingency table.

Group 1 Group 2 Sum in row
Type 1 A B A+B
Type 2 @ D C+D
Sum in column A+C B+D A+B+C+D =n
GO
" (ufs)
A+B

2.8 Performance measures

There are four keys to measure performance in our model.

Truth
Positive Negative
Positive True Positive (TP) False Positive (FP)
Prediction
Negative False Negative (FN) True Negative (TN)

Accuracy measures proportion of truth prediction values among all prediction and

known values, defined by
TP+ TN+ FP+FN

Accuracy =
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Precision measures the proportion of true prediction values among all truth values,

defined by

rp (12)

p .. —
recision —TP TFP

Sensitivity measures the proportion of the correction prediction in true value, defined
by

TP (13)

Sensitivity = TP+—F1V

Specificity measures the proportion of the correction prediction in false value,

defined by
N (14)

Specificity = m

These four values perform on outputs and reference data in classification by the
model. Accuracy value tells that the model can classify the truth value and the
falsity value. If the model accuracy is 1, the model perfectly classifies inputs.
Precision value considers the true prediction value in classification from the truth
reference. Sensitivity tells how much the model can classify truth value from positive
prediction and Specificity tells how much the model can classify falsity value from

negative prediction.
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Chapter 3
Result

3.1 Metabolic models of Plasmodium in red blood cell

We constructed a large-scale metabolic model of the parasite in the infected red
blood cell by integrating both the existing blood-stage specific metabolic model of
Plasmodium falciparum strain iTH366 [39] and the metabolic model of human's red
blood cell iAB-RBC-283 [40]. All exchange metabolites were assumed to exist in the
red blood cell [45-47] with the same constrains in iTH366. In addition, the
detoxification pathway [48, 49] from the hemoglobin degradation during the
parasite's growth in the red blood cell was included into the model. Finally, the
integrated model, iPF-RBC-713, was a metabolic network consisting of 1206
metabolites, 1479 metabolic reactions, the total of 713 metabolic genes responsible
for 962 reactions (Table 3.1) and contained both objective flux rates, biomass from
iTH366 and Na+/K+ exchange from iAB-RBC-283. Our integrated model was verified
by performing the flux balance analysis and then we compared the objective’s flux
rate of Plasmodium falciparum and the red blood cell to those of the original
metabolic network model. The same objective’s flux rates were found and
represented valid reactions in both models. The analysis of flux spans over the
integrated model showed that the model covers with non-zero flux spans of 77%
while the original parasite model covered with non-zero flux spans only 66%. It
means that our integrated metabolic model of Plasmodium in the red blood cell was
also sufficient in describing the metabolic processes of the malaria parasite in the red

blood cell.
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Table 3.1 Characteristics of the integrated Plasmodium and red blood cell metabolic

network.
P. falciparum Human's red blood Our Integrated model
iTH366 cell iAB-RBC-283 iPF-RBC-713
Genes 367 346 713
Metabolites 915 342 1206
Reactions 1001 469 1479
Exchange reactions between these two species 111
Transport reactions between apicoplast, mitochondria and 51
cytoplasm in P. falciparum
Non zero flux span 77%

By applying the two-state flux balanced analysis [30] for Plasmodium, the integrated
model was used as a template to create a pathological-state metabolic model and a
treatment-state metabolic model. Both derived some reactions from the original with
different definition of objective fluxes for FBA (Table 3.2). The objective fluxes of the
pathological-state model was to ensure that the parasite can stay in red blood cell
while those of the treatment-state model were to ensure the non-zero toxic flux as
mentioned in section 2.3.

Table 3.2 The objective flux rate of each model.

iPF-RBC-713
Model iTH366 iAB-RBC-283
Pathological state Treatment state
ObjeCtive flux rate (max) Vbiomass VNa/k Vbiomass T VNa/k Vbiomass T VNa/k * VresHeme

3.2. Identification of drug target candidates

After getting the metabolic models for the pathological state and the treatment state,
the FBAs of these two were performed and the flux distributions for all reactions in
both models were compared. The flux distributions of all reactions under the
pathological state represented the mass-flow pathways commonly used by the

parasite to stay alive in the red blood cell while those under the treatment state
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represented the possible pathways which were used after the drug action. After
excluding source or sink reactions, unknown-associated gene reactions, and
exchanging reactions, the remaining reactions having non-zero fluxes in the
pathological state but being changed to zero fluxes in the treatment state were
predicted as potential drug targets in the treatment. According to this criterion,
twenty-three genes were predicted as potential drug targets and listed together with
literatures in Table 3.3. Notice that fourteen of them were found as potential targets
in the other studies. Thus, the precision of this identification was 61% (14/23). The
number of our detected drug targets and other literatures were calculated in
percentage and shown in Table 3.4. Ludin et al. [37] detected potential drug targets
by clustering essential proteins in the malaria parasite and then provided the
druggability score by comparing with known targets in the database. Fatumo et al.
[36] analyzed metabolic network topology of Plasmodium falciparum to identify
essential enzymes then knockout them to investigate potential of drug targets.
Huthmacher et al. [38] assembled metabolic model of Plasmodium falciparum
integrated with gene expression data and find essential reactions by flux balance
analysis approach. The enzymes catalyzed by the detected reactions were proposed
as potential drug targets. Plata et al. [39] reconstructed metabolic network of
Plasmodium falciparum at blood-stage life cycle and then used flux balance analysis
to identify essential genes. The original parasite model (iTH366) was proposed the
most drug targets compared with other.

Table 3.3 Candidate target reactions.

No. Gene Enzyme E.C. Number Pathway References
1 MAL13P1_324 aldo-keto reductase 1.1.1.21 Pyruvate
metabolism
2 PF13 0242 isocitrate dehydrogenase (NADP), 1.1.1.42 Citrate cycle [50]

mitochondrial precursor (IDH)

3 PF11 0256 pyruvate dehydrogenase E1 1.2.4.1 Pyruvate [51]
alpha subunit (pdhA) metabolism

4 PF14 0441 pyruvate dehydrogenase E1 beta 1.2.4.1 Pyruvate [51]
subunit (pdhB) metabolism

5 PF11 0436 coproporphyrinogen lIl oxidase 1.3.3.3 Porphyrin

(CPO) metabolism
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No. Gene Enzyme E.C. Number Pathway References
6 PF13 0353 NADH-cytochrome b5 reductase 1.7.1.3 Nitrogen [52]
metabolism
7 PFO7_0085 ferrodoxin reductase-like protein 1.7.14 Nitrogen [53]
metabolism
8 PFO8_0066 lipoamide dehydrogenase 1.8.1.4 Pyruvate -
(aLipDH) metabolism
9 PFL1550w lipoamide dehydrogenase 1.8.1.4 Pyruvate -
(mLipDH) metabolism
10 PF14 0192 glutathione reductase (GR) 1.8.1.7 Glutathione [54]
metabolism
11 PFL0595¢ glutathione peroxidase 1.11.1.9 Glutathione -
metabolism
12 PF10_0407 dihydrolipoamide 23112 Pyruvate -
acyltransferase component E2 metabolism
(DLAT)
13 PFC0170c dihydrolipoamide 2.3.1.168 Valine, -
acyltransferase, putative leucine and
isoleucine
degradation
14 PF10 0218 citrate synthase, mitochondrial 2331 Citrate cycle -
precursor
15 PFE0660c purine nucleoside 2421 Purine [55, 56]
phosphorylase (PNP) metabolism
16 PF13 0229 aconitate hydratase 4213 Citrate cycle [57]
17 MAL13P1.326 ferrochelatase 4.99.1.1 Porphyrin [58]
metabolism
18 PF14_0446 Heme ligase 4.99.1.8 Hemoglobin [59, 601
degradation
19 PFE0585¢c myo-inositol 1-phosphate 55.1.4 Inositol -
synthase Phosphate
Metabolism
20 PFB0210c hexose transporter (HT) - - [61]
21 PF13 0252 nucleoside transporter 1 (NT1) - - [62]
22 MAL8P1.32 nucleoside transporter 2 (NT2) - - [62]
23 PF14 0662 nucleoside transporter 3, - - [62]
putative (NT3)
Table 3.4 Percentage of number of drug targets in Table A.1.
Ludin et al. [37] Huthmacher et el. [38] Fatumo et el. [36] Plata et el. [39] Our Flux
comparison
% 34.09 39.77 13.64 46.59 20.45
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Focusing on these 14 targets, we found some interesting results as follows. Isocitrate
dehydrogenase (NADP), mitochondrial precursor (IDH) (Gene PF13 0242, EC 1.1.1.42)
plays an important role in energy supply for the parasites and was studied and
reported that it involved in mitochondrial redox control rather than energy
metabolism of Plasmodium [50]. Inhibitors of pyruvate dehydrogenase E1 alpha
subunit pdhA and pdhB (Gene PF13 0242 and PF11 0256, EC 1.2.4.1) were designed
and proposed [51]. NADH-cytochrome b5 reductase (Gene PF13 0353, EC 1.7.1.3) was
found malfunction during Plasmodium infection [52]. Ferrodoxin reductase-like
protein (Gene PFO7 0085, EC 1.7.1.4) Nitrogen metabolism was purposed as a drug
target against Apicomplexan human parasite [53]. Inhibitors of glutathione reductase
(Gene PF14 0192, EC 1.8.1.7) were designed and their kinetic effect was studied [54].
Several inhibitors for purine nucleoside phosphorylase (Gene PFE0660c, EC 2.4.2.1)
were reported for Plasmodium and other parasites [55, 56]. Aconitate hydratase
(Gene PF13 0229, EC 4.2.1.3) was found related to an iron regulatory-like protein [57].
Ferrochelatase (Gene MAL13P1.326, EC 4.99.1.1) in porphyrin metabolism and heme
licase (Gene PF14 0446, EC 4.99.1.8) in hemoglobin degradation were found to be
related to heme production and its inhibitors were reported in [58-60]. Hexose
transporter (HT) (Gene PFB-210c) and nucleoside transporter (Gene PF13 0252,
MAL8P1.32 and PF14 0662) were reported as potential targets for malaria treatment
(61, 62].

The remaining nine targets in Table 3.3 were purposed to be further investigated as
novel potential targets which distribute in several pathways. Detected enzymes in
pyruvate metabolism and citrate cycle for energy supply are aldo-keto reductase
(Gene MAL13P1 324, EC 1.1.1.21), lipoamide dehydrogenase (Gene PF08 0066
(aLipDH), PFL1550w(mLipDH), EC 1.8.1.4), dihydrolipoamide acyltransferase, putative
(Gene PFC0170c, EC 2.3.1.12), and citrate synthase, mitochondrial precursor (Gene
PF10 0218, EC 2.3.3.1). Interestingly, we found that coproporphyrinogen il oxidase
(CPO) (Gene PF11 0436, EC 1.3.3.3) in porphyrinmetabolismwhich is an enzyme in
human that its deficiency results in a reduced production of heme [63, 64].

Glutathione peroxidase (Gene PFL0595¢, EC 1.11.1.9) is in glutathione metabolism.
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Finally, myo-inositol 1-phosphate synthase (Gene PFE0585c¢, EC 5.5.1.4) is in inositol
phosphate metabolism. Table 3.5 shows the results of pathway enrichment test
(Fisher's exact test) with our proposed targets in Kegg database (www.kegg.org) [65].
Most of the genes detected as potential targets were found in pyruvate metabolism
(p-value = 0.00024) playing the important role to convert pyruvate to acetyl-CoA,

and citrate cycle (p-value= 0.0051) which is a process of energy production.

Table 3.5 Pathway Enrichment test of proposed drug targets.

Pathway ID Pathway name | # of genes in the | # genes detected as p-value
pathway potential targets

pfa00620 Pyruvate 17 6 0.00024
metabolism

pfa00020 Citrate cycle 20 5 0.00510

pfa00910 Nitrogen 7 2 0.06514
metabolism

pfa00860 Porphyrin 11 2 0.14640
metabolism

pfa00480 Glutathione 12 2 0.16910
metabolism

pfa00562 Inositol 8 1 0.40720
phosphate
metabolism

pfa00230 Purine 30 1 0.86810
metabolism

Note that our results cannot directly be compared to those of the other methods
because our technique specified drug targets whose absence in the treatment state
resulted in high heme toxicity. In another word, our established technique focused
on reactions that should be blocked during the drug treatment and might reflect to
the high production of the toxicity for the parasite in red blood cell. It is different
from the other methods became mostly proposed potential drug targets in terms of

survival by measuring the amount of biomass [38, 39], or in terms of the assumption
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that blocking a suitable target that matched with some criteria the parasite might die
[36, 37, 66, 67]. Neither of them focuses on a specific heme detoxification.

When we measured performance of targets detection from the original P. falciparum
model and our new development model, the results in Table 3.6 showed that no
significant difference between classification performances by single-gene knockout.
We selected reactions which made the flux rate of the biomass to zero as potential
targets. Accuracy of our integrated model was a little bit lower than those of the
original model because new exchange flux rates with red blood cell gave alternative
ways to produce such a compound in the metabolism of Plasmodium falciparum.
However, in this work the only parasite metabolites were investigated.  Notice that,
the model could yield better in precision.

Table 3.6 Comparing performance between original and new model by using single-

gene knockout of normal condition (Pathological state).

iTH366 iPF-RBC-713
Accuracy 0.1220 0.1031
Precision 0.2131 0.2212
Sensitivity 0.1781 0.1540
Specificity 0.8876 0.9058

Moreover, our method aims to propose a new set of multiple targets to effectively
inhibit the heme detoxification or produce the toxicity to the parasite (discussed in
the next section). However, it is still interesting to see the overlaps or the differences
of our finding and the other technique. Therefore, the result of this comparison was
provided in (Table A.1). This table contained the information of current drug targets
found by the other methods including our 18 enzymes with EC numbers out of 23
candidates and known targets used in DrugBank database [68]. As expected, heme

ligase was found in DrugBank and our method, but not found by the other methods.
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3.3 Promising target combinations to kill the parasite

Our aim is to find an optimal set of multiple targets that might yield high heme
production rate. According to the flux comparison, it implied that if we block all
reactions associated with 23 candidate targets in Table 3.3, the treatment metabolic
model give high heme toxicity. Notice that it is not necessary to block all of these 23
candidates simultaneously. It should be a small set of reactions that might give the
similar level of the toxicity. All possible combinations of reactions from the result of
flux comparison in Table B.1 should be tested by the mutant simulation to find an
optimal set and to get rid of unnecessary reactions that might not involve with the
toxic. The process of filtering unnecessary reactions while keeping high toxic flux with
smallest number of knockout reactions, leads to a multi-objectives optimization
problem. The heuristic optimization algorithm [13] was used to find the knockout
reactions which make the model giving the highest toxic flux regardless of biomass.
The smallest set of multiple targets was obtained for further drug designs and
development. The candidate target reactions were found by finding plasmodium’s
reactions which have zero flux distribution in remedy state. The first candidate

reactions are assumed to be knocked out due to antimalarial drug (Table 3.3).
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Figure 3.1 shows all toxic flux production rates against the number of multiple
knockouts. From our integrated model, most of single knockouts gave very low toxic
flux rate and some did not give any toxic flux rate. Obviously, individual knockout
heme ligase yielded the highest toxic flux rate at 2.2479 mmol/gDW/hr. However, the
toxic flux rate could be improved by knocking out more enzymes together with
blocking the heme ligase. The best double knockouts which gave higher toxic flux
rate than the single heme ligase knockout were the inhibition of heme ligase and
adenosine transporter. These knockouts gave the value of toxic flux approximately
five times higher than that of the single heme ligase knockout. In the same manger,
increasing the number of more targets to be blocked gave an improvement of toxic
flux rate. Most of triple knockouts showed a little higher toxic flux rate than those of
the double knockouts. The toxic flux rate slightly increased and then stayed stable
around 10 mmol/eDW/hr until the number of knockouts reached to 5 targets. The
best combination of each knockout is summarized in Table 3.7.

Therefore, the smallest set of multiple targets was five corresponding to five targets:
heme ligase, adenosine transporter, myo-inositol 1-phosphate synthase, ferrodoxim
reductase-like protein, and guanine transporter. Reasonably, these five targets could
be blocked simultaneously to yield the highest toxic. Table 3.7 shows the five
knocked out reactions which gave the highest toxic flux rate by specific number of
knocked out reactions. Obviously, the main reaction to be inhibited in all
combinations was heme ligase or heme polymerization which converts Fe(ll)-PPIX (or
heme) to hemozoin [69, 70].

There are several known drugs to block the heme polymerization such as
chloroquine, quinine, mefloquine, halofantrine and sitamaquine (www.drugbank.ca
[68]). They all are antimalarial drugs whose mechanism action is to inhibit heme
polymerase that allows accumulation of toxic heme in the parasites. Chloroquine is
the most widely used to treat all types of malaria. Quinine and mefloquine are used
to treat the disease caused by chloroquine resistant Plasmodium falciparum [68]. We
might first block the heme ligase by one of those established drugs and find other
drugs to block the remaining four targets. Notice that double knockouts when

blocking only heme ligase and adenosine transporter gave a good toxic flux
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comparable to the knockouts of these five targets. Adenosine transport and its
inhibitor have been studied in Plasmodium falciparum-infected and uninfected
human erythrocytes recently [71]. Their results clearly showed that purine
transporters from host are the major route of purine into the parasitized red blood
cell and their inhibitors should be considered in the development of anti-malarials
targeted to purine transport. Therefore, it is highly possible to do an experimental
test of these two knockouts. After that, finding out and designing of inhibitors or
drugs are still required to end the goal of our multiple targets. Myo-inositol 1-
phosphate synthase is one of the enzymes in the myo-inositol group to synthesize
phospholipid from red blood cell. Recently, a study showed that Plasmodium
falciparum asexual stages are critically dependent on de novo myo-inositol
biosynthesis [72]. No any inhibitor has been studied for ferrodoxim reductase-like
protein. This enzyme is putative and related to oxidation-reduction process
(http://www.genedb.org/gene/PF07 _0085). Like the adenosine transporter, guanine
transporter is one of purine to be transported into the parasite. Since the parasite
cannot synthesize the purine de novo, it depends on purine salvage from the host

for survival. Thus, this transporter is essential. Its inhibitors were studied from time to

time [71, 73].
Table 3.7 Optimal knockout reactions.
Number of knockout E.C. number Target
reactions
1 4.99.1.8 Heme ligase
2 4.99.1.8 Heme ligase
- Adenosine transporter
3 4.99.1.8 Heme ligase

- Adenosine transporter
55.1.4/3.1.3.25 inositol-3-phosphate synthase/

inositol-phosphate phosphatase

4 4.99.1.8 Heme ligase
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Number of knockout E.C. number Target
reactions
- Adenosine transporter
55.1.4/3.1.3.25 inositol-3-phosphate synthase/
inositol-phosphate phosphatase
1.7.1.4 nitrite reductase [NAD(P)H]
5 4.99.1.8 Heme ligase

55.1.4/3.1.3.25

1.7.1.4

Adenosine transporter
inositol-3-phosphate synthase/
inositol-phosphate phosphatase
nitrite reductase [NAD(P)H]

Guanine transporter
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Chapter 4

Conclusion

Multiple targets identification specifically for heme detoxification in the malaria
parasite was proposed in this work by using various computational approaches based

on the analysis of flux flows in the metabolic networks.
Metabolic model of P. falciparum in red blood cell

The model consisted of two sub-models; P. falciparum and human’s red blood cell
which connected together by modified exchange reactions of the parasite model (P.
falciparum) to make host model (red blood cell) was sink and source of external flux.
The new model also included new pathway which represented detoxification
process after hemoglobin digestion. The non-zero flux span of the new model was

higher than the original parasite model.
Identification of drug targets

The main idea of this method imitated how the antimalarial drug especially quinine
killed the parasite in red blood cell. The combined model was analyzed by flux
balance analysis in two states, pathological and treatment state. The change of flux
rate of each reaction was detected from non-zero value in pathological state to zero
value in treatment state. There were 23 reactions detected and assumed to be
candidates for drug targets. The model’s performance was evaluated by comparing
with the list of the other known targets and also with the literature search. In
biological view of view, the pathway enrichment test was also performed to clarify
the proposed targets were mostly from essential biological processes. The result
from the first method did not differ from the original parasite model while the
second method showed that detected enzymes in pyruvate and citrate pathway are

more significant than the remaining pathways.
Promising combination drug targets

The number of candidate drug targets is too many for development a real

antimalarial drug. These targets were reduced by drug response test. Genetic
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Algorithm helped to select targets and their combination for simulation when these
targets are inhibited. As for inhibition simulation, MOMA were used to calculate toxic
flux in the P. falciparum model. The combination of five targets from simulation
which gave higher toxic flux than single target or other combinations were promised

to be new antimalarial drug target.
Future work

The accuracy of flux balance analysis in parasite state and clinical state can be
improved by variant flux balance analysis methods which include high-throughput

gene expression data to such as GIMME [74], iIMAT [75], MADE [76].
Limitation

In this work, we need a model which has two independent conditions for flux
balance analysis. If there are too many reactions after comparing flux, it will
consume time to select the best combination of drug targets. The method used to

simulate drug response also is limited to base on flux analysis.
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Appendix B

The Table B.1 lists all reactions which are the results from flux comparison without

considering gene associated reactions, sink or source reactions, exchange reactions.

Table B.1 Reactions as the result from flux comparison

nitrate reductase (NADPH)

nitrite reductase [NAD(P)H]

aldehyde reductase

coproporphyrinogen oxidase

Ferrochelatase

inositol-phosphate phosphatase

inositol-3-phosphate synthase

purine-nucleoside phosphorylase

aconitate hydratase (ACONTam_mt)

aconitate hydratase (ACONTbm_mt)

citrate (Si)-synthase

isocitrate dehydrogenase (NADP+)

glutathione-disulfide reductase

glutathione peroxidase

PDH ap (pyruvate dehydrogenase)

EX glc(e) (D_Glucose external)*

EX_sbt D(e) (D_Sorbitol external)*

GLCt1r (D_Glucose transport)

H202t (Hydrogen peroxide exchange)

OXAHCOtex (xalate- Bicarbonate

exchange)

SBT Dt (D_Sorbitol exchange)

SO40OXAtex2 (Sulfate-xalate

exchange)

NADtap
(Nicotinamide_adenine_dinucleotide

transport AP)

ACCOAtap (Acetyl CoA transport AP)

NADHtap (NADH transport AP)

ADNt (Adenosine exchange)

GUAt (Guanine exchange)

COAtmt (Coenzyme A transport MT)

H202tmt (Hydrogen peroxide
transport MT)

NH4tmt (Ammonium transport MT)

PPPG9tmt (Protoporphyrinogen IX
transport MT)

ACCOAtm (Acetyl CoA transport MT)

HEMOZOIN (Hemozoin storing)*

HEMECRYS (heme polymerization)

*This reaction is excluded from multiple drug target optimization.




To show drug response simulation results, we defined some symbols to represent

reactions as follow:

nitrite reductase [NAD(P)H] := A
coproporphyrinogen oxidase := B
ferrochelatase := C

inositol-phosphate phosphatase := D
inositol-3-phosphate synthase := E
xalate- Bicarbonate exchange := F
Adenosine exchange := G

Guanine exchange := H
Protoporphyrinogen IX transport MT := |

heme polymerization :=J
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Table B.2 Show single target’s drug response

Combination Flux rate
A 0.013292
B 0
C 0
D 0.096409
E 0.096409
F 0
G 0.065605
H 0.000112
\ 0
J 2.247908

Table B.3 Show double targets’ drug response

Combination | Flux rate Combination | Flux rate Combination | Flux rate
G+J 9.73445 A+G 0.094609 E+H 0.013292
A+ 4.437808 G+H 0.070385 E+1 0.013292
D+J 3.939342 F+G 0.065605 E+)J 0.013292
E+)J 3.939342 G+l 0.065605 F+G 0.013292
H+J 2.25484 B+G 0.065605 F+H 0.013292
I+ 2.247908 C+G 0.065605 F+1 0.013292
F+)J 2.247908 A+l 0.013292 F+J 0.013292
C+J 2.247908 A+C 0.013292 G+H 0.013292
B+ 2.247908 A+F 0.013292 G+ 0.013292
A+D 0.105945 A+B 0.013292 G+J 0.013292
A+E 0.105945 C+E 0.013292 H+1 0.013292
D+G 0.105176 C+F 0.013292 H+J 0.013292
E+G 0.105176 C+G 0.013292 I+ 0.013292
D+H 0.097003 C+H 0.013292 A+H 0.013072
E+H 0.097003 C+1 0.013292 C+H 0.000112
C+D 0.096409 C+J 0.013292 F+H 0.000112
C+E 0.096409 D+E 0.013292 H+1 0.000112
D+E 0.096409 D+F 0.013292 B+H 0.000111
D+l 0.096409 D+G 0.013292 B+C 0
E+1 0.096409 D+H 0.013292 B+F 0
D+F 0.096409 D+l 0.013292 B+l 0
E+F 0.096409 D+J 0.013292 C+F 0
B+D 0.096409 E+F 0.013292 C+1 0
B+E 0.096409 E+G 0.013292 F+l1 0




Table B.4 Show triple targets’ drug response

Combination | Flux rate Combination | Flux rate Combination | Flux rate
D+G+)J 9.932973 A+D+H 0.108564 C+E+F 0.096409
E+G+)J 9.932973 A+E+H 0.108564 C+E+I 0.096409
A+G+)J 9.876417 A+B+D 0.105945 D+E+F 0.096409
G+H+J 9.756865 A+B+E 0.105945 D+E+I 0.096409
B+G+J 9.73445 A+C+D 0.105945 D+F+1 0.096409
C+G+)J 9.73445 A+C+E 0.105945 E+F+1 0.096409
F+G+)J 9.73445 A+D+E 0.105945 A+B+G 0.094609
G+1+)J 9.73445 A+D+F 0.105945 A+C+G 0.094609
A+D+)J 7.926124 A+D+1 0.105945 A+F+G 0.094609
A+E+)J 7.926124 A+E+F 0.105945 A+G+I 0.094609
A+C+J 4.437808 A+E+I 0.105945 B+G+H 0.070385
A+F+)J 4.437808 B+D+G 0.105176 C+G+H 0.070385
A+l+] 4.437808 B+E+G 0.105176 F+G+H 0.070385
A+B+)J 4.437745 C+D+G 0.105176 G+H+I 0.070385
A+H+J 4.403181 C+E+G 0.105176 B+C+G 0.065605
D+H+J 4.313564 D+E+G 0.105176 B+F+G 0.065605
E+H+J 4.313564 D+F+G 0.105176 B+G+I 0.065605
B+D+J 3.939342 D+G+]1 0.105176 C+F+G 0.065605
B+E+J 3.939342 E+F+G 0.105176 C+G+l1 0.065605
D+E+J 3.939342 E+G+]1 0.105176 F+G+1 0.065605
D+F+J 3.939342 A+G+H 0.09865 A+B+C 0.013292
D+1+J 3.939342 B+D+H 0.097003 A+B+F 0.013292
E+F+) 3.939342 B+E+H 0.097003 A+B+I 0.013292
E+1+) 3.939342 C+D+H 0.097003 A+C+F 0.013292
C+D+J 3.939322 C+E+H 0.097003 A+CH+l 0.013292
C+E+)J 3.939322 D+E+H 0.097003 A+F+1 0.013292
C+H+J 2.25484 D+F+H 0.097003 A+B+H 0.013072
F+H+J 2.25484 D+H+I 0.097003 A+C+H 0.013072
H+1+J 2.25484 E+F+H 0.097003 A+F+H 0.013072
B+H+J 2.254813 E+H+1I 0.097003 A+H+I 0.013072
B+C+J 2.247908 B+C+D 0.096409 C+F+H 0.000112
B+F+J 2.247908 B+C+E 0.096409 C+H+I 0.000112
B+1+J 2.247908 B+D+E 0.096409 F+H+1 0.000112
C+F+J 2.247908 B+D+F 0.096409 B+C+H 0.000111
C+1+J 2.247908 B+D+I 0.096409 B+F+H 0.000111
F+l+) 2.247908 B+E+F 0.096409 B+H+I 0.000111
A+D+G 0.141034 B+E+I 0.096409 B+C+F 0
A+E+G 0.141034 C+D+E 0.096409 B+C+l 0
D+G+H 0.112646 C+D+F 0.096409 B+F+1 0
E+G+H 0.112646 C+D+1 0.096409 C+F+1 0
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Table B.5 Show 4 targets’ drug response

Combination | Flux rate | Combination | Flux rate | Combination | Flux rate

A+D+G+J 10.112 | C+ D+ F +J 3939322 | C+E+ G+ 0.105176
A+E+G+J 10112 | C+D+ 1+ 3939322 | D+E+F+G 0.105176
D+G+H+J 9.968775 | C+E+F+) 3939322 | D+E+ G+ 0.105176
E+G+H+J 9.968775 | C+E+1+J 3939322 | D+F+G+1 0.105176
B+D+G+)J 9932973 | C+F+H+J 225484 | E+F+ G+ 0.105176
B+E+G+J 9932973 | C+H+ 1+ 225484 | A+B+G+H 0.09865
C+D+G+J 9932973 | F+H+ 1+ 225484 | A+C+G+H 0.09865
C+E+G+])J 9932973 | B+ C+H+J 2254813 | A+F+G+H 0.09865
D+E+G+)J 9932973 | B+F+H+J 2254813 | A+ G+ H+I 0.09865
D+F+G+J 9.932973 | B+ H+1+J 2254813 | B+ C+D+H 0.097003
D+G+1+) 9.932973 | B+ C+F+J 2247908 | B+ C+E+H 0.097003
E+F+G+J 9.932973 | B+ C+1+J 2247908 | B+D+E+H 0.097003
E+G+1+) 9932973 | B+F+1+J 2247908 | B+D+F+H 0.097003
A+G+H+J 9.898187 | C+F+1+J 2247908 | B+D+H+1 0.097003
A+C+G+)J 9.876418 | A+D+G+H 0.14599 | B+ E+F+H 0.097003
A+B+G+J 9.876417 | A+E+G+H 0.14599 | B+E+H +1 0.097003
A+F+G+J 9.876417 | A+B+D+G 0.141034 | C+D+E+H 0.097003
A+G+1+]J 9.876417 | A+B+E+G 0.141034 | C+D+F+H 0.097003
B+G+H+J 9.756865 | A+ C+D+G 0.141034 | C+D+H+1 0.097003
C+G+H+J 9.756865 | A+ C+E+G 0.141034 | C+E+F+H 0.097003
F+G+H+J 9.756865 | A+D+E+G 0.141034 | C+E+H+1 0.097003
G+H+1+J 9.756865 | A+D+F+G 0.141034 | D+E+F+H 0.097003
B+C+G+J 9.73445 | A+ D+ G+ 0.141034 | D+ E+H+1 0.097003
B+F+G+J 9.73445 | A+E+F+G 0.141034 | D+F+H+1 0.097003
B+G+1+J 9.73445 | A+E+G+1 0.141034 | E+F+H+1 0.097003
C+F+G+J 9.73445 | B+ D+ G+H 0.112646 | B+ C+D+E 0.096409
C+G+1+J 9.73445 | B+ E+G+H 0.112646 | B+ C+D+F 0.096409
F+G+1+)J 9.73445 | C+D+G+H 0.112646 | B+ C+D +| 0.096409
A+D+H+J 8.020111 | C+E+G+H 0.112646 | B+ C+E+F 0.096409
A+E+H+J 8.020111 | D+E+G+H 0.112646 | B+ C+E+1 0.096409
A+B+D+J 7926124 | D+F+G+H 0.112646 | B+D+E+F 0.096409
A+B+E+)J 7926124 | D+ G+ H +1 0.112646 | B+ D+ E+1 0.096409
A+C+D+J 7926124 | E+F+G+H 0.112646 | B+ D+ F +1 0.096409
A+C+E+J 7926124 | E+ G+ H+1 0.112646 | B+ E+F +1 0.096409
A+D+E+)J 7926124 | A+B+D+H 0.108564 | C+D+E+F 0.096409
A+D+F+J 7926124 | A+B+E+H 0.108564 | C+D+E +1 0.096409
A+D+1+)J 7926124 | A+C+D+H 0.108564 | C+D+F+1 0.096409
A+E+F+)J 7926124 | A+ C+E+H 0.108564 | C+E+F +1 0.096409
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Combination | Flux rate | Combination | Flux rate | Combination | Flux rate
A+E+1+J 7926124 | A+D+E+H 0.108564 | D+ E+F +1 0.096409
A+C+F+)J 4.437808 | A+D+F+H 0.108564 | A+B+C+G 0.094609
A+C+I1+]J 4437808 | A+D+H+1 0.108564 | A+B+F+G 0.094609
A+F+1+J 4.437808 | A+E+F+H 0.108564 | A+B+ G+ 0.094609
A+B+C+J 4437745 | A+E+H+I 0.108564 | A+ C+F+G 0.094609
A+B+F+)J 4.437745 | A+B+C+D 0.105945 | A+ C+G+1 0.094609
A+B+1+J 4437745 | A+B+C+E 0.105945 | A+ F+G+1 0.094609
A+C+H+J 4403181 | A+B+D+E 0.105945 | B+ C+G+H 0.070385
A+F+H+J 4.403181 | A+B+D+F 0.105945 | B+ F+G+H 0.070385
A+H+1+J 4403181 | A+B+D +1 0.105945 | B+ G+ H+1 0.070385
A+B+H+J 4.403116 | A+B+E+F 0.105945 | C+F+G+H 0.070385
B+D+H+J 4313564 | A+B+E+1 0.105945 | C+ G+ H+1 0.070385
B+E+H+J 4313564 | A+C+D+E 0.105945 | F+G+H+1 0.070385
C+D+H+J 4313564 | A+C+D+F 0.105945 | B+ C+F+G 0.065605
C+E+H+J 4313564 | A+ C+D+1 0.105945 | B+ C+ G+ 0.065605
D+E+H+J 4313564 | A+ C+E+F 0.105945 | B+ F+ G+ 0.065605
D+F+H+J 4313564 | A+ C+E+1 0.105945 | C+F+ G+ 0.065605
D+H+1+J 4313564 | A+D+E+F 0.105945 | A+B+C+F 0.013292
E+F+H+J 4313564 | A+D+E+1 0.105945 | A+B+ C+1 0.013292
E+H+1+) 4313564 | A+D+F+1 0.105945 | A+B+F +1 0.013292
B+D+E+J 3939342 | A+E+F+1 0.105945 | A+ C+F+1 0.013292
B+D+F+J 3939342 | B+C+D+G 0.105176 | A+B+C+H 0.013072
B+D+1+1J 3939342 | B+ C+E+G 0.105176 | A+B+F+H 0.013072
B+E+F+)J 3939342 | B+D+E+G 0.105176 | A+B+H +1 0.013072
B+E+1+J 3939342 | B+D+F+G 0.105176 | A+ C+F+H 0.013072
D+E+F+J 3939342 | B+ D+ G+ 0.105176 | A+ C+H+1 0.013072
D+E+1+J 3939342 | B+E+F+G 0.105176 | A+ F+H +1 0.013072
D+F+1+)J 3939342 | B+ E+ G+ 0.105176 | C+F+H +1 0.000112
E+F+1+J 3939342 | C+D+E+G 0.105176 | B+ C+F+H 0.000111
B+C+D+J 3939322 | C+D+F+G 0.105176 | B+ C+H +1 0.000111
B+C+E+J 3939322 | C+D+ G+ 0.105176 | B+ F+H +1 0.000111
C+D+E+J 3939322 | C+E+F+G 0.105176 | B+ C+F +1 0

Table B.6 Show 5 targets’ drug response

Combination Flux rate Combination Flux rate Combination Flux rate
A+D+G+H+)J 10.13531 | A+B+F+1+J 4437745 | A+B+C+E+H 0.108564
A+E+G+H+J 10.13531 | A+ C+F+H+J 4.403181 | A+B+D+E+H 0.108564
A+B+D+G+)J 10.112 | A+ C+H+ 1+ 4403181 | A+B+D+F+H 0.108564
A+B+E+G+)J 10.112 | A+ F+H+1+) 4.403181 | A+B+D+H+I 0.108564
A+C+D+G+]J 10.112 | A+B+C+H+J 4.403116 | A+B+E+F+H 0.108564




Combination Flux rate Combination Flux rate Combination Flux rate
A+C+E+G+]J 10112 | A+B+F+H+J 4403116 | A+B+E+H+I 0.108564
A+D+E+G+])J 10.112 | A+ B+H+1+J 4403116 | A+C+D+E+H 0.108564
A+D+F+G+)J 10.112 | B+ C+D+H+J 4313564 | A+C+D+F+H 0.108564
A+D+G+1+J 10112 | B+ C+E+H+J 4.313564 | A+ C+D+H+I 0.108564
A+E+F+G+J 10.112 | B+ D+E+H+J 4313564 | A+C+E+F+H 0.108564
A+E+G+1+]) 10112 | B+D+F+H+J 4313564 | A+C+E+H+I 0.108564
B+D+G+H+J 9.968775 | B+D+H+1+J 4313564 | A+D+E+F+H 0.108564
B+E+G+H+J 9.968775 | B+E+F+H+J 4313564 | A+D+E+H+I 0.108564
C+D+G+H+J 9.968775 | B+ E+H+1+J 4.313564 | A+D+F+H+I 0.108564
C+E+G+H+J 9968775 | C+D+E+H+J 4313564 | A+E+F+H+I 0.108564
D+E+G+H+J 9.968775 | C+D+F+H+)J 4313564 | A+B+C+D+E 0.105945
D+F+G+H+J 9968775 | C+D+H+1+J 4313564 | A+B+C+D+F 0.105945
D+G+H+1+1J 9.968775 | C+E+F+H+)J 4.313564 | A+B+C+D+I 0.105945
E+F+G+H+J 9968775 | C+E+H+ 1+ 4313564 | A+B+C+E+F 0.105945
E+G+H+1+) 9968775 | D+E+F+H+J 4313564 | A+B+C+E+I 0.105945
B+C+D+G+]J 9932973 | D+E+H+1+J 4313564 | A+B+D+E+F 0.105945
B+C+E+G+J 9932973 | D+F+H+1+J 4313564 | A+B+D+E+1 0.105945
B+D+E+G+)J 9932973 | E+F+H+ 1+ 4.313564 | A+B+D+F+1 0.105945
B+D+F+G+)J 9932973 | B+D+E+F+J 3939342 | A+B+E+F+1 0.105945
B+D+G+1+J 9932973 | B+D+E+1+J 3939342 | A+C+D+E+F 0.105945
B+E+F+G+J 9932973 | B+D+F+1+J 3939342 | A+C+D+E+I 0.105945
B+E+G+1+) 9.932973 | B+ E+F+1+J 3939342 | A+ C+D+F+1 0.105945
C+D+E+G+]J 9932973 | D+E+F+1+J 3939342 | A+ C+E+F+1 0.105945
C+D+F+G+]J 9.932973 | B+ C+D+E+)J 3939322 | A+D+E+F+1 0.105945
C+D+G+1+1J 9932973 | B+C+D+F+J 3939322 | B+C+D+E+G 0.105176
C+E+F+G+)J 9.932973 [ B+ C+D+1+J 3939322 [ B+C+D+F+G 0.105176
C+E+G+1+]J 9.932973 | B+ C+E+F+J 3939322 | B+C+D+G+1I 0.105176
D+E+F+G+J 9932973 | B+ C+E+1+1J 3939322 | B+ C+E+F+G 0.105176
D+E+G+1+]J 9932973 | C+D+E+F+)J 3939322 | B+ C+E+G+1 0.105176
D+F+G+1+)J 9932973 | C+D+E+1+J 3939322 | B+D+E+F+G 0.105176
E+F+G+1+)J 9932973 | C+D+F+1+1) 3939322 | B+D+E+G+1 0.105176
A+B+G+H+J 9.898187 | C+E+F+1+J 3939322 | B+D+F+ G+ 0.105176
A+C+G+H+J 9.898187 | C+F+H+1+J 225484 | B+E+F+G+1 0.105176
A+F+G+H+J 9.898187 | B+ C+F+H+J 2254813 | C+D+E+F+G 0.105176
A+G+H+1+J 9.898187 | B+ C+H+ 1+ 2254813 | C+D+E+G+1 0.105176
A+B+C+G+J 9.876418 | B+ F+H+ 1+ 2254813 | C+D+F+ G+ 0.105176
A+C+F+G+)J 9876418 | B+ C+F+1+J 2247908 | C+E+F+G+1 0.105176
A+C+G+1+]J 9.876418 | A+B+D+G+H 0.14599 | D+ E+F+G+1 0.105176
A+B+F+G+J 9.876417 | A+B+E+G+H 0.14599 | A+B+C+G+H 0.09865
A+B+G+1+J 9876417 | A+ C+D+G+H 0.14599 | A+B+F+G+H 0.09865
A+F+G+1+) 9.876417 | A+C+E+G+H 0.14599 | A+B+G+H+I 0.09865
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Combination Flux rate Combination Flux rate Combination Flux rate
B+C+G+H+J 9.756865 | A+D+E+G+H 0.14599 | A+C+F+G+H 0.09865
B+F+G+H+J 9.756865 | A+D+F+G+H 0.14599 | A+ C+G+H+I 0.09865
B+G+H+1+J 9.756865 | A+D+G+H+1 0.14599 | A+ F+G+H+I 0.09865
C+F+G+H+J 9.756865 | A+E+F+G+H 0.14599 | B+ C+D+E+H 0.097003
C+G+H+1+J 9.756865 | A+E+G+H+1 0.14599 | B+ C+D+F+H 0.097003
F+G+H+1+) 9.756865 | A+B+C+D+G 0.141034 | B+ C+D+H+1 0.097003
B+C+F+G+J 9.73445 | A+B+C+E+G 0.141034 | B+ C+E+F+H 0.097003
B+C+G+1+)J 9.73445 | A+B+D+E+G 0.141034 | B+ C+E+H+1 0.097003
B+F+G+1+)J 9.73445 | A+B+D+F+G 0.141034 | B+D+E+F+H 0.097003
C+F+G+1+J 9.73445 | A+B+D+ G+ 0.141034 | B+ D+E+H+1 0.097003
A+B+D+H+)J 8.020111 | A+B+E+F+G 0.141034 | B+D+F+H+1 0.097003
A+B+E+H+J 8.020111 | A+B+E+ G+ 0.141034 | B+ E+F+H+1 0.097003
A+C+D+H+J 8.020111 | A+C+D+E+G 0.141034 | C+D+E+F+H 0.097003
A+C+E+H+J 8.020111 | A+C+D+F+G 0.141034 | C+D+E+H+1 0.097003
A+D+E+H+J 8.020111 | A+ C+D+G+1 0.141034 | C+D+F+H+1 0.097003
A+D+F+H+J 8.020111 | A+C+E+F+G 0.141034 | C+E+F+H+| 0.097003
A+D+H+1+J 8.020111 | A+ C+E+ G+ 0.141034 | D+ E+F+H+1 0.097003
A+E+F+H+J 8.020111 | A+D+E+F+G 0.141034 | B+ C+D+E+F 0.096409
A+E+H+IT+J 8.020111 | A+D+E+ G+ 0.141034 | B+ C+D+E+1 0.096409
A+B+C+D+)J 7926124 | A+D+F+G+1 0.141034 | B+ C+ D+ F +1 0.096409
A+B+C+E+J 7926124 | A+E+F+G+| 0.141034 | B+ C+E+F+1 0.096409
A+B+D+E+J 7926124 | B+C+D+G+H 0.112646 | B+D+E+F +1 0.096409
A+B+D+F+J 7926124 | B+C+E+G+H 0.112646 | C+D+E+F +1 0.096409
A+B+D+1+J 7926124 | B+D+E+G+H 0.112646 | A+B+C+F+G 0.094609
A+B+E+F+J 7926124 | B+D+F+G+H 0.112646 | A+B+C+G+| 0.094609
A+B+E+I1+J 7926124 | B+D+G+H+1 0.112646 | A+B+F+G+1 0.094609
A+C+D+E+]J 7926124 | B+E+F+G+H 0.112646 | A+ C+F+G+1 0.094609
A+C+D+F+J 7926124 | B+E+G+H+1 0.112646 | B+ C+F+G+H 0.070385
A+C+D+1+) 7926124 | C+D+E+G+H 0.112646 | B+ C+G+H+1 0.070385
A+C+E+F+J 7926124 | C+D+F+G+H 0.112646 | B+ F+G+H+1 0.070385
A+C+E+1+]J 7926124 | C+D+G+H+1I 0.112646 | C+F+G+H+1 0.070385
A+D+E+F+) 7926124 | C+E+F+G+H 0.112646 | B+ C+F+G+1 0.065605
A+D+E+1+]J 7926124 | C+E+G+H+1 0.112646 | A+B+C+F +1 0.013292
A+D+F+1+]J 7926124 | D+E+F+G+H 0.112646 | A+B+C+F+H 0.013072
A+E+F+1+] 7926124 | D+E+G+H+I 0.112646 | A+B+C+H+I 0.013072
A+C+F+1+]J 4.437808 | D+ F+G+H+1 0.112646 | A+B+F+H+1I 0.013072
A+B+C+F+J 4437745 | E+ F+G+H+1 0.112646 | A+ C+F+H+1 0.013072
A+B+C+1+)J 4.437745 | A+B+C+D+H 0.108564 | B+ C+F+H+1 0.000111
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Table B.7 Show 6 targets’ drug response
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Combination Flux rate Combination Flux rate Combination Flux rate
A+B+D+G+H+J 10.13531 A+B+C+D+H+J 8.020111 A+D+F+G+H+I 0.14599
A+B+E+G+H+J 10.13531 A+B+C+E+H+J 8.020111 A+E+F+G+H+I 0.14599
A+C+D+G+H+J 10.13531 A+B+D+E+H+)J 8.020111 A+B+C+D+E+G 0.141034
A+C+E+G+H+J 10.13531 A+B+D+F+H+J 8.020111 A+B+C+D+F+G 0.141034
A+D+E+G+H+J 10.13531 A+B+D+H+1+)J 8.020111 A+B+C+D+G+]I 0.141034
A+D+F+G+H+J 10.13531 A+B+E+F+H+)J 8.020111 A+B+C+E+F+G 0.141034
A+D+G+H+1+J 10.13531 A+B+E+H+1+J 8.020111 A+B+C+E+G+I 0.141034
A+E+F+G+H+J 10.13531 A+C+D+E+H+J 8.020111 A+B+D+E+F+G 0.141034
A+E+G+H+1+) 10.13531 A+C+D+F+H+J 8.020111 A+B+D+E+G+I 0.141034
A+B+C+D+G+)J 10.112 A+C+D+H+1+) 8.020111 A+B+D+F+G+I 0.141034
A+B+C+E+G+J 10.112 A+C+E+F+H+J 8.020111 A+B+E+F+G+I 0.141034
A+B+D+E+G+J 10.112 A+C+E+H+I1+J 8.020111 A+C+D+E+F+G 0.141034
A+B+D+F+G+)J 10.112 A+D+E+F+H+J 8.020111 A+C+D+E+G+I 0.141034
A+B+D+G+1+J 10.112 A+D+E+H+1+]) 8.020111 A+C+D+F+G+I 0.141034
A+B+E+F+G+)J 10.112 A+D+F+H+1+)J 8.020111 A+C+E+F+G+I 0.141034
A+B+E+G+1+)J 10.112 A+E+F+H+1+J 8.020111 A+D+E+F+G+I 0.141034
A+C+D+E+G+]J 10.112 A+B+C+D+E+)J 7.926124 B+C+D+E+G+H 0.112646
A+C+D+F+G+]J 10.112 A+B+C+D+F+) 7.926124 B+C+D+F+G+H 0.112646
A+C+D+G+1+J 10.112 A+B+C+D+I1+J 7.926124 B+C+D+G+H+I 0.112646
A+C+E+F+G+)J 10.112 A+B+C+E+F+)J 7.926124 B+C+E+F+G+H 0.112646
A+C+E+G+1+]J 10.112 A+B+C+E+I1+) 7.926124 B+C+E+G+H+I 0.112646
A+D+E+F+G+J 10.112 A+B+D+E+F+J 7.926124 B+D+E+F+G+H 0.112646
A+D+E+G+I1+)J 10.112 A+B+D+E+1+J 7.926124 B+D+E+G+H+I 0.112646
A+D+F+G+1+J 10.112 A+B+D+F+1+J 7.926124 B+D+F+G+H+I 0.112646
A+E+F+G+1+J 10.112 A+B+E+F+1+) 7.926124 B+E+F+G+H+I 0.112646
B+C+D+G+H+J 9.968775 A+C+D+E+F+)J 7.926124 C+D+E+F+G+H 0.112646
B+C+E+G+H+J 9.968775 A+C+D+E+1+]J 7.926124 C+D+E+G+H+I 0.112646
B+D+E+G+H+J 9.968775 A+C+D+F+1+1J 7.926124 C+D+F+G+H+I 0.112646
B+D+F+G+H+J 9.968775 A+C+E+F+1+) 7.926124 C+E+F+G+H+I 0.112646
B+D+G+H+1+J 9.968775 A+D+E+F+1+) 7.926124 D+E+F+G+H+I 0.112646
B+E+F+G+H+J 9.968775 A+B+C+F+1+) 4.437745 A+B+C+D+E+H 0.108564
B+E+G+H+1+) 9.968775 A+C+F+H+1+)J 4.403181 A+B+C+D+F+H 0.108564
C+D+E+G+H+J 9.968775 A+B+C+F+H+J 4.403116 A+B+C+D+H+I 0.108564
C+D+F+G+H+J 9.968775 A+B+C+H+1+J 4.403116 A+B+C+E+F+H 0.108564
C+D+G+H+1+)J 9.968775 A+B+F+H+1+)J 4.403116 A+B+C+E+H+I 0.108564
C+E+F+G+H+J 9.968775 B+C+D+E+H+J 4.313564 A+B+D+E+F+H 0.108564
C+E+G+H+1+)J 9.968775 B+C+D+F+H+J 4.313564 A+B+D+E+H+I 0.108564
D+E+F+G+H+J 9.968775 B+C+D+H+I1+J 4.313564 A+B+D+F+H+I 0.108564
D+E+G+H+1+)J 9.968775 B+C+E+F+H+J 4.313564 A+B+E+F+H+I 0.108564
D+F+G+H+1+J 9.968775 B+C+E+H+1+J 4.313564 A+C+D+E+F+H 0.108564




7

Combination Flux rate Combination Flux rate Combination Flux rate
E+F+G+H+1+) 9.968775 B+D+E+F+H+J 4.313564 A+C+D+E+H+I 0.108564
B+C+D+E+G+J 9.932973 B+D+E+H+1+J 4.313564 A+C+D+F+H+I 0.108564
B+C+D+F+G+J 9.932973 B+D+F+H+1+J 4.313564 A+C+E+F+H+I 0.108564
B+C+D+G+1+]J 9.932973 B+E+F+H+1+) 4.313564 A+D+E+F+H+I 0.108564
B+C+E+F+G+J 9.932973 C+D+E+F+H+J 4.313564 A+B+C+D+E+F 0.105945
B+C+E+G+1+)J 9.932973 C+D+E+H+1+J 4.313564 A+B+C+D+E+I 0.105945
B+D+E+F+G+J 9.932973 C+D+F+H+1+J 4.313564 A+B+C+D+F+I 0.105945
B+D+E+G+1+J 9.932973 C+E+F+H+1+]) 4.313564 A+B+C+E+F+I 0.105945
B+D+F+G+1+]J 9.932973 D+E+F+H+I1+) 4.313564 A+B+D+E+F+1 0.105945
B+E+F+G+1+)J 9.932973 B+D+E+F+1+J 3.939342 A+C+D+E+F+1 0.105945
C+D+E+F+G+])J 9.932973 B+C+D+E+F+)J 3.939322 B+C+D+E+F+G 0.105176
C+D+E+G+1+J 9.932973 B+C+D+E+1+) 3.939322 B+C+D+E+G+]| 0.105176
C+D+F+G+1+]) 9.932973 B+C+D+F+1+)J 3.939322 B+C+D+F+G+I 0.105176
C+E+F+G+1+]J 9.932973 B+C+E+F+1+)J 3.939322 B+C+E+F+G+1 0.105176
D+E+F+G+1+J 9.932973 C+D+E+F+1+J 3.939322 B+D+E+F+G+]1 0.105176
A+B+C+G+H+J 9.898187 B+C+F+H+I1+) 2.254813 C+D+E+F+G+I 0.105176
A+B+F+G+H+J 9.898187 A+B+C+D+G+H 0.14599 A+B+C+F+G+H 0.09865
A+B+G+H+1+)J 9.898187 A+B+C+E+G+H 0.14599 A+B+C+G+H+I 0.09865
A+C+F+G+H+J 9.898187 A+B+D+E+G+H 0.14599 A+B+F+G+H+I 0.09865
A+C+G+H+I1+) 9.898187 A+B+D+F+G+H 0.14599 A+C+F+G+H+I 0.09865
A+F+G+H+1+) 9.898187 A+B+D+G+H+I 0.14599 B+C+D+E+F+H 0.097003
A+B+C+F+G+J 9.876418 A+B+E+F+G+H 0.14599 B+C+D+E+H+I 0.097003
A+B+C+G+1+J 9.876418 A+B+E+G+H+I 0.14599 B+C+D+F+H+I 0.097003
A+C+F+G+1+)J 9.876418 A+C+D+E+G+H 0.14599 B+C+E+F+H+I 0.097003
A+B+F+G+1+) 9.876417 A+C+D+F+G+H 0.14599 B+D+E+F+H+I 0.097003
B+C+F+G+H+J 9.756865 A+C+D+G+H+I 0.14599 C+D+E+F+H+I 0.097003
B+C+G+H+I1+)J 9.756865 A+C+E+F+G+H 0.14599 B+C+D+E+F+1I 0.096409
B+F+G+H+1+) 9.756865 A+C+E+G+H+I 0.14599 A+B+C+F+G+I 0.094609
C+F+G+H+I1+J 9.756865 A+D+E+F+G+H 0.14599 B+C+F+G+H+I 0.070385
B+C+F+G+1+)J 9.73445 A+D+E+G+H+I 0.14599 A+B+C+F+H+I 0.013072
Table B.8 Show 7 targets’ drug response

Combination Flux rate Combination Flux rate Combination Flux rate
A+B+C+D+G+H+J 10.13531 C+D+E+G+H+1+J 9.968775 B+C+E+F+H+1+) 4.313564
A+B+C+E+G+H+J 10.13531 C+D+F+G+H+1+J 9.968775 B+D+E+F+H+1+J 4.313564
A+B+D+E+G+H+J 10.13531 C+E+F+G+H+1+) 9.968775 C+D+E+F+H+1+J 4.313564
A+B+D+F+G+H+J 10.13531 D+E+F+G+H+1+J 9.968775 B+C+D+E+F+1+) 3.939322
A+B+D+G+H+1+) 10.13531 B+C+D+E+F+G+]J 9.932973 A+B+C+D+E+G+H 0.14599
A+B+E+F+G+H+J 10.13531 B+C+D+E+G+1+)J 9.932973 A+B+C+D+F+G+H 0.14599

A+B+E+G+H+I1+]J 10.13531 B+C+D+F+G+1+J 9.932973 A+B+C+D+G+H+I 0.14599
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A+C+D+E+G+H+J 10.13531 B+C+E+F+G+1+)J 9.932973 A+B+C+E+F+G+H 0.14599
A+C+D+F+G+H+)J 10.13531 B+D+E+F+G+1+J 9.932973 A+B+C+E+G+H+I 0.14599
A+C+D+G+H+1+]J 10.13531 C+D+E+F+G+1+]) 9.932973 A+B+D+E+F+G+H 0.14599
A+C+E+F+G+H~+) 10.13531 A+B+C+F+G+H+J 9.898187 A+B+D+E+G+H+I 0.14599
A+C+E+G+H+I1+) 10.13531 A+B+C+G+H+1+J 9.898187 A+B+D+F+G+H+I 0.14599
A+D+E+F+G+H+J 10.13531 A+B+F+G+H+1+] 9.898187 A+B+E+F+G+H+I 0.14599
A+D+E+G+H+1+)J 10.13531 A+C+F+G+H+1+)J 9.898187 A+C+D+E+F+G+H 0.14599
A+D+F+G+H+1+J 10.13531 A+B+C+F+G+1+]J 9.876418 A+C+D+E+G+H+I 0.14599
A+E+F+G+H+1+J 10.13531 B+C+F+G+H+I1+)J 9.756865 A+C+D+F+G+H+I 0.14599
A+B+C+D+E+G+]J 10.112 A+B+C+D+E+H+J 8.020111 A+C+E+F+G+H+I 0.14599
A+B+C+D+F+G+)J 10.112 A+B+C+D+F+H+J 8.020111 A+D+E+F+G+H+I 0.14599
A+B+C+D+G+1+J 10.112 A+B+C+D+H+1+J 8.020111 A+B+C+D+E+F+G 0.141034
A+B+C+E+F+G+)J 10.112 A+B+C+E+F+H+J 8.020111 A+B+C+D+E+G+I 0.141034
A+B+C+E+G+1+)J 10.112 A+B+C+E+H+1+J 8.020111 A+B+C+D+F+G+1 0.141034
A+B+D+E+F+G+J 10.112 A+B+D+E+F+H+J 8.020111 A+B+C+E+F+G+1 0.141034
A+B+D+E+G+1+J 10.112 A+B+D+E+H+1+J 8.020111 A+B+D+E+F+G+1 0.141034
A+B+D+F+G+1+)J 10.112 A+B+D+F+H+1+J 8.020111 A+C+D+E+F+G+I 0.141034
A+B+E+F+G+1+)J 10.112 A+B+E+F+H+1+) 8.020111 B+C+D+E+F+G+H 0.112646
A+C+D+E+F+G+)J 10.112 A+C+D+E+F+H+J 8.020111 B+C+D+E+G+H+I 0.112646
A+C+D+E+G+1+) 10.112 A+C+D+E+H+1+J 8.020111 B+C+D+F+G+H+I 0.112646
A+C+D+F+G+1+) 10.112 A+C+D+F+H+1+J 8.020111 B+C+E+F+G+H+I 0.112646
A+C+E+F+G+1+) 10.112 A+C+E+F+H+1+)J 8.020111 B+D+E+F+G+H+I 0.112646
A+D+E+F+G+1+)J 10.112 A+D+E+F+H+1+J 8.020111 C+D+E+F+G+H+I 0.112646
B+C+D+E+G+H+J 9.968775 | A+B+C+D+E+F+)J 7.926124 A+B+C+D+E+F+H 0.108564
B+C+D+F+G+H+J 9.968775 A+B+C+D+E+1+J 7.926124 A+B+C+D+E+H+I 0.108564
B+C+D+G+H+1+J 9.968775 A+B+C+D+F+1+J 7.926124 A+B+C+D+F+H+I 0.108564
B+C+E+F+G+H+J 9.968775 A+B+C+E+F+1+J 7.926124 A+B+C+E+F+H+I 0.108564
B+C+E+G+H+I1+]J 9.968775 A+B+D+E+F+1+)J 7.926124 A+B+D+E+F+H+I 0.108564
B+D+E+F+G+H+J 9.968775 A+C+D+E+F+1+) 7.926124 A+C+D+E+F+H+I 0.108564
B+D+E+G+H+1+J 9.968775 A+B+C+F+H+1+J 4.403116 A+B+C+D+E+F+1 0.105945
B+D+F+G+H+1+J 9.968775 B+C+D+E+F+H+)J 4.313564 B+C+D+E+F+G+I 0.105176
B+E+F+G+H+1+J 9.968775 B+C+D+E+H+1+J 4.313564 A+B+C+F+G+H+I 0.09865
C+D+E+F+G+H+J 9.968775 B+C+D+F+H+I1+J 4.313564 B+C+D+E+F+H+I 0.097003

Table B.9 Show 8 targets’ drug response
Combination Flux rate Combination Flux rate

A+B+C+D+E+G+H+J 10.13531 B+C+E+F+G+H+1+) 9.968775

A+B+C+D+F+G+H+J 10.13531 B+D+E+F+G+H+I1+J 9.968775

A+B+C+D+G+H+I1+J 10.13531 C+D+E+F+G+H+I1+J 9.968775

A+B+C+E+F+G+H+J 10.13531 B+C+D+E+F+G+1+]J 9.932973
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A+B+C+E+G+H+1+J 10.13531 A+B+C+F+G+H+I1+) 9.898187
A+B+D+E+F+G+H+J 10.13531 A+B+C+D+E+F+H+J 8.020111
A+B+D+E+G+H+1+]) 10.13531 A+B+C+D+E+H+1+) 8.020111
A+B+D+F+G+H+1+J 10.13531 A+B+C+D+F+H+1+) 8.020111
A+B+E+F+G+H+1+J 10.13531 A+B+C+E+F+H+I1+J 8.020111
A+C+D+E+F+G+H+J 10.13531 A+B+D+E+F+H+1+J 8.020111
A+C+D+E+G+H+1+]J 10.13531 A+C+D+E+F+H+1+J 8.020111
A+C+D+F+G+H+1+) 10.13531 A+B+C+D+E+F+1+) 7.926124
A+C+E+F+G+H+1+) 10.13531 B+C+D+E+F+H+1+)J 4.313564
A+D+E+F+G+H+I1+J 10.13531 A+B+C+D+E+F+G+H 0.14599
A+B+C+D+E+F+G+)J 10.112 A+B+C+D+E+G+H+I 0.14599
A+B+C+D+E+G+1+J 10.112 A+B+C+D+F+G+H+I 0.14599
A+B+C+D+F+G+1+)J 10.112 A+B+C+E+F+G+H+I 0.14599
A+B+C+E+F+G+1+)J 10.112 A+B+D+E+F+G+H+I 0.14599
A+B+D+E+F+G+1+J 10.112 A+C+D+E+F+G+H+I 0.14599
A+C+D+E+F+G+1+]) 10.112 A+B+C+D+E+F+G+I 0.141034
B+C+D+E+F+G+H+J 9.968775 B+C+D+E+F+G+H+I 0.112646
B+C+D+E+G+H+1+) 9.968775 A+B+C+D+E+F+H+I 0.108564
B+C+D+F+G+H+1+]J 9.968775

Table B.10 Show 9 targets’ drug response

Combination Flux rate
A+B+C+D+E+F+G+H+I 0.14599
A+B+C+D+E+F+G+H+J 10.13531
A+B+C+D+E+F+G+1+J 10.112
A+B+C+D+E+F+H+1+J 8.020111
A+B+C+D+E+G+H+I1+]J 10.13531
A+B+C+D+F+G+H+I1+]J 10.13531
A+B+C+E+F+G+H+1+J 10.13531
A+B+D+E+F+G+H+I1+]J 10.13531
A+C+D+E+F+G+H+1+J 10.13531
B+C+D+E+F+G+H+1+)J 9.968775

Table B.11 Show 10 targets’ drug response
Combination Flux rate

A+B+C+D+E+F+G+H+1+J

10.13530622
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