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Abstract:

TIGAR is a p53 inducible gene that triggers changes in glycolytic metabolic pathway states. It is known that TIGAR expression lowers the
fructose - 2, 6-bisphosphate levels resulting in an inhibition of glycolysis and decrease in intracellular ROS levels. Therefore, it is interesting
to document data on p53 induced TIGAR protein-2 in the glycolytic pathway. We describe a two-oscillator model consisting of the p53-
Mdm2 network and glycolytic pathway with the TIGAR protein. The numerical simulation of the model shows the suppression of
glycolytic oscillation as the level of TIGAR protein increases in agreement with the experimental results reported. Thus, stochastic
simulation data helps to understand the realistic behaviour in the pathway.
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Background:

The biological rhythms play essential roles in many cellular processes.
They can emerge as the collective dynamic behaviour of an ensemble of
interacting components in the cell [1]. Examples include oscillations in
glycolysis in which the enzyme phosphofructokinase-1 might be
considered as the primary oscillophore and the enzymic basis of
glycolytic oscillation [2]. The tumor suppressor p53 protein is
considered to be one of the most important hubs in the biological
network which influences most of the important biological functions. In
normal or unstressed cells, p53 levels are kept low through a
continuous degradation of p53. MDM2 (also called HDM2 in humans)
plays a major role in the control of p53 [3, 4]. Moreover, p53 plays as a
transcription factor for MDM2 protein. Other proteins, such as Pinl, are
recruited to p53 and induce a conformational change in p53, preventing
Mdm2-binding. After p53 stabilization, p53 switches on the expression
of target genes. These target genes drive a variety of cellular responses
to stress, including DNA repair, cell-cycle arrest, senescence, apoptosis
and genome stability [5, 6]. p53 protein has a direct role in cellular
metabolism. P53 identifies the product of a p53 target gene, TIGAR
(TP53-induced glycolysis and apoptosis regulator), and shows that it
alters the pathway in which a cell uses glucose [7-10].Recently, it has
been reported that TIGAR has functional similarities with
bisphosphatase domain (FBPase-2) of the PFK-2/FBPase-2 (6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase)  enzyme[11-15].
Moreover, the PFK-2/FBPase-2 enzymes ubiquitinate fructose-2,6-
bisphosphate (Fru-2,6-P2). Further, Fru-2,6-P2 induced 6-phospho-1-
kinase to  convert fructose-6-phosphate  to  fructose-1,6-
bisphosphateasthethird step of glycolysis [16-18]. Again, Fru-2,6-P2
slows down the formation fructose-6-phosphate. Similarly, TIGAR
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causes a decline in Fru-2,6-P2 levels and thereby blocks glycolysis [19-
22]. Glycolytic dynamic behaviour involves a first-order source step for
generating a substrate for PFK-1, which is experimentally simulated by
the substrate injection technique [23-28]. Under many conditions, the
enzyme pyruvate kinase might follow passively the oscillating pace set
by the enzyme PFK-1, allowing perfect synchronization of the whole
process [29-32]. Therefore, it is interesting to document data on p53
induced TIGAR protein-2 in the glycolytic pathway.

Material and Methods:

The two-oscillator model of p53-Mdm2 network and glycolysis
pathway is constructed based on various experimental reports and
describes our model’s detailed reaction mechanisms. We then describe
the methods of our simulation of the reaction model briefly. In our
model, we assume that p53 is synthesized at a constant rate and that
under normal conditions; it is usually bound to Mdm2 and then
degraded. It is reported that p53 is only transcriptionally active when
not bound to Mdm?2, so the production of Mdm2_mRNA depends on
the pool of unbound p53. Thus Mdm2_mRNA provides the
intermediary link between p53 and Mdm2 to provide the necessary
delay in the negative feedback loop. We also include the degradation of
Mdm2 and Mdm2_mRNA.P53 induces the production of TIGAR
protein. As the TIGAR has functional similarities with bisphosphatase
domain (FBPase-2) of the PFK-2/FBPase-2 enzyme, it directly interacts
with PFK-2/FBPase-2 enzymes, which leads to decrease the formation
of fructose-2,6-bisphosphate (Fru-2,6-P2). Also, Fru-2, 6-P2 slows down
the formation of fructose-6-phosphate by controlling PFK-1 enzyme.
The molecular species and reaction channels that are involved in this
pathway are listed in Table 1 and Table 2, respectively.

Table 1: Names of the molecular species in our model and their initial concentration taken in our simulation

S.No  Molecular Species Initial Conc.
1 P53 100

2. Mdm?2 80

3. Mdm2_p53 70

4, Mdm2_Mrna 80

5. TIGAR 100

6. Fru-2,6-P2 50

7. Fru-2,6-P2_TIGAR 20

8. Fru-1,6-P2 40

The reaction channels involved in our model are listed in Table 2.

Table 2: Reaction channels involved in the biochemical network of our model

S. No. Reaction Channels in our model
k-
i Mdm2_mRNA — Mdm2_mRNA + Mdm2
ks

2. p53 = p53 + Mdm2_mRNA

k:
8. Mdm2_mRNA = ¢
4. ks

Mdm2 - ¢
ki
5. 6% ps3
6. kg
Mdm2_p53 - Mdm?2
k-
v P53 + Mdm2 - p53_Mdm2
k,
8. p53_Mdm2 -5 p53 + Mdm2
k.
9. p53 5 TIGAR + p53
k

10. Fru—2,6 — P2 + TIGAR -5 Fru— 2,6 — P2_TIGAR

k.
1. Fru— 2,6 — P2_TIGAR -5 TIGAR

k

12. Fru—2,6 — P2 -3 Fru—1,6 — P2

k.
13. Fru—2,6—P2 3¢
14.

kyy
TIGAR — ¢

There are fourteen reaction channels in the biochemical network of our model in which reaction constants involved are again listed in Table-3. The values of the reaction constants used in our

simulation are given in the table itself.
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Figure 1: Schematic model of Glycolysis inhibition by p53-Mdm?2 regulatory pathway via TIGAR.

i

Table 3: Rate constant values involved in the biochemical network and kinetic laws

S. No. Values of Rate Constants Mass Action Law
1 k 1=0.000495 ki[Mdm2_mRNA]

2 k2=0.0001 ka[p53]

3 ks=0.0001 ks[Mdm2_mRNA]

4. ks=0.000433 ks[Mdm2]

5. ks=0.78 ks

6. ke=0.000825 ke[Mdm2_p53]

7. k7=0.001155 k7[Mdm2][p53]

8 ks=0.001155 ks[Mdm2_p53]

9. ko=¢ ko[p53]

10. k10=0.002 Kio[Fru-2,6-P2][TIGAR]
i, ku=0.00033 ku[Fru-2,6-P2_TIGAR]
2 ki2=0.001 ki2[Fru-2,6-P2]

s ki5=0.001 kis[Fru-1,6-P2]

L k14=0.0001 kis [TIGAR]
Mathematical model of two-oscillator network P21igar » Xg = Fru—1,6 — P2 respectively are the molecular

If we denote the molecular species by a vector X=[Xs, Xz, X3, X4, X5,  concentrations. Using Mass action law the set of reactions in Table
Xe, X7, Xg] where, X; =p53, X, = Mdm2, X3 =Mdm2,53, X, = 22 B can be represented by the following set of ordinary
Mdm2,pna , X5 = TIGAR , Xg = Fru—2,6 —P2, X; =Fru—2,6—  differential equations:
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% =ks —k;X1Xz + KgX3 (1)

B2 = KkiXy — KaXp +KeXs —KoXiXp +keXs ()
% = —KeX3 + K7X1X; —kgX3  (3)

% =k Xy —KkzXy ()

% = koX; — K10X6Xs5 + k11X7 —K14X5  (5)

% = —k1oXeX5 —k12Xg  (6)

% =K10X6Xs5 — k11X7 (7)

dlis =k2Xe —kgz  (8)

These are classical deterministic non-linear differential equations
which can be solved by various numerical techniques. We used
Fourth order Runge-Kutta method of numerical integration to solve

Results:

We present the numerical simulation results of the model. The plots
in Figure 2 showed the oscillatory dynamics of p53 which induce
TIGAR protein activate and then affect the dynamics of 1-6
bisphosphate. Initially, as the concentration of TIGAR is small due
to p53 network (e = 0.0001), it does not affect much the dynamical
oscillatory behaviour of 1-6 bisphosphate. However, if the TIGAR
concentration is lower (¢ = 0.001) then the amplitude of the 1-6
bisphosphate is significantly reduced and at some particular value
of it (e > 0.05) the oscillation is almost suppressed (Figure 3). This
gives rise that the induced TIGAR protein regulates the fate of the
glycolysis whose increase in concentration above a threshold the

©Biomedical Informatics (2022)

the set of ordinary differential equations (1)-(8). The plots of our
simulated data are carried out in Xmgrace plotting software which
is already inbuilt in Linux operating system.

glycolytic process is suppressed which is in agreement to
experimental reports. Next, we present the two-dimensional results
showing the behaviour of various proteins, p53, Mdm2, 1-6
bisphosphate (Figure 4) for a constant value of €. The plots show
the oscillatory behaviour of TIGAR induced by p53 oscillation. The
oscillation in 1-6 bisphosphate is due to a negative feedback loop in
the glycolysis process. We then show the results of the regulation of
1-6 bisphosphate for different concentration levels of TIGAR in the
network (Figure 5). The results show the diminishing of the
oscillatory amplitudes of 1-6 bisphosphate as a function of TIGAR
concentration levels.
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Figure 2: Plots of p53, 1,6-bisphosphate concentrations induced by TIGAR as a function of time for different values of .
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Figure 3: Plots of p53, MDM2, TIGAR, 1,6-bisphosphate concentration as a function of time at a fix reaction constant(e=0.0001) of TIGAR.
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Figure 4: Two dimensional plots of different protein concentrations for various values e.
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Figure 5: Plot of p53, TIGAR, 1, 6-bisphosphate protein concentrations for various ¢ values.

The dynamics of p53, TIGAR and 1,6bisphosphate as a function of
time for different values of € are shown in Fig. D. Because of the
increase in ¢ the level of TIGAR is also increased with increase in
amplitude. Due to the increase in TIGAR concentration level, the
oscillatory behaviour exhibited by the negative feedback loop of the
glycolysis network is suddenly decreased. Thus, the glycolysis
mechanism is controlled by TIGAR concentration level.

Discussion:

The two oscillatory models were built to study the relation between
p53 protein and glycolysis metabolism. P53 is highly studied for its
role in various metabolism in both normal and cancer cells.
Moreover, the glycolysis process is very high in cancer cells as the
cancerous cells need more energy to grow [33-36].0ur numerical
simulation results of the proposed model indicate that when the
intrinsic concentration of the p53 protein is deficient, the
concentration level (shown by “¢”) of TIGAR protein is shallow, as
shown in Figure 1 as the TIGAR synthesis is directly dependent on
the p53 protein [37-40]. Moreover, in the glycolytic oscillatory
pathway, the 1,6bisphosphate also follows a normal oscillatory
behavior, as shown in the last panel Figure 2. The oscillatory
behaviour of molecular species involved in the p53 network is
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documented in Figure 3, which shows the stress in the p53
network. Moreover, we followed the 1,6bisphosphate concentration
within the cell at the various time frames and TIGAR
concentrations. It is observed that 1,6 bisphosphate amplitude
diminishes as the TIGAR concentration increases with respect to an
increment of time frame supported by various experimental reports
[22,41]. Finally, numerical simulation result suggested an
encouraging effect of the p53 protein oscillatory network upon the
glycolytic oscillatory network via TIGAR protein. Further, TIGAR
can be a possible target protein for the therapeutic intervention of
cancer cells [42, 43].

Conclusion:

We documented interference ofp53 induced TIGAR protein-2 in the
glycolytic pathway. Further, as the TIGAR protein-2 plays an
essential role in checking the glycolysis pathway, the study will
benefit in molecular therapeutics and drug design studies and
strategies for controlling the glycolytic pathways in normal and
cancerous cells. Further, the cellular dynamics are stochastic due to
the various molecular interactions; therefore, we need to take up
stochastic models to see how noise affects the dynamics.
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