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ABSTRACT

Methionine is an essential amino acid, meaning
that it must be provided in the diet.  Its derivatives play
a significant role in the health of humans. It has been
proven that malfunctions in the methionine cycle lead to
many severe diseases. In this paper, we have
constructed a complete model of the methionine cycle
based on computational systems biology techniques.

Our results show that alterations of the
methionine cycle can lead to many severe diseases. An
excess of methionine intake causes an increase in
cystathionine, resulting in diseases such as Down
Syndrome, hepatic cancer, and hepatic disease.
Methionine deficiency can dramatically decrease the
concentration  of AdoMet and  cystathionine.
Decreased AdoMet leads to cirrhosis and hepatocellular
carcinoma, while a decrease in cystathionine can result
in cardiovascular disease.

In the case of MATI/III deficiency, methionine
accumulates quickly, blocks the synthesis of all
subsequent intermediates, and eventually results in
hypermethioninemia and cirrhosis. Deficiency of SM or
AH  dramatically  decreases  homocysteine and
cystathionine, leading to vascular disease. When folate
is removed, homocysteine accumulates to an elevated
level that in turn causes colorectal cancer, neural tube
defects, and an increased risk of vascular occlusion.

Finally, deficiency of betaine and MS result in the
increase of cystathionine and homocysteine, which can
lead to megaloblastic anemia and neurological
abnormalities. Our study has demonstrated the utility of
using a program based model to predict various effects
on the methionine cycle.
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1: INTRODUCTIONS

Methionine is an essential amino acid, meaning that
it cannot be produced by the body and it must be
obtained in the diet. Its derivatives play significant roles
in the regulation of the human body. In humans, the
methionine cycle consists of methionine (Met),
S-adenosylmethionine =~ (AdoMet), S-  adenosyl-
homocysteine (AdoHcy), homocysteine (Hcy), and

cystathionine (Cys). This cycle is highly complicated
and supplies sulfur and other compounds required by the
body for normal metabolism and growth. Normal
function of the methionine cycle is essential for growth
and development of human body. If the methionine
cycle is not functioning or temporarily blocked, the
effect manifests itself in the human body as Alzheimer’s
disease [1], Down Syndrome [2], cardiovascular disease
[3], liver disease [4], neural tube defects [5], and various
cancers [6, 7]. Therefore, with the importance of this
cycle in mind, we chose to model this particular
pathway.

Foods, such as fruits, meat, vegetables, nuts, and
legumes all contain methionine. There are several
enzymes that exist in the cycle including MAT, SM
GNMT, AH, CBS, BHMT, and MS (Figure 1). Upon
consumption, methionine can first be changed to
AdoMet by an enzyme with isoforms, MATI and
MATIII. After this reaction, SM and GNMT work to
produce AdoHcy via methyl group transfer. Enzyme AH
helps a reversible conversion of AdoHcy to
Homocysteine, which has an alternative fate in vivo.
Homocysteine can be converted back to methionine,
consequently making a closed loop, or it can undergo
transulfuration by CBS to make cystathionine. Positive
and negative feedback throughout the cycle provides a
further level of sophistication. The first intermediate,
AdoMet serves as an activator for MATIII and a
repressor for MATI; however, its activity is not limited
solely to the upstream reaction. AdoMet can also
activate CBS and repress BHMT in the cycle. AdoHcy
can repress GNMT, SM, and BHMT; however, it also
activates CBS.

2: DESCRIPTION OF OUR MODIFIED
MATHEMATICAL MODEL

In this paper, we introduce kinetic equations into
every step of the methionine cycle. The model consists
of four differential equations, based on known reaction
kinetics. We have modified the original equations [8, 9]
by adding the three important effects of activation,
inhibition, and degradation into the balanced equations.
As shown in Figure 1, balances around the four
substrates are depicted by the following four differential
equations individually.
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Figure 1 A simple structure of methionine cycle
established by HFPN

diMet] _dml _ - 8+ Metin— p2— pl— p9
dt dt )

didoMet] _ dm2 _ o | pl— p3— pd— pl0

diAdoHey] _dm3 _ 3 4 ps— i1
dt dt 3)

AHT_ A3 _ s p6— p7—p8—p12
I dt 4)

The terms on the right-hand sides are the rates of the
reactions.

3: CONSTRUCTING THE COMPLETE
METHIONINE CYCLE WITH GENOMIC
OBJECT NET

After constructing an initial model of the
methionine cycle, we then applied the key parameters in
order to simulate the diseases that would result from an
abnormal methionine cycle. Similar to how entities
represent enzymes and metabolites that participate in
this pathway, continuous processes represent the
specific reactions that are occurring in this pathway.
For example, we have shown a simple structure in
Figure 1. After the main structure has been established,

we applied parameters provided by Reed [9] and
Martinov [8], as listed in Table 1 and Table 2, to
complete the whole model of the methionine cycle.

Table 1 Properties of each entry in our constructed
model

Marme Type v ariahle Initial ¥ alug

Methiorine Double 1 333

Adom et Double mz2 a

A doHey Double ma3 i}

Homocy steine Double md o

(Zy stathionine Double ma a

hAT-111 Double e 5

i AT-| Double m7 5

Shi Double ma &}

GMMT Double md a

H Double mi0 ]

S Double it 5

BHMT Double 2 5

cBS Double 13 i}

StTTHF Double it 4 5.2
Double al 100
Double a2 10
Double h1 1.7
Double b2 30
Double VmaxMATI 0.155833333
Double VmaxMATII  [6.352777778
Double [V max s 1.255833333
Double VmaxGHNMT  [2.944444444
Double VAH al*(m3-aFmd 3600
Double VCBS (h1%im2+m3)-h2)* md/ 3600
Double Vmaxh S 0.138888389
Double VmaxBHMT  [0.694444444
Double Kt ATI 41
Double Kb AT 2000711 + 6. 7m2! m2+B 005 (rz{rmz+ G0
Double KmsM 1.0+ fm3d))
Double KmGNMT 4500
Douhle KmBHMT 12
Double Kt 5 0.1

The detailed steps including equations applied are
shown below.

Step1: First, we set the input rate of methionine as:
Metin =3.33/60sec (5)

Step2: Methionine is catalyzed to turn to AdoMet by
MATI and MATIII, the equations are:

1=V _ V max MATI
P2= Vo KmMATI m2
I+ x| I+
ml KiMATI) )

Table 2 Firing rules and properties of each process

- 1399 -



MName |Type Firing Style |Kinetic Script

nl continuous]and W ma b AT +(KmM AT +(m2rao)/mi

p2 continuous|and AT+ (KmMA T2 A0 m T m1 +m1*21.10)

p3 continuous|and [V max SMIT +mEMIm3)+10+1 MKmSM/m3)

nd continuous|and (1701 +(m3200 Y max GHM T+ (KmGHNM TIm2(KmG MM T m20))

pa continuous]and A1%m3-a2*m4)/3600

nE continuous]and (h1*{m2+m3)-b Z*mas3600

ny continuous]and Y maxhd 5 m 1 5*ma/ (1 K mMS+KmMS*m1 5+ 25" md +m1 5 m4)

ne continuous]and (0.7-(0.025%(m2+m3 1507 max BHM T*md/ (KmBHM T+m43)

pa continuous]and m1/10000
P10 Jeontinuous{and m2/10000
P11 Jeontinuous{and ma3/10000
P12 |eontinuous{and m4/10000
P13 |Jeontinuous{and m5 /10000
P14 Jeontinuous{and m14/10000
P15 |eontinuous{and me /10
P16 |eontinuous{and m7 /10
P17 |eontinuousjand m3 /10
P18  |eontinuous{and m4/ 10
P18 Jeontinuous{and mi0/10
P20 |eontinuous{and mi1/10
p21  |eontinuous{and mi2/10
p22  |eontinuous{and m13/10

P23 |eontinuous{and

p24  |eontinuous{and

P25 |eontinuousjand

p26  |eontinuous{and

p28  |eontinuous{and

p28  |continuous{and

P30 |eontinuous{and

1
1
1
1
p27  |eontinuous{and 1
1
1
1
3

p3 |discrete  |and

v ~ V max MATIII
P&=Vauarm = s KmIMATII x Km2MATIII
ml® +mlx Km2MATIII (7
2
KmIMATIII = 0000 2
14+5.7x% _om2
m2+ 600

)
Step3: AdoMet turns to AdoHcy by SM and GNMT:

V max SM
KmlSM  Km2SM  Km2SM  KmlSM

ma Al T T

p3=Vy, =

KmlSM =1.0x[1+m73)

(10)
V max GNMT 1
PA=Vonur = 7 X 3
1+ KmGNMT 1+ m
m2 KiGNMT (1n

Step4: AdoMet turns to homocysteine by AH:

1
5=V, =——Xalx\m3—a2xm4
p AH 3600 ( )

12)

Step5: Homocysteine turns to Cystathionine by CBS:

1
6=V, =——x[pIx(m2+m3)-b2]xm4
P CBS 3600X[ X(m m ) ]Xm (13)

Step6: Finally, homocysteine goes back to methionine
by MS and BHMT:

V max BHMT X m4

KmBHMT + m4

PT=Vys =
VmaxMSxml4xm4
KdMSx KmMSHcy+ KmMSHcy< ml4+ KmMSSmTHF + ml4x m4
(14)
p8 =V, =[0.7-(0.025)x (m2 + m3-150)|x
15)

As can be seen in Figure 2, we have constructed
complete model of the methionine cycle with Genomic
Object Net, a useful computational system biology tool
developed by Masao Nagasaki and his colleague [10]..

4: RESULTS AND DISCUSSION

4.1 Simulation of the normal methionine cycle

By running the simulation of the methionine cycle,
one can observe the dynamic changes of each substance
over time. The effects of protein self-degradation,
feedback activation and inhibition are integrated into the
cycle. Among them, degradation is represented by
processes with kinetic equations, for example, MATIII
(m6) will be degraded during the simulation at a rate of
m6/10 per second. Meanwhile, test connectors and
inhibitory connectors are used to represent feedback
activation and inhibition respectively. = Based on
known biological knowledge, we also assumed the
activation threshold to be 0 and the inhibition threshold
due to AdoMet and AdoHcy to be 135 and 13
individually. These assumptions may not reflect the
real biological system; however, they can be used
initially to explore the dynamic behaviour of each
substance in the complete methionine cycle.

4.2 Excess methionine intake results in multiple
diseases

We simulate this situation by increasing the
amount of metin. Finkelstein and Martin [11]
demonstrated that the fraction of Hcy, which is the
source for cystathionine synthesis, is a function of the
concentration of AdoMet. Higher intake of dietary
methionine results in higher concentrations of AdoMet.
Increasing the concentration of AdoMet will elevate the
transulfuration fraction, resulting in more cystathionine
synthesis. We can observe a drastic increase in [AdoMet]
and [Cystathionine] in Figure3. High levels of
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Methionine Cycle Simulation
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Figure 2 Simulation of methionine cycle and the
variable are shown with all properties in each element.

cystathionine (cystathininuria) can lead to diseases such
as Down Syndrome [1], hepatic cancer [6], and hepatic
disease [4]. Methionine excess can also make [Hcy]
increase over two times, leading to cardiovascular

and
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Figure 3 Effect of excess methionine intake

4.3 Methionine deficiency in diet

In contrast to an excess amount of methionine
intake, a methionine deficient diet can lead to a different
set of diseases. We simulate this phenomenon by
reducing metin to 1.00 m/min. In Figure 4, we
observed that both [AdoMet] and [Cystathionine]
decrease dramatically when methionine intake declines.
A decrease in [AdoMet] in vivo can cause diseases such
as cirrhosis, intrahepatic cholestasis, fibrosis, NASH

VARIABLE
WmaxMATI KmMATI
561/3600 41
VimaxMATI LA
228703600 2000/(1+5.7*(m2/(m2+B00)*(m2/(m2+600}))
WmaxGNMT KmGNMT
10600/3600 4500
WmaxSm KmsMm
452113600 1.07(1+(m374))
VAH al a2
© ©
a1*(m3-32*ma)y/3600 100 10
VCBS bi b2
© (@)
(01*(mM2+m3}-b2)*m4/3600 1.7 30
VmaxMs KmMS:
500/3600 04
WmaxBHMT KmBHMT
250013600 12
m10/10
jand
m13rio
(non-alcoholic steatohepatitis), HCC (hepatocellular
carcinoma), and steatosis [13]. A deficiency in

[Cystathionine] leads to cardiovascular disease [3].
Methionine accumulation may lead to serious outcomes
It is also worth looking at the effect of low levels of
MATI and MATIII. In our model, we assume that the
initial concentration of both MATI and MATIII will be
consumed within a very short time (~1 minute). In this
situation, we can see that methionine accumulates
quickly after running out of MATI and MATIII
(MATI/III deficiency). All subsequent intermediate
synthesis is thereafter completely blocked (Figure 9).
This means that the whole cycle is non-functional and
this can lead to various diseases. MATI/III deficiency
results in hypermethioninemia [11] and a decline in
AdoMet levels, resulting in cirrhosis [14].
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Figure 4 Effect of methionine deficiency
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4.4 The effect of SM and GNMT deficiency

We set the initial concentrations of SM
(S-adenosyl- methionine- dependent methyltransferases)
and GNMT (glycine N-methyltransferase) at zero to
mimic this condition. After running the simulation, we
found that deficiency of GNMT did not significantly
alter the methionine cycle. However, deficiencies in SM
cause [AdoHcy] to drop, which is accompanied by
dramatic decreases in [Homocysteine] and
[Cystathionine] (Figure 5). The low concentration of
cystathionine can lead to cardiovascular disease.

25

—=- Normal methionine

In our model, we have shown that a lack of folate will
elevate levels of the endothelial cell toxin, homocysteine,
which can cause colorectal cancer [16, 7] and neural
tube defects (NTDs) [5].
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Figure 5 Effect of SM deficiency

4.5 The effect of AH deficiency

In Figure 6, a simulation of AH deficiency is
presented. We observed that if there is no functional AH
in vivo, [Homocycteine] will decrease directly and then
cause a decline in the concentrations of cystathionine
and methionine. This also may increase the risk of
cardiovascular disease.

y/ﬁff"
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—=— Normal methionine
cycle_Homocysteine
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7
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.
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Figure 6 Effect of AH deficiency

4.6 The effect of folate deficiency

It has been shown that high blood levels of
homocysteine can cause cardiovascular disease. By
decreasing plasma total homocysteine using nutritional
cofactors (such as folate), one can reduce the risk of
cardiovascular events. In our model, after removing the
folate supply, we can see that both [Methionine] and
[AdoMet] decrease slightly, while [Homocysteine] and
[Cystathionine] increase (Figure 7 (a) and (b)). This
explains the findings described in literature [15, 16] that
mildly elevated circulating homocysteine concentrations
are associated with increased risk of vascular occlusion.

IU/J
13 5 7 9 111315 17 1921 23 % 27 9 3 B B Y

time(100 pt)

Figure 7 (a) Effect of folate deficiency on homocysteine
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Figure 7 (b) Effect of folate deficiency on cystathionine

4.7 The effect of betaine and methionine
synthase (MS) deficiency

Betaine is a chemical that activates the enzyme
BHMT. In order to simulate the effect of betaine and
MS deficiency, we set [BHMT] and [MS] equal to zero.
The result is that [Cystathionine] and [Homocysteine]
increase (Figure 8 (a) (b), 9 (a) (b)). In humans, this
translates into diseases such as megaloblastic anemia
and neurological abnormalities (e.g. NTDs) [7, 8].

8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25§
time(100 pt)

2627 28 29 30 31 32 33

‘* Normal methionine cycle_Homocysteine —+— Betaine dcﬁuicnuyj—{omocyslcinc‘

Figure 8 (a) Effect
homocysteine

of betaine deficiency on

- 1402 -



m =
e

123 45678 91011 121314151617 1R 1920 21 22 23 24 25 26 27 2R 29 30 31 32 33 34 35 36 37
time(100 pt)

‘+ Normal methionine cycle_Cystathionine = Betaine dcﬁcicncy?(‘y.\lzuhioninc‘

Figure 8
cystathionine

(b) Effect of betaine deficiency on

123456789 10111213141516 1718 19 2021 22 23 24 25 26 27 28 29 30 31 32
time(100 pt)

‘ —— Normal methionine cycle_Homocysteine —— MS deﬁcmncy_Homocysleme‘

Figure 9 (a) Effect of methionine synthase deficiency
on homocysteine
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Figure 9 (b) Effect of methionine synthase deficiency
on cystathionine

5: CONCLUSION

By adding protein self-degradation, feedback
activation and inhibition into our integrated methionine
cycle, the simulation results are quite intriguing. Our
study has demonstrated the utility of using a program
based model to predict various effects on the methionine
cycle.

Although these simulation results are quite
intriguing, metabolic pathways are not closed and
independent systems. Other amino acids and
intermediates may also interact with the methionine
cycle, which we did not take into account in this paper.
Future studies will encompass more of these variables

and hopefully further elucidate these metabolic
pathways and the diseases attributed to their
dysregulation. KEGG provides many metabolic
pathways that include metabolites that interact within
the methionine cycle. The full-size simulation is a
challenging endeavor and we intend to add them in our
model in the near future.
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