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The model consists of 10 differential equations that express the rate of change of each of
the substrates in the rectangular boxes in Figure 1.
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Figure 1: Folate and Methionine Metabolism. The enzymes are: AICART,
aminoimidazolecarboxamide ribonucleotide transferase; BHMT, betaine-homocysteine
methyltransferase; CBS, cystathionine [-synthase; DHFR, dihydrofolate reductase;
DNMT, DNA-methyltransferase; FTD, 10-formyltetrahydrofolate dehydrogenase; FTS, 10-
formyltetrahydrofolate synthase; GNMT, glycine N-methyltransferase; MAT, methion-
ine adenosyl transferase; MS, methionine synthase; MTD, 5,10-methylenetetrahydrofolate
dehydrogenase; MTCH, 5,10-methenyltetrahydrofolate cyclohydrolase; MTHFR, 5,10-
methylenetetrahydrofolate reductase; PGT, Phosphoribosyl glycinamidetransformalase;
SAHH, S-adenosylhomocysteine hydrolase; SHMT, serinehydroxymethyltransferase; TS:
thymidylate synthase.

The mathematical model merges two previously published models on the folate cycle [24]
and the methionine cycle [23]. These cycles are connected not only by the MS reactions but
also by the inhibition of MTHFR bt SAM and GNMT by b5mTHEF. In [23], [FmT HF] was
calculted indirectly since the folate cycle was not present. Now it is calculated explicitly
by solving the differential equations for the folate cycle. Because of these differences, it is
not surprising that the balance of some substrates in the initial combined model differed
somewhat from those reported in the literature and generated by the previous independent
cycle models. We therefore modified somewhat a few parameters (within published ranges)
to obtain appropriate concentrations. These changes were: the V., of MTHFR was reduced
from 6000 to 5000 M /hr; the V., of the CBS reaction was reduced from 100,000 to 90,000
M /hr; the V4, of the GNMT reaction was increased from 160 to 288 M /hr; the inhibition
constants for SAH on GNMT and DNMT were lowered from 18 to 10.8 uM and from 1.4
to 0.84 uM, respectively; the V., values of the TS and DHFR reactions were increased 100



fold (from 50 to 5000 pM/hr) to simulate the conditions of rapid growth. In the in silico
experiments described in the text, the model parameters and equations were those given
below, except for the parameter whose effect was being tested in a particular experiment.

For simplicity of notation, we will use the following abbreviations:

5mTHE =
THF
DHF
CH2F
CHF =
10fTHF
MET
SAM
SAH
HCY

metin =

5-methyltetrahydrofolate
tetrahydrofolate

dihydrofolate
5-10-methylenetetrahydrofolate
5-10-methenyltetrahydrofolate
10-formyltetrahydrofolate
methionine
S-adenosylmethionine
S-adenosylhomocysteine
homocysteine

the rate of input of methionine to the system in pM/hr

The following other substrates are assumed to have constant concentrations (uM):

[GAR] = 10
[AICAR] = 2.1
[INADPH] = 50
[GLY] = 1850
[SER] = 468
[BET] = 50
[HCOOH] = 500
[HyC = O] = 500
[DUMP] = 20

glycinamide ribonucleotide
aminoimidazolecarboxamide ribonucleotide
nicotinamide adenine dinucleotide phosphate
glycine

serine

betaine

formate

formaldehyde

deoxyuridine monophophate

For each of the biochemical reactions indicated by a reaction arrow in Figure 1, we denote
the velocity of the reaction (in pM /hr) by a capital V' whose subscript is the acronym for the
enzyme that catalyzes the reaction. Thus, for example, the velocity of the methione synthase
reaction is denoted by Vjss. Each of these velocities depends on the current values of one or
more of the metabolite concentrations and possibly also on one or more of the other inputs
that are assumed constant. The 10 differential equations express the time rate of change (in
uM/hr) of each of the 10 substrates in terms of the velocities. One can see explicitly what
each of the velocities depends on.



d[5mTHF]
dt

= Vurarr([CH2F),[INADPH], [SAM), [SAH)) — Viss([5mTHF), [HCY])

d[T;f Fl_ Verp([L0fTHE)) + Vis([5mTHF), [HCY)) 4+ Vpar([10fTHF], [GARP])
+Varr([10fTHF), [AICARP]) — Vprs([THF), [HCOOH],[10fTHF))
~Veuur([SER), [THF), [GLY], [CH2F]) — Vyp([THF], [H,C = O], [CH2F))
+Vourr([DHF)],[NADPH))

d[Dd?F] = Vrs([DUMP],[CH2F]) — Vpurr([DHFR], [NADPH))

d[CizF] = Vsuur([SER], [THF), [GLY],[CH2F]) + Vyp([THF], [HC = O, [CH2F])
—Vrs([DUMP), [CH2F)) = Virurr([CH2F), [INADPH], [SAM], [SAH])
~Vauup([CH2F), [CHF))

d[Cdi[F] = Vuup([CH2F], [CHF]) = Vuen((CHF), [10fTHF])

d[lofdeF] = Vuen([CH2),[10fTHF)) + Vers([THF], [HCOOH], [10fTHFI)
~Vper([L0fTHE), [GARP]) — Vapr([L0fTHF], [AICARP]) — Verp([10fTHFY))
d[]\étET] = Veunur([HCY],[BET], [SAM], [SAH]) + Vys([5mTHF)],[HCY]) + metin(t)
~Vaari([MET, [SAM]) = Vagari (M ETY, [SAM])
d[Sth] = Vaarr([MET), [SAM]) + Vararrr([MET], [SAM])
—Vonur([SAM, [SAH], [5mTHF]) = Vo ur ([SAM], [SAH])

WA Ve ((SAM). [SAH]. [5mT HE]) + Vonasr((SAM]. [SAH])
~Vsaan([SAH], [HCYY)

d[HdSY] = Voaan([SAH],[HCY]) — Veps([HCY], [SAM], [SAH])

Vi ([HCY], [BET), [SAM], [SAH]) — Virs(5mT HF], [HCY));



For many of the velocities, we assume that their dependence on substrates has Michaelis-
Menten form. Veprp is uni-directional with one substrate and has the form:

Vmax [S]

V = K. 175 S

Vsaam, Vienr, and Vygp are reversible Michaelis-Menten with one substrate in each term.
Varrs Vrs, Vourr, Vear, and Vyg are modeled by random order Michaelis-Menten with two

substrates:
Vmax [Sl] [52]

(K + [S1]) (K2 + [S2])
Vet is assumed to be reversible random order Michaelis-Menten kinetics kinetics with

two substrates in each term. For all these velocities the form is clear and the K, and V..
values appear in Table 3, below, along with references.

V:

We now discuss remaining velocities individually.

BHMT. The kinetics of BHMT are Michaelis-Menten with the parameters K, = 12,
K0 =100, and V,,,0, = 1125 [8],[32]. The form of the inhibition of BHMT by SAM was
derived by non-linear regression on the data of [9] and scaled so that it equals 1 when the
methionine input rate is 100 M /hr.

o~ 0021((SAMIH[SAH]) +.0021(77.2) Vinaa[HCY][BET]

Veumr (K1 + [HCY]) (Ko + [BET))

CBS. The kinetics of CBS are standard Michaelis-Menten with K, = 1000 taken from [11]
and V.. = 90,000. The form of the activation of CBS by SAM was derived by non-linear
regression on the data in [16] and [19] and scaled so that it equals 1 when the methionine
input rate is 100 pM/hr.

oo (vmaz[HCY] )( (1.2)([SAM] + [SAH])* )
B = \ K+ [HCY]) \(30)2 + ([SAM] + [SAH])?

DNMT. The DNA methylation reaction is given as a uni-reactant scheme with SAM as
substrate. That is, the substrates for methylation are assumed constant. Their variation

can be modeled by varying the V,,... The kinetic constants, V.. = 180, K,, = 1.4, and
K; = .84 are from [12].

Vinaz [SAM]

K (1+ B2 4 [SAM]

VDNMT



GNMT. The first factor of the GN MT reaction is standard Michaelis-Menten with V.. =
288, and K, = 63 estimated from [25], Figure 8. The second term is product inhibition by
SAH from [28] with K; = 10.8. The third term, the long-range inhibition of GNMT by
S5mTHF, was derived by non-linear regression on the data of [39], Figure 3, and scaled so
that it equals 1 when the methionine input rate is 100 pM /hr.

y _<W@%M) 1 ( 438 )
CNMT T\ Ky + [SAM]) \ 1 + BAHL |\ 0.35 + [5mth ]

K

MAT-I. The MAT-I kinetics are from [35], Table 1, and we take V,,, = 260 and K, = 41.
The inhibition by SAM was derived by non-linear regression on the data from [35], Figure

D.
Vinaz| M ET)|

izt = (Km+ [MET]

) (0.23 + (0.8) ¢~ (0-0026)[SAM])

MAT-III. The methionine dependence of the M AT —II1I kinetics is from [26], Figure 5,
fitted to a Hill equation with V., = 220, K,, = 300. The activation by SAM is from [35],
Figure 5, fitted to a Hill equation with K, = 360.

Vnao[METJ' \ (1 (T:2)[SAM]?
m+wmw&( mmﬂmmJ

VMAT—III = (

MTHFR. The first factor in the formula for the MTHFR reaction velocity

v B Vinaz|CH2F|[NADPH)| (6.1)(10)
MIRER = (K1 + [CH2F)) (Ko + [INADPH]) 10+ [SAM] — [SAH]

is standard Michaelis-Menten with K,,; = 50, K,,» = 16, and V,,,; = 5000 taken from
[21][13][7].

The inhibition of MT HF R by SAM, the second factor, was derived by non-linear regres-
sion on the data of [17][37] and has the form 10/(10 + [SAM]). In addition, SAH competes
with SAM for binding to the regulatory domain of MTHF R. It neither activates nor in-
hibits the enzyme [37] but prevents inhibition by SAM; thus, we take our inhibitory factor
to be:

10

10+ [SAM] — [SAH]’
The factor 6.1 scales the inhibition so that it has value 1 when metin = 100 pM/hr.

I =




NE. The kinetics of the non-enzymatic reversible reaction between THF and CH2F are taken
to be mass action.

Vwe = kUTHF|[H,C = O] — k2[CH2F],
The rate constants k1 = 0.3 and k2 = 23.2 are taken from [14][22].
Table 3. Model kinetic parameter values (time in hrs., concentrations in pM).

Parameter Literature Model Reference

AICART Aminoimidazolecarboximide ribotide transformylase

KpofraF 5.9-50 5.9 [36][33][34][27]
K ATCAR 10-100 100 [36][33][27]
Vinaz 370-44400 45000
DHFR. Dihydrofolate Reductase
Ky pHF 0.12-1.9 0.5 [15][36][33][3]
Ky NADPH 0.3-5.6 4.0 [15][36][33][3]
Vinaz 350-23000 5000 [15][36][33]
FTD. 10-formyltetrahydrofolate dehydrogenase
Ky 0fTHF 0.9 0.9 [18]
Vinaz 3300
FTS. 10-formyltetrahydrofolate synthase
Ky rHF 0.1 - 600 10 [36][34]
K, mcoon 8 - 1000 43 [36][34]
Vinazx 100 - 486000 3000 [36][34]
MS. Methionine Synthase
Ko smTHF 25 [10][1]
K, ooy 0.1 2]
Vinaz 500 2]
MTCH. 5,10-methylenetetrahydrofolate cyclo-hydrolase
(positive direction is from CHF to 10fTHF)
Kp.cHF 4-250 250 [36][33][34]
Vinaz 880-1380000 800000 [33][34]
K 10fTHF 20-450 100 [36][33][34]
Vinaz 10.5-1380000 20000 [33][34]
MTD. 5,10-methylenetetrahydrofolate dehydrogenase
(positive direction is from CH2F to CHF)
K, cH2F 2-5 2 [36][34]
Vinaz 520-594000 200000 [15][36][34]
Kpy.cHF 1-10 10 [38][34]
Vinaz 594000 594000 [34]



PGT. Phosphoribosyl glycinamide transformylase

K 10fTHF 4.9-58 4.9 [36][33][4][5]
K.car 520 520 [36][33][4][5]
Vinaz 6600-16200 16200 [36][33][4][5]

SAHH. S-adenosylhomocysteine hydrolase

(positive direction is from SAH to HCY)
Km,san 10 [23]
Vinaz 5000 [23]
Km oy 1 [23]
Vinaz 5000 [23]

SHMT. Serine Hydroxymethyltransferase

(positive direction is from THF to CH2F)
K SER 350-1300 600 [36][33][34][7][29]
Ky rHF 45-300 50 [36][33][34][30][31]
Vinaz 500-162000 40000 [15][33][34][31]
KGMY 3000-10000 10000 [15][36][33][34][29]
K cH2F 3200-10000 3200 [15][33][34][30]
Vinaz 12600-120,000,000 25000 [15][33][34]

TS. Thymidylate Synthase
K. pump 5-37 6.3 [15][36][6][20]
Ko cror 10-45 14 [15)(36] 6][20)
Vinaz 30-4200 5000 [33][20]

The following table gives the steady-state values of all the variables and fluxes when the
methionine input is 100 xM /hr and the total folate concentration is 20 pM. “frac” denotes
Vess/(Vess + Veumr + Vus), the fraction of flux arriving at HCY from SAH that is
diverted to the transsulphuration pathway. Concentrations are in uM and fluxes in M /hr.

Table 4. Steady-State Values when metin = 1004 /hr and total folate is 20 pM.

MET = 48.00 Vivear—r = 127.1 CH2F = 0.90 Vyvrarr = 66.77
SAM = 64.42 Vvar—ir = 7135  5mTHF = 4.02 Vvap = 2444
SAH = 13.04 Vonur = 132.43 THF =38.01 Vuron = 2444
HCY =111 Vanmur = 66.05 DHF =0.03 Veer = 1674
frac = 0.50 Vsamm = 198.5 CHF =112 Varr = 464
Vs = 66.8 10fTHF = 5.93 Virs = 1340
Veamr = 31.72 Virp = 3201
VC’BS - ].00 VSHMT - 2151
Ve = 9590
Vrs = 230
Vprrr = 230



References

[1] Banerjee, R. , Frasca, V., Ballou, D., and, Matthews, R., 1990. Participation of
Cob(I)alamin in the reaction catalyzed by methionine synthase from FEscherichia coli:
a steady state and rapid reaction kinetic analysis. Biochem., 29, 11101-11109.

[2] Banerjee, R. , Chen, Z., and Gulati, S. 1997. Methionine synthase from pig liver. Meth.
Enzymol., 281, 189-197.

[3] Blake, R. L.. (1995). Eukaryotic dihydrofolate reductase. Adv. Enzymol. 60, 23-777.

[4] Caperelli, C.A. (1985). Mammalian glycinamide ribonucleotide transformylase: purifi-
cation and some properties. Biocemistry,24, 1316-1320.

[5] Caperelli, C.A. (1989). Mammalian glycinamide ribonucleotide transformylase. Kinetic
mechanism and associated de novo purine biosynthetic activities. J. Biol. Chem.,264,
5053-5057.

[6] Carreras, C.W. and Santi, D.V. (1995). The catalytic mechanism and structure of
thymidylate synthase. Ann. Rev. Biochem.,64, 721-762.

[7] Daubner, S.C. and Matthews, R.G. (1982). Purification and properties of methylenete-
trahydrofolate reductase from pig liver.J. Biol. Chem.,257, 140-145.

[8] Finkelstein, J. D., Harris, B. J., and Kyle, W. E. 1972. Methionine metabolism in mam-
mals: kinetic study of betaine-homocysteine methyltransferase, Arch. Biochem. Biophys.,
153, 320-324.

[9] Finkelstein, J. D., and Martin, J. J. (1984) Biochem. Biophys. Res. Comm. 118, 14-19

[10] Finkelstein, J. D., and Martin, J. J., 1986. Methionine metabolism in mammals: adap-
tation to methionine excess, J. Biol. Chem. 261, 1582-1587.

[11] Finkelstein, J. (2001) in Homocysteine in Health and Disease (Carmel, R., and Jacobsen,
D. W., eds)pp. 92-99, Cambridge Univ. Press, Cambridge

[12] Flynn, J., and Reich, N. (1998) Biochemistry 37, 15162-15169

[13] Green, J. M., MacKenzie, R. E., & R. G. Matthews (1988). Substrate flux through
methylenetetrahydrofolate dehydrogenase: Predicted effects of the concentration of
methylenetetrahydrofolate on its partitioning into pathways leading to nucleotide biosyn-
thesis or methionine regeneration. Biochemistry 27, 8014-8022.

[14] Jackson, R.C. 1973. Kinetic simulation of anticancer drug interactions, Int. J. Bio-
Medical Comp., 11, 197-224.

[15] Jackson, R.C. and Harrap K.R. (1973). Studies with a mathematical model of folate
metabolism. Arch. Biochem. Biophys., 158, 827-841.



[16] Janosik, M., Kery, V., Gaustadnes, M., Maclean, K. N., and Kraus, J. P. (2001) Bio-
chemistry 40, 10625-10633

[17] Jencks, D. A., and Matthews, R. G. (1987) J. Biol. Chem. 262, 2485-2493

[18] Kim, D.W., Huang, T., Schirch, D., & V. Schirch (1996) Properties of
Tetrahydropteroylpentaglutamate bound to 10-formyltetrahydrofolate dehydrogenase.
Biochem.,35, 15772-15783.

[19] Kluijtmans, L. A. J., Boers, G. H. J., Stevens, E. M. B., Renier, W. O., Kraus, J. P.,
Trijbels, F. J. M., van den Heuvel, L. P. W. J., and Blom, H. J. (1996) J. Clin Invest. 98,
285-289

[20] Lu, Y.-Z., Aiello, P.D. and Matthews, R.G. (1984). Studies on the polyglutamate speci-
ficity of thymidylate synthase from fetal pig liver. Biochemistry, 23, 6870-6876.

[21] Matthews, R.G. (1986). Methylenetetrahydrofolate reductase from pig liver. Meth. En-
zymol., 122, 372-381.

[22] Morrison, P. F. and Allegra, C. J. (1989) Folate cycle kinetics in human breast cancer
cells. J. Biol. Chem. 264, 10562-10566.

(23] Nijhout, H. F., Reed, M. C., Anderson, D. A., Mattingly, J., James, S. J., Ulrich, C.
M. 2006. Long-Range Allosteric Interactions between the Folate and Methionine Cycles
Stabilize DNA Methylation Reaction Rate, Epigenetics, 1, 81-87.

[24] Nijhout, H. F., Reed, M. C., Budu, P., and Ulrich, C. M. 2004. A Mathematical Model
of the Folate Cycle. J. Biol. Chem. 279, 55008-55016

[25] Ogawa, H., and Fujioka, M. (1982) J. Biol. Chem. 257, 3447-3452

[26] Sanchez del Pino, M. M., Corrales, F. J., and Mato, J. M. (2000) J. Biol. Chem. 275,
23476-23482

[27] Rayl, E.A., Moroson, B.A. and Beardsley, G.P. (1996). The human purH gene prod-
uct, 5-aminoimodazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydro-

lase. Cloning, sequence, expression, purification, kinetic analysis, and domain mapping..J.
Biol. Chem.,271, 2225-2233.

[28] Reed, M. C., Nijhout, H. F., Sparks, R., and Ulrich, C. M. (2004). A Mathematical
model of the methionine cycle. J. Theor. Biol. 226, 33-43.

[29] Schirch, V., Hopkins, S., Villar, E. and Angelaccio, S. (1985). Serine hydroxymethyl-
transferase from Escherichia coli: purification and properties. J. Bacteriol., 163, 1-7.

[30] Schirch, V. (1997). Purification and properties of folate-dependent enzymes from rabbit
liver. Meth. Enzymol.,281, 146-161.

10



[31] Schirch, L. & Peterson, D. (1980). Purification and properties of mitochondrial serine
hydroxymethyltransferase. J. Biol. Chem.,255, 7801-7806.

[32] Skiba, W. E., Taylor, M. P., Wells, M. S., Mangum, J. H., and Awad, W. M.
1982. Human hepatic methionine biosynthesis. Purification and characterization of be-
taine:homocysteine S-methyltransferase, J. Biol. Chem., 257, 14944-14948.

[33] Seither, R. L., Trent, D. F., Mikulecky, D. C., Rape, T. J., & I. D. Goldman (1989)
Folate-pool interconversions and inhibition of biosynthetic processes after exposure of
L1210 leukemia cells to antifolates. J. Biol. Chem., 264, 17016-17023.

[34] W.B., Tendler, S.J., Seither, I.D.G. and Schirch, V. (1990). Purification and properties
of serine hydroxymethyltransferase and Cl-tetrahydrofolate synthase from L1210 cells. J.
Biol. Chem.,265,

[35] Sullivan, D. M., and Hoffman, J. L. (1983) Biochemistry 22, 1636-1641.

[36] Vorontzov, I.N., Greshilov, M.M., Belousova, A.K. and Gerasimova, G.K. (1980).Math-
ematical description and investigation of the principles of functioning of the folic acid
cycle. Biokhimiya, 45:, 83-97.

[37] Yamada, K., Chen, Z., Rozen, R., and Matthews, R. G. (2001) PNAS 98, 14853-14858

[38] Wagner, C. (1995) Biochemical role of folate in cellular metabolism, in Folate in Health
and Disease(Bailey, L. B., ed.),pp. 23-42, Marcel Dekker, New York.

[39] E.-J. Yeo, E.-J., and Wagner, C. (1992) J. Biol. Chem. 267, 24669-24674



