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Abstract

Epigenetic control by methylation is directly dependent on SAM/methionine. Free methionine aside from being
used for protein synthesis is activated to universal methyl group donor SAM and the methyl group from it can be
transferred mainly onto DNA, histones, mRNA and noncoding (Nc) RNA, in the nucleus and onto various cytosolic
recipients by specific methyltransferases. The product S-adenosylhomocysteine (SAH) from methyltransferase
reaction is cleaved into free homocysteine and adenosine. Homocysteine has two fates, one to enter methionine re-
synthesis which requires methionine synthase (MetS), the coenzymes N5-methyltetrahydrofolate (vitamin B9) and
methylcobalamin (vitamin B12). The second option of homocysteine is to enter cysteine synthesis pathway which
requires cystathionine -synthase (CBS), serine, vitamin B6 (pyridoxal phosphate) and cystathionine y-lyase (CGL). |
predict serine and vitamin B6 are the critical diverting factors in a fully developed organism where the methylation is
minimal and all other factors such as MetS, B9, B12, ATP, Methionine adenosyltransferase (MAT), are more
relevant during normal development or in abnormal deregulated cancer cell metabolism. In a developed organism
the demethylation pathway would play a critical role during tissue regeneration and must involve hydroxylation
(CH20H), oxidation (CHO) and decarboxylation (COOH) and the corresponding hydroxylase, oxidase and
decarboxylase. The hydroxylation is predicted to involve vitamin C (ascorbate) and decarboxylation would involve
(vitamin B6). The control of methylation and equally the demethylation is extremely crucial for epigenetic control
mechanisms (gene suppression/expression) and any dysregulation would cause abnormal tissues/cancer.

L J

intracellular red/ox states [6]. It is the thiol, a reduced functional
group of cysteine that participates in cells redox reactions functioning
in the form of glutathione [6] or thioredoxin protein [7]. Cysteine is
also used in many proteins during synthesis. During the course of
these redox reactions cysteine gets oxidized to cystines (the peptide or
protein disulfide). Free cysteine can also be oxidized in tissues like
brain to form taurine (2-aminoethylsulfonate) which serves as a
neurotransmitter [8].

Keywords: Methionine;  S-adenosylmethionine (SAM);  5-
methylcytosine;  Biochemistry  of  methylation/demethylation;
Epigenetic control by methylation/demethylation

Perspectives

The element sulfur with an atomic number of 16 and a mass of
~32.07 had been incorporated in various organisms during the course
of evolution and it occurs in different redox forms. In mammals, one
form of sulfur is obtained as sulfate anion which is transported via
several tissue specific carrier proteins that are located on the plasma
membranes [1]. Once inside the cell, sulfate anion is converted into
universal sulfonate (sulfuryl) donor 3’phosphosdenosine 5’-
phosphosulfate (PAPS) in two steps catalyzed by ATP sulfurylase and
APS kinase activities of PAPS synthase (PAPSS) [2]. There are
different isozymes and isoforms (splice variants) of PAPSS in humans
[3]. The transfer of sulfonate group from PAPS onto a recipient sugar,
protein or lipid is catalyzed by several specific sulfotransferases
(SULT’s) [4]. The sulfate of the recipient compound would receivel
negative charge. In contrast, the kinases transfer phosphoryl group
from ATP on to recipient molecule to form a phosphate group which
would bear 2 negative charges. Beside the charge differences between
phosphate and sulfate group on the recipient molecule and very minor
bond length (tetrahedral phosphate, P=O~152 pm) (tetrahedral sulfate
S§=0 ~149 pm), what evolutionary advantage it may impart is a
paradigm except we can conceive that the system had added additional
variety to the metabolic pool. The reduction of sulfate to sulfide
doesn’t happen in humans (mammals), instead humans obtain the
most reduced sulfide in the form of sulfur amino acid cysteine [5].
Cysteine is required for tripeptide (y-glutamyl- Cys-Gly), glutathione

Metabolic draining of cysteine into GSH metabolism due to high
demands of the xenobiotic detoxification by glutathione s-transferase
can lead to reduced methionine pools. This in turn can reduce overall
methylation of epigenomes and increase the risk for cancer [9].
Besides cysteine, the other form of sulfur that humans can intake
through diet is methionine. Methionine is a sulfur amino acid which
has carbon-sulfur-methyl thioether bond [10]. Methionine is activated
to s-adenosylmethionine (SAM) using ATP as an adenosyl donor by
methionine adenosyltransferase (EC 2.5.1.6). SAM is the universal
methyl group donor which bears a positive charge on the sulfur
[11,12]. The role of SAM in histone, DNA and mRNA methylation is
extremely crucial in epigenetic regulations of genome/gene
expressions [13]. Once the methyl group is transferred to a recipient
molecules such as nucleic acids, lipids, proteins and sugars the side
product s-adenosylhomocysteine (SAH) is cleaved into homocysteine
and adenosine. SAH is a potent inhibitor of methyltransferases and
SAH is cleaved into adenosine and homocysteine by SAH hydrolase
[14]. Free homocysteine can take two pathways either to enter cysteine
synthesis or the methionine resynthesis. For cysteine synthesis:
homocysteine first condenses with serine to form cystathionine with
the elimination of H,O, catalyzed by pyridoxal phosphate [PLP,

(GSH) synthesis. GSH is the cells reducing agent that controls

(coenzyme derivative of vitamin B6)] dependent cystathionine -
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synthase (CBS) (E.C. 4.21.22) [15]. Cystathionine -lyase (CGL) (E.C.
4.4.1.1) [16], a trans-sulfurylase using PLP cleaves cystathionine at the
y-position to release cysteine and the rest of the moiety is deaminated
to form a-ketobutyrate and ammonia. For methionine resynthesis: the
free homocysteine is converted into methionine by methionine
synthase [5-methyltetrahydropteroyl-L-glutamate: L-homocysteine s-
methyltransferase, (E.C. 2.1.1.13)] using methyl group from 5-methyl-
tetrahydrofolate and the coenzyme methylcobalamin (vitamin B12)
[17]. Methionine synthase is the only enzyme that uses both vitamin
B9 (in the form of methyl-tetrahydrofolate) and vitamin B12 (in the
form of methylcobalamin) [18]. The other only enzyme that uses
vitamin B12 in the form of adenosylcobalamin is methylmalonyl CoA
mutase. Thus, the importance of coenzyme forms of both vitamin B9
(folate) and B12 (cobalamin) is extremely crucial for endogenous
synthesis of methionine. Whereas it seems like vitamin B6 and
especially serine are important factors in diverting homocysteine to
cysteine synthesis. From free methionine s-adenosylmethionine
(SAM) is synthesized using ATP by methionine adenosyltransferase
(MAT). There are cytosolic and nuclear MAT’s which can partition
the SAM between cytosol and nucleus. The MAT II is the nuclear
isoform which can serve as a transcriptional corepressor for Maf
oncoprotein  [19]. In the cytosol the tri-methylation of
phosphatidylethanolamine to form phosphatidylcholine and
endogenous formation of carnitine from trimethyl-lysine are the main
methylation reactions that happen in most tissues. In some specialized
tissues of brain, epinephrine synthesis from norepinephrine and
degradation of catecholamine involves N and O methylation. In
contrast to cytosol, the methylation metabolism in the nucleus mainly
happens to methylate DNA, histones and NcRNA, mRNA 5G-
capping, which are all very active during development. In contrast the
reverse process of demethylation would dominate during tissue
regeneration and  during developmental patterning and
reprogramming. Abnormal methylation patterns can cause metabolic
deregulation and eventual cancer. The disruption of cytosolic and/or
nuclear methionine pools and its effects on specific methylation
defects are under investigation by transfection of bacterial methionine
degrading enzyme (MGLD) an enzyme that is absent in mammals
[20], Venkatachalam et. al. unpublished]. This would help unravel
methionine deprivation induced changes in cancer/normal cell
metabolism and growth. Under abnormal conditions due to low levels
of endogenous coenzymes B9, B12 and/or due to low activities of
methionine synthase (mutant form), free homocysteine can
nonspecifically form homocysteinethiolactone (a cyclic ester) through
low fidelities of cysteinyl tRNA synthetase. Homocysteine thiolactone
is very reactive compound that can form modified LDL which
eventually can aggregate and lead to atherosclerotic plaques. In
addition homocysteine can be channeled for cysteine synthesis when
the levels of B6, serine, CBS and CGL are appropriate. If there is a
severe defect in any one of the two pathways of homocysteine
metabolism it is sufficient to cause homocysteinemia [21]. Thus, the
dynamic regulation of sulfur amino acid pool is extremely crucial for
normal cell metabolism. The disruption of this metabolism could lead
to various problems such as redox imbalance or methylation defect. In
brain this can lead to autism spectrum of diseases, psychiatric
disorders, neurodegenerative and other related diseases. The
molecular developmental gene expressions of various enzymes
described above would control the overall methylations patterns of
histones, DNA and mRNA which then would control the expressions/
suppressions of genes that are under morphogenetic and
environmental cues/regimens [22-24]. The dietary practices and
intakes of the key sulfur amino acids can also influence intracellular

pools of these metabolites which in turn can control the epigenetic
patterns and epigenetic circuits of neuron potentiation and
reinforcements. This dietary influence can affect various cell types on
its metabolism and epigenetics [25]. The three key behavioral elements
of life: acceptance, avoidance and contradictions are reinforced by
short term and long term mechanisms and they are perhaps controlled
at the epigenetic levels by methylation patterns/circuits. The
nucleotide cytosine is often methylated at the 5th carbon by specific
methyltransferase. Under certain conditions 5-methylcytosine can
undergo deamination at the 4th position and can lead to the formation
of deoxythymine (dT). This can then result in aberrant molecular
pattern formation at the epi level of DNA due to newly formed dT
residues.

However, under normal conditions at the epigenetic level the 5 mC
(“zeroes”) and the de/unmethylated cytosine (“ones”) can perhaps
serve as epigenetic codes. Thus in an analogy one could envision what
computer codes are made of: the zeroes and ones. Whether the
formation of dT happens naturally or due to mutagen induced
deaminase expression is not very clear. Nevertheless the expression
and the regulation of deaminase due to environmental stimuli or
during developmental patterning are very significant. The removal of
dT base pair happens through the activities of base pair excision
[26,27]. Though equally important the process of demethylation is
poorly understood. Biochemically demthylation of intact methyl group
is difficult. However, upon hydroxylation, and further oxidation into
formyl and carboxyl it can be removed easily. The original methyl
group now in the form of labile carboxyl group can be decarboxylated
by coenzyme PLP, dependent decarboxylase(s) (Venkatachalam
unpublished). The hydroxylation of 5-methylcytosine to form 5-hmC
catalyzed by specific hydroxylases is a reaction that is part of the
methyl erasing process which I predict would require vitamin C
ascorbate. The direct role of activated methionine, SAM in
methylation (methyl writing) is extremely crucial in epigenetic control
mechanisms. The methyl group recognition by various transcription
factors (methyl reading) is very crucial for gene expression patterns
that are cell/tissue specific. Demethylation (methyl erasing) of
histones, DNA and NcRNA after hydroxylation, oxidation and
decarboxylation could be a normal process during fetal development,
growth and adult tissue regeneration. However, inappropriate
methylation  (writing), methyl recognition (reading) and
demethylation (erasing) due to environmental pollutants and toxins
can lead to alterations and eventual disease manifestations such as
cancers, neurological degenerations and various debilitating diseases.
Thus, the fine balance of keeping the methylated (suppressed)/
demethylated (expressed) states of histones, DNA and NcRNA are
fundamental in maintaining normal biology of cell. Deregulation/
dysregulation in this fine balance could alter the nature of the
organismal physiology [28].

Conclusions

Methylation/demethylation pathways are critical in controlling the
epigenetic mode of gene suppression/expression. For methylation:
MetS, CBS, SAM synthase, SAH, vitamin B9, vitamin BI2,
methyltransferases, methionine nuclear transporter, ATP and MAT
are required to tightly regulate the cycle (Figure 1). Although wealthy
of information is available regarding methylation the process of
demethylation is poorly understood. For demethylation: cytosine
methyl hydroxylase (purported vitamin C dependent enzyme), oxidase
and the decarboxylase must be tightly regulated. The vitamin B6
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dependent cytosine 5-decarboxylase is newly proposed and poorly
understood enzyme that needs to be characterized thoroughly
(Venkatachalam unpublished). Cytosine 5-decarboxylase would be
controlled developmentally, temporally and chronologically. De/
dysregulated activity of cytosine 5-decarboxylase would result in
uncontrolled cell division and metabolism (Figure 2).
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