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Abstract: Three forms of methylated cytosines are present in the eukaryotic genome: 3-methylcytosine,
4-methylcytosine and 5-methylcytosine. 3-methylcytosines create methyl lesions, which impair local
DNA function and flexibility, resulting in replication and transcription error. On the other hand,
5-methylcytosine is usually present at the gene promoter which blocks transcription and translation.
Fe(Il) /20G-dependent nucleic acid-modifying enzymes are the class of enzymes responsible for the
demethylation of these modified cytosines. ALKBH2 and 3 remove 3-methylcytosine via a one-step
direct demethylation process. On the other hand, active demethylation of 5mC is initiated by Ten-
Eleven Translocation (TET)-family dioxygenases. Via oxidative demethylation, TET1-3 converts 5mC
into 5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine. Remarkably, recent findings
demonstrate that ALKBH2,3 possess oxidative demethylation properties, along with direct demethy-
lation. On the other hand, the TET family of enzymes possess direct demethylation properties along
with oxidative demethylation. Here we review the importance of methylated cytosines in human
DNA, their origin, function and removal. In addition, we discuss the recent findings of extraordinary
flexibility of Fe(II)/20G-dependent nucleic acid-modifying enzymes ALKBH2,3 and TET family of
enzymes in cytosine demethylation, as well as their impact on epigenetics.

Keywords: modified cytosine demethylation; ALKBH; direct demethylation; TET; oxidative
demethylation; functional flexibility

1. Introduction

The four nitrogen bases present in deoxyribonucleic acid (DNA) are adenine, guanine,
cytosine and thymine. Together with the four nitrogenous bases, many modified bases
are also found in eukaryotic DNA such as methyladenine, methylcytosine, etc. [1]. These
modified bases play an important role in DNA structure and DNA-protein interactions,
which in turn regulate gene expression [2]. Among all the modified bases present in DNA,
methylcytosine is most studied. In eukaryotic DNA, the methyl group in cytosine can
be attached to either nitrogen at position 3 or amino group at position 4 or carbon at
position 5 (Figure 1) which are represented as 3-methylcytosine, 4-methylcytosine and
5-methylcytosine respectively [3-5].

During the DNA damage, 3-methylcytosines (3mC) are generated. These 3mC bases
create methyl lesions which impair local DNA function [6]. In normal cells, these lesions
are removed by DNA repair pathways, but they may persist in cancer cells, leading to ma-
lignancy. Furthermore, when 3mC is encountered, high fidelity polymerases are inhibited,
affecting transcription as well [7]. So, the removal of 3mC is crucial for the prevention of
cancer. On the other hand, in 5-methylcytosine (5mC), the methyl group is present at the
C5 position of the cytosine molecule. In mammalian cells, 5mC in the CpG dinucleotide
context plays critical roles in X-chromosome activation, nuclear reprogramming, genomic
imprinting and gene expression [8-10]. The dynamic epigenetic modulation of 5mC is also
important during different phases of pluripotency, differentiation and development. [11].
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In addition, these modified bases are generally found in gene promoter, which inhibits gene
expression. So, the removal of 5mC is crucial for gene expression and transcription [12].

z:‘i Q fl

DNA DNA DNA

3mC 4mC 5mC

Figure 1. Structure of 3-methylcytosine, 4-methylcytosine and 5-methylcytosine in DNA.

2-oxoglutarate (20G)-dependent dioxygenases are a type of non-heme iron protein that
catalyzes a variety of reactions. Hydroxylation, ring expansions, ring closures, demethy-
lation and desaturations are examples of these reactions. [13]. The Fe(Il) /2-Oxoglutarate
(20G)-dependent dioxygenase superfamily of enzymes are extremely diverse and involved
in modifying nucleic acids and proteins, lipid-related metabolism, plant metabolite biosyn-
thesis, antibiotic biosynthesis, etc. [14]. One significant subgroup of this dioxygenase
superfamily is nucleic acid-modifying enzymes. To date, only two classes of enzymes
have been identified that can catalyze nucleic acid base modifications [15]. ALKBH and
TET are the two classes of enzymes that can remove methyl group (DNA demethylation)
from modified cytosines of DNA (3mC and 5mC respectively), which is physiologically
important in cancer prevention. The ALKBH family uses direct demethylation whereas
oxidative demethylation is the key process of the TET family of enzymes [16,17].

There are nine different types of ALKBH present in humans which are ALKBH 1-8
and FTO [18]. Among these ALKBH1, 2 and 3 are involved in the demethylation of 3mC
in DNA. These enzymes use a direct demethylation process to remove the methyl group
from cytosine in a single step (Figure 2A) [16]. On the other hand, the TET dioxygenases
are responsible for demethylation of 5mC in DNA. TET1-3 are the three types of TET
enzymes present in humans. The process by which TET enzymes remove the 5mC is
oxidative demethylation [17]. In this process the TET enzymes iteratively oxidize the 5-mC
to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5{C) and 5-carboxylcytosine (5caC)
(Figure 2B). Ultimately, 5fC and 5caC are excised by thymine DNA glycosylase [19].
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Figure 2. (A). Schematic representation of direct demethylation of 3mC by ALKBH2, 3 dioxygenases;
(B) Schematic representation of oxidative demethylation of 5mC by TET family dioxygenases.
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Surprisingly a recent study has demonstrated that, in addition to direct demethyla-
tion, ALKBH2 and 3 are also capable of oxidative demethylation [20]. Furthermore, in
another investigation, the TET family of enzymes demonstrated both direct and oxida-
tive demethylation capabilities [21]. This remarkable flexibility of Fe(II)/20G-dependent
nucleic acid-modifying dioxygenases suggests a broader impact in epigenetics.

2. Origin and Function of Modified Methylcytosines in DNA

Although 5mC is the most common methylated cytosine, 3-methylcytosines are also
present in human DNA [6]. This modified cytosine is generated during DNA damage by
non-enzymatic DNA methylation. It can be catalyzed enzymatically and chemically in
ribonucleic acid (RNA), but in the case of DNA, it is always non-enzymatic [22]. During
these non-enzymatic processes, direct methyl group transfer helps in the formation of 3mC.
Direct transfer can take place from endogenous S-adenosyl methionine (SAM) or by an
exogenous chemical methylating compound such as methyl methanesulfonate (MMS) [23].
3mC produced by DNA damage creates methyl lesions in DNA. These methyl lesions have
a huge impact on local DNA structure and stability, which in turn can affect replication and
transcription [6].

Despite significant studies on 5mC and 3mC that have been carried out, work on 4mC is
still in the rudimentary phase [24]. 4mC is primarily present in prokaryotes however, current
high-sensitivity methods can detect it in eukaryotes also, such as single-molecule real-time
sequencing, [25]. In prokaryotes, 4mC is used in conjunction with a restriction-modification
system, which helps in differentiating from exogenous pathogenic DNA and inhibits de-
grading host DNA from restriction enzymes [26]. In addition, it also regulates and corrects
mistakes in DNA replication. The 4mC DNA methyltransferases methylate the amino group
present at the C4 position of cytosine [27]. These enzymes detect a certain DNA sequence and
methylate a cytosine inside it.

In DNA, the C5 position of cytosine (5mC) has mostly been methylated. 5mC is highly
enriched in CpG dinucleotide context (5SmCpG; p = Phosphate group between the two
nucleotides) [28]. In addition to CpG dinucleotides, several recent studies have found
widespread C5 methylation in non-CpG contexts (bmCpH, where H= A, T or C) [29-31].
DNA methyltransferase enzymes (DNMT) carry out the methylation at the C5 position
in DNA. Using S-adenosyl methionine (SAM) as a cofactor. DNMTs transfer one methyl
group to the C5 position of the cytosine. The key enzyme responsible for CpG methylation
is DNMT1. In mammalian cells it is the most abundant DNA methyltransferase and is also
maintenance methyltransferase. In maintenance methylation, DNMT1 adds a methyl group
to DNA when one strand is already methylated [32]. On the other hand, recent studies
have demonstrated that DNMT3A and DNMT3B can methylate cytosine residues in the
CpH context, with a preference for CA >> CT > CC [33,34]. DNMT3A and DNMT3B are the
key de novo methyltransferases [35]. In de novo methylation, these methyltransferases add
methylation in newly synthesized DNA without the presence of any cytosine methylation
in the opposite strand. 5mC plays an important function in tissue-specific gene expression,
human development and as a biomarker of aging [36]. Aside from that, when it is found in
the gene promoter, it inhibits gene expression. As 3mC and 5mC have been detected in the
human genome, we will concentrate on these two modified cytosines further.

3. Removal of Modified Cytosines by Oxidative and Direct Demethylation

As the presence of 3mC affects the local flexibility and functioning of DNA, removal of
this modified cytosine is crucial for the proper functioning of DNA. In humans, the active
removal of 3mC marks is initiated by ALKBH2 and 3. These Fe(II)- and 2-OG-dependent
dioxygenases convert 3mC into unmodified cytosine via direct demethylation [18]. In this
process, the methyl group is being removed from cytosine in a single step (Figure 2A). The
reaction takes place in the presence of Fe(II), 20G and oxygen. In this reaction, 20G and
oxygen are converted to succinate, CO, and H,O [14]. Functional domains of ALKBH2
and 3 and amino acid residue interacting with the methylcytosine during the enzymatic
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action are shown in Figure 3A,B. On the other hand, the presence of 5-methylcytosine
in the CpG island of a promoter region inhibits gene expression. In addition to that, it
also renders the chromatin more tightly packed and inaccessible for the transcriptional
machinery [37]. Demethylation of this modified cytosine involves the removal of the methyl
group and initiates transcriptional activation and gene expression [37]. In humans, the
active removal of 5mC marks is initiated by TET family 5methylcytosine dioxygenases.
These Fe(Il)- and 2-OG-dependent dioxygenases convert 5mC into 5hmC, 5fC and 5caC by
sequential oxidation steps [17,38] (Figure 2B). The reaction takes place in the presence of
Fe(Il), 20G and oxygen. 20G and oxygen is converted to succinate, CO, and HO in every
step of the sequential oxidation. This mechanism is called oxidative demethylation. Finally,
thymine-DNA glycosylase uses the base—excision repair route to convert 5fC and 5caC to
unmodified cytosine residues [19]. Functional domains of TET 1-3 and amino acid residue
interacting with the methylcytosine during the enzymatic action are shown in Figure 4A,B.
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Figure 3. (A) Domain architecture of Human ALKBH2, ALKBH3. (B) Amino acid residues re-
side in close proximity to, and interact with, the flipped out modified cytosine base in ALKBH2
(PDB ID- 3BTZ).
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Figure 4. (A) Domain architecture of Human TET1, TET2, TET3. (B) Amino acid residues reside in
close proximity to, and interact with the flipped out modified cytosine base in TET2 (PDB ID- 4NM6).

4. Fe(I)/20G-Dependent Nucleic Acid-Modifying Dioxygenase

Fe(II) /20G-dependent dioxygenases are the superfamily of enzymes involved in
modifying nucleic acids and proteins, lipid-related metabolism, plant metabolite biosyn-
thesis, antibiotic biosynthesis, etc [15]. Under the dioxygenase superfamily, one major
subfamily is nucleic acid-modifying enzymes. To date, only two families of enzymes
under the Fe(II) /20G-dependent dioxygenase superfamily that catalyze nucleic acid base
modifications has been identified [14]. These are the Fe(Il) /20G-dependent ALKBH family
and TET family of enzymes. The ALKBH family uses direct demethylation for nucleic
acid modifications, whereas oxidative demethylation is the key process for the TET family
of enzymes.

All Fe(Il) /20G-dependent dioxygenase members have a distorted double-stranded
(3-helix core (DSBH) fold with eight strands (I-VIII) forming two sheets and a well-protected
20G and iron (Fe) binding pocket [39]. Catalysis and oxidation of the substrate, along with
oxidation of the co-substrate 20G, require Fe(II) for all the 20G-dependent oxygenases that
have been reported to date. [14]. 20G-dependent dioxygenases also use oxygen. During
this process, the destiny of one oxygen atom in the dioxygen molecule is determined by the
kind of oxidation reaction catalyzed, whereas the other oxygen atom is integrated into the
carboxylic acid group of succinates. Since this oxygenase incorporates both the atoms of
oxygen into products, they are also known as dioxygenases [14].

The important steps involved in Fe(Il) /20G-dependent dioxygenase reaction (Figure 5)
are as follows. Step 1: Bidentate coordination of 20G to the Fe(Il) center, which the protein
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coordinates facially by one carboxylate (Aspartate or Glutamate), two histidine ligands
and three water molecules. Step 2: Generation of an open coordination site on the Fe(II)
upon binding of the 20G. Step 3: Substrate binding (5mC) to the iron center. Step 4: Ox-
idative addition of oxygen to the Fe(Il) center to yield an Fe(Ill) superoxide intermediate.
Step 5 and Step 6: Attack of the distal oxygen atom by oxygen on C2 of 20G to initiate
O-O cleavage, decarboxylation and formation of a ferryl intermediate. Step 1: Formation
of the hydroxylated product 5-hydroxymethylcytosine (5SCH,OH) and a coordinatively
unsaturated Fe(II) site by formal recombination of R and the coordinated hydroxyl radical.
After the formation of 5-hydroxymethylcytosine, it follows the same cycle (sequential oxi-
dation) to produce 5-formylcytosine (5CHO) and 5-carboxylcytosine (5COOH) (Figure 2B).
In the case of 3mC, 3CH,OH will form at the end of step 6. It exits the cytosine to form
unmethylated cytosine because it is unstable at the N3 position (Figure 2A).
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Figure 5. Mechanism of action of Fe(II) /20G-dependent dioxygenases.
5. The Flexibility of ALKBH 2/3 and TET Family of Enzymes:

The proximity of cytosine methylation has been demonstrated in Figure 6A.
3-methylcytosine and 5-methylcytosine are in the opposing position (Syn-Anti), whereas
4-methylcytosine is present between 3mC and 5mC. In recent years, the theoretical calcu-
lations of Bian et al. indicated that ALKBH2 and 3 can bind to 5mC in syn conformation,
which is comparable to 3-methylcytosine, the common substrate of these enzymes. The
group also demonstrated that ALKBH2 and 3 can oxidize 5mC into 5hmC, 5fC and 5caC
by sequential oxidation. This finding demonstrated that ALKBH2 and 3 possess oxidative
demethylation properties along with direct demethylation (Figure 6B) [20]. In addition,
Ghanty et al. discovered that TET enzymes are efficient in direct demethylation of methy-
lated cytosine (4mC). They also demonstrated the similar proficiency of TET enzymes in
either oxidation of 5mC or demethylation of 4mC. This suggests that the TET family of
enzymes also possess direct demethylation properties along with oxidative demethylation
(Figure 6C) [21].
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Figure 6. (A) Structure of a cytosine molecule where the methyl group is shown at positions 3, 4, 5
at the same time to demonstrate the proximity between these three methylated sites; (B) Schematic
representation of oxidative demethylation of 5mC by ALKBHZ2,3 dioxygenases; (C) Schematic repre-

sentation of direct demethylation of 4mC by TET family dioxygenases.

In many chemical reactions, enzymes require high specificity to distinguish between
closely similar substrates. On the other hand, enzymes like cytochrome P450 exhibit wide
substrate tolerance [40]. The extraordinary results of ALKBH and TET enzymes suggest
that Fe(II)/20G-dependent nucleic acid-modifying dioxygenases are likely to be found in a
middle territory of substrate tolerance. Any well-placed C-H bond (3mC, 4mC, 5mC) is
likely to be targeted to complete the oxidative cycle following the formation of a highly

reactive Fe IV-oxo intermediate (Figure 7).
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Figure 7. Representation of the proximity of the methyl group at 3, 4, 5 positions to the highly reactive
Fe IV-oxo intermediate. Any well-placed C-H bond (3mC, 4mC, 5mC) is likely to be targeted to
complete the oxidative cycle following the formation of a highly reactive Fe IV-oxo intermediate.

In the removal of 3mC and 4mC, direct demethylation plays a crucial role because
it is the carbon-nitrogen bond that is easier to break in a single step compared to a
carbon—carbon bond. On the other hand, with the removal of 5mC, the conversion takes
place via oxidative demethylation. The difficulty of breaking non-activated carbon—carbon
bonds inhibits one-step conversion of 5-methylcytosine (5mC) to cytosine (C) (Table 1).
Although further research is required to resolve questions about direct demethylation of
4mC by ALKBH2,3 and direct demethylation of 3mC by TET enzymes.

Table 1. The table lists modified cytosines in DNA, Fe(Il) /20G-dependent dioxygenases and
their mechanism of action, which demonstrates the functional flexibility of ALKBH2,3 and TET
family dioxygenases.

Modified Modified
Cytosine Enzyme Mechanism Cytosine Enzyme Mechanism
in DNA in DNA
ALKBH?2, Oxidative Oxidative
SmC ALKBH3  Demethylation SmC TET13  Demethylation
ALKBH2, Direct
4mC ALKBH3 ) 4mC TET1-S Demethylation
3mC ALKBH2, Direct 3mC TET1-3 )

ALKBH3 Demethylation

6. Significance & Future Research
6.1. Significance of Functional Flexibility on DNA

In addition to four normal bases, oxidative demethylation of 5mC produces 5hmC,
5{C and 5caC. Due to its importance in gene regulation 5mC is known as the 5th base. In
addition, 5ShmC is often termed the sixth DNA base due to its role in transcription regulation.
A recent study has also shown that it is a stable epigenetic marker [41]. Like 5mC, 5hmC is
also recognized by unique reader proteins such as Ring Finger Domains 2, which controls
gene expression [42]. For a long time, 5fC and 5caC were thought to be demethylation
intermediates found in mammalian DNA. However, recent research found 5fC to be a
stable DNA modification, indicating that 5fC plays a functional role in epigenetics [43].
Furthermore, it appears that 5fC influences the rate of nucleotide incorporation as well
as the specificity of RNA polymerase II (RNAPII) [44]. Kellinger et al. also suggest that
5caCs, like 5fC, have comparable effects on RNAPIL Yang et al. found that the transcription
factor TCF4 predominantly binds to DNA with 5caC markers [45]. Taken together, these
observations clearly imply that cytosine modifications (6mC, 5hmC, 5fC and 5caC) are
playing essential roles in transcription regulation.

Since the formation of 3mC is associated with DNA damage and ALKBH2,3 eliminates
this modified cytosine, these enzymes are known as DNA repair enzymes. The recent
discovery of the oxidative demethylation properties of DNA repair enzymes (ALKBH2,3)
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can open a new window in generating epigenetic cytosine modifications. Vice-versa, the
direct demethylation property also suggests the DNA repair mechanism of the TET family
of enzymes. These newly observed molecular mechanisms suggest a possible connection
between DNA repair and gene regulation.

6.2. Significance of Functional Flexibility on RNA

Although the functional flexibility of these enzymes has been demonstrated on DNA
(Table 1), it is not still clear how it will affect RNA. The mechanism and significance of oxida-
tive demethylation of RNA are still in their rudimentary stages. Cytosine methylation at the
C5 position (5mrC) is a prevalent modification in highly abundant RNAs, such as mRNA,
tRNA and rRNA [46]. 5mrC has recently gained attention as a key posttranscriptional
modification of RNA. Increasingly, evidence suggests that 5mrC modification is involved
in a variety of cellular functions such as mRNA stability, gene transcription and tRNA
translation [46—48]. In addition, 5mrC modification in RNA is linked with human diseases
such as tumorigenesis [46]. Recent studies have also detected modified higher order oxida-
tive products of 5mrC in mammalian RNA, e.g., ShmrC (5-hydroxymethylcytosine), 5frC
(5-formylcytosine) and 5carC (5-carboxylcytosine) [49-52]. A growing number of studies
have found evidence that these modified cytosines may also have roles in embryogenesis,
neuronal differentiation and translation [48,49].

However, oxidative demethylation of 5mrC and the generation of oxidative products
is not well understood. A recent study demonstrated that TET2 can oxidize 5mrC to
primarily 5ShmrC [53]. TET1 can act on 5frC to convert it to only 5carC [54]. Another
study demonstrated that Fe(II) /20G-dependent dioxygenase ALKBHI1 can only oxidize
5mrC to 5frC. While 5hmrC was not identified as an intermediate modification [55]. In all
three cases, RNA was not a preferred substrate for oxidative demethylation by TET1 and
2 or ALKBHI1. Given the role of RNA oxidation in fundamental biological processes and
diseases, there is a critical need to elucidate the function and mechanism of 5mC oxidation
of RNA in human cells.

Although the functional flexibility of ALKBH3 was established in DNA, no work
has been done on RNA. After the very first crystallization of TET dioxygenase, using the
“Dali” search all known protein structures in the Protein Data Bank (PDB) were examined
and it was observed that TET2 is structurally very similar to AlkB family members (more
specifically human ALKBHS3) [56]. In addition, previous substrate specificity studies had
demonstrated that ALKBH3 has a higher preference for single-stranded nucleic acid: RNA
and single-stranded DNA. The reason for this is that ALKBH3 lacks the RKK motif [57]. This
motif is used by other ALKBH enzymes (e.g., ALKBH2) to interact with the complementary
strand of double-stranded DNA. As a result, in recent work, it has also been shown
that ALKBH3 has almost 6-8 fold higher activity in single-strand DNA compared to
double-strand DNA [20]. This may explain the flexibility of ALKBH3 in RNA. Finally,
in addition to the role of ALKBH2 and 3, the remarkable bifunctional ability of TET
dioxygenases also has importance in RNA biology. N4-methylation is a physiologically
important RNA alteration which might serve as a TET dioxygenase substrate and may
have a significant role.
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