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Abstract: Chemically modified nucleobases are thought to be important for therapeutic purposes
as well as diagnosing genetic diseases and have been widely involved in research fields such as
molecular biology and biochemical studies. Many artificially modified nucleobases, such as methyl,
halogen, and aryl modifications of purines at the C8 position and pyrimidines at the C5 position, are
widely studied for their biological functions. DNA containing these modified nucleobases can form
non-canonical helical structures such as Z-DNA, G-quadruplex, i-motif, and triplex. This review
summarizes the synthesis of chemically modified nucleotides: (i) methylation, bromination, and
arylation of purine at the C8 position and (ii) methylation, bromination, and arylation of pyrimidine
at the C5 position. Additionally, we introduce the non-canonical structures of nucleic acids containing
these modifications.

Keywords: C8-modification; C5-modification; methylation; bromination; arylation; Z-DNA;
G-quadruplex; i-motif; triplex; non-canonical DNA

1. Introduction

In recent years, research on chemical alterations in nucleobases has increased as
it is used for therapeutic purposes and the diagnosis of genetic diseases [1–3]. These
nucleic acid bases can be naturally modified or chemically synthesized. In particular, many
artificially modified nucleobases are widely used with methyl, halogen, and aryl groups of
purine at the C8 position [3–6] and pyrimidine at the C5 position [7–9] (Figure 1). Despite
the numerous studies conducted on this topic, most of the properties and functions of base-
modified substituents have not yet been fully determined. There have been comprehensive
studies and reviews investigating the synthetic methods used and structural studies of the
artificial alteration of nucleobases.

The two ordinary purines—adenine and guanine—can undergo a conformational
equilibrium between the anti and syn conformations. It is generally accepted that the
sterically large substituent at the C8 position of the purine nucleotide shows a preferential
structure for the syn glycoside conformation [6,10,11]. The typical conformation of the
DNA duplex is that B-DNA forms an anti-conformation preferred by the DNA bases of
A-T and G-C under physiological conditions [12]. Interestingly, solvents, agents, and
chemical modifications promote non-B conformations of DNA, such as Z-DNA [13–15] and
G-quadruplex (G4) [16–18]. This interesting fact about non-canonical structural sequences
is correlated with disease-inducing genes and plays a vital role in biological functions. For
instance, Z-DNA-forming sequences are identified near transcription initiation sites [19,20].
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Figure 1. The organic structural formulas for the bases in nucleic acids, DNA and RNA. The
numbering of elements in the molecules is indicated by red color.

Base modifications play a pivotal role in forming alternative structures from DNA
and RNA. The modifications at the C8 position of purines are used to study Z-DNA
and G-quadruplex as potent secondary structure inducers [21]. Interestingly, chemical
modifications of DNA base or naturally modified DNA lead to other alternative structures
in DNA such as H-DNA and triplex helix formation [22]. On the other hand, the C8-
modifications of RNA are supported to form Z-RNA and RNA-quadruplex structures from
locally known RNA structures [23]. Since C5 methylation of tRNA sequence changes base
pairing to Levitt base pairs instead of Watson–Crick base pairs, the methylated guanosine
at the C5 position interferes with the role of tRNA and forms RNA duplexes.

Despite the numerous studies conducted in this field, the roles and conformational
properties of non-canonical DNA structures, including syn conformations, are not yet fully
understood. Typically, non-canonical structures form under certain conditions: (i) higher-
salt conditions favor Z-DNA; (ii) guanine-rich sequences form the tetraplex of G4. Thus,
it is necessary to mimic or induce alternative conditions for further investigation. This
review discusses the synthesis of chemically modified nucleotides and oligo-nucleotides
containing modified bases and their effects on the non-canonical structures [24].

2. Synthesis of C8-Modified Purine

Several purine modifications have been observed in DNA. Most purine modifications
are correlated with DNA mutations, such as oxidation, methylation, and nitration. The
purine modification mainly focuses on the C8 position. Over the past 40 years, numerous
modifications have been synthesized, such as methylated purine, brominated purine,
and arylated purines at the C8 position [25–29]. These modified purines show potential
for biological analysis and the investigation of the secondary structures of DNA [30–32].
This section describes various alterations of guanosine, including some introductions of
adenosine.

2.1. Synthesis of C8-Methylpurine

DNA methylation is the addition of a methyl group to a nucleic acid base, and it
will occur naturally in the cell or the methylation caused by endogenous and exogenous
electrophiles [33]. A single methylation can change the role of a particular DNA segment
without altering other sequences. Moreover, methylation is an essential mechanism for
normal development and has been implicated in biological activities such as the repression
of gene transcription, genomic imprinting, and carcinogenesis [33–35]. The chemically
modified purine at the C8 position possesses therapeutics activity like 8-methyl guanosine
induced to release the tumor necrosis factor α (TNF-α) [36]. The various chemicals of
methylated purine bases have been used by different methods and positions of methylation
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in DNA [37–39]. Several nucleophilic sites of DNA, such as guanine at the N3 and C8
positions and adenine at the N1, N3, and C8 positions, have been used for producing
various types of methyl purines [37].

An efficient method for C8-methylation in guanine, adenine, hypoxanthine, and its
derivatives is a metal ion mediated radical reaction that generates the radical in an acidic
medium to form methylated nucleosides [39–41]. A free radical methylation method was
introduced using t-butyl hydroperoxide (TBHP) as a source of methylation catalyzed by
ferrous ions [42]. Methylation of guanosine and its derivatives has been found to give good
yields in acidic conditions due to the influence of C8 carbon on the electronic properties of
2,6-substituents on a purine nucleoside ring [39,42–46]. Figure 2a shows a general methyla-
tion reaction scheme for guanosine. Naturally formed methylated nucleic acid derivatives
were investigated using deuterium labeling with methylated nucleoside [33]. An electron-
impact fragmentation pattern showed that guanine is more advantageous for obtaining
structural information from mass spectroscopy than those of adenine or hypoxanthine due
to high reactivity. Similarly, a detailed analysis of the C8-methyl substitution reaction of
guanine reported by Eistetter and coworkers concluded that N-7 and N-9 substitution also
occur during the methylation isolated products from the reaction [47].

Figure 2. Methylations of purines: (a) 8-methylguanosines and (b) 8-methyladenosines. Bromide
and methyl groups are highlighted.

8-methylated adenosine was successfully formed by a palladium-catalyzed cross-
coupling reaction of 8-bromoadenosine, as shown in Figure 2b [46,48,49]. This cross-
coupling reaction made it applicable to incorporate an alkyl group into various nucleosides
for further biochemical studies.

2.2. Synthesis of C8-Bromopurine

The brominated purine nucleosides at the C8 position are capable of inducing high-
level proliferation of lymphocytes in the presence or absence of a serum condition [50].
8-bromoadenosine acts as a very selective ligand for the A3 adenosine receptor subtype,
behaving as an adenosine antagonist [51]. Brominated adenosine derivatives at the C8
position induce a delayed chain termination in vitro and have been proven to moderate
HIV activity in cell culture [52,53].

Over the past few years, various reagents have been employed for the direct bromina-
tion or insertion of bromine at the C8 position of purine analogs. There are two types of
modifications: the direct bromination of the C8 position of purine monomer and post-DNA
synthesis modification [54,55]. Figure 3 shows the reaction scheme of guanosine and adeno-
sine with N-bromosuccinamide (NBS) for direct bromination at the C8 position [56–58].
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Figure 3. Typical brominations of purines: (a) 8-bromoguanosines and (b) 8-bromoadenosines with
N-bromosuccinimide (NBS).

2.3. Synthesis of C8-Arylpurine

The formation of new carbon–carbon bonds is particularly important in nucleoside
modifications caused by transition metal-catalyzed cross-coupling reactions. These cross-
coupling reactions are important for the synthesis of an agro-chemical, organic compound,
and pharmaceutical. Cross-coupling reactions have been used in the synthesis of biaryl
and heteroaryl compounds, including purines arylated by nucleophilic substitution or
metal-mediated reactions [59–62]. 8-arylated purines have been used as the antivirus
activators, anti-Parkinson agents, and adenosine receptor antagonists [63,64]. In addition,
8-arylated purines are widely used as a marker in the structural analysis of nucleic acids,
therapeutic agents, and epigenetics [65–67].

As shown in Figure 4, the direct arylation at the C8 position in purines is caused by the
metal-mediated cross-coupling reactions, which use unprotected halogenated nucleosides
as a starting material. The cross-coupling reactions in water-soluble reagents are cost-
effective and eliminate the additional steps, such as deprotecting the protective functional
groups in nucleosides [68–71].

Furthermore, the cross-coupling reaction conditions and yields of the product depend
on various water-soluble phosphine ligands. For example, tripheylphosphine trisulfonate
(TPPTS) and Tris(2,4-dimethyl-5-sulfophenyl) phosphine trisodium salt (TXPTS) are more
effective phosphine ligands. Comparing ligands activities, TXPTS was reported to have
a higher-level conversion rate of product (~99%) in a 17-hrs conservation time scale than
TPPTS (70%). Despite the C8-arylated nucleotide conversion rate depending on halo-
genated nucleobases, 8-BrdG has a lower conversion rate of development than 8-BrdA.
There are also other factors involved in the conversion of C8-aryl nucleotides. For example,
at low pH, the N-7 coordination of guanine with palladium (II) is favored, whereas, at the
higher pH, the N-1 coordination is preferred.

The recent development of the direct arylation of DNA sequences has some advantages
over compared to the arylation of monomers. This method is known as post-synthesis
modification. Site-specific modification is carried out by replacing halogenation, such as Br
or I with desired aryl groups [72].

Moreover, the post-synthesis of DNA modification in a guanine-base methodology
has been developed [72]. Direct C-H arylation was performed using the cross-coupling,
which was reported as the first-time feasibility of a cross-coupling reaction for the synthesis
of C8-arylated guanine-modified oligonucleotides. Natural fungal carcinogens were used
as substrates for cross-coupling reactions. Excellent yields up to 15 mer can be modified
with this protocol.
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Figure 4. (a) Typical synthesis of 8-arylated guanosine. (b) Scheme for direct arylated guanosine
derivatives at the C8 position.

Another exciting C8 modification is the addition of an oxidative group at the C8
position of purine and the synthesis of the 8-oxo dG [73]. The 8-oxo purines are also used to
study non-canonical structures, such as C8-aryl purines. The sequence of an oxidative form
of the 8-oxo dG is recognized by formamidopyrimidine-DNA (Fpg protein) [74]. Various
research groups recently developed efficient methods for synthesizing C8-aryl purines by
direct arylation [62,75–78]. Table 1 summarizes the different functionalized C8-aryl purines
syntheses from various purine derivatives (Figure 5).

Table 1. Palladium (Pd) mediated the direct arylation at the C8 position of various purine derivatives. The structures of
substrates are described in Figure 5.

Substrate Entry Base/Ligand
and Solvent Temp (◦C) Aryl Yield (%) Reference

1 1 NaCO3/TPPTS
DMSO 90 ◦C 91% [75]

2
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Table 1. Cont.
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Figure 5. Purines substrates (1: guanine, 2: 2’-deoxy guanosine, 3: 2’-ribose adenosine, and 4: 3’,5’-di-
O-acetyl-2’-deoxy adenosine) are involved in the acylation employed by palladium catalyst.

3. Non-Canonical Structure Containing C8-Modified Guanosine

Modified nucleosides at the C8 position have been incorporated into oligonucleotides
to unveil the structural characteristics and biological significances [5,7,21,79]. This section
reviews the major contributions of nucleoside alterations to the investigation of Z-DNA
and G-quadruplexes.

3.1. Z-DNA

Z-DNA forms a left-handed helix where the base pair is located almost perpendicu-
lar to the phosphate backbone, while B-DNA represents a right-handed helical structure.
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Significant factors influencing the B-Z transition have been identified, such as alternat-
ing (CG)n sequences, high salt concentrations, multivalent cations or polycations, and
Z binding proteins [14,80–83]. In addition, steric effects are also important. Since bulky
substituents at the C8 position induce a syn conformation with a Z-DNA structure, sev-
eral base modifications at the C8 position, including 8-methylation, -bromination, and
-arylation, have been studied in connection with the B-Z transition [5,6]. Oligomers con-
taining chemically modified nucleotides can remarkably stabilize the Z-form of DNA.
These modified oligomers were used to investigate the Z-form binding proteins, the most
extensively favorable sequence for Z-form study used as CG repeat sequences. Still, some
recent studies show that the d(TA)n sequence can be without purine-pyrimidine repeats
and also form Z-DNA and interact with ADAR1 protein. The Zα domain of the ADAR1
protein interacts effectively [84]. The interdependence between the proportion of B-DNA
and the Z-DNA conformation of the modified DNA and salt concentrations is shown in
Table 2, which presents the preferential equilibrium.

3.1.1. C8-Methylation

The methylation of guanosine at the C8 position remarkably stabilizes the Z-conformation
of oligonucleotides under physiological salt conditions [79,85,86]. The characterization of
structural preferences was determined by CD spectra and the NMR of oligonucleotides incor-
porating 8-methylguanosine (Figure 6a,b). Figure 6 represents the signature bands of the CD
spectral pattern for Z-DNA at 265 and 290 nm with positive and negative signs, respectively.
Sugiyama et al. investigated the thermodynamic parameters of DNA B-Z transition for
oligonucleotides containing 8-methylguanosine, and reported a reduction in entropic penalty
by enthalpic gain during a Z-DNA formation [85]. Later, preferential structures of Z-DNA
and RNA were investigated by CD spectra, and fluorescence detection was carried out by an
electrophoretic mobility shift assay [86–88].

Figure 6. Graphical representations and CD spectra of the preferential structure of modified DNA. (a) DNA structure
including purines modified with methylation (left), bromination (middle), and arylation (right); (b) CD spectra of 8-methyl
ribo-guanosine incorporating oligomer stabilized the Z-DNA at low salt concentrations; (c) B-Z transition monitored by
CD spectra. 8-Bromo-2′-deoxyguanosine containing an octamer sequence (d(CGTBrGCACG)2) dramatically stabilized the
Z-form in low-salt physiological conditions; (d) CD spectra of the natural sequence and modified hairpin sequence in salt
physiological condition from Ref. [89]. Arrows indicate the signature band of Z-DNA. Copyright (2003), (2004), and (2014),
American Chemical Society.
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Table 2. The midpoint of NaCl concentrations for the B to Z transition of DNA in various base-
modified monomers incorporating d(CGCGCG)2 and poly(dG-dC).

Entry Sequence Modification
Midpoint of (B–Z

Transition)
NaCl Concentration (mM)

Reference

1 d(CGCm8rGCG)2 m8rG 0 [79]
2 d(CGCFGCG)2

FG 20 [88]
3 d(CGCm8mGCG)2 m8mG 0 [86]
4 d(CGCm8GCG)2 m8G 30 [90]
5 Poly(dG-dC) Br-Poly(dG-dC) 1000 [91]

3.1.2. C8-Bromination

Brominated nucleobases, including poly(dG-dC), promote the stabilization of Z-DNA
in low-salt physiological conditions [92]. As a result of bromination, 45% and 20% of
guanine and cytosine, respectively, are brominated. The midpoint of B-Z transition is
0.15 M for brominated poly(dG-dC), which shows similar structural characteristics to those
of unmodified poly(dG-dC) at 4M NaCl (Figure 6c) [91]. The shifts in equilibrium between
B and Z conformations occur due to the steric hindrance of bromo-substitution at the C8
position. Moreover, the substitution of the bromo group interacts with the phosphate
backbone of the DNA to form a syn conformation [93–95].

3.1.3. C8-Arylation

Arylation at the C8 position of guanosine is an important modification for the in-
vestigation of non-canonical structures, and these modified nucleosides also act as an
internal probe. The carcinogenic adducts used for the substitution of guanosine at the C8
position have a significant influence on Z-DNA formation (Figure 7) [28,89,96,97]. The
acetylaminofluorene (AAF) and aminofluorene (AF) adducts substituted into the C8 posi-
tion of guanosine incorporated in poly(dG-dC)-AAF can adopt Z-form DNA without the
presence of alcohol [98]. Recently, it was reported that guanosine inserted by ochratoxin
A (OTA) into the C8 position can also adapt Z-form conformations, such as AAF and
AF [99–101]. The 8-aryl-dG also destabilizes the B-DNA conformation and favors the
Z-DNA conformation, since the steric factor helps glycosidic bond rotation to form syn
conformations [32]. Those 8-arylated compounds exhibit a midpoint of B-Z transition at
0.6–0.8 M NaCl solution (Figure 7d) [89]. The synthesis of trifluoromethyl adduct involves
guanine and incorporates oligonucleotide for the examination of the 19F NMR. The results
show that 8-trifluoromethyl 2′-deoxyguanosine strongly supports the Z-DNA conforma-
tion in in vivo conditions [88] and C8-arylated guanosine is recognized by repair proteins,
Rad14 and XPA [102].

3.2. G-Quadruplex

G4 is a four-stranded helical structure containing a G-tetrad stack, which is the result
of the planar association of four guanines through Hoogsteen hydrogen bonds forming
a cyclic square of G4 [16]. G4 was observed early in the self-assembly of guanylic acid
and supports the elucidation of G-tetra-forming sequences. In the formation of G-tetra or
G4, the guanine combines with three or more of each other to form a planar arrangement
stabilized by positively charged ions and lone pair electrons from O6 of guanines. The
monovalent ions, M+, are well known as the stabilizers of G4 among cations, and K+ is the
most favorable cation [103–107]. Modified guanosines with relatively small substituents at
the C8 position, such as bromine, methyl, and oxymethyl, have been used to investigate
the structures of G4s [108–110]. There is an excellent review that interprets the CD spectra
of G4 structures formed by the incorporation of 8-substituted guanosines [31].
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Figure 7. Carcinogenic adducts guanosine derivatives at the C8 position: (a) (I) The AAF and (II) AF; (b) Ochratoxin A and
8-OTA dG; (c) 8-oxo G; (d) 8-arylated compound at the C8 position, 8-aminoguanine (n8G), 8-(2-pyridyl)guanine (2PyG),
8-(2-phenylethenyl)-dG and 8-[2-(pyrid-4-yl)- ethenyl]-dG and 8-fluorenylvinyl-dG (Fv8G), respectively.

3.2.1. C8-Methylation

The methyl-substituted guanosine at the C8 position (8-Me-dG) is also one of the
stabilizers of G4 structures [111]. The patterns of CD spectra, along with the directions of
G-tetra, are shown in Figure 8. For example, the incorporation of 8-Me-dG into (TGGGT)4
sequences at the second position gave an anti-parallel G4 in K+ ion solution, showing its
CD spectra profile, which has a positive peak at 290 nm. In contrast, inserting 8-Me-dG
at the third position caused a strong positive peak at 260 and a minor negative peak at
240 nm (Figure 8c) [111–113].

The biological significance of sequences containing 8-Me-dG has been investigated by
the retinoblastoma gene, which acts as a tumor suppressor by interfering with the cell cycle.
8-Me-dG incorporates 18mer sequences that switched conformations between anti-parallel
G4 with G-tetrads at neutral pH [37].

3.2.2. C8-Bromination

The bromination of guanine has been shown to have synthetic and biological significance,
along with an advantageous glycosidic bond rotation syn conformation. [48,85,113–115]. The
incorporation of brominated guanosine (8-Br-dG) into oligonucleotides increases the thermal
stability along with the number of substitutions. The thermal stability of oligonucleotide
increases by 5–6 ◦C, while the other four additions of 8-Br-dG into oligonucleotides reduce
the stability by 3–6 ◦C [116]. Different topological structures containing 8-Br-dG in different
locations were characterized by the CD spectra. An anti-parallel G4 shows a positive cotton
effect at 295nm and a negative peak near 260 nm [108,117–119].

3.2.3. Other Modifications at the C8 Position

The 8-oxoguanine (O8G) substitution preferred the form of a syn conformation (Figure 7d).
The substitution at the 5′ position led to the formation of tetra molecular G4 [120]. The effect
of O8G on the activity of the telomerase enzyme was investigated in the electrochemical
measurements [121]. The substitution of O8G at 8 and 14 positions in G4 contributes to
decreasing the telomerase activity, but the substitution of the GGG triplet at 9 and 15 positions
led to an increase in the enzymatic activity.
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Figure 8. (a) Graphical representation of 8-methylguanosine and 8-arylated guanosine; (b) stabilized anti-parallel struc-
tures of G-quadruplexes in K+ solution; (c) CD spectra of G-quadruplex sequence, which contains 8-methyl guanosine:
([d(TGGGT)]2) at 20 ◦C (dotted), Q1 at 20 ◦C (solid), Q2 at 20 ◦C (dashed), and Q3 at 5 ◦C (dashed dot); (d) CD spectra of
ORN-1 (UA(8BrrG)GGU, red solid line, parallel G4 structure), ORN2 (UAG(8BrrG)GU, green solid line, anti-parallel G4
structure), and ORN3 (UAGG(8BrrG)U, black solid line, single-strand structure). Copyright (2017) Springer Nature, and
(2005) Oxford University Press.

8-amino-2′-deoxyguanosine (8AG) is one of the mutagenic intermediates observed in
cellular DNA. 8AG (Figure 7d) can destabilize parallel, anti-parallel, and triplex formations
due to the increase in the free energy of each substation of 1–4 kcal/mol [122]. The G4
structure is destabilized at 7 ◦C due to the incorporation of 8AG into the 15 mer DNA, while
the unmodified 15 mer forms an anti-parallel G4 structure. The CD spectra profile data
show that the 8-amino-2′-deoxyguanosine (8AG) incorporated a GGTTGGTGTGGTTGG
sequence, different from the unmodified 15 mer structures.

Internal fluorescent probes have more advantages in terms of detecting the structural
properties of G4. 8-(2-pyridyl) guanine (2PyG) is an internal fluorescent compound, as the
coordination between G4 and cations induces efficient DNA-to-probe energy transfer [114].
The coordination of cations at the O6 position produced a strong energy transfer due
to the smaller distance between the cation and 2PyG at the turn site. Two fluorescent
probes, 8-(2-phenylethenyl)-dG and 8-[2-(pyrid-4-yl)-ethenyl]-dG, show a high structural
selectivity [123,124]. Forming a G4 structure results in a stronger fluorescence signal
than single-strand or duplex because these internal probes detect the characteristics of
secondary structures and spectroscopic properties. Interestingly, the structural changes
in the 8-fluorenylvinyl-dG (Fv8G) are able to control the G4 formation [125]. This photo-
switchable G4 formation can be applied to the biological events involving G4s.

4. Synthesis of C5-Modified Pyrimidine

Several pyrimidine modifications have been observed in DNA. Most of the changes
are correlated with DNA mutation, such as oxidation, methylation, and nitration. The
purine modification mainly focuses on the C5 position. Numerous modifications at the
C5 position containing purine have been synthesized in the past four decades, such as
methylated pyrimidines, brominated pyrimidines, and arylated pyrimidines (Figure 9).
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These modified purines represent potent candidates for biological analysis and are used to
investigate secondary structures of DNA [44,126–129].

Figure 9. (a) Typical synthesis of 5-arylated cytosine. (b) Scheme for direct arylated uracil derivatives
at the C5 position.

4.1. Synthesis of C5-Methylpyrimidine

Cytosine is commonly methylated at the C5 position, as it is the most abundant en-
dogenous modification of DNA with approximately 5% of all cytosine bases carrying a C5
methyl group [130]. 5-methylcytosine plays a crucial role in the tissue-specific gene expres-
sion pattern, the inactivation of X-chromosome activity, and genomic imprinting [131–133].
The 5-methyl uracil used for the photochemistry as the probe has a potency of antimicro-
bial activity [134–138]. Reactions of 5-substitution for pyrimidine have been developed
based on the C-H activation, palladium coupling reaction, and the addition of formalde-
hyde [8,139,140]. In addition, efficient methodologies have been reported for the synthesis
of methylated pyrimidines [141–145]. Methylated and hydroxymethylated cytosines are
recognized by restriction endonuclease enzyme (LpnPI), zinc-finger protein Kaiso and
SUVH5 [146].

4.2. Synthesis of C5-Bromopyrimidine

The C5-bromination of pyrimidine has significant antimicrobial properties that can
be used for therapeutic purposes [50]. For instance, it was recently reported that the
5-bromoethylnyluridine possesses anti-HCV properties [147]. 5-bromopyrimidines are
used for the structural elucidation of mismatched base pairs with normal base pairs to
explain mutagenic pathways and properties. C5-bromination, used for the preparation of
antisense, also utilizes for the radioactive labeling, stabilization for a triplex, and investiga-
tion of endonucleases activity [148–151]. Various 5-halopyrimidines and their derivatives
have biological effects such as antibacterial activity, oncology therapeutics, and are in-
volved in the investigation the nucleic acid damage and metabolism [50]. Halogenated
pyrimidines are used for labeling. For example, 5-BrU is labeled with RNA during the
RNA synthesis process [152] and 5-BrU contains DNA-RNA hybrid duplex sequences
with polypurine RNA sequences. 5-BrU was also used to study the A-form structure of
DNA-RNA hybrid duplex by X-ray crystal structure [153]. C5-bromination or iodination
has been achieved using halogenation agents, such as N-iodosuccinimide, nitric acid, or
N-Bromosuccinimide [49,154–157].
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4.3. Synthesis of C5-Arylpyrimidine

Pyrimidine nucleosides substituted at the C5 position have a high potential for an-
tiviral, antibacterial, and anti-fungal activity [155,158–160]. Pd-catalyzed cross-coupling
reactions have been extensively developed that possess over the past 40 years and have
become one of the important methodologies for arylation at the C5 position of nucleo-
sides [68,139,161–163]. For example, the arylation at the C5 position of the uracil ring
has been accomplished by various coupling reactions, such as the Suzuki coupling reac-
tion [68,164–167]. Despite the critical role of the arylation at the C5 position in pyrimidines,
the direct C-H arylation of pyrimidine nucleoside bases is nowadays limited to uracil nucle-
oside bases [25,160,168–170]. This is because the C–H bond functionalization of pyrimidine
is difficult for controlling the regioselectivity due to the acidic characteristics of C5 and
C6 protons. More developments of C–H bond functionalization to pyrimidine analogues
have been performed. For effective reactions, for the regioselective C-H arylation reac-
tions, various agents have been used such as the activated palladium precursor complexes,
carbonate, and acetate [171–173].

5. Non-Canonical Structure Containing C5-Modified Pyrimidine

Chemical modifications of nucleoside at the C5 position can provide more stability
to non-canonical structures of oligonucleotides. These systems have been developed
to understand their structure, folding properties, and biological importance. Here, we
highlight the major contributions of nucleoside modifications to the study of Z-DNA,
G-quadruplexes, i-motifs, and triple helices. The characteristics of structural preferences
in non-canonical structures containing modified bases were determined by spectroscopic
profiles (Figure 10).

5.1. Z-DNA

Several studies have shown that chemically modified nucleosides enable oligonu-
cleotides to stabilize Z-form rather than B-form [174]. For instance, the methylation
of cytosine is able to induce the B-Z transition of DNA in synthetic d(Gm5C)n polynu-
cleotides [175–177]. Other modifications of the d(GpC) also stabilize the Z-form of DNA
by substitutions, such as iodine, bromine, and aza, at the C5 position [178]. More details
are discussed in this section.

5.1.1. C5-Methylation

The most predominant modification associate with gene silencing is methylation
of cytosine at the C5 position. Oxidation of pyrimidine naturally occurred in a process
catalyzed by translocation (TET) family proteins. The common oxidative methylation is
methylation at the C5 position of pyrimidines. Several C5-modified cytosines such as
5-formylcytosine (5fC), 5-hydroxymethylcytosine (5hmC), and 5-carboxylcytosine (5caC)
can be involved in C5-methyl cytosines mediate gene expression [179–182]. The presence
or absence of methylation in the CG sequence is in favor of forming Z-DNA. In compar-
ison with unmodified poly(CG), poly(m5CG) sequences show a significant potential to
form Z-DNA, in particular, under the divalent cation such as Mg2+, which was used for
prior Z-DNA studies [175]. Spectroscopic experimental results, along with calculations,
support that van der Waal interaction with hydrophobic elements on the molecular sur-
face may contribute to forming Z-DNA [13,183–185]. Moreover, sugar modification both
with unmodified and modified bases of d(CG)n tends to form Z-conformation [174,186].
Simulation trajectories can provide the molecular characteristics of the role of methylation
in CG repeated units [187]. Although AT base pairs form fewer Z-conformation than
CG base pairs, oligonucleotides containing AT base pairs can also form Z-DNA with C5-
methylcytosine [177]. It has been suggested that disordered hydrating water molecules
may contribute to the position reducing the relative stability of the Z-form to CG base pair.
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5.1.2. C5-Bromination

Bromination of cytosine at the C5 position in CG sequences can stabilize Z-conformation
in common with methylation at the C5 position [91,93,188]. In high-concentration so-
lutions, brominated cytosine produces Z-DNA conformations similar to unmodified
DNA [91,189,190]. In addition, both DNA and RNA containing bromination at C5 can
stabilize Z-conformation at low salt physiological conditions [191]. The structure of Z-RNA
allows hydroxyl groups at the sugar backbone of guanosine to be exposed to the surface of
the helix, which can involve in the recognition of protein binding.

5.2. G-Quadruplex

C5-methylation of cytosine can induce conformational changes of the G-quadruplex
structure. Whereas the wild-type G-quadruplex sequence exhibits a mixture of parallel
and anti-parallel structure [192], the corresponding sequence containing 5-methyl cytosine
showed only parallel G-quadruplex structure, which typically shows positive and negative
CD profiles at 265 and 240 nm, respectively (Figure 7b,c) [193]. It was demonstrated that the
methylated cytosine involves a formation of G-quadruplex that interferes CCCTC-binding
factor along with the flipping process from hairpin to quadruplex [194].

The replacement of 5-halogen modified deoxyuridine (dU) instead of T in the DNA
sequence also affected the G-quadruplex conformation. The htel-22mer, AG3(TTAG3)3,
and [G4T4G4]2 sequences containing the 5-iodo dU (5I-dU) instead of T prefer to form
an anti-parallel G-quadruplex structure under Na+ condition rather than a mixture of
G-quadruplex structures [195]. Interestingly, under K+ conditions, these 5-halogenated dU
sequences folded different loop structures to G-quadruplex structures of the same modified
DNA under Na+ conditions [196].

5.3. i-Motif Structure

The i-motif structure is one of the non-canonical structures of nucleic acids that have
two parallel duplexes held together by hemiprotonated cytidine and protonated cytidine
(C:C+) base-pairs intercalated in an antiparallel orientation (Figure 10b) [197,198]. The
i-motif requires the protonated bases and thus is more stabilized under an acidic pH
condition [199]. It was reported that the chemically modified cytosine exhibits different
effects on the formation of i-motif structure under physiological conditions [200–202]. The
halogenation of dC at the C5 position leads to the acceleration of the folding kinetics in
the i-motif structure [203]. In addition, the incorporation of a methyl group at the C5
position of cytosine into the i-motif sequence increases the stability and thus changes pH
dependence [203–205]. CD spectra for i-motif modified by methyl group show variation of
profiles due to change of folded fraction at different pH (Figure 10c).

The interaction between hemi protonated C:C+ base pairs that form hydrogen bonds
of i-motif in oligonucleotides have been investigated by various approaches such as
base-pair opening kinetics, FRET experiments, and the base-pairing energy (BPE) cal-
culation [206–210]. It has been demonstrated by NMR results that motion consists of a
cooperative switch between two conformations of loop1 and loop3 of i-motif containing
modified sequence [209]. Moreover, the BPE of the C:C+ base pair for methylated cytosine
at the C5 position is much greater than the canonical Watson–Crick base pair [210]. In
addition, the chemically modified nucleobases are used to form an i-motif structure of
DNA under the neutral physiological condition [211].
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Figure 10. (a) Graphical representation of modified cytosine and uracil at the C5 position; (b) structures of i-motif and
Triplex; (c) CD spectra of i-motif-containing modified cytosine at different pH indicated by different colors, from ref. [203];
(d) comparison of CD spectra between duplex (solid), triplex (dashed dot), and triplex-forming oligonucleotides (TFO,
dashed) containing modified sequence at pH 6 from ref. [212]. Copyright (2015) John Wiley and Sons, Inc., and (2004)
Oxford University.

5.4. Triple Helix

A triplex structure of nucleic acids is formed by additional Hoogsteen pairing of
pyrimidine or purine bases, which occupy the major groove of the double helix, with
purines of the Watson–Crick base-pairs [213]. Intermolecular DNA triplexes are formed by
the interaction of triplex-forming oligonucleotides (TFOs) with target unique sequences by
forming triplex following hydrogen bonding interactions between TFOs and the oligop-
urine strand of the duplex (Figure 10b). The TFOs containing the chemically modified
nucleotide, particularly modified pyrimidine, significantly stabilize the formation of triplex
structure than unmodified TFOs [214–216]. The structural property of triplex shows signif-
icantly different CD profile to CD spectral patterns of DNA duplex or TFO (Figure 10c).
In addition, various analogs of modified uracil at the C5 position have been explored for
the investigation of sequence selectivity and affinity of TFO [217]. TFO incorporated with
C5-alkynyl functionalized LNA monomers dramatically stabilizes triplex formation and
increases thermal stability [218]. The 5-(1-propynyl)-2′-deoxyuridine (pdU)-modified TFO,
which targeted the A-rich site, formed the stable triplex structure, and required a lower
concentration of Mg2+ cation to form triplex compared to unmodified TFOs. Interestingly,
the pdU contains the TFOs more effectively than T-containing TFOs to direct the DNA.
There are comprehensive reviews of the structural studies of the triplex based on chemical
modifications [5,219,220].

6. Conclusions

Knowing the chemical alterations of purine nucleosides is important to better un-
derstand the structure and function of non-canonical DNA. Nucleoside modifications,
such as methylation, bromination, and arylation, especially at the C8 position of purine
and the C5 position of pyrimidine, are powerful tools not only to analyze the sequence-
dependent structure of DNA, but also to investigate its roles in biological processes. For
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example, methylated nucleosides are used to investigate epigenetic regulation of cellular
differentiation mechanisms.

This paper provides an overview of how the structure of non-canonical DNA can be
influenced by DNA alterations at the C8 and C5 positions of nucleosides. Modified bases
contain DNA sequence stability that differs from natural sequences. Most of the modifi-
cations either destabilize the local DNA structure or induce the formation of alternative
secondary structures [221]. The recent studies of dsDNA or siRNA containing modified
purines or uridines show that more modified bases actively alter genomic stability [222].
We predict that the effort to discover the underlying principles behind the link between
local structure and base modifications will provide the key to elucidating the mechanism
of how modifications affect genetic stability.

The developments of a more efficient methodology for the direct chemical modifica-
tion at the specific position have been applied using brominating agents or Pd catalysis
synthesis protocols. The field of research on pyrimidine arylation is narrow, as most of the
pyrimidine arylation mainly focuses on uracil and its derivatives that have therapeutical
roles. Further developments of the chemically synthetic methods and the characterization
of the structural properties of modified DNA will make it possible to unveil the function of
non-canonical DNA.

Author Contributions: Conceptualization, T.B., B.-S.K. and J.-H.L.; writing—original draft prepara-
tion, T.B., H.-S.J. and H.-B.A.; writing—review and editing, K.-I.O., B.-S.K. and J.-H.L.; supervision,
B.-S.K. and J.-H.L.; project administration, B.-S.K. and J.-H.L.; funding acquisition, J.-H.L., B.-S.K.
and K.-I.O. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (2020R1A2C1006909
to J.-H.L., 2020R1C1C1013785 to B-S.K. and 2020R1I1A1A01070690 to K.-I.O.). This work was also
supported by the Samsung Science and Technology Foundation (SSTF-BA1701-10 to J.-H.L.) and a KBSI
grant [C030440].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: Authors declare that they have no conflict of interest.

References
1. Freier, S.M.; Altmann, K.-H. The ups and downs of nucleic acid duplex stability: Structure-stability studies on chemically-modified

DNA:RNA duplexes. Nucleic Acids Res. 1997, 25, 4429–4443. [CrossRef]
2. Pinheiro, V.B.; Taylor, A.I.; Cozens, C.; Abramov, M.; Renders, M.; Zhang, S.; Chaput, J.C.; Wengel, J.; Peak-Chew, S.-Y.;

McLaughlin, S.H.; et al. Synthetic Genetic Polymers Capable of Heredity and Evolution. Science 2012, 336, 341. [CrossRef]
3. Ni, S.; Yao, H.; Wang, L.; Lu, J.; Jiang, F.; Lu, A.; Zhang, G. Chemical Modifications of Nucleic Acid Aptamers for Therapeutic

Purposes. Int. J. Mol. Sci. 2017, 18, 1683. [CrossRef]
4. Goodchild, J. Conjugates of oligonucleotides and modified oligonucleotides: A review of their synthesis and properties. Bioconju-

gate Chem. 1990, 1, 165–187. [CrossRef] [PubMed]
5. Doluca, O.; Withers, J.M.; Filichev, V.V. Molecular engineering of guanine-rich sequences: Z-DNA, DNA triplexes, and G-

quadruplexes. Chem. Rev. 2013, 113, 3044–3083. [CrossRef] [PubMed]
6. Saito, Y.; Hudson, R.H.E. Base-modified fluorescent purine nucleosides and nucleotides for use in oligonucleotide probes. J.

Photochem. Photobiol. C 2018, 36, 48–73. [CrossRef]
7. McKenzie, L.K.; El-Khoury, R.; Thorpe, J.D.; Damha, M.J.; Hollenstein, M. Recent progress in non-native nucleic acid modifications.

Chem. Soc. Rev. 2021, 50, 5126–5164. [CrossRef]
8. Cline, R.E.; Fink, R.M.; Fink, K. Synthesis of 5-Substituted Pyrimidines via Formaldehyde Addition1. J. Am. Chem. Soc. 1959, 81,

2521–2527. [CrossRef]
9. Frisch, D.M.; Visser, D.W. 5-Bromodeoxycytidine and 5-Chlorodeoxycytidine1. J. Am. Chem. Soc. 1959, 81, 1756–1758. [CrossRef]
10. Uesugi, S.; Ikehara, M. Carbon-13 magnetic resonance spectra of 8-substituted purine nucleosides. Characteristic shifts for the

syn conformation. J. Am. Chem. Soc. 1977, 99, 3250–3253. [CrossRef]
11. Vongsutilers, V.; Phillips, D.J.; Train, B.C.; McKelvey, G.R.; Thomsen, N.M.; Shaughnessy, K.H.; Lewis, J.P.; Gannett, P.M. The

conformational effect of para-substituted C8-arylguanine adducts on the B/Z-DNA equilibrium. Biophys. Chem. 2011, 154, 41–48.
[CrossRef]

http://doi.org/10.1093/nar/25.22.4429
http://doi.org/10.1126/science.1217622
http://doi.org/10.3390/ijms18081683
http://doi.org/10.1021/bc00003a001
http://www.ncbi.nlm.nih.gov/pubmed/1965782
http://doi.org/10.1021/cr300225q
http://www.ncbi.nlm.nih.gov/pubmed/23391174
http://doi.org/10.1016/j.jphotochemrev.2018.07.001
http://doi.org/10.1039/D0CS01430C
http://doi.org/10.1021/ja01519a056
http://doi.org/10.1021/ja01516a058
http://doi.org/10.1021/ja00452a008
http://doi.org/10.1016/j.bpc.2010.12.006


Int. J. Mol. Sci. 2021, 22, 9552 16 of 23

12. Watson, J.D.; Crick, F.H.C. Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid. Nature 1953, 171,
737–738. [CrossRef] [PubMed]

13. Rich, A.; Zhang, S. Timeline: Z-DNA: The long road to biological function. Nat. Rev. Genet. 2003, 4, 566–572. [CrossRef]
14. Wang, A.H.; Quigley, G.J.; Kolpak, F.J.; Crawford, J.L.; van Boom, J.H.; van der Marel, G.; Rich, A. Molecular structure of a

left-handed double helical DNA fragment at atomic resolution. Nature 1979, 282, 680–686. [CrossRef] [PubMed]
15. Ha, S.C.; Lowenhaupt, K.; Rich, A.; Kim, Y.G.; Kim, K.K. Crystal structure of a junction between B-DNA and Z-DNA reveals two

extruded bases. Nature 2005, 437, 1183–1186. [CrossRef]
16. Gros, J.; Rosu, F.; Amrane, S.; De Cian, A.; Gabelica, V.; Lacroix, L.; Mergny, J.L. Guanines are a quartet’s best friend: Impact of

base substitutions on the kinetics and stability of tetramolecular quadruplexes. Nucleic Acids Res. 2007, 35, 3064–3075. [CrossRef]
17. Davis, J.T. G-quartets 40 years later: From 5′-GMP to molecular biology and supramolecular chemistry. Angew. Chem. Int. Ed.

Engl. 2004, 43, 668–698. [CrossRef] [PubMed]
18. Sun, Z.Y.; Wang, X.N.; Cheng, S.Q.; Su, X.X.; Ou, T.M. Developing Novel G-Quadruplex Ligands: From Interaction with Nucleic

Acids to Interfering with Nucleic Acid(-)Protein Interaction. Molecules 2019, 24, 396. [CrossRef]
19. Wittig, B.; Wölfl, S.; Dorbic, T.; Vahrson, W.; Rich, A. Transcription of human c-myc in permeabilized nuclei is associated with

formation of Z-DNA in three discrete regions of the gene. EMBO J. 1992, 11, 4653–4663. [CrossRef]
20. Maruyama, A.; Mimura, J.; Harada, N.; Itoh, K. Nrf2 activation is associated with Z-DNA formation in the human HO-1 promoter.

Nucleic Acids Res. 2013, 41, 5223–5234. [CrossRef]
21. Manderville, R.A.; Wetmore, S.D. C-Linked 8-aryl guanine nucleobase adducts: Biological outcomes and utility as fluorescent

probes. Chem. Sci. 2016, 7, 3482–3493. [CrossRef] [PubMed]
22. Xodo, L.E.; Manzini, G.; Quadrifoglio, F.; van der Marel, G.A.; van Boom, J.H. Effect pf 5-methylcytosine on the stability of

triple-stranded DNA—a thermodynamic study. Nucleic Acids Res. 1991, 19, 5625–5631. [CrossRef] [PubMed]
23. Ontiveros, R.J.; Stoute, J.; Liu, K.F. The chemical diversity of RNA modifications. Biochem. J. 2019, 476, 1227–1245. [CrossRef]
24. Tateishi-Karimata, H.; Sugimoto, N. Chemical biology of non-canonical structures of nucleic acids for therapeutic applications.

Chem. Comm. 2020, 56, 2379–2390. [CrossRef] [PubMed]
25. Ngassa, F.N.; Dekorver, K.A.; Melistas, T.S.; Yeh, E.A.; Lakshman, M.K. Pd-Xantphos-catalyzed direct arylation of nucleosides.

Org. Lett. 2006, 8, 4613–4616. [CrossRef] [PubMed]
26. Bhilare, S.; Gayakhe, V.; Ardhapure, A.V.; Sanghvi, Y.S.; Schulzke, C.; Borozdina, Y.; Kapdi, A.R. Novel water-soluble phosphatri-

azenes: Versatile ligands for Suzuki-Miyaura, Sonogashira and Heck reactions of nucleosides. RSC Adv. 2016, 6, 83820–83830.
[CrossRef]

27. Thomsen, N.M.; Vongsutilers, V.; Gannett, P.M. The synthesis of C8-aryl purines, nucleosides and phosphoramidites. Crit. Rev.
Eukaryot. Gene Expr. 2011, 21, 155–176. [CrossRef]

28. Hingerty, B.; Broyde, S. Conformation of the deoxydinucleoside monophosphate dCpdG modified at carbon 8 of guanine with
2-(acetylamino)fluorene. Biochemistry 1982, 21, 3243–3252. [CrossRef] [PubMed]

29. Araki, M.; Maeda, M.; Kawazoe, Y. Chemical alteration of nucleic acids and their components—XIII. Tetrahedron 1976, 32, 337–340.
[CrossRef]

30. Humphreys, W.G.; Kadlubar, F.F.; Guengerich, F.P. Mechanism of C8 alkylation of guanine residues by activated arylamines:
Evidence for initial adduct formation at the N7 position. Proc. Natl. Acad. Sci. USA 1992, 89, 8278–8282. [CrossRef] [PubMed]

31. Masiero, S.; Trotta, R.; Pieraccini, S.; De Tito, S.; Perone, R.; Randazzo, A.; Spada, G.P. A non-empirical chromophoric interpretation
of CD spectra of DNA G-quadruplex structures. Org. Biomol. Chem. 2010, 8, 2683–2692. [CrossRef]

32. Gannett, P.M.; Heavner, S.; Daft, J.R.; Shaughnessy, K.H.; Epperson, J.D.; Greenbaum, N.L. Synthesis, properties, and NMR
studies of a C8-phenylguanine modified oligonucleotide that preferentially adopts the Z DNA conformation. Chem. Res. Toxicol.
2003, 16, 1385–1394. [CrossRef]

33. Rice, J.M.; Dudek, G.O. Mass spectra of nucleic acid derivatives. II. Guanine, adenine, and related compounds. J. Am. Chem. Soc.
1967, 89, 2719–2725. [CrossRef] [PubMed]

34. Jones, J.W.; Robins, R.K. Purine Nucleosides. III. Methylation Studies of Certain Naturally Occurring Purine Nucleosides. J. Am.
Chem. Soc. 1963, 85, 193–201. [CrossRef]

35. Rogers, K.J.; Pegg, A.E. Formation of O6-methylguanine by alkylation of rat liver, colon, and kidney DNA following administra-
tion of 1,2-dimethylhydrazine. Cancer Res. 1977, 37, 4082–4087. [PubMed]

36. Araie, Y.; Ohtsuki, S.; Park, S.; Nagaoka, M.; Umemura, K.; Sugiyama, H.; Kusamori, K.; Takahashi, Y.; Takakura, Y.; Nishikawa, M.
Combined use of chemically modified nucleobases and nanostructured DNA for enhanced immunostimulatory activity of CpG
oligodeoxynucleotide. Bioorgan. Med. Chem. 2021, 29, 115864. [CrossRef] [PubMed]

37. Virgilio, A.; Esposito, V.; Citarella, G.; Pepe, A.; Mayol, L.; Galeone, A. The insertion of two 8-methyl-2′-deoxyguanosine residues
in tetramolecular quadruplex structures: Trying to orientate the strands. Nucleic Acids Res. 2012, 40, 461–475. [CrossRef]

38. Thomson, J.M.; Lamont, I.L. Nucleoside Analogues as Antibacterial Agents. Front. Microbiol. 2019, 10, 952. [CrossRef]
39. Maeda, M.; Nushi, K.; Kawazoe, Y. Studies on chemical alterations of nucleic acids and their components—VII. Tetrahedron 1974,

30, 2677–2682. [CrossRef]
40. Kohda, K.; Tsunomoto, H.; Minoura, Y.; Tanabe, K.; Shibutani, S. Synthesis, miscoding specificity, and thermodynamic stability of

oligodeoxynucleotide containing 8-methyl-2′-deoxyguanosine. Chem. Res. Toxicol. 1996, 9, 1278–1284. [CrossRef]

http://doi.org/10.1038/171737a0
http://www.ncbi.nlm.nih.gov/pubmed/13054692
http://doi.org/10.1038/nrg1115
http://doi.org/10.1038/282680a0
http://www.ncbi.nlm.nih.gov/pubmed/514347
http://doi.org/10.1038/nature04088
http://doi.org/10.1093/nar/gkm111
http://doi.org/10.1002/anie.200300589
http://www.ncbi.nlm.nih.gov/pubmed/14755695
http://doi.org/10.3390/molecules24030396
http://doi.org/10.1002/j.1460-2075.1992.tb05567.x
http://doi.org/10.1093/nar/gkt243
http://doi.org/10.1039/C6SC00053C
http://www.ncbi.nlm.nih.gov/pubmed/29997840
http://doi.org/10.1093/nar/19.20.5625
http://www.ncbi.nlm.nih.gov/pubmed/1945840
http://doi.org/10.1042/BCJ20180445
http://doi.org/10.1039/C9CC09771F
http://www.ncbi.nlm.nih.gov/pubmed/32022004
http://doi.org/10.1021/ol0619516
http://www.ncbi.nlm.nih.gov/pubmed/16986963
http://doi.org/10.1039/C6RA19039A
http://doi.org/10.1615/CritRevEukarGeneExpr.v21.i2.50
http://doi.org/10.1021/bi00256a034
http://www.ncbi.nlm.nih.gov/pubmed/7104322
http://doi.org/10.1016/0040-4020(76)80046-4
http://doi.org/10.1073/pnas.89.17.8278
http://www.ncbi.nlm.nih.gov/pubmed/1518858
http://doi.org/10.1039/c003428b
http://doi.org/10.1021/tx034023d
http://doi.org/10.1021/ja00987a039
http://www.ncbi.nlm.nih.gov/pubmed/6043801
http://doi.org/10.1021/ja00885a019
http://www.ncbi.nlm.nih.gov/pubmed/908041
http://doi.org/10.1016/j.bmc.2020.115864
http://www.ncbi.nlm.nih.gov/pubmed/33223462
http://doi.org/10.1093/nar/gkr670
http://doi.org/10.3389/fmicb.2019.00952
http://doi.org/10.1016/S0040-4020(01)97428-9
http://doi.org/10.1021/tx9601059


Int. J. Mol. Sci. 2021, 22, 9552 17 of 23

41. Martinez, G.R.; Gasparutto, D.; Ravanat, J.L.; Cadet, J.; Medeiros, M.H.; Di Mascio, P. Identification of the main oxidation products
of 8-methoxy-2′-deoxyguanosine by singlet molecular oxygen. Free Radic. Biol. Med. 2005, 38, 1491–1500. [CrossRef]

42. Crean, C.; Geacintov, N.E.; Shafirovich, V. Methylation of 2′-deoxyguanosine by a free radical mechanism. J. Phys. Chem. B 2009,
113, 12773–12781. [CrossRef]

43. Zady, M.F.; Wong, J.L. Kinetics and mechanism of carbon-8 methylation of purine bases and nucleosides by methyl radical. J. Am.
Chem. Soc. 1977, 99, 5096–5101. [CrossRef] [PubMed]

44. Elskens, J.; Manicardi, A.; Costi, V.; Madder, A.; Corradini, R. Synthesis and Improved Cross-Linking Properties of C5-Modified
Furan Bearing PNAs. Molecules 2017, 22, 2010. [CrossRef] [PubMed]

45. Niu, H.-Y.; Su, L.-Y.; Bai, S.-X.; Li, J.-P.; Feng, X.-L.; Guo, H.-M. Synthesis of C8-alkyl-substituted purine analogues by direct
alkylation of 8- H purines with tetrahydrofuran catalyzed by CoCl2·6H2O. Chin. Chem. Lett. 2017, 28, 105–108. [CrossRef]

46. Yamazaki, A.; Kumashiro, I.; Takenishi, T. Synthesis of guanosine and its derivatives from 5-amino-1-beta-D-ribofuranosyl-4-
imidazolecarboxamide. II. Ring closure with sodium methylxanthate. J. Org. Chem. 1967, 32, 3032–3038. [CrossRef]

47. Pfleiderer, W.; Shanshal, M.; Eistetter, K. Nucleosides, V. Synthesis and structure of 8-methyl- and 8-(trifluoromethyl) guanine
nucleosides. Chem. Ber. 1972, 105, 1497–1509. [CrossRef] [PubMed]

48. Ikehara, M.; Limn, W.; Fukui, T. Studies of nucleosides and nucleotides. LXXXI. Synthesis and characterization of 8-
methyladenosine. Chem. Pharm. Bull. 1977, 25, 2702–2707. [CrossRef]

49. Hirota, K.; Kitade, Y.; Kanbe, Y.; Maki, Y. Convenient method for the synthesis of C-alkylated purine nucleosides: Palladium-
catalyzed cross-coupling reaction of halogenopurine nucleosides with trialkylaluminums. J. Org. Chem. 1992, 57, 5268–5270.
[CrossRef]

50. Henderson, J.P.; Byun, J.; Williams, M.V.; McCormick, M.L.; Parks, W.C.; Ridnour, L.A.; Heinecke, J.W. Bromination of deoxycyti-
dine by eosinophil peroxidase: A mechanism for mutagenesis by oxidative damage of nucleotide precursors. Proc. Natl. Acad. Sci.
USA 2001, 98, 1631–1636. [CrossRef]

51. Volpini, R.; Costanzi, S.; Lambertucci, C.; Vittori, S.; Klotz, K.; Lorenzen, A.; Cristalli, G. Introduction of alkynyl chains on C-8
of adenosine led to very selective antagonists of the A(3) adenosine receptor. Bioorgan. Med. Chem. Lett. 2001, 11, 1931–1934.
[CrossRef]

52. El Safadi, Y.; Marquet, R.; Aubertin, A.M.; Vivet-Boudou, V. Synthesis and primary evaluation of novel HIV-1 inhibitors.
Nucleosides Nucleotides Nucleic Acids 2007, 26, 1161–1165. [CrossRef]

53. Asahi, T.; Kondo, H.; Masuda, M.; Nishino, H.; Aratani, Y.; Naito, Y.; Yoshikawa, T.; Hisaka, S.; Kato, Y.; Osawa, T. Chemical and
immunochemical detection of 8-halogenated deoxyguanosines at early stage inflammation. J. Biol. Chem. 2010, 285, 9282–9291.
[CrossRef]

54. Budovskii, E.I.; Shibaev, V.N.; Spiridonova, S.M.; Kochetkov, N.K. Synthesis of 8-bromoadenosine 5′-(α-D-glucopyranosyl
diphosphate). Bull. Acad. Sci. USSR Div. Chem. Sci. 1971, 20, 1183–1185. [CrossRef]

55. Münzel, M.; Szeibert, C.; Glas, A.F.; Globisch, D.; Carell, T. Discovery and Synthesis of New UV-Induced Intrastrand C(4−8)G
and G(8−4)C Photolesions. J. Am. Chem. Soc. 2011, 133, 5186–5189. [CrossRef]

56. Ikehara, M.; Kaneko, M. Studies of nucleosides and nucleotides—XLI. Tetrahedron 1970, 26, 4251–4259. [CrossRef]
57. Maity, J.; Stromberg, R. An efficient and facile methodology for bromination of pyrimidine and purine nucleosides with sodium

monobromoisocyanurate (SMBI). Molecules 2013, 18, 12740–12750. [CrossRef] [PubMed]
58. Asahi, T.; Nakamura, Y.; Kato, Y.; Osawa, T. Specific role of taurine in the 8-brominated′-deoxyguanosine formation. Arch.

Biochem. Biophys. 2015, 586, 45–50. [CrossRef]
59. Varizhuk, A.M.; Zatsepin, T.S.; Golovin, A.V.; Belyaev, E.S.; Kostyukevich, Y.I.; Dedkov, V.G.; Shipulin, G.A.; Shpakovski, G.V.;

Aralov, A.V. Synthesis of oligonucleotides containing novel G-clamp analogue with C8-tethered group in phenoxazine ring:
Implication to qPCR detection of the low-copy Kemerovo virus dsRNA. Bioorgan. Med. Chem. 2017, 25, 3597–3605. [CrossRef]
[PubMed]

60. Gillet, L.C.J.; Schärer, O.D. Preparation of C8-Amine and Acetylamine Adducts of 2′-Deoxyguanosine Suitably Protected for
DNA Synthesis. Org. Lett. 2002, 4, 4205–4208. [CrossRef] [PubMed]

61. Seregin, I.V.; Gevorgyan, V. Direct transition metal-catalyzed functionalization of heteroaromatic compounds. Chem. Soc. Rev.
2007, 36, 1173–1193. [CrossRef] [PubMed]
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