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Modification of DNA with reactive groups and their post-
synthetic transformations are useful for labelling, imaging,
bioconjugations and cross-linking with other (bio)molecules.
This review summarizes the recent progress in this field and
covers transformations of oxo groups, cycloadditions,
conjugate additions, alkylations, cross-couplings and other
reactions. Examples of applications are given and the
practicability and scope of the reactions are discussed.
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Introduction

Bioconjugations and labelling of biomolecules are impor-
tant for many applications in medicinal chemistry, molec-
ular and chemical biology, imaging and diagnostics. The
busy field of bioconjugations of nucleic acids has been
thoroughly reviewed several times [1-4]. This review will
summarize postsynthetic modifications of DNA through
reactions of modified nucleobases. It will not cover 3’-end
or 5'-end modifications of DNA [1-3] or modifications of
RNA [5°], which have been reviewed very recently. The
review will discuss the scope and practicability of the
reactions for applications in labelling, bioconjugations
and cross-linking of DNA with reporting groups or other
biomolecules. It will focus on recent progress in the last
three years, although some most important older reactions
will be also mentioned and discussed for comparison. It is
also complementary to our recent review [6] summarizing
the use of base-modified DNA in studying of protein—
DNA interactions.
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The starting modified oligonucleotides (ONs) and
DNA can be synthesized either chemically or enzymat-
ically (Scheme 1). The automated chemical synthesis is
performed on solid support using modified nucleoside
phosphoramidites [7]. Unfortunately, many reactive
groups (electrophiles, nucleophiles etc.) are not com-
patible with the phosphoramidite protocol and/or
deprotection with ammonia, and therefore often they
must be masked or protected. On the other hand, the
enzymatic synthesis using modified 2’-deoxyribonucle-
oside triphosphates (dN'TPs) and DNA polymerases
can use directly reactive-modified nucleotides for incor-
poration [8]. Different enzymatic methods, such as
primer extension (PEX), PCR or nicking enzyme ampli-
fication reaction can be used for enzymatic synthesis of
double-stranded or single-stranded DNA or ONs con-
taining one, several or many modified nucleotides.
These modified DNA or ONs can then undergo the
postsynthetic modifications which are the topic of this
review.

Postsynthetic modification of DNA by transformations of
oXxo groups

Reactions of oxo derivatives, in particular aldehydes, in
ON and DNA have been extensively studied. In
Nature, there exist at least two aldehyde-linked nucleo-
bases. 5-Formylcytosine (5fC) is a rare epigenetic base
which is an intermediate in active demethylation but it
also can be an epigenetic signal on itself [9]. Related
5-formyluracil (5fU) occurs even less frequently as a
product of oxidative damage of DNA but also its
epigenetic role in some genomes has been suggested
[10°°]. For identification and mapping of the occurrence
of these two rare natural nucleobases, number of
specific reagents and reactions have been developed
(Scheme 2).

Oxime or hydrazone formation is widely used in
bioconjugations of aldehydes and ketones [11]. In DNA,
oxime formation with fluorescent hydroxylamines was
reported for fluorescent labelling of 5fC or 5fU (Scheme
2a), [12,13] as well as for labelling of these bases with
biotin [14] or adamantine [15]. Hydrazone formation with
nitrobenzofurazane-linked [16], naphthalimide-linked
[17] or biotin-linked [14] hydrazines was used for staining
or labelling of 5fU or 5fC in similar way (Scheme 2b).
Although the oxime or hydrazone formation in water is not
favored, some of these reactions were optimized to give
almost quantitative yields. On the one hand, Schiff-base
formation of 5fC with lysine of histone proteins has been
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Synthesis and postsynthetic modifications of functionalized ONs or DNA.

reported to form transient cross-links with equilibrium at
max. 20% of the imine [18]. On the other hand, reductive
amination of 5fC in the presence of NaBH3;CN was used for
permanent covalent cross-linking to histones [19°°] and
other proteins or peptides (Scheme 2¢) [20]. Heterocycliza-
tions of S5fU with substituted aminothiophenols or
o-phenylenediamines formed fluorescent benzothiazole
[21] or benzimidazole-linked [22] uracils are also useful
for conjugation to biotin (Scheme 2d,e). Witting reaction
with coumarin-based phosphine-ylide was used [23] for
attachment of the fluorophore through vinylene group for
cell imaging (Scheme 2f). Also Knoevenagel condensation
of 5fU with active methylene reagents was used for
fluorogenic formation of vinylene linked conjugates
(Scheme 2g,h) [24,25]. In 5fC, the Knoevenagel
condensation with benzothiazole-2-acetonitrile  was
followed by heterocyclization to the 4-amino group leading
to fused pyridopyrimidine nucleobase (Scheme 2i) [26°],
which is also fluorescent.

In addition to natural formylpyrimidines, number
of other non-natural aldehyde-linked nucleobases
have been prepared and used for bioconjugations. For-
mylphenylcytosine  nucleotide was  enzymatically
incorporated to DNA and used for reductive amination
(Scheme 2j) [27]. Aliphatic aldehyde-linked nucleobases
were either incorporated to DNA [28] or generated in
DNA through oxidative cleavage of vicinal diols and
used for DNA metallization [29], conjugation to peptides
or proteins [30] or inter-strand cross-linking [31] through
reductive amination (Scheme 2k,l). Furan-linked uracil
can be converted to highly reactive oxoaldehyde via
reaction with NBS which was also used [32] for cross-
linking with proteins through reductive amination
(Scheme 2n). The formylthienylcytosine was also
successfully used for staining through hydrazone
formation (Scheme 20) [33].

Postsynthetic modification of DNA by cycloaddition
reactions

Cycloaddition reactions are one of the most useful and
popular reactions for bioconjugations (Scheme 3). In
particular, the Cu-catalyzed alkyne-azide cycloadditions
(CuAAC), as the most important example of click
reactions based on 1,3-dipolar cycloadditions, have been
extensively used for bioconjugations and modifications of
DNA and the field was reviewed several times [34,35].
For alkyne-azide click conjugations, the nucleobases in
DNA can be modified either by terminal alkyne or by
azido groups (Scheme 3a). The alkynes are compatible
both with phosphoramidite synthesis and polymerase
incorporations and a number of alkyne-nucleobase linked
nucleoside phosphoramidites or dN'IPs were used for
synthesis of alkyne-linked DNA and follow-up CuAAC
modifications in the major groove. Directly linked 5-
ethynylpyrimidine or 7-ethynyl-7-deazapurine dN'TPs
are good substrates for DNA polymerases [36] and
even some of the corresponding nucleosides are
phosphorylated in the cells [37], which was used for
staining of cellular DNA and metabolic labelling through
CuAAC reactions with fluorophore-linked azides [38].
However, their CuAAC reactions of ethynylnucleobases
in DNA are rather slow and do not give full conversions
[39]. In contrast, octadiynyl-substituted pyrimidines [40],
7-deazapurines [41] or pyrazolopyrimidines [42] are much
more reactive, but the dNTPs are weaker substrates for
polymerases, in particular in PCR with long templates.
Orthogonal silyl protection and release was used for
selective triple CuAAC modifications of DNA [43].
Post-synthetic CuAAC click modification of ethynyl-
linked DNA was recently successfully used for
selection of aptamers [44°]. Recently, we have shown
that  propargyl-diethyleneglycol-linked  thymidine
triphosphate is an excellent substrate for polymerases
and gives very fast and efficient CuAAC reactions [45].
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Scheme 2
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Postsynthetic modifications of DNA through transformations of oxo groups.

Lately, also 2-ethynyl-[46] and 2-propargylamino-2’-
deoxyadenosine [47] nucleotides were enzymatically
incorporated to DNA and used for CuAAC reactions in
the minor groove. Azido group is not compatible with
phosphoramidite synthesis on solid support, but it can be
still introduced to DNA by enzymatic incorporation of
azido-modified nucleotides. Azidophenyl-linked dN'TPs
were prepared and used for polymerase synthesis of

azido-modified DNA which was further transformed
through CuAAC reaction with nitrophenylacetylene for
redox labelling [48]. Cells treated with 5-azido-
deoxyuridine or 5-azidomethyl-2’-deoxyuridine were
able to phosphorylate and incorporate the azido-linked
nucleotides to DNA which was then stained through
CuAAC reaction with fluorescent alkynes for metabolic
labelling [49].
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Since the standard use of CuSO,4 with ascorbic acid causes
DNA damage, the catalysis with CuBr in presence of
chelating ligands is necessary for CuAAC modifications of
DNA. However, even low concentration of copper cations
can be toxic for living cells and therefore number of
Cu-free click reactions have been developed in the last
decade for prospective iz cellulo and in vivo applications
and their applications in DNA modifications have been
reviewed in 2015 [50]. Copper-free alternative to CuAAC
is the strain-promoted alkyne-azide cycloadditions
(SPAAC) making use of strained alkynes (typically
cyclooctyne derivatives) which are more reactive toward

Scheme 4

the 1,3-dipolar cycloadditions with azides without metal
catalysis (Scheme 3b). Azido-linked dNTPs were
synthesized and used for polymerase synthesis of DNA
which underwent SPAAC reactions with cyclooctyne-
linked fluorophores [51,52]. Azido group has also been
introduced to DNA through another click reaction and
was used for SPAAC with cyclooctyne-linked peptides
[53]. Conversely, cyclooctyne nucleotides have been
incorporated to DNA and used for SPAAC reactions with
fluorescent azides [54] Also a 1,3-dipolar cycloaddition of
alkenes with nitril-oxide was used for DNA modification
(Scheme 3c¢) [55].
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Another important type of click reactions is based on
[4+2] Diels—Alder (DA) cycloadditions. Classical
DA reaction of diene-linked nucleotide in DNA with
maleimide-linked peptide was reported for synthesis of
DNA-peptide conjugates (Scheme 3d) [56] Inverse-
electron-demand Diels—Alder (iIEDDA) reactions of
alkenes with tetrazines or triazines have recently
become one of the most important type of click
reactions for bioconjugations due to its mild biocom-
patible conditions and bioorthogonality [57]. The
1IEDDA cycloaddition reaction is followed by sponta-
neous elimination of N, leading to dihydropyridazine or
dihydropyridine (in case of reactions with alkenes) or to
pyridazines or pyridines (in case of reactions with
alkynes). DNA containing nucleobases bearing strained
norbornene [58], #rans-cyclooctene [52,59] or cyclopro-
pane [60°°] were synthesized and used for iIEDDA click
reactions with fluorescent tetrazines (Scheme 3e).
Conversely, triazine-linked [60°°] or tetrazine-linked
[61] DNA was used for click reactions with fluorescent
cyclooctynes. Even simple and easily accessible 5-
vinyluracil [62] or 5-vinylcytosine [63] in DNA are
sufficiently reactive with tetrazines, although mixtures
of isomers are formed. Photochemically activated
cycloadditions of tetrazoles with alkenes (photoclick
reactions) have also successfully been used for DNA
modification, either by incorporation of tetrazole-linked
uracil and reaction with fluorescent maleimide [64]
or by incorporation of vinyluracil and reaction with
coumarin-linked tetrazole (Scheme 3f) [65].

Postsynthetic modification of DNA by other types of
reactions

Aparts from the carbonyl and cycloaddition reactions dis-
cussed above, number of other reactions have been
tested and wused for postsynthetic modification of
DNA (Scheme 4). Conjugate additions of thiols to vinyl-
sulfonamide-linked DNA (prepared either by direct poly-
merase incorporation of modified nucleotide [66] or by
CuAAC linking of the reactive group [67]) were used for
cross-linking of DNA probes to p53 protein (Scheme 4aa).
Conversely, thiol-linked DNA reacted [68] with malei-
mide-tethered peptides to form the DNA-peptide conju-
gates (Scheme 4ab). An interesting example was a
Michael acceptor generated iz situ by oxidation of
phenylselenyl-thymine which cross-linked to lysine of
histones (Scheme 4ac) [69] Photochemically induced thiol-
—ene additions of thiols to 2-vinyl-adenine [46] or 2-pro-
pargylamino-adenine [47] were used for attachment of
fluorophores to minor groove of DNA (Scheme 4b). Poly-
merase incorporation of chloroacetamide-linked nucleo-
tide resulted in reactive DNA probes which cross-linked
[70] with Cys or His of interacting p53 protein making
advantage of proximity effect (Scheme 4c). Naturally
occurring 5-hydroxymethylcytosine underwent sulfinate
labelling to attach biotin for pull-down and follow-up
nucleophilic substitution with amine (Scheme 4d) [71].

Native chemical ligation of cysteine-tethered DNA with
thioesters was used for conjugation of peptides (Scheme 4¢)
[72]. Staudinger reaction of an azido-linked nucleotide in
DNA with o-diphenylphosphino-benzoate ester led to
stable amide formation (Scheme 4f) [73].

Aqueous cross-coupling reactions are routinely used for
modifications of nucleosides and nucleotides [8], but
they can be also used for modification of DNA
containing halogeno-substituted nucleobases (Scheme
4g), although their chemical incorporation to DNA by
phosphoramidite protocol is non-trivial. 5-Iodouracil-
containing ONs and DNA underwent the Suzuki-
Miyaura cross-coupling with arylboronic acids or
alenylborates in presence of Pd-catalysts and specific
ligands to attach aryl or alkenyl groups (Scheme 4ga).
[74,75] Also the Stille coupling with arylstannanes or
alkenylstannanes was reported but this reaction needs
large amounts of toxic triphenylarsine ligand [76]. The
Buchwald—Hartwig—Migita reactions of 5-iodouracil in
DNA with thiosugars were used for synthesis of DNA-
glycoconjugates (Scheme 4gb) [77]. Diazirine group
was attached to DNA either through incorporation of
modified nucleotide [78] or through the Suzuki cou-
pling [74] and its irradiation by UV light generated
highly reactive carbene, which cross-linked to proteins
via non-specific C—H bond activations (Scheme 4h).

Conclusions

The presented review summarized the recent progress in
modification of DNA by reactive groups and their follow-
up transformations for applications in labelling, imaging,
bioconjugation and cross-linking. The reactions of oxo
groups are most useful for detection and footprinting of
naturally occurring epigenetic bases 5fC and 5fU,
although their biological role has yet to be determined.
Modification of DNA by non-natural aldehyde groups can
be used for cross-linking to interacting proteins through
reductive amination, though it requires additional
reductant (e.g. NaBH;CN). From cycloadditions, the
CuAAC reactions of alkyne-linked DNA with azides have
been the most frequently used transformations. The
reactivity of the alkyne strongly depends on the linker
and the use of Cu(I) is problematic in 7 ce/lulo and in vivo
applications (due to toxicity of copper). Synthesis of
azido-linked DNA is more difficult (azido group is not
compatible with phosphoramidite protocol) but apart
from CuAAC, the azido group can be used for Cu-free
SPAAC. The SPAAC is more biocompatible but the
synthesis of DNA modified by bulky strained alkynes
is quite difficult, in particular the enzymatic synthesis
because dN'I'Ps bearing bulky groups are worse sub-
strates for DNA polymerases (especially in PCR). iEDDA
cycloadditions and photoclick reactions are also very
useful and fully bioorthogonal reactions, but the synthesis
of modified DNA may also be challenging. Modification
of DNA with strong electrophiles, Michael acceptors or
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alkylation agents is difficult but can be achieved by
enzymatic incorporation of modified nucleotides. These
clectrophiles are highly reactive toward nucleophiles;
hence the reactivity needs to be optimized to avoid
non-specific reactions with abundant nucleophiles. Other
transformations, such as thiol-ene additions, native
ligations and Staudinger reaction have so far been used
only for specific applications. Cross-coupling reactions
have promising potential but yet they need to be further
developed to become biocompatible. Non-specific cross-
linking of diazirine-linked DNA with proteins has great
potential in DNA-proteomics.

There is certainly a lot of space and need for improve-
ment of the known and development of other reactions
for modification of DNA, as well as for real iz wvivo
application of some of these methods. New reactive
modified nucleoside phosphoramidite building block
need to be compatible with automated synthesis on solid
support, whereas the dN'TPs should be good substrates
for DNA polymerases (which is problematic especially for
bulkier functional groups) and the prospective new
reactions should be bioorthogonal or very specific in
the cellular environment containing mixture of many
natural nucleophiles and other reactive species.
Application of recently developed transporter [79°°] with
new modified dNTPs opens an attractive option of
modification of genomic DNA in living cells. Also diverse
reactivity toward natural amino acid side-chains is
desirable for specific cross-linking DNA probes and for
proteomics of DNA-interacting proteins. To this end, we
have just developed a squaramate-modified nucleotides
and DNA which cross-links with lysine-containing
peptides or with histones without the need of an
additional reagents (forming stable squaramide) [80]. Also
some reverse reactions to release DNA from conjugates
would be very useful for applications in gene delivery or
regulation of gene expression [81°]. Research along these
lines is on-going in our labs.
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