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Scheme 1. Two Competitive Pathways for the Cu(l)-Catalyzed Azide Alkyne Cycloaddition (CUAAC): A Slow Process
Catalyzed by a Mononuclear Cu Species (Pathway A) and a More Kinetically Favored Route Promoted by the Formation of a

Dinuclear Cu Catalyst (Pathway B)®’
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Acknowledgments 7148 and 1,5-isomeric adducts are formed). The slow reaction
Abbreviations 7148 progress is due to the high chemical stability of canonical
References 7148 alkynes. Only electron-de cient alkynes albeit not bioor-

1. INTRODUCTION

Synthetic methodologies that use modular approaches to
e ciently generate biologically relevant constructs are of
paramount importance for the fast and high-throughput
production of molecular probes, for screening assays, and
for the development of pharmaceuticals. In 1999, K. B.
Sharpless used the term “click chemistry” to de ne a set of
reactions which are broad in scope, high yielding, stereo-
speci ¢, and result in few or no byproducts® The name
epitomizes chemical transformations that are simple to
execute, that involve readily available starting reagents, that
are compatible with an aqueous environment or no solvent,
and that require simple product separation (i.e chromato-
graphic methods). Currently, four types of reactions follow
these criteria and include (i) nucleophilic substitutions; (i)
additions to C C multiple bonds (eg Michael addition,
epoxidation, dihydroxylation, aziridination); (iii) nonaldol like
chemistry (eg N-hydroxysuccinimide active ester couplings);
and (iv) cycloadditions (eg Diels Adler reaction, Huisgen’s
cycloaddition).

For many years Huisgen’s cycloaddition has been applied in
various branches of chemistry. It consists of the condensation
of organic azides with alkyne groups to form 1,2,3-triazole
linkages.” Azide and alkyne functionalities can be easily
introduced in the sca old of large organic constructs of
biological relevance. These groups are chemically unreactive
toward most functional moieties of other biological substrates
(such as lipids, proteins, and nucleic acids) and can therefore
be considered to be bioorthogonal and biocompatible.
However, for more than four decades application of this
reaction was limited by the requirement for high temperatures,
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thogonal can be substrates for the autonomous noncatalyzed
cycloaddition by conjugate addition mechanisms. Research
carried out separately and simultaneously by Meldal® and
Sharpless* addressed these limitations by introducing a
copper(l) catalyst. The Cu(l) core has a dual e ect in that
it activates the slow-reacting alkyne group thus accelerating
the azide alkyne condensation kinetics by 107 10%-fold,*
and it organizes the reacting groups by “templation” so that
only a regiospeci ¢ 1,4-disubstituted adduct is formed. This
reaction is known as the copper-catalyzed azide alkyne
cycloaddition (CuAAC), and its compatibility with a wide
range of biological substrates and synthetic conditions makes
CUuAAC the agship among click conjugations. Since its
discovery, Cu(l)-catalyzed azide alkyne cycloaddition has
been widely used within the elds of biology, biochemistry,
and biotechnology.® ® Researchers have applied azide-alkyne
cycloadditions to various biological substrates,® developed
catalysts of high e ciency and diverse reactivity’” some
metal complexes favor the production of the 1,5-disubstituted
adduct and investigated “activated” alkyne groups for rapid
triazole formation in the absence of metal catalysts.’® =
The facile scalability, modularity and biocompatibility of
click reactions quickly attracted interest in the application of
azide alkyne cycloadditions (AACs) in the eld of nucleic
acids,** '° enabling the following: (i) facile labeling of
oligonucleotides (ODNs) with small-molecular probes;*’ (ii)
joining of oligonucleotide sequences (eg single strands,
double strands, including complementary strands);***° (iii)
cyclization of oligonucleotides to form circular DNA or RNA
constructs;*®?° % (iv) metabolic labeling of DNA and
RNA;? (V) creation of biocompatible nucleic acid sca olds
for applications such as PCR:*® 2’ and (vi) generation of
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oligonucleotide-functionalized surfaces, DNA nanostructures,
nanowires, and nanosensors.?® 32

This review aims to provide a comprehensive background
for both inexperienced and knowledgeable readers about click-
chemistry and its recent implementation within the nucleic
acid eld. An overview of the chemistry of the azide alkyne
cycloaddition will be discussed including the molecular
mechanism and the available catalysts. Applications of AAC
to nucleic acids will be covered in detail including some of the
most recent work conducted to advance the eld. We also
discuss open questions yet to be addressed.

2. CHEMISTRY OF THE AZIDE ALKYNE
CYCLOADDITION

The facile formation and high chemical stability of triazole
linkages make the azide alkyne cycloaddition a fascinating
strategy for labeling and ligation of nucleic acids. However,
direct application of Huisgen’s click conversion to oligonu-
cleotides is limited by the requirement for high reaction
temperatures which usually results in DNA or RNA
degradation. In addition, formation of two regioisomers, the
1,4- and 1,5-disubstituted triazoles, on extended oligonucleo-
tides can result in di cult separation and puri cation. The
introduction of a catalyst accelerates the cycloaddition,
increases the reaction yield, and promotes regiospeci city in
the nal triazole linkage. Various metals and metal complexes
have been used for these purposes including copper,®
ruthenium,®* silver,®® and zinc® derivatives. Alternatively,
“activated” alkynes have been utilized to avoid metal catalysis
in the strain promoted azide alkyne cycloaddition (SPAAC)
developed by Bertozzi et al.'° In the current section, we will
focus mainly on the most common strategies used for triazole
formation on nucleic acids sca olds: the copper or ruthenium
catalyzed azide alkyne cycloaddition (CUAAC and RuAAC,
respectively) and the metal-free SPAAC reaction.

2.1. Copper Catalyzed Azide Alkyne Cycloaddition
(CuAAC)

2.1.1. CuAAC Reaction Mechanism. The copper
catalyzed azide alkyne cycloaddition (CuAAC) represents
the best studied and most popular metal ion catalyzed
Huisgen reaction. In contrast to the noncatalyzed version,
where preference between a concerted or stepwise mechanism
depends on the functional group linked to the reactive moiety,
in CUAAC the concerted pathway is excluded by the metal
center, in favor of the stepwise process.®” Density-functional
theory (DFT) calculations combined with Kinetic studies
identi ed two possible competing mechanisms in CuUAAC for
triazole formation: a slow process catalyzed by a mononuclear
Cu species and a more kinetically favored route promoted by
the formation of a dinuclear Cu catalyst (Scheme 1).*” “° In
both pathways, the rst reaction step is characterized by
replacement of a Cu(l) ligand donor with the organic alkyne
to form a -complex (2a and 2b). This step is slightly
endothermic in organic solvents (0.6 kcal/mol) but becomes
exothermic in an aqueous environment (by 11.7 kcal/mol).
The energy di erence further supports the experimental
evidence that CuAAC reactions proceed faster in aqueous
conditions. Formation of the metal alkyne adduct reduces the
alkyne pK, by 10 units making its deprotonation to form the
Cu-acetylide adduct (3a and 3b) accessible also in aqueous
conditions. This fast reaction step is followed by coordination
of the organic azide to the Cu(l) core (or to the second
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copper center in the dinuclear catalyzed pathway) which
templates the endothermic addition (Figure 1) of the N-3

R———CuL
N\\ N.
CNTR, R‘ﬁ ICuL
N. N

Potential Energy

Reaction Coordinate

Figure 1. Energy pro le of the reaction of copper(l) acetylides with
organic azide based on DFT studies (L is CH;,CN or H,0) and
proposed by K. B. Sharpless.*”

nitrogen of the azide to the C-2 carbon of the acetylide
forming a Cu(lll) metallacycle (5a and 5b). The presence of
copper plays an essential role in promoting the C N bond
formation by considerably reducing the activation barrier
compared to the uncatalyzed reaction (from 26 kcal/mol to
either 15 or 19 kcal/mol according to the substituents on
the copper center). In the nal step the ring contracts to form
the triazolyl-copper derivative which undergoes protolysis
releasing the triazole product and completing the catalytic
cycle (6a and 6b).>” Various reaction mechanisms have been
proposed for CUAAC, but recently, a slight variation of the
dinuclear catalyzed pathway, suggested rst by Fokin et al,
was proven by isolating a key dinuclear intermediate from the
cycloaddition between Cu-phenylacetylide and benzylazide.*

2.1.2. Strategies for Cu(l)-Catalyst Generation. Di er-
ent protocols have been developed to generate and stabilize
Cu(l) sources for the Cu-catalyzed cycloaddition reaction.**
The three main strategies for Cu(l)-catalyst generation
involve: (i) direct use of Cu(l) salts or carbene complexes;*
(i) oxidation or comproportionation of a Cu(0) source (eg
from Cu(ll) and Cu(0) mixtures) or copper-drugged
materials;*® and (iii) formation of the active catalyst from
Cu(Il) salts by addition of reducing agents (such as sodium-L-
ascorbate (Na-L-asc), tris(2-carboxyethyl)phosphine (TCEP),
and hydrazine).** Several Cu(1)-salts have been used for click
couplings including cuprous iodide, cuprous bromide,
CuOTf*CgHg, or CuOAc. When CUuAAC is catalyzed by
Cu(l) compounds, however, anhydrous degassed organic
solvents such as tetrahydrofuran, acetonitrile, dichlorome-
thane, or toluene are required to aid solubilization and to
protect the metal center from oxidation. Catalysis directly
from Cu(l) sources might however be ine cient and Cu(ll)-
reductant mixtures can cause degradation of the reacting
substrates.” In these cases, the active catalyst can be
generated by combining Cu(0) (eg from elemental copper
shavings or nanoparticles) with Cu(ll) amine salts. However,
reactivity using this strategy is usually slow and high catalyst
loading, longer reaction times, and/or microwave irradiation is
commonly applied to complete the reaction. As an alternative

https://dx.doi.org/10.1021/acs.chemrev.0c00928
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Figure 2. Polydentate ligands used to accelerate the CUAAC reaction. (A) Weaker ligands based on the 1,4-triazole ring suitable for environments
with high water content: TBTA = tris[(1-benzyl-1H-1, 2, 3-triazol-4-yl)methyl]amine (7); TEOTA = tris[(1-(2-ethoxy-2-oxoethyl)-1H-1, 2, 3-
triazol-4-yl)methyl]Jamine (8); BTTPS = 3-[4-{(bis[(1-tertbutyl-1H-1,2 3-triazol-4-yl)methyl]amino)methyl}1H-1,2,3-triazol-1-yl]propyl hydro-
gen sulfate (9); THPTA = tris[(1-hydroxypropyl-1H-1,2 3-triazol-4-yl)methyl]amine (10); BTTES = 2-[4-{(bis[(1-tertbutyl-1H-1,2,3-triazol-4-
yDmethyl]Jamino)methyl}-1H-1,2,3-triazol-1-yl]ethyl hydrogen sulfate (11); BTTAA = 2-[4-{(bis[(1-tertbutyl-1H-1,2,3-triazol-4-yl)methyl]-
amino)methyl}-1H-1,2,3-triazol-1-yl]acetic acid (12); BTTP = 3-[4-{(bis[(1-tertbutyl-1H-1,2 3-triazol-4-yl)methylJamino)methyl}-1H-1,2,3-
triazol-1-yl]propanol (13); Py = pyridine; Trz = (triazolylmethyl)amine. (B) Strong ligands based on benzimidazole (Bim) or benzothiazole
(Bth) rings suitable for reaction environment with high concentration of coordinating organic solvents; *Ligands biocompatible with cellular
conditions.

approach, light can be used to generate a Cu(l) catalystm situ Fenton-type reaction cycle is promoted by the synergistic

by the photoinduced reduction of Cu(ll) salts.*® action of free copper ions, ascorbate, and oxygen which results
In nucleic acid chemistry research, the most pursued in generation of reactive oxygen species (ROS). ROS have
strategy involves in situgeneration of the catalyst by chemical detrimental e ects on nucleic acids in that these species can
reduction of a Cu(ll) salt. The high water solubility of most abstract hydrogen atoms from nucleobases and the (deoxy)-
reductants and cupric compounds makes aqueous conditions ribose sugar causing oxidative degradation and strand
biocompatible and therefore highly suitable for nucleotide/ excision. For these reasons, excessive catalyst loading
oligonucleotide solutions. Various salts (i.e CuSO,, Cu- should be avoided but inert atmosphere and anaerobic
(acac),, Cu(OAc),) show high catalytic e cacy when conditions should be used to keep the catalyst in the Cu(l)

combined with reductants that maintain the Cu(l) oxidation oxidation state.
state with Na-L-asc being the most commonly reported.** 2.1.3. Tailoring the CuAAC Click Reaction. The low
Other reductants such as TCEP*® and hydrazine® have been redox potential of the Cu?*/Cu* couple (E.j'c,* = 0.15 V)
used for click reactions but various detrimental properties makes Cu(ll) the most stable oxidation state for free copper
limit their application for CUAAC with biomolecular systems. ions in aerobic solutions, and Cu(l) salts tend to easily
Hydrazine damages DNA while phosphine reducing agents disproportionate to Cu(ll) and Cu(0) in aqueous bu ers. To
can sequester copper in solution and reduce azide groups further stabilize the catalytically active Cu(l) species, organic
(Staudinger reaction).”® *? Utilizing these reducing agents additives such as phosphines or tris(triazolyl)amine-based
might therefore compromise both catalyst and substrate ligands have been included within the catalyst sca olds.”®
integrity, reducing the reaction speed and yield. Na-L-asc is Addition of Cu(l)-binding ligands drives the formation of the
considered a safer option but its addition to cupric aerobic active dinuclear Cu,L catalyst (cf reaction mechanism in
solutions catalyzes reductant oxidation to dehydroascorbate, Scheme 1) accelerating the cycloaddition up to several
causing depletion of the Cu(l) catalyst and side reactions such thousand times over the ligand-free reaction. The choice of
as the alkyne alkyne (Glaser) coupling.”®>* In particular, a organic sca old depends on solvent conditions (i.e strong
7125 https://dx.doi.org/10.1021/acs.chemrev.0c00928
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Cu(l) coordinating solvents versus weak donors such as
water) and on the compatibility of the resulting complex with
the system in which CUAAC is applied.®® °® Complexes with
tris(triazolyl)amine-based ligands (Figure 2A) are compatible
with nucleic acids and are favored over toxic Cu-phosphine
compounds for in vitro conjugations. Click couplings with
oligonucleotides have been e ciently catalyzed by Cu-TBTA
or its water-soluble Cu-THPTA derivative (where TBTA =
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, 7, and
THPTA = tris(3-hydroxypropyltriazolylmethyl)amine, 10).**
Recently, BTTES (a sulfonic acid tris(triazolyl)amine-
detivative, 11), BTTAA (12), BTTP (13), and a disulfonated
bathophenanthroline ligand have also been investigated as
nontoxic alternatives to catalyze CuAAC bioconjugations in
vitroand in vivg***°

When Cu-coordinating tris(triazolyl)amine sca olds are
used, high stoichiometric [L]:[Cu] ratios positively a ect
biochemical click conjugations. In this case, not only is Cu(l)
disproportionation prevented but the excess ligand also acts as
a sacri cial ROS scavenger and protects the biomolecule from
oxidation.>® However, the performance of tris(triazolyl)amine-
derivatives diminishes in coordinating organic solvents (eg
DMSO) and, in this case, ligands that include two or more
pyridine or benzimidazole (Figure 2B, 16 18) groups should
be used instead. These ligand sca olds bind copper more
strongly and prevent the solvent from sequestering Cu-ions.
The [L]:[Cu] ratio of these ligands needs to be carefully
controlled according to the solvent composition as an
excessive loading of the organic sca old in aqueous bu ers
results in the formation of catalytically inactive Cu,L, species.
In this case, ligand crowding around the metal center prevents
access of weakly coordinative organic azides.”®

In parallel to tailoring the catalyst, parameters such as bu er
choice, additives, concentration, and reaction temperature can
be optimized to accelerate CUAAC. Click conjugations can
proceed at various pH values, but bu er solutions at neutral
pH are usually preferable.®® Although bases (i.e NEts, 2,6-
lutidine, Hunig’s base, pyridine) have been reported to
improve reaction e ciency by favoring formation of the Cu-
acetylide adduct already a fast process in the reaction
mechanism alkaline conditions disfavor the nal reaction
step where reprotonation of the Cu-triazolyl intermediate is
required to release the clicked triazole. In addition, strong
basic environments might cause the formation of insoluble
copper-hydroxide and oxide species jeopardizing the click
e ciency. Similarly, the presence of highly coordinating
anions in the bu er (Tris, phosphate, MOPS, acetate, or
HEPES) can compete with organic ligands for Cu(l) binding
and inhibit the CUAAC reaction. In this latter case, the copper
source can be premixed with the stabilizing tris(triazolyl)-
amine ligand prior to addition to the bu ered solution.*

When CuAAC is performed on long nucleic acid polymers,
formation of a secondary and tertiary structure can “bury” the
reactive groups inhibiting the cycloaddition. Addition of small
amounts of organic solvents (DMSO, DMF, NMP) in the
aqueous bu er unfolds the macrostructure and exposes the
reactive functional moieties permitting the click coupling.
Notably, Das and co-workers showed that the use of up to
20% acetonitrile in bu er can be as e ective as any ligand in
the click labeling of DNA and RNA strands.?* High
percentages of strong coordinating solvents can however
sequester the copper ion, preventing Cu,L formation and
deactivating metal catalysis. Therefore, where an excess of
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Cu(l)-coordinating solvent is required (eg to solubilize one
of the reacting species), stabilizing ligands such as
polybenzimidazole sca olds should be used to release the
copper ion from the bound solvent and restore the Cu,L
active catalyst.>®

Similar to most click-reactions, CUAAC speed bene ts from
increased reactant concentration but the small quantities of
long nucleic acid sequences that are typically available often
limit the feasibility of using concentrated solutions. In this
case, the use of excess catalyst (usually present in
stoichiometric amounts or slight excess) or templates (i.e
nucleic acid splints and macrostructures) augments the local
concentration of the reactive moieties and preorganizes the
reactants to have the correct relative orientation and
directionality for the coupling reaction.” In the splint ligation
strategy, alkyne and azide modi ed strands are directed and
brought in close proximity by a complementary oligonucleo-
tide (splint) that anneals to the two modi ed sequences acting
as a template.*°° ° Alternatively, macrocycles have been
used in the active template CuUAAC reaction (AT-CuAAC) for
the generation of interlocked molecules. Here, a metal ion
bound within the macrocycle is used to organize precursor
fragments for the click ligation and to template the azide
alkyne cycloaddition that captures the interlocked structure.
This strategy has been used to generate several rotaxanes and
catenanes® and recently also to template the synthesis of
mechanically interlocked oligonucleotides (21)** by click
chemistry (Scheme 2). Finally, gentle heating or use of

Scheme 2. Synthesis of an Interlocked Dinucleotide from
an Alkyne Modi ed Cytosine (19) and an Azide Modi ed
Thymine (20) Using a Templating Macrocycle (Gray)®*

‘N N
19 o o
(o}
D —————————_—
| NH
N, n Ao [Cu(MeCN)IPF;
o NPr,Et, THF
50 °C, 18 h, 83%
OTBDMS
20

microwaves signi cantly accelerates the CUAAC reaction by
augmenting the reactivity of the substrates and by
destabilizing possible Cu(l) species formed with competing
coordinating species.

2.2. Ruthenium Catalyzed Azide Alkyne Cycloaddition
(RUAAC)

2.2.1. Ru-Catalysis in Azide Alkyne Cycloadditions.
The 1,4-disubstituted 1,2,3-triazole adduct is the only product
formed from the copper(l) catalyzed cycloaddition. However,
catalysts capable of vyielding 1,5-triazole isomers can be
advantageous for placing two substituents adjacent to each
other and have potential applications, for example in
synthesizing constrained cyclic structures for nanomaterial
purposes.

Initially 1,5-regioisomers were obtained by reacting selected
metal acetylides with organic azides to generate metallo-
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triazoles which are subsequently protonated to yield the 1,5-
disubstituted adduct. In this context, Akimova and co-workers
scoped several acetylide adducts with various metals to
mediate the formation of 4-metalated 1,5-disubstituted
triazoles.®> " Sharpless and co-workers further revised the
reaction and obtained higher yields than earlier reported using
bromomagnesium acetylides. In addition, trapping the 4-
metalated triazole intermediate with other electrophiles than
protons resulted in the regioselective formation of 1,4,5-
trisubstituted 1,2,3-triazoles broadening the scope of the
reaction.®® Nonetheless, coupling between metal acetylides
and azides is limited by the formation of several types of trace
byproducts (Figure 3). Long reaction times in the absence of

N=N N=N N=N
NP NG Ay
R2 Rg/ F{2
R, R, R,
22 23 24
N=N NN
,N\/e ,N\/g
R, R
F‘1 I:‘1
25 26

Figure 3. Possible byproducts from the reaction between metal
acetylides and azides.®®

strictly anaerobic conditions might result in oxidative
couplings and lead to the formation of 4-hydroxy (22), 4-
triazol (23), or 4-alkyne (24) 1,2,3-triazole adducts. When
excess of the organic azide is used, a byproduct can be formed
also by coupling of the organic azide to the C4 position of the
triazole (25). Finally, trace amounts of 1,5-disubstituted-4-
bromotriazoles (26) are observed when bromomagnesium
acetylides are used as substrates.®®

The development of the ruthenium catalyzed azide alkyne
cycloaddition (RuAAC) introduced a more convenient
strategy than metal acetylides to promote the formation of

1,5-disubstituted triazoles. The well-known catalytic properties
of Ru(ll) complexes in several alkyne-reactions®® quickly
spurred interest in the application of these compounds to the
cycloaddition reaction. Although some Ru-derivatives (eg
Ru(OAc),(PPhs),, RUuCl,(PPh3);, and RuHCI(CO)(PPhs)s)
favor formation of the 1,4-disubstituted triazole through a
similar mechanism to CuAAC,’® more sterically hindered
pentamethylcyclopentadienyl (Cp*) derivatives, such as
[Cp*RuCl,],, Cp*RuCI(COD), and Cp*RuCI(NBD)
(where COD = cyclooctadiene and NBD = norbornadiene),
a ord complete conversion to the 1,5-regioisomer and are
commonly used in RUAAC.**

When ruthenium and copper catalyzed cycloadditions are
compared to each other, a di erent mechanism becomes
obvious and apparent from the distinct synthetic conditions
required by the two reactions (Figure 4). In contrast to
CUuAAC, the alkyne in RUAAC couplings is activated by the
increased nucleophilicity that originates from its -interaction
with the metal core. The metal-acetylide adduct is not formed
during the RUAAC reaction, and this characteristic broadens
the applicability of Ru catalyzed conjugations to internal
alkyne cycloadditions besides terminal ones.”*"? Regioselec-
tivity for internal modi cations is determined by the propargyl
substituents on the unsaturated bond and depends on their
electronic properties, steric demand, and ability to form
hydrogen bonds.”""*" As a general rule, bulky substituents,
propargylic hydrogen bond donors, and heteroatoms are
directed to the C5 position in the triazole while electron-
de cient groups are placed in the C4 position (Figure 5).
Similar to CUAAC, RUAAC is orthogonal to several functional
moieties. However, Ru cycloadditions can only proceed in
homogeneous aprotic environments since protic solvents (eg
water, ethyl acetate, methanol, isopropyl alcohol, hexanes, and
diethyl ether) compatible with CUAAC considerably lower
the reaction vyields. In an analogous fashion to CuAAC,
RUAAC reactions catalyzed by Cp*RuCI(COD) are per-
formed under an inert atmosphere.”® In this case, however,
the absence of oxygen is required to protect the catalyst from
degradation. Alternatively, the Cp*RuCI(PPhs), shows lower
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Figure 4. (A) Proposed mechanism for the Ru-catalyzed azide alkyne cycloaddition (RUAAC). (B) Energy pro le of the lowest-energy RUAAC

pathway based on DFT studies.”

7127

https://dx.doi.org/10.1021/acs.chemrev.0c00928
Chem. Rev. 2021, 121, 7122 7154


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig4&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00928?ref=pdf

pubs.acs.org/CR

Review

Chemical Reviews
-N=NEN N. N,
RE-N=N=N puaac  RPNTN RENTEN
+ _— ) ( and/or ) (
R1———R?2 R' R2 R2 R
N
N /NN
pr” NN Ph ~NTN
k pr o P «
7< ™~ en/
35 15%: 36 85%* 37 70%2

H o
Ph
\Q\N'N’N -~ \( N HO N
N"“N N

¢ y
/
H07< Ph Ph/ %— [N Ph
(o) Oko
38 97%® 39 79%® 40 95%"

Figure 5. Regiochemistry in RUAAC coupling with internal alkynes.
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sensitivity to atmosphere conditions and yields excellent
conversions even when oxygen is present.”* Finally, the more
inert nature of ruthenium catalysts results in the requirement
for high temperatures to e ciently promote triazole
formation. Otherwise microwaves or catalysts with labile
ligands (such as [Cp*RuCl],) can be used to promote the
reaction e ciently even at room temperature.

2.2.2. RUAAC Applications for Antibacterial Drug
Development. The reduced biocompatibility of RUAAC
conditions together with the expensive price of ruthenium
complexes has impeded application of this reaction in
comparison to the more popular CUAAC. Despite this, Ru
catalyzed cycloadditions have recently gained more attention
within the nucleic acid eld. In particular, RUAAC was used to
generate 1,5-triazole adducts of nucleic acids as potential
antibacterial drugs. Etheve-Quelquejeu and co-workers used
the RUAAC and CuAAC reaction to develop a class of
aminoacyl-tRNA analogues as Fem-inhibitor antibiotic candi-
dates against Gram-positive bacteria. Fem enzymes are a class
of transferases involved in the assembly of the Gram-positive
peptidoglycan wall. These proteins use aminoacyl-tRNAs to
synthesize pentapeptide side-chains which are the branching
points for cross-links among adjacent glycans.”®’” The triazole
ring behaved as a stable analogue of the 3 -aminoacyl bond in
tRNA inhibiting the FemXWv protein action, a prototypic
enzyme of the Fem family.”®

2.3. Metal-free Click Chemistry and Strain Promoted
Azide Alkyne Cycloaddition (SPAAC)

In the previous sections we described a number of possible
side reactions promoted by metals when catalyzed AAC
conjugations are carried out in the presence of redox-sensitive
biomolecules. In addition, performing these types of click
reactions in celluloor in vivo exposes the organism to
exogenous metals that may be toxic or interfere with its
metabolism. To circumvent these limitations, various click
conversions that do not require metal catalysis have been
developed and applied to biochemical and biological systems
including: gz the strain promoted azide alkyne cycloaddition
(SPAAC);™ 9% (ii) the conjugation between oxanorborna-
diene derivatives and azides;"“ (iii) the reaction between
strained alkenes and tetrazines; and (iv) the alkene tetrazole
photoclick reaction.®®
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The SPAAC reaction pioneered by Bertozzi and Agard is
the most widely applied type of metal-free click trans-
formation and involves the cycloaddition between a strained
cyclooctyne and an organic azide.” Initially used for in cellulo
ligation with carbohydrates®" SPAAC properties have also
been harnessed for labeling and ligation of DNA strands. The
rigid ring structure of cyclooctyne bends the bond angles of
the sp-hybridized carbons to  160° pushing the alkyne
geometry toward the cycloaddition transition state. From a
molecular orbital perspective, the strain lowers the energy of
the alkyne LUMO (lowest unoccupied molecular orbital)
bringing it close in reactivity to the azide HOMO (highest
occupied molecular orbital) (Figure 6).%° This hypo-energetic

- — M
— % 5,
A C' ™ — °
& T
3
¢® -+ o -
180 120

C—C—H bend (°)

Figure 6. Schematic Walsh diagram representing the e ect caused by
acetylene bending on the orbital relative energies.*®

shift can be augmented by introducing electron-withdrawing
substituents on the cyclooctyne such as halogen atoms or
benzyl groups.®® The strained 8-membered ring provides a
compromise between fast reactivity and high stability in
aqueous media. Smaller rings are too unstable, and larger rings
are not su ciently reactive.” Modi cation of the cyclooctyne
augments the reaction rate and two uorine atoms in the C3
position of DIFO (di uorinated cyclooctyne) increase the
cycloaddition speed by 60-fold compared to the unmodi ed
ring.*#%® A similar reactivity was reported also for several
functionalized derivatives of dibenzocyclooctyne (DIBO).
These systems are relatively easy to synthesize and modify
at the aryl position with groups that enhance reactivity and
solubility.®* °* In addition, unlike electron de cient terminal
alkynes, DIBO is stable in aqueous conditions and survives
some common oligonucleotide deprotection conditions there-
fore being suitable for incorporation into DNA as a
phosphoramidite monomer (42, Figure 7A).*° In the context
of nucleic acids, the SPAAC reaction has been employed for
oligonucleotide labeling,™ ®* in copper-free DNA strand
ligation,®* and in RNA conjugation in solid phase synthesis.”
When DIBO and a nonsubstituted cyclooctyne were used to
template the click-ligation of DNA strands, the triazole
formation occurred very quickly ( 1 min at ambient
temperature) and it was sensitive to base pairing. The
presence of a single base mismatch between the template and
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monomer (42) for coupling at the 5 -termini of oligonucleotides. (B) Achiral bicyclo[6.1.0]nonyne (BCN) oligonucleotide labeling reagents:
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DIBO triazole are shown. (D) Both 3 - and 5 -ends of oligonucleotides can be labeled with BCN, and its click reactions provide single

regioisomers.
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Figure 8. (A) Examples of modi ed nucleosides used to incorporate alkyne groups into oligonucleotides. Modi cations 49 53 have been used
both as triphosphates (i) and phosphoramidites (ii) monomers for PCR or solid phase synthesis, respectively; Phosphoramidites 54 and 55 have
been used to introduce 2 - and 3 -O-propargyl modi cations in oligonucleotides by normal and reverse phosphoramidite coupling. (B) Alkyne
modi cations such as hexynyl (56) and serinol (57) have been introduced through non-nucleosidic alkyne phosphoramidite monomers and solid

supports on the 5 - and 3 -ends, respectively.

the alkyne labeled oligonucleotide was su cient to inhibit the

reaction suggesting applications in genetic analysis.®*
Nonetheless, DIFO and DIBO modi cations are asym-

metrical with respect to the position of the linker (tether).
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Hence, their reaction with azides generates mixtures of
stereoisomeric products. Fusion of the cyclooctyne ring with
a 3-membered ring yields an achiral system (bicyclo[6.1.0]-
nonyne (BCN)) that retains the essential reactivity toward
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azides (Figure 7B).°*°” The BCN moiety is simple to
synthesize and can be introduced into oligonucleotides as a
phosphoramidite monomer (5 -addition) or on the support
(3 -addition) during solid-phase oligonucleotide synthesis (43
and 44).”® However, BCN is unstable to trichloroacetic acid
commonly used for the detritylation step, and dichloroacetic
acid must be used instead.

Interestingly, an alternative pathway for metal-free click
labeling of oligonucleotides was developed by Carell and co-
workers.”® In this strategy a DNA-norbornene hybrid was
clicked to organic nitrile oxides both in solution and in solid-
phase. The advantages of the reaction include the ready
availability of all starting materials and the need for only a 10-
fold excess of the nitrile oxide which makes this conversion
particularly suitable for DNA labeling with expensive reporter
groups. Since the reactivity of nitrile oxides with alkynes was
slow in the reported conditions, the reaction was reported to
be orthogonal to standard Cu(l) catalyzed azide alkyne
cycloadditions.”

3. INTRODUCING CLICK-FUNCTIONAL GROUPS IN
NUCLEIC ACID SCAFFOLDS

3.1. Alkyne and Azide Building Blocks for Click Couplings

Before the development of rapid and e cient azide alkyne
cycloadditions, chemical modi cation of oligonucleotides was
mostly achieved by coupling amino-functionalized ODNs with
active-esters in aqueous bu ers. These conjugations are
however less e cient than CUAAC, and active esters are
easily hydrolyzed. Conversely, organic azides and alkynes have
high chemical stability and react only with each other,
remaining orthogonal to most functional groups. In addition,
inclusion of click modi cations in nucleic acid sca olds is now
well-established. The eld is also facilitated by the wide
commercial availability and well-known synthetic routes to the
required modi ed phosphoramidite monomers'®® ® and
nucleoside triphosphates'®” ** for applications in solid
phase or enzymatic nucleic acid synthesis, respectively. This
section aims to provide a brief overview of the most common
strategies that can be pursued to introduce click functional
groups into nucleic acid sca olds.

Nucleosides o er multiple positions that are modi able
with alkyne or azide moieties. The most widely used synthetic
routes label either the phosphate group, the 5 -, 3 -, or 2 -OH
position on the ribose sugar, the C5 position of pyrimidines,
or the C7 locus on 7-deazapurines (Figure 8). In one of the
earliest oligonucleotide-labeling studies, an azide group on the
5 position of a M13 40 universal forward sequencing primer
was clicked with alliynyl 6-carboxy uorescein (FAM) in near
quantitative yield."* The azide modi cation was introduced
by reacting 5 -aminohexyl oligonucleotides with an excess of
succinimidyl 5-azidovalerate. In this case, a large excess of the
alkynylamido- uorophore (150 fold relative to the azide),
high temperature (80 °C), and a long reaction time were
required to complete the cycloaddition in the absence of the
Cu(l) catalysts. The complicated chemistry required for the
labeling spurred researchers to develop alternative strategies
and building blocks for facile insertion during the solid phase
synthesis cycles (Figure 8). Currently the most common
approach reverses the chemistry by conjugating alkyne
modi ed DNA to azide-probes. This alternative strategy is
justi ed by the high reactivity between organic azides and
P(lI1) groups (Staudinger reaction) which makes it very
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di cult to prepare and puri y azide-containing phosphor-
amidites. Alternatively, azide groups can be introduced into
oligonucleotides during solid-phase synthesis through sub-
stitution of functional groups such as alkyl iodides, bromides,
or mesylates by sodium azide."*® In addition, the 3 -end of
oligonucleotides can be modi ed with the azide moiety prior
to solid phase synthesis by incorporating an azide modi ed
nucleoside or through other azide modi ed linkers attached to
the solid support.**® These types of azide modi cations are
stable to oligonucleotide synthesis conditions even though the
coupling steps use a large excess of the phosphoramidite
monomers. The stability arises from the protonation of the
phosphoramidite group by the mildly acidic coupling reagent
(e.g., tetrazole) which prevents reaction of the phosphorus
lone pair with the azide. This approach is de ned as “reverse
click labeling” as it is less common compared to the use of
alkyne-modi ed oligonucleotides. However, reverse click
chemistry is advantageous when alkyne modi ed labels are
more readilg/ accessible than the azide-derivatives (i.e some
Cy dyes).**

Owing to their facile synthesis, 2 -deoxyuridine derivatives
such as 5-ethynyl-dU (dU®) (49) and 5-(1,7-octadiynyl)-dU
(dU®) (50) are the most used alkyne modi ed building blocks
(Figure 8A). Carell and co-workers used the phosphoramidite
derivatives of these two nucleosides to label multiple positions
of 16-mer ONs by solid phase synthesis. The monomers were
prepared rst by Sonogashira coupling of the alkyne group to
the C5 position of a deoxyuridine and then by reacting the 5 -
dimethoxytrityl-nucleoside with 2-cyanoethyl N,N,N N -tet-
raisopropylphosphorodiamidite. The e ciency of the click
labeling reaction was assessed using various azide modi ed
reporter groups (Figure 9, 58 60). High density oligonucleo-
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Figure 9. Strategy for high-density postsynthetic labeling of alkyne-
modi ed DNA primers and azide labels (' uorescein azide, 58; azido-
sugar, 59; and coumarin azide, 60) used in the click coupling by
Carell et al.’

tide modi cation with exible octadiynyl linkers provided
reliable triazole formation whereas clustering of ethynyl
monomers resulted, instead, in incomplete click reactions
due to steric shielding of the alkyne by the DNA backbone.*’
The validity of click chemistry for DNA postfunctionalization
was also con rmed on extended sequences (up to 2000 bp)
produced by PCR using the alkyne modi ed ODNs as
primers. Here, the observation of a single uorescent band
after gel electrophoresis of the uorescein-clicked products
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con rmed the labeling. There are applications of this CUAAC
reaction in the functionalization of DNA macro-structures.
The low reactivity of dU® was later con rmed by Hocek et
al. in a study that reported only 36% average of triazole
formation using mild CuAAC conditions for the reaction
between a heavily dU®-modi ed amplicon (339 bp) and an
organic azide.™” In addition, the application of ethynyl
modi ed phosphoramidites to solid phase oligonucleotide
synthesis is limited by the poor stability of the alkyne in acidic
and basic conditions. In contrast to octadiynyl modi ed
nucleobases, the 5-ethynyl group requires silyl protection
during phosphoramidite oligonucleotide synthesis in order to
prevent its partial hydration and conversion to acetyl side-
products during the deprotection cycles.**® The real
advantage of dU® is when this modi cation is used for PCR
experiments. In fact, dU® triphosphate (dU°TP) is a very good
substrate for DNA polymerases (comparable to natural
dNTPs) and is superior to octadiynyl-dU (dU°TP) when
used for the replication/ampli cation of long DNA templates.
The presence of extended hydrophobic linkers such as
octadiynyl can cause oligonucleotide aggregation in water
and low yields in the PCR ampli cation of long genes. For
this and other reasons, dU°TP and its derivatives have been
used also as e cient metabolic labels to track DNA and RNA
synthesis in celluland in vivoin animal tissue models.?>***%°
This contrast between the octadiynyl and ethynyl spacer
reactivity underlines the importance of “choosing the right
alkyne for the right job” to achieve e cient triazole formation.
Alkyne and azide modi ed nucleosides have also been
utilized in enzymatic approaches to modify RNA with
clickable groups for CuAAC and SPAAC labeling (Figure
10). Das and co-workers modi ed the 5 - and 3 -end of RNA
using a synthesized 5 -azidoguanosine (61) or a commercially
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Figure 10. Alkyne and azide building blocks introduced into RNA
enzymatically.
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available 3 -azido-2 ,3 -dideoxyadenosine (62) in combination
with T7 RNA polymerase or poly(A) polymerase (PAP),
respectively. The azide-labeled RNA was then used for
templated and nontemplated C|IC|( Ilgat|on to generate two
di erent arti cial RNA backbones.?” Jaschke and co-workers
further advanced the eld by enzymatically labeling the 5 -

and 3 -ends of RNA using commercially available dU°pG
dinucleotide g632 or C-2 azido-modi ed nucleotide (64),
respectively.* dU°pG can be prepared by custom solid-
phase synthe5|s and it can be incorporated near-quantitatively
by various bacteriophage RNA polymerases (RNAPs).*?! In
addition, the C-2 azido-modi ed nucleotide can be
incorporated at the 3-end of RNA by PAP enzymes.*?
Interestingly, in these two strategies the click labels are placed
either on the nucleobase or at the C-2 site of the ribose ring.
Therefore, the 5 - and 3 -OH groups are available for further
enzymatic manipulations (eg splinted ligation to other RNA
sequences, addition of poly(A)-tails, and 3 -adapter ligation).
In an alternative strategy, O-propargyl-guanosine-5 -mono-
phosphate (65) and alkynylated 3,5 -uridine bisphosphate
(66) were synthesized and used for the chemoenzymatic
labeling of RNA termini with FAM ( uorescein) and dabcyl
azides. While 65 was introduced at the 5 -end of RNA by in
vitrotranscription prior to CUAAC click with dabcyl azide, 66
was rst clicked to FAM azide and then incorporated at the
3-end of RNA using T4 RNA ligase. This strategy was
extended to label RNA site-speci cally at internal positions as
exempli ed by the synthe5|s of several pre-miRNA hairpin
loop probes up to 79 nt in length.*?

Signi cant and extensive work on alkyne nucleobase
derivatives has also been carried out by the Seela group. In
addition to thymine, cytosine and two 7-deazapurines were
labeled with the octadiynyl group starting from the iodo-
precursors using palladium-assisted Sonogashira cross-cou-
pling (Scheme 3). Melting experiments on a DNA duplex

Scheme 3. Synthesis of Alkyne-Modi ed Nucleosides by
Sonogashira Coupling™®* **

[Pd°(PPh,),], Cul,
Et;N, DMF
0|-| 0|-|
67 68
- 69
70 71

modi ed with these nucleosides revealed that the octadiynyl
modi cation stabilizes the helix structure more than the
ethynyl group.*?**?® The same researchers used octadiynyl
linkers to prepare clickable derivatives of a pyrrolo dC
analogue and 7-alkynyl-7-deaza-2 -deoxyinosine. The latter
case is of particular interest because the lack of the guanine 2-
amino group in the hypoxanthine nucleobase provides
deoxyinosine with the capability to base pair to all the
canonical nucleobases. In addition, the stability of 7-
deazapurines to acidic pH in contrast to canonical purine
nucleosides makes these modi cations suitable for foot-
printing experiments. Seela and co-workers expanded the
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nucleobase modi cations beyond ethynyl (69) and octadiynyl
(70) functional linkers. Using Sonogashira coupling, a
tripropargylamine-dU phosphoramidite was prepared for
postsynthetic labeling of oligonucleotides with two 3-azido-
7-hydroxycoumarin  uorophores. In this case, oligonucleo-
tides clicked only to one coumarin were more uorescent than
bis-labeled oligonucleotides due to self-quenching between the
two dyes in the latter case. The presence of a branched alkyne
group provided nonetheless a slight stabilization of the duplex
base pair and a convenient methodology to introduce multiple
functionalization on terminal triple bonds.*?%?

In a recent work Hocek and co-workers reported a new
methodology for the introduction of alkyne groups that avoids
the use of Sonogashira coupling with expensive 5-iodo-2 -
deoxyuridine. In their strategy a natural thymidine nucleoside
was coupled to exible alkynes such as a hydrophilic
propargyl-diethylene glycol (PEG) or a hydrophobic un-
decyne (UN) linker (Scheme 4). Radical bromination of 3 5 -

Scheme 4. Alternative Strategy to Sonogashira Coupling for
the Modi cation of Nucleosides with Alkyne
Functionalities'®
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di-O-acetyl protected thymidine with N-bromosuccinimide
(NBS) and azobis(isobutyronitrile) (AIBN), followed by in
situ treatment with the alcohol derivatives of propargyl-PEG
(a) or undecyne (b) released the protected alkyne function-
alized nucleoside (73a,b). The monomer was then depro-
tected with NH; (74a,b) and converted by standard
procedures to its triphosphate form (dUP®TP and dU""TP)
(75a,b) or phosphoramidite (dUP*®® and dU"") (77a,b). Both
dUP® (77a) and dU"" (77b) monomers were compatible with
solid phase synthesis conditions and were successfully
introduced in oligonucleotides. In the case of the
triphosphates, the new monomers were recognized by various
DNA polymerases (i.e., KOD XL DNA, BST large fragment,
vent(exo-), and PWO) giving full length products in primer
extension experiments using a 19-mer template. However, in
the case of longer PCR amplicons (235 bp) only dUP*TP was
e ciently incorporated outperforming the control dU°TP
whereas dU""TP completely inhibited the PCR reaction. dUP®?
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modi ed DNA reacted with azides 2-fold faster compared to
oligonucleotides with pendant octadiynyl groups, emphasizing
the potential of this modi cation for biological in vivoand in
vitro applications where fast cycloaddition rates are crucial to
monitor rapid metabolic processes.**®

To label the internal positions of the phosphate backbone,
Caruthers and co-workers introduced an ethynylphosphonate
internucleotide linkage at speci ¢ sites by solid phase
phosphoramidite synthesis. The alkyne linker was then
coupled by CuAAC to various organic azide prior to
oligonucleotide deprotection and cleavage from the solid
support. The modi ed oligonucleotide had therefore one of
the nonbridging oxygen atoms replaced by a 1,2,3-triazole.
Using this methodology, multiple, high density functionaliza-
tion of the phosphate backbone can be achieved. In addition,
modi cations on the phosphate can in some cases be more
advantageous than those on the nucleobase as the base-pairing
and hybridization should not be compromised once the
triazole is formed.**

3.2. Compatibility of Alkyne Modi ed dNTPs with PCR

The compatibility of C5-modi ed pyrimidine dNTPs with
DNA polymerases is explained by X-ray analysis of the ternary
complex between KlenTaq the N-terminally truncated form
of Taq polymerase a primer/template duplex and the
triphosphate derivative. The crystal structure illustrates the
plasticity of the enzyme emphasizing the relevance of exible
regions in the dNTP binding pocket that can adapt to the
modi ed substrates.**® The advantage of modi cations at the
C5 position of pyrimidines is explained by the minor
disruption caused not only to the DNA duplex but also to
the ternary complex. The adaptability of KlenTaq underpins
the idea that the enzyme is able to accommodate the
incoming triphosphate by interacting with the modi ed
substrates. Studies on rigid and nonpolar modi cations
revealed that additional interactions arise when aromatic
rings are included. In this case, recognition of the functionality
occurred through cation contacts formed with the
positively charged side chains of amino acid residues such
as arginine or lysine (Figure 11). This explains the e cient
enzymatic incorporation of dT**TP (78) and dC%**TP (79)
(7-fold reduction in incorporation compared with dTTP; deb
= 14-diethynylbenzene) and, in comparison, the ine ective
processing of previously reported thymidine analogues lacking
aromatic rings in their modi cations (2500-fold lower than
dTTP).**>** When exible and polar regions were
introduced in the C5 position of the dNTP, extra hydrogen
bonds were formed between the modi cation and the enzyme.
These additional contacts enhance the interaction with
KlenTag and might explain the higher compatibility of
dUP® compared to hydrophobic dNTPs described
abOV9.128’131

4. APPLICATIONS OF THE AZIDE ALKYNE
CYCLOADDITION WITH NUCLEIC ACIDS

4.1. Small Molecule DNA Click

4.1.1. Fluorophore Labeling. Strategies to chemically
modify genetic material with small molecules are invaluable
resources in several research elds and have been studied ever
since solid phase oligonucleotide synthesis was rst developed.
Although various molecular probes have been conjugated to
nucleic acids, labeling with uorescent dyes represents the
main application due to its impact in the elds of DNA and

https://dx.doi.org/10.1021/acs.chemrev.0c00928
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Figure 11. (A) Structure of dT®"TP (78) and dC®*TP (79). (B)
Close-up view of the interaction pattern between the modi ed
dT®*TP and the enzyme side chains R587 and K663 (red dashed
lines indicate cation  interaction; Adapted with permission from ref
130. Copyright 2012, Royal Society of Chemistry).™*°

RNA sequencing, diagnostics, forensics, and genetic anal-
ysis."*? **4 Chemical modi cation of oligonucleotides with
uorophores was initially achieved by coupling amino groups
to carboxylic acids via active esters. However, as described
above (cf section 3), this coupling reaction has some
limitations when compared to azide alkyne cycloadditions.
In the particular case of DNA labeling, active esters are
unstable in the alkaline bu ers (pH > 8) used for the reaction
and compared to AAC building blocks they tend to
decompose in the presence of moisture or over prolonged
storage periods. Similarly, Michael-type reactions between
maleimide or iodoacetamide modi ed uorophores and thiol-
labeled DNA are limited by the electrophile instability and the
predisposition of thiols to dimerize. By contrast AAC
conjugation of uorophores to DNA or RNA is high yielding
and the reactive partners are stable in the aqueous bu ers
used for the coupling. The small quantities required for
e cient triazole formation (usually <1 mg) are particularly
advantageous when expensive and valuable dyes are
conjugated. In addition, the stability of the alkyne group to
solid phase synthesis conditions allows postsynthetic labeling
of oligonucleotides. This feature is particularly relevant when
oligonucleotides are conjugated to dyes that are easily
degradable under the strong basic conditions required for
DNA and RNA cleavage and deprotection. In this case,
CUuAAC is the most viable method for the coupling and has
opened the eld of DNA and RNA labeling to various dyes
that were otherwise inaccessible.

Wagenknecht and co-workers used CUAAC to couple two
uorescent dyes blue phenoxazinium azide (80, 81) and red
coumarin azide (82) postsynthetically to alkyne modi ed
oligonucleotides (Figure 12). Both uorophores are unstable
in a basic environment and cannot be incorporated as
phosphoramidite monomers during solid phase synthesis.
Several DNA duplexes were modi ed, attaching blue
phenoxazinium either at the 2 -position of uridine or using
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Figure 12. Fluorescent modi cations (phenoxazinium azide, 80, 81;
and red coumarin azide, 822 introduced through CuAAC by
Wagenknecht and co-workers.**

an acyclic glycol linker as a non-nucleosidic DNA base
surrogate. In this case the modi cation site did not in uence
the uorescent properties of the dye and the 2 - uorophore-
modi ed uridine was still able to base-pair to adenine without
reducing the thermal stability of the duplex compared to the
unmodi ed control. The oligonucleotides modi ed with the
coumarin dye at the 2 -position of uridine were characterized
by a signi cant Stokes’ shift of 100 nm and good quantum
yields, making this chromophore accessible for uorescent
labeling of nucleic acids in various assays and in cell
biology."*> The same group used dual emitting DNA probes
to develop the concept of “DNA tra c¢ lights”**® These

uorophore combinations allow readout otherwise not
achievable with the conventional uorophore-quencher or
exciton-based dye pairs. Here thiazole orange (TO) (83) and
thiazole red (TR) (85) were used as an energy transfer (ET)
combination that allows uorescence shifts between red and
green dependent on the ET e ciency. The CUAAC reaction
advances the DNA tra c lights concept by introducing the
energy donor dye TO via click reaction at the 2 -position of
uridine. This strategy is more advantageous than the previous
approach in that the postsynthetic labeling through the
triazole simpli es the synthesis of one of the dsDNA strands.
In addition, the U A base pair at the site of modi cation was
e ective in blocking undesired excitonic (ground state)
interactions between TO and TR. Di erent dye combinations
can be quickly investigated using this approach; as an example
the energy donor TO was replaced by the signi cantly more
photostable CylQ dye (Figure 13, 84).*%

The utility of CUAAC for oligonucleotide tagging with
multiple small molecules is limited as the introduction of

https://dx.doi.org/10.1021/acs.chemrev.0c00928
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Figure 13. (A) TO (83) and TR (85) as two base surrogates allow
excitonic interactions that interfere with energy transfer (ET). (B)
For TO (or CylQ, 84) as the 2 -modi cation, the U A base pair
blocks excitonic interactions (green, TO or CylQ; orange, TR).**’

di erent labels at speci c alkyne-modi ed positions cannot be
controlled using standard approaches. To direct uorophore
incorporation to prede ned loci, a DNA sequence was
modi ed with an unprotected and two orthogonally protected
octadiynyl groups (Scheme 5). The alkyne modi cations were

Scheme 5. Click-Click-Click Strategy Developed by Carell
and Co-workers for the Sequential Labeling of
Oligonucleotides with up to Three Di erent Probes'®

N

T™MS TIPS TIPS
i) 0"3 N-N
(0 i cuaac SN
iii) NH,
iv)
v) CuAAC
vi) TBAF
(
Q 1\‘ vii) "-NQ
N-N Von-n AT NN
JLEN N uAAC N N Il

viii) C
o LuAne

introduced in the oligonucleotides by standard solid phase
synthesis, and three di erent uorescent dyes were e ciently
incorporated into oligonucleotides directly on the resin or in
solution after oligonucleotide deprotection. The free alkyne
was rst conjugated to a stable azide-modi ed uorophore
directly on the resin. Following cleavage of the trimethylsilyl
(TMS) protecting group from the second alkyne by ammonia
treatment, a second uorophore could be added in speci ¢
positions of the modi ed strand. This approach left the third
and remaining alkyne group protected with triisopropylsilyl
(TIPS) and therefore available for its deprotection by
tetrabutylammonium  uoride and labeling with a third

7134

uorophore. Recently a similar strategy was used to introduce
multiple di erent uoroghores at predetermined loci of an
oligonucleotide strand.™
Besides canonical DNA and RNA constructs, click
chemistry has been used to introduce dyes into other nucleic
acid derivatives. The 2 -amino position of 2 -amino-locked
nucleic acid (2 -amino-LNA) monomers was modi ed with a
2 -N-alkynyl group and clicked to various probes (xanthene,
cyanine, and a polyaromatic hydrocarbon) by CuAAC. The
combination between LNA/DNA strands and click chemistry
allowed the e cient generation and screening of a wide library
of uorescent oligonucleotides. Several probes with high target
binding and speci city were identi ed and found to have
possible applications in various uorescence assays including,
but not limited to, live-cell nucleic acid imaging, aptasensing,
and nucleic acid diagnostics. In addition, the 2 -N-alkynyl
group in the LNA/DNA strands is available for tagging with
other modi cations such as carbohydrates, lipids, cofactors,
and cell-penetrating peptides. Therefore these clickable LNA/
DNA probes o er an appealing strategy for the development
of biosensors, therapeutics, and nanoconstructs.**®
4.1.2. Other Small-Molecule Labels. In addition to
uorophores, nucleic acids have been clicked to other small-
molecules such as metal complexes or modi cations aimed to
improve their cellular uptake. Alkyne-modi ed RNA was
conjugated to di erent azide modi ed receptor-binding
molecules including 3 -cholesterol (86), 3 -folate (87), and
3 -anandamide (88) (Figure 14). The anandamide-RNA
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Figure 14. Clicked RNA-hybrids with receptor-binding molecules.***

hybrids had surprisingly high transfection capability, and the
modi cation enabled the e cient delivery of siRNA into
di cult-to-transfect RBL-2H3 cells that are models for
neuronal transfection. Application of this system to human
immune cells (BJAB) demonstrated silencing e ects similar to
those provided by cationic transfection reagents, representing
a nontoxic alternative to the latter class. Thereby, the
application of siRNA-based gene silencing was extended to
neuronal and immune cells.**”

Click labeling of nucleic acid derivatives with metal
complexes has enabled researchers to e ciently produce
libraries of hybrids with diverse functionalities dependent on
the metal center and the shape of the coordinating sca old.
The interest in these click-conjugates arises from the
advantage that oligonucleotide base pairing can provide in
targeting the biochemical activity of metal complexes to
selected sequences. Using this strategy, highly speci ¢

https://dx.doi.org/10.1021/acs.chemrev.0c00928
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chimeric probes can be generated with possible applications as
gene-targeted biosensors, nucleases, and uorescent and
radioactive probes. Husken et al. used the CUAAC reaction
to form a small library of ferrocenyl bioconjugates with

peptide nucleic acids (PNA) (Figure 15A). In this work,
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Figure 15. Clicked PNA metal complex hybrids as electrochemical

(A),**° uorescent,*** or radioactive™* (B) sensors.

di erent electrochemical potentials provided by distinct
ferrocene derivatives (89 92) could be encoded into PNA
oligomer sequences using the same synthetic conditions. The
four clicked ferrocenyl-PNA hybrids exhibited potential
di erences bigger than 60 mV, distinguishable by electro-
chemical methods such as di erential pulse voltammetry. This
“four-potential” labeling with electrochemical probes corre-
sponds to the “four-colour” detection with di erent
uorophores in classical DNA analysis and opens potential
applications for PNA in the eld of electrochemical nucleic
acid biosensors.**® The same workers exploited click
chemistry to attach a [Re(CO)s(L-N3)]* (93) (where L-N,
= (2-azido-N,N-bis((quinolin-2-yl)methyl)ethanamine)*** and
a [99mTc(CO)3(DPA N3)]* (94b) (where DPA-N; = di-(2-
pycolyl)amine)**> complex to PNA as a uorescent or
radioactive probe, respectively (Figure 15B). The rhenium
hybrid (93) was an e ective bioimaging agent and was
detectable in living cells at a concentration of 10 M using
uorescent microscopy. In addition, eGFP expression in
genetically modi ed HeLa cells decreased by 18% after
incubation with the Re PNA conjugate targeting the eGFP
sequence, suggesting that the hybrid might be used as an
antisense agent. The speci ¢ antisense e ect is further
supported by the absence of a change in protein expression
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observed for a conjugate containing a mismatched PNA
sequence.*** Biodistribution analysis of 94b in Wistar rat or
mouse models (NMRI nu/nu) identi ed fast blood clearance
and low accumulation in the kidneys.**?

The CuAAC reaction is an e cient tool to generate wide
libraries of targeted compounds and quickly evaluate their
structure activity relationships. In recent work on targeted
chemical nucleases, Cu-Clip-Phen complexes (95) (where
Phen = 1,10-phenanthroline) were conjugated to various
alkyne-modi ed triplex forming oligonucleotides (TFOs) by
click chemistry (Figure 16, 95a g).*** In the presence of
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Figure 16. Clicked AMN TFO hybrids with Clip-Phen developed
by Hocek and co-workers.*®

oxygen and reductant, copper-phenanthrene compounds cause
the production of ROS and copper-oxo species capable of
oxidatively damaging nucleic acids ultimately leading to strand
excision.****> Therefore, tagging copper chemical nucleases
to TFOs provides a strategy to develop targeted dsDNA-
cleaving agents where sequence speci ¢ recognition arises
from Hoogsteen base pairing. The arti cial nuclease Clip-
Phen machinery was coupled to di erent positions (i.e 5 -end,
95a and 95b; internal, 95c e; or 3 -end, 95f) of the TFO
probe using various linkers di ering in length, exibility, and
polarity (Figure 16). Damage by the hybrids was assessed on a
target and an offtarget noncomplementary by Hoogsteen
base pairing dsDNA sequences. Under optimized conditions
signi cant cleavage of the target duplex (up to 34%) with no
offtarget e ects was generated when Clip-Phen was linked
internally or at the 5 -end of TFOs through a exible linker.
The absence of clear footprinting cleavage suggested that
strand-excision does not proceed with single-nucleotide
precision but that the target dSDNA sequence is degraded
in close proximity to the copper source by the produced
di usible free radicals."*®

In two studies carried out by Kellett and co-workers TFOs
of various length were confugated by click chemistry to either
phenanthrene (96 100 or trig(2-pyridylmethyl)amine
(TPMA) (101 102)**" derivatives (Figure 17). The
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Figure 17. AMN TFO hybrids developed by Kellett et al. and
formed b}/ the click reaction between phenanthrene®*® (96 100) or
TPMA™’ (101, 102) derivatives (A) with various alkyne modi ed
triplex forming oligonucleotides (B).

extended aromatic structure of phenanthrene dsDNA
intercalating ligands signi cantly stabilized binding by the
TFO to the target duplex and increased the triplex melting
temperature with Ty, up to 22 °C. Although oxidative
damage of a uorophore-labeled dsDNA target by one Cu-
AMN-TFO (including 98 as AMN) was to a small extent
sequence-speci ¢, high-resolution cleavage at the single
nucleotide level was not, at this point, achieved. To enhance
cleavage selectivity, a bis-Phen di-copper compound (100)
was conjugated to three of the studied TFOs and cleavage was
assessed also when an ancillary intercalator (Phen; dipyrido-
[3,2-f:2 .3 -h]quinoxaline, DPQ and dipyrido[3,2-a:2 ,3 -c]-
phenazine, DPPZ) was coordinated to the copper centers.
Although cleavage discrimination between an on-and off
target sequence was modest in the presence of only
Cu(NOj),, damage markedly increased upon complexation
of 100 to Cu-Phen or Cu-DPQ. The presence of the ancillary
intercalator positively a ected AMN activity, and the target
duplex was completely ablated without any apparent damage
of the offtarget sequence.**® Promising sequence selectivity
was also achieved when Cu-TPMA complexes were
conjugated by CuAAC reaction to TFOs (101 102). In
good agreement with the Clip-Phen hybrids, the best
sequence discrimination was achieved when TPMA was
linked to an internal position of the TFO sequence (102d).
In this case, the target duplex was depleted faster than the off
target sequence (analyzed by gel densitometry 72% versus
24% knockdown at 100 equiv of Na-L-asc, respectively).
Interestingly, analysis of dSDNA cleavage activity by real time
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PCR identi ed damage promoted by the clicked AMN in the
absence of exogenous reductant. Conversely, no e ect on
duplex integrity was observed when this was treated with free
Cu-TPMA in the absence of reductant. In addition, the
oxidative damage mechanism was studied on a larger DNA
construct the closed circular pCSanDI-HYG plasmid, 6389
bp containing the target sequence of one of the AMN-TFOs
under study. Cleavage experiments in the absence or presence
of ROS scavengers showed that the supercoiled (SC) plasmid
is converted to the nicked open circular (OC) and linear (L)
form through an oxidative cutting mechanism that relies
(primarily) on the generation of superoxide type (O,%)
radicals. Although polypicolyl ligands do not a ord the same
stabilization e ect provided by phenanthrene derivatives, a
similar increase in stability ( Ty up to 18.4 °C) was achieved
in this case by modifying the AMN with the duplex binder
thiazole orange (TO).**’

Despite the reduced speci city of AMN TFOs compared
to enzymatic constructs, the extent and oxidative nature of
their damage could make these arti cial nucleases e cient
sequence-selective knockdown agents. Further DNA backbone
or ribose modi cations aimed to increase TFO stability to
endo- or exo-nucleases might advance this technology for
future cellular applications.

4.2. Cellular Metabolic Labeling of Nucleic Acids

Nucleic acid labeling by click chemistry is particularly
advantageous when applied for the in vitroand in vivostudy
of cell cycle kinetics, DNA and RNA synthesis, and cellular
proliferation. Initially analysis of cellular DNA synthesis was
performed by incorporating labeled DNA precursors such as
[*H]thymidine and 5-bromo-2 -deoxyuridine (BrdU) into the
genome during the S phase of the cell cycle. Upon penetrating
the cell membrane, these monomers are converted to their
triphosphate forms by cellular kinases and subsequently
incorporated into genomic material. Nucleic acids embedding
[*H]thymidine or BrdU can then be visualized by auto-
radiography or by immuno-staining with BrdU-speci ¢
antibodies, respectively.*****? Similarly, RNA transcription
and turnover can be detected using the ribonucleoside
derivatives [*H]uridine or 5-bromouridine (Bru).'*%*
However, the applicability of these methods su ers from
several limitations. The radioactivity of [*H]-nucleosides
makes their handling cumbersome, and autoradiography is a
slow technique not suitable for high-throughput studies. In
addition, the microscopic images of radiolabeled nucleic acids
have usually low spatial-resolution and low signal-to-noise
ratios. Staining with BrdU (or BrU) is instead limited by
antibody di usion in the specimen which often requires
sectioning of the tissue and long incubation times with the
antibody. In the speci ¢ case of DNA labeling, access of the
anti-BrdU antibody to the BrdU epitope is also hindered by
nucleobase pairing in double stranded DNA. Strong
denaturing conditions are therefore required to expose the
BrdU subunits resulting in degradation of the specimen
structure and making the staining intensity dependent on the
experimental setup.

4.2.1. Metabolic Labeling of DNA. Initial work by
Mitchison and co-workers focused on developing an
alternative technique for DNA labeling in the context of
preserved cellular and chromatin ultrastructure. In their
strategy, 5-ethynyl-2 -deoxyuridine (EdU, 103) was used to
label cellular DNA prior to CUAAC reaction with uorescent
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organic azides.” Similar to BrdU, EdU is rst phosphorylated A
(104) in the cell by kinases and then introduced into the
genome by DNA polymerases (Figure 18). In contrast to
HO. il Ho@ HO\QTJ
N O- O-
HO OH OH OH
[ 104 105 106
B o} 0

Nucleus

Figure 18. dU® (103) is phosphorylated into cells (104) and
integrated within the genome by polymerase enzymes. The exposed
alkynes can then be labeled by CuAAC with organic azide probes.

BrdU, however, the reporter group the alkyne of the
incorporated EdU is localized in the major groove of the
double helix. Here, the alkyne is not a ected by any steric
hindrance, and it can undergo CuAAC staining without
requirement for prior sample xation or DNA denaturation.
For this reason, CUAAC coupling of EdU-labeled DNA to
various uorescent azides proceeded smoothly and with high
reproducibility among the uorophores. In addition, upon
injection into mice, EdU allowed the rapid and sensitive
whole-mount imaging of cellular turnover in small intestine
villi 0 ering an easier and more e cient strategy for the study
of organ and tissue dynamics compared to previous methods.

Despite the several advantages of EAU over BrdU-staining,
EdU has higher cytotoxicity and its inclusion in cellular DNA
represents a chemical insult that causes DNA instability,
necrosis, and cell-cycle arrest.*>* The intrinsic toxicity and
alteration of biological function imposed by EdU represent
therefore a critical constraint in metabolic labeling studies
where subsequent tissue survival is required. To prevent
cellular toxicity while preserving metabolic DNA incorpo-
ration, Luedtke and co-workers analyzed a series of
arabinofuranosyl-ethynyluracil derivatives (Figure 19A) and
identi ed selective DNA labeling by (2 S)-2 -deoxy-2 - uoro-
5-ethynyluridine (F-araEdU, 104) with minimal impact on
genome function.*?® The lower toxicity of F-araEdU
compared to both BrdU and EdU enables detection by
CUuAAC uorescent staining with greater sensitivity in pulse-
chase experiments and in other metabolic labeling studies
where long term cell survival is required (60 days or more).
As an example, usage of F-araEdU in combination with BrdU
in pulse-chase experiments allowed birth dating of DNA in
vivo identi cation of quiescent/senescent cells, and thus
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Figure 19. (A) Arabinofuranosyl-5-ethynyluridine derivatives studied
for cellular metabolic labeling of DNA: F-ara-EdU (104); ara-EU
(105); and Me-ara-EdU (106).'%° (B) Azide modi ed uridine
derivatives AdU 21072 and AmdU (108) used for cellular metabolic
labeling of DNA. 2
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timing of tissue development and di erentiation in Zebra sh
embryos.*?°

The methods hitherto described involve labeling of DNA
with alkyne reporter groups followed by CUAAC labeling with

uorescent organic azides. Reversing the chemistry by
incorporating azido nucleoside analogues (Figure 19B)
expands click labeling capability also to the strain-promoted
azide alkyne cycloaddition (SPAAC) where cytotoxic Cu(l)
catalyst are not required. Although initial studies with 5-azido-
2 -deoxyuridine gAdU, 107) were unsuccessful reporting poor
labeling results,>> more recent work with 5-(azidomethyl)-2 -
deoxyuridine (AmdU, 108) showed strong nuclear staining.*>*
Interestingly, an in-depth study of SPAAC versus CuAAC

uorescent staining revealed a bias in SPAAC detection of
AmdU, and preferential labeling occurred at sites of single-
stranded DNA. SPAAC staining prejudice is probably imposed
by the larger bulk of the cyclooctyne modi cation compared
to terminal alkynes, and it was suggested to be a useful
method for probing variable chromatin and/or secondary
structures of DNA in cells. In addition, AmdU labeling is
bioorthogonal to other available methods (i.e F-araEdU and
BrdU) and allowed the time-resolved, three-color analysis of
DNA synthesis in single cells.**®

4.2.2. Metabolic Labeling of RNA. It is important to
note that the above-described deoxynucleotide precursors are
speci ¢ only for DNA incorporation as no labeling was
detected in cells where DNA synthesis was selectively
inhibited.***?°*>3 To label RNA, a similar strategy can be
exploited by using labeled nucleosides (Figure 20) instead
of the deoxynucleosides for incorporation by RNA poly-
merases during gene transcription.

Salic and co-workers showed that the ribonucleoside 5-
ethynyluridine (EU, 109) is integrated into RNA transcripts
generated in cells by polymerases I, II, and 111.*** To be
integrated into RNA, EU enters the ribonucleoside salvage
pathway and is rst phosphorylated to form the 5 -
ribonucleoside phosphates EUMP, EUDP, and EUTP.
However, ribonucleotide reductase can convert EUDP to its
deoxyribonucleoside diphosphate EAUDP which can be
readily incorporated into DNA, thus limiting the utility of
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Figure 20. (A) Alkyne modi ed nucleosides used for cellular
metabolic labeling of RNA: EU (109);*** EA (110);'*° and N°pA
(111).%® (B) Azide modi ed purine (112 114)*°® and pyrimidine
(115 117)"81182 derivatives used for cellular metabolic labeling
of RNA.

EU as a speci ¢ transcriptional label. Treating cells with EU in
the presence of hydroxyurea or thymidine two ribonucleo-
tide reductase inhibitors revealed no di erence in EU
staining whereas, in a parallel experiment, DNA incorporation
of EdU was abolished by the same inhibitors.*>* The authors
therefore suggested that EU is a poor substrate for
ribonucleotide reductase and can be used as a speci c label
for cellular RNA. In animals EU allowed intense staining of
four di erent organs (small intestine, kidney, liver, and
spleen) with low background staining on control sections.
In the small intestine, the high sensitivity of EU staining
enabled detection of signi cant transcription not only in the
highly proliferative crypt-cells but, at a lower extent, also in
villar cells. Notably, the transcriptional activity in villar cells
was not identi ed in previous studies which used tritiated-
uridine as a label.**°

In addition to EU, other alkyne-modi ed ribonucleosides
have been synthesized and used for tracking of transcription in
cells. Alkyne-modi ed adenosine precursors such as 2-
ethynyl adenosine (EA, 110)*° and NS-propargyladenosine
(N°pA, 111)**° are particularly interesting RNA metabolic
labels as they can be used to monitor poly(A) tail dynamics
beyond being an e cient tool for CuAAC-mediated
uorescence imaging and a nity enrichment of nascent
transcripts. RNA transcripts from cells treated with EA and
actinomycin D (ActD) a cellular transcription inhibitor that
does not interfere with polyadenylation pathways were
reacted with biotin-azide and measured by streptavidin
alkaline phosphatase blotting. ActD reduced but did not block
EA labeling of RNA indicating a transcription independent
pathway for incorporation of the alkyne nucleoside in the
transcripts. Treatment of cells with EA in the presence of both
ActD and cordycepin a cellular polyadenylation inhibitor
completely prevented EA-labeling, altogether con rming
incorporation of the alkyne nucleoside into RNA both by
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transcription and polyadenylation.”>> Studies on (N°pA)
identi ed its e cient and selective incorporation in RNA by
all three mammalian RNA polymerases I, Il, and IIl. In
HEK?293 cells, it was shown that N°pA is incorporated also
into poly(A) tails by the “canonical” poly(A) polymerase,
PAP  although the authors state that further studies are
required to determine if N®pA can be a potential substrate for
“noncanonical” poly(A) polymerases involved in a variety of
alternative poly adenylation pathways.**® A strategy involving
pulse-labeling with EU or N°pA prior to chase with media
lacking modi ed nucleoside allowed observation of metabo-
lism of RNAs transcripts from endogenous promoters in the
absence of general inhibitors which often have pleiotropic
e ects. In this method bulk poly(A) tails can be detected after
a short labeling pulse enabling the analysis of poly(A)
dynamics in transcripts synthesized within a 2 h window,
thereby reducing the length heterogeneity of poly(A) tails
which arises over time.**®

The introduction of alkyne nucleosides into RNA limits
labeling to CUAAC coupling where copper-induced radicals
can be generated leading to RNA degradation and deleterious
e ects on downstream analyses such as RNA sequencing.™’
Similar to the “reverse” metabolic labeling of DNA, azido-
nucleosides can be robustly introduced into RNA for
posttranscriptional SPAAC coupling.”™® E cient metabolic
labeling was detected with three adenosine analogues bearing
azide handles at both the N6- (112 113) and 2 -positions
(114). Interestingly, 112 and 113 were predominantly
introduced during transcription whereas 114 was incorporated
also during polyadenylation. This labeling bias was suggested
to o er a potential strategy to analyze nascent RNA synthesis
and poly(A) elongation di erentially inside living cells.
Although the same work reported that 5-methylazidouridine
(5-AmU, 115) is not incorporated into cellular RNA**® the
triphosphate form of 5-AmU was later shown to be readily
recognized and integrated by RNA polymerases.*® This
di erence is caused by the incompatibility of 5-AmU with the
uridine-cytidine kinase, UCK2 the enzyme generating
pyrimidine monophosphates from nucleosides in the pyr-
imidine salvage pathway. An engineered version of UCK2
developed by Kleiner and co-workers was able to convert 5-
AmU to 5-AmU monophosphate in vitro™® Upon trans-
fection of the plasmid expressing the mutant enzyme into
HelLa cells, 5-AmU was e ciently incorporated into cellular
transcripts. In combination with 5-EU in pulse-chase experi-
ments, 5-AmU allowed analysis of RNA synthesis and
turnover during cellular stresses with high temporal resolution.
Similar work by Spitale and co-workers on UCK2 identi ed
that the poor metabolic label 2 -azidouridine (2 -AzU, 116)
can become a highly stringent nontoxic approach for cell-
speci ¢ RNA metabolic labeling when used together with
wild-type UCK2 overexpression.'®* Other nonspeci ¢ meta-
bolic labels (such as 5-EU and 2 -azidocytidine, 2 -AzC, 117)
reduced cell viability, and 5-AmU treatment caused complete
cell detachment leading to loss of membrane integrity and
reduced proliferation.'®" Nonetheless, a 2 -AzC/deoxycytidine
kinase (dCK) pair was later reported to be 10-fold more
e cient in promoting RNA labeling than the 2 -AzU/UCK?2
combination with negligible e ects on viability after a 3-day
treatment.*®

Alternatively, reporter groups for CuAAC or SPAAC
couplings can be introduced into RNA strands site-sgeci cally
using natural or engineered methyltransferases.”*® *°° In
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tRNA:methyltransferase (Trm1) was used to transfer the
pent-2-en-4-ynyl (EnYn) chain from AdoEnYn (118) to the
N2 of guanosine 26 in tRNAP™%® The posttranscriptional
alkyne modi cation can then be coupled by CuAAC reaction
to various reporter molecules (eg uorescent organic azides,
biotin azide, etc.) enabling imaging or enrichment of RNA. A
similar chemoenzymatic technique developed by Rentmeister
and co-workers was used to site-speci cally introduce various
alkyne or azide reporter groups at the 5 -cap of eukaryotic
mRNA for posttranscription CuAAC and SPAAC label-
ing.*®>'% Here, an engineered trimethylguanosine synthase
from Giardia lamblia(GlaTgs2) recognizes and site-
speci cally modi es the N2 position of the m7G-triphosphate
cap at the 5 -end of eukaryotic mRNA. Used in combination
with AdoEnYn (118)*°® or Ab-SAM (119),**° the engineered
GlaTgs2 variant transfers the click-“tag” labels EnYn or 4-
azidobut-2-enyl (Ab), respectively to the N2 position of the
m7G-cap. Labeling of the 5 -cap of eukaryotic mRNA with 4-
azidobut-2-enyl has particular relevance because it enables
labeling both by CuAAC and SPAAC chemistries.'®®
Importantly in both strategies uorescent labeling of the cap
was achieved also in the complex environment of the
eukaryotic cellular lysate.*®>*%

4.3. Click-Chemistry to Assemble Nucleic Acids

4.3.1. Clicking Nucleobases on the Backbone. The
biocompatibility of click chemistry has been used in the
synthesis of several DNA and RNA analogues in which the
structural features of nucleic acids were substituted with
triazole units. Obika and co-workers synthesized an
oligonucleotide containing 1-ethynyl-2-deoxy- -p-ribofuranose
and clicked the alkyne group to various modi cations forming
arti cial triazole nucleobases (Figure 22A). Although none of
the oligonucleotides incorporating the arti cial modi cation
formed stable DNA duplexes, similar Ty, values obtained from
1-(phenyl-thio)methyl-1H-1,2,3-triazole (120g) paired to the
four canonical nucleosides suggested that this functionality
could behave as an universal nucleobase.®” A reverse
approach was implemented by Seela’s group who reacted N-
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Figure 22. (A) Clicked arti cial nucleobases (R) by Obika and co-
workers.*®” (B) Reverse-clicked nucleobases (B) and nucleobase
derivatives by Seela and co-workers.*®®

9 propargylpurines or N-1 propargylpyrimidines with toluoyl
protected 1-azido-2-deoxyribofuranose (Figure 22B). The
clicked nucleosides were then deprotected with sodium
methoxide and studied either as potential antiviral agents or
as arti cial nucleobases when introduced in dsDNA. Both
clicked derivatives of uridine (121a) and adenine (121d)
destabilized dsDNA, behaving as an abasic site, and stability
was retained only when these modi cations were placed at the
termini of the duplex.*®®

4.3.2. Triazole as a Phosphate Linkage Alternative. A
major bene t of click chemistry lies in using triazole formation
as a strategy to chemically synthesize long nucleic acids
analogues. Chemical ligation of nucleosides has several
advantages over routinely used enzymatic methods. The
synthesis of long genetic constructs requires multiple cycles of
PCR ampli cation, mismatch repair, cloning, sequencing, and
selection. Inclusion of high- delity proofreading polymerases
minimizes the number of mistakes during the ampli cation
cycles by incorporating the enzymatic mismatch repair in the
work ow. Nonetheless, repair, cloning, and sequencing steps
together with the low quantities yielded by PCR can represent
an obstacle to the production of large amounts of DNA and
RNA strands for research and industrial purposes. In addition,
epigenetic modi cations (i.e 5-methylcytosine (mC), 5-
hydroxymethylcytosine (hmC), 5-formylcytosine (fC), and
5-carboxylcytosine (caC)) important for tuning the ex-
pression of speci ¢ genes are incorporated randomly against
G by DNA polymerases (i.e guanine does not discriminate
between them), precluding the synthesis of site-speci ¢
modi ed epigenomes by traditional enzymatic methods.
Speci ¢ epigenetic mutations can be introduced in limited
numbers through nucleobase-modi ed PCR primers or by the
templated ligation of synthetic nucleic acid chains by ligase
enzymes. However, pure chemical DNA synthesis is limited by
the maximum oligonucleotide length achievable on solid phase
supports (coupling reactions are ine cient beyond 200 nt)
and by the high error rates during phosphoramidite coupling

https://dx.doi.org/10.1021/acs.chemrev.0c00928
Chem. Rev. 2021, 121, 7122 7154


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00928?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00928?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Review

reactions (up to 1 10 errors per kilobase).'*® A chemical
ligation method capable of e ciently joining short and pure
oligonucleotides could broaden the application of synthetic
DNA strategies to the production of large genomes. Some
progress in chemical ligation of oligonucleotides was made by
using cyanogen bromide as the coupling agent'’®*"* or by
templating the reaction between 3 -phosphorothioate and 5 -
tosylate (or iodide) modi ed oligonucleotides. Nevertheless,
compared to other chemical ligations such as CUAAC, these
strategies require the use of toxic compounds or functional
groups which are unstable in aqueous media. Application of
triazoles as alternatives to the phosphate linkage was initially
investigated by Nuzzi et al. In this work, two types of triazole
DNA backbones were formed by clicking together nucleotides
with 3 - or 5 -terminal alkynes or azides."’? Isobe et al. further
advanced the eld by producing a fully backbone modi ed
decamer strand (126, T“DNA) from sequential steps of
CUuAAC reaction with 122 followed by deprotection of the
silyl alkyne-protecting group (Scheme 6).2°*"® The molecular

Scheme 6. Solid Phase Synthesis of 10-mer T"DNA*®

design encompassed a methylene bridge at the pseudo-5 -
position of the sugar backbone to retain the ve-bond spacer
length and exibility of the phophodiester linkage in natural
oligonucleotides (Trz C, Figure 23). The modi ed chain
annealed to a complementary sequence forming a duplex
structure more stable (T, = 61.1 °C) than the one yielded
from the unmodi ed control (T, = 20 °C). In this case, the
lack of repulsive interactions of the triazole backbone with the
anionic phosphate backbone was essential to enhance the
stability of dsDNA, but the spacer length was also thought to
aid duplex stabilization. In contrast, an 11-mer backbone-
modi ed RNA analogue ("“RNA) provided less stable
RNA:RNA duplexes when compared to the natural RNA
control.”* A detailed thermodynamic analysis of modi ed and
unmodi ed duplexes revealed that "RNA:RNA structure had
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Figure 23. Canonical phosphodiester linkage and rst-generation
triazole linkage A (Trz A), second generation triazole linkage B (Trz
B), and triazole linkage C (Trz C) in T"DNA reported by Isobe et al.
and triazole linkage D (Trz D) reported by Varizhuk et al. The
number of bonds between the C3 and C4 atoms of adjacent sugar
rings is indicated.

a much lower association enthalpy ( H = 52 kcal mol 1)
compared to the control ( H = 87 kcal mol 1). Structural
studies associated this reduction in association enthalpy with
triazole/2 -OH interactions which inevitably constrain the
triazole orientations, causing a mismatch in the internucleo-
side distance between the two strands. Noticeably, this
interaction is not present in the case of ""DNA duplexes
(no 2 -OH present).*™

Although consecutive Trz C modi cations in T-DNA
apparently stabilize the duplex structure, isolated triazole
modi cations reduce the stability of the dSDNA helix (average

Twm per modi cation 4 °C). Computational analysis of
12 structures di ering in the position of the triazole relative
to the duplex axis identi ed a longer helical pitch which may
arise from a lesser twist of the triazole compared to the
phosphodiester linkage.*”

A similar destabilization was noted also in the case of DNA
and RNA duplexes made with oligonucleotide modi ed at
single backbone positions with triazoles di ering in spacer
length (Figure 23). A single modi cation with the 7-bond
linker Trz B reduces oligonucleotide binding a nity toward
target DNA and RNA compared to an unmodi ed control
( Ty 4to 8°C/modi cation).””®*"” Nonetheless, the
cooperative UV-melting transitions with similar hyperchro-
micity for both the modi ed and unmodi ed structures
demonstrate a fully base-paired double helical structure. The
best results are usually achieved in the case of exible 6 bond
modi ers (Trz D) where little destabilization is caused per
modi cation (average T, 14 °C/modi cation).'’®*"®

4.4. Biocompatible Triazole Linkage

4.4.1. Pursuing the Biocompatibility of the Click
Backbone. As described above, triazoles have outstanding
chemical properties that render these linkages interesting
analogues of the phosphodiester backbone. This analogy raises
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the question whether the click modi cation could be a
substrate for polymerase enzymes. The study of the
biocompatibility of the triazole backbone with the polymerase
machinery was started by the Brown group in 2009 using a
Trz A-ligated PCR template.*®® Trz A was chosen due to its
facile synthetic accessibility (Scheme 7A) as it can be

Scheme 7. Synthesis (A) and PCR Ampli cation (B) of
Triazole A (Trz A) First Reported by Brown and Co-
workers*®°

generated by the splint-mediated ligation between 3 -azido-
dT (127) and 5 -propargylamido-dT (128) oligonucleotides.
In this case, polymerase enzymes successfully read-through the
triazole, although sequencing of the amplicons identi ed the
loss of one thymidine at the ligation site (Scheme 7B). The
inaccurate ampli cation was attributed to the rigidity of the
amide bond that might push the substituents into the trans
form possibly de ecting the thymine nucleobase from
incoming deoxyadenosine triphosphate (dATP) during
replication (Figure 24). In addition, the lack of a 3 -oxygen
and 5 -methylene in Trz A might result in improper binding
by the polymerase which consequently skips the nucleo-
base."®® A second generation triazole linkage (Triazole B, Trz
B) was therefore designed and produced by the click ligation
of 5-azide and 3 -propargyl modi ed oligonucleotides.*®
This linker better resembles the phosphodiester backbone and
has the synthetic advantage of being formed from
oligonucleotides made exclusively by the solid-phase phos-
phoramidite method (Scheme 8). Here, both a linear 81- and
a 300-mer DNA incorporating one or two Trz B backbone
modi cations were faithfully ampli ed in vitroby thermostable
DNA polymerases which possess or lack proofreading
activity.*

4.4.2. Cellular Biocompatibility of the Triazole
Backbone-Modi ed DNA. In a collaboration between the
Brown and Tavassoli groups the compatibility of Trz B was
assessed in the bacterial polymerase machinery of E. coliA
triazole MeC,C linkage was introduced in each strand of the
antibiotic marker gene TEM-1 -lactamase (BLA) encoded by
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Figure 24. (A) Possible isomerization at the amide bond. (B) One of
the thymine bases is skipped by the replication machinery if the
con guration between the two substituents is trans.*®°

Scheme 8. Synthesis of Alkyne/Azide 100-mer
Oligonucleotides for Use in Click Ligation and
Cyclization®

3The 3 -alkyne (129, 130) is assembled rst and then converted to
the 5 -azide (131). Using this strategy oligonucleotides can be
modi ed on solid support with 5 -azide, 3 -alkyne, or both.**

a T7-Luciferase control plasmid (Figure 25). After trans-
fection with the modi ed plasmid, good E. coliviability
(96.5% compared to the native controls) and correct
ampli cation of the M*C,C modi ed region were achieved,
proving the biocompatibility of the linker with this prokaryotic
system. A similar outcome was observed in E. colicolonies
incapable of expressing UvrB, a central component of the
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Figure 25. Triazole B is inserted into the BLA gene (blue) of
plasmid DNA followed by transformation and growth of E. coliThe
insert is gray, and the triazole linkages are orange.”*

nucleotide excision repair (NER) mechanism. This result
excludes any DNA repair mechanism that might lead to
substitution of the triazole by a canonical phosphodiester
linkage and further supports the triazole biocompatibility in
the delicate metabolic balance of living organisms.

Interestingly, Trz B is an e ective phosphodiester surrogate
also when used to generate clicked DNA templates for RNA
transcription.’® In this work, in vitro RNA synthesis was
carried out using T7 RNA polymerase (T7-RNAP) an
enzyme commonly used in biotechnology to produce small
RNAs and in expression of cloned genes. Two templates
transcribing the 54-mer DicF sequence an E. coligrowth
inhibitor were designed and synthesized to include Trz B
either at the +4/5 position of the essential T7 promoter locus
or within the coding sequence (CDS) of the gene. In the
former case, no RNA product was obtained due to a possible
disruption of the required DNA protein complex caused by
the triazole. In contrast, the clicked CDS analogue yielded

80% of RNA compared to a native DNA control, and
accurate transcription was con rmed by mass spectrometry.*®*
This was the rst report of RNA transcription from a purely
synthetic DNA analogue that included an arti cial backbone
linkage.

To exclude any in uence of selective pressure on E. coli
transfected with the modi ed BLA gene, the biocompatibility
of Trz B was re-evaluated on a nonessential gene encoding for
the red- uorescent protein mCherry.?” Errors in replication or
transcription of the Trz B-BLA gene can result in an inactive

-lactamase variant. Hence, the host organisms with the

improper gene are suppressed on ampicillin containing media.
The mCherry coding region was therefore modi ed with two
triazole linkers introduced 4-bp apart to investigate also the
e ect of proximity on biocompatibility. The modi ed
mCherry gene was faithfully and e ciently expressed in E.
coli colonies thus eliminating the possibility of selective
pressure in this system.?” Interestingly, expression of triazole
modi ed mCherry was observed also upon transfection in the
more metabolically complex context of eukaryotic cells. Here,
single cell analysis of uorescent protein expression identi ed
correct transcription and translation of the gene in human
MCF-7 breast cancer cells.*®?

Following the above discoveries, a 335 base pair gene
encoding the iLOV green uorescent protein was synthesized
using a one-pot click ligation strategy from 10 oligonucleo-
tides modi ed at the 5- and 3 -ends with azide and alkyne
groups, respectively (Figure 26)."®* The resulting clickiLOV
gene had eight Trz B modi cations and similar structure to
the natural gene the melting temperature was only 3 °C
lower than the unmodi ed control. Although gPCR analysis
showed that strand extension is slowed down at the
modi cation sites, the multiple triazoles were correctly read-
through by Taq DNA polymerase. Expression of the click
iLOV was faithful also when the plasmid incorporating the
gene was transfected into E. coli.Interestingly, the genes
replicated from the clickiLOV template had in this case a
lower amount of genetic mutations compared to a natural
analogue produced by enzymatic ligation of 10 canonical
oligonucleotides. This is probably due to a higher synthetic
purity of the starting oligonucleotides. All the above results
emphasize the possibility of an alternative chemical approach
to gene synthesis with applications in synthetic biology and
industrial biotechnology.

4.4.3. Biocompatibility of Triazole-Modi ed RNA. The
remarkable compatibility of the triazole backbone with DNA
polymerases encouraged investigations in the RNA context.
Two RNA templates were prepared with an internal dCMe-
triazole-U linkage (dCM°tU, dCM¢ = 5-methyl-2 -deoxycyti-
dine) prepared by CuAAC, and a SPAAC modi cation made
by coupling 5 -BCN oligonucleotides with 2 -azide oligonu-
cleotides. Three di erent sets of primers were designed so that
reverse transcription was initiated either before, next to, or
after (bridged-primer) the triazole linkage. Reverse tran-

Figure 26. ILOV gene was assembled using templated CUAAC ligation from alkyne/azide oligonucleotides; a plasmid vector (pRSET-mCherry)
was cleaved with Ndel and Ec®I restriction nucleases to remove the mCherry gene (ecoding for a red uorescent protein). The sticky ends of
the linearized plasmid and arti cial gene were then ligated using T4 DNA ligase to form the pRSET-iLOV plasmid (ecoding for a green

uorescent protein).’%
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scription of the two modi ed templates dCM®tU or clicked-
BCN by M-MLV RT (Moloney Murine Leukemia Virus
reverse transcriptase) was successful when initiated before or
next to the triazole. However, in both cases one nucleotide
was omitted. Conversely when bridged primers were used on
the SPAAC-clicked template, transcription was complete only
if the duplex formed with the primer was stabilized (i.e by
changing the bu er salt from Mg?* to Mn?*). This result
suggests that it is easier for M-MLV to read-through the
SPAAC modi cation when it has a “running start” from a
strand of unmodi ed RNA than to start on top of the bulky
BCN linker.*®*

4.4.4. Biophysical Analysis of the Triazole Linkage
Trz B. The geometry and charge of the triazole linkage
signi cantly di er from those of the canonical nucleic acid
phosphodiester backbone, and a deep analysis of the
biophysical properties of the two backbones is essential to
understand the basis of the triazole biocompatibility with the
polymerase machinery. The X-ray structure of Taq polymerase
bound to DNA provided a useful guide, showing that 12
nucleotides interacts with the enzyme mainly througgh
hydrogen bonding with the phosphodiester backbone.*®
Substituting one of the phosphates with a triazole linkage
would prevent only one or two of these interactions and might
explain the ability of polymerases to correctly read through
triazoles during PCR ampli cation. Nuclear magnetic
resonance analysis of a 13 bp dsDNA including one unit of
Trz B a orded further insights showing that, in comparison to
a natural backbone, the triazole induced local structural
changes without a ecting the B-DNA duplex and Watson
Crick base pairing (Figure 27). In addition, some similarities

Figure 27. Close-up showing the overlaid average structures of a
duplex containing the triazole (in purple 13merTAL, PDB: 2L8I)
and an unmodi ed DNA duplex (in orange 13merRef, PDB: 2KUZ).
The triazole modi cation is highlighted in green (Adapted with
permission from ref 176. Copyright 2011, John Wiley & Sons).*"®

are evident between the two backbones in that the large
dipole moment of the N(3)-atom together with its location in
a similar position to one of the phosphate-branching oxygen
atoms makes it a suitable hydrogen bond acceptor for DNA
polymerase.*"®*% As a proof of concept, a methylated (N(3)-
blocked) Trz B derivative was used as a template for PCR
ampli cation. In this case, polymerase readthrough of the
N(3)-cationic triazole was slowed down and the yield of PCR
amplicons was severely reduced compared to the neutral Trz
B template. This contrasting behavior suggests an electrostatic
repulsion with the positively charged amino-acidic side chains
in the polymerase-DNA template recognition site.

The presence of Trz B increases the opening rates of the

anking base pairs compared to a natural duplex and causes a
destabilization of the four neighboring base-pairs. The Gibbs
free-energy for the dissociation of the two adjoining base-pairs
was diminished by 11 kJ mol ! in total with a stronger
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perturbation on the 5 -side (7.2 kJ mol ) than on the 3 -side
(3.4 k) mol 1). Nonetheless, the triazole linkage ts within the
canonical B-DNA helical structure and induces only minor
distortion to the major and minor grooves.*’®

As described above (cf section 4.2.2), DNA duplexes made
with the Trz B modi ed strand are slightly destabilized ( Ty,
= 8 °C) by the modi cation. Interestingly, the presence of
one mismatched site at the triazole lowered the duplex
melting temperature by 109 °C on average, closely
resembling the loss in stability ( 11.6 °C) in the unmodi ed
control. However, the combination of the triazole linkage with
the mismatched site generated a more signi cant decrease in
hyperchromicity for the modi ed duplex than for the native
control (18.8% versus 7.5%, respectively) indicating a greater
loss of base stacking caused by Trz B.*"® This suggests a
replication model where only correct dNTPs are selected and
incorporated by the template polymerase complex to form
the desired base paired dsDNA. Triazoles in this case might
introduce a further advantage compared to the canonical
phosphate backbone. The signi cant duplex destabilization
caused by incorporation of mismatched dNTPs near Trz B
exposes the rogue nucleotides to the proofreading action of
DNA polymerases and promotes their removal by the 3 -
exonuclease domain of the polymerase enzyme.

4.5. Antisense Oligonucleotides by Click-Chemistry

Antisense oligonucleotides (ASOs) are short nucleic acids that
bind to speci ¢ mRNA sequences or other cellular RNAs,
modulating gene expression by a ecting translation. The
sequence-speci city of ASOs renders them particularly
interesting in the therapeutic eld where targeted activity is
essential to selectively inhibit genes, to prevent toxic side-
e ects and to develop personalized drugs. Although several
ASOs have been recently approved by the FDA for the
treatment of various genetic diseases,'®” *®° advancement of
the eld is limited by the di cult and ine cient delivery of
oligonucleotides to targeted tissues, unknown long-term
toxicities, and offtarget e ects of oligonucleotides. Modi ca-
tion of the sugar phosphate backbone or nucleobases can
improve the therapeutic properties of ASQOs, and in this
context, triazoles are interesting candidates for antisense
technologies. They increase stability toward nuclease degra-
dation and reduce the anionic charge of oligonucleotides,
potentially aiding cellular uptake. However, triazole mod-
i cations alone usually destabilize duplex structures represent-
ing a potential limitation to sequence-speci ¢ RNA targeting
and binding. To understand how triazole linkages a ect the
hybridization properties of oligonucleotides, 1,4-triazoles (Trz
B-D) together with a 1,5-adduct (Triazole E, TrzE) formed
by the RUAAC reaction have recently been studied for their
capability to form double helices with complementary DNA
and RNA strands. 1,5-Triazole modi ed backbones are one
bond shorter than the 1,4-analogues placing the substituents
3.2 A apart (instead of 4.9 A) with the same bond spacing as
the thermally stable Trz D. Duplexes with the 6-bond spacers
1,4-triazole Trz D and 1,5-triazole Trz E (Figure 28) were the
least destabilized structures, displaying a UV thermal melting
value close to the unmodi ed helix (for DNA Ty = 32°C
and 2.9 °C, respectively; for RNA T,,= 08°Cand 3.3
°C, respectively). Among the triazoles, the 1,4-Trz D was the
best at adopting the A-conformation required for RNA
recognition and is therefore a good candidate for use in
antisense oligonucleotides.
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Figure 28. Canonical phosphodiester linkage beside the 1,4-
disubstituted triazole D (Trz D) and the 1,5-disubstituted triazole
E (Trz E).

To strengthen base pairing around the click modi cation,
the aminoethylphenoxazine nucleobase (G-clamp, 132) can
be introduced at the 3 -side of the triazole (Figure 29). G-

Figure 29. Structure of the triazole G-clamp base paired with
guanine in complementary DNA. The additional steric bulk of the
nucleobase derivative of cytosine is highlighted in orange.*’”

clamp mimics the guanine binding mode of cytosine but
provides higher pairing stability through an extra hydrogen
bond and enhances base stacking. UV melting analysis on
various DNA:DNA and DNA:RNA duplexes, including both
G-clamp and the triazole modi cation, showed that the
stability of the duplex was increased beyond that of the native
control. Interestingly the introduction of a mismatch at or
near the modi cation strongly destabilized the duplex making
this backbone/nucleobase combination a potent mismatch
sensor.*’’

As an alternative to G-clamp, the sugar moiety of the DNA
backbone adjacent to triazoles has been modi ed with ribose
analogues such as morpholino®® and conformationally
restricted locked nucleic acids (LNA) (Figure 30).*9% 193
The advantage of this strategy lies in its independence with

Figure 30. Structures of phosphodiester and triazole linked LNA
backbones analyzed for DNA and RNA binding.***
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respect to the nature of the neighboring nucleobases; it
broadens stabilization to encompass all sequence contexts.
Triazole-linked morpholino ODNs were shown to bind RNA
targets with slightly enhanced stability compared to strands
incorporating only the triazole modi cation but lower a nity
in comparison to the native control.**® Alternatively, inclusion
of an LNA sugar modi cation at the 3 -side of the triazole
(134) considerably strengthens oligonucleotide binding and
one or two of these linkages were su cient to provide
DNA:RNA duplexes with stability close to that of an
unmodi ed control. The a nity arises from the constraint
that LNA imposes on the nucleic acid backbone, locking the
sugar pucker in the 3 -endo conformation and inducing the A-
form helical structure required in DNA:RNA duplexes.
Positioning LNA on the 5 -side does not a ord the same
stabilizing e ect (135), suggesting that the reduced backbone
exibility originates only when LNA is directly attached to a
phosphodiester group and not to a nonoptimal triazole
linkage.®* Signi cantly, DNA strands containing both G-
clamp and LNA modi cations in combination with triazole
were successfully read-through (replicated) by polymerase
enzymes to produce complementary unmodi ed DNA.
Therefore, the biocompatibility of these modi cations also
provides a potential solution in PCR where duplex stability
might be necessary for correct DNA ampli cation by
polymerases lacking 3 -exonuclease activity.

4.6. Split and Click Approach to Single-Guide RNA
Generation

Click chemical ligation was recently utilized in the emerging
eld of CRISPR-Cas (Clustered Regularly Interspaced
Palindromic Repeats) gene editing, to generate pools of
single guide RNAs (sgRNAs). CRISPR-Cas is the leading
technology in the eld of genome editing and allows genomic
manipulation and modi cation with single-nucleotide pre-
cision.”®* CRISPR systems comprise a syRNA that recognizes
and binds to speci ¢ DNA sequences, programming and
directing the cleaving action of the Cas (CRISPR associated
protein) enzyme.'®® Since its discovery in 2012 made by
Emmanuelle Charpentier and Jennifer Doudna, who shared
the Nobel prize in 2020 CRISPR-Cas has been the subject
of intensive study which often requires production of large
SgRNA libraries. However, the enzymatic production of RNA
is limited in scope and is not suitable for the production of the
kind of complex chemically modi ed RNA that is increasingly
used in CRISPR gene editing and related CRISPR
applications. Ligation of short chemically synthesized RNA
strands by CUAAC coupling was instead shown to o er a valid
and e cient strategy for the generation of large, chemically
modi ed RNA constructs (eg ribozymes).”*

In an e ort to simplify sgRNA production, Smith and co-
workers prepared a bimolecular guide RNA system by
conjugating a 5 -hexyne tracrRNA (65-mer) to a 3 -azide
crRNA component (34-mer) using CUAAC chemistry (Figure
31A and B).**® The new triazole linked syRNA (137) had an
additional 20-atom spacer replacing the phosphate linkage,
and the modi cation was placed at the loop structure of the
upper stem (Figure 31A) suggested to be nonessential for
CRISPR-Cas9 activity. The same loop was modi ed also by
Brown and co-workers with triazole linkages of various length.
In this work, a 37-mer crRNA and a 66-mer tracrRNA were
conjugated to form the sgRNA construct either by SPAAC or
CuAAC reaction (Figure 31C, 138 141).°" Independently
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Figure 31. A 3 -azide (or alkyne) modi ed crRNA and a 5 -alkyne
(or azide) modi ed Cas9-binding RNA are clicked together at the
upper stem to generate a chemically ligated sSgRNA construct (A)
where a natural phosphate linkage is substituted by the triazole. (B)
Type of triazole linkage used by Smith and co-workers.**® Type of
triazole linkages used by Brown and co-workers.*®’

from the spacer length and bulk, in both sgRNA designs gene
editing in cells was e cient and comparable to a natural dual
crRNA/tracrRNA system.*****” The similar result from the
two researches is a further proof that the upper stem loop is a
suitable position to host chemical modi cations.

In a di erent approach, Brown and co-workers modi ed the
sgRNA close to the protospacer adjacent motif (PAM)
(Figure 32) by conjugating 5 -azide-modi ed 79mer tracrR-
NAs to a 20mer crRNA oligonucleotide functionalized with
either a 3 -propargyl group (138) or a 5-C6-NH, and 3 -
serinol-alkyne (142). In addition, valuable sugar modi ca-
tions such as 2 -OMe groups or chimeric deoxyribonucleo-
tide units were incorporated to imgrove the yield during
oligonucleotide solid-phase synthesis.**” Although all sgRNAs
with the biocompatible TrzB linkage directed gene editing in
vitrowith e ciencies comparable to in vitrotranscribed (IVT)
sgRNA, the sgRNA construct with the long linker (142)
signi cantly impaired Cas9-mediated cleavage of DNA. This
result further demonstrates the importance of the biocompat-
ible TrzB linkage at positions close to the PAM site. In cellulo
the hybrid guides formed by chimeric RNA-DNA completely
inhibited gene editing. In this case the di erence from the in
vitroresult was attributed to RNase H nuclease activity that, in

Figure 32. (A) 3 -Alkyne modi ed variable RNA (20mer) and a 5 -
azide modi ed Cas9-binding RNA (79mer) are clicked together at
the PAM site to make the chemically ligated sgRNA construct. (B)
Structures of the arti cial linkages used to conjugate the two RNA
strands.**’

cells, might induce cleavage of the RNA strand in the sgRNA-
DNA construct.*®” These modular split-and-click approaches
reduce the synthetic burden of sgRNA production and allow
the potential screening of numerous, short crRNAs. In this
way pools of sgRNAs can be quickly generated by chemical
conjugation of variable DNA-targeting RNAs prepared on
demand to an invariant Cas9-binding RNA domain made
cost-e ectively on large scale.

4.7. Nanomaterials

The highly selective assembly properties and addressability of
DNA make it an invaluable substrate for the development of
nanomaterials and nanotechnologies. The base-pairing recog-
nition together with the backbone exibility of nucleic acids
allowed nanostructures of great diversity and complexity to be
built for various applications (e.g DNA origami, crystalline
arrays, aptamers, nanomechanical devices, etc.)."*® However,
assembly and stability of these nanoarrays depend on precise
hydrogen-bonding as well as base stacking, and the non-
covalent interactions make the system thermodynamically
fragile unless they are stored in controlled bu ers at ambient
temperature. The puri cation of complex nanostructures can
therefore be a complicated or even impossible task and might
limit the use of these constructs. A click- xation technology
based on CUAAC chemistry was shown to solve the problem
allowing stable DNA nanoarrays to be produced and
subsequently puri ed under denaturing conditions.** Using
this strategy much larger DNA nanosca olds can be built in a
hierarchical manner.

Besides DNA duplexes, the CUAAC reaction was used to
assemble other nucleic acid tertiary structures such as triplexes
and quadruplexes. Triplex recognition elements have been
used in nanotechnology as external stimuli that control the
chemical reactivity in DNA-directed reactions. E cient double
click reactions in the presence of triplex speci ¢ binders (i.e,
naphthylquinoline) allowed three-way branched nonsym-
metrical DNA nanostructures to be made.**® In addition,
click chemistry was used to trap conformational isomers of G-
quadruplexes (Figure 33). In this strategy the oligonucleotide
termini of the four-stranded structure were clicked together
trapping the G-quadruplex structure and enabling its direct
identi cation in a complex solution.
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Figure 33. Conformational isomers of G-quadruplexes trapped by
click chemistry.?*°

The click approach demonstrated that G-quadruplexes can
be formed by various human telomeric DNA and RNA
sequences.”” To e ciently cross-link strands of DNA, Seela
and co-workers developed a template-free technique where
two oligonucleotide strands were clicked onto a bifunctional
azide linker (Figure 34A).?°%?%? The so-called “bis-click”

Figure 34. Bis-click strategy where an interstrand click cross-linker
(A) was used by Seela and co-workers to generate a fourstranded
DNA structure consisting of two cross-linked duplexes (B).>*

protocol can be applied to generate single-stranded DNA,
duplexes, and multistranded structures.*>*°* 2% As an
example, hybridization of a bis-click construct with the
complementary strands yielded a four-stranded DNA structure
consisting of two cross-linked duplexes (Figure 34B).2%*

4.8. Cyclic DNA

Click chemistry has been used to synthesize small cyclic DNA
sca olds for applications in drug DNA binding analysis and
as potential therapeutics. The 5 -alkyne and the 3 -azide group
of hairpin oligonucleotides where the hairpin has a hexa-
ethylene glycol loop were coupled using the CuAAC
reaction to form an arti cial mini-duplex structure (Figure
35).%° From UV melting analysis the arti cial duplex had very
high thermodynamic stability and the presence of stable base
pairing was shown by an NMR study of a cyclic GC
dinucleotide. Conversely, a single base pair duplex failed to
form interbase hydrogen bonds probably due to the absence
of stabilization by base stacking. Mini-duplexes are very
informative in studies on DNA drug interaction. The binding
of a novel threading intercalator was explained using a click-
ligated cyclic duplex with both ends sealed to grevent entry of
the molecule from the mini-duplex termini.°

Cyclic mini-duplexes have also been studied as potential
therapeutic agents as they bene t from superior resistance to
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Figure 35. Chemical structure of a stable cyclic GC/GC dinucleotide
mini-duplex.

nucleases, high thermal stability, and a small-size that might
aid cell penetration when compared to canonical duplexes.
Within the cell these constructs can behave as decoys that
target the DNA binding site of cellular transcription factors.?%®
Cyclic dumbbell oligonucleotides synthesized by CuAAC
coupling of the hairpin loops were able to bind to the
nuclear factor (NF)-kB p50 homodimer similar to the
unmodi ed control decoy. The binding a nity of the
dumbbell oligonucleotide was directly dependent on the
number of thymidine residues constituting the loop region,
and the triazole structure did not prevent the cyclic duplex
from binding to the nuclear transcription factor. In addition,
the constructs had high melting temperatures and were
resistant to degradation by DNase enzymes, exempli ed by
snake venom phosphodiesterase.”’

Smaller cyclic DNA structures such as cyclic dinucleotides
also have therapeutical relevance in that they can control
various biological pathways such as signal transduction,
bio Im formation, or quorum sensing.?°®<%® 2 3 -cGAMP is
an uncanonical cyclic dinucleotide produced by a cGAS
cyclase where an adenosine and a guanosine are connected
via a 3-5 and a unique 2-5 linkage. cGAMP activates
stimulator of interferon gene (STING) proteins, a potent
pathway of innate immunity in eukaryotic organisms.
Recently, a cGAMP derivative with the 3 -5 linkage
substituted by a triazole was synthesized with the aim of
developing an e cient cell-penetrating and immune-regulatory
pharmaceutical agent. The clicked analogue has a more open
conformation than the natural active dinucleotide as the two
nucleobases are not parallel to each other. This open structure
compromised the binding a nity of the compound, and no
interaction with the STING proteins was detected. Despite
the negative result, the authors suggested that the clicked-
cGAMP might have a more favorable interaction with cyclase
cGAS*1?

Finally, the CuAAC reaction has also been applied to the
formation of large dsDNA catenanes by conjugation of two
complementary oligonucleotides (Figure 36). The catenane
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Figure 36. Generation of a dsSDNA catenane by the templated click
Iigatilcgn of a linear ODN on a complementary cyclic oligonucleo-
tide.

was made of six helical turns, each one consisting of 10 base
pairs anked by T-T mismatches. The base mismatches were
used as hinges that allow the duplex to be exible and adopt a
cyclic structure. The macrostructure was synthesized through
a stepwise process from two strands labeled with a 5 -alkyne
and a 3 -azide. The rst oligonucleotide was cyclized using
nontemplated CUAAC chemistry and was used as a template
for the click ligation and cyclization of the second
oligonucleotide.*®

5. CONCLUSIONS

The azide alkyne cycloaddition is the agship among click
chemistry conversions due to its modularity, wide applic-
ability, and compatibility with various synthetic conditions
and reacting substrates. The introduction of metal catalysts
such as copper (CuAAC)*** and ruthenium (RUAAC)**
overcomes the limitations of the Huisgen reaction, increasing
coupling speed and yielding regiospeci ¢ products. A metal-
free variant the strain-promoted azide alkyne cycloaddition
(SPAAC) was developed by Bertozzi and co-workers
through careful design and modi cation of the alkyne
group.®* Here, the cycloaddition is promoted by the ring
strain and the absence of metal catalysis broadens the
application of AAC also to cellular systems where metals
might interfere with the viability of the organism.

This progress in click-chemistry methodology has positively
impacted on several research areas; in recent years, it has been
widely used within the elds of biology, biochemistry, and
biotechnology. The potential and versatility of AAC chemistry
is particularly evident when this reaction is applied to nucleic
acids. Click-chemistry with oligonucleotides has recently
become a well-established area with a wide range of protocols
and useful modi cations currently available. The eld is also
facilitated by the wide commercial availability of modi ed
nucleoside E)hosphoramidites100 1% and nucleoside triphos-
phates'®” *** for solid phase and enzymatic synthesis,
respectively. The synthetic routes to introduce azide and
alkyne modi cations into these monomers are well established
and usually involve the following: (i) simple Sonogashira
coupling between alkynes and iodo-precursors, (ii) nucleo-
philic substitution of alkyl halides and mesylates by sodium
azide, (iii) incorporation of the reactive group through linkers
prior to or during solid phase synthesis, or (iv) metabolic
labeling of nucleic acids through inclusion of modi ed
nucleosides by DNA and RNA polymerases. New synthetic
pathways are also being developed with the aim of expanding
the library of available modi cations. In this context, exible
and polar alkynes are attracting interest as they are more easily
recognized by DNA polymerases and are capable of faster
cycloaddition reaction rates.*?®

All this has enabled the development of a wide variety of
nucleic acid-based tools and techniques. Among these, AAC
labeling of oligonucleotides with uorophores remains a major
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application due to its impact in the elds of DNA sequencing,
genomics, and forensic and genetic analysis. Click chemistry
has also been used to label oligonucleotides with other small-
organic compounds that increase the cellular uptake of nucleic
acids. It has enabled targeting of reactive inorganic
compounds to speci ¢ genomic sequences. The application
of the AAC reaction has expanded beyond simple labeling of
oligonucleotides, and the modularity provided by azide alkyne
cycloadditions has been studied as a method for the assembly
of nucleic acids for applications in biology and nano-
technology. The e ciency and ability to template triazole
formation using the base pair recognition provided by nucleic
acids has facilitated the ligation of DNA strands allowing long
sequences to be assembled using purely synthetic chemistry
methods. Careful design and analysis of the triazole linkage as
a phosphate backbone surrogate in the context of DNA
replication has shown that the click modi cation is
successfully recognized and read-through by polymerase
machinery both in vitroand in cells.®® This constitutes a
competitive strategy for the chemical synthesis of stretches of
genomic DNA, particularly those containing modi ed and
epigenetic bases. The genes assembled with this approach are
functional in both prokaryotic and eukaryotic systems 883
In addition, click-ligation of oligonucleotides is a potent tool
to generate antisense oligonucleotides. In this context the
presence of the triazole increases oligonucleotide stability
toward nuclease degradation and reduces the anionic charge
of oligonucleotides, possibly aiding cellular uptake. Chemical
synthesis and click ligation of ASOs has been used to
introduce base modi cations and nucleoside derivatives (i.e
locked nucleic acids, G-clamp) that enhance target binding
and mismatch sensitivity. Applications of click chemistry in
the highly topical and biologically important eld of CRISPR-
Cas gene editing has been explored for the fast and high-
throughput generation of libraries of single guide RNAs. Here
a split and click approach was used to conjugate di erent
variable crRNA to a constant tracrRNA sequence by triazole
formation.™’

The wide variety of applications discussed in this review
demonstrates the huge impact that azide alkyne cyclo-
additions have made in the nucleic acid eld. Future
advancements in click chemistry with nucleic acids are
anticipated to involve in-depth studies on modi ed
CRISPR/Cas systems for gene editing and the development
of new arti cial nucleic acid analogues. Chemical ligation of
oligonucleotides by click chemistry has many potential
applications as it can be used to synthesize large DNA or
RNA constructs that contain highly modi ed arti cial sugars,
bases, and backbone linkages. Unlike enzymatic nucleic acid
ligation, click ligation is not inhibited by extreme modi ca-
tions. Furthermore, it is scalable, and it can be used to
generate large quantities of linear and cyclic oligonucleotide
analogues compatible with emerging therapeutic applications.
This is particularly exciting as oligonucleotide therapeutics
promise to deliver entirely new classes of medicines for “hard
to treat” diseases. Such constructs will also have important
uses in biotechnology, nanotechnology, and materials
chemistry.
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