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Abstract: Dual bioorthogonal labeling enables the investigation and understanding of interactions in the biological
environment that are not accessible by a single label. However, applying two bioorthogonal reactions in the same
environment remains challenging due to cross-reactivity. We developed a pair of differently modified 2’-deoxynucleo-
sides that solved this issue for dual and orthogonal labeling of DNA. Inverse-electron demand Diels—Alder and
photoclick reactions were combined to attach two different fluorogenic labels to genomic DNA in cells. Using a small
synthetic library of 1- and 3-methylcyclopropenyl-modified 2'-deoxynucleosides, two 2'-deoxyuridines were identified to
be the fastest-reacting ones for each of the two bioorthogonal reactions. Their orthogonal reactivity could be evidenced
in vitro. Primer extension experiments were performed with both 2’-deoxyuridines investigating their replication
properties as substitutes for thymidine and evaluating subsequent labeling reactions on the DNA level. Finally, dual,
orthogonal and metabolic fluorescent labeling of genomic DNA was demonstrated in HeLa cells. An experimental
procedure was developed combining intracellular transport and metabolic DNA incorporation of the two 2'-
deoxyuridines with the subsequent dual bioorthogonal labeling using a fluorogenic cyanine-styryl tetrazine and a
fluorogenic pyrene-tetrazole. These results are fundamental for advanced metabolic labeling strategies for nucleic acids

\in the future, especially for live cell experiments.

J

Introduction

Over the last decades, bioorthogonal labeling has become a
valuable tool for probing biomolecules in living systems,
allowing us to study biological processes by imaging on a
molecular level."! The method relies on a small functional
group, the chemical reporter, which is introduced into the
biomolecule of interest, keeping the perturbation of the
living system at a minimum until the biomolecule is labeled
with a fluorophore through a bioorthogonal reaction. The
bioorthogonal reaction is required to proceed at physiolog-
ical temperature and pH with a high reaction rate, yield and
selectivity.”! A selection of powerful bioorthogonal reactions
has been established for proteins, glycans and nucleic
acids.’! Despite these substantial advances, the studies of
living biological systems often require simultaneous tracking
of multiple targets. Most biological processes are driven by
the interaction of different biomolecules, hence labeling
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methods must be extended to multiple targets by using
different bioorthogonal reactions. However, many of the
existing bioorthogonal reactions give undesired cross-reac-
tions if they are combined in one pot. For example, both the
strain-promoted azide-alkyne cycloaddition (SPAAC) and
the inverse electron-demand Diels—Alder (IEDDA) reac-
tion use strained alkenes or alkynes as a starting material.
Several approaches to construct mutually bioorthogonal and
orthogonal pairs have been introduced.”) One is to exploit
different reaction mechanisms, as shown successfully by the
group of Jaeschke.”! They attached two different labels on
DNA using the copper(I)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) in combination with the IEDDA reaction.P
Wittmann and co-workers achieved a triple orthogonal
labeling of cell-surface glycans by applying the CuAAC,
SPAAC and the photoclick reaction.”! A second approach is
to create orthogonality by modulating the reactivity of
functional groups. Prescher and co-workers discovered that
the reactivity of methylcyclopropenes can be strongly
influenced by differing substitution pattern.”) 1-Meth-
yleyclopropenes are powerful candidates for IEDDA reac-
tions with tetrazines.’? A methyl group at the 3-position of
the cyclopropene, however, creates a steric clash in the
transition state of the IEDDA reaction. Yet these molecules
readily undergo photoclick reactions with nitrilimines gen-
erated in situ from tetrazoles.””) This reactivity is further
promoted by carboxyl substituents that lower the frontier
orbitals. Metabolic labeling of nucleic acids using bioorthog-
onal chemistry!"? started with the copper-catalyzed alkyne-
azide cycloaddition by the group of Salic,"” and was further
developed for copper-free reactions by the groups of
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Figure 1. Dual bioorthogonal and orthogonal metabolic labeling of DNA by a combination of IEDDA and photoclick reaction using two isomeric

methylcyclopropenes as 2'-deoxyuridine modifications.

Luedtke!"! and Spitale. These studies show that the size of
the chemical reporter is the most critical parameter for
efficient metabolic labeling of genomic DNA, the smaller
the better. Smaller reporters induce minimal perturbation to
the living system and are better accepted by the metabolic
enzymes. In comparison to more reactive but larger
chemical reporters such as trans-cyclooctene, cyclopropenes
offer the best compromise of small size and reactivity.['¥!
Additionally, cyclopropenes are sufficiently stable as well as
reactive in the cellular environment due to their moderate
ring strain.®¥ Qur group has previously established the use
of 1-methylcyclopropenyl-modified nucleosides for the la-
beling of DNA in vitro through IEDDA reaction with
fluorogenic tetrazine-modified dyes.!"”)

Inspired by these promising findings we herein further
expand the application range of methylcyclopropenes as
chemical reporters for nucleic acid imaging (Figure 1). In
this work, we describe for the first time the dual bioorthog-
onal and orthogonal metabolic labeling of DNA by a
combination of IEDDA and photoclick reaction using two
isomeric methylcyclopropenes as small chemical reporters.
In comparison to previously published examples of dual
labeling of DNA, this method does not rely on the use of
cytotoxic copper or other transition metal catalysts.>!*!

Results and Discussion

Cyclopropenyl-Modified 2'-Deoxynucleosides with Orthogonal
Reactivity

The 2’-deoxynucleosides 1-5 were modified with 1-meth-
ylcyclopropyl substituents as functional groups for IEDDA
reactions with tetrazines (Figure 2, red). A carbamate or
urea moiety was placed adjacent to the cyclopropene, as
electron-donating substituents have been shown to increase
the rate of the IEDDA reaction.®!*! The 2'-deoxynucleo-
sides 6 and 7 have the 3-methylcyclopropyl substituent as a
reactive group attached through a carboxyl group to render
it more electron-deficient for the photoclick reaction with
nitrilimes (Figure 2, blue). The nucleosides differ in the
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Figure 2. 1-Methylcyclopropenyl-modified 2'-deoxynucleoside 1-5 for
IEDDA reactions and 3-methylcyclopropenyl-modified 2'-deoxyuridines
6 and 7 for photoclick reactions.

linker length between the DNA base and reactive group,
namely the methyl linker in 1, 2 and 6, and the propyl linker
in 3-5 and 7. The modification was placed at the 5-position
of 2'-deoxyuridines (dU), except of 5 which is a 7-deaza-2'-
deoxyadenosine (dzA) modified at the 7-position to inves-
tigate the influence of the nucleobase. The modular
approach allows the straightforward synthesis of these
modified 2'-deoxynucleosides from 5-aminomethyl/5-amino-
propyl-2’-deoxyuridine or 7-aminopropyl-7-deaza-2'-deoxya-
denosine as building blocks (see SI, Scheme S1-S7). The
cyclopropenes were accessible by rhodium-catalyzed [2+1]-
cycloaddition of a TMS-protected alkyne and a diazo
compound.®™ They were coupled with the nucleoside
building block in the form of a cyclopropenyl alcohol, amine
or carboxylic acid using either carbonyl diimidazole, p-
nitrophenyl chloroformate or N-hydroxy-succinimide as an
activating agent, depending on the desired linkage.

The chemoselectivity of the 2’-deoxynucleosides 1-5 in
the IEDDA reaction was explored using the dipyridyl-
substituted tetrazine 8 (Scheme S8 and Figures S1-S5). This
tetrazine is a literature-known and standard substrate to

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UeD| 7 SUOLILLIOD BAIER.D 3|deol|dde au3 Aq peusenob are saolie WO ‘@SN Jo SaINnJ 10} Areig1T8UIIUO A1/ UO (SUORIPUOD-pUe-SWBH 0" &3] IM Afe.d 1 [BuJUO//SA1Y) SUORIPUOD PUe WS | 8L} 83S *[7202/50/60] U0 A%eiqi8uliuO AB|IA 4 INHsu| lBunisiey Ad #060202 31Ue/200T OT/I0pW00 A3 |1mArelq 1 jeuluo//:Sdny Woly papeojumod ‘0 ‘€LLETZST



GDCh
~~

allow the comparison of the rate constants.’'® The second-
order rate constants k, were determined at pseudo-first-
order conditions using HPLC analysis (Table 1 and Figur-
es S6-S10). The rate constants k, for the IEDDA reaction
are in the range of 0.12-0.27 M's™! and show no significant
systematic effect of the structural variations, neither of the
linker lengths, methyl in 1-2 vs. propyl in 3-5, nor of the
type of attached nucleobase, dU in 1-4 vs. dzA in 5. We
expected that 1-methylcyclopropenes attached via urea are
more reactive compared to the corresponding urethane
derivates due to the strong electron-donating effect of the
nitrogen in the urea. Additionally, Devaraj and co-workers
demonstrated that 1-methylcyclopropenes with an adjacent
nitrogen atom of an amide function react more rapidly with
tetrazines than those conjugated to an oxygen atom via
urethane.'”! Such an effect, however, was not observed for
the IEDDA reactions with our 2’-deoxynucleosides. The 2'-
deoxynucleosides 1 and 3 with the urethane linkage show a
similar reactivity as the 2’-deoxynucleosides 2 and 4 with the
urea linkage. In conclusion, the 2'-deoxynucleoside 1 shows
the fastest IEDDA reactivity. We therefore focused on this
candidate in the following experiments (see below). The
photoclick reaction of 3-methylcyclopropenyl-modified 2'-
deoxynucleosides 6 and 7 was performed using tetrazole 9 as
it is a literature-known diaryl tetrazole (Scheme S9 and
Figures S11-S12).” In the HPLC analysis (Figures S13-S14),
the photoclick reactions of 6 and 7 give significantly higher
second-order rate constants of 64.4 and 31.1 M~'s™', respec-
tively. As 2’-deoxynucleoside 6 shows the highest photoclick
reactivity, it was applied in the subsequent experiments
evaluating the orthogonality of both reactions in vitro.

The orthogonality of the IEDDA reaction and the
photoclick reaction (Schemes S10 and S11) was elucidated
using two identical batches of an equimolar mixture of 2'-
deoxynucleosides 1 and 6 in PBS:MeCN (1:1). These two
2'-deoxyuridines were identified to be the fastest reacting
ones in our small library. The HPLC and LC-MS analysis of
the first batch with tetrazine 8 revealed a clear selectivity for
the formation of the desired IEDDA product DA1-8 with 1
and no cross-reactivity of 6 to any undesired product
(Figure 3a). The photoclick experiment in the second batch

Table 1: Second-order rate constants k, of the IEDDA reaction of the
2'-deoxynucleosides 1-5 with tetrazine 8 and the photoclick reaction of
6 and 7 with tetrazole 9. For the IEDDA reaction, 2'-deoxynucleosides
1-5 (0.50 mM in PBS buffer:MeCN 1:1) were treated with tetrazine 8
(0.10 mM), incubated at room temperature and analyzed by HPLC
hourly. The photoclick experiments were performed with 2’-deoxynu-
cleosides 6 and 7 (0.50 mM in PBS:MeCN 1:1) and tetrazole 9
(0.10 mM) under irradiation with a 308 nm LED at 20°C for 600 s with
a sample being collected every 60 s.

Selectivity ky [M7's7]
1 IEDDA reaction with 8 0.27+0.02
2 IEDDA reaction with 8 0.12+0.01
3 IEDDA reaction with 8 0.13+£0.03
4 IEDDA reaction with 8 0.1440.01
5 IEDDA reaction with 8 0.2740.01
6 Photoclick reaction with 9 64.4+5.0
7 Photoclick reaction with 9 31.84+1.1
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Figure 3. Orthogonal reactivity of 1 and 6 analyzed by HPLC. A mixture
of 1 and 6 (0.50 mM in PBS:MeCN 1:1) was treated with a) 0.50 mM
tetrazine 8 or b) 0.50 mM tetrazole 9. The IEDDA reaction batch was
incubated at room temperature for 10 h. The photoclick reaction batch
was irradiated with a 308 nm LED at 20°C for 10 min. The normalized
HPLC peak areas of 1, 6 and 8, 9 as well as IEDDA product DA1-8 and
photoclick product PC6-9 were plotted against the reaction time.

with tetrazole 9 also showed high selectivity towards the
formation of the desired product PC6-9 (Figure 3b). Over-
all, the 2'-deoxynucleosides 1 and 6 show an orthogonal
reactivity which is the prerequisite for the dual bioorthogo-
nal and metabolic labeling in cells.

Primer Extension Experiments and Fluorescence Labeling of
DNA in Vitro

Primer extension experiments were performed with both 2'-
deoxyuridines 1 and 6 to check their replication properties
as substitutes for thymidine and evaluate the subsequent
IEDDA and photoclick labeling on the DNA level
(Scheme S12). The synthesis of triphosphate 10 followed the
Ludwig-Eckstein method™! and is described in the Support-
ing Information (Scheme S2). The acceptance of 10 for
enzymatic incorporation was first tested in running start
experiments using a CyS-marked primer P1, template T1,
and three different commercially available DNA polymer-
ases (Vent (exo—), Deep Vent (exo—) and Hemo Klen-
Taq)). 10 was recognized as an analog for thymidine and
incorporated by all tested DNA polymerases at 37°C within
5 min of elongation time (Figure 4a and Figure S15). Thus,
the cyclopropenyl modification is well tolerated and does
not impact the activity of these enzymes. For subsequent
postsynthetic labeling experiments, P1 was elongated using
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Figure 4. Primer extension experiments with 2'-deoxyuridine triphos-
phate 10 and subsequent labeling with the tetrazine dye 11 through
IEDDA reaction analyzed by PAGE. a) After hybridization with T1, P1
was elongated using Hemo KlenTag, Vent (exo—), and Deep Vent
(exo—) polymerase at 37°C for 30 min (—TTP: negative controls with
only dATP, dCTP and dGTP in the primer extension mixture; +TTP:
positive controls with unmodified dNTPs; 4+ 10: TTP was replaced with
10). b,c) For IEDDA experiments the extension product was desali-
nated, lyophilized, redissolved in H,O and incubated with 11 (1000 eq.)
for indicated time periods. a) and b) A,,.=630+20 nm,

Aem=670£20 nm; ¢) A, =470+20 nm, A, =505=+20 nm; d) merge
of (b) and (c).

Deep Vent (exo—) polymerase at 37°C for 30 min in the
presence of 10 to yield the full-length product. The cyclo-
propenyl-modified oligonucleotide was then desalinated,
lyophilized, redissolved and labeled with a 1000-fold excess
of tetrazine-dye conjugate 11. These dyes were specifically
developed for the labeling of DNA and showed a very
significant acceleration upon transfer from free nucleosides
to DNA, reaching rate constants up to 284,000 M~'s~ 1.1 In
the following PAGE analysis, a new gel band with lower gel
mobility was detected indicating a successful IEDDA label-
ing (Figure 4b). The product formation is further evidenced
by the band’s additional fluorescence in the specific emission
range of the cyanine-styryl dye 11. Remarkably, no starting
material was found in the sample drawn immediately after
the addition of 11, which shows a quantitative labeling of the
DNA strand within minutes. The large excess of the reaction
partner was used to allow direct comparison with our
previously published primer extension experiments.'”) Addi-
tional experiments with 1, 2, 5, 10 and 100 equiv. of 11
showed that also a fivefold excess of 11 is sufficient for
labeling the primer extension product immediately after the
addition of the reaction partner (Figure S16).

Equivalent experiments were performed with triphos-
phate 12, prepared from 2’-deoxynucleoside 6, for photoclick
labeling (Figure 5). In running start experiments, the full-
length product was obtained when elongating P1 in the
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Figure 5. Primer extension experiments with 2'-deoxyuridine triphos-
phate 12 and photoclick labeling approaches with tetrazoles 9 and 13
analyzed by PAGE. P1 was annealed with T1 and elongated with
indicated polymerases at 37°C for 30 min. Positive and negative
controls were prepared with and without the addition of TTP,
respectively. For labeling experiments, the extension product was
prepared by elongating P1 with Deep Vent (exo—) polymerase at 37°C
for 30 min. Samples were desalinated, lyophilized and redissolved in
PBS buffer. Tetrazole 9 or 13 (1000 eq.) was added, and the mixtures
were irradiated for the indicated time periods at 308 and 405 nm,
respectively.

presence of 12 with the three previously used polymerases,
showing the acceptance of 12 as a thymidine substitute. The
subsequent photoclick labeling was attempted with the
pyrene-tetrazole conjugate 13. This dye can be photo-
activated by visible light (405/450 nm LEDs), and the
subsequent reaction of the nitrilimine is fluorogenic.’! The
postsynthetic DNA labeling attempts, however, were not
successful, neither with tetrazole 13 nor with 9, likely due to
the insolubility of the oligonucleotide samples in MeCN. We
know from our photoclick experiments in vitro and in cells
that this chemistry requires substantial amounts of organic
solvent, the most suitable is MeCN.P! Although this is an
experiment with a negative outcome, it is an important
result because it helped us to adjust the protocol for the
dual metabolic labeling in a cellular environment, as
described below.

Metabolic Labeling of DNA

To prepare the metabolic incorporation of nucleosides 1 and
6 into cellular DNA for subsequent dual bioorthogonal
labeling we first examined their cellular toxicity through
MTT assay (Figure S17). A cell viability above 75% was
observed after incubation with both 2’-deoxynucleosides at
0.50 mM for 48 h. At 0.10 mM no toxicity was observed,
which is the concentration pursued in the following cell
experiments. To increase metabolic labeling efficiency by
pressuring cells to incorporate the modified 2'-deoxyuridines
1 and 6 we applied our recently published and optimized cell
culture conditions.!”) HeLa cells were cultured in minimum
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essential medium (MEM-a) without nucleosides and L-
glutamine. The latter is known to be an essential nitrogen
source for the cellular nucleoside synthesis.”” Metabolic
labeling of genomic DNA with IEDDA and photoclick
reaction using the 2’-deoxynucleosides 1 and 6 was first
investigated for each reaction separately. In initial IEDDA
metabolic labeling experiments, cells were incubated with
0.10 mM 1 for 48 h to ensure at least one cell division. After
fixation, the cells were labeled with tetrazine-cyanine-styryl
dye 11 (Figure S18), which has the advantage of being a
turn-on fluorophore eliminating the need for additional
washing steps."”) However, no nuclear staining was observed
which could be explained by the inefficient metabolization
of the modified nucleoside or the inaccessibility of cyclo-
propenyl moiety in the chromatin structure. To address the
latter, we included a denaturation step before the labeling
reaction (Figure S19), but again no staining was observed. In
this regard, the instability of the cyclopropenyl moiety under
the strongly acidic conditions used for DNA denaturation
could also be problematic. We recently showed that the size
of the reactive group for IEDDA reactions significantly
influences the efficiency of the metabolic labeling of
DNA . It is also known that the most critical enzymes in
the cellular nucleoside metabolism are the kinases convert-
ing the 2'-deoxynucleosides into the -corresponding
triphosphates.”™® To circumvent the phosphorylation by
cellular kinases and thereby potentially increase incorpora-
tion efficiency we decided to synthetically convert 1 into
triphosphate 10 and deliver it into HeLa cells using a
synthetic nucleoside triphosphate transporter (SNTT) devel-
oped by Kraus and co-workers.?! Recently, this transporter
has been successfully applied in introducing 2’-deoxynucleo-
tides modified with large functional groups into cellular
DNA by Hocek and co-workers to image nascent DNA
during cell division.”?) HeLa cells were therefore incubated
with the modified 2’-deoxynucleoside triphosphate 10
(10 uM) and SNTT (10 uM) in tricine buffer for 10 min.
After a 2h incubation period in MEM-a medium without
glutamine and nucleosides, cells were fixed and treated with
tetrazine-cyanine-styryl dye 11 overnight. The cells revealed
clear fluorescent staining in the nucleus (Figure S20).
Control experiments with only 10 or 11, and 10 without
SNTT showed no fluorescence indicating a successful label-
ing reaction of cellular DNA modified with 1-meth-
ylcyclopropenes. The localization of the observed
fluorescence in the cellular DNA was confirmed by co-
staining with Hoechst as a DNA-specific dye (Figure S21)
which further evidences the metabolic incorporation of the
modified substrate into the genomic DNA. Additional
washing steps were not required due to the strong
fluorogenicity of 11. Compared to our recently published
metabolic labeling using a 1-methylcyclopropenyl-modified
2'-deoxyuridine with a longer alkyl linker, the incorpora-
tion and labeling of 10 using the SNTT leads to a more
intense fluorescent signal (Figure S22). To assess metabolic
labeling by photoclick reaction using modified 2'-deoxynu-
cleotide 6, HeLa cells were incubated with 0.10 mM 6 for
48 h. The cells were then fixed, subjected to HCl denatura-
tion, incubated with pyrene-tetrazole 13 (30 uM) for 1 h and
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irradiated with a 405nm LED for 20 min. Since the
photolysis of the tetrazole requires the presence of organic
solvents, 13 was supplied as a solution in MeCN. In contrast
to 1, 6 was accepted by the cellular metabolism and cell
images showed a strong fluorescence in the nucleus in the
range of 420 nm to 470 nm (A, =405 nm) (Figure S23). The
metabolic incorporation of 6 was further corroborated by
staining the cellular DNA with DRAQS where a strong co-
localization of both fluorescent probes was observed (Fig-
ure S24). With both labeling procedures in hand, we further
moved to dual metabolic labeling experiments, incorporat-
ing the 3-methylcyclopropenyl moiety via nucleoside 6 and
the 1-methylcyclopropene using triphosphate 10 using SNTT
(Figure 6a). Control experiments investigating the chemo-
selectivity of the isomeric cyclopropenes in a cellular
environment were performed initially in two separate
experiments. To ensure distinct detection of the two differ-
ently labeled products in separate fluorescence readout
channels we used the tetrazine-modified cyanine-styryl dye
14 (Scheme S13), a modified version of 11 bearing a
quinoline substituent instead of pyridine with a character-
istic fluorescence from 600 to 650 nm.! When introducing
triphosphate 10 in the cell using the SNTT in the first
control experiment, the subsequent labeling with tetrazole
13 samples showed no significant fluorescence in the cell
nuclei (Figure 6b). With 6, however, fluorescent staining was
observed (Figure 6¢) evidencing that the photoclick reaction
works specifically with the DNA metabolically modified
with 3-methylcyclopropenes from 6. In the second control
experiment, HeLa cells were supplied with 2’-deoxynucleo-
side 6 and incubated with tetrazine-dye 14. Again, no
significant fluorescence in the cells could be detected by
microscopy (Figure 6d) while the labeling with 10 and 14 led
to significant nuclear staining (Figure 6¢). Taking both types
of control experiments together, they support the orthogon-
ality of photoclick and IEDDA labeling in the cell. To
finally evidence the dual and orthogonal labeling of genomic
DNA, the following workflow was established combining all
necessary intracellular transport and labeling steps. HelLa
cells were incubated with the 2’-deoxynucleoside 6 (100 uM)
for 48 h and subsequently treated with a solution of 10
(10 uM) and SNTT (10 uM) in tricine buffer. After incuba-
tion in the medium for only 2 h, cells were fixed and treated
with the tetrazine-dye 14 (1 pM in MEM) overnight to allow
the IEDDA labeling. Genomic DNA was then subjected to
HCI denaturation and finally, cells were irradiated at 405 nm
in the presence of the tetrazole-dye 13 (30 pM in MeCN) to
induce the photoclick labeling. The images of these cells
revealed strong fluorescence located in the nucleus in both
emission channels (Figure 6f; 600-650 nm for IEDDA
labeled DNA and 420-470 nm for photoclick products).
Most remarkably, the fluorescence signals do not completely
overlay which supports the result of a successful dual
labeling of the genomic DNA by two different fluorescent
labels. Although both substrates are modified thymidines
and can follow the same cellular pathway, we assume that
the chemical reporters are not incorporated during the same
cell division due to the different metabolic labeling ap-
proaches that were used. The sequential incubation of the
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Figure 6. a) Dual and orthogonal metabolic labeling of DNA using 2'-
deoxynuc|e05|de triphosphate 10 for the IEDDA reaction and 2'-
deoxynucleoside 6 for the photoclick reaction. b-e) Chemoselective
reactivity of isomeric cyclopropenes in Hela cells. f) Dual labeling with
orthogonal IEDDA and photoclick reaction in Hela cells. Cells were
incubated with 6 (100 pM) for 48 h and then treated with a 10 (10 pM)
and SNTT in tricine buffer for 10 min. After incubation in MEM for 2 h,
cells were fixed and treated with 14 (1 uM in MEM) overnight. Cells
were subjected to permeabilization and DNA denaturation and after
incubation for 1 h irradiated in the presence of 13 for 20 min.
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cells, first for 48 h with the 2’-deoxynucleoside 6 that has to
undergo the kinase pathway for phosphorylation, and then
for 2 h with the 2’-deoxynucleoside triphosphate 10 leads to
the incorporation of both substrates at different time periods
for each cell. Any of the control experimentes without 10, 6,
13 and/or 14 do not give any significant fluorescence inside
the cells (Figure S25).

Conclusion

Our results show for the first time the dual bioorthogonal
and orthogonal metabolic labeling of genomic DNA in cells
as fundamental platform technology. The IEDDA and the
photoclick reactions were combined by means of two
isomeric methylcyclopropenes as bioorthogonally reactive
functional groups attached to two 2’-deoxynucleosides.
Cyclopropenes are small and show enhanced reactivity due
to their ring strain as compared to simple vinyl groups, and
thus provide the best compromise of size and reactivity in
the cellular environment. A small library of these com-
pounds was synthesized and revealed 1 and 6 as the
candidates with the highest IEDDA and photoclick reac-
tivity. The orthogonality was demonstrated using these two
2’-deoxynucleosides in vitro. Primer extension with various
DNA polymerases showed that the 2-deoxyuridine triphos-
phates of 1 and 6 are recognized as substitutes of thymidine
and incorporated into DNA in vitro. To demonstrate the
dual bioorthogonal and orthogonal labeling of genomic
DNA in HeLa cells, a precise experimental sequence was
worked out combining all necessary requirements of intra-
cellular transport of the two 2'-deoxyuridines and labeling
steps with a fluorogenic cyanine-styryl tetrazine and a
fluorogenic pyrene-tetrazole in the right order. These label-
ing reactions were successful; the images of these cells
revealed strong but not completely overlaying fluorescence
in both emission ranges (600-650 nm for the IEDDA
product and 420-470 nm for the photoclick products)
located in the nucleus. Although both chemical reporters
were introduced as modified thymidine residues, the differ-
ence was gained by the pathways of metabolic labeling: 10
was already phosphorylated by organic synthesis, whereas 6
had to undergo the complete pathway of metabolic labeling,
including phosphorylation by the cellular kinases. These
results set the basis for advanced metabolic labeling
strategies for nucleic acids in the future, also regarding live
cell experiments. Many applications now become feasible.
For example, the method can be envisioned for the
metabolic labeling of cellular RNA or a therapeutic
oligonucleotide delivered into the cell in addition to labeling
the genomic DNA by two different bioorthogonal and
orthogonal reactions.
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Dual biorthogonal and orthogonal meta-
bolic labeling of genomic DNA in HelLa
cells was demonstrated by combining
the inverse-electron-demand Diels—Alder
reaction with a fluorogenic cyanine-

styryl-tetrazine dye conjugate and the
photoclick reaction with a pyrene-tetra-
zole using isomeric cyclopropenes as
chemical reporters.
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