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ABSTRACT: A selection of four different 2′-deoxyuridines with
three different dienophiles of different sizes was synthesized. Their
inverse electron demand Diels−Alder reactivity increases from k2 =
0.15 × 10−2 M−1 s−1 to k2 = 105 × 10−2 M−1 s−1 with increasing
ring strain of the dienophiles. With a fluorogenic tetrazine-
modified cyanine-styryl dye as reactive counterpart the fluores-
cence turn-on ratios lie in the range of 21−48 suitable for wash-
free cellular imaging. The metabolic DNA labeling was visualized
by a dot blot on a semiquantitative level and by confocal
fluorescence microscopy on a qualitative level. A clear correlation
between the steric demand of the dienophiles and the
incorporation efficiency of the modified 2′-deoxyuridines into cellular DNA was observed. Even 2′-deoxyuridines with larger
dienophiles, such as norbornene and cyclopropene, were incorporated to a detectable level into the nascent genomic DNA. This was
achieved by an optimized way of cell culturing. This expands the toolbox of modified nucleosides for metabolic labeling of nucleic
acids in general.

Metabolic labeling in combination with bioorthogonal
chemistry is an efficient tool for visualization of

biomolecules in vivo.1 To gain more understanding of cellular
processes, metabolic labeling was initially applied for proteins
and glycostructures on the cell surface2 and extended to an
orthogonal approach with two or three fluorescence colors.3

More recently, metabolic labeling was also applied for imaging
nucleic acids inside the cell.4 Nucleosides modified with a
bioorthogonally reactive group are required, which are taken
up by the cell and converted into their respective triphosphates
by the endogenous enzyme machinery and finally incorporated
into nascent nucleic acids by the DNA or RNA polymerases.5

In combination with bioorthogonal reactions, the modified
DNA or RNA can be subsequently labeled and visualized in
the cellular environment using bioorthogonal reactions, in
particular, the copper-catalyzed6−10 or strain-promoted azide−
alkyne cycloadditions,11 the “photoclick” reactions,12,13 and the
inverse electron-demand Diels−Alder (iEDDA)14,15 reactions
are used. The iEDDA reaction is the most powerful one due to
its intrinsic low toxicity (because metal catalysts are avoided)
and fast kinetics.16

For DNA and RNA metabolic labeling, nucleosides modified
with the vinyl function were used.13,17,18 Its small size should
guarantee and promote the acceptance of the modified
nucleosides by the kinases involved in the endogenous
phosphorylation process to its triphosphate as building
block.19 However, the vinyl moiety is the simplest dienophile,

and 5-vinyl-2′-deoxyuridine (1) yields merely very low second-
order reaction rate constants with commercially available
tetrazines (k2 = 2.1 × 10−2 M−1 s−1).15 Despite this
disadvantage, Luedtke and co-workers were able to successfully
perform metabolic labeling of DNA by using a DNA-
intercalating tetrazine-dye conjugate as reaction partner.20 It
would be very useful to introduce more reactive dienophiles
into the DNA by means of metabolic labeling to get similar
reactivity with a reduced amount of the tetrazine as reacting
counterpart, which is important for wash-free imaging of cells.
In combination with the concept of fluorogenicity of tetrazine-
modified dyes,21−24 this approach should reduce the back-
ground fluorescence with the perspective to gain even better
insights into the dynamic processes of DNA inside the cells.
Reactive dienophiles for the iEDDA reactions need ring strain
and are thus larger than the vinyl group. Such modified 2′-
deoxynucleosides might not be accepted by the highly
substrate-specific monophosphate kinases or even block the
entire enzyme cascade to the respective modified nucleoside
triphosphates. Unexpectedly based on this thought, one of the
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largest dienophiles, trans-cyclooctene, has already been
incorporated into RNA by metabolic labeling.14 However, a
systematic study of how the size and reactivity of the
dienophile correlate with the efficiency of metabolic labeling
is elusive. Herein, we present such a systematic investigation
using the synthetic derivatives of 2-deoxyuridine (dU) 2−5
modified with dienophiles with different ring structures, sizes,
and reactivities (Figure 1). Their experimental comparison

should allow us to correlate the size of the dienophile and their
kinetics in vitro with the efficiency of incorporation by
metabolic DNA labeling using the iEDDA reaction in cellulo.
To investigate the metabolic incorporation of nucleosides

with larger modifications, we synthesized a selection of four
different 2′-deoxyuridines 2−5 with three different dieno-
philes. In all four nucleosides the dienophile is linked to the
position C5 of the 2′-deoxynucleoside by the flexible
aminopropyl linker that should enable better accessibility for
the tetrazine-modified dye 6 for the iEDDA reaction in the
densely packed chromatin structure of the genomic DNA. The
dienophiles were attached via amide bonds to the 5-(3-
aminopropyl)-2′-deoxyuridine as core structure and literature-
known synthetic precursor. Nucleoside 2 contains the
homallyl, 3 the cyclopropenyl, and 4 and 5 the norbornenyl
group as dienophile. In this order, the dienophiles show
increasing ring strain and should show increasing reactivity but
also increasing steric demand. The complete synthetic
procedures are described in the Supporting Information
(Scheme S1, Figures S8−S19).

For the kinetic investigations in vitro, a tetrazine-modified
cyanine-styryl dye (6) developed by our group, which is
structurally based on our previously published photostable
dyes,25 was applied because it provides a two-factor
fluorogenicity with DNA.26 The fluorescence of 6 is nearly
completely quenched due to the attached tetrazine as quencher
moiety.22,24,26,27 The fluorogenic reaction with the dienophiles
in the 2′-deoxyridines 1−5 converts the quenching tetrazine
into the nonquenching diazine (Figure 2). Additionally, the
fluorescence is enhanced upon DNA binding due to restricted
rotation around the bridging carbon−carbon bonds in the
center of the cyanine-styryl dye. This structural fluorogenicity
is similar to that of thiazole orange derivatives.28 The resulting
turn-on effect together with the high photostability and the
large Stokes shift of 0.50−0.52 eV (95−99 nm) are optimal for
fluorescence microscopy. The second-order rate constant, the
Stokes shift, and the turn-on effect were determined for the
reaction of 1−5 with 6 simply by time-dependent measure-
ments of the fluorescence (Table 1). Since iEDDA reactions
are known to have a much higher reaction rate in aqueous
solvents29 and the subsequent application will be in the cellular
environment, these reactions were performed in a mixture of
H2O/dimethyl sulfoxide (DMSO) (99:1 v/v%). The small
amount of DMSO is necessary to ensure solubility of all
components. The iEDDA reactions were measured over 7 days
to ensure complete conversion. The pyridazine products 7−11
were confirmed by electrospray ionization (ESI) mass
spectrometry (Table S1 and Figures S20−S24). We assume
that the prolonged reaction time in the presence of oxygen
yields the pyridazine, except the product 9. The methyl group
blocks the dehydrogenation of the dihydropyridazine 9. The
rate constants k2 are relatively low for the reaction of 1−4 with
6 and lie in the range between k2 = 0.15 × 10−2 M−1 s−1 and k2
= 7.7 × 10−2 M−1 s−1. The rate constant for the reaction
between 1 and 6 fits reasonably well with the reported k2 = 2.1
× 10−2 M−1 s−1 in the literature.15 The measured reaction rates
are comparable to reaction rates of SPAAC reactions (k2 ≈ 10
−2 M−1 s−1).30 In contrast, the reaction between 5 and 6 shows
a significantly higher rate constant of k2 = 105 × 10−2 M−1 s−1.
Faster kinetics were reported in literature only with the highly
reactive 3,6-di-2-pyridyl-1,2,4,5-tetrazine or similarly reactive
tetrazines.31,32 Since we want to use these iEDDA reactions
specifically for metabolic labeling, those tetrazines are not the
right choice for wash-free imaging of cells because they are not
fluorogenic. Due to its fluorogenicity, metabolic labeling can be
accelerated inside cells by a vast excess of the tetrazine-
modified dye 6 (vide inf ra).
Overall, this kinetic and photophysical analysis of the

iEDDA reactions between nucleosides 1−5 and tetrazine 6
highlights the reactivity spectrum of these reagents. It
expectedly became evident that the dienophiles with higher
ring strain, the norbornene in 5, show significantly faster
reactions making them promising nucleosides to visualize
DNA by labeling in cellulo. The fluorescence properties (λem
and Stokes shift) of the products 7−11 are very similar and do
not depend on the different structures of the linkers between
the dye and the dU moiety. The fluorescence turn-on observed
during the reactions of 1 and 3−5 with the tetrazine-modified
dye 6 is quite similar; the values lie in the range between 21
and 25 and are suitable for cellular imaging. The fluorescence
turn-on is higher for the reaction with 2, which might be
attributed to the longer and thus more flexible alkyl linker.

Figure 1. 5-Vinyl-2′-deoxyuridine (1) and the synthetically modified
2′-deoxyuridines 2−5 with different dienophiles to correlate their size
and kinetics in vitro with the efficiency of incorperation by metabolic
DNA labeling by a tetrazine-modified dye using the iEDDA reaction
in cellulo.
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To evaluate the metabolic incorporation of nucleosides 2−5
into cellular DNA, we first examined their cellular toxicity. The
cell viability was determined by using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Figure S6). The determination of the median lethal dose
(LD50) is as much as 0.3 mM for all nucleosides. Thus, the
nucleosides are not toxic under the conditions applied (250
μM). The nucleosides 3 and 4 show toxicity in concentrations
of at least 0.5 mM.

It is known that the monophosphate nucleoside kinases
involved in the nucleoside metabolic pathway have the highest
specificity for their substrates within the metabolism from
nucleoside to DNA.19 Therefore, it was often assumed that
long linkers and larger structures such as norbornene or
cyclopropene are not accepted by the kinases or even result in
the inhibition of this metabolic pathway. The acceptance of a
longer linker system by which the dienophile is connected to
the nucleoside has already been demonstrated by Tang et al.33

Furthermore, Zhou’s group modified an adenosine at the
position N6 with a 1,3-dimethylcycloprop-1-ene, which was
successfully used for the metabolic labeling of RNA.34 Both
studies demonstrated that such larger modifications of
nucleosides might be accepted and metabolized by the cell.
The modified nucleosides 2−5 were not sufficiently

metabolically incorporated into the DNA of HeLa cells using
the conventional Dulbecco’s Modified Eagle’s Medium
(DMEM, Figure S9). In order to force the cells to incorporate
the modified 2′-deoxyuridines 2−5 as substitutes for thymidine
by their metabolism and to overcome the problem with the
nucleotide kinase selectivity, we worked out new and
optimized cell culture conditions. HeLa cells were cultured
in a minimum essential medium (MEM-α) without L-

Figure 2. iEDDA reaction of the 2′-deoxyuridines 1−5 and the tetrazine-modified dye 6 to the “clicked” products 7−11. (A) Visible turn-on effect;
left: 20 μM 6 before the iEDDA reaction; right: after reaction with 3. (B) Increase in fluorescence intensity (λex = 437 nm) observed for the
reaction of 3 (5, 200, 200 equiv) with 6 (20 μM) in H2O (with 1% DMSO). (C) Concentration-dependent kinetic plots of the “click” reaction of 6
+ 3 with exponential fit functions: y = a + b·exp(−k·x). For the results with 1, 2, 4, and 5 see Supporting Information (Figures S1−S5).

Table 1. Second-Order Rate Constants and Photophysical
Properties for the iEDDA Reaction of the 2′-Deoxyuridines
(dU) 1−5 with the Tetrazine-Modified Dye 6 to the
Products 7−11 in H2O/DMSO (99:1 v/v)

dU product
λem
[nm]

Δλ
[eV]a

Δλ
[nm]a

Turn-
on ΦF

b
k2 10−2 [M−1

s−1]

1 7 536 0.524 99 21 0.012 0.37 ± 0.01
2 8 534 0.515 97 48 0.019 0.15 ± 0.01
3 9 532 0.506 95 23 0.008 0.51 ± 0.05
4 10 535 0.520 98 25 0.010 7.70 ± 0.60
5 11 532 0.506 95 22 0.012 105 ± 4.00
aStokes shift. bQuantun yield measured in H2O/DMSO (99:1).
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glutamine, supplemented with 10% dialyzed fetal calf serum
and 1% penicillin and streptomycin, instead of the conven-
tional DMEM. L-Glutamine is an essential nitrogen source for
the metabolic nucleoside synthesis.35 To diminish the
competition between modified and natural nucleosides, the
cells should be cultured in a medium with the natural
nucleosides excluding T (for the dot blot analysis) and without
any of the natural nucleosides (for confocal microscopy). This
should increase the incorporation of the modified nucleosides
by artificially decreasing the natural building blocks. The 2′-
deoxyuridines 2−5 were added to the culture medium from 1
M stock solutions with a final concentration of 250 μM and
less than 1% DMSO. To demonstrate the incorporation of the
modified 2′-deoxynucleosides 2−5 into nascent DNA we first
performed biotinylation of isolated DNA via the iEDDA
reaction with a commercially available biotin-tetrazine
conjugate. Subsequently, we used a horseradish peroxidase
(HRP)-streptavidin dot blot to detect the presence of the
nucleosides on a semiquantitative level (Figure 3).17 The

genomic DNA was isolated, and 15 μg of the isolated DNA
was incubated with 1 mM of the tetrazine-biotin conjugate for
24 h at 37 °C and then eluted. For dot blotting, different
concentrations (200−5 ng) of biotinylated DNA were spotted.
After UV cross-linking of the DNA to the membrane and
incubation with HRP-streptavidin, the dot blot was imaged by
chemiluminescence. In a final step, the membrane was stained
by methylene blue solution to make the spotted DNA visible.
The results of this dot blot revealed a significant and

remarkable dependence of the size and steric demand of the
dienophile on the incorporation efficiency into the DNA.
While the DNA labeled by the norbornene (using 4 and 5) can
only be detected in the highest concentrations (200−50 ng),
the DNA with the cyclopropane (using 3) and the vinyl (using
2) labels can also be detected at lower concentrations (25 ng),
which clearly evidence the higher incorporation efficiency of
the latter 2′-deoxynucleosides due to their smaller dienophiles.
The smallest nucleoside 1 is detectable down to 5 ng DNA on
the blot. It is important to underscore here that�although
spatially demanding dienophiles have a lower efficiency of
incorporation�they are all accepted to a certain extent by the
nucleoside metabolism of the cell, transferred through the
metabolic pathway, and thus successfully incorporated into
nascent DNA.
Based on these results, we were encouraged to finally apply

the 2′-deoxyuridines 2−5 for metabolic DNA labeling and
imaging by means of the iEDDA reaction with 6 in cells under
wash-free conditions. HeLa cells were incubated for 24 h with
250 μM of each of the nucleosides 2−5 using again the cell
culture conditions mentioned above. Cells were then fixed with
paraformaldehyde. Without prior denaturation of the DNA,
fluorescent labeling was performed with 20 μM of 6 for 24 h.
Without any further washing step, the DNA labeling in the cell
nuclei could be visualized under a confocal fluorescence
microscope using an excitation wavelength of 488 nm (Figure
4). Cells treated without a modified nucleoside served as a
negative control to demonstrate the very low background
fluorescence of unreacted dye 6. As an additional control, a
counterstain was performed with Hoechst (Figure S7), which
matched the fluorescent signals obtained from the iEDDA
reaction. Additionally, we observed staining of the mitochon-
drial DNA and of remaining 2′-deoxyuridine in the cytosol due
to the wash-free method, which is most obvious for 2. This was
not observed to such an extent with nucleosides 3−5, which is
an advantage of these nucleosides. The fluorescent imaging of
the cells confirmed the correlation between the size of the
dienophile and the incorporation of the corresponding 2′-
deoxyuridine into the genomic DNA that we already obtained
by the dot blot. The norbornene-modified nucleosides 4 and 5
showed a significantly weaker fluorescence signal than the
smaller modifications of the cyclopropene (3) and the vinyl
function (2), as this was also seen in the dot blot. Despite these
differences, it is important to mention that all modified 2′-
deoxyuridines gave enough fluorescent DNA labeling products
by the metabolic pathway and provided a sufficiently strong
fluorescence signal to visualize the cellular DNA in the cellular
environment without prior denaturation of the DNA.
In conclusion, we provide for the first time a systematic

study of how the size of the dienophile-modified 2′-
deoxynucleoside influences the efficiency of metabolic labeling
of cellular DNA by means of the iEDDA reaction. We
synthesized a selection of four different 2′-deoxyuridines 2−5
with three different dienophiles of different sizes and combined
them with the concept of fluorogenicity using the tetrazine-
modified cyanine-styryl dye 6. Expectedly, the reactivity
increases from k2 = 0.15 × 10−2 M−1 s−1 for 2 to k2 = 105
× 10−2 M−1 s−1 for 5. The fluorescence turn-on ratios lie in the
range between 21 and 48 and are suitable for cellular imaging
without any washing. The metabolic DNA labeling was
visualized by the dot blot on a semiquantitative level and by
confocal microscopy on a qualitative level. A clear correlation
between the size and steric demand of the dienophiles and the

Figure 3. Images of HRP-streptavidin dot blots of isolated DNA after
metabolic labeling with 1−5 (incubation with 250 μM for 72 h)
verifies the successful incorporation of the reactive labels into cellular
DNA. Gray spots: Marking with a commercially available biotin-
tetrazine conjugate, incubation with HRP-streptavidin and imaging by
chemiluminescence. Blue spots: Total DNA spotted onto each
membrane was controlled with methylene blue (MB) staining.
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incorporation efficiency of the correspondingly modified 2′-
deoxyuridines into cellular DNA was observed. We demon-
strated that even 2′-deoxyuridines with larger dienophiles, such
as norbornene and cyclopropene, were accepted by the
endogenous enzymes of DNA metabolic pathways and
incorporated to a detectable level into the nascent genomic
DNA of HeLa cells. This was achieved by an optimized way of
cell culturing. Taken together these are remarkable results and
were not expected based on the literature. That opens new
possibilities and broadens the molecular toolbox for metabolic
labeling of DNA, because 2′-deoxynucleosides with larger and
ring-strained dienophiles that undergo potentially faster
iEDDA reactions with dyes than the conventional 5-vinyl-2′-
deoxyuridine (1), like the norbornene modification in 4, can
also be incorporated. However, the crucial factor for an iEDDA
reaction to take place in the densely packed chromatin
structure is the accessibility of the two reaction partners. With
regard to the tetrazine-modified dyes we used, the two-factor

fluorogenicity provides significant potential to further exploit
the iEDDA reaction for DNA and RNA imaging in cellulo
without denaturation and without washing steps. The DNA-
sensitive tetrazine-dye 6 is able to penetrate the densely packed
structure of chromatin. A precisely coordinated combination of
dienophile and tetrazine can lead to efficient labeling.20,33 To
the best of our knowledge, norbornene- and cyclopropene-
modified nucleosides have not yet been used for metabolic
labeling of DNA because these dienophiles were always
considered as too big. This study complements the known
results from literature and thereby provides a deeper
understanding. Based on our results, the toolbox of modified
nucleosides for metabolic labeling of both DNA and RNA can
be further expanded.
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