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Bioorthogonal cleavage and ligation reactions together form one more integrated system about
the repertoire of bioorthogonal chemistry, capacitating an array of thrilling new biological applications.
The bond-cleavage type and position of biomolecular remain a great challenge, which determines the
metabolic pathway of the targets in living systems. Herein we designed two linkages of methylene and
carbonyl group attached the N-3 position of the 5-ethynyl-20-deoxyuridine (EdU) base or the oxygen
atom at deoxyribose 30 position to a photocaging group, which would be cleaved by irradiation with
365 nm ultraviolet light. EdU derivatives linked bymethylene at the N-3 position had better photodecage
efficiency and stability in the absence of light. This paper provides a strategy for studying the nucleoside
metabolic pathways in cells, which can easily and conveniently evaluate the effect of the position and
type of the linkages. The developed strategy affords a reference for controlling spatial and temporal
metabolism of small-molecule drugs, allowing direct manipulation of intact cells under physiological
conditions.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The continuous development of optical-control cleavage
reactions in the past few decades has offered a tremendous
opportunity for the research and manipulation of metabolic
processes in living systems [1–3]. Their capacity to provide spatial
and temporal control to biological processes helps them attract
lots of biochemists. Photocaging protein can be expressed using
genetically encoded caged amino acids [4,5], such as caged Cas9,
When K866 was photocaged it was completely inactive before UV
illumination [4]. By means of nucleic acid solid-phase synthesis,
photo-cleavage molecule was incorporated into oligonucleotides
that hybridized with an aptamer, which resulted in inactivation of
the aptamer in the absence of light triggering [6]. Photocaging
group was directly modified at the nucleobase of aptamers,
DNAzymes, antisense agents and DNA decoy to regulate their
activity using light [7–9]. When C1��OH of unnatural azido sugars
was photocaged, its metabolic labeling process was blocked,
leading no azido group introduced onto the cell surface [10].
Besides the hydroxyl group, there is photolabile protecting
group for the formyl group of 5fC preventing the cross-links of
DNA and Histone [11]. Photocaging groups can be installed
on many small molecules with biological activity and simple
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structure, such as the drug that alters the catalytic activity of DNA
methyltransferases [12].

A series of bioorthogonal cleavage reactions has aroused, which
have extended the bioorthogonal chemistry repertoire, capacitating
an array of thrilling new biological applications [13]. We designed
two photocaged 5-ethynyl-20-deoxyuridine (EdU) derivatives to
systematically investigate the effect of bond-cleavage type and
position on the metabolic pathway of the EdU derivatives. We
attached the N-3 position of the EdU base to 6-nitropiperonylox-
ymethyl (NPOM) and oxygen atom of deoxyribose 30 position to
6-nitropiperonyloxycarbonate (NPOC), which would be cleaved by
irradiationwith365 nmultraviolet light, dueto theoptical activityof
NPOM and NPOC groups (Fig. 1A).

EdU, a 20-deoxythymidine (dT) analogue, is readily transported
and incorporated into cellular DNA by cell metabolism. In addition,
the terminal alkyne group at its C-5 position enable rapid and
bioorthogonal cycloaddition of Cu(I)-catalyzed azide-alkyne so-
called ‘click reaction’ [14]. NPOM installed on N-3 position of dT
disrupt Watson-Crick base pairing [15–17]. When the caged dT was
incorporated into the DNAzyme by DNA solid-phase synthesis, the
more caged dT the chain contained, the lower the activity of
DNAzyme [16], which indicated caged dT have the potential to be
rejected by genomic DNA. Other than Watson-Crick base pairing,
enzymatic reactions invivoarehighly specific. Previous reportshave
shownthatdTwithmodificationsatboth the30 andC-5positionhad
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Photocaging derivatives of EdU designed to optically modulate the
metabolism of EdU in cells. (A) Caged EdU derivatives 5 and 9. (B)
Scheme illustrating the principle of the photocaging approach. Photocaging
derivatives of EdU cannot involve in nucleotide synthesis via salvage pathway,
but after photoactivation by 365 nm, genomic DNAwill be modified with alkyne by
EdU released.
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lower activity for thymidine kinase than their corresponding
compound with only one modification [18]. Therefore, besides
the N-3 photocaged EdU, we attached the photocaged group to
the 30 position. After 3-(6-nitropiperonyloxymethyl)-5-ethynyl-
20-deoxyuridine (5) and 30-(6-nitropiperonyloxycarbonate)-5-
ethynyl-20-deoxyuridine (9) photodecageing with irradiation at
365 nm, the EdU is released and incorporated into cellular DNA

[(Fig._2)TD$FIG]

Fig. 2. HPLC traced for thephotocagingof5 and9 (15mL, 2mmol/L) at 0,1, 2, 5, 8 and10mi
1mL/min, and the temperaturewas 35 �C. (A) The initial peak retention timewas 6.06min
dissociatedandreleasedEdUasthe irradiationtimeincreased.Whenthephotodecaging fo
of compound 5. The intermediates will be photolyzed as the light time increases. (B) Dur
another major substance was produced, which was also produced during the dissociatio
during DNA replication. Whereafter, the genomic DNA is modified
by alkyne groups, and the genome with alkyne groups is
fluorescently labelled by click reaction (Fig. 1B).

After the identification of EdU derivatives 5 and 9, we evaluated
their decaging capacity in vitro. Methanol is a benign solvent for 5
and 9. Besides, both of methanol and water are polar protic
solvents, which can partly simulate physiological conditions. Most
importantly, unlike DMSO, methanol solvents can be directly
analyzed by HPLC (high performance liquid chromatography), and
3-nitro-2-ethyldibenzofuran caging group decaging capacity is
also tested in methanol [19]. The result indicated that decaging
capacity, by contrast, was influenced by which site of EdU the
chromophore was attached. The amount of EdU released at 10min
is similar (Fig. 2), however, half-life of 5 is obviously shorter than
that of 9 (Fig. 3A). Especially 5, photolysis could release more than
50% of EdU in 1min, while 9 can only release about 25%, whichwas
because the maximum absorption wavelength of 5 is closer to
365 nm (Fig. 3B). It is noteworthy that when 5 photolysis lasts for 2
min, the release of EdU does not change much (Fig. 3A). This may
be because it produces an intermediate (Fig. 2A), which interfered
photolysis efficiency of 5. We speculated that it was another
photocaged EdU from the beginning. However, EdU did not
increase along with the reduction of the intermediate after
irradiating 5 at 365 nm for 1min followed by keeping the system at
�20 �C for one day. Moreover, heat from UV-lamp, rather than
ultraviolet, allowed the intermediate to react (Fig. S1A in
Supporting information). The intermediate may well be
1-(6-nitrosobenzo[d][1,3]dioxol-5-yl)ethan-1-one after compo-
nent separation and structure analysis for the 5+UV by HPLC
and HRMS (Fig. S1B in Supporting information).

All of the experimental details for the synthesis, purifications
and characterizations of the new compounds are listed in
Supporting information. According to previous reports, the N-3
modification of dT requires protection of the two hydroxyl groups
of deoxyribose and finally deprotection [16]. However, since N��H
is in α position of the two carbonyl groups, we speculate that N��H
should have a stronger acidity than the hydroxyl group. When an
equivalent amount of a small base NaH is used, it can rapidly react
nwith an elution systemof 5%–100% acetonitrile inwaterover 20min at aflowrate of
. By comparisonwith the EdU standard, it was confirmed that compound 5 gradually
r1min, thefinalpeak inthesignal isan intermediateproducedduring thedissociation
ing the photodecaging of 9, no stable intermediate was produced except for EdU, but
n of compound 5, indicating that it should be the leaving NPOM and NPOC.
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Fig. 3. Photodecaging and spectroscopic analysis of 5 and 9. (A) is photodecaging curves and EdU release curves for compounds 5 and 9 when irradiated for 1, 2, 5, 8 and
10min with 365 nm ultraviolet light. The left vertical axis is the normalized value of the integrated area of 5 and 9 detected by HPLC. The vertical axis on the right is the
normalized value of the integrated area of the EdU released by 5 and 9 detected by HPLC. (B) UV–vis absorption spectra of EdU, NPOH (2), 5 and 9 in methanol, whose
absorbance values were normalized.
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with N��H to produce hydrogen and a nitrogen anion capable of
resonating with the carbonyl group. It can be seen from the 2D
NMR spectrum of compound 5 (in DMSO-d6) that N��H
disappeared in the low field and all of the hydroxyl groups could
be found (Fig. S2 in Supporting information). When the photocage
groupwas attached in the 30 position, the hydrogen of N-3 could be
seen clearly in the low field (1H NMR of 9 in Supporting
information). Surprisingly, the yield of conjugation of NPOM-Cl
with deoxynucleoside is higher than that reported previously
[16,19], which may be the result of dynamics.

Photocaging on the EdU is not only due to its ability of
incorporation into the genome, but also the low cytotoxicity of the
molecule itself, which makes it less restrictive in intracellular
applications. It was found by MTT experiments that 5 had little
growth inhibition relative to the DMSO-treated control at
100mmol/L for 24 h (Fig. S3 in Supporting information), which
was 2 folds higher than that used in cell experiments. Therefore,
the effects of compounds 5 and 9 on cell growth during cell
experiments were negligible.

We incubated photocage-EdU 5 or 9 with cells and used cells
treated only by PBS as blank experiment. Then the cells were fixed,
permeabilized and stained with Alexa488 containing an azido
group as well as DAPI followed by imaging with fluorescent
confocal microscopy. As shown in Fig. 4, cells treated with
compound 5 could not be stained by Alexa488, and the
experimental results were similar to those of the blank experi-
ment. However, cells treated with compound 9 could be stained by
Alexa488 to green and overlapped with the blue stained by DAPI.
The complete colocalization of the two colors indicating that 9
modified the genomewith alkyne in the nucleus during incubation
[20,21]. Based on this result, we tested the stability of compound 9
in water. Compound 9 was dissolved in DMSO/water = 5/95 mixed
solvent and incubated in the dark at 37 �C using an Incubator
Shaker Series (Innova 42) for one day. The release of about 0.22%
EdU was detected by HPLC, but no EdU was observed during the
hydrolysis of compound 5 (Fig. S4 in Supporting information),
which was consistent with the cell staining experiment. Although
only 0.22% of the compound 9 decomposed, the concentration of
EdU released was sufficient to incorporate into the genome and be
stained, which can be supported by the previously reported
literature [14]. To further explore the stability of 5 and 9, we
conducted component separation by HPLC after shaking 5 and 9 in
RIPA Lysis Buffer at 37 �C for one day. It produces the same result:
Compound 5 has much better stability than 9. Unfortunately, both
5 and 9 produced EdU by their degradation in the buffer. In order to
better contrast the dissociation rate of 5 and 9, we applied the
linear fitting to calculating the equation of photometry working
curve (Fig. S5 in Supporting information). Calculation results show
that 9 exhibits a threefold dissociation rate than 5 (Table S1 in
Supporting information).

We incubated EdU, 5 and 9 with cells separately, after cell
adhesion, the cells treated with 5 and 9 were exposed to 365 nm
ultraviolet radiation for 1min and then cultured for 12 h. After that,
the cells were fixed, permeabilized and stained with Alexa488
containing an azido group as well as DAPI followed by imaging
with fluorescent confocal microscopy. As shown in Fig. 4A, after
ultraviolet irradiation, cells, treated with compound 5 but not
irradiation so that they could not be stained, were indeed stained
and revealed complete colocalization with the secondary staining
by DAPI, indicating that 5 could be photolysed normally under
physiological conditions in cells and the results were similar to the
cells treated with EdU (Fig. 4A). In Fig. 4B, mean optical density of
cells treated by 5 and ultraviolet radiation were 100 folds higher
than the cells only treated with 5 but not ultraviolet radiation. It is
worth mentioning that, as for 5, ImageJ failed to track cell borders
under optimal operation (Fig. 4B).

Owing to the 30 and 50 positions of 5 having free hydroxyl
groups that can be phosphorylated, and about half of 5 remaining
after photolysis of 5 for 1 min, it is necessary to prove that the
nuclei dyed into green were caused by the incorporation of EdU
rather than 5 into genomic DNA. Therefore, genomic DNA was
extracted from cells treated with compound 5 before and after
ultraviolet irradiation of 365 nm. Genomic DNA of cells treated
with PBS or EdU was blank experiment and a control experiment,
respectively. Then we digested the genomic DNA into small
molecules with enzymes and analyzed them by HPLC-MS,
in addition, analyzed the DNA by dot blot experiments performed
in vitro.

Liquid chromatography coupled to electrospray ionization
tandem mass spectrometry analysis is often used to detect
modified bases in the genomic DNA [22], and the signal can be
amplified by chemical modification, but owing to EdU is artificially
added, its amount in the genomic DNA is sufficient to be directly
detected bymass spectrometry, although it carries an alkyne group
which is prone to bioorthogonal reactions. The results of mass
spectrometry analysis were similar to those of fluorescence
confocal microscopy. Compound 5 and EdU were not detected in
genomic DNA from the cells treated with compound 5, but only
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Fig. 4. Fluorescence labeling of locusmodifiedwith alkyne groups. (A) HeLa cells were stained by Alexa488 and DAPI after chemical treatment,fixation and permeabilization.
In the blank experiment, cells were treatedwith PBS only, and their nuclei were stained blue by DAPI only. The nuclei of cells treated by EdU can be stained green by Alexa488
and blue by DAPI. The cells treated with 5 had similar results as those in the blank experiment, but when the cells treated with 5 and were irradiated by 365 nm ultraviolet
light for 1min, the results were similar to those treated with EdU. Cells treated with 9 can be stained by two dyes regardless of whether they are irradiated or not. Merge
means overlay of Alexa488 and DAPI channels, and revealed complete colocalization of the two colors. (B) Mean optical density of cells stained by Alexa488.
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EdU was detected in genomic DNA from the cells treated with
compound 5 and ultraviolet light (Fig. S6 in Supporting informa-
tion), which indicating that alkyne of genome DNA was caused by
EdU, not by compound 5.

The interaction between biotin and avidin is a well-known non-
covalent interaction, and it has a highaffinityconstant, so it has good
sensitivity [23,24]. After Click reaction between the extracted
genomic DNA and Biotin-PEG4-N3 containing an azidemodification,
theDNAwasadsorbedontopositively chargednylonmembrane and
dotblotwasperformed.We found thatonlyDNAextracted fromcells
treated with compound 5 and irradiated at 365 nm could be
developed (channel 4 in Fig. 5), which indicating that genomic DNA
was indeedmodifiedwithalkynewhichwascausedbyEdUreleased
from decaging compound 5.

In conclusion, we attached a photocage group to possible
coupling sitewithin EdU, the [15_TD$DIFF]N-3 position of the base and the 30 OH
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Fig. 5. [12_TD$DIFF]Analyze genomic DNA modified with alkyne groups by dot blot. The HeLa
cells were treated with PBS, EDU, 5 or 5+UV, and the genomic DNA was extracted
and subjected to dot blot, corresponding to 1, 2, 3 and 4 channels, respectively.
Channels 2 and 4 revealed positive, and Channels 1 and 3 were negative.
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groups of the deoxyribose In vitro, we found that both of them have
good photolysis efficiency. In the subsequent cell experiments,
using bioorthogonal chemistry, it was found that the derivative
linked bymethylene at the [15_TD$DIFF]N-3 position of EdUwas not involved in
metabolism, and desired genomic DNA modified with alkyne
could be obtained by photodecaging of it. The carbonate-linked
derivative at the 30 oxygen atom has a low dissociation rate, thus, it
can participate in metabolism in vivo without photodecaging. In
this research, the complex process of cell metabolism is regulated
by optical channel, which can provide a reference for evaluating
whether small molecules are involved in metabolism after
photocaging modification. It is more desirable to use alkyl linkages
instead of carbonyls when caging some bioactive molecules such
as drugs and inhibitors [25,26]. This is more conducive to
biochemists designing more reasonable caging strategies for
controlling whole cells at a high spatial and temporal resolution.
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