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ABSTRACT: RNA-cleaving DNAzymes are widely applied as
sensors for detecting metal ions in environmental samples owing to
their high sensitivity and selectivity, but their use for sensing
biological metal ions in live cells is challenging because constitutive
sensors fail to report the spatiotemporal heterogeneity of biological

processes. Photocaged DNAzymes can be activated by light

for

sensing purposes that need spatial and temporal resolution.
Studying complex biological processes requires logic photocontrol,
but unfortunately all the literature-reported photocaged DNA-
zymes working in live cells cannot be selectively controlled by light
irradiation at different wavelengths. In this work, we developed
photocaged DNAzymes responsive to UV and visible light using a general synthetic method based on phosphorothioate chemistry.
Taking the Zn**-dependent DNAzyme sensor as a model, we achieved wavelength-selective activation of photocaged DNAzymes in
live human cells by UV and visible light, laying the groundwork for the logic activation of DNAzyme-based sensors in biological

systems.

B INTRODUCTION

Isolated through in vitro selection, DNAzymes, also called
deoxyribozymes or catalytic DNA, are a class of DNA
oligonucleotides with protein enzyme-like activities.””’ A
wide variety of reactions can be catalyzed by DNAzymes,
including hydrolysis and formation of phosphodiester bonds in
nucleic acids,”* ** oxidation,”**” phosphorylation and de-
phosphorylation,”*™** thymine dimer repair,”* and peptide
bond formation.”> Among them, RNA-cleaving DNAzymes
often require metal ion cofactors for catalysis and have been
widely applied as sensors to detect cognate metal ions with
high selectivity.”*™>® The detection process is also highly
sensitive as signals can be amplified through the metal ion-
dependent catalytic process. Signals generated by DNAzymes
are analyzed by not only laboratory instruments but also
portable devices to enable point-of-use applications.*®*”~%
With continuous efforts on the selection of catalytic DNA
sequences to cover more and more metal ions across the
periodic table, DNAzyme-based sensors have become powerful
tools for environmental analysis.”’

Compared to in vitro detection, intracellular sensing of
metal jons using DNAzymes can reveal the delicate changes of
metal ions in cellular processes.”’ "% Detection at the cellular
or subcellular resolution in a target time window can be
achieved by the selective release of sensor molecules. For
example, photocaged DNAzymes”’~”' containing light-labile
or photoswitchable modifications’>’? have enabled the
placement of RNA-cleaving activities with a high spatiotem-
poral resolution.”’ ~*® The photocaging and decaging mecha-
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nism ensures that DNAzyme-based sensors are intact prior to
their delivery into cells, and the subsequent sensing is only
initiated after light irradiation in selected cells or during target
cellular processes.”*””” Sequential activation of different
DNAzymes can further allow the construction of biological
logic gates for more complex and precise sensing applica-
tions.”®”® Although photolabile modifications sensitive to light
of different wavelengths are readily available,””* the wave-
length-selective activation of photocaged DNAzyme sensors
has never been demonstrated in live cells.

Despite their diverse applications, many photocaged
DNAzymes remain complicated to synthesize. Light-responsive
modifications are typically incorporated during solid-phase
synthesis using noncanonical phosphoramidites.”"** Although
the widely used UV-labile o-nitrophenyl (NP) modification is
commercially available as internal or terminal photocleavable
linkers in customized oligonucleotide synthesis, NP derivatiza-
tion on nucleobases®’ still needs solid-phase
synthesis in laboratories by researchers. Moreover, incorpo-
ration of visible-light-labile groups such as 7-diethylaminocou-
marin (DEACM) and nitrodibenzofuran requires sophisticated
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condensation and deprotection procedures.””* Therefore, a
facile preparation scheme will allow a much broader group of
researchers to access and utilize photocaged DNAzyme sensors
in their studies.

Phosphorothioate (PS) is a backbone modification in which
one of the nonbridging oxygen atoms of the nucleic acid
phosphodiester linkage is replaced by a sulfur atom.** Under
mild conditions, PS can be postsynthetically derivatized using
arylmethylbromide reagents to introduce many functional
groups into oligonucleotides. As demonstrated previously by
other researchers and us, chemically modified oli§0nucleo—
tides®> " and stimuli-responsive DNAzymes®””*”* can be
prepared using this PS chemistry. DNA oligonucleotides
containing PS modifications are commercially available at
low cost and can also be easily obtained following the standard
solid-phase synthesis protocol sim4ply by replacing the iodine
oxidant with sulfurizing reagents.8 The reactions between PS
and arylmethylbromide reagents are highly efficient and allow
multiple PS sites in one oligonucleotide to be fully derivatized
in a single reaction.”">"*

In this work, we synthesized two photocaged DNAzymes
bearing 2-(2-nitrobenzyl)oxyphenyl (NBOP) and DEACM
modifications through postsynthetic derivatization of PS
(Figure lab). We expected their sensor activities to be
efficiently caged and wavelength-selectively decaged in live
cells as the mechanisms shown in Figure 1lc.

B RESULTS AND DISCUSSION

To facilitate wavelength-selective activation of DNAzymes, we
chose NBOP and DEACM as the UV- and visible-light-labile
modifications, respectively (Figure 1b). We envision that the
installation of NBOP or DEACM in the catalytic core would
neutralize the negative charges at the PS sites and introduce
significant steric hindrance, both of which can perturb the
folding and activity of DNAzymes, such as the Zn**-dependent
8-17 DNAzyme (17Dz),””" thereby enabling effective
photocaging (Figure 2a).

We took 17Dz as the model DNAzyme'”*"*>® and reacted
17Dz carrying three PS modifications in its catalytic core (PS-
17Dz) with 1-(bromomethyl)-2-((2-nitrobenzyl)oxy)benzene
(NBOP-Br) and 4-bromomethyl-7-diethylaminocoumarin
(DEACM-Br) as the arylmethylbromide reagents, respectively
(Figures 1b and 2a). We used three consecutive modifications
instead of one or two to fully abrogate the activity of the
DNAzymes, according to our previous studies.”””* When
analyzed by polyacrylamide gel electrophoresis (PAGE), the
reaction products showed slower electrophoretic mobility than
the starting material (Figure 2b), indicating the successful
installation of NBOP and DEACM. Electrospray ionization
mass spectrometry (ESI-MS) further confirmed the complete
derivatization of all the three PS sites (Figure 2c,d).

We then tested whether NBOP and DEACM can be fully
removed by light irradiation. NBOP-modified 17Dz (NBOP-
17Dz) was treated with light at a wavelength of 365 nm and a
power output of 26 mW/cm® PAGE characterization of the
reaction revealed a band of similar mobility to PS-17Dz
(Figure 2b), indicating successful light-induced decaging. ESI-
MS confirmed that all three NBOP modifications were fully
removed (Figure 2c). DEACM-modified 17Dz (DEACM-
17Dz) was treated with light at a wavelength of 470 nm and a
power output of 13 mW/cm’. Although the maximum
absorption of DEACM is at 405 nm, the use of 470 nm is
for the optimal balance between photolysis efficiency and
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Figure 1. (a) General reaction between PS-containing DNAzyme and
arylmethylbromide for synthesizing photocaged DNAzyme. Aryl =
aromatic groups; DMF = N,N-dimethylformamide; and r.t. = room
temperature (25 °C). (b) NBOP-modified DNAzyme activated by
UV light at 365 nm and DEACM-modified DNAzyme activated by
visible light at 470 nm. (c) Wavelength-selective activation of two
DNAzymes caged by NBOP and DEACM modifications, respectively.

selectivity over NBOP.””® Complete removal of three

DEACM modifications was again confirmed by PAGE and
ESI-MS (Figure 2b,d). The photodecaging reactions of both
NBOP-17Dz and DEACM-17Dz were time dependent and
almost went to completion within 10 min under the assayed
conditions (Figure 2ef).

To quantify the RNA-cleaving activities of the DNAzymes
before and after activation, we synthesized a dual-labeled
substrate 17S-FQ_ with a 5§’ Iowa Black Quencher and 3’
fluorescein (Figure 3a). In the absence of 17S-FQ cleavage, the
quencher is held in close proximity to the fluorophore in the
single-stranded DNA, thereby effectively abrogating the
fluorescent signal. With an active DNAzyme, cleavage will be
introduced at the 3’ end of the ribonucleotide to physically
separate the quencher and the fluorophore, significantly
enhancing the fluorescence. The RNA-cleaving activities of
the DNAzymes were therefore quantified by measuring the
fluorescence output, where we considered the maximum
fluorescence after the reaction as the 100% cleavage of 17S-
FQ. Both 17Dz and PS-17Dz were used as positive controls to
show the fast fluorogenic cleavage of 17S-FQ by fully active
DNAzymes in the presence of Zn** as the cofactor metal ion
(Figure 3b,c). In contrast, neither NBOP-17Dz nor DEACM-
17Dz showed the RNA-cleaving activity under the same
conditions (Figure 3b,c), confirming the successful caging of
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postsynthetic derivatization of PS and light-induced decaging. The
binding arms of the DNAzyme are colored in green and the catalytic
core is colored in black. The blue G*A*G* region contains PS
modifications in their phosphorodiester linkages. For NBOP-17Dz,
Aryl = NBOP; for DEACM-17Dz, Aryl = DEACM. All three PS sites
are subjected to modification. (b) PAGE analyses of PS-17Dz, NBOP-
17Dz, and DEACM-17Dz treated with or without light. (c) ESI-MS
analyses of NBOP-17Dz before (m/z, found 10877, NBOP-17Dz
calcd 10 876) and after (m/z, found 10 153, PS-17Dz calcd 10 153)
light activation. (d) ESI-MS analyses of DEACM-17Dz before (m/z,
found 10 842, DEACM-17Dz calcd 10 840) and after (m/z, found
10 155, PS-17Dz caled 10 153) light activation. (e) Time-dependent
decaging of NBOP-17Dz by 365 nm light irradiation. (f) Time-
dependent decaging of DEACM-17Dz by 470 nm light irradiation.
For all analyses, 10 uM DNAzyme was prepared in sodium phosphate
buffer (pH 7.0). Power of light irradiation: 365 nm at 26 mW/cm?
and 470 nm at 13 mW/cm?

the sensor function. We then irradiated NBOP-17Dz and
DEACM-17Dz with light at wavelengths of 365 and 470 nm,
respectively, and measured their RNA-cleaving activities. Fast
fluorescence generation was observed for the photocaged
DNAzymes, confirming their light-triggered “turn on” (Figure
3b,c). The photocaged DNAzymes were not fully activated, as
shown in Figure 3b,c, because of the shorter irradiation time
compared with the study in Figure 2ef, and the shorter
irradiation conditions were actually used for cellular studies
described in the later paragraphs. We also prepared caged
17Dz modified with NP, a widely used UV-labile group and
tested the caging and decaging properties of NP-17Dz.
Surprisingly, NP-17Dz was completely inactive, regardless of
UV irradiation (Figure S1). The observation may suggest that
NP attached to sulfur is more difficult to decage compared to
that on oxygen or nitrogen, as reported in literature
exampl<es;72’99 therefore, NBOP is essential as an efficient
UV-labile group for photocaging PS-containing oligonucleo-
tides.

To uncover the mechanism of the photolysis reaction
occurred on NBOP-17Dz and DEACM-17Dz, we synthesized
their small-molecule mimics, NBOP-PS and DEACM-PS, by
reacting diethylthiophosphate with the corresponding arylme-

Figure 3. (a) Quantification of photocaged 17Dz’s sensor activity
using 17S-FQ in the presence of Zn**. The DNAzyme substrate 17S-
FQ is colored in purple, with the ribonucleotide cleavage site
highlighted in red. NBOP-17Dz and DEACM-17Dz can be decaged
by light to cleave 17S-FQ. Aryl = NBOP or DEACM. (b and c)
Cleavage of 17S-FQ by the indicated DNAzymes. To initiate the
reaction, 250 nM 17S-FQ was mixed with 50 nM DNAzyme in 100
mM NaCl and 100 mM MOPS, pH 7.0 at 25 °C. Decaging of NBOP-
17Dz was achieved by irradiation with light at 365 nm and 26 mW/
cm? for 5 min prior to incubation with 17S-FQ. DEACM-17Dz was
activated by light irradiation at 470 nm and 13 mW/ cm? for 10 min.
Active 17Dz and PS-17Dz were included as positive controls.
Fluorescence intensities were measured at ex/em = 490/520 nm.
The maximum fluorescence after the reaction using 17Dz to cleave
17S-FQ_was considered as the intensity representing 100% substrate
cleavage. (d) Wavelength-selective activation of NBOP-17Dz and
DEACM-17Dz. In the reaction, 250 nM 17S-FQ was incubated with
NBOP-17Dz and DEACM-17Dz, both at a concentration of 50 nM,
in 100 mM NaCl and 100 mM MOPS, pH 7.0 at 25 °C. Sequential
activation of DNAzyme’s Zn>* sensing activity was achieved using
visible and UV light. To obtain clear kinetics, about 25% power
output was applied for light irradiation, which corresponds to 6.5
mW/cm? for UV light and 3.5 mW/ cm? for visible light.

thylbromide. The removal of NBOP and DEACM from
NBOP-PS and DEACM-PS occurred quickly after light
irradiation, yielding diethylthiophosphate as the final product
(Figures S2—S7). To further study the photolysis reaction that
occurred in oligonucleotides, we synthesized NBOP-modified
15-nt polyT DNA (NBOP-T1S) and followed the decaging
reaction by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS). We detected MS
peaks corresponding to an intermediate o-hydroxybenzyl-T15
and the final product PS-1ST after treating NBOP-T15 with
UV light (Figure S8), which is consistent with our proposed
decaging mechanism through the spontaneous 1,4-elimination
(Figure S2).

Using both NBOP-17Dz and DEACM-17Dz, we inves-
tigated whether the sequential activation of the two
photocaged DNAzymes could be achieved by light irradiation
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at different wavelengths selectively. As illustrated in Figure 3d,
the mixture of NBOP-17Dz and DEACM-17Dz did not cleave
17S-FQ when incubated in the dark. As quantitative cleavage
of the substrate occurred within minutes once the DNAzyme
activity was unleashed by light using the original settings, we
lowered the power output for light irradiation to 25% for more
clear kinetics. Upon visible light irradiation at 470 nm, the
fluorogenic reaction catalyzed by the activated DNAzyme
became faster overtime, reaching a plateau with 15-fold rate
enhancement (k/k,) in 60 min. Extended irradiation using
light at 470 nm failed to further increase the rate, likely because
after 60 min DEACM-17Dz had been fully decaged and the
active DNAzyme released from DEACM-17Dz had reached
the maximum concentration. We then switched the wavelength
of light irradiation to 365 nm and observed that the rate of the
fluorogenic reaction started to accelerate again, bringing the
rate enhancement (k/k,) to 32-fold within 15 min. No more
rate enhancement was observed beyond this point presumably
because two photocaged DNAzymes were fully activated by
the sequential irradiation of visible and UV light. The 15-fold
and 17-fold rate enhancement (k/k,) achieved with visible and
UV light irradiation, respectively, suggested minimal cross talk
between the triggering mechanisms of DEACM-17Dz and
NBOP-17Dz, which is critical to establish their wavelength-
selective activation. We did not use 375 nm light irradiation as
the first-step activation, because it is known that shorter-
wavelength light usually activates longer-wavelength caging
groups as well, which has been extensively reported in the
literature and hardly avoidable in the experiment.”*”**%

With success in wavelength-selective decaging of NBOP-
17Dz and DEACM-17Dz demonstrated in vitro, we proceeded
to study their light activation inside live cells (Figure 4). The
DNAzymes and the substrate were labeled at both 5" and 3’
ends to minimize their nonspecific degradation in the
intracellular environment (Figure 4a). A 4-(4-dimethylamino-
phenylazo) benzoic acid derivative (Dabyl) as the secondary
quencher was installed at the 5’ end of the DNAzymes to
further reduce the background fluorescence of the sensors in
the absence of cleavage. We first evaluated the intracellular
activity of PS-17Dz-DQ. Both 17S-FQ and PS-17Dz-DQ were
delivered into HeLa cells through the lipid-mediated trans-
fection. Fluorescence enhancement was detected by confocal
microscopy when we supplemented cells with Zn** (Figure
4b), suggesting that 17S-FQ was stable in live cells with
minimal background fluorescence and the activity of dual-
labeled PS-17Dz-DQ_was compatible with the cellular
environment.

Cells transfected with either NBOP-17Dz-DQ_+ 17S-FQ_or
DEACM-17Dz-DQ_+ 17S-FQ_showed very weak fluorescence
regardless of the Zn>" supplement (Figure 4b), in agreement
with the eflicient photocaging effects of NBOP and DEACM
modifications. When light irradiation was applied at 365 nm
for NBOP-17Dz-DQ_and 470 nm for DEACM-17Dz-DQ,
strong fluorescent signals were observed, indicating the
efficient decaging of the DNAzymes by UV and visible light
(Figure 4b). We analyzed the cells transfected with both the
substrate and the photocaged DNAzymes using flow cytometry
(Figures 4c and S9). The cells carrying 17S-FQ_and PS-17Dz-
DQ showed mean fluorescence intensities of about 32 in the
absence of Zn?*, which were boosted to about 402 once Zn*"
was supplied, reaching more than 12-fold enhancement. The
mean fluorescence intensities of about 42 and 26 were detected
in the cells transfected with NBOP-17Dz-DQ_+ 17S-FQ_and
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Figure 4. (a) Sequences and modifications of NBOP-17Dz-DQ,
DEACM-17Dz-DQ, and 17S-FQ used in the cellular study. C9 is a
Spacer 9 modification; F corresponds to fluorescein; Q refers to Dabyl
or Iowa Black Quencher. (b and ¢) Confocal microscopy images (b)
and flow cytometry analyses (c) of HeLa cells transfected with 175-
FQ and each of the DNAzymes including PS-17Dz-DQ, NBOP-
17Dz-DQ, and DEACM-17Dz-DQ, before and after light irradiation.
Fluorescence was only observed upon the cleavage of 17S-FQ_by
active DNAzyme sensors. Scale bar = 100 ym. For error bars, n = 3.
Conditions for light irradiation: 365 nm at 26 mW/cm? for S min and
470 nm at 13 mW/cm? for 10 min.

DEACM-17Dz-DQ _+ 17S-FQ, respectively, in the presence of
Zn*, corroborating with our microscopy data that photocaged
DNAzymes remained inactive prior to light irradiation.
Fluorescent signals in these cells were boosted to about 308
and 307 when irradiated, respectively, corresponding to 7.3-
and 12-fold activation (Figure 4c).

With the intracellular function of photocaged DNAzymes
confirmed, we set to investigate whether NBOP-17Dz-DQ and
DEACM-17Dz-DQ_ could be activated in a wavelength-
selective manner inside the same cells (Figures lc and Sa).
To distinguish the signals generated by NBOP-17Dz-DQ_and
DEACM-17Dz-DQ, we modified the substrate-binding arms of
the DEACM-caged DNAzyme (DEACM-17Dz-mod-DQ) to
recognize a new substrate 17S-mod-CQ. Meanwhile, we
switched the fluorophore in the substrate from fluorescein to
CyS so that we can use different color channels to monitor the
RNA-cleaving activities of NBOP-17Dz-DQ_and DEACM-
17Dz-DQ_sensors, respectively. Both PS-17Dz-DQ_+ 17S-FQ
and PS-17Dz-mod-DQ_+ 17S-mod-CQ_displayed intense
fluorescence enhancement in HeLa cells upon the addition
of Zn*" (Figure 5b), suggesting that the intracellular functions
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Figure S. (a) Sequences and modifications of NBOP-17Dz-DQ, DEACM-17Dz-mod-DQ, 17S-FQ, and 17S-mod-CQ used in the cellular study. C
is the CyS dye. Other labels are the same as those used in Figure 4. The binding arms of DEACM-17Dz-mod-DQ were modified to recognize the
substrate 17S-mod-CQ and to eliminate cross talk with NBOP-17Dz-DQ + 17S-FQ. (b) Confocal images of HeLa cells transfected with PS-17Dz-
DQ, PS-17Dz-mod-DQ, 17S-FQ, and 17S-mod-CQ under different assay conditions. Both PS-17Dz-DQ_and PS-17Dz-mod-DQ_were active in
cleaving their cognate substrates to release fluorescent signals. (c) Sequential activation of NBOP-17Dz-DQ_and DEACM-17Dz-mod-DQ_by
visible and UV light and global decaging of both DNAzyme sensors by UV light. Green and red fluorescence arose from the cleavage of 17S-FQ and
17S-mod-CQ, respectively, in the presence of active cognate DNAzyme sensors. Scale bars = 100 ym. For error bars, n = 3. Conditions for light

irradiation: 365 nm at 56 mW/cm? for 5 min and 470 nm at 20 mW/cm? for

10 min. (d) Flow cytometer analyses of samples shown in (b) and (c).

of the active DNAzyme sensors were not altered by different
binding arm sequences or fluorophore modifications. We next
cotransfected HeLa cells with NBOP-17Dz-DQ_+ 17S-FQ and
DEACM-17Dz-mod-DQ_+ 17S-mod-CQ. Minimal fluorescent
signals were detected regardless of Zn*" admission, indicating
that the two photocaged DNAzyme sensors were efficiently
caged and inactive inside the cells. With visible light irradiation
at 470 nm, strong fluorescent signals were detected in the red
channel in response to Zn®>" (Figure Sc), suggesting the
successful decaging of DEACM-17Dz-mod-DQ. In contrast,
no fluorescence enhancement was detected in the green
channel (Figure Sc), indicating that the NBOP-17Dz-DQ
sensor remained caged under the assayed condition. These
results confirmed the wavelength-selective activation of
DEACM-17Dz-mod-DQ_in the presence of intact NBOP-
17Dz-DQ. Subsequent UV irradiation at 365 nm further
unleashed green fluorescence by activating NBOP-17Dz-DQ_
(Figure Sc). The cells transfected with NBOP-17Dz-DQ_+
178-FQ and DEACM-17Dz-mod-DQ_+ 17S-mod-CQ lighted
up in both red and green channels when directly irradiated
with UV light, because UV light is of higher energy in nature
and can decage both UV-labile NBOP and visible light-labile
DEACM, as universally observed in previous photochemical
studies.””® Flow cytometry analyses corroborated with the
confocal microscopy results (Figures Sd and $10). Collectively,
we achieved wavelength-selective activation of NBOP-caged
and DEACM-caged DNAzyme sensors by sequential applica-
tion of visible and UV light in live human cells.

B CONCLUSIONS

We prepared photocaged DNAzyme sensors using a facile
scheme through postsynthetic derivatization of PS. Using this
method, we synthesized NBOP-17Dz and DEACM-17Dz for
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UV and visible light activations, respectively. The RNA-
cleaving activities of two photocaged DNAzymes were
activated upon light irradiation both in vitro and in live
human cells. We also successfully demonstrated the wave-
length-selective activation of NBOP-17Dz and DEACM-17Dz
sensors in a sequential manner in the cells. To the best of our
knowledge, this is the first example of photocaged DNAzyme
sensors that can undergo wavelength-selective activation in live
cells. In addition, the PS chemistry reported in this work can
be generally applied to prepare chemically modified DNA
oligonucleotides of other functionalities. With a facile
preparation route, we envision that our work will enable
many researchers to easily access and utilize chemically
modified DNA oligonucleotides in their research, including,
but not limited to, photocaged DNAzymes for logic control of
biosensing and gene expression in live cells.
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