
Expanding Catch and Release DNA Decoy (CRDD)
Technology with Pyrimidine Mimics
Samantha A. Kennelly,[a] Ramkumar Moorthy,[a] Ruben Silva Otero,[a] and Daniel A. Harki*[a]

Abstract: Catch and release DNA decoys (CRDDs) utilize
photochemically responsive nucleoside analogues that gen-
erate abasic sites upon exposure to light. Herein, we describe
the synthesis and evaluation of four candidate CRDD
monomers containing nucleobases that mimic endogenous
pyrimidines: 2-nitroimidazole (2-NI), 2-nitrobenzene (2-NB), 2-
nitropyrrole (2-NP) and 3-nitropyrrole (3-NP). Our studies
reveal that 2-NI and 2-NP can function as CRDDs, whereas 3-
NP and 2-NB undergo decomposition and transformation to

a higher-ordered structure upon photolysis, respectively.
When incorporated into DNA, 2-NP undergoes rapid photo-
chemical cleavage of the anomeric bond (1.8 min half-life) to
yield an abasic site. Finally, we find that all four pyrimidine
mimics show significantly greater stability when base-paired
against the previously reported 7-nitroindole CRDD mono-
mer. Our work marks the expansion of CRDD technology to
both purine and pyrimidine scaffolds.

Introduction

Caged oligonucleotides have been designed to target proteins
and nucleic acids, allowing for the control of protein function or
gene expression following photolysis of nucleotide monomers
containing photolabile groups.[1–3] These caged oligonucleotides
(or caged DNA decoys for our application) are usually modu-
lated in a temporal off-to-on manner.[3–8] The turn-on mecha-
nism of the synthetic oligonucleotides are due to the bulkiness
of substituents (cages) on DNA bases that cannot form stable
Watson-Crick-Franklin base pairs with cognate bases in a DNA
duplex structure. Photolysis of the caged DNA decoy promotes
a series of reactions to cleave the light-reactive substituents.[1–10]

Caged DNA decoys have typically included a nitro-function-
alized group (e.g., ortho-nitrobenzyl) as it possesses the ability
to form a radical species upon photolysis that results in the
formation of a native nucleotide.[4–7,9,10] Caged DNA decoys have
been applied to photoregulate a variety of biological processes
including transcription, nucleic acid folding, polymerase activity,
DNA repair, gene silencing, antisense activity, siRNA function,
DNAzymes, and aptamer function.[7,11–23]

An extension of caged DNA decoy technology has been the
development of catch and release DNA decoys (CRDDs).[20]

Unlike caged DNA decoys that temporarily render biologically

active oligonucleotides inactive, CRDDs function in an on-to-off
manner. CRDDs are initially competent to engage their bio-
logical target (the CRDD is on), but upon photolysis, the CRDD
becomes inactivated (or turned off). Notably, elegant work by
others have utilized photolabile protecting groups to develop
on-to-off controllable systems for various oligonucleotide
applications (e.g., RNA bandages,[24] DNAzymes,[18,25] triplex-
forming oligonucleotides,[26] and antisense oligonucleotides[18]),
although such on-to-off platforms are much less common. The
utility of CRDDs over caged DNA decoys lies in their orthogonal
temporal control of DNA decoy function. Previous work
targeted the NF-kB p50-p65 heterodimer with CRDDs contain-
ing the universal base 7-nitroindole (7-NI) in the nucleotide
monomer (Figure 1A)[20] Established CRDD technology utilizes
single-photon UV-irradiation to cleave the anomeric bond,
leading to depurination between the sugar and nucleobase to
achieve inactivation of the DNA decoy and its binding to NF-kB
proteins (Figure 1A). The photoproducts of 7-NI photolysis have
been previously characterized to be the abasic 2’-deoxyribolac-
tone sugar and the 7-nitrosoindole base.[27–29] Herein, we
expand the repertoire of monomers to include pyrimidine
mimics and complete the toolbox of depurination competent
monomers for CRDD technology. Accordingly, we report that 2-
nitropyrrole (2-NP) and 2-nitroimidazole (2-NI) nucleobases
once incorporated into 2’-deoxynucleosides can function as
next-generation, pyrimidine-mimicking CRDD monomers (Fig-
ure 1B).

Results and Discussion

Our studies commenced with two previously synthesized
nucleoside analogues containing 2-nitropyrrole (2-NP) and 3-
nitropyrrole (3-NP) nucleobases, whose photoproducts have
not been characterized and usage as CRDDs have not been
explored (Figure 2).[30–37] In fact, both 2-NP and 3-NP were
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designed to mimic the universal base p-nitroaniline, and thus
possess enhanced stacking interactions and the ability to
polarize the electrostatic potential of the π-aromatic pyrrole; a
common feature of nitro-containing compounds.[30–32,35] Addi-
tionally, 2-NP and 3-NP were previously characterized as

universal bases, as they possess the ability to base pair with all
of the natural DNA bases equivalently.[31,37]

We also designed and synthesized two novel pyrimidine
nucleoside mimics containing 2-nitroimidazole (2-NI) and 2-
nitrobenzene (2-NB) nucleobases (Figure 2). We hypothesized
that 2-NI will take advantage of stacking interactions involved
in pyrrole-containing compounds, as well as possess hydrogen-
bond accepting capability through the additional nitrogen
atom in the imidazole. We designed 2-NB to contain structural
similarities to that of the endogenous pyrimidines by bearing a
six-membered ring. We also decided to utilize 2-NB in our
studies as it bears structural resemblance to the commonly
reported ortho-nitrobenzyl caging group. Finally, this com-
pound would also allow an evaluation of depurination potential
through a C� C anomeric bond. Taken together, our study
employs four scaffolds, 2-NP, 3-NP, 2-NI, and 2-NB to mimic the
endogenous pyrimidine DNA bases and function as depurina-
tion-competent monomers suitable for utilization in CRDDs.

1-(2’-Deoxy-β-d-ribofuranosyl-2-nitroimidazole (2-NI) was
synthesized as shown in Scheme 1 by direct attachment of the
protected furanose 1 to 2-nitroimidazole (2). 2-NI was gener-
ated in two steps from 1-chloro-2-deoxy-3,5-di-O-toluoyl-d-
erythropentofuranose (1) and 2-nitroimidazole (2) by the
addition of K2CO3 and phase transfer catalyst tris(2-(2-meth-
oxyethoxy-ethyl)amine (TDA-1), followed by the deprotection of
the toluyl groups. For incorporation into oligonucleotides, the
phosphoramidite of 2-NI, compound 5, was synthesized in two
steps from 2-NI through the protection of the 5’-alcohol with
dimethoxytrityl chloride followed by the addition of 2-
cyanoethyl-N,N-diisopropylchlorophosphoramidite on the 3’-
alcohol.

1-(2’-Deoxy-β-d-ribofuranosyl)-2-nitrobenzene (2-NB) was
synthesized as shown in Scheme 2 by Heck coupling of 6 to 2-
nitrobenzenediazonium (7).[38,39] After the Heck coupling reac-
tion, removal of the TBS-protecting group and tautomerization
to the more stable ketone was achieved by the addition of
3HF·NEt3 (8).[39] The reduction of the newly formed ketone to a
secondary alcohol was afforded, yielding 2-NB. For incorpora-
tion into oligonucleotides, the phosphoramidite of 2-NB,
compound 10, was synthesized in two steps from 2-NB through
the protection of the 5’-alcohol with dimethoxytrityl chloride
followed by the addition of 2-cyanoethyl-N,N-diisopropylchlor-
ophosphoramidite on the 3’-alcohol. Finally, 1-(2’-deoxy-β-d-
ribofuranosyl-3-nitropyrrole (3-NP) and 1-(2’-deoxy-β-d-ribofur-
anosyl)-2-nitropyrrole (2-NP) were synthesized according to
previous reports.[33,37]

Figure 1. A) The previously reported 7-NI CRDD monomer that mimics
purines. B) This work: expanding the chemical toolbox of CRDDs with
photochemically responsive pyrimidine mimics that undergo photolysis to
release a 2’-deoxyribolactone and nitrosobase.

Figure 2. Pyrimidine nucleoside mimics used in this study.

Scheme 1. Synthesis of 2-NI and phosphoramidite 5.
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The nucleoside analogues were first evaluated to determine
if depurination occurs upon photolysis. The proposed mecha-
nism for depurination was reported previously for related
compounds,[28,40–42] and therefore, we hypothesize that our
compounds will also undergo a similar mechanism of depurina-
tion (Figures 3A and 4 A; Scheme S1 in the Supporting
Information). Photolysis studies were conducted at 254 or
350 nm according to the maximum absorbance values of the
analogues under investigation (Figure S1). Typical depurination
experiments were performed between 0.5–1.0 mM of the
respective nucleoside in D2O. Experiments were performed in a
quartz cuvette and sample irradiation took place in a Rayonet
holding either eight 254-nm or 350-nm bulbs depending on the
maximum absorbance value of the nucleoside as previously
discussed. Samples were then photolyzed at various time
intervals (i. e., 0, 1, 2, 5, 10, 12, 14, 16, 18, 20, 30, and 60 min)

and the solution was characterized by high-performance liquid
chromatography (HPLC) analysis, UV-vis and NMR spectroscopy.

UV-vis spectroscopy studies on 2-NP demonstrated a shift
in the maximum absorbance upon prolonged light exposure
(Figure 3B). A decrease in the maximum absorbance at 350 nm
was initially observed after 5 min of photolysis, followed by the
appearance of a blue-shifted absorbance around 215 nm after
10 min of photolysis. This blue-shifted absorbance was ex-
pected for 2-NP if photolysis yields 2’-deoxyribolactone, which
possesses a maximum absorbance at 215 nm. The nitroso bases
are not stable and volatile; thus they are not observed in our
characterization studies. In order to characterize the kinetics of
depurination, HPLC analysis was utilized. To quantify the
nucleoside concentration (i. e., nucleoside remaining and depu-
rinated product formed) throughout the time-course studies,
the peak area was integrated. The percentage of formed
depurination product was taken as a function over time for 2-

Scheme 2. Synthesis of the phosphoramidite of 2-NB.

Figure 3. A) Characterization of 2-NP depurination. B) UV-vis spectroscopy illustrates a shift in the maximum absorbance of 2-NP from 350 nm at 0 min to
215 nm over 60 min. C) HPLC analysis shows the kinetics of 2-NP depurination; mean � SD (n=3). D) NMR spectroscopy demonstrates the depurination of 2-
NP after photolysis.
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NP (Figure 3C). The half-life (t1/2) was calculated using one phase
dissociation exponential decay for all compounds. 2-NP formed
depurination products most rapidly, with a t1/2 of 9.00 min.
Finally, NMR spectroscopy was performed on a Bruker 600 MHz
Avance NEO equipped with a 5-mm triple resonance cryoprobe.
These experiments yielded structural information on nucleoside
depurination or nucleoside decomposition over the photolysis
time, as well as confirmed that our compounds are indeed
forming the anticipated depurination products. Therefore, 2’-
deoxyribolactone was used as a standard in NMR studies to
confirm whether the proposed depurination reaction was
occurring. Observation of 2’-deoxyribolactone formation was
apparent with 2-NP as soon as 5 min upon initiation of
photolysis; which was confirmed by complimentary UV-vis
spectroscopy and HPLC analysis (Figure 3D). Complete con-
sumption of starting material was observed after 20 min of
photolysis for 2-NP. From all three analytical characterization
methods, we confirmed that 2-NP does indeed undergo the
intended depurination mechanism upon photolysis.

For 2-NI, a similar trend in UV-vis spectroscopy studies was
observed: after only 5 min of photolysis, the maximum
absorbance at 325 nm decreased and a new blue-shifted
absorbance peak was observed around 215 nm (Figure 4B).
Once again, the blue-shifted peak was expected if 2’-deoxy-
ribolactone was forming. The kinetics of depurination for 2-NI
were measured through HPLC analysis, in which a t1/2 of
36.50 min was calculated (Figure 4C). The rate of photolysis for

compound 2-NI was determined to be three-times slower than
2-NP, which is not ideal for use in biological studies. Lastly,
through NMR characterization, we confirmed the formation of
2’-deoxyribolactone after 10 min, which was confirmed by UV-
vis spectroscopy and HPLC analysis (Figure 4D). Complete
consumption of starting material was observed after 60 min for
2-NI, which is much slower than 2-NP.

3-NP showed an overall decrease in absorbance from 0 to
240 min after photolysis using UV-vis spectroscopy, which is
indicative of decomposition (Figure S2A and B). The percentage
of starting material remaining for 3-NP as measured by HPLC
analysis, resulted in a calculated t1/2 of 20.40 min (Figure S2C).
However, NMR studies confirmed that 3-NP is indeed decom-
posing upon photolysis (Figure S2D).

Interestingly, during photolysis studies a slight red-shift in
the maximum absorbance was observed with 2-NB, leading us
to believe that a different product other than the 2’-
deoxyribolactone may be forming (Figure S3A and B). We also
observed a color change in 2-NB upon photolysis from a clear
solution (t=0 min), to a bright yellow (t=5 min), and finally a
brown solution (t=240 min), as well as the appearance of a
precipitate (Figure S4B). In order to investigate the photolysis of
2-NB, dynamic light scattering (DLS) was performed, as we
believed that a larger molecular weight structure was forming
due to the drastic changes in color and precipitate formation.
DLS confirmed that a small molecule was detected at t=0 min,
whereas at t=60 and 480 min, a polymeric material had formed

Figure 4. A) Characterization of 2-NI depurination. B) UV-vis spectroscopy illustrates a shift in the maximum absorbance of 2-NI from 325 nm at 0 min to
215 nm over 60 min. C) HPLC analysis shows the kinetics of 2-NI depurination; mean � SD (n=3). D) NMR spectroscopy demonstrates the depurination of 2-
NI after photolysis. Mean � SD (n=3).
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(Figure S4A). The percentage of starting material remaining was
characterized for 2-NB, which undergoes rapid transformation
upon photolysis (Figure S3C). NMR studies confirmed starting
material transformation to a higher-ordered structure within 1-
min post photolysis of 2-NB (Figure S3D).

From these initial UV-vis and NMR studies on our nucleoside
analogues, we concluded that 2-NP and 2-NI form the desired
photoproducts, whereas 3-NP decomposes and 2-NB trans-
forms to a higher-ordered structure. Overall, it can be
concluded from these quantitative HPLC studies that of the
compounds that undergo depurination, 2-NP and 2-NI, the t1/2
of 2-NP is faster (9.00 min) as compared to 2-NI (36.50 min). An
ideal photocaging group will undergo photolysis rapidly, there-
fore, only 2-NP will be taken forward for additional study.

Two control experiments were performed to determine the
thermal- and photo-stability of the nucleoside mimics. A
thermal stability study was performed to rule out thermal
depurination of the nucleosides, as well as elucidate their
thermal stability for future cellular studies (i. e., at 37 °C). The
photo-stability study was accomplished to determine if photo-
chemical depurination continues to occur outside of the
Rayonet. From the thermal stability study, we determined that
no significant change was observed in the maximum absorb-
ance signal for all our analogues (Figure S5), thus confirming
that heat produced from the Rayonet does not play a role in
product decomposition, transformation to a higher-ordered
structure, or depurination. Similarly, a photolysis stability study
was performed on 2-NP and 2-NI to determine whether
depurination continues to occur in the dark. UV-vis spectro-
scopy and HPLC analysis confirmed no significant loss of
starting material over the experiment-time. We conclude that
our nucleoside mimics are undergoing photo-induced depuri-
nation as anticipated (Figure S6).

After confirming that 2-NP and 2-NI undergo depurination
and are stable when exposed to heat, we next sought to
determine the stability of our analogues when incorporated
into duplex DNA using a classical thermal melting temperature
study (Table S1). Such studies yield important data to reveal
which endogenous DNA base is most stable when paired
against a particular pyrimidine mimic. Ultimately, data from this
study will guide our designs containing these depurination-
competent mimics. 3-NP and 7-NI were included as they could
inform future applications of these universal bases.[27,28,30–36]

Thermal melting curves confirmed that 2-NP, 2-NI, 3-NP, 2-
NB, and 7-NI are indeed universal bases (Table S1). This
conclusion is supported by their ability to base pair with all of
the natural bases with little discrimination. To our surprise, 2-NI
was the least stable, likely due to the increase in electronics
from the additional nitrogen atom at the 3-position. Interest-
ingly, all of the pyrimidine mimics showed slightly increased
stability when base-paired with the endogenous purines
adenine and guanine, which suggests that our compounds
mimic endogenous pyrimidines. Excitingly, we found that 3-NP
and 2-NP, as well as our novel analogues 2-NI and 2-NB,
showed increased stability when base-paired against 7-NI
(Figure 5). In fact, the stability of these compounds when base-
paired against 7-NI was increased in comparison to adenine

and guanine (Figure 5). Additionally, our pyrimidine analogues
also displayed increased stability when base-paired against 7-NI
in comparison to the endogenous pyrimidine bases thymine
and cytosine (Figure S7). To confirm that the structure of the
DNA duplexes containing the depurinating pyrimidine mimics
2-NP and 2-NI, as well as the universal base 3-NP are behaving
similarly to natural base pairs, circular dichroism (CD) spectro-
scopy was performed (Figure 6A). CD characterization revealed
that when 2-NP and 2-NI are separately base-paired against 2’-
deoxyguanosine in a DNA duplex, they behave like a C� G base-
pair (Figure 6A). Similarly, the secondary structure remained
unchanged when the analogues were base-paired against 7-NI
in which they form DNA duplexes more stable than endoge-
nous nucleotides due to hydrophobic interactions (Figure S7).

We determined that both 2-NP and 2-NI undergo the
desired depurination mechanism to form the abasic 2’-deoxy-
ribolactone; and thus have the ability to function as a CRDD.
However, based on the unfavorable photolysis t1/2 and
decreased thermal stability of the nucleoside and oligonucleo-
tide containing 2-NI, respectively, we will focus our attention on
2-NP for its use as a CRDD. DNA photolysis studies were
conducted to define the kinetics of 2-NP depurination in a
duplex DNA (Figure 6B). In these studies, we used liquid
chromatography-mass spectrometry (LC–MS) analysis of the
irradiated aqueous sample 2-NP base-paired against 2’-deoxy-
guanosine, as this base was found to be the most stable in our
thermal stability studies (Figure S8; Table S1). Irradiation of the
duplex DNA containing 2-NP yields rapid photolysis (t1/2=

1.8 min; 350 nm light; light intensity=1.96 x 10� 8 ein cm� 2s� 1),
showing 71% of duplex being converted to photoproducts
within 25 min (Figure 6C). In fact, very little 2-NP remained after
25 min of irradiation, resulting in the formation of abasic sites
and truncated β- and δ-elimination products. Our results yield a
similar trend observed with our previously reported 7-NI, which
had a reported DNA photolysis t1/2 of 1.0 min.[20] Additionally,
the rapid t1/2 of the oligonucleotide containing 2-NP will be
beneficial for future in celluo experiments.

Once again, we used CD spectroscopy on the DNA decoy
containing 2-NP to determine if DNA secondary structure

Figure 5. Thermal stability of the CRDD pyrimidine mimics when paired
against the CRDD purine mimic 7-NI in comparison to endogenous bases
adenine (*) and guanine (∫). An unpaired t-test in GraphPad Prism v9.3.1 was
performed on the data shown in Table S1; */∫ denote p<0.05, **/∫∫ denote
p<0.01, ***/∫∫∫ denote p<0.001, and ****/∫∫∫∫ denote p<0.0001; mean
� SD (n=4).
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remains intact after photolysis. We verified that DNA decoys
containing 2-NP and 2-NI base-paired against 2’-deoxyguano-
sine in a double-stranded DNA duplex exhibited no change in
secondary structure after photolysis (Figure S9). These experi-
ments confirm that the structure of the DNA decoys containing
a single CRDD monomer remains similar before and after
photolysis, indicating the ability of DNA to bind to a target
without disruption. Therefore, it is important to note that
developing oligonucleotide sequences with multiple depurina-
tion sites for CRDD applications will be required to yield
destabilized DNA for target disengagement, due to the
formation of multiple abasic sites and DNA cleavage products.
This trend was previously observed with CRDDs containing 7-
NI,[20] and is reminiscent of the requirement for incorporating
multiple bulky, photolabile groups in caged DNA decoys,[7]

mRNA,[43] microRNA,[44] and siRNA,[45] to block their biological
functions.

Conclusion

Herein, we have expanded the chemical toolbox of photo-
responsive CRDDs to pyrimidine-containing analogues. Through
rigorous characterization of photoproducts, we determined that
2-NP and 2-NI undergo depurination, whereas 3-NP decom-
poses, and 2-NB transforms to a higher-ordered structure.
Additionally, we discovered that photolysis of a duplex DNA
containing 2-NP yields an abasic site at a rate similar to that of
the CRDD purine predecessor 7-NI. Interestingly, we also
revealed the increased stabilities of our pyrimidine mimics
against 7-NI. We will use these findings in future studies by
incorporating multiple 2-NP monomers into CRDDs for monitor-
ing the dynamics of DNA-interacting proteins.

Experimental Section
General procedure: All commercial chemicals were used as
received. Reactions were performed in flame-dried glassware under
inert gas (N2) and stirred using a Teflon-coated magnetic stir bar.
Reaction solvents acetonitrile (CH3CN), dichloromethane (CH2Cl2),
and tetrahydrofuran (THF) were dried by passage over a column of
activated alumina using a solvent purification system (MBraun).
N,N-Diisopropylethylamine (DIPEA) was vacuum distilled from
calcium hydride and placed under argon with 4 Å molecular sieves.
2-nitroimidazole was obtained from Accela. 3-Nitro-1H-pyrrole was
obtained from LabNetwork. 3-Nitropyrrole-2’-deoxynucleoside was
obtained from Berry & Associates. 2-Nitro-1H-pyrrole was obtained
from BLD Pharmtech. Tris(2-(2-methoxyethoxy-ethyl)amine (TDA-1)
was obtained from TCI. 4-dimethylaminopyridine was obtained
from Oakwood Chemicals. 2-deoxy-d-ribose and 3,5-di-O-toluyl-α-1-
chloro-2-deoxy-d-ribofuranose (1) were obtained from Carbosynth.
All other general reagents were obtained from either Acros, Alfa
Aesar, or Sigma Aldrich. Reactions were monitored using EMD
Chemicals Silica Gel 60 F254 glass plates (250 μm thickness) and
visualized with UV irradiation at either 254 or 365 nm. Silica gel
chromatography was accomplished using a Teledyne-Isco Combi-
flash Rf-200 instrument using Redisep Rf High-Performance silica
gel columns from Teledyne-Isco. 1H NMR (600 MHz) and 13C
(151 MHz) were collected on a Bruker 600-MHz Avance NEO
equipped with a 5-mm triple resonance cryoprobe at room temper-
ature (at the Minnesota NMR Center). A Bruker 500-MHz Avance
NMR spectrometer was used to collect 31P NMR (202 MHz) at room
temperature. The 13C NMR spectrum in D2O were referenced
through the solvent lock (2H) signal according to the IUPAC
recommended secondary referencing method. High resolution
mass spectra were obtained at the Analytical Biochemistry Core
Facility at the University of Minnesota Masonic Cancer Center using
an LTP Orbitrap Velos Mass Spectrometer (Thermo Fisher).

1-(2’-Deoxy-3’,5’-di-O-toluoyl-β-d–ribofuranosyl)-2-nitroimidazole
(3): 2-Nitroimidazole (2) (1.01 g, 8.84 mmol), potassium carbonate
(4.03 g, 29.2 mmol), and tris(2-(2-methoxyethoxy-ethyl)amine (TDA-
1; 56.5 μL, 0.176 mmol) were dissolved in anhydrous acetonitrile
(50 mL) and stirred for one hour at room temperature before the

Figure 6. A) CD spectroscopy studies of oligonucleotides containing pyrimidines that depurinate upon photolysis. Experiments were performed in PBS buffer,
pH 7.0, 25 °C, N=2 (see Table S3 for DNA sequences). B) Set-up of the 2-NP-containing DNA photolysis studies. C) Photolysis decay curve of a DNA duplex
containing 2-NP with calculated half-life. Experiments were performed in aqueous 15 mM ammonium acetate; mean � SD (n=3).
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addition of 3,5-di-O-toluyl-α-1-chloro-2-deoxy-d-ribofuranose (1;
3.89 g, 11.5 mmol) in small portions. The mixture was stirred further
for 2 h at room temperature. After the completion of the reaction
(monitored by TLC), the reaction mixture was filtered over celite
and washed with Et2O (30 mL). The filtrate was concentrated in
vacuo and the crude material was purified by flash column
chromatography on SiO2 (gradient 1–2% acetone in CH2Cl2)
yielding 4.07 g (99%) of 3 as a white foam. 1H NMR (600 MHz,
CDCl3): δ=7.95 (d, J=8.3 Hz, 2H), 7.84 (d, J=8.3 Hz, 2H), 7.58 (d,
J=1.2 Hz, 1H), 7.28 (d, J=8.0 Hz, 2H), 7.23 (d, J=8.0 Hz, 2H), 7.10
(d, J=1.2 Hz, 1H), 6.81 (app t, J=7.1 Hz, 1H), 5.63–5.60 (m, 1H),
4.80–4.65 (m, 3H), 3.12 (ddd, J=14.4, 5.7, 2.6 Hz, 1H), 2.51–2.45 (m,
1H), 2.44 (s, 3H), 2.41 (s, 3H).13C NMR (151 MHz, CDCl3): δ=166.2,
166.1, 144.8, 144.6, 144.0, 129.9 (2 C), 129.7 (2 C), 129.5 (2 C), 129.4
(2 C), 128.9, 126.5, 126.2, 121.7, 89.6, 84.1, 74.4, 63.8, 40.8, 21.8, 21.8.
HRMS (ESI) m/z: calcd for C24H23N3O7Na: 488.1428 [M+Na]+; found
488.1414.

1-(2’-Deoxy-β-d–ribofuranosyl)-2-nitroimidazole (2-NI): Compound
3 (4.07 g, 8.75 mmol) was dissolved in methanol (50 mL), followed
by the addition of 7 N methanolic ammonia (50 mL) and the
reaction mixture was stirred for 18 h at room temperature. The
solution was concentrated in vacuo, and the crude material was
purified by SiO2 chromatography (gradient of 0–20% CH3OH in
CH2Cl2) to afford 1.92 g (96%) of 2-NI as a white foam. The β-
anomer was confirmed on the basis of the characteristic apparent
triplet for the 1’-proton observed at 6.77 ppm (J=4.8 Hz) wherein
the case of the α-anomer the J value should be between 1.5–
2.0 Hz.[46] Additionally, the 1’-carbon of the α-anomer appears at
100 ppm, which is not observed.[46] 1H NMR (600 MHz, D2O): δ=7.80
(d, J=1.3 Hz, 1H), 7.21 (d, J=1.3 Hz, 1H), 6.77 (app t, J=4.8 Hz, 1H),
4.47 (app q, 5.7 Hz, 1H), 4.18–4.08 (m, 1H), 3.87 (dd, J=12.6, 3.6 Hz,
1H), 3.77 (dd, J=12.6, 5.5 Hz, 1H), 2.74 (ddd, J=14.2, 6.5, 5.4 Hz,
1H), 2.51 (ddd, J=14.2, 6.4, 5.1 Hz, 1H). Exchangeable protons
(hydroxyls) are not observed since the compound NMR was
obtained in D2O. 13C NMR (151 MHz, D2O): δ=143.8, 127.8, 122.9,
88.5, 87.3, 69.7, 60.8, 40.6. HRMS (ESI) m/z: calcd for C8H12N3O5:
230.0777 [M+H]+; found 230.0767.

1-(2’-Deoxy-5’-dimethyoxytrityl-β-d–ribofuranosyl)-2-nitroimidazole
(4): Compound 2-NI (150 mg, 0.655 mmol) was dissolved in
anhydrous pyridine (1 mL) and the resulting solution was concen-
trated in vacuo. This process was repeated 3X to remove residual
water from 2-NI. The material was then dried over high-vacuum for
1 hr before the addition of 4,4’-dimethoxytrityl chloride (222 mg,
0.655 mmol) and 4-dimethylaminopyridine (8.00 mg, 0.0655 mmol),
which was then dissolved in anhydrous pyridine (1.5 mL). The
reaction mixture was allowed to stir overnight (18 h) at room
temperature. The solution was concentrated in vacuo and the crude
material was purified by flash column chromatography on neutral-
ized SiO2 (neutralized by washing with 2 column volumes of 1%
Et3N in CH2Cl2) using a gradient of 0–10% acetone in CH2Cl2 to yield
268 mg (77%) of 4 as a white foam. 1H NMR (600 MHz, [D6]DMSO):
δ=7.68 (s, 1H), 7.40–7.35 (m, 2H), 7.31 (t, J=7.6 Hz, 2H), 7.28–7.20
(m, 5H), 7.10 (d, J=1.1 Hz, 1H), 6.89 (d, J=8.4 Hz, 4H), 6.59 (dd, J=

6.5, 4.2 Hz, 1H), 5.41 (d, J=4.9 Hz, 1H), 4.31 (p, J=6.0 Hz, 1H), 4.04–
3.98 (m, 1H), 3.74 (s, 6H), 3.26 (dd, J=10.7, 3.0 Hz, 1H), 3.21 (dd, J=

10.7, 5.5 Hz, 1H), 2.49–2.46 (m, 1H), 2.39 (ddd, J=10.7, 4.2, 3.2 Hz,
1H). 13C NMR (151 MHz, DMSO-d6): δ=158.1 (2 C), 144.6, 144.1,
135.4, 135.3, 129.8 (4 C), 127.9 (2 C), 127.7 (2 C), 127.6, 126.8, 122.7,
113.2 (4 C), 88.2, 85.8, 85.7, 68.8, 62.7, 55.0 (2 C), 41.4. HRMS (ESI) m/
z: calcd for C29H29N3O7Na: 554.1897 [M+Na]+; found 554.1897.

1-(2’-Deoxy-5’-dimethyoxytrityl-β-d–ribofuranosyl)-2-nitroimida-
zole-3’-O-(2-cyanoethyl-N,N-diisopropylphosphoramidite) (5): Com-
pound 4 (31.0 mg, 0.0583 mmol) was dissolved in anhydrous
acetonitrile (1 mL) and the resulting solution was concentrated in
vacuo. This process was repeated 3x to remove residual water from

compound 4. The material was then placed under vacuum for 1 h
before the addition of anhydrous CH2Cl2 (1 mL), freshly distilled
N,N-diisopropylethylamine (56.0 μL, 0.321 mmol), and 2-cyanoethyl
N,N’-diisopyropylchlorophosphoramidite (20.0 μL, 0.0881 mmol).
The reaction mixture was stirred at room temperature for 90 min
under N2. The solution was concentrated in vacuo, and the crude
material was purified by neutralized SiO2 chromatography (neutral-
ized by washing with 2 column volumes of 1% Et3N in CH2Cl2 using
a gradient 0–30% EtOAc in cyclohexanes to afford 12.0 mg (30%)
of 5 as a white foam (a diastereomeric mixture). 1H NMR (600 MHz,
CDCl3): δ=7.72 (d, J=1.2 Hz, 0.39H), 7.64 (d, J=1.2 Hz, 0.61H),
7.40–7.33 (m, 2H), 7.30–7.16 (m, 7H), 6.96–6.90 (m, 1H), 6.83–6.74
(m, 4H), 6.67–6.61 (m, 1H), 4.66–4.60 (m, 0.37H), 4.60–4.54 (m,
0.64H), 4.23–4.17 (m, 1H), 3.87–3.77 (m, 1H), 3.75–3.73 (m, J=

3.7 Hz, 6H), 3.73–3.66 (m, 1H), 3.62–3.51 (m, 2H), 3.51–3.43 (m, 1H),
3.37–3.31 (m, 1H), 2.85–2.72 (m, 1H), 2.57 (t, J=6.3 Hz, 1.2H), 2.40 (t,
J=6.4 Hz, 0.75H), 2.37–2.29 (m, 1H), 1.17–1.08 (m, 8H), 1.03 (d, J=

6.8 Hz, 4H). 13C NMR (151 MHz, CDCl3): Major diastereomer δ 158.7,
144.3, 143.9, 135.3, 130.2 (2 C), 128.5 (2 C), 128.2, 128.0 (2 C), 127.1,
122.7, 117.4, 113.8 (4 C), 89.0, 86.9, 86.1, 86.0, 71.5, 71.4, 61.9, 58.4,
58.2, 55.3 (2 C), 43.4, 43.3, 42.1, 42.1, 24.7, 24.6 (2 C), 20.3, 20.2.
Minor diastereomer δ 158.7, 144.2, 143.9, 135.4, 130.2 (2 C), 128.4
(2 C), 128.3, 128.0 (2 C), 127.2, 122.6, 117.5, 113.8 (4 C), 89.0, 86.8,
85.9, 85.9, 72.1, 72.0, 62.0, 58.2, 58.1, 55.3 (2 C), 43.3, 43.3, 42.3, 42.3,
24.6, 24.6 (2 C), 20.4, 20.4. 31P NMR (202 MHz, CDCl3): δ=149.52,
148.98. HRMS (ESI) m/z: calcd for C38H47N5O8P: 732.3162 [M+H]+;
found 732.3136.

3-O-(tert-Butyldimethylsilyl)-1,2-didehydro-1,2-dideoxy-d–ribofura-
nose (6) : The synthesis of 3-O-(tert-butyldimethylsilyl)-1,2-didehy-
dro-1,2-dideoxy-d-ribofuranose was prepared as previously de-
scribed from the commercially available 2-deoxy-d-ribose in four
steps.[39]

2-Nitrobenzenediazonium (7): The synthesis of 2-nitrobenzenedia-
zonium was prepared as previously described from the commer-
cially available 2-nitroaniline in one step.[38]

1-(2’-Deoxy-3’-oxo-β-d–ribofuranosyl)-2-nitrobenzene (8): Freshly
prepared 6[39] (1.38 g, 5.99 mmol) and 7[38] (1.71 g, 7.19 mmol) were
placed in two separate flasks under argon and were dissolved in
degassed CH3CN (5 mL). In a separate Schlenk flask under N2,
palladium acetate (0.269 g, 1.20 mmol) with silver carbonate
(1.66 g, 6.01 mmol) were added. Next, the complete addition of the
fully dissolved 6, and then followed by the complete addition of
dissolved 8 were added to the reaction mixture in the Schlenk flask.
The reaction mixture was stirred for 2 h. The solution was then
filtered over a short pad of silica gel and washed with ethyl acetate
(50 mL). The filtrate was concentrated in vacuo to yield crude
material which was then re-dissolved in THF (40 mL), followed by
the addition of triethylamine trihydrofluoride (0.98 mL, 6.01 mmol).
The reaction mixture was stirred at room temperature, showing
complete conversion by TLC in 30 min. The solution was concen-
trated in vacuo, and the crude product was purified by SiO2

chromatography (gradient 0–20% CH3OH in CH2Cl2) to afford
0.632 g (44%) of 9 as a dark red liquid (as a 10 :1 mixture of 9 and
its anomer which was removed during a later step in the synthesis).
1H NMR (600 MHz, CDCl3): δ=8.06 (d, J=8.2 Hz, 2H), 7.73 (t, J=

7.7 Hz, 1H), 7.51 (t, J=7.8 Hz, 1H), 5.75 (dd, J=10.6, 5.9 Hz, 1H), 4.11
(app t, J=3.5 Hz, 1H), 4.04 (dd, J=6.2, 3.5 Hz, 2H), 3.28 (dd, J=18.4,
5.9 Hz, 1H), 2.43–2.32 (m, 1H), 1.94 (app t, J=6.3 Hz, 1H). 13C NMR
(151 MHz, CDCl3): δ=213.0, 147.6, 136.6, 134.4, 129.0, 127.5, 124.8,
82.1, 73.8, 61.7, 45.4. HRMS (ESI) m/z: calcd for C11H12NO5: 238.0715
[M+H]+; found 238.0704.

1-(2’-Deoxy-β-d–ribofuranosyl)-2-nitrobenzene (2-NB): Compound 8
(0.632 g, 2.66 mmol) was dissolved in a 1 :1 mixture of CH3CN:AcOH
(20 mL solution) and cooled to 0 °C. NaBH(OAc)3 (0.850 g,
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3.99 mmol) was then added to the solution and was stirred for
90 min at 0 °C before quenching by the addition of methanol
(5 mL). The solution was concentrated in vacuo, and the crude
material was purified by SiO2 chromatography (gradient 0–20%
CH3OH in CH2Cl2) to afford 0.388 g (61%) of 2-NB as a white foam.
The β-anomer was confirmed on the basis of the characteristic
doublet of doublets (dd) for the 1’-proton observed at 5.68 ppm
(J=10.0 and 5.8 Hz) and the narrow multiplet (0.1 ppm width)
observed for the two 2’ protons, wherein the case of the α-anomer
the J value should be between 1.5–2.0 Hz. Additionally, the 1’-
carbon of the α-anomer appears at 100 ppm, which is not
observed.[46,47] 1H NMR (600 MHz, D2O): δ=8.07 (d, J=8.2 Hz, 1H),
7.91 (d, J=8.0 Hz, 1H), 7.80–7.75 (m, 1H), 7.58–7.53 (m, 1H), 5.68
(dd, J=10.0, 5.8 Hz, 1H), 4.36–4.31 (m, 1H), 4.03–3.97 (m, 1H), 3.75
(dd, J=12.1, 4.5 Hz, 1H), 3.71 (dd, J=12.2, 5.9 Hz, 1H), 2.60 (ddd, J=

13.7, 5.8, 2.2 Hz, 1H), 2.07 (ddd, J=13.7, 10.0, 6.1 Hz, 1H).
Exchangeable protons (hydroxyls) are not observed as compound
NMR was obtained in D2O. 13C NMR (151 MHz, D2O): δ=147.2,
136.7, 134.3, 128.6, 127.2, 124.6, 86.8, 76.2, 72.5, 61.9, 41.9. HRMS
(ESI) m/z: calcd for C11H14NO5: 240.0872 [M+H]+; found 240.0861.

1-(2’-Deoxy-5’-dimethyoxytrityl-β-d–ribofuranosyl)-2-nitrobenzene
(9): Compound 2-NB (0.150 g, 0.512 mmol) was dissolved in
anhydrous pyridine (1 mL) and the resulting solution was concen-
trated in vacuo. This process was repeated 3x to remove residual
water from compound 2-NB. The material was then placed under
vacuum for 1 h before the addition of 4,4’-dimethoxytrityl chloride
(0.221 g, 0.512 mmol) and 4-dimethylaminopyridine (7.90 mg,
0.0512 mmol), which was dissolved in anhydrous pyridine (1.5 mL).
The solution was stirred at room temperature overnight (18 h). The
solution was concentrated in vacuo and the crude material was
purified by flash column chromatography on neutralized SiO2

(neutralized by washing with 2 column volumes of 1% Et3N in
CH2Cl2) using a gradient of 0–10% acetone in CH2Cl2 to afford
0.300 g (88%) of 9 as a white foam. 1H NMR (600 MHz, CDCl3): δ=

7.91–7.85 (m, 2H), 7.49–7.43 (m, 1H), 7.41–7.36 (m, 2H), 7.36–7.30
(m, 1H), 7.30–7.25 (m, 4H), 7.25–7.08 (m, 4H), 6.78–6.71 (m, 4H), 5.58
(dd, J=8.9, 6.3 Hz, 1H), 4.31 (quint, J=6.8 Hz, 1H), 3.98 (app q, J=

4.4 Hz, 1H), 3.70 (s, 6H), 3.36–3.27 (m, 2H), 2.52 (ddd, J=13.3, 6.3,
3.2 Hz, 1H), 1.92 (ddd, J=13.3, 8.9, 6.5 Hz, 1H). 13C NMR (151 MHz,
CDCl3): δ=158.8 (2 C), 147.7, 145.1, 139.0, 136.2, 133.9, 130.4 (2 C),
130.4 (2 C) 128.5 (2 C), 128.3 (2 C), 128.2 (2 C), 128.1, 127.2, 124.7,
113.5 (4 C), 86.7, 85.9, 76.2, 74.2, 64.2, 55.5 (2 C), 43.7. HRMS (ESI) m/
z: calcd for C32H32NO7 542.2179 [M+H]+; found 542.2183.

1-(2’-Deoxy-5’-dimethyoxytrityl-β-d–ribofuranosyl)-2-nitrobenzene-
3’-O-(2-cyanoethyl-N,N-diisopropylphosphoramidite) (10): Com-
pound 9 (0.043 g, 0.080 mmol) was dissolved in CH3CN (1 mL), and
the resulting solution was concentrated in vacuo. This process was
repeated 3x to remove residual water from 10. The material was
then placed under vacuum to dry for 1 h before the addition of
CH2Cl2 (4 mL), freshly distilled DIPEA (75.7 μL, 0.437 mmol), and 2-
cyanoethyl N,N’-diisopyropylchlorophosphoramidite (35.3 μL,
0.119 mmol) were added and stirred at room temperature for
90 min. The solution was concentrated in vacuo and the crude
material was purified by neutralized SiO2 chromatography (neutral-
ized by washing with 2 column volumes of 1% Et3N in CH2Cl2) using
30% EtOAc in cyclohexane to afford 44 mg (75%) of 10 as a white
foam (as a diastereomeric mixture). 1H NMR (600 MHz, CDCl3): δ=

8.04 (d, J=8.0 Hz, 0.52H), 8.02–7.95 (m, 1.4H), 7.60–7.52 (m, 1H),
7.51–7.44 (m, 2H), 7.44–7.39 (m, 1H), 7.39–7.33 (m, 4H), 7.32–7.27
(m, 2H), 7.25–7.18 (m, 1H), 6.89–6.76 (m, 4H), 5.71–5.62 (m, 0.56H),
4.51–4.46 (m, 0.52H), 4.25–4.19 (m, 1H), 3.90–3.81 (m, 2H), 3.82–3.77
(m, 6H), 3.72–3.51 (m, 3H), 3.45 (dd, J=10.1, 3.8 Hz, 0.56H), 3.39 (dd,
J=10.1, 3.9 Hz, 0.56H), 3.33 (ddd, J=10.0, 8.8, 4.4 Hz, 1H), 2.80–2.74
(m, 0.56H), 2.70 (ddd, J=13.1, 6.1, 2.8 Hz, 0.57H), 2.65 (t, J=6.4 Hz,
1H), 2.47–2.40 (m, 1H), 2.04–1.91 (m, 1H), 1.18 (d, J=6.8 Hz, 9H),

1.07 (d, J=6.8 Hz, 3H). 13C NMR (151 MHz, CDCl3): Major diaster-
eomer: δ=158.6, 147.7, 144.9, 138.7, 136.1, 136.1, 133.8, 130.2 (2 C),
130.3, 128.4, 128.0, 127.9 (2 C), 126.9, 124.5, 117.8, 113.2 (4 C), 86.3,
85.5, 85.5, 76.3, 75.5, 75.3, 63.9, 58.6, 58.5, 55.3, 43.4, 43.3, 42.7, 42.7,
24.7 (2 C), 24.6, 24.6, 20.5, 20.5. Minor diastereomer: δ=158.6,
147.6, 144.9, 138.5, 136.0, 136.0, 133.7, 130.2 (2 C), 130.3, 128.3,
128.0, 127.9 (2 C), 126.9, 124.4, 117.6, 113.2 (4 C), 86.3, 85.5, 85.5,
76.3, 75.2, 75.0, 63.5, 58.3, 58.2, 55.3, 43.4, 43.3, 42.9, 42.9, 24.7 (2 C),
24.6, 24.5, 20.3, 20.2. 31P NMR (202 MHz, CDCl3): δ=148.7, 147.8.
HRMS (ESI) m/z: calcd for C41H49N3O8P: 742.3257 [M+H]+; found
742.3224.

Solid-phase DNA synthesis: Oligonucleotides were synthesized
using standard solid-phase synthesis methods on the BioAutoma-
tion MerMade8 DNA/RNA synthesizer.[20] The phosphoramidites of
2-nitroimidazole and 2-nitrobenzene were synthesized as described
above. The phosphoramidite of 7-nitroindole was prepared as
reported.[20] All other phosphoramidites and reagents were pur-
chased from Glen Research Corporation. Synthesis of all modified
oligonucleotides were performed on a standard dG-CPG solid
support (1.0 μmol scale), purchased from Glen Research Corpora-
tion. Modified phosphoramidites were freshly prepared and dried
under high vacuum for 1 h prior to utilization. Similarly, reagents
were freshly placed on the synthesizer prior to synthesis. Molecular
trap packs (166-100109, Biolytic) were added to the anhydrous
acetonitrile (40-4050-50, Glen Research) and activator (30-3140-57,
Glen Research) solutions. The factory method (BioAutomation) for
standard DNA-couplings was utilized. However, the method was
paused immediately prior to the incorporation of the modified
phosphoramidite for off-system coupling. The off-system coupling
was achieved by first removing the solid support from the
synthesizer. The modified phosphoramidite (20.0 mg) was then
dissolved in anhydrous acetonitrile (200.0 μL) and taken up into a
syringe (1 mL) and attached to one side of the solid support. A
second syringe (1 mL) was loaded with activator (600.0 μL) solution
and attached to the other side of the solid support. With both pre-
loaded syringes attached to the solid support, the solutions were
mixed through the column, starting with the addition of the
activator solution. The solutions were manually mixed through the
solid support using the two syringes for a total of 20 min. After the
20-min mixing period, the solid support column was drained and
washed with anhydrous acetonitrile (1 mL) and returned to the
synthesizer for the remaining on-system phosphoramidite cou-
plings. Following the synthesis of DNA8–DNA13, the resin was
dried under a stream of N2 for 1 h before being transferred to a
glass fritted reaction vessel. For resin removal and deprotection,
concentrated aqueous NH4OH (2.5 mL) was added to the reaction
vessel and the aluminum foil-covered vessel was placed in a shaker
at room temperature for 18 h. After deprotection, the solution was
filtered into two microcentrifuge tubes, and the fritted reaction
vessel was rinsed with RNase/DNase free water (2 mL) and filtered
into another microcentrifuge tube. The centrifuge tubes containing
the synthesized DNA were placed in the � 80 °C freezer until the
solution was frozen. Once completely frozen, the centrifuge tubes
were placed in a SpeedVac to evaporate off the ammonium
hydroxide and RNase/DNase free water. Once a white powder was
obtained (4 h), the synthesized DNA was dissolved in RNase/DNase
free water, the tubes were combined, and the solution (~800 μL)
was purified by HPLC. After purification, the DNA8–DNA13 were
desalted with RNase/DNase free water using Illustra NAP-5 columns
(Sephadex G-25 DNA grade, GE Healthcare) according to the
manufacturer’s instructions. The desalted oligonucleotides were
quantified by UV-vis spectroscopy and confirmed by LC–MS.

HPLC purification and LC–MS analysis of DNA: Oligonucleotides
were purified using previously described methods.[20] Oligonucleo-
tides were either synthesized following methods described or were
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purchased from Integrated DNA Technologies (IDT) as desalted
oligonucleotides and purity was checked by HPLC, as noted in
Table S3.

Absorbance data and molar extinction coefficients of nucleoside
analogues: UV-vis spectra were collected on an Agilent Cary 100
UV-vis spectrophotometer (using the Scan software, scanning from
200.0 to 500.0 nm with a spectral bandwidth (SBW) of 2.0 nm, and a
source changeover at 400.0 nm) at 25.0 °C. Nucleosides were
dissolved in distilled and deionized (dd)H2O and placed in clean
10 mm path length quartz cuvettes (Starna Cells, Inc.). The
maximum absorbance of each nucleoside analogue was measured
in triplicate and normalized (Figure S1). The molar extinction
coefficients of each analogue was measured using previously
described methods,[48] measured in triplicate in (dd)H2O, and
reported values were averaged (Figure S1).

Depurination studies of nucleoside analogues: Nucleoside and
DNA photolysis experiments were carried out using a Rayonet
photochemical reactor (RMR-600, Southern New England Ultraviolet
Co.) fitted with either eight 350 or 254 nm bulbs. For nucleoside
photolysis experiments, samples were prepared in a clean 10 mm
path length quartz cuvette (Starna Cells, Inc.). Typical depurination
experiments were done at concentrations ~1.0 mM, dissolving the
nucleoside in D2O from Cambridge Isotope Laboratories. The
solution was transferred into a quartz cuvette fitted to a septum
and placed in the Rayonet. Samples were then exposed to light at
various time intervals (i. e., 0, 1, 5, 10, 15, 30, 60, 120, and 240 min)
and quantitative analysis was determined by NMR, UV-vis, and
HPLC spectroscopy, as previously described. Depurination studies
on the nucleoside 3-NP showed product decomposition (Fig-
ure S2A–D) while nucleoside 2-NB showed transformation to a
higher-ordered structure (Figure S3A–D).

NMR analysis of nucleoside photoproducts: A Bruker 600-MHz
Avance NEO, equipped with a 5-mm triple resonance cryoprobe
was used for structural determination of nucleosides for depurina-
tion studies at room temperature. Nucleosides for depurination
studies were prepared as previously described. Aliquots (40 μL) of
the ~1.0 mM solution in D2O were taken at several time points (0,
1, 2, 5, 10, 12, 14, 16, 18, 20, 30, and 60 min) and placed directly
into 3.0 mm NMR tubes for analysis. 1H NMR experiments for all
samples were taken and analyzed. The experiment was repeated to
obtain a biological replicate (n=2 total analyses, analyzed using
MestReNova).

UV-vis analysis of nucleoside photoproducts: An Agilent Cary 100
UV-vis spectrophotometer containing a six-cell, temperature-con-
trolled block with a path length of 1 cm was used for monitoring
changes in the maximum absorbance value of the nucleosides.
Nucleosides for depurination studies were prepared as previously
described. Aliquots (30 μL) of the ~1.0 mM solution were taken at
several time points (0, 1, 2, 5, 10, 12, 14, 16, 18, 20, 30, and 60 min)
and were diluted into 970 μL of ddH2O which was placed into a
clean 10 mm path length quartz cuvette (Starna Cells, Inc.). Data
collection was done on the Cary WinUV Scan application, monitor-
ing wavelengths from 200.0–500.0 nm with a source changeover at
400.0 nm. The experiment was repeated to obtain a biological
replicate and technical replicate (n=3 total analyses). The average
of the three sample runs were reported with SD.

HPLC analysis of nucleoside photoproducts: The kinetics of
nucleoside depurination or decomposition were determined by
HPLC analysis on an Agilent 1200 series instrument equipped with
a diode array detector and a Zorbax SB-C3 column (5 μm, 300 Å,
0.5×150 mm, Agilent Technologies). The analysis method (0.8 mL/
min flow rate) involved isocratic H2O (98% H2O: 2% CH3CN; 0–
5 min) followed by a linear gradient to 10% CH3CN (5–10 min) and

finally a linear gradient of 10–90% CH3CN (10–30 min). Wave-
lengths monitored=215 and 254 nm. Aliquots (50 μL) were taken
at several time points (0, 1, 2, 5, 10, 12, 14, 16, 18, 20, 30, and
60 min) and dissolved in 100 μL of distilled and deionized H2O. In
order to determine the amount of nucleoside remaining and new
product formation, the area under the chromatogram was
integrated. The amount of nucleoside present at time 0 min was
taken as 100%. The method was repeated to obtain a technical
replicate. The experiment was repeated to obtain a biological
replicate and technical replicate (n=4 total analyses). The average
of the four sample runs were reported with SD.

Dynamic light scattering: DLS studies were performed on 2-NB.
DLS experiments were performed on a Punk instrument (Unchained
Labs) in a 1 mL cuvette with a sample solution volume of 100 μL.
Samples were prepared and photolyzed as previously mentioned.
DLS results indicate that a small molecule is present at time 0 min,
whereas at time 60 min a higher-ordered structure is observed and
continues increasing in size with continued photolysis time, as
observed at time 480 min (Figure S4A). Each sample run was
averaged from 10 readings. The formation of a precipitate was
visualized from lyophilized samples in which a dark solid was
observed over photolysis time (Figure S4B).

Thermal stability studies of nucleoside analogues: The Rayonet
produces heat at approximately 37.5 °C during photolysis studies.
To rule out thermal depurination of nucleosides, samples were
prepared as previously described and heated in a silicon oil bath at
40 °C (see Figure S5A for setup). UV-vis spectroscopy was used to
analyze heated nucleoside samples as previously described. These
data demonstrate that neither depurination nor product decom-
position occur thermally.

Photolysis stability studies of nucleoside analogues: In order to
determine if photochemical depurination continues to occur out-
side of the Rayonet, a control experiment was performed on 2-NI
and 2-NP. Using the same sample preparation methods as
previously described for photolysis experiments, samples were
photolyzed for 15 min, and an aliquot of the sample was analyzed
by HPLC. The sample solution was then kept in the refrigerator
(4 °C) for 24 h before being reanalyzed. After 24 h, another aliquot
was taken from the solution for HPLC analysis. No significant
changes were observed in samples analyzed at time=0 min (first
analysis) and 24 h (second analysis; Figure S6).

Characterization and purity assessment of DNA oligonucleotides:
LC–MS was performed on an Agilent 1100 series HPLC instrument
equipped with an Agilent MSD SL ion trap mass spectrometer
(operating in negative ion mode). A Zorbax SB-C18 column (5 μm,
300 Å, 0.5×150 mm, Agilent Technologies) was used for LC–MS
analysis. The analysis method (15 μL/min flow rate) involved 15 mM
aqueous NH4OAc containing 2% CH3CN followed by a linear
gradient of 2–25% CH3CN (0–15 min) and 25–60% CH3CN (15–
25 min). Wavelength monitored=260 nm.

Thermal melting analysis of oligos: Thermal melting analyses were
performed according to previously described methods and results
are shown in Table S1.[20] Mean Tm values (� SD) were calculated
from the individual Tm valued obtained from each replicate (n=4).
We found that the previously characterized 3-NP and 2-NP, as well
as our novel analogues 2-NI and 2-NB, showed significantly
increased stability when base-paired against 7-NI (Figure S7).

Depurination studies on DNA: The proposed mechanism of DNA
depurination of the double-stranded DNA containing the 2-NP
oligonucleotide (DNA8) base-paired against 2’-deoxyguanosine
(DNA2) reveals the abasic site (DNA8-Abasic) while DNA2 remains
intact after photolysis (Figure S8A). To enable quantitative analysis
of photochemical decay of DNA decoys, calibration plots for each
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DNA decoy were generated as previously described.[20] Briefly,
increasing concentrations of each DNA oligonucleotide (decoy and
it’s most stable base-pair; 15.0, 23.0, 30.0, 45.0, 60.0, 90.0 pmol)
were added to a fixed concentration of an unmodified DNA
oligonucleotide (5’-TAACTA-3’; 100 pmol; DNA7) and analyzed by
extracted ion current LC–MS (masses were monitored at the � 4
charge state for decoys, and � 2 charge state for the control). A
calibration plot was created by plotting the ratio of DNA8/DNA7
area under the curve versus DNA decoy concentration, yielding
calibration plots with a slope-intercept equation of R2>0.96 (Fig-
ure S8B). A simple linear regression analysis (GraphPad Prism,
v9.3.1) was performed to obtain the calibration plot. Quantitative
analysis of DNA decoy photolysis was performed by dissolving the
DNA decoy (60.0 pmol) in 15 mM aqueous NH4OAc and then
adding the solution to conical pulled point vial inserts (250 μL;
Agilent, 8010–0125). Vessels containing the dsDNA (DNA2 paired
with DNA7) were placed into the photochemical reactor and
irradiated (light intensity: 1.96 x 10� 8 ein cm� 2 s� 1). Aliquots (10 μL)
were taken at several time points (0, 1, 2, 5, 7, 10, 15, 20, 25 min),
diluted with standard (100 pmol, 1 μL), and then analyzed by LC–
MS on a Thermo Scientific LTQ XL equipped with a diode array
detector and using a Zorbax C18 column (5 μm, 80 Å, 0.5×150 mm,
Agilent Technologies). The analysis method (15 μL/min flow rate)
involved 15 mM aqueous NH4OAc containing 2% CH3CN followed
by a linear gradient of 2–15% CH3CN (0–15 min) and 25–60%
CH3CN (15–25 min). Wavelengths monitored=260 nm. The concen-
tration of the DNA8-Abasic species present after irradiation was
determined by fitting the DNA8/DNA7 ratios from each sample
into the slope-intercept equation from the calibration plot to yield
the amount of decoy (pmol) in the sample. This process was
repeated from each prominent molecular ion observed in the
photolysis sample. Furthermore, this quantitative analysis method
assumes comparable ionization properties for the photolyzed
products in comparison to the non-irradiated sample. First-order
decay analysis (GraphPad Prism, v9.3.1) was performed with the
data (percentage of starting material over time) to obtain the half-
life (t1/2) of the DNA decoy. Mean t1/2 values (with standard
deviation) were calculated from the fitting of the decay curve with
the individual data points obtained from each replicate (n=3). To
ensure that photolysis is not occurring on the non-modified base-
pair (DNA2), the percentage of oligonucleotide remaining was
analyzed from samples at t=0 to 25 min (Figure S8C). One-way
ANOVA analysis (GraphPad Prism, v9.3.1) was performed with the
data (percentage of oligonucleotide over photolysis time) and
confirmed that there was no significant change in oligonucleotide
remaining over time. Finally, LC–MS analysis of our decoy revealed
the formation of the abasic lactone (m/z calcd: 4409.876; m/z found:
4411.0), which was monitored by changes observed in the UV
absorbance (Figure S8D) as well as changes in the observed mass
(Figure S8E). The slow formation of β- and δ-elimination products
were also observed. The formed elimination products were similarly
observed with the previously reported 7-NI purine mimic.[20]

Characterizing secondary structure of oligos by circular dichroism
spectroscopy: CD spectroscopy was performed on a JASCO J-815
spectropolarimeter using previously described methods.[48] Briefly,
15 nmol of DNA was annealed in PBS buffer. After annealing,
prepared samples were placed into a 1 mm path length quartz
cuvette (Starna cells cat# 21-Q-1) diluting to a total volume of
200 μL with additional PBS. Each sample was run two times and
their spectra was averaged (Figure S9).

Light intensity determination: The intensity of the light source [I,
Eq. (1)] was determined by using K3[Fe(C2O4)3] actinometry as
previously described for both the 254- and 350-nm bulbs.[49,50]

Iðein cm� 2 s� 1Þ ¼
V1� V3� DA510

1000 mL
l

� �
� e510� V2�FFe� t (1)

where V1 is the volume of K3[Fe(C2O4)3] irradiated (mL), V2 is the
volume of the K3[Fe(C2O4)3] solution transferred to the volumetric
flask (mL), V3 is the volume of the volumetric flask (mL), ~A510 is the
difference in the absorbance at 510 nm between the irradiated and
non-irradiated samples, e510 is the extinction coefficient of K3[Fe-
(C2O4)3] at 510 nm (11100 M� 1 cm� 1), ΦFe is the quantum yield of
K3[Fe(C2O4)3] · 3H2O (1.21), and t is the time irradiated (s). The
intensity of the 254- and 350-nm bulbs was calculated and shown
in Table S2.
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