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ABSTRACT: RNA undergoes oxidatively induced damage in
living organisms analogous to DNA. RNA is even more vulnerable
to damage than DNA due to its greater abundance, single-
strandedness, lack of repair and chromatin proteins shield, and
instability, among other effects. RNA damage can adversely affect
gene expression, leading to protein synthesis alterations, cell death,
and other detrimental biological consequences. Growing indica-
tions suggest the involvement of oxidatively induced RNA damage
in the pathogenesis of various human diseases, aging, and age-
related diseases. Oxidatively induced damage can cause mod-
ifications to all four heterocyclic bases in RNA. Precise measure-
ment of such modifications in RNA is essential for understanding
the biological effects of oxidatively induced RNA damage. In the past, mass spectrometry has been used for this purpose. In mass
spectrometric measurements, the use of stable isotope-labeled analogues of analytes as internal standards is essential for accurate
quantifications. Past work utilized a stable isotope-labeled analogue of 8-hydroxyguanosine only as an internal standard. Thus, far, no
stable isotope-labeled analogues of other oxidatively modified RNA nucleosides were available. In the present work, we report on the
preparation, isolation, and characterization of the 13C- and 15N-labeled analogues of a variety of modified pyrimidine- and purine-
derived RNA nucleosides. We also show the application of these internal standards for the measurement of oxidatively induced RNA
damage in several commercially available RNA samples and in DNA along with DNA damage.

1. INTRODUCTION
In aerobic living organisms, oxygen-derived species, including
free radicals, are continuously formed by regular intracellular
metabolism and by exogenous sources such as ionizing
radiations, UV radiation, redox-cycling drugs, carcinogenic
compounds, environmental pollutants, etc. [reviewed in refs
1−4]. Oxygen metabolism produces hydroxyl radical (•OH),
superoxide radical (O2•−) and nonradical H2O2. Ionizing
radiations also produce these species, an H atom (H•), a free
radical, and a hydrated electron (eaq−) [reviewed in refs 1 and
3]. The hydroxyl radical is highly reactive, engaging with
biological molecules at rates that approach the limits of
diffusion-controlled kinetics [reviewed in refs 1, 3, and 4].
Interestingly, •OH has also been identified in the lower
atmosphere (troposphere), contributing to the chemistry of
this part of the atmosphere.5,6 Reactions of •OH with DNA
generate an overabundance of products from the heterocyclic
DNA nucleobases and the 2′-deoxyribose moiety of DNA
[reviewed in refs 3, 4, and 7]. This category of damage is
referred to as oxidatively induced DNA damage, characterized
by modifications to the DNA structure resulting from oxidative
stress. The heterocyclic nucleobases and the ribose moiety in
RNA can also undergo reactions with •OH and other reactive

species leading to oxidatively induced RNA damage. In the
past, however, this type of modification of RNA has received
much less attention than that to DNA, although various types
of RNA in different cellular components are more vulnerable
to oxidatively induced damage than DNA due to more
abundance of RNA than DNA, single-strandedness, and lack of
repair among other factors.8−25 Other numerous modifications
also occur in RNA molecules as identified since the 1950s with
the discovery of pseudouridine26,27 and other modified
nucleosides.28−33 A summary of close to 100 modified
nucleosides in RNA has been published.34−36 Mass spectrom-
etry has been widely used for the identification and
characterization of modified RNA nucleosides.37−40 The
untargeted analysis by a DNA/RNA adductomics approach
and the measurement of a variety of methylated purine
nucleosides using mass spectrometry have also been
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demonstrated.41,42 More developments in the field of the
measurement of oxidatively induced DNA damage and RNA
damage, among other types of damage, have been extensively
reviewed.43,44

RNA modifications disturb translational accuracy, leading to
adverse effects on protein synthesis. This can trigger cell
deterioration, leading to cell death and other detrimental
biological consequences. There is an increasing body of
evidence indicating that RNA damage induced by oxidative
stress plays a significant role in the pathogenesis of various
human diseases, as well as in the processes of aging and age-
related diseases.16,19,24,33,45−68 The importance of the potential
occurrence of oxidatively induced damage to RNA is related to
its growing use in RNA-based therapeutics such as mRNA
vaccines, antisense therapeutics, genome editing, RNA
interference, RNA aptamers, microRNAs, RNA drugs, RNA
edi t ing , RNA modificat ions as b iomarkers and
others,.33,66,69−81 Those processes require the application of
adequate methodologies and securing proper quality control
procedures. Ribonucleotides are inserted into DNA during
replication by DNA polymerases, leading to genomic
instability.82−85 The presence of noncanonical ribonucleotides
in DNA and the emerging significance of the involvement of
RNA in the repair of DNA damage enhances the importance of
RNA damage.55,84−92 A recent report published in 2024 by the
US National Academies of Sciences, Engineering, and
Medicine emphasized the mounting evidence that RNA
modifications can lead to a variety of human diseases and a
better understanding and measurement of such modifications
may result in targeted medical treatments.93 Among the several
key efforts suggested was also the development of standards for
the measurement of RNA modifications.
In the past, oxidatively induced RNA damage was

investigated using different methodologies (reviewed in ref
64). Employing liquid chromatography−tandem mass spec-
trometry (LC−MS/MS), hydroxyl radical-induced damage via
ionizing radiation to polyadenylic acid as a model compound
for RNA was shown to lead to the formation of 8-
hydroxyadenosine (8-OH-Ado), 4-amino-5-formylamino-6-
(ribosyl)aminopyrimidine (FapyAdo), (5′R)-8,5′-cycloadeno-
sine (R-cAdo), and (5′S)-8,5′-cycloadenosine (S-cAdo).94 In
RNA, the most widely measured product was 8-hydroxygua-
nine (8-OH-Gua) (also named 8-oxoguanine) as its nucleoside
form 8-hydroxyguanosine (8-OH-Guo) using a variety of
analytical procedures and disease conditions, and, in some
cases, together with the quantification of 8-hydroxy-2′-
deoxyguanosine (8-OH-dG).13,21,44,52,67,95−103 8-OH-Gua is
also one of the amplest products in oxidatively damaged DNA
(reviewed in refs 3, 4, and 7). Other products such as 2-amino-
4-hydroxy-5-formyalamino-6-(ribosyl)aminopyrimidine (Fapy-
Guo), FapyAdo, and 8-OH-Ado and an additional oxidation
product of 8-OH-Gua, i.e., guanidinohydantoin, were also
identified in RNA using LC−MS/MS.21 The formation of the
secondary product guanidinohydantoin was most likely due to
the use of a very high level of the oxidizing agent.
In the previous measurements of the oxidatively induced

RNA damage using mass spectrometry, no stable-isotope-
labeled analogues of the analytes were used as internal
standards except for 8-OH-Guo.13,67 In some cases, it is not
even clear as to how the quantifications had been achieved. In
mass spectrometric measurements, it is essential to use stable
isotope-labeled analogues of the analytes as internal standards
for unequivocal identification and accurate quantification. In

the present work, we report on the production, isolation, and
characterization of 13C- and 15N-labeled analogues of a variety
of the oxidatively damaged purine and pyrimidine nucleosides
of RNA to be used as internal standards for the mass
spectrometric measurement of oxidatively induced RNA
damage.

2. RESULTS AND DISCUSSION
This work aimed to produce, isolate, and characterize the 13C-
and 15N-labeled analogues of oxidatively induced RNA
nucleosides as internal standards for the measurement of
RNA damage in biological samples by mass spectrometry with
isotope-dilution. To produce these compounds, we used our
previously published procedures for the production and
isolation of the stable isotope-labeled analogues of modified
DNA nucleosides.104−107 The samples of γ-irradiated Ado-15N5
and Guo-15N5 were analyzed by LC with UV-detection. Figure
S1A,B shows the elution profiles of the LC analysis with UV
detection of the modified nucleosides obtained from γ-
irradiated Ado-15N5 and Guo-15N5, respectively. The collected
areas of the effluents corresponding to each product are shown
by green (starting point) and red (ending point) indicators.
For the structural conformation, LC−MS/MS under the MS
mode was used to individually record the total-ion mass
spectra of the isolated compounds. Two peaks for
FapyAdo-15N5 were observed, likely corresponding to the β
and α anomers of the pyranose forms of this compound in
aqueous solution in analogy to the anomers of FapydA
identified in γ-irradiated 2′-deoxyadenosine,104,108−112 with the
β anomer of the pyranose forms eluting before the α-anomer of
the pyranose forms on a reversed-phase column.109 Previous
studies have shown the epimerization of FapydAdo and
FapydGuo from their furanose forms into their pyranose forms
in an aqueous solution once released from DNA.108−111 The
pyranose form of these compounds is unattainable in DNA or
RNA due to the 5′-protection of the furanose form.108,109
Figure 1 shows the full-scan mass spectrum of FapyAdo-15N5,
which exhibited a protonated molecular ion (MH+) at m/z 291

Figure 1. Full-scan mass spectrum of FapyAdo-15N5 (*denotes
position of 15N isotope).
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as the base peak, a doubly protonated free base ion (BH2+) at
m/z 159 and a sodium adduct ion (MNa+) at m/z 313, as
expected from the previously published mass spectra of
unlabeled FapyAdo,21,94 and FapydAdo.104,109 FapyGuo-15N5
also yielded two peaks corresponding to its β- and α-pyranose
forms in analogy to FapydA. Its full-scan mass spectrum is
shown in Figure 2, which exhibited an MH+ at m/z 307 as the
base peak, a BH2+ at m/z 175 and an MNa+ at m/z 329 in
accordance with the mass spectrum of unlabeled FapyGuo.21

The mass spectrum of 8-OH-Ado-15N5 consisted of an MH+
at m/z 289 as the base peak, a BH2+ ion at m/z 157 and an
MNa+ at m/z 311 (Figure 3), agreeing with the previously
published mass spectrum of unlabeled 8-OH-Ado.21,94

Similarly, the mass spectrum of the commercially available 8-
OH-Guo-13C,15N2 exhibited the corresponding ions at m/z
303 (MH+) (base peak), m/z 171 (BH2+) and m/z 325
(MNa+) (Figure 4). (5′R)-8,5′-cAdo-15N5 and (5′S)-8,5′-

cAdo-15N5 exhibited identical mass spectra with an MH+ at m/
z 271 as the base peak, an MNa+ at m/z 293 and an ion at m/z
169, which results from the simultaneous cleavage of the
glycosidic bond and the bond between the 4′-carbon and 5′-
carbon of the ribose moiety with an H atom transfer and
contains the base moiety and the 5′-CHOH portion of the
ribose moiety plus an H atom (Figures 5 and 6).94,104,105

Similarly, the mass spectra of (5′R)-8,5′-cGuo-15N5 and (5′S)-
8,5′-cGuo-15N5 had the corresponding ions at m/z 287 (MH+),

Figure 2. Full-scan mass spectrum of FapyGuo-15N5 (*denotes
position of 15N isotope).

Figure 3. Full-scan mass spectrum of 8-OH-Ado-15N5 (*denotes
position of 15N isotope).

Figure 4. Full-scan mass spectrum of 8-OH-Guo-13C,15N2 (*denotes
position of 15N isotope).

Figure 5. Full-scan mass spectrum of R-cAdo-15N5 (*denotes position
of 15N isotope).
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m/z 309 (MNa+) and m/z 185 (Figures 7 and 8). Next, the
absorption spectra of the isolated compounds were recorded.

The β- and α-anomers of FapyAdo-15N5 gave identical
absorption spectra with a maximum at 262 nm (Supporting
Information Figure S2). As expected, these absorption spectra
were identical to that of 4,6-diamino-5-formamidopyrimidine
(FapyAde).113,114 Supporting Information Figure S3 shows the
absorption spectrum of FapyGuo-15N5 with a maximum at 266
nm, which is essentially identical to the previously published
spectrum of 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua).113 The absorption spectra R-cAdo-15N5 and S-
cAdo-15N5 were identical with a maximum at 265 nm
(Supporting Information Figure S4) in previously.104,115,116

R-cGuo-15N5 and S-cGuo-15N5 exhibited identical absorption

spectra (Supporting Information Figure S5) with the
absorption maximum at 270 nm. The absorption spectrum
of 8-OH-Ado-15N5 with a agreement with the absorption
spectrum of the commercially available S-cAdo and that of
cAdo published maximum at 268 nm (Supporting Information
Figure S6) was similar to that of 8-hydroxyadenine (8-OH-
Ade).113 Two absorption maxima at 245 and 294 nm were
observed in the absorption spectrum of 8-OH-Guo-15N5
(Supporting Information Figure S7) in agreement with that
of 8-OH-dGuo identified in DNA.117,118 The concentrations of
the labeled compounds in their aqueous solutions were
measured using their molar absorption coefficients (L mol−1
cm−1) as follows: FapyAdo-15N5, 4700 at 262 nm,
FapyGuo-15N5, 12,900 at 266 nm, 8-OH-Ado-15N5, 12,200 at
260 nm, 8-OH-Guo-13C,15N2, 12,300 at 245 nm and 10,300 at
294 nm.113,114,117 R-cAdo-15N5 and S-cAdo-15N5, 15,200 at 265
nm,104 R-cGuo-15N5 and S-cGuo-15N5, 13,000 at 270 nm.

107

5-OH-Cyd-13C9,15N3 and 5-OH-Urd-13C9,15N2 were col-
lected using the analytical column. However, 5-OH-
Cyd-13C9,15N3 and 5-OH-Urd-13C915N2 could not be isolated
in pure forms because of other coeluting compounds. The
concentration of 5-OH-Cyd-13C9,15N3 in the collected fraction
was measured by GC−MS/MS using the commercially
available 5-OH-Cyt-13C,15N2 as an internal standard. For this
purpose, a known amount of the collection fraction containing
5-OH-Cyd-13C9,15N3 was mixed with a known amount of 5-
OH-Cyt-13C,15N2. The mixture was dried in a SpeedVac and
then hydrolyzed with formic acid (60%) followed by
lyophilization. The lyophilized sample was trimethylsilylated
and analyzed by GC−MS/MS using the transition m/z 346
(M+•) → m/z 345 (M − •H) for the trimethylsilyl derivative
(TMS) of 5-OH-Cyt-13C,15N2, and the transition m/z 350
(M+•) → m/z 349 (M − •H) for the TMS derivative 5-OH-
Cyt-13C4,15N3 under the experimental conditions described
previously.119 The concentration of 5-OH-Urd-13C915N2 in the
collected fraction was measured by LC−MS/MS using the
commercially available 5-OH-Urd as an internal standard and
the m/z 272 (MH+) → m/z 135 (base + 2H) transitions for 5-

Figure 6. Full-scan mass spectrum of S-cAdo-15N5 (*denotes position
of 15N isotope).

Figure 7. Full-scan mass spectrum of R-cGuo-15N5 (*denotes position
of 15N isotope).

Figure 8. Full-scan mass spectrum of S-cGuo-15N5 (*denotes position
of 15N isotope).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c09310
ACS Omega 2025, 10, 1519−1530

1522

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09310/suppl_file/ao4c09310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09310/suppl_file/ao4c09310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09310/suppl_file/ao4c09310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09310/suppl_file/ao4c09310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09310/suppl_file/ao4c09310_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09310/suppl_file/ao4c09310_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09310?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


OH-Urd-13C9,15N2 and m/z 261 (MH+) → m/z 129 (base +
2H) transitions for 5-OH-Urd.
The limit of quantification (LOQ) with a signal-to-noise

ratio of 10 for each compound injected on the LC column was
measured using the SRM mode of the MS/MS. They were as
follows: 7 fmol of FapyAdo-15N5, 13 fmol of FapyGuo-15N5, 2.5
fmol of 8,5′-cAdo-15N5, 200 fmol of 8,5′-cGuo-15N5, 19 fmol of
8-OH-Guo-15N3 and 1.2 fmol of 8-OH-Ado-15N5, 1 fmol of 5-
OH-Cyd-13C9,15N3, and 6 fmol of 5-OH-Urd-13C9,15N2. To
validate the use of the isolated standards, we used RNA
samples purchased from three different commercial sources to
determine whether modified nucleosides can be identified and
quantified. Aliquots of the isolated stable isotope-labeled
internal standards were added to aliquots of RNA samples.
Following hydrolysis of the RNA samples to nucleosides, the
hydrolysates were analyzed by LC−MS/MS with SRM using
the following m/z transitions:
m/z 286 → m/z 154 (FapyAdo), m/z 291 → m/z 159

(FapyAdo-15N5), m/z 302 → m/z 170 (FapyGuo), m/z 307 →
m/z 175 (FapyGuo-15N5), m/z 260 → m/z 128 (5-OH-Cyd),
m/z 272 → m/z 135 (5-OH-Cyd-13C9,15N3), m/z 261 → m/z
129 (5-OH-Urd), m/z 272→ m/z 135 (5-OH-Urd-13C9,15N2),
m/z 266 → m/z 164 (R-cAdo and S-cAdo), m/z 271 → m/z
169 (R-cAdo-15N5 and S-cAdo-15N5), m/z 282 → m/z 180 (R-
cGuo and S-cGuo), m/z 287 → m/z 185 (R-cGuo-15N5) and
(S-cGuo-15N5), m/z 300 → m/z 168 (8-OH-Guo), m/z 303→
m/z 171 (8-OH-Guo-13C,15N2), m/z 284 → m/z 152 (8-OH-
Ado), m/z 289 → m/z 157 (8-OH-Ado-15N5). Figure 9 shows
an example of ion-current profiles of the m/z transitions of the
RNA modified nucleosides and their stable isotope-labeled
analogues as internal standards, recorded during the analysis of
a hydrolyzed RNA sample. As indicated above, the β- and α-
pyranose forms of both FapydAdo and FapydGuo were
observed. In addition, we wished to find out whether DNA
samples would contain RNA nucleoside lesions, which may be
formed by modification of ribonucleotides introduced into
DNA by DNA polymerases (reviewed in refs 88 and 89).
Aliquots of a commercially available calf thymus DNA sample
were mixed with the aliquots of the stable isotope-labeled RNA
standards. To simultaneously check some modified DNA
nucleosides for comparison, stable isotope-labeled DNA
standards R-cdA-15N5, S-cdA-15N5, R-cdG-15N5 and S-
cdG-15N5, and 8-OH-dG-15N5 were also added. DNA samples
were hydrolyzed to nucleosides and then analyzed by LC−
MS/MS with SRM using the m/z transitions listed above for
the modified RNA nucleosides, and the following m/z
transitions for the modified DNA nucleosides: m/z 250 →
m/z 164 (R-cdA and S-cdA), m/z 255 → m/z 169 (R-
cdA-15N5 and S-cdA-15N5), m/z 266 → m/z 180 (R-cdG and
S-cdG), m/z 271 → m/z 185 (R-cdG-15N5 and S-cdG-15N5),
m/z 284 → m/z 168 (8-OH-dG), m/z 289 → m/z 173 (8-
OH-dG-15N5).

120,121 Figure 10 shows the measured levels of
the modified RNA nucleosides in three commercially available
RNAs purchased from different merchants. Intense levels of
some of the modified nucleosides were observed. 8-OH-Guo
had the highest level in all three RNAs.
Figure 11 shows the levels of modified RNA nucleosides in

calf thymus DNA that were readily detectable. These results
unequivocally demonstrate, for the first time, the presence of
oxidatively modified RNA nucleosides in DNA. The
incorporation of noncanonical ribonucleotides into DNA by
DNA polymerases is well-known.82−85 However, the mod-
ification of incorporated RNA nucleosides in DNA has not

been shown previously. As a comparison, the levels of modified
DNA nucleosides, which were measured simultaneously in the
same DNA samples, are shown in Figure 12. The levels of
DNA base lesions in calf thymus DNA separately measured by
GC−MS/MS are given in Figure 13.

3. CONCLUSIONS
We produced, isolated, and characterized the stable isotope-
labeled analogues of purine- and pyrimidine-derived lesions of

Figure 9. Ion-current profiles of the m/z transitions of modified RNA
nucleosides and their stable isotope-labeled analogues as internal
standards recorded during the analysis by LC−MS/MS with SRM of
the hydrolysate of an RNA sample. Note that 5-OH-Cyd-13C9,15N3
and 5-OH-Urd-13C9,15N2 undergo the same transition: m/z 272→ m/
z 135.
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RNA nucleosides to be used as internal standards for the
accurate identification and quantification of oxidatively
induced RNA damage. We demonstrated, for the first time,
the measurement of a variety of modified pyrimidine and
purine nucleosides in RNA samples using these stable isotope-
labeled internal standards. Moreover, we showed, also for the
first time, the measurement of modified pyrimidine and purine
nucleosides of RNA in DNA, along with some modified DNA
nucleosides. The RNA and DNA samples used in the present
work were commercially available ones. In future studies, the

Figure 10. Levels of modified RNA nucleosides in RNA.
Uncertainties are standard deviations, n = 3.

Figure 11. Levels of modified RNA nucleosides in calf thymus DNA.
Uncertainties are standard deviations, n = 3.

Figure 12. Levels of modified DNA nucleosides in calf thymus DNA.
Uncertainties are standard deviations, n = 3.

Figure 13. Quantities of modified DNA bases in calf thymus DNA.
Uncertainties are standard deviations, n = 3.
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isolated stable isotope-labeled standards may be used for the
accurate measurement by mass spectrometry of modified RNA
nucleosides in RNA as well as in DNA of biologically relevant
samples, and biological fluids such as urine.

4. MATERIALS AND METHODS
4.1. Materials. Phosphodiesterase I and calf thymus DNA

were bought from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Yeast RNA samples were purchased from Roche
Diagnostics Corporation (Indianapolis, IN, USA), European
Pharmacopoeia Reference Standard/Krackeler Scientific (Al-
bany, NY, USA) and Sigma-Aldrich (St Louis, MO, USA).
Nuclease P1 was obtained from US Biological (Salem, MA,
USA). Alkaline phosphatase was purchased from Roche
Diagnostics Corporation (Indianapolis, IN, USA). Water
with 0.1% (v/v) formic acid and acetonitrile with 0.1% (v/v)
formic acid (both mass spectrometry-grade) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
Adenosine-15N5 (Ado-15N5) and guanosine-15N5 (Guo-15N5)
were purchased from Medical Isotopes Inc. (Pelham, NH,
USA). 8-Hydroxyguanosine-13C,15N2 (8-OH-Guo-13C,15N2)
was obtained from Toronto Research Chemicals (Toronto,
ON, Canada). Cytidine-5′-monophosphate-13C9,15N3 ammo-
nium salt (CMP-13C9,15N3), uridine-5′-monophospha-
te-13C9,15N2 ammonium salt (UMP-13C9,15N2), 8-hydroxy-2′-
deoxyguanosine-15N5 (8-OH-dG-15N5) and 5-hydroxycytosi-
ne-13C,15N2 (5-OH-Cyt-13C,15N2) were purchased from Cam-
bridge Isotope Laboratories (Andover, MA, USA). 5-
Hydroxyuridine (5-OH-Urd) was purchased from Smolecule,
Inc. (Pasadena, CA, USA). (5′S)-8,5′-Cycloadenosine (S-
cAdo) was obtained from Berry & Associates, Inc. (Ann Arbor,
MI, USA). Nanosep centrifugal devices 3K Omega Pall Lab
were purchased from VWR (Radnor, PA, USA). Reverse
osmose water purified through Thermo Scientific Barnstead
GenePure Water Purification System (Waltham, MA, USA)
was used for all other than LC applications.
4.2. Preparation of Stable Isotope-Labeled Com-

pounds. The only commercially available stable isotope-
labeled analogue of a modified RNA nucleoside was 8-OH-
Guo-13C,15N2. Stable isotope-labeled analogues of 8-OH-Ado,
FapyAdo, R-cAdo, S-cAdo, FapyGuo, (5′R)-8,5′-cycloguano-
sine (R-cGuo), (5′S)-8,5′-cycloguanosine (S-cGuo), 5-hydrox-
ycytidine (5-OH-Cyd), and 5-OH-Urd were not commercially
available. To prepare these compounds, the aqueous solutions
of commerc ia l ly ava i l ab le Ado- 1 5N5 , Guo-1 5N5 ,
CMP-13C9,15N3, and UMP-13C9,15N2 (5 mg each in 40 mL
of water) were bubbled with N2O for 1 h and then γ-irradiated
in a 60Co γ-source at a dose of 400 Gy (dose rate, 5.53 Gy/
min) as previously described for the isolation of stable isotope-
labeled analogues of modified DNA nucleosides.104−107 Based
on the known effects of ionizing radiation on nucleic acid
components,3,104−107,116 this treatment was expected to
produce the modified RNA nucleosides mentioned above.
The irradiated solutions were lyophilized to dryness. For
dephosphorylation of CMP-13C9,15N3 and UMP-13C9,15N2
irradiation products, the dried compounds were dissolved in
1 mL of 10 mmol/L phosphate buffer (pH 8.0) and incubated
with alkaline phosphatase (5 units) at 37 °C for 24 h. The
samples were filtered using ultrafiltration membranes with a
molecular mass cutoff of 3 kDa by centrifugation at 11,000g for
45 min at 10 °C. The internal standards (5′R)-8,5′-cyclo-2′-
deoxyadenosine-15N5 (R-cdA-15N5), (5′S)-8,5′-cyclo-2′-deoxy-
adenosine-15N5 (S-cdA-15N5), (5′R)-8,5′-cyclo-2′-deoxyguano-

sine-15N5 (R-cdG-15N5), and (5′S)-8,5′-cyclo-2′-deoxyguano-
sine-15N5 (S-cdG-15N5) were produced and isolated as
previously described.105,107

4.3. Preparation of RNA and DNA Samples. Both types
of nucleic acids were dissolved in 25 mL of mass spectrometry-
grade water at the concentration of 0.350 mg/mL. Concen-
trations were measured using NanoDropOneC, Thermo
Scientific (Waltham, MA, USA). Dissolved RNAs and DNA
were placed in the dialysis tubes (Spectra/Por 7 Dialysis
Membrane, Pretreated RC Tubing, MWCO: 2 kDa, Repligen,
Waltham, MA, USA) and dialyzed against LC−MS grade water
changed 3 times for 6 h at 4 °C. After dialysis, nucleic acid
concentration was measured again, and samples for analysis
were aliquoted 50 μg each into 1.5 mL DNase/RNase free
tubes and dried in speed-vac.
4.4. Identification of Modified RNA Nucleosides in

Irradiated Samples by Liquid Chromatography−Tan-
dem Mass Spectrometry. Aliquots (5 μL) of irradiated
samples of Ado-15N5 and Guo-15N5 were analyzed using a
Thermo TSQ Altis Triple Stage Quadrupole MS/MS system
with a vanquish flex quaternary ultrahigh-performance liquid
chromatography (UHPLC) front-end system equipped with a
diode array UV detector (Thermo Fisher Scientific, Waltham,
MA), and a Supelcosil LC-8-DB semipreparative column (25
cm × 10 mm, particle size 5 μm) (MilliporeSigma, Burlington,
MA) connected to the MS/MS. The effluents were divided by
a flow-splitter in a 4-to-1 ratio with a flow rate of 1.5 mL/min
to the UV detector monitoring eluted fractions at λ = 260 nm,
and with a flow rate of 0.5 mL/min to the MS/MS
(Supporting Information Figure S8). The column temperature
was kept at 30 °C. The MS/MS parameters were as follows:
spray voltage = 3.5 kV; tube lens offsets = 89 V for Q1 and Q3;
vaporizer temperature = 275 °C; ion transfer tube temperature
= 325 °C; sheath gas (nitrogen) pressure = 50 (arbitrary
units); auxiliary gas (nitrogen) pressure = 10 (arbitrary units);
sweep gas 2 (arbitrary units); collision gas (argon) pressure =
2.67 × 10−5 Pa (2 mTorr). Selected reaction monitoring
(SRM) data were acquired in the positive ionization mode at a
cycle time of 0.45 s, a Q1 resolution (full width at half-
maximum, fwhm) of 0.7, a Q3 resolution (fwhm) of 1.2 and a
chromatographic peak with 7 s. For the identification of the
products of Ado-15N5 and Guo-15N5, the SRM scans were
performed using the following mass/charge (m/z) transitions
expected on the basis of the known fragmentation patterns of
the nucleosides.21,94,104,105,109,122 m/z 289 → m/z 157 (8-OH-
Ado-15N5), m/z 291 → m/z 159 (FapyAdo-15N5), m/z 271 →
m/z 169 (R-cAdo-15N5) and S-cAdo-15N5), m/z 307 → m/z
175 (FapyGuo-15N5), m/z 287 → m/z 185 (R-cGuo-15N5 and
(S-cGuo-15N5). Irradiated and dephosphorylated samples of
CMP-13C915N3 and UMP-13C915N2 were analyzed using the
analytical column as described below and the following m/z
transitions for identification: m/z 272 → m/z 135 (5-OH-
Cyd-13C9,15N3) and m/z 272 → m/z 135 (5-OH-
Urd-13C9,15N2). These compounds were separated from each
other. Since m/z transitions were the same for both
compounds, commercially available 5-OH-Urd was used for
the distinction between them.
4.5. Isolation and Collection of Modified RNA

Nucleosides by Liquid Chromatography. Modified purine
nucleosides were collected using an Agilent liquid chromato-
graph 1100 equipped with a fraction collector (Agilent
Technologies, Wilmington, DE) and a Supelcosil LC-8-DB
semipreparative column (25 cm × 10 mm, particle size 5 μm)
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(MilliporeSigma, Burlington, MA). The solvents A and B were
water with 0.1% of formic acid plus 2% of acetonitrile and
acetonitrile with 0.1% formic acid, respectively. A gradient
from 0% of solvent B up to 11% in 18 min was used. The flow
rate was 2 mL/min. The autosampler and column temper-
atures were kept at 6 and 40 °C, respectively. After each
analysis, the solvent B was maintained at 90% for 7 min and
then at 0% for 25 min to equilibrate the column. All collected
fractions were dried in a SpeedVac concentrator (Savant,
SPD2010, Thermo Fisher Scientific, Waltham, MA). 5-OH-
Cyd-13C9,15N3 and 5-OH-Urd-13C9,15N2 were collected using
the analytical column under the conditions described below.
4.6. Analysis of Isolated Modified Nucleosides. The

isolated compounds were individually analyzed by LC−MS/
MS under MS mode to record their full-scan mass spectra. The
MS/MS conditions were as described above. A Zorbax Sb-Aq
narrow-bore LC column (2.1 × 150 mm, 3.5 μm particle size)
(Agilent Technologies, Wilmington, DE) with an attached
Agilent Eclipse XDB-C8 guard column (2.1 × 12.5 mm, 5 μm
particle size) was used. The column temperature was kept at
30 °C. Mobile phase A was water, and mobile phase B was
acetonitrile, both containing 0.1% formic acid (v/v). A
gradient of 2−10% of B/min in 5 min was used with a flow
rate of 0.5 mL/min. After 5 min, B was increased to 90% in 0.1
min and kept at this level for 2 min and then another 10 min at
2% to equilibrate the column. Full scan mass spectra were
acquired at a range of m/z 100−600 with a chromatographic
peak width of 6 s, a scan rate of 1000 Da/s, and a Q1
resolution (fwhm) of 0.7. SRM conditions were used as
described above.
4.7. Measurement of the UV Absorption Spectra of

the Isolated Compounds. The absorption spectra of the
isolated compounds were recorded using a Nanodrop OneC
(Thermo Fisher Scientific, Waltham, MA).
4.8. Hydrolysis of RNA and DNA Samples, and

Analysis of the Hydrolysates. Aliquots of 8-OH-Ado-15N5
(0.63 pmol), FapyAdo-15N5 (3.27 pmol), R-cAdo-15N5 (0.61
pmol), S-cAdo-15N5 (4.80 pmol), FapyGuo-15N5 (3.56 pmol),
R-cGuo-15N5 (0.95 pmol), S-cGuo-15N5 (1.15 p mol), 8-OH-
Guo-13C,15N2 (8.60 pmol), 5-OH-Cyd-13C9,15N3 (0.33 pmol),
and 5-OH-Urd-13C9,15N2 (0.07 pmol) were added to the 50 μg
aliquots of RNA samples from three different sources and calf
thymus DNA. In addition, the aliquots of the following internal
standards were added to the DNA samples: R-cdA-15N5, S-
cdA-15N5, R-cdG-15N5, S-cdG-15N5, and 8-OH-dG-15N5. Three
replicates of RNA and DNA samples were used. The samples
were dried in a SpeedVac at room temperature and then
dissolved in 60 μL of 10 mmol/L tris-HCl (pH 7.5),
containing 45 mmol/L ZnCl2, and supplemented with 2.5
μL of 1 mol/L Na-acetate. The samples were incubated with
nuclease P1 (1 unit), phosphodiesterase I (0.001 units), and
alkaline phosphatase (5 units) at 37 °C for 18 h. After
hydrolysis, the samples were filtered using ultrafiltration
membranes with a molecular mass cutoff of 3 kDa by
centrifugation at 12,000g for 30 min at 10 °C. Aliquots (50
μL) of these samples were analyzed by LC−MS/MS with SRM
using the m/z transitions of the modified RNA nucleosides
under the experimental conditions described above. The m/z
transitions used for the measurement of modified DNA
nucleosides and their internal standards were as previously
described.119

4.9. Measurement of the DNA Nucleobase Lesions in
Calf Thymus DNA. The levels of DNA nucleobase lesions

thymine glycol (ThyGly), 4,6-diamino-5-formamidopyrimidine
(FapyAde), 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua), and 8-hydroxyadenine (8-OH-Ade) were quanti-
fied in calf thymus DNA by GC−MS/MS with isotope-
dilution. The reason is that these modified bases can only be
measured by GC−MS/MS using their stable isotope-labeled
internal standards. There are no stable isotope-labeled
analogues of these compounds as 2′-deoxynucleosides in our
laboratory to be measured by LC−MS/MS. On the contrary,
R-cdA, S-cdA, R-cdG, and S-cdG can only be measured by
LC−MS/MS using their stable isotope-labeled internal stand-
ards, which exist in our laboratory as described above. 8-OH-
dG was measured by LC−MS/MS using its available stable
isotope-labeled internal standard along with R-cdA, S-cdA, R-
cdG, and S-cdG in the same samples.
Three replicates of DNA samples were treated with two

DNA glycosylases NTHL1 (a gift from Prof. Sylvie Doublie,́
Department of Microbiology and Molecular Genetics, Larner
College of Medicine, The University of Vermont) and
Escherichia coli Fpg (New England Biolabs) to remove these
lesions from DNA. This was followed by trimethylsilylation
and GC−MS/MS analysis using the m/z transitions as
previously described.119
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