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Abstract

OH®-induced oxidation products of DNA nucleosides and nucleotides have been structurally

characterized by collision-induced dissociation tandem mass spectrometry (CID-MS?) and
Infrared Multiple Photon Dissociation (IRMPD) spectroscopy. CID-MS? results have shown
that the addition of one oxygen atom occurs on the nucleobase moiety. The gas-phase
geometries of +16 mass increment products of 2’-deoxyadenosine (dA(O)HY), 2’-
deoxyadenosine 5’-monophosphate (dAMP(O)H™), 2’-deoxycytidine (dC(O)H*), and 2’-
deoxycytidine 5’-monophosphate (dACMP(O)H") are extensively investigated by IRMPD
spectroscopy and quantum-chemical calculations. We show that a carbonyl group is formed at
the C8 position after oxidation of 2’-deoxyadenosine and its monophosphate derivative. For
2’-deoxycytidine and its monophosphate derivative, the oxygen atom is added to the C5
position to form a C-OH group. IRMPD spectroscopy has been employed for the first time to
provide direct structural information on oxidative lesions in DNA model systems.
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1. Introduction

Reactive oxygen species (ROS), generated from both endogenous and exogenous sources
(mitochondrial™, peroxisomel?, ionizing radiation, solar light®®], metal-mediated Fenton
reactionl*l, etc.) can cause deleterious effects by disturbing the redox balance, and then
contribute to aging and age-related pathologies, such as Alzheimer diseases, cancer, and
atherosclerosis®®®. Even though cells have developed various antioxidant defense mechanisms
to recover the damages caused by ROS, a fraction of the modifications can escape from cellular
defense and temporarily or permanently damage the nucleic acids in cells. Among all essential
components in organisms, DNA plays a crucial role in storing and expressing biological
information in the normal function of the human body. Oxidative stress in DNA has harmful
consequences, such as cell death, mutations, cellular organelles dysfunction, and aging
acceleration "4, Therefore, there is a great interest in characterizing DNA oxidative damage
induced by ROS.

In order to simulate the oxidative stress in DNA residues, ionization of water by y-radiolysis
can be employed, leading to the formation of hydroxyl radicals ("OH) in aqueous solution,
which in turn oxidize water solutes !21% Reactions of *OH with DNA bases are characterized
by addition onto the double bonds in these molecules to give adduct radicals of bases.
Subsequent reaction of base radicals leads to a variety of products from each of the DNA bases,
which have been studied by gamma radiolysis or Fenton reaction in the presence of air. The
radicals can either be oxidized and hydrated or reduced depending on the presence of reductants
in solution. In DNA, the most susceptible site of oxidation is 2’deoxyguanosine (dG) because
the guanine heterocycle has the lowest reduction potential among the four DNA bases.
Oxidative damage to dG vyields products that result from OH attack on C5 or C8 of the
heterocyclic ring or on the 2-deoxyribose unit.

When free radicals react with the sugar moiety of DNA, sugar products and intact bases
are released from DNA. It has been shown that the introduction of one phosphate group into
the system decreases the rate constant of this processt**l. The rate constants of reactions
between model compounds and OH radicals were determined to be close to the diffusion rate.
Purine and pyrimidine bases are highly susceptible to OH radicals (rate constants 10°-10'° M-
1 s1), while the ribose phosphate moiety is less reactive (rate constant ~10° Mt s1) 51, Ljttle
information is available about the one-electron oxidation by OH radicals produced by gamma

radiolysis in the absence of air or of reductant, which should modify the oxidation process.
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The evolution of powerful MS-based characterization methods (HPLC-MS, GC-MS)
paved the way to detect oxidative lesions in DNA nucleobases and related derivatives(®l,
Extensive studies have been devoted to the understanding of oxidation processes in DNA
components and to the chemical formula annotations of productsi*4"-271, The oxidative lesions
have been mainly isolated and identified in model systems['®271. Although the identification
and quantification of these DNA lesions have been achieved by various chromatographic
methods!!6281 few studies have addressed the geometries of the oxidatively modified sites.

Recently, IRMPD spectroscopy combined with quantum-chemical calculation has
emerged as a powerful tool for identifying the conformations of protonated or deprotonated
DNA components?®34 and post-translational modifications (PTM) in peptidest®®. This MS-
based method involves an IR-triggered multiple-photon dissociation process occurring only at
resonant vibrational frequencies, which are highly molecular-structure specific. It is therefore
considered as a promising new approach for providing direct structural information on DNA
damages studies by mass spectrometry.

In this work we employed IRMPD spectroscopy to investigate the one-electron
oxidation of model systems generated by y-radiation induced hydroxyl radicals ("OH) in N2O-
saturated solutions. We unravel the geometries of the final oxidation products in nucleotides
and nucleosides. Investigated molecules are presented in Figure 1. DNA oxidation products
and modified sites in molecules have been determined by Fourier Transform lon Cyclotron
Resonance-Mass Spectrometry (FT-ICR-MS) and collision-induced dissociation tandem mass
spectrometry (CID-MS?). CID-MS? experiments provided sequence information and helped to
identify the modified sites. For the first time, IRMPD spectroscopy experiments combined with
guantum-chemical calculations have been carried out to determine the diagnostic spectral
features of oxidative lesions in DNA components from which detailed information of the
modified sites has been obtained.

2. Results and discussion

dA and dAMP. The mass spectra of non-irradiated and irradiated solutions in a N.O
atmosphere for dA and dAMP are shown in Figure S12. The most intense peaks observed in
the mass spectra of non-irradiated solutions at m/z 252 and 332 are attributed to protonated dA
and dAMP, respectively. For dA, the single oxidation product at m/z 268 (M+16 Da) and the
double oxidation product at m/z 284 (+32 Da) are observed after y-radiolysis induced oxidation.

A peak at m/z 282 is observed as well as a result of double oxidation and dehydrogenation
3



(+32-2 Da). For dAMP, the same three product ions are formed and observed at m/z 348, 364,
and 362, respectrively. Protonated molecules and oxidation forms of dA and dAMP were mass
isolated and fragmented by CID-MS? (Figure S13 and S14). The peaks observed in the CID-
MS? mass spectra are listed and identified in Table S1 and S2.

Protonated dA (m/z 252) and dAMP (m/z 332) give a typical fragment at m/z 136, which
corresponds to AH*. The singly oxidized products dA(O)H* and dAMP(O)H" underwent the
neutral loss of a deoxyribose (-116 Da) and of deoxyribose monophosphate (-196 Da) leading
to the formation of A(O)H*, revealing that the oxygen addition occurs on the adenine moiety.
However [dA(O)2-H2] (m/z 282), shows a typical fragment at m/z 136, indicating that H> loss
occurs on the sugar moiety. Based on these observations, it can be inferred that the deoxyribose
moiety of dA undergoes H abstractions from the deoxyribose moiety forming [dA-H2]. The
addition of two oxygen atom form [dA(O)2-H2]"*® However, the structure of this oxidation

product has not been characterized by IRMPD in this present study.

In the case of dAMP(O)2H" (m/z 364), the m/z 168 fragment shows that both oxygen atoms are
added on the nucleobase moiety. The CID-MS? fragmentation mass spectrum of [dAMP(O),-
H2] reveals the loss of neutral deoxyribose monophosphate (-196 Da), confirming the
oxidation-induced modification occurred on the base moiety as well. This is due to the fact that
the introduction of one phosphate group into the system decreases the rate constant of the
process inducing the oxidation on the sugar 51,

In deuterated aqueous solution, a combined process of oxygen addition and dehydrogenation
takes place. In cells, the radiation chemistry is more complex since oxygen and superoxide ions,
oxidation by neighboring proteins, etc., concur in modifying the DNA. In particular, irradiation
of cells by y-radiolysis led to two main products: 8-oxo-7,8-dihydroadenine (8-oxoAde) and
4,6-diamino-5-formamidopyrimidine (Fapy-Ade) [36],

The IRMPD spectra of dAH* (m/z 252), its single oxidation product dA(O)H" (m/z 268) and
AdoH" (m/z 268) are shown in Figure 2(a). The IRMPD spectra of dAH" and AdoH" have
previously been recorded by Rodgers and co-workers B, A peak at 1809 cm™ is observed in
the IRMPD spectrum of dA(O)H" compared to dAH™. This band can be assigned to the
stretching mode of a C=0 group. This observation is in agreement with the structure of 8-
oxoAde (M+16) in which the additional oxygen forms a carbonyl group on the adenine moiety
[14:38.39 |n the hydrogen-stretching region, dAH* and AdoH* show three bands at 3421 cm
(intense), 3532 cm™ (weak) and 3667 cm™ (intense). The strong band at 3421 cm™ can be

assigned to the symmetric NH stretching. The band observed at 3667 cm™ can be ascribed to
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the stretching of 3’- and 5’-hydroxyl substituents. The band at 3532 cm™ is assigned to the
asymmetric NH: stretching. AdoH* shows an additional weak band at 3581 cm assigned
to the stretching mode of the hydroxyl group in position 2°. This band is not observed in the
IRMPD spectrum of dA(O)H", confirming the formation of a carbonyl group after oxidation.
A specific band at 3491 cm™ is observed in the IRMPD spectrum of dA(O)H* in the NH/OH
stretching region.

Experimental IRMPD spectra of dAMPH™* and dAMP(O)H" have been recorded and compared
in Figure 2(b) as well. In the fingerprint region, JAMP(O)H™ has two extra bands at 1549 cm
Land 1804 cmt, respectively compared to the protonated form. According to previous work by
Rodgers and co-workers on JAMPH®* and AdoMPH*32] we propose the following assignments.
A diagnostic band observed at 1804 cm™ for AAMP(O)H* can be attributed to the stretching
mode of the carbonyl group formed after oxidation by OH radicals. In the NH/OH stretching
region, two bands at 3431 cm™ and 3658 cm™, respectively, arise from the symmetric NH;
stretching and 3’- hydroxyl with P-OH stretching. The weak band at 3536 cm™ of dJAMPH?* is
assigned to NH> asymmetric stretching. Interestingly, the single oxidation product
dAMP(O)H" shows similar bands in the NH/OH stretching region as already observed for
dA(O)H*, which indicates that the oxidation process is very similar to that already observed
after the oxidation of dA.

DFT calculations were carried to elucidate the structures of dA(O)H™ and dAMP(O)H" in the
gas phase. The calculated structures for the oxo-form of dA and dAMP are referred to as dAO
and dJAMPO, respectively. The types of the structures (“k” for ketone forms, “e” for enol forms,

9o
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and for iminol forms) and an energetic ranking number are indicated in the structure
nomenclature for the sake of clarity.

A comparison of the experimental and calculated spectra for the lowest energy conformers for
dA(O)H" is shown in Figure 3. The calculated IR spectrum of the most stable structure
dAO_k1, characterized by protonation on N3, is in good agreement with the experimental
IRMPD spectrum. dAO_K1 is stabilized by a hydrogen-bonding interaction of N3H*---O5’ and
shows a puckered structure. Structures dAO_k2, dAO_k3, and dAO_k4 are higher in energy
compared to dAO_k1. They show similar IR spectra as dAO_k1 and should be populated
under our experimental conditions. The structures and spectra of possible iminol conformers
(dAO _i1,dAO i2,dAO i3,dAO i4) of dA(O)H" have been reported in Figure SI15-6. Iminol
conformers can be discarded due to spectral mismatch. We therefore assign dA(O)H" to ketone

conformers, and the IR band assignements of dA(O)H" are detailed in Table S3.



A comparison of the experimental IRMPD spectrum for dAMP(O)H* with calculated IR
spectra of lowest energy isomers is shown in Figure 4. Similar to dA(O)H*, the most stable
structure, dAAMPO _k1, exhibits a good agreement with the IRMPD spectrum. dAMPO _Kk1 is
protonated on the N3 atom, it has a puckered structure and it is stablized by the formation of
hydrogen bond N3H"---02”=P. Iminol forms dAMPO i1 and dAMPO _i2 are ruled out due
to the lack of the prominent band at 1804 cm™ and of the band at 3483 cm™. The mismatch in
the NH/OH stretching region excludes dAMPO_k2. Structures and spectra of conformers at
higher energy are displayed in Figure SI17-8. Detailed assignments of the observed IRMPD
bands of [dAMP(O)+H]* are summarized in Table Sl4.

dC and dCMP. The MS spectra of non-irradiated and irradiated solutions in a N2O atmosphere
for dC and dCMP, are shown in Figures S19(a) and (b), respectively. The peak at m/z 228 in
the mass spectrum of dC is assigned to dCH* while the most intense peak in the spectrum of
dCMP at m/z 308 is attributed to dCMPH". Single and double oxidation products (M+16 and
M+32) are observed in both solutions. In cellular DNA, other stable oxidation products have
been observed: Hyd-Ura (M+5) and Imid-Cyt, (M+50)*4 | These product ions are not observed
in our experiments. The observed fragments in the CID-MS? mass spectra for dC, dCMP, and
their oxidation products are listed and assigned in Table SI15-6.

According to the fragments observed in the CID-MS? spectra (Figure SI110-11), the oxidation
products of dC and of dCMP show the loss of intact deoxyribose moiety (-116 Da) and of
deoxyribose monophosphate (-196 Da), respectively. These observations indicate that only the
nucleobase is oxidized. Previous studies performed on DNA oxidation in lymphocytes from
healthy volunteers indicated the formation of 5-OHCyt 491,

A comparison of IRMPD spectra for dCH", dC(O)H* and CydH" is reported in Figure 5(a).
IRMPD spectra for dC(O)H" recorded at the FELIX laboratory and at the CLIO facility are
clearly different. The IRMPD spectra of dC and Cyd have been previously recorded by
Rodgers and co-workers ! and are reported here for the sake of clarity. It was shown that N3
and O2 protonated tautomeric conformations coexist in the gas phase for dCH". In the
fingerprint region, the spectrum of dC(O)H" recorded at FELIX laboratory shows a band at
1781 cm™ which can be assigned to the C2=0 stretching mode. The band at 1504 cm™ in the
spectrum of dC(O)H" recorded at the CLIO facility has a high intensity compared to the one in
the spectrum recorded at the FELIX laboratory. This band can be attributed to the bending

mode of a C=0OH" group, indicating that different conformers should be populated in the two
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experimental set-ups. In the NH/OH stretching region, these species have bands at 3660 cm™,
3577 cmt, 3536 cm™ and 3426 cm™, respectively. The IRMPD spectrum of dC(O)H* shows
an additional band at 3635 cm™, which is assigned to the OH stretching mode of the 5-OHCyt
product.

The comparison of the IRMPD spectra for dACMPH™* and dCMP(O)H" is reported in Figure 5
(b). Spectral assignments of ACMPH™ in the gas phase have been proposed by Rodgers and co-
workers. 2, In the fingerprint region, dCMPH* shows a C=0 stretching band at 1774 cm™.
The intensity of this band is reduced in the spectrum of dCMP(O)H". This indicates again that
the addition of one oxygen atom on the base moiety changes the protonation equilibrium
between N3 and O2 protonated tautomers, leading again to the formation of the C2=0OH"* form.
In the NH/OH stretching region, dCMPH"* and dCMP(O)H" show bands at 3426, 3532 and
3582 cm?, respectively. An extra band at 3635 cm™ is observed in the IRMPD spectrum of
dCMP(O)H*, as well indicating the formation of an OH group on the base moiety.

A comparison of the experimental IRMPD spectrum of dC(O)H* with calculated IR
spectra for the lowest energy structures is displayed in Figure 6. The spectrum of the most
stable structure dCO_el matches perfectly with the IRMPD spectrum recorded at CLIO.
dCO _el is protonated at the O2 position with the additional oxygen atom added at position 5
of the cytosine moiety and corresponding to the formation of the 5-OHCyt. On the contrary,
the spectrum obtained at FELIX requires a combined selection of dCO_el and dCO_e2 for
well assign all the observed bands. The bands at 1265 cm™ and at 1792 cm are diagnostic of
the presence of dCO _e2 structure. dCO_e2 lies 3.2 kJ/mol higher in energy compared to
dCO _el and is protonated on N3 position. Both these two structures are puckered and
stabilized by intramolecular hydrogen-bonding interactions. Since the energy of dCO_e3 and
dCO_e4 are very close to that of the most stable one, they could also be populated in the gas
phase. Other calculated structures with corresponding spectra are shown in Figure SI112-13.
The presence of other structures has been excluded by energy criteria and spectral mismatch.
Based on the comparison between the experimental spectrum obtained at FELIX and the
calculated spectra, the spectral assignment of the vibrational modes of dC(O)H" is detailed in
Table SI17. The weak IR feature at ~1530 cm™ is due to a combination of CN stretching, C=OH*
stretching (for O2 protonated conformer dCO_el and dCO_e4), C-OH bending (for N3
protonated conformer dCO_e2 and dCO_e3), COH bending (for N3 protonated conformer
dCO _e2 and dCO_e3) and NH, bending modes. The bands at 1265 cm™ and 1792 cm™,
observed in the FELIX IRMPD spectrum can be assigned to a combination of a C=C bond in



the sugar moiety and CN and C=0 stretching mode. They are diagnostic for the presence of
dCO_e2 and dCO_e3 structures under the experimental conditions at FELIX. In the NH/OH
stretching region, the sharp band at 3426 cm™ is assigned to the symmetric NH, stretching at
position 4- and NH stretching at position 3-. The band at 3536 cm™ is ascribed to the
asymmetric stretching of N4-H.. The bands at 3577 cm™ and 3660 cm™ are assigned to the OH
stretches at 2- and 5’-positions, respectively. The band at 3635 cm™ is diagnostic of
hydroxylation in position 5- after y-radiolysis.

The IRMPD spectrum and the calculated vibrational spectra for the low-energy conformers of
dCMP(O)H" are reported in Figure 7. The spectrum of dCMP(O)H" recorded at FELIX
indicates a co-existence of two conformers characterized by two different protonation sites:
dCMPO el and dCMPO_e4. The low intensity of the band at 1774 cm™ for ACMPO_e4
suggests that the abundance of this conformer is low compared to the most stable one
dCMPO _el. Both dCMPO_el and dCMPO _e4 are stabilized by a P=02"--- H'O5
intramolecular hydrogen bond. dCMPO_el, the most stable conformer, is protonated at the
02 position, while dCMPO_e4 is protonated on N3. It is possible to exclude the formation of
the O2 protonated conformers dCMPO _e2 and dCMPO e3 in the gas phase. Other
conformers higher in energy with their calculated spectra are reported in Figure S114-15.
Vibrational assignments are made by comparison of the IRMPD spectrum of dCMP(O)H" with
the spectra of selected conformers and are reported in detail in Table S8. The band at 1516 cm’
! for the O2 protonated structure is assigned to a combination of COH bending (for N3
protonated conformer dCMPO e4), C=0OH" stretching (for O2 protonated conformers
dCMPO _el, dCMPO_e2 and dCMPQO_e3), C-OH stretching (for O2 protonated conformer
dCMPO_el) and C=N stretching along with NH. scissoring in the base moiety as expected.
The fingerprint band of N3 protonated structure at 1774 cm™ is diagnostic of a neutral carbonyl
stretching mode. In the NH/OH stretching region, the weak band at 3426 cm™ is attributed to
the symmetric stretching of N4-H in dCMPO_e1-3 and the stretching of N3-H in dCMPO_e4.
The IR absorption at 3532 cm™ is assigned to asymmetric stretching of N4-Hz,. dCMPO_e1-3
alone contributes to the medium-intensity band at 3582 cm™ for the 2-hydroxyl group
stretching. The sharp band at 1774 cm™ represents a combined stretching mode of 03”-H and
0O4”-H bonds.



3.Conclusion

In this work, a combined CID-MS?, IRMPD spectroscopy and DFT study has been carried out
to shed light on the structures of the oxo-forms of nucleotides and nucleosides generated after
OH radical-induced oxidation in N2O saturated solution. The main products generated in N2O-
saturated solution of nucleotides and nucleosides after y-radiation are from oxygen-addition
onto the base moiety or correspond to dehydrogenation products, differently from a variety of
modifications detected in cellular DNA by HPLC-MS? [27- 141,

2’-deoxyadenosine (dA), 2’-deoxyadenosine-5’-monophosphate (dAMP), 2’-deoxycytidine
(dC) and 2’-deoxycytidine 5’-monophosphate (dCMP) were chosen as representative
molecules for studying the geometries of oxidation products for purine and pyrimidine DNA
bases.

The results of CID-MS? revealed that the base moiety is oxidized under our experimental
conditions. Dehydrogenation has been observed to occur with the addition of oxygen atoms on
the sugar moiety for dA. It is well known that the reaction of OH radical can lead to the
abstraction of hydrogen atoms from the 2-deoxyribose, especially in the presence of Adenine
compared to Cytosine and this mechanism is the first step in cross linking in DNA strands [*°],
The hydrogen atoms abstraction yields a radical center on the sugar, especially on carbon C1°,
C3’, C4’ and C5’ because these carbon atoms are directly attached to heteroatoms (nitrogen or
oxygen) 1. Oxidation can lead after the hydrogen abstraction to oxidized derivates. Different
products can be formed, as a theoretical study performed on deoxyribose radicals formed by
hydrogen abstraction showed that the hydrogen abstraction from carbon atoms attached to
heteroatoms requires similar energies, whereas the abstraction from the C2’ position is a less
favourable process by 3-4 kcal/mol. M-2Da oxidation product after hydrogen abstraction can
lead to oxidation products resulting from one or more oxygen atoms 41,

When free radicals react with the sugar moiety of DNA, sugar products and intact bases can be
released from DNA, as observed for dA in our oxidation conditions. It has been shown that the
introduction of one phosphate group into the system decreases the rate constant of the process.
For [dAMP(0O2)-H2 + H]* the oxygen atoms are added on the base moiety. This is the reason
why in the case of dA the observed double oxidation in our experimental conditions is located
on the sugar moiety and in the case of dAMP is more located on the DNA base 14151,

By combining the IRMPD spectra with DFT calculation, the diagnostic IRMPD signature of
the C=0 bond formation in dA(O) and dAMP(O) at ~1800 cm™* has been identified for the first

time. These observations confirm that the oxidation occurred in the adenine moiety by



formation of a new carbonyl group at the 8-position. The protonation site of both dA(O)H* and
dAMP(O)H" was shown to be at the N3 atom.

The presence of the intense band at ~1530 cm™ for C-OH vibrations of cytosine moiety and
the band at ~1790 cm™ for C=0 stretching in dC(O) and dCMP(O) showed the co-existence of
N3 and O2 protonated conformers with the formation of an O5-H group after radiolysis-
induced oxidation and tautomerization in the gas phase.

For dC, DFT calculations showed that the spectrum of the most stable structure dCO_el
matches perfectly with the IRMPD spectrum recorded at CLIO facility. dCO_el is protonated
at the O2 position with the additional oxygen atom added at position 5 of the cytosine moiety
and corresponding to the formation of the 5-OHCyt. On the contrary, the spectrum obtained at
FELIX requires a combined selection of dCO_el and dCO_e2 for well assign all the observed
bands. The bands at 1265 cm™ and at 1792 cm™ are diagnostic of the presence of dCO_e2
structure. The ionization sources in the two experiments are similar, ESI sources in both cases,
but we should also keep in mind that the source geometries are quite different. In the Amazon
ion trap (in Felix Facility) the ESI source is an in-axis source and in the case of the FT-ICR
mass spectrometer (in CLIO Facility) is off-axis source. We kept the experimental conditions
for sample preparation, oxidation, mass spectrometry and IRMPD spectroscopy experiments
very similar in CLIO and Felix but the ESI parameters should be adapted in each case to
optimize the ion signal. In particular we do not know the ion temperature in the sources which
should be an important parameter for isomer formation 1. We should also stress on the fact
that the mass spectrometers used to record the IRMPD spectra are not the same and we cannot
exclude a priori that some isomerisation could occur during the ion transfer.

IRMPD spectroscopy provides specific diagnostic signatures to identify the oxidation products
and has been applied here for the first time to determine the structure of products resulting from
oxidative damage of model DNA systems. Indeed, IRMPD spectroscopy, combined with
guantum chemical calculation, is a powerful structural tool to provide direct information of
geometric details on the modified sites of DNA model systems, which was not available from
traditional detection techniques. These results pave the ways to further investigations on more
complex DNA model systems by IRMPD spectroscopy. In particular further investigations will
be performed to characterize the structure of the double oxidized products of dA and dAMP

and their -H2 products.
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Experimental section

Materials. All reagents were purchased from Sigma Aldrich and used without further
purification. N2O was delivered by ALPHA GAZ with a purity of 99.998%. The stock solution

was prepared in deionized water from a Millipore system in 10 M.

Sample preparation. y-irradiations were carried out using the panoramic %°Co y-source
IL60PL Cis-Bio International (France) in the Paris-Saclay University (Orsay, France). The
dose rate was determined by Fricke dosimetry™®l. Samples were gently purged while stirring
under a N2O atmosphere for approximately 30 min before irradiation. All irradiations were
performed at room temperature. The chosen oxidant species was the hydroxyl radical "OH

produced by vy- radiolysis of N,O-saturated aqueous solutions. 17

H>0 — "OH, H’, € ag, H2, H202 , H*, OH™ 1)
e_aq + NZO + H2O — 'OH + OH_ + N2 (2)

The radiation chemical yield (G) is equal to 0.55 umol J* (equations 1 and 2). H atoms are
also created in much lower yield (0.05 umol J™), which lead to desulfuration of methionine.
The H20; yield is also lower (0.07 umol J™1). Samples were irradiated with a total dose of 1517
Gy for dA and dAMP, and of 1080 Gy for the rest. Experiments were performed at room
temperature.

CID-MS2. All the MS and CID-MS? operations have been performed using a 7 T hybrid FT-
ICR mass spectrometer (Bruker, APEX-Qe)* at CLIO Facility in Orsay, France. Samples
were diluted to 50 uM in a mixture of 50/50 (v/v) water/methanol containing 0.1% formic acid
for enhancing the protonation. Analytes were introduced by an external ESI nebulizer, assisted
by a 120 uL/h syringe pump. MS spectra before and after irradiation were then recorded and
compared for identifying the radiolysis-induced products.

As for CID-MS? operation, the selected ions (with an isolatiton window of 2 Da) were
fragmented by colliding with Ar in a hexapole collision cell. Fragments were pulse extracted
and finally detected in the ICR analyzer cell.

IRMPD spectroscopy. IRMPD spectroscopy experiments were carried out both at the FELIX
laboratory™® in Nijmegen (The Netherlands) and at the CLIO facility™! in Orsay (France).
Sample solutions (10 uM) for electrospray ionization (ESI) were prepared in mixtures of 50/50
(v/v) water/methanol containing 0.1% formic acid for ESI-(+) positive mode. At FELIX, the

IRMPD spectra were measured with a modified three-dimensional quadrupole ion trap mass
11



spectrometer (Bruker, AmaZon Speed ETD) coupled to the FELIX infrared free electron laser
(FEL) beamline. The set-up has been described in detail elsewhere Y. The analyte solution

was nebulized, desolvated and ionized via electrospray ionization (ESI) with a flow rate of 120
uL/h assisted by pressurized N2 nebulizing gas at 180-220 °C. The spray voltage was 4 kV.
lons of interest were accumulated, isolated by MS/MS selection and then irradiated by a single
FEL macropulse in the fingerprint region (800-2000 cm™). The FEL fires at 10 Hz with
macropulses of 5-10 us (bandwidth of ~0.4% of the center frequency and energy of 40-100
mJ/pulse), which consist of a train of 6 ps micropulses spaced by 1 ns. The IR induced
fragmentation yield at each IR frequency step was obtained from an average of 6 mass spectra.
At the CLIO facility, ion spectra were obtained by using a 7 T hybrid FT-ICR mass
spectrometer (Bruker, APEX-Qe)*®l coupled to the CLIO IR FEL for the fingerprint region or
to the OPO/OPA system (Laser Vision) for the hydrogen stretching region. An auxiliary CO>
laser (Universal Laser System, 10 W, cw operation centered at A = 10.6 um) was added to
enhance the on-resonance fragmentation yield. The IR-FEL output of CLIO consists of 8 s
long macropulses fired at a repetition rate of 25 Hz, and each macropulse is formed by about
500 micropulses of ~1 ps/pulse. Micropulses are spaced by 16 ns at CLIO. The energy of
macropulse is around 30-60 mJ. Similar to FELIX, the spectral width is ~0.5% of the central
wavelength!®. The plot of Felix and Clio energies as function of the wavelength is reported in
SI1. In the 3300-3800 cm™ range, the OPO/OPA system delivers 10-20 mJ/pulse (6 ns pulse
duration, bandwidth 3 cm™, 10 Hz repetition rate). In the FT-ICR MS, ions were isolated,
thermalized and pulse extracted to the FT-ICR cell (<10 mbar) for interacting with the IR
radiation.

The IRMPD spectra are obtained by recording the photofragmentation yield, R =
—In[Ip/(1p+ZI)] as a function of the wavenumber of the IR radiation, with I, and I the precursor
and fragment ion intensities in the mass spectrum. The IR yield has been linearly corrected for
the frequency-dependent variation of the laser pulse energy!®®l.

DFT calculations. Calculations have been carried out for dAH*, dAMPH*, dCH" and dCMPH".
According to the previous studies on the protonation sites of nucleosides and nucleotides, the
most favorable sites of protonation, N3 for dAH* and dAMPH*32 N3 and 02 for dCH*
(Figure 1) and dCMPH™34 were taken into consideration for simulating the geometries. Based
on the chemical formula proposed for the +16 Da mass increment products of DNA bases!*4],

an oxygen atom was added at the 8-position in adenine moiety®®! and at the 5- position in
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cytosine moiety®! to form a carbonyl group and hydroxyl substituent for constructing the
structures of singly oxidized forms, respectively.

Conformations have been explored extensively. The iterative metadynamic sampling and
genetic crossover (iIMTD-GC) method implemented in the Conformer Rotamer Ensemble
Sampling Tool (CREST) program[®>%¢l have been used for the conformer sampling. The
sampling included additional geometry optimizations of the final conformer ensemble. The
calculations of the conformer energies were based on the semi-empirical extended tight-
binding method (GFN2-xTB)I1, Possible tautomeric forms of these conformers have been
examined as well. Geometry optimizations, IR spectral simulations and energy calculations
were carried out at the B3LYP/6-311+G(2d, 2p) level of theory with the Gaussian16 package
of programs [81,

Dual-scaling factors have been applied for a better agreement between the theoretical spectra
and the experimental ones™: 0.98 in the fingerprint region and 0.95 in the hydrogen stretching
region. In addition, particularly, for nucleotides with a monophosphate group, calculated
frequencies associated with phosphate group were kept unscaled %3080 The calculated
frequencies were convoluted with a 20 cm™ (10 cm™) full width at half maximum (FWHM)
Lorentzian line shape function in the fingerprint region (OH/NH stretching region). Spectral

assignments have been achieved by comparing the experimental and computed IR spectra.
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Figure 1. Chemical structures of (a) 2’-deoxyadenosine (dA, MW=251 g.mol™?), (b) adenosine
(Ado, MW=267 g.mol™?) and (c) 2’-deoxyadenosine 5’-monophosphate (dAMP, MW=331
g.mol™?); (d) 2’-deoxycytidine (dC, MW=227 g.mol™?), (e) cytidine (Cyd, MW=243 g.mol™?)
and (f) 2°-deoxycytidine 5’-monophosphate (dCMP, MW=307 g.mol™).
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Figure 2. Comparison between the IRMPD spectra (a) of dAH™ (blue), AdoH*(green) and of
single oxidation product dA(O)H" (red); (b) of dAMPH® (black) and its single oxidation
product JAAMP(O)H™ (red).
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Figure 3. Comparison of the experimental IRMPD spectra for dA(O)H" with convoluted
calculated IR absorption spectra of representative conformers of the lowest energies optimized
at the B3LYP/6-311+G(2d,2p) level of theory. The H-bond distances are in A. The
corresponding structures are reported on the right. The relative Gibbs free energy (AG) at 298
K is given in parentheses and is expressed in kJ/mol.
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Figure 4. Comparison of the experimental IRMPD spectra for FAMP(O)H" with convoluted
calculated IR absorption spectra of representative conformers of the lowest energies optimized
at the B3LYP/6-311+G(2d,2p) level of theory. The H-bond distances are in A. The
corresponding structures are reported on the right. The relative Gibbs free energy (AG) at 298
K, in parentheses, is given in kJ/mol.
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Figure 5. Comparison of the IRMPD spectra for (a) dCH" (blue), CydH" (green) and single
oxidation product dC(O)H" (red recorded at CLIO, orange recorded at FELIX); (b) dCMPH"
(black) and its single oxidation product AdCMP(O)H* (red).
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Figure 6. Comparison of the experimental IRMPD spectrum for dC(O)H™ with convoluted
calculated IR absorption spectra of representative conformers of the lowest energies optimized
at the B3LYP/6-311+G(2d, 2p) level of theory. The H-bond distances are in A. The
corresponding structures are reported on the right. The relative Gibbs free energy (AG) at 298
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Figure 7. Comparison of the experimental IRMPD spectra for dC(O)H" with convoluted
calculated IR absorption spectra of representative conformers of the lowest energies optimized
at the B3LYP/6-311+G(2d,2p) level of theory. The H-bond distances are in A. The
corresponding structures are reported on the right. The relative Gibbs free energy (AG) at 298
K in parentheses is given in kJ/mol.
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Oxidative lesions in DNA model systems, induced by OH°®, have been structurally
characterized by Infrared Multiple Photon Dissociation (IRMPD) spectroscopy and DFT
calculations. The addition of one oxygen atom occurs on the nucleobase moiety.
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