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ABSTRACT

The chemical difference between DNA and RNA nucleosides is their 2'-hydrogen versus
2'-hydroxyl substituents. Modification of the ribosyl moiety at the 2'-position, and 2'-O-
methylation in particular, is common among natural posttranscriptional modifications of RNA. 2'-
Modification may alter the electronic properties and hydrogen-bonding characteristics of the
nucleoside, and thus may lead to enhanced stabilization or malfunction. The structures and relative
glycosidic bond stabilities of the protonated forms of the 2’-O-methylated purine nucleosides, 2'-
O-methyladenosine and 2'-O-methylguanosine, were examined using two complementary tandem
mass spectrometry approaches, infrared multiple photon dissociation (IRMPD) action
spectroscopy and energy-resolved collision-induced dissociation (ER-CID). Theoretical
calculations were also performed to predict the structures and relative stabilities of stable low-
energy conformations of the protonated forms of the 2'-O-methylated purine nucleosides and their
infrared spectra in the gas phase. Low-energy conformations highly parallel to those found for the
protonated forms of the canonical DNA and RNA purine nucleosides are also found for the
protonated 2'-O-methylated purine nucleosides. Importantly, the preferred site of protonation,
nucleobase orientation, and sugar puckering are preserved among the DNA, RNA and 2'-O-
methylated variants of the protonated purine nucleosides. The 2’-substituent does however
influence hydrogen-bond stabilization as the 2’-O-methyl and 2'-hydroxyl substituents enable a
hydrogen-bonding interaction between the 2'- and 3'-substituents, whereas a 2’-hydrogen atom
does not. 2'-O-Methylation does however reduce the number of stable low-energy hydrogen-
bonded conformations possible, and importantly inverts the preferred polarity of this interaction,
versus that of the RNA analogs. Trends in the CIDsov values extracted from survival yield analyses
of the 2'-O-methylated and canonical DNA and RNA forms of the protonated purine nucleosides
are employed to elucidate their relative glycosidic bond stabilities, which are found to follow the
order DNA < 2'-O-methylated < RNA. The glycosidic bond stability of the protonated purine
nucleosides thus appears to be correlated with the hydrogen-bond stabilization of the sugar moiety.
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INTRODUCTION

Posttranscriptional modifications have been found in many types of RNA across archaea,
bacteria, and eukarya.!* Each of the canonical RNA nucleobases, adenine, cytosine, guanine, and
uracil, can undergo modification at several sites; however, modification of the ribosyl moiety has
only been found to occur naturally at the 2'-position.!? The major chemical difference between
DNA and RNA is their 2’-hydrogen versus 2'-hydroxyl substituents. This seemingly minor
chemical change however greatly impacts the structures, stability, and functions of DNA and RNA
nucleic acids. DNA typically adopts B-form double-stranded structures with C2'-endo sugar
puckering,® whereas RNA typically exists as A-form single-stranded structures that exhibit C3'-
endo sugar puckering.® But both DNA and RNA can exist in a variety of other structures.
Modifications at the 2'-position of the ribose moieties may influence the overall structure and
behavior of RNA. Although the known modifications of RNA nucleosides include a large diversity
of chemical functionalities, methylation is involved in about two thirds of the modified
nucleosides.”” As a result, 2'-O-methylated nucleosides are being investigated in a variety of
biological systems.?

2'-O-Methylated nucleosides are present in all major RNAs, and have also been discovered
in small non-coding RNAs, such as spliceosomal RNAs (snRNAs).> *® In ribosomal RNAs
(rRNAs), the majority of these methylation sites are highly conserved among all living organisms.®
Methylation on the ribose increases the stability of DNA:RNA and RNA:RNA duplexes.”!® In
particular, during a study of thermophilic archaea by McCloskey and coworkers,'* they found that
the level of 2'-O-methyladenosine in 16S rRNA as well as the levels of 2'-O-methylcytidine and
2'-O-methylguanosine in 23S rRNA significantly increased when cultured at an increased
temperature. These results indicate that both purine nucleosides, adenosine and guanosine, are
influenced notably by temperature, and that 2'-O-methylation may lead to the increased stability
of the rRNA of thermophilic archaea. 2'-O-Methylated purine nucleosides are also known to
participate in the functions of transfer RNA (tRNA).”® 517 For example, a single 2'-O-

methylguanosine controls the activation or inhibition of Toll-like receptor 7, which is one of the



mediators of tRNA.!® Furthermore, it has been discovered that the 5'-guanosine cap of messenger
RNA (mRNA) of higher eukaryotes is 2'-O-methylated, and many viruses mimic this modification
on their mRNA to avoid the self and non-self discrimination of mRNA from the host.!*?! Thus,
the structures of 2’-O-methylated purine nucleosides are worthy of study and important to compare
to the canonical DNA and RNA purine nucleosides to elucidate the influence of this important and
ubiquitous modification.

Methylation of the ribosyl moiety at the 2’-postion leads to changes in the electronic and
hydrogen-bonding characteristics.> Compared to DNA nucleosides, the 2'-hydroxyl substituents in
RNA nucleosides increases the number of favorable rotational orientations of the 2'- and 3'-
hydroxyl substituents and the potential for hydrogen-bonding interactions.® The 2'-O-methylated
substituent exhibits hydrogen-bonding characteristics that are intermediate between that of DNA
and RNA, as it can act as a hydrogen-bond acceptor but not a hydrogen-bond donor, which limits
the nature of the hydrogen-bonding interactions possible between the 2'- and 3’-hydroxyl
substituents. Furthermore, the presence of the 2'-hydroxyl substituent also leads to a slight
contraction of the glycosidic bond, suggesting that it increases the stability of the glycosidic bond
of RNA nucleosides compared to the corresponding DNA nucleoside. Crystal structures have been
reported for 2'-O-methyladenosine and 2’-O-methylguanosine.”>?> Mass spectrometry has

contributed significantly to the study of RNA modifications,?*%°

and in particular, in the work of
McCloskey and coworkers.!3"1%2® Modified nucleosides are typically examined in their protonated
forms in the mass spectrometer. The structures of protonated 2'-O-methylated purine nucleosides
in the gas phase have not yet been reported. Establishing the structural similarities and differences
of protonated 2'-O-methylated purine nucleosides in the gas and condensed phases can further
validate the detection method of modified nucleosides and provide a better understanding of the
ion behavior in mass spectrometry. The gas-phase structures of the neutral and protonated and
sodium cationized forms of the canonical DNA and RNA nucleosides.?’*° and deprotonated,
neutral and protonated forms of the canonical DNA and RNA mononucleotides have been
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thoroughly investigated using IRMPD action spectroscopy and ion mobility mass



spectrometry approaches.’!

Comparison of results for 2’-O-methylated nucleosides to the
analogous canonical nucleosides enables the influence of the 2'-O-methyl substituent on the
structure and glycosidic bond stability of the nucleoside to be elucidated. With the understanding
of their structural and conformational differences, nature’s reason(s) for 2’-O-methylation may be
revealed.

In the present work, the protonated forms of 2'-O-methyladenosine and 2'-O-
methylguanosine, [Adom+H]" and [Guom+H]", are examined by infrared multiple photon

dissociation (IRMPD) action spectroscopy *>*

in the IR fingerprint region and hydrogen-
stretching region.>>® Candidate structures are built, subjected to simulated annealing procedures,
and their electronic structures are computed to determine the stable low-energy conformers and
their relative stabilities. Linear IR spectra for the stable low-energy conformers are compared to
the measured IR spectra to determine the conformers present in the experiments. Energy-resolved
collision-induced dissociation (ER-CID) experiments are also performed to examine the relative
glycosidic bond stabilities of [Adom+H]" and [Guom+H]" with respect to the canonical DNA and
RNA purine nucleosides. Comparisons of [Adom+H]" and [Guom+H]" to their canonical DNA

and RNA analogs elucidates the influence of the 2'-O-methyl substituent on the structures and

glycosidic bond stability of the protonated purine nucleosides.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Materials. 2'-O-methyladnosine (Adom) and 2'-O-methylguanosine (Guom) were
purchased from Alfa Aesar (Haverhill, MA, USA). The HPLC grade methanol, water, and formic
acid used for IRMPD experiments region were purchased from Sigma Aldrich (Saint-Quentin-
Fallavier, France). The HPLC grade methanol used for the ER-CID measurements was purchased
from Fischer Scientific (Waltham, MA, USA), and the HPLC grade water and formic acid used in
these experiments were purchased from Sigma Aldrich (St. Louis, MO, USA).

IRMPD Action Spectroscopy Experiments. For the experiments in the IR fingerprint

region, the analytes were dissolved and diluted to 10 uM in a MeOH:H>O (50:50 v/v) mixture to



which 0.1% formic acid was added. The IRMPD spectra of the protonated forms of the 2'-O-
methylated purine nucleosides, [Adom+H]" and [Guom+H]", were measured using the free
electron laser (FEL) at the CLIO user facility, which is coupled to a 7 T Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR MS, Apex Qe, Bruker Daltonics). These
instrumental setups have been described in detail elsewhere.’’-> Briefly, ions were generated via
an electrospray ionization (ESI) source. Ions were accumulated in the hexapole ion trap, extracted,
and mass selected in a quadrupole mass filter prior to being transmitted to the ICR cell for trapping
and photodissociation. The trapped [Adom+H]" or [Guom+H]" ions of interest were irradiated by
the free electron laser for 280 ms at 5-10 dB attenuation over the range of ~900-1900 cm'. For the
experiments in the hydrogen-stretching region, Adom and Guom were dissolved and diluted to
250 uM in a MeOH:H>O (50:50 v/v) mixture with 0.1% formic acid added. The IRMPD spectra
of [Adom+H]" and [Guom+H]" were collected on a modified ion trap mass spectrometer with an
ESI source (LCQ classic, Thermo Finnigan) at the University of Lyon.%%-%? Ions were irradiated by
a YAG-pumped tunable IR OPO/OPA (optical parametric oscillator/amplifier( laser system
(LaserVision, Belleview, WA, USA) in the ion trap for 0.4—0.9 s in order to achieve visible IR
bands between 2850 cm™ and 3700 cm™. The IRMPD yield was plotted against the laser
wavelength, and the yield was calculated as the ratio of the total fragment ion intensity versus the
total ion intensity using eq 1,

IRMPD vyield = Y I, / (XI5, + Ip) (1)
where I, and I, are the ion intensities of the fragment and precursor ions, respectively. Each
wavelength was power corrected for the frequency dependent variations in laser output.

ER-CID Experiments. Energy-resolved collision-induced dissociation (ER-CID)
experiments for the protonated forms of the 2’-O-methylated purine nucleosides, [Adom+H]" and
[Guom+H]" as well as the protonated forms of the analogous DNA and RNA nucleosides,
[dAdo+H]", [Ado+H]", [dGuo+H]", and [Guo+H]", were performed on a quadrupole ion trap mass
spectrometer (QIT MS, amaZon ETD, Bruker Daltonics, Billerica, MA, USA) in our laboratory at

Wayne State University. The experimental protocal described in detail in previous work was again



employed for the experiments performed here.*> 3% lIons were generated by ESI from solutions
containing 10 uM Adom or Guom in a MeOH:H>O (50:50 v/v) mixture with 1% (v/v) acetic acid
infused at a rate of 3ul/min. Then ions were guided into in the ion trap, and the protonated
nucleoside of interest was mass selected and subjected to CID. Helium buffer gas (~1 mtorr) was
introduced into the ion trap for efficient trapping and cooling of the ions, but it also served as the
collision gas for the CID experiments. The g, value of ER-CID experiments was set to 0.25, which
corresponds to a low mass cutoff at 27% of the precursor ion m/z. The rf excitation amplitude was
increased from 0 V to the rf excitation amplitude required to produce complete dissociation of the
precursor ion at a step size of 0.01 V. Experiments were performed in triplicate in order to access
reproducibility. The data were processed using DataAnalysis 4.0 (Bruker Daltonics, Bremen,
Germany).

Survival Yield Analyses. The intensities of the precursor and fragment ions were extracted
from the ER-CID measurements. The survival yield was computed as the ratio of the precursor ion
intensity to the total ion intensity using eq 2,

Survival yield = L,/(X;Ir, + 1) 2)
where ¢, and I, are again the ion intensities of the fragment and precursor ions, respectively. The
survival yield was plotted as a function of the rf excitation amplitude to produce the survival yield
curve. The rf excitation amplitude required to produce 50% dissociation (CIDsge) was extracted
from the data by fitting the survival yield curve using a four parameter logistic dynamic algorithm,
as shown in eq 3.

Survival yield = min + (max — min)/[1 + (rfgs/CIDsqq,]¢/PsI0PE (3)
In this equation, max and min are the maximum and minimum values (1 and 0, respectively) of
the survival yield, rfga is the rf excitation amplitude applied to induce fragmentation, and CIDslope
is the slope of the declining region of the survival yield curve. Because the only CID pathway
observed in the experiments was glycosidic bond cleavage with the proton retained by the
nucleobase, the CIDsov, values of the protonated canonical and 2'-O-methylated purine nucleosides

were compared to elucidate their relative glycosidic bond stabilities. Data analyses were performed



using SigmaPlot 10.0 (Systat Software, Inc., San Jose, CA, USA) and custom software developed
in our laboratory.

Computational Details. The chemical structures of the canonical and 2'-O-methylated
purine nucleosides are shown in Figure 1. The most favorable protonation sites of each 2'-O-
methylated purine nucleoside were investigated, and include the N1, N3, and N7 positions of
Adom and the N3, 06, and N7 positions of Guom. Simulated annealing procedures® were
performed using HyperChem® software with the AMBER 3 force field to generated candidate
structures for more accurate quantum mechanical calculations. The initial structure for the N1, N3,
and N7 protonated forms of Adom and the N3, O6, and N7 protonated forms of Guom were built
by modifying the most stable conformers determined for the analogous protonated forms of Ado
and Guo found in previous work by simply replacing the 2'-hydroxyl hydrogen atom by a methyl
group.?’?® Each initial structure was subjected to 0.3 ps of thermal heating elevating the
temperature from 0 to 1000 K, the temperature was held at 1000 K for 0.2 ps to allow sampling of
conformational space, after which the system was cooled down to 0 K over a period of 0.3 ps. The
resulting structure was optimized to a local minimum using the AMBER 3 force field. Molecular
mechanics calculations were performed on the annealing structures every 1 fs of each cycle, and a
snapshot of the lowest energy structure at the end of each cycle was captured and used as the initial
structure for the subsequent cycle. This process was repeated for 300 cycles for each protonated
form of each nucleoside, N1, N3, and N7 protonated Adom and N3, O6, and N7 protonated Guom,
providing 900 structures for each protonated nucleoside. The 30 lowest-energy structures based
on the molecular mechanical calculations were chosen for higher level quantum mechanical
calculations. Additional structures were also built to ensure comprehensive sampling of the
structure pool, with these additional conformers choices biased by results found for the analogous
protonated forms of Ado and Guo.?””?® Geometry optimizations and harmonic vibrational
frequency analyses were performed using the Gaussian 09 suite of programs.®> The B3LYP/6-
311+G(d,p) level of theory was employed for geometry optimizations and frequency analyses to

provide results directly comparable to those of previous investigations of the protonated forms of



Ado and Guo.?’?® The frequencies were scaled by a factor of 0.980 in the fingerprint region and
0.954 in the hydrogen-stretching region to help correct for limitations in the theory caused by the
harmonic approximation, use of finite basis sets, and approximate treatment of electron correlation.
In order to reproduce the observed experimental broadening, the computed IR spectra were
convoluted with a Gaussian line shape of 20 cm™ fwhm (full width at half maximum) in the
fingerprint region and 10 cm™' fwhm in the hydrogen-stretching region. In the previous studies of
the protonated forms of Ado and Guo, energetics based on both MP2 and B3LYP theories were
examined. Comparisons of the measured IRMPD spectra and the predicted IR spectra and relative
stabilities of the conformers populated in the experiments suggested that B3LYP predicted the
energetics of these systems slightly better than MP2 theory. Therefore, energetic calculations
performed here were limited to B3LYP with a 6-311+G(2d,2p) basis set to again provide results
directly comparable to those of previous investigations of the protonated forms of Ado and Guo.?”
28 To help explain the possible presence of higher-energy conformers of [Adom+H]" and
[Guom+H]" in the experiments, the effects of solvation on the relative stabilities of ground and the
relevant excited conformers of the these species were also examined using the same theoretical

approaches, but in a polarizable continuum model corresponding to water.

RESULTS

IRMPD Action Spectroscopy. Only a single photodissociation pathway is observed for
[Adom+H]" and [Guom+H]" in both the fingerprint and hydrogen-stretching regions. For both
systems, photodissociation results in glycosidic bond cleavage with the excess proton retained by
the nucleobase, resulting in elimination of the neutral O2'-methylated sugar moiety as summarized
in reactions 4 and 5.

[Adom+H]" + n hv — [Ade+H]" + (Adom-Ade) 4)

[Guom+H]" + n hv — [Gua+H]" + (Guom-Gua) ©)



These results exactly parallel those found for the protonated canonical DNA and RNA purine
nucleosides, [dAdo+H]", [Ado+H]", [dGuo+H]", and [Guo+H]".27-*®

The IRMPD spectrum measured here for [Adom+H]" is compared with those measured for
the corresponding canonical DNA and RNA analogs, [dAdo+H]" and [Ado+H]" in Figure 2. As
can be seen in the figure, the IRMPD spectra of these protonated nucleoside analogs are highly
parallel. Except for the broadening and splitting of the intense feature spanning the region from
~1070-1150 cm™ and the minor splitting of the feature at ~1660 cm™ in the spectrum of
[Adom+H]", only modest shifts in the band positions are observed in both the fingerprint and
hydrogen-stretching regions, indicating a high degree of structural similarity among the
conformers populated for these protonated nucleosides. In contrast, significant differences in the
IRMPD yields are observed. Spectral features observed at ~1100, 1130, 1210, 1650 and 3430 cm’
in the spectrum of [Adom+H]" are much more intense than the corresponding features in the
spectra of [dAdo+H]" and [Ado+H]", whereas virtually all other features become much less intense
and may only be discernible from baseline with amplification (see Figure 2). The differences in
the IRMPD yields may arise from the variation in the sugar moiety across these systems; however,
discrimination resulting from differences in the experimental set-ups employed in the work
performed here versus that used for the canonical nucleosides, which were measured at the FELIX
facility, cannot be ruled out. It should be noted that although the overall IRMPD yields for
[dAdo+H]" and [Ado+H]" exhibit a greater degree of similarity, the features that do exhibit the
largest variation in yield in the spectrum of [Adom+H]" also exhibit sizeable differences in yield
in the spectra of the canonical analogs.

The IRMPD spectrum measured here for [Guom+H]" is compared with those measured for
the corresponding canonical DNA and RNA analogs, [dGuo+H]" and [Guo+H]" in Figure 3.
Similar to that found for the protonated adenine nucleosides, the IRMPD spectra of the protonated
guanine nucleosides are also highly parallel. Except for the disappearance of the shoulder to the
red of the intense feature observed at ~1100 cm™ in the spectrum of [Guom+H]", only modest

shifts in the band positions are again observed in both the fingerprint and hydrogen-stretching
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regions. These spectral similarities are clear indicators of a high degree of structural similarity
among the conformers populated for these protonated guanine nucleoside analogs. Significant
differences in the IRMPD yields of several features are also again observed, with features at ~1110
and 3470 cm™! in the spectrum of [Guom+H]" being much more intense than the corresponding
features in the spectra of [dGuo+H]" and [Guo+H]". Other spectral features of [Guom+H]" are
much less intense than those in the spectra of the canonical analogs, particularly in the range
between ~1160 and 1550 cm™! (see Figure 3).

Energy-Resolved Collision-Induced Dissociation. As found in the photodissociation
experiments, CID of [Adom+H]" and [Guom+H]" proceeds via a single fragmentation pathway
involving glycosidic bond cleavage with the excess proton retained by the nucleobase, resulting in
elimination of the neutral O2'-methylated sugar moiety as summarized in reactions 6 and 7.

[Adom+H]" + n He — [Ade+H]" + (Adom-Ade) (6)

[Guom+H]" + n He — [Gua+H]" + (Guom-Gua) (7)
These results exactly parallel those found for the protonated canonical DNA and RNA purine
nucleosides, [dAdo+H]", [Ado+H]", [dGuo+H]", and [Guo+H]". Representative CID mass spectra
of the protonated forms of all six of these nucleosides are shown in Figure 4 at rf excitation
amplitudes that produce slightly less than 50% fragmentation. The parallel dissociation behavior
observed in the IRMPD and CID experiments indicates that activation via multiple low-energy
collisions or multiple IR photon absorption results in the same unimolecular dissociation pathways
for these protonated nucleosides.

Survival Yield Analyses. The survival yield curves measured for the protonated 2'-O-
methylated purine nucleosides, [Adom+H]" and [Guom+H]", are compared to those measured for
their canonical DNA and RNA analogs in Figure 5. Most notably, the declining region of the
survival yield curves for the protonated adenine nucleosides are all shifted to significantly higher
rf excitation amplitudes than the protonated guanine nucleosides, indicating that the glycosidic
bonds of the protonated adenine nucleosides are stronger than those of the protonated guanine

nucleosides. This observation is consistent with activation energies (AEs) measured for glycosidic
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bond cleavage of the protonated forms of the canonical DNA and RNA nucleosides of adenine and
guanine.®®” CIDsg, values and estimates for the uncertainties in these values extracted from
fitting the survival yield data using eq 3 are also given in Figure 5. Trends in the CIDs¢e, values
follow the order [dAdo+H]" < [Ado+H]" < [Adom+H]" for the protonated adenine nucleosides,
suggesting that 2'-O-methylation strengthens the glycosidic bond relative to the canonical DNA
and RNA nucleosides. In contrast, the CIDso, values follow the order [dGuo+H]" < [Guom+H]"
<[Guo+H]" for the protonated guanine nucleosides, which suggest that 2'-O-methylation slightly
weakens the glycosidic bond relative to the RNA form, but is still stronger than the DNA form.
Clearly accurate thermodynamic measurements of the AEs for glycosidic bond cleavage of the
protonated 2’-O-methylated purine nucleosides are of interest and would help clarify the
differences that this modification produces to the stability of the protonated purine nucleosides.

Theoretical Results. The stable conformations of [Adom+H]" and [Guom+H]" were
comprehensively sampled as described in the Computational Details section. Each of the stable
B3LYP/6-311+G(d,p) conformers computed are classified based on the site of protonation,
nucleobase orientation, sugar puckering, and relative B3LYP/6-311+G(2d,2p) Gibbs free energy
at 298 K. The classifications employed for the nucleobase orientation and sugar puckering are
described in Figure S1 of the Supporting Information.®®® All stable B3LYP/6-311+G(d,p)
conformers computed for [Adom+H]" are shown in Figure S2, whereas those computed for
[Guom+H]" are displayed in Figure S3. The nomenclature employed for each conformer is based
on the site of protonation, N3, N1 or N7 for [Adom+H]" and N7, 06, and N3 for [Guom+H]",
followed by a letter that indicates the order of relative stability among all conformers protonated
at that site, where A is used for the most stable conformer protonated at a given site, B for the next
most stable, etc.

N3, N1, and N7 protonation of [Adom+H]*. The stable conformers calculated for
[Adom+H]" are highly parallel to those found for [dAdo+H]" and [Ado+H]".?” In particular, the
most stable structure computed for each site of protonation of Adom is very similar to those of

found for dAdo and Ado. A detailed comparison of the geometric parameters of the most stable
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N3, N1 and N7 protonated forms of Adom, N3A, N1A and N7A, to those of dAdo and Ado is
provided in Table 1. The ground N3 protonated conformer of Adom is favored over the most stable
N1 and N7 protonated conformers by 25.9 and 33.2 kJ/mol. These stability differences are within
1 and 4 kJ/mol of that found for [dAdo+H]" and [Ado+H]", respectively. The preference for N3
protonation results in a syn nucleobase orientation stabilized by a strong N3H"---O5’ hydrogen-
bonding interaction and C2'-endo puckering in the ground conformer. In contrast, the N1 and N7
protonated structures prefer an anti nucleobase orientation as no such hydrogen-bonding
interaction is possible. Changes in the sugar puckering, nucleobase orientation, and the hydrogen-
bonding interaction between the 2'- and 3'-substituents, are less destabilizing than changes in the
site of protonation such that the stable conformers computed exhibit a wide variety of sugar
puckerings and both syn and anti nucleobase orientations. The most common C2'-endo and C3'-
endo puckering modes are favored over all others, with C3’-endo preferred over C2'-endo for the
N3 and N1 protonated species, and C2’-endo favored over C3'-endo for the N7 protonated
conformers.

N7, 06, and N3 protonation of [Guom+H]*. As found for [Adom+H]*, the stable
conformers calculated for [Guom+H]" are also highly parallel to those found for [dGuo+H]" and
[Guo+H]".?® The geometric parameters of the most stable N7 and 06, and second most stable N3
protonated conformers, N7A, O6A, and N3B are compared in Table 2. The ground N7 protonated
conformer of Guom is favored over the most stable O6 and N3 conformers by 37.4 and 47.6 kJ/mol
(or 48.4 kJ/mol for N3B). These stability differences are within 4.0 and 6.8 kJ/mol of that found
for [dGuo+H]" and [Guo+H]", respectively. The N7 and O6 protonated conformers exhibit a
preference for an anti nucleobase orientation, whereas similar to that found for Adom, the N3
protonated conformers are stabilized by a strong N3H"---O5’ hydrogen-bonding interaction such
that syn is preferred over anti for these conformers. Changes in the sugar puckering, nucleobase
orientation, and the hydrogen-bonding interaction between the 2'- and 3'-substituents, are less
destabilizing than changes in the site of protonation such that the stable conformers computed also

exhibit a wide variety of sugar puckerings and both syn and anti nucleobase orientations. The most
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common C2'-endo and C3'-endo puckering modes are again favored over others, with C3’-endo
preferred over C2'-endo for the N7 protonated species, and C2'-endo favored over C3'-endo for
the O6 and N7 protonated conformers.

The relative enthalpies and Gibbs free energies at 0 and 298 K of the most stable N3, N1,
and N7 conformers of [Adom+H]" and the most stable N7, 06, and N3 conformers of [Guom+H]"
(along with two other N7 protonated conformers that are populated in the experiments) and their
nucleobase orientations, pseudorotation phase angles (P), and sugar puckerings are compared in
Table 3. For more comprehensive comparisons of the stable conformations of the protonated forms
of the DNA, RNA, and O2'-methylated purine nucleosides, the interested reader is directed to the
Figures in the Supporting Information associated with this manuscript as well as the Figures in the

Supporting Information of references 27 and 28.

DISCUSSION

Conformers of [Adom+H]|" Populated by ESI in the Gas Phase. The computed IR
spectra for the stable conformations of [Adom+H]" were compared with the experimental IRMPD
spectrum to elucidate the structures populated in the experiments. The predicted IR signatures vary
with the site of protonation, and both N3 and N1 protonated structures provide IR features that
match the experimental spectrum well. The calculated IR spectra predicted for the N3A and N1A
conformers are compared with the IRMPD spectrum of [Adom+H]" in Figure 6. Both conformers
provide a very good match, and combined provide an excellent match, to the measured IRMPD
spectrum. This is particularly apparent in the broadening of the feature observed at ~1660 cm™!,
and suggests that both conformers contribute, possibly nearly equally given the splitting and peak
shape of this feature, to the experimental population. Similar spectral comparisons of other low-
energy N3 protonated conformers exhibiting a variety of nucleobase orientations and sugar
puckerings are shown in Figure S4. Based on spectral misalignments indicated with red
highlighting, none of these conformers were significantly populated in the experiments. Similar

spectral comparisons of N3 protonated syn C2'-endo conformers are shown in Figure S5. Spectral
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misalignments highlighted in red again eliminate these conformers from contributing significantly
to the experimental population. Figures S6 and S7 provide similar spectral comparisons for a
variety of N1 protonated conformers, and indicate that N1 conformers with different sugar
puckering, nucleobase orientation, or hydrogen-bonding interactions than N1A are not accessed in
the experiments. Obvious spectral misalignments are found for all N7 protonated conformers,
eliminating them as significant contributors to the experimental population as well; several
example comparisons are shown in Figure S8.

Although N1A is predicted to be 25.9 kJ/mol less stable (298 K Gibbs free energy) than
N3A, the broadening and splitting of the band observed at ~1660 cm™ suggests that both of these
conformers contribute to that spectral feature. This IR feature arises from C6—NG6 stretching and is
sensitive to the site of protonation of the nucleobase. In general, N3 protonated conformers exhibit
this IR feature at ~1650 cm™!, whereas N1 protonated conformers exhibit this feature at ~1670 cm’
!, In order to understand the presence of N1A in the experiments given its relatively high free
energy versus that of N3 A, these conformers were also computed in a polarizable continuum model
corresponding to water. The order of relative stability of these two conformers was maintained in
the polarizable continuum, but their energy difference reduced from 25.9 to 9.3 kJ/mol. More
accurate calculations, possibly involving a few explicit water molecules might further shift the
relative stabilities of these conformers in solution and thus explain their seemingly roughly equal
populations in the experiments. Vibrational band assignments of the features observed in the
IRMPD spectrum of [Adom+H]" are provided in Table 4 and based on vibrational mode analyses
of the N3A and N1A conformers, which appear to contribute nearly equally to the experimental
population accessed by ESI.

Conformers of [Guom+H]* Populated by ESI in the Gas Phase. The computed IR
spectra for the stable conformations of [Guom+H]" were compared with the experimental IRMPD
spectrum to elucidate the structures populated in the experiments. The predicted IR signatures
again vary with the site of protonation, and only N7 protonated conformers are found to exhibit

features that match the experimental spectrum well. The calculated IR spectra predicted for the
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N7A, N7B, and N7H conformers are compared with the measured IRMPD spectrum of
[Guom+H]" in Figure 7. Although the ground N7A conformer might be expected to be the
dominant contributor to the experiments, the spectral shift of the intense feature near 1100 cm!
suggests that may not be the case, and that there may be other conformers that are also important
contributors to the measured spectrum. Conformer N7B provides good agreement with the
experimental spectrum except that the minor feature observed at ~3550 cm™ is predicted at a
slightly higher vibrational frequency in the theoretical spectrum. However, this feature is
associated with the C8H---O5' noncanonical hydrogen bond, and the vibrational frequency of such
hydrogen-bonded modes are often overestimated in harmonic calculations.”®”® Therefore, the N7B
conformer probably contributes to the measured spectrum as well. A very minor peak is observed
at ~3520 cm™! that cannot be explained by the IR signatures of either the N7A or N7B conformers.
A stretch is predicted at this vibrational frequency for the N7H conformer, a syn, C2'-endo
structure predicted to be less stable than the ground N7A conformer by 23.3 kJ/mol. The low
intensity of this IRMPD feature suggests a minor presence of the N7H conformer in the
experiments, which is consistent with its high relative Gibbs free energy. Interestingly, the N7H
conformer probably contributes to the broad band at ~1100 cm™ and provides better spectral
alignment with the peak at ~3450 cm™! as well, suggesting that its population may not be quite so
minor. In order to understand the presence of N7H in the experiments given its relatively high free
energy versus that of N7A, these conformers were also computed in a polarizable continuum model
corresponding to water. The order of relative stability of these two conformers was also maintained
in the polarizable continuum, but their energy difference reduced from 23.3 to 10.9 kJ/mol. Again,
more accurate calculations might further shift the relative stabilities of these conformers in solution
and thus explain the presence of N7H in the experiments. Detailed comparisons of other N7
protonated conformers that exhibit different combinations of nucleobase orientation and sugar
puckering with the experimental IRMPD spectrum are shown in Figure S9. Similar comparisons
for other N7 protonated conformers that adopt anti and C3’-endo, anti and C2'-endo, and syn and

C2'-endo conformations are shown in Figures S10-12, respectively. Spectral mismatches for each
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conformer are again highlighted in red and eliminate these conformers as important contributors
to the experimental population. Three other N7 protonated conformers besides those shown in
Figure 6 exhibit relatively good agreement with the experimental IRMPD spectrum, and include
N7I (Figure S10), N7D (Figure S11), and N70 (Figure S12). N7D and N7B differ in the
orientation of the 3'-hydroxyl substituent, N7D is computed to be 8.5 kJ/mol higher in free energy
and thus is likely present in minor abundance in the experiments as changes in the orientation of
the 3’-hydroxyl substituent should be readily achieved in solution such that both conformers are
accessed by the ESI process. Similarly, the N7I and N70 conformers are 3'-hydroxyl rotamers of
the N7A and N7H conformers, respectively, and their predicted IR spectra do not provide unique
features that enable them to be eliminated from the experimental population. However, the higher
Gibbs free energy of the N7D, N7I, and N70 conformers suggest that they are less important
contributors to the experiments than N7A, N7B, and N7H. Comparison of IR spectra predicted for
stable O6 protonated conformers to the measured IRMPD spectrum are shown in Figure S13. All
06 protonated structures exhibit a strong IR feature at ~1690 cm! associated with C5—C6
stretching. The lack of this feature in the experimental spectrum indicates that O6 structures are
not present in measureable abundance in the experiments. This conclusion is further supported by
the mismatch in vibrational frequency of the O6—H stretch, which is predicted at ~3580 cm™ some
20 cm! below the frequency of the feature observed in this region. Comparisons of IR spectra
predicted for stable N3 protonated conformers to the measured IRMPD spectrum are shown in
Figure S14. The free C=0 stretch of these conformers is predicted to occur at ~1820 cm™!, whereas
the vibrational frequency of the nearest spectral feature observed is ~1670 cm™! indicating that it
is instead most likely associated with the C2—N2 stretching mode of N7 protonated structures.
Further, the asymmetric NH; stretching mode is predicted at ~3540 cm™, some 30 cm™ to the red
of the nearest feature in the IRMPD spectrum. These spectral mismatches clearly establish the
absence of N3 protonated conformers in the experimental population. Thus, only N7 protonated
conformers of [Guom+H]" are accessed in the experiments, with the N7A, N7B, and N7H

conformers present in largest abundance, and N7D, N7I, and N70 conformers possibly present in
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lower abundance. Vibrational band assignments of the features observed in the IRMPD spectrum
of [Gdom+H]" are provided in Table 5 and based on vibrational mode analyses of the N7A and
N7H conformers as the frequencies of the vibrational modes of the other N7 protonated
conformers are nearly identical to those of these two conformers.

Structural Effects of the 2’-Substituent on the Stable Conformations of Protonated
Ado and Guo Nucleosides. The ground N3A conformer of [Adom+H]" is compared to the ground
conformations previously reported for [dAdo+H]" and [Ado+H]" in Figure 1. The geometric
properties of the ground N3A conformers as well as those of the most stable N1 and N7 protonated
conformers, N1A and N7A, of all three nucleosides are listed in Table 1.2’ Variation in the 2'-
substituent has very little impact on the preferred conformation of these adenine nucleosides as the
site of protonation (N3), nucleobase orientation (syn), and sugar puckering (C2'-endo) are
preserved for dAdo, Ado, and Adom. The 2'-substituent does however influence hydrogen-bond
stabilization as the 2'-O-methyl and 2'-hydroxyl substituents enable a hydrogen-bonding
interaction between the 2'- and 3'-substituents, whereas a 2'-hydrogen atom does not. The
conformational diversity enabled by the hydrogen-bonding interaction between the 2'- and 3'-
substituents however differs, as Ado can form either O2'H---O3’ or O2'---HO3' hydrogen-bonding
interactions, whereas Adom can only form O2'---HO3' hydrogen-bonding interactions. As a result,
2'-O-methylation reduces the number of very favorable low-energy hydrogen-bonding orientations
possible, and importantly inverts the preferred polarity of this interaction in [Adom+H]" versus
that of [Ado+H]". The 2’-O-methyl substituent leads to an enhancement in the IRMPD yield of
several features of [Adom+H]" providing a stronger spectroscopic handle for elucidation of the
conformers present in the experiments than the 2'-hydrogen and 2'-hydroxyl substituents of the
canonical analogs. For [dAdo+H]", five conformers exhibited predicted IR spectra that suggested
that they may be populated in the experiments, with N3A (syn, C2'-endo), N3B (syn, C3'-endo),
N3C (syn, C2'-endo), and N1A (anti, C2'-endo) dominant in the population, and a minor presence
of N3D (anti, C2'-endo). For [Ado+H]", only three conformers were appreciably populated by ESI,
N3A (syn, C2'-endo, O2'H---03"), N3C (syn, C3'-endo, O2'H---03’), and N1A (anti, C2'-endo,
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O2'H:--03"). For [Adom+H]", only two conformers were populated by ESI, N3A (syn, C2'-endo,
02'---HO3") and N1A (anti, C2'-endo, O2'---HO3'). Overall, the conformations of these
protonated adenine nucleosides populated by ESI are all very similar; the 2'-substituent does not
alter the preferred site of protonation or sugar puckering, but does influence intramolecular
hydrogen-bond stabilization. The structural effects of O2’-methylation thus elucidated for the
protonated adenine nucleosides are somewhat limited, however the bulky methyl group would
alter hydrogen-bonding interactions with the sugar and sterics within the minor groove of double
helical structures with O2’-methylated nucleosides.’

The ground N7A conformer of [Guom+H]" is compared to the ground conformations
previously reported for [dGuo+H]" and [Guo+H]" in Figure 1. Geometric properties of the ground
N7A conformers as well as those of the most stable O6 and N3 protonated conformers, O6A and
N3B, are compared in Table 2. As found for the adenine nucleosides, variation of the 2’-substituent
has very little impact on the preferred conformation of these guanine nucleosides as the preferred
site of protonation (N7), nucleobase orientation (anti), and sugar puckering (C3’-endo) are
preserved among dGuo, Guo, and Guom. For [dGuo+H]", only two conformers, N7A (anti, C3'-
endo) and N7B (anti, C2'-endo) were populated in the experiments. The diversity of conformations
populated is enhanced by intramolecular hydrogen-bonding interactions for [Guo+H]" with N7A
(anti, C3'-endo , O2'---HO3’), N7B (anti, C2'-endo, O2'---HO3'), N7C (anti, C3'-endo,
O2'H---03"), and N7D (anti, C2'-endo, O2'H---O3") present along with a minor population of N7E
(syn C2'-endo, O2'---HO3"). Only two conformers of [Guom+H]" are appreciably populated, N7A
(anti, C3'-endo , O2'H---03"), N7B (anti, C2'-endo , O2'H---03’), and minor populations of N7H
(syn, C2'-endo), and less stable 3'-hydroxyl rotamers of these conformers, N7D, N7I, and N70 .
The structures of these protonated guanine nucleosides populated by ESI are very similar again
indicating that the 2'-substituent does not alter the preferred site of protonation or sugar puckering,
but does influence intramolecular hydrogen-bond stabilization. The structural effects of O2'-

methylation thus elucidated for the protonated guanine nucleosides are also somewhat limited such
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that the influence of this substituent is likely exhibited in the way it alters interactions with other
molecules.

Influence of the 2’-Substituent on the Glycosidic Bond Stabilities of Protonated Ado
and Guo Nucleosides. The CIDso, values extracted from survival yield analyses of the ER-CID
data suggest that the glycosidic bond stabilities of the protonated adenine nucleosides exceed those
of the protonated guanine nucleosides. This conclusion is consistent with threshold collision-
induced dissociation (TCID) studies performed using guided ion beam tandem mass spectrometry
approaches. The measured the AEs for glycosidic bond cleavage of of [dGuo+H]" and [Guo+H]"
were measured as 93.612.9 kJ/mol and 114.842.9 kJ/mol, respectively. The AEs for glycosidic
bond cleavage of [dAdo+H]" and [Ado+H]" are roughly 50 kJ/mol larger, 147.6+4.8 kJ/mol and
164.0+4.8 kJ/mol, respectively.®*” As concluded in the TCID work, base rotation induced by N3
protonation of the adenine residue and leading to formation of a strong N3H"---O5’ hydrogen-
bonding interaction of the protonated adenine nucleosides plays a pivotal role in the intrinsic
mechanisms for their glycosidic bond cleavage and is the primary reason for the large increase in
their AEs for glycosidic bond cleavage versus the analogous guanine nucleosides.

The CIDsoy values for the guanine series follow the order: [dGuo+H]" < [Guom+H]" <
[Guo+H]". The CIDso% values, and therefore the relative glycosidic bond stabilities, exhibit an
inverse correlation with the C1'-N9 glycosidic bond lengths of these species (see Table 2) as
expected. However, the C1'-N9 glycosidic bond lengths of the protonated adenine nucleosides
also follow the same trend as the protonated guanine nucleosides (see Table 1). We interpret the
change in the relative CIDso, values, and thus relative glycosidic bond stabilities of the protonated
adenine nucleosides, as resulting from the strong N3H"---O5' hydrogen bonding interaction that
stabilizes these nucleosides. In addition, the O2'---HO3’ hydrogen-bonding interaction of Adom
should further constrain the transition state versus the slightly weaker O2'H:--O3’ hydrogen-
bonding interaction of Ado. The inversion of the O2’-O3’ hydrogen bonding interactions between
the 2’- and 3’-hydroxyl substituents does not appear as limited in the absence of the strong ionic

hydrogen-bonding interactions. Clearly, mapping of the potential energy surfaces for glycosidic
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bond cleavage of [Adom+H]" and [Guom+H]" along with accurate thermodynamic measurements
of their AEs for glycosidic bond cleavage would definitively resolve remaining questions
regarding the mechanistic and energetic effects of 2'-O-methylation of the protonated purine

nucleosides.

CONCLUSIONS

The structural and energetic effects of 2'-O-methylation of the protonated purine
nucleosides, [Adom+H]" and [Guom+H]", were investigated experimentally by IRMPD action
spectroscopy and ER-CID and theoretically via electronic structure calculations. The calculations
find that the stable low-energy conformations of the protonated 2'-O-methylated purine
nucleosides are highly parallel to those found for the protonated forms of the canonical purine
nucleosides. The preferred site of protonation (N3 for Adom and N7 for Guom), nucleobase
orientation (syn for [Adom+H]" and anti for [Guom+H]"), and sugar puckering (C2'-endo for
[Adom+H]" and C3’-endo for [Guom+H]"), are preserved among the DNA, RNA and 2'-O-
methylated variants of the protonated purine nucleosides. The 2'-substituent does influence
intramolecular hydrogen-bond stabilization, and inverts the preferred polarity from O2'---HO3' for
the RNA nucleoside to O2'H:--O3’ for the 2'-O-methylated nucleoside. Thus, not surprisingly, the
IRMPD spectra of the protonated purine nucleosides are also highly parallel. Only minor splitting
or shifts in the band positions are observed across the DNA, RNA, 2'-O-methylated series for the
protonated adenine and guanine nucleosides. However, significant differences are seen in the
IRMPD yields. Interpretation of the IRMPD spectra also finds that the conformers of [Adom+H]"
and [Guom+H]" populated in the experiments by ESI are also quite parallel to those found for the
canonical DNA and RNA purine nucleosides. Both N3 and NI protonated conformers of
[Adom+H]" contribute, whereas only N7 protonated conformers of [Guom+H]" are present in the
experiments. The conformations populated in the experiments by ESI generally involve the ground
and very low-lying conformations, but excited conformers also contribute and their presence is

explained based on preferential stabilization of these excited conformers in solution. Trends in the
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CIDsov values extracted from survival yield analyses of the 2’-O-methylated and canonical DNA
and RNA forms of the protonated purine nucleosides indicate that its influence is base dependent.
2'-O-methylation slightly increases the glycosidic bond stability of [Adom+H]", but leads to a
slight weakening of the glycosidic bond of [Guom|H]". The differential influence of 2'-O-
methylation likely arises due to the strong N3H'---O5’ hydrogen bonding interaction at play in
[Adom+H]*. Overall, the structural effects of 2-O-methylation of the protonated purine
nucleosides are modest, lead to inversion of the hydrogen-bonding interaction between the 2'- and
3'-substituents, and indeed may primarily involve changes in the way in which the nucleoside
interacts (via hydrogen-bonding interactions) with other molecules. Likewise, the energetic effects
of 2'-O-methylation of the protonated purine nucleosides are modest as well, and appear to be

influenced by differences in intramolecular hydrogen-bond stabilization within these systems.

SUPPORTING INFORMATION

Complete citations for references 64 and 65. Figures demonstrating the values of the
ZC4AN1C1'0O4’ dihedral angle that define the nucleobase orientation as syn or anti and the
nomenclature employed to describe the sugar puckering, showing all stable B3LYP/6-311+G(d,p)
conformers computed for [Adom+H]" and [Guom+H]" including the conformer designation, the
nucleobase orientation, sugar puckering conformation, and relative B3LYP/6-311+G(2d,2p)
Gibbs free energies at 298 K, comparing the IRMPD measured spectra of [Adom+H]" and
[Guom+H]" with the IR spectra predicted for various stable conformers of these species that

exhibit spectral signatures that preclude their importance in the experiments.
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Table 1. Geometric Parameters of the Most Stable N3, N1 and N7 Protonated Conformers of
Adom and the Canonical DNA and RNA Nucleosides of Adenosine, dAdo and Ado .2

Conformer Properties [Adom+H]" [dAdo+H]™® [Ado+H]™®
N3A H"--N3 1.035A 1.035A 1.033 A
C1'---N9 1.461 A 1.465 A 1.459 A
£C4N9C1'04’ 43 .4° 45.1° 45.4°
205'C5'C4'04' -59.7° -60.4° -60.3°
£C2'C3'O3'H 40.7° 79.3° 152.6°
£C1'C2'02'(H/C) 156.1° - -87.4°
Relative AGaos 0.0 kJ/mol 0.0 kJ/mol 0.0 kJ/mol
N1A H*-N1 1.013 A 1.013 A 1.013 A
C1'---N9 1.473 A 1.479 A 1.470 A
£C4N9C1'04' 238.5° 239.2° 232.4°
£05'C5'C4'04' -65.3° -66.1° -65.5°
2C2'C3'O3'H 37.4° 77.7° 157.2°
£C1'C2'02'(H/C) 159.1° - -84.7°
Relative AGaog 25.9 kJ/mol 25.3 kJ/mol 21.8 kJ/mol
N7A H"-N7 1.010 A 1.010 A 1.010 A
C1'--N9 1.503 A 1.512 A 1.502 A
£C4N9C1'04' 202.2° 199.8° 202.2°
£05'C5'C4'04' -61.2° -61.7° -62.5°
2C2'C3'O3'H -37.8° 84.7° 101.6°
£C1'C2'02'(H/C) 91.4° - -146.6°
Relative AGaos 33.2 kJ/mol 33.6 kJ/mol 37.2 kJ/mol
& Structures optimized at the B3LYP/6-311+G(d,p) level of theory, whereas relative Gibbs free

energies at 298 K are determined at the B3LYP/6-311+G(2d,2p) level of theory.

® Values for the protonated canonical nucleosides are taken from references 21 and 22.



28

Table 2. Geometric Parameters of the Most Stable N7, O6 and N3 Protonated Conformers of
Guom and the Canonical DNA and RNA Nucleosides of Guanosine, dGuo and Guo .2

Conformer Properties [Guom+H]" [dGuo+H]™ [Guo+H]"®
N7A H"--N7 1.013 A 1.012 A 1.012 A
C1'---N9 1.501 A 1.508 A 1.498 A
£CAN9C1'04' 204.9° 203.0° 203.8°
£205'C5'C4'04' -62.2° -62.6° -63.0°
£2C2'C3'0O3'H -38.9° 88.0° 103.6°
£2C1'C2'02'(H/C) 90.6° - -145.0
Relative AGaos 0.0 kJ/mol 0.0 kJ/mol 0.0 kJ/mol
O6A H"--06 0.971 A 0.971 A 0971 A
C1---N9 1.470 A 1475 A 1.468 A
£C4N9C1'04’ 239.4° 240.1° 233.9°
£05'C5'C4'04' -65.4° -66.2° -65.5°
£C2'C3'03'H 38.5° 78.8° 157.8°
£C1'C2'02'(H/C) 158.6 - -85.5°
Relative AGzos 37.4 kJ/mol 39.0 kJ/mol 35.0 kJ/mol
N3B H"--N3 1.028 A 1.027 A 1.026 A
C1'--N9 1.475 A 1.478 A 1472 A
£C4AN9C1'04' 21.8° 22.1° 19.4°
205'C5'C4'04' -60.4° -59.0° -57.4°
2C2'C3'0O3'H -34.3° 74.5° 95.8°
£C1'C2'02'(H/C) 89.6° - -148.5°
Relative AGaos 48.4 kJ/mol 52.4 kJ/mol 41.2 kJ/mol

* The N3B conformer is consistent with the lowest N3 conformers of [dGuo+H]" and [Guo+H]",
and its Gibbs free energy is only less than 1 kJ/mol higher than the N3A conformer.
® Values are taken from Ranran’s work in ref 27 and 28.

Table 3. Relative Enthalpies and Free Energies of Select Low-Energy Conformers of [Adom+H]"

and [Guom+H]" at 0 and 298 K in kJ/mol.

Species Conformer AHo  AHas  AGaog Nucleobase P Sugar Puckering
Orientation
[Adom+H]" N3A 0.0 0.0 0.0 syn 153.9  C2-endo (°T1)
N1A 29.6 29.6 25.9 anti 174.6  C2'-endo (°T3)
N7A 383 38.3 332 anti 8.8 C3’-endo (°Ta)
[Guom+H]" N7A 0.0 0.0 0.0 anti 8.9 C3'-endo (°T>)
N7B 2.5 2.5 2.0 anti 176.7  C2'-endo (*T5)
N7H 20.1 20.1 23.3 syn 160.6  C2'-endo (*T1)
O6A 38.0 38.0 37.4 anti 1745  C2-endo (°T3)
N3A 45.6 45.6 47.6 syn 149.2  C2'-endo (*T1)
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Table 4. Vibrational Band Assignments of [Adom+H]" Based on the N3A and N1A Conformers.

Experimental Band (cm™)

N3A

N1A

1089
1103
1132
1210
1320
1445
1492
1584
1654
1665
3431

3554
3613
3675

C3’ wagging/C1'—04' stretch

(02")CH3 twisting/C2' stretch
Sugar C—H rocking
Sugar twisting/scissoring
C6—NI stretch/C1’ scissoring
N6—-H: scissoring
C6—NG6 stretch

N6—H> symmetric stretch

N6—H> asymmetric stretch
O3"-H stretch
0O5'-H stretch

Sugar C-H twisting
Sugar C-H rocking

C8-H/O5'-H scissoring
C4'-H/O3'-H scissoring
Base C—N stretch
C4-C5 stretch
N6—H2/N1-H scissoring
C6—-NG6 stretch
N6—H> symmetric/N1-H
stretch
N6—H> asymmetric stretch
O3'-H stretch
0O5'-H stretch

Table 5. Vibrational Band Assignments of [Adom+H]" Based on N7A and N7H Conformers.

Experimental Band (cm™)

N7A

N7H

1110
1232

1311
1365
1469
1577
1605
1628
1772
3424

3464
3544
3572
3602
3675

Sugar stretch/scissoring
C5'-H twisting/N7-H
scissoring
C2'-H/N1-H scissoring

C4'-H/C8—H/N7-H scissoring

(O2")CH3/C5'-H scissoring
N2-H2/N1-H scissoring
C4—C5/C4—N3 stretch
C2—N2 stretch
C6=06 stretch
NI1-H stretch

N2-H> symmetric/N7—-H stretch

N2-H> asymmetric stretch
O3'-H stretch
O5'—H stretch

Sugar twisting/scissoring

C5'-H twisting/ N7-H/C8-H

/O—H/(02")CH3 wagging

N1-H scissoring/sugar twisting

C5-H/(O2")CH3 scissoring
N2-H>/N1-H scissoring
C4-C5/C4—-N3 stretch
C2-N2 stretch
C6=06 stretch
N2-H; symmetric/N1-H
stretch
N7-H/O5"-H stretch
N2-H; asymmetric stretch

O3'-H stretch
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Figure Captions

Figure 1. Chemical structures of the 2'-O-methyadenosine (Adom) and 2'-O-methyguanosine
(Guom) nucleosides and their canonical DNA (dAdo and dGuo) and RNA (Ado and Guo)
counterparts, where X = OCH3, H, OH, respectively. B3LYP/6-311+G(d,p) optimized geometries
of the ground conformers of the protonated forms of the Adom and Guom versus similar
conformers determined for their canonical DNA and RNA counterparts. The site of protonation
site, nucleobase orientation, and the sugar puckering are given for each conformer. Structures for

the canonical DNA and RNA nucleosides are taken from references 27 and 28.

Figure 2. Comparison of the measured IRMPD spectra of [Adom+H]" to those of its canonical
DNA and RNA nucleoside counterparts over the fingerprint region and hydrogen-stretching
regions. IRMPD spectra previously reported for [dAdo+H]" and [Ado+H]" are taken from

reference 27.

Figure 3. Comparison of the measured IRMPD spectra of [Guom+H]" to those of its canonical
DNA and RNA nucleoside counterparts over the fingerprint region and hydrogen-stretching
regions. IRMPD spectra previously reported for [dGuo+H]" and [Guo+H]" are taken from

references 28.

Figure 4. CID mass spectra of [Adom+H]" and [Guom+H]" at an rf excitation amplitude (rfga)

that results in ~50% dissociation.

Figure 5. Comparison of the survival yield curves of [Adom+H]" and [Guom+H]" to those of their
canonical DNA and RNA nucleoside counterparts. CIDsoy values and estimated errors in these

values determined from survival yield analyses are also given.
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Figure 6. Comparison of the experimental IRMPD spectrum of [Adom+H]" with IR spectra
predicted at the B3LYP/6-311+G(d,p) level of theory for the N3A and N1A conformers. The
B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K are also listed.

Figure 7. Comparison of the experimental IRMPD spectrum of [Guom+H]" with IR spectra
predicted at the B3LYP/6-311+G(d,p) level of theory for the N7A and N7B, and N7H conformers.
The B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K are also listed.



