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T 35— T Abstract. Gas-phase conformations of the
i b [pCyd+Na] 1 sodium-cationized forms of the 2’-deoxycytidine
and cytidine mononucleotides, [pdCyd+Na]* and
[pCyd+Na]*, are examined by infrared multiple
photon dissociation action spectroscopy. Compli-
mentary electronic structure calculations at the
B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)
L L L L 56 L level of theory provide candidate conformations
800 1000 1200 1400 1600 3400 3600 and their respective predicted IR spectra for com-
Frequency (cm™) parison across the IR fingerprint and hydrogen-
stretching regions. Comparisons of the predicted IR spectra and the measured infrared multiple photon disso-
ciation action spectra provide insight into the impact of sodium cationization on intrinsic mononucleotide
structure. Further, comparison of present results with those reported for the sodium-cationized cytidine nucleo-
side analogues elucidates the impact of the phosphate moiety on gas-phase structure. Across the neutral,
protonated, and sodium-cationized cytidine mononucleotides, a preference for stabilization of the phosphate
moiety and nucleobase orientation is observed, although the details of this stabilization differ with the state of
cationization. Several low-energy conformations of [pdCyd+Na]" and [pCyd+Na]" involving several different
orientations of the phosphate moiety and sugar puckering modes are observed experimentally.
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Introduction

he alkali metal cations Na" and K" are well known to play
a variety of critical roles in biology [1, 2]. The alkali
- metal cations are often dependent on one another to create
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[3, 4]. In addition, the structure and function of DNA and RNA
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[5]. However, the ion atmosphere surrounding nucleic acids is
extremely complex and dynamic, and difficult to study effec-
tively [6]. Experimental studies of detailed Na" binding to the
backbone, major, or minor groove are hindered by the difficul-
ty of observing Na" experimentally by X-ray crystallography
[7]. Molecular mechanics theoretical studies have indicat-
ed the presence of cations not only along the backbone
but also within the major and minor grooves of DNA [8—
10]. Simulations have also indicated the presence of Na"
near G-C base pairs [11]. The difficulty of probing these
structures experimentally has led to the continued use of
molecular mechanics simulations to complement and fur-
ther understand experimental results. Probing the
noncovalent binding of alkali metal cations to nucleic acid
monomers in the absence of solvent and the polymer
scaffold offers the opportunity to understand intrinsic
binding preferences and conformational changes and con-
tribute to the computational models used to study these
interactions in DNA and RNA. Similar studies have
probed the binding of transition metal cations, such as
Pb*", Zn**, and Pt**, to nucleic acid monomers, to ex-
plore the impact these metal ions have on conformation
[12-17].

Infrared ion spectroscopy (IRIS), and specifically, infra-
red multiple photon dissociation (IRMPD) action spectros-
copy, is proving to be an effective tool for probing the
intrinsic gas phase structure of covalently and
noncovalently bound systems [18-20]. In conjunction with
theoretical calculations, the much narrower IR peak widths
of IRMPD, in the absence of solvent and intermolecular
interactions, allow for detailed study of the conformations
accessed in the experiments [21-26]. Detailed electronic
structure calculations allow for the analysis of experimental
IRMPD action spectra, elucidation of the specific confor-
mations and binding motifs accessed experimentally, and
also provide insight into the potential energy surface of the
ions of interest [24, 27].

The gas-phase structures and cationization of cytosine-
based nucleic acid building blocks has been extensively
studied by IRMPD [23, 24, 28-38]. Understanding the
intrinsic behavior of these small nucleic acid monomers
and their components in the gas phase allows for detailed
study of the impact of specific components of the monomer,
different ionization methods, and modification of their
structures and properties. The IRMPD action spectra of
the sodium-cationized forms of the DNA and RNA cytidine
mononucleotides, 2’-deoxycytidine-5'-monophosphate
(pdCyd) and cytidine-5'-monophosphate (pCyd), along with
complimentary theoretical calculations, are detailed in this
work. This data offers the opportunity to examine the im-
pact of the sodium cation on intrinsic mononucleotide struc-
ture, and the impact of the phosphate moiety on sodium
cation binding preferences. The structure and atom number-
ing of the cytidine mononucleotides are shown in Figure 1
with the nucleobase, nucleoside, and phosphate components
labeled.
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Figure 1. The chemical structure of the cytidine mononucleo-
tides, 2'-deoxycytidine-5-monophosphate (pdCyd), and cyti-
dine-5"-monophosphate (pCyd), broken down into its compo-
nent nucleobase, nucleoside, and phosphate moiety. The atom
numbering of the nucleobase, sugar moiety, and phosphate
moiety is also shown

Experimental Method
IRMPD Action Spectroscopy

IRMPD action spectroscopy experiments of [pdCyd+Na]"
and [pCyd+Na]" in the IR fingerprint region between 600
and 1800 cm™ ' were performed using a custom-built 4.7-T
Fourier-transform ion cyclotron resonance mass spectrom-
eter (FT-ICR MS) coupled to the FELIX free electron laser
(FEL, 10 Hz repetition rate, bandwidth 0.3% of the central
frequency, energy up to 70 mlJ/pulse) [39]. Ions were
generated by electrospray ionization (ESI) from solutions
of ~1 mM of pCyd or pdCyd in a 50%/50% methanol/
water mixture with ~1 mM of NaCl added to promote
sodium cationization. pCyd was purchased from TCI Eu-
rope, Zwijndrecht, Belgium, whereas pdCyd, NaCl, and
solvents were purchased from Sigma-Aldrich, Zwijndrecht,
The Netherlands. A detailed description of the instrument
can be found elsewhere [39]. Following the electrospray
ionization (ESI) source, the ions are accumulated in a
hexapole ion guide before they are injected into the ICR
cell through a DC quadrupole bender and octopole ion
guide. The ions of interest are isolated in the ICR cell
using stored waveform inverse Fourier transform
(SWIFT) techniques and then irradiated for 3—4 s by the
FEL. Any resultant product ions and remaining precursor
ions are detected in the ICR cell. An IRMPD action spec-
trum is acquired by scanning the FEL across the region of
interest, collecting ion intensities as a function of vibra-
tional frequency. Precursor ion intensities (/,) and frag-
ment ion intensities (/,) are then converted to an IRMPD
yield using Eq. (1) below and plotted as a function of
vibrational frequency.

IRMPD yield = Y./+,/ (I, + Yl +,) (1)
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The IRMPD action spectra in the hydrogen-stretching region
were measured in much the same way using a modified Bruker
amaZon ETD 3D quadrupole ion trap mass spectrometer (QIT
MS) described in detail elsewhere [40, 41]. Ions were once again
produced by ESI from solutions of ~25 uM of either pdCyd or
pCyd and NaCl in 50%:50% methanol/water. The cytidine
mononucleotides, pdCyd and pCyd, were purchased from
Chem-Impex, Wood Dale, IL, USA, the HPLC-grade methanol
and water were purchased from Sigma-Aldrich, St. Louis, MO,
USA, and acetic acid was purchased from Fischer Scientific,
Waltham, MA, USA. Following the ESI source, the ions are
injected into the quadrupole ion trap through a transfer capillary,
dual ion funnel, and octopole ion guide interface. The ions of
interest were mass isolated and irradiated for 0.5 s by an optical
parametric oscillator/amplifier (OPO) laser (Laservision, Belle-
vue, WA, USA, repetition rate 10 Hz, bandwidth 3 cm ', energy
up to 15 mJ/pulse). Resultant fragment ions and remaining
precursor ions were then detected and converted to an IRMPD
yield that was plotted against vibrational frequency to produce
the measured IRMPD action spectrum.

Theoretical Methods

Detailed analysis of IRMPD action spectra generally relies
upon detailed electronic structure calculations to predict vibra-
tional frequencies and visually analyze the agreement between
the predicted frequencies and the measured IRMPD spectrum.
To effectively perform this analysis, a variety of diverse con-
formations must be analyzed. A molecular mechanics confor-
mational search is utilized to generate a range of conformations
and Na'-binding modes. The initial structures for the confor-
mational search of the sodium-cationized cytidine mononucle-
otides included structures in which Na" was bound solely to
02, N3, 04/, 02, Ox, or OH,, atoms, where Ox and OH,, are
oxo and hydroxy oxygen atoms of the phosphate moiety. The
neutral forms of pCyd and pdCyd were also subjected to the
conformational search. Each initial structure was subjected to a
simulated annealing procedure in HyperChem 8.0 [42] using
the Amber 3 force field involving 3000 cycles of annealing.
Each cycle consisted of 0.3 ps of heating from 0 to 1000 K,
0.2 ps to sample conformational space at 1000 K, and 0.3 ps of
cooling from 1000 to 0 K. The resultant candidate structures
were then submitted to a comparative structural analysis de-
scribed in detail elsewhere [27] to evaluate the root mean
squared deviation (RMSD) among them in order to determine
which of the candidate structures found in the annealing proce-
dures are structurally unique and low in energy. These unique
conformations were submitted to a preliminary quantum me-
chanics structural optimization using the Gaussian 09 suite [43]
and density functional theory (DFT) at the B3LYP/6-31+G(d)
level of theory to better refine the structure. The RMSD struc-
tural analysis was used on the resultant structures to enable
elimination of those candidate structures whose conformations
had collapsed upon one another; the resultant “unique” con-
formers were then subjected to geometry optimization and
frequency analyses at the B3LYP/6-311+G(d,p) level of theory.
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This level of theory has been shown to produce stable con-
formers and predict vibrational frequencies for the IRMPD
analysis reasonably well for similar systems [31, 32, 35]. These
conformers were also subjected to a further single-point energy
calculation at the B3LYP/6-311+G(2d,2p) level of theory to
better predict their relative Gibbs energies. The MP2 level of
theory has also been used in several previous studies to calcu-
late single-point energies of similar species with good results
[33-35, 44]. However, in our past work [32-35, 45-56],
B3LYP was found to perform at least as well as MP2 and often
much better at describing the nucleic acid building blocks.

The specific conformations of the nucleotides are described
using standard labels for nucleobase orientation and sugar
puckering, as described in detail elsewhere [57]. The puckering
of the sugar is described through calculation of a
pseudorotation angle from the five dihedral angles of the sugar
ring, and assigned a specific puckering mode, which is further
simplified using the more traditional C2'"-endo/C2'-exo nomen-
clature, indicating that the atom that deviates most from the
plane of the sugar, C2' in this example, lies either above (endo),
on the same side as the nucleobase, or below (exo) the plane
defined by the other three atoms of the sugar ring. The orien-
tation of the cytosine nucleobase is described as anti, when it is
oriented in such a way as to facilitate Watson—Crick base
pairing, with the N3 and O2 atoms pointed away from the
sugar moiety, or syn where the N3 and O2 atoms are oriented
above/towards the sugar moiety. This orientation is calculated
from the glycosidic bond dihedral angle, #O4’C1'N1C2. The
orientation of the phosphate moiety can be described by the
dihedral angle of the 5'-substituent, £O4'C4'C5'05’, and the
phosphate dihedral angle, #C4'C5'O5'P. The rotation of the
phosphate moiety itself around the O5'—P bond appears to be
less indicative of the orientation of the phosphate moiety within
the conformer and was not incorporated. The location of the
sodium cation is generally described relative to the sugar ring
from the perspective of the C2'—C3’ side of the ring with the
nucleobase and phosphate moiety located “above” the sugar
ring. Individual conformers are assigned numerical designa-
tions based on their relative energetics within the bidentate (B),
tridentate (T), or tetradentate (Q) sodium cation binding modes,
with T1 being the most stable tridentate conformer, B1 the
most stable bidentate conformer, and Q1 the most stable
tetradentate conformer, regardless of the specific binding
mode.

The predicted vibrational frequencies were calculated using
the harmonic approximation, whereas the measured IRMPD
spectrum is subject to the anharmonicity present in the real
system. To approximately correct for the lack of anharmonicity
in the predicted vibrational frequencies, scaling factors were
used. Approximate scale factors were initially chosen based on
literature precedence, and then slightly refined by visual com-
parison of all of the predicted IR spectra and the measured
IRMPD spectrum, to achieve the best agreement between the
dominant features. Once approximate values for the scaling
factors have been determined in this way, more detailed com-
parisons between the measured IRMPD spectrum and the IR
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spectra predicted for the ground and low-energy conformers
computed as well as any others that appear to provide reason-
able agreement with the measured spectrum are performed to
further refine the scale factor applied. Historically, it has been
well established that the anharmonicity of vibrational modes in
the IR fingerprint and hydrogen-stretching regions were suffi-
ciently different so as to require separate scaling factors. Thus,
a distinct scale factor for each region has typically been applied
to the predicted IR spectra before comparison to the experi-
mental data. However, previous investigations have found that
a single-scale factor does not enable the predicted IR spectra to
accurately describe the measured IRMPD spectra of mononu-
cleotides over the IR fingerprint region, a difficulty largely
associated with the anharmonicity of the spectral features of
the phosphate moiety [16, 17, 35, 38, 50-52, 58—60]. Although
not a perfect solution, improved reproduction of the measured
spectra was achieved by applying different scale factors to the
vibrational frequencies above and below 1300 cm™' in the IR
fingerprint region. Consistent with these earlier works, the
application of dual scaling factors over the IR fingerprint
region also proved necessary for [pdCyd+Na]" and
[pCyd+Na]*, with vibrational frequencies below 1300 cm™'
scaled by 0.990 and those above 1300 cm ™' scaled by 0.978.
As already well accepted, a different scale factor, 0.9615, is
used for the hydrogen-stretching vibrations. To facilitate the
analysis, the calculated and scaled vibrational frequencies are
then convoluted with a Gaussian peak shape with a 20 cm ™" full
width at half maximum (fwhm) in the IR fingerprint region to
best capture the experimental peak widths, anda 15 cm ' fwhm
Gaussian peak shape in the hydrogen-stretching region.

Results
IRMPD Action Spectroscopy

The primary photofragment of both [pCyd+Na]" and
[pdCyd+Na]" is [Cyt+Na]®, the sodium-cationized cytosine
nucleobase. This was the only fragment reliably observed in
the experiments in the hydrogen-stretching region. However,
minor photofragments were observed in the IR fingerprint
region experiments, namely, the ion resulting from loss of
H,O from the precursor ion, and sodium-cationized phosphoric
acid, [HsPO4+Na]". The experimental IRMPD action spectra
of [pdCyd+Na]" and [pCyd+Na]" reported in this work are
compared with those measured in previous work for the sodi-
um cationized cytidine nucleosides, [dCyd+Na]" and
[Cyd+Na]", as well as those of the protonated cytidine
monophosphate nucleotides, [pdCyd+H]" and [pCyd+H]", in
Figure 2. Immediately evident in Figure 2 are the significant
parallels of the measured IRMPD spectra of the sodium-
cationized cytidine nucleotides with the sodium-cationized nu-
cleosides, particularly in the IR fingerprint region above
1300 ¢cm ', where the measured features at ~ 1368, 1480,
1524, 1600, and 1650 cm ™" are all extremely parallel in shape
and center to those measured for the sodium-cationized cyti-
dine nucleosides. Below 1300 cm ™', the measured spectra of
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Figure 2. Comparison of experimental IRMPD action spectra
of the sodium-cationized cytidine mononucleotides,
[pdCyd+Na]* and [pCyd+Na]*, the sodium-cationized cytidine
nucleosides, [dCyd+Na]* and [Cyd+Na]*, and the protonated
cytidine mononucleotides [pdCyd+H]* and [pCyd+H]*. Data for
the sodium cationized cytidine nucleosides and protonated
cytidine mononucleotides are taken from references [26, 29],
respectively

[pdCyd+Na]" and [pCyd+Na]", with two complex features
centered at ~982 and 1075 cm ', are more parallel in shape
and position to that observed for [dCyd+Na]" than [Cyd+Na]".
The measured IRMPD action spectra in the IR fingerprint
region are also quite parallel, although the features measured
in this work at ~3460 and 3568 cm ' are much less intense
than the analogous features measured for the sodium-
cationized cytidine nucleosides, which is likely a result of
differences in the ion cloud-laser light overlap due to their
acquisition on the QIT MS instrument [40]. In comparison with
the IRMPD action spectra of the protonated cytidine nucleotide
analogues, several notable differences are evident. Perhaps the
most important difference is the feature measured for
[pdCyd+H]" and [pCyd+H]" at ~ 1808 cm ', corresponding
to the free C2=02 carbony] stretch. This feature is not observed
for either sodium-cationized cytidine mononucleotide or the
sodium-cationized cytidine nucleosides, an indication that the
noncovalently bound sodium cation is interacting with the O2-
carbonyl oxygen atom.

Theoretical Results

The calculated ground conformers of the cytidine mononucle-
otides, pdCyd and pCyd, as well as those of their sodium-
cationized forms, [pdCyd+Na]" and [pCyd+Na]’, are shown
in Figure 3. The computed ground conformers of [pdCyd+Na]"
and [pCyd+Na]" both display tridentate noncovalent binding of
the sodium cation to the oxo oxygen atom of the phosphate
moiety (Ox), and the N3 and O2 atoms of the nucleobase,
denoted as T1(OxO2N3). Images of representative structures
calculated for [pdCyd+Na]" and [pCyd+Na]" are shown in
Figures S1 and S2, respectively, along with their conformer
designation, nucleobase orientation, sugar puckering, and
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Figure 3. The calculated ground conformers of the neutral and
sodium-cationized forms of the cytidine mononucleotides,
pdCyd, pCyd, [pdCyd+Na]*, and [pCyd+Na]*, determined in
the work. Also included are spectroscopically important con-
formers of the sodium-cationized forms of the cytidine nucleo-
sides, [dCyd+Na]* and [Cyd+Na]*, as well as the protonated
cytidine mononucleotides, [pdCyd+H]* and and [pCyd+H]",
determined in previous work [26,29]. All ground conformers
were calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) level of theory

relative Gibbs energies. Tables S1 and S2 list the relative Gibbs
energies, calculated structural parameters, and labeled orienta-
tions of these representative structures for reference. The
ground conformers, for both [pdCyd+Na]” and [pCyd+Na]",
display a preference for the syn orientation of the nucleobase as
well as C4'-exo sugar puckering, although a variety of sugar
puckers are observed within 12 kJ/mol, all displaying the same
T(Ox0O2N3) sodium cation—binding mode. The phosphate moi-
ety also appears to be quite flexible within these low-lying
tridentate conformers, with several different rotations of the
£04'C4'C5'05" and £C4'C5'O5'P dihedral angles observed
within this 12 kJ/mol range. The ground conformers of both
[pdCyd+Na]" and [pCyd+Na]" display an additional OH,,O4’
intramolecular hydrogen-bonding interaction, and all of the
low-energy conformers of [pCyd+Na]" also engage in a
hydrogen-bonding interaction between the 2'- and 3’-hydroxy
substituents.

The second most stable cation binding mode found is also
tridentate, T(Ox04'02). The most stable examples of this bind-
ing mode, T9p4cya(0x04'02) and T8,cya(0x04'02), are
found to be 9.0 and 14.9 kJ/mol higher in Gibbs energy than
the calculated T1(OxO2N3) ground conformers of
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[pdCyd+Na]" and [pCyd+Na]", respectively. The sodium cation
0f T9pacya(0x04'02) and T8,¢ya(0x04'02) is bound behind
the plane of the sugar ring, looking from the C2’ and C3’ atoms.
In these conformers, the sodium cation lies slightly above and
behind the sugar ring, whereas in the T10p,4¢ya(0x04'02) and
T10,cya(0x04'02), the next most stable T(0x04'02) con-
formers, the sodium cation is bound slightly below and behind
the sugar ring. The most stable conformers exhibiting this
T(Ox04'02) binding mode both exhibit C3'-endo sugar puck-
ering with syn nucleobase orientations, but conformers
exhibiting C2'-endo puckering are found close in Gibbs ener-
gy, <2.8 kJ/mol. Another form of the T(Ox04'02) binding
mode is observed in T13,4cyqa(0x04'02) and
T11,cya(0x04'02), lying 16.2 and 21.9 kJ/mol above the
respective T(OxO2N3) ground conformers. In these con-
formers, the sodium cation is bound more directly above the
04’ atom, and not behind the sugar moiety, similar to the
calculated ground conformer of [dCyd+Na]", shown in
Figure 3.

The most stable bidentate cation binding mode is B(0x02),
observed as Bl4cya(0x02) and Bl,¢yq(0x02), lying 9.9 and
16.1 kJ/mol higher than the calculated ground conformers,
respectively. The orientation of the phosphate moiety in the
B(0x02) conformers is notably different than that observed in
the T(OxO2N3) conformers. The phosphate moiety in
B(0x02) conformers is oriented away from the sugar ring,
rather than above or behind as observed in the low-energy
tridentate conformers. Another bidentate binding mode,
B(O2N3), is observed in B3pacya(O2N3) and B3cya(O2N3),
which lie 49.7 and 56.6 kJ/mol higher in relative Gibbs energy,
respectively. Binding of the sodium cation solely to the
nucleobase allows for a great deal of flexibility in both the
nucleobase orientation and the phosphate moiety, and several
such conformations were calculated, with only the most stable
of these conformers shown in Figures S1 and S2, as they lie so
high in relative Gibbs energy. For [pCyd+Na]", a unique
bidentate binding mode, B(0202"), is observed in conformer
B2,,¢ya(0202"), lying 29.3 kJ/mol above the Tlcyg ground
conformer. The B(0202") binding mode restricts the
nucleobase orientation but leaves the phosphate moiety free,
so although many more conformers of this type were calculat-
ed, only the most stable conformer calculated, B2,¢cya(0202),
is shown. Tetradentate binding modes were also observed. The
Q1(04'05'020H,,) sodium cation binding mode is found
41.0 and 46.4 kJ/mol higher in energy than the respective
ground conformers of [pdCyd+Na]" and [pCyd+Na]". Another
tetradentate binding mode, Q(Ox0O4'020H,,), is found only for
[pCyd+Na]", displaying a highly parallel structure but with a
different phosphate orientation facilitating interaction with the
oxo atom of the phosphate instead of the 5'-hydroxy oxygen
atom. Although this binding mode was only observed in these
calculations for [pCyd+Na]", the lack of interaction between
the sodium cation and 2'-hydroxy substituent indicates that it is
a potential binding mode for [pdCyd+Na]". These tetradentate
binding modes are similar to several of the T(Ox04'02) con-
formers in nucleobase orientation, with glycosidic bond angles
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of ~300°, and the sodium cation bound “behind” the sugar
ring. Overall, sugar puckering appears to be less important to
conformer stability than previously observed for the nucleoside
analogues, with relative stability driven primarily by the mode
of binding and the orientation of the phosphate moiety. This
reduced impact of sugar puckering might be due to the in-
creased flexibility afforded to the phosphate moiety in the
nucleotide over the 5'-hydroxy substituent in the nucleosides,
allowing for the optimal cation binding mode to be found under
different sugar puckering conditions.

Representative conformers of the neutral forms of pdCyd
and pCyd are shown in Figures S3 and S4 along with their
conformer designation, nucleobase orientation, sugar pucker-
ing, and relative Gibbs energies. Tables S3 and S4 list the
relative Gibbs energies, calculated structural parameters, and
labeled orientations of these representative structures for refer-
ence. Both pdCyd and pCyd favor conformers displaying
simultaneous OH,~*O2 and O3'H---Ox intramolecular
hydrogen-bonding interactions stabilizing the nucleobase and
phosphate moieties. Stabilization of the nucleobase orientation
appears to be favored over stabilization of the phosphate moi-
ety. A conformer of pCyd lying only 4.3 kJ/mol above the
ground conformer displays O3'H---O2'H---O2 hydrogen-
bonding interactions, stabilizing the nucleobase orientation to
the sugar ring, with no obvious hydrogen-bonding interactions
stabilizing the phosphate moiety, whereas conformers of
pdCyd and pCyd stabilizing the phosphate moiety and not the
nucleobase orientation lie 15.7 and 16.6 kJ/mol above the
ground conformers, respectively.

The spectroscopically important conformers of the sodium-
cationized forms of the cytidine nucleosides, [dCyd+Na]" and
[Cyd+Na]", as well as those of the protonated forms of the
cytidine mononucleotides, [pdCyd+H]" and [pCyd+H]", deter-
mined in previous work, are also shown in Figure 3 for com-
parison [31, 35].

Discussion

Experimentally Populated Conformers
of [pdCyd+Na]*

The experimental IRMPD action spectrum and predicted IR
spectra of interesting and representative low-energy conformers
of [pdCyd+Na]" are compared in Figure 4. A more thorough set
of representative conformers of [pdCyd+Na]" are shown in
Figure S1, and their predicted IR spectra are compared with
the experimental IRMPD spectrum in Figure S5. The difficulty
in finding a single scaling factor to treat the region below
1300 cm™" results in a compromise, notably observed in the
feature at ~ 1273 cm, which is not well represented by any of
the predicted IR spectra shown in Figure 4 or Figure S5 and
corresponds to the P-Ox/P=0x stretch. Another notable issue in
the analysis of the conformers populated in the experiments is
the width of the features at ~982 and 1075 cm™ ', which is not
represented well by any single conformer, and indicates that
multiple conformers may be present. The smaller features
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Figure 4. Comparison of the measured IRMPD action spec-
trum of [pdCyd+Na]* with the B3LYP/6-311+G(d,p) predicted
linear IR spectra for representative low-energy conformers that
are populated in the experiments. The sodium cation binding
mode, nucleobase orientation, sugar puckering, and relative
B3LYP/6-311+G(2d,2p) Gibbs energies at 298 K are indicated
for each conformer. The measured IRMPD action spectrum is
superimposed on the calculated spectra and the intensity
scaled to facilitate comparisons

measured at ~ 1368, 1480, and 1524 em ! are all reasonably
well represented by the four conformers T1,4cya(OXO2N3),
T254cya(OxO2N3), T4,4cya(OxO2N3), and Bl,4cya(0x02)
shown in Figure 4, as well as every conformer shown in
Figure S5. However, the major feature at ~ 1650 cm ', arising
from the symmetric NH, bending of the nucleobase, provides
better differentiation between the predicted IR spectra shown in
Figure S5. Conformers displaying the T(Ox04'02) sodium
binding mode, such as T9,4cya(0x04'02), generally predict
the shape of this feature poorly, with more separation between
the intense NH, bending and less intense NH, bending coupled
to C-H bending in the nucleobase vibrational modes. The
T(Ox04'02) conformers also predict the center of this feature
to be slightly blue shifted relative to the measured band. This
measured feature is also predicted somewhat poorly by the
B3,acya(O2N3) conformer, which predicts a slight red shift
of this feature. In the hydrogen-stretching region, these
T(0x04'02) and B(O2N3) conformers also predict the
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measured feature at ~3676 cm ™' poorly, being somewhat red
shifted and split for the T(Ox04'02) conformers and slightly
blue shifted for the B(O2N3) conformers. Even more blatant
examples of spectral disagreement in the hydrogen-stretching
region would appear to be the intense features around ~ 3300—
3350 cm ' in the spectra of T4,4cya(OXx0O2N3) and
B1,4cya(0x02) conformers. However, this predicted feature
results from the OH, stretch, which is involved in the
OH,,-O4" hydrogen-bonding interaction in those conformers,
and as such may not be observed there experimentally as the
anharmonicity of the hydrogen-bonding vibrational mode
could shift its frequency and intensity [61-63].

Visual analysis of the measured IRMPD spectrum and the
predicted IR spectra suggests that the conformers populated in
the experiment have structures similar to the T4pgcya(OXO2N3)
and B1pgcya(0x02) conformers shown in Figure 4. These con-
formers are generally best described by a glycosidic bond angle of
~70°, with a remarkably flexible sugar pucker and phosphate
orientation. Some conformers such as T13,4cya(0x04'02), with
the sodium bound above the sugar ring, on the same side as the
nucleobase, display similar glycosidic bond angles but with pre-
dicted IR spectra more consistent with the other T(Ox04'02)
conformers, described above, but these conformers display greater
disagreement with the measured spectrum. The measured spec-
trum between 1300 and 1800 cm ' is well reproduced by the
tridentate T(OxO2N3) and bidentate B(Ox0O2) conformers,
T1-T8, T11, B1, and B2 of [pdCyd+Na]", all of which display
parallel structures. However, some differences in the spectra of
several of these conformers such as T1-T3 are seen in the
hydrogen-stretching region, most notably the small shoulder at-
tributed to the O3'~H stretch at ~3690 cm . T4,acya(OxO2N3)
appears to provide the best overall agreement with the measured
spectrum, but it is likely that a mixture of the T1-T8, B1, and B2
conformers is present in the experiments, contributing to the broad
width of the measured features at ~982 and 1075 ¢cm ™. Vibra-
tional assignments based upon these conformers are given in
Table S5.

Experimentally Populated Conformers
of [pCyd+Na]"

The experimental IRMPD action spectrum and predicted IR
spectra of several representative low-energy conformers of
[pCyd+Na]" are compared in Figure 5. Additional spectral com-
parisons with a broader selection of representative conformers are
shown in Figure S6. Similar to [pdCyd+Na]®, selection of a
scaling factor to treat the vibrations below 1300 cm ™' in
[pCyd+Na]" is challenging, due once again to the feature at
~1283 cm . In every theoretical IR spectrum, this feature is
predicted somewhat poorly in order to achieve better agree-
ment with the features at ~955 and 1107 cm '. As in
[pdCyd+Na]", the feature at ~1283 cm™' corresponds to the
P-Ox/P=0x stretch, which is involved in binding of the sodi-
um cation. The two complex features at ~955 and 1107 cm ™'
present better peak shapes for visual matching to the predicted
IR spectra of [pCyd+Na] " than that observed for [pdCyd+Na]",
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Figure 5. Comparison of the measured IRMPD action spec-
trum of [pCyd+Na]" with the B3LYP/6-311+G(d,p) predicted
linear IR spectra for representative low-energy conformers that
are populated in the experiments. The sodium cation binding
mode, nucleobase orientation, sugar puckering, and relative
B3LYP/6-311+G(2d,2p) Gibbs energies at 298 K are indicated
for each conformer. The measured IRMPD action spectrum is
superimposed on the calculated spectra and the intensity
scaled to facilitate comparisons

and several T(OxO2N3) binding conformers provide reasonable
agreement with these features. Between 1300 and 1700 cm ™', all
of the T(OxO2N3) binding conformers display good agree-
ment with the measured spectrum. In contrast, conformers with
alternate binding modes such as T(0x04'02), T(O5'O20H,),
T(Ox04'05"), Q(04'05'0OH,02), and B(O2N3) disagree with
the measured peak shape at ~ 1645 cm ', precluding confor-
mations involving these modes of Na* binding from significant
contribution to the experimental spectrum. Although
B1,¢ya(0x02) presents reasonable agreement with the mea-
sured spectrum across the IR fingerprint region, misalignment
with the measured feature at ~1645 cm™' indicates that it
cannot be making a significant contribution to the measured
spectrum. Among the low-energy T(OxO2N3) binding con-
formers that offer good agreement with the measured spectrum
in the IR fingerprint region, T1-T7, relatively consistent dis-
agreements are observed in the hydrogen-stretching region.
Consistent among T1-T7 is a predicted vibrational mode at
~3700 cm ! that does not provide a match for any measured
feature. This feature corresponds to the O3'—H stretch, and in
each of these conformers, the 3'-hydroxy oxygen atom is acting
as either a hydrogen-bond donor or acceptor and as such the
intensity is predicted poorly by the harmonic calculations, or
not captured well in the measured spectrum. Similarly, the
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vibrational mode predicted to lie between the measured
features at ~3572 and ~3675 cmﬁl, which does not match
any measured features, corresponds to the O2'-H stretch,
which is also involved directly or indirectly in hydrogen-
bonding interactions. T6pcya(OxO2N3) does not display this
feature between ~3572 and ~3675 cm ' as it has collapsed
upon the asymmetric NH, stretch at ~3572 cm™'. Similar to
that observed for [pdCyd+Na]", conformers
T1,cya(OxO2N3) and T3,cya(OxO2N3), which display
OH,, 04" hydrogen-bonding interactions also predict a cor-
responding feature between ~3300 and 3360 cm ' that is
not experimentally observed in this frequency range, as
expected given its involvement in a hydrogen-bonding
interaction.

Low-energy conformers with the tridentate binding mode
T(OxO2N3) provide the best spectral representation of the exper-
imental spectrum. Specifically, a mixture of the T1pcya=T7pcya
conformers provides good representation when considering that
the O2-H and O3"—H stretches in the hydrogen-stretching region
may have been too weak to measure in the experiment or have
shifted due to the greater anharmonicity introduced via hydrogen-
bonding interactions. These O2'-H and O3'-H stretches are pre-
dicted for all of the conformers calculated except those displaying
B(0202) binding; the predicted spectrum of these latter con-
formers provides poorer agreement in the hydrogen-stretching
region. T4,cya(OxO2N3) provides the best overall match to the
experimental spectrum in the IR fingerprint region and decent
agreement in the hydrogen-stretching region, comparable to the
other low-energy T(OxO2N3) conformers. Vibrational assign-
ments based upon these conformers are given in Table S6.

Comparison to Sodium-Cationized Cytidine
Nucleosides

The calculated ground conformers of both sodium-cationized
DNA and RNA cytidine nucleosides [dCyd+Na]" and
[Cyd+Na]" exhibit tridentate T(O5'04'02) binding [31]. How-
ever, this binding mode is not favored experimentally for
[Cyd+Na]" where B(0202") and T(0202'03") binding modes
are observed, kinetically trapped from solvated structures. The
bidentate B2,¢yq(0202’) binding mode of [pCyd+Na]" paral-
lels the B1(0202’) conformer of [Cyd+Na]’, but lies much
higher in relative Gibbs energy to the calculated ground con-
former and displays spectral disagreement that precludes it
from significant contribution to the experimental spectrum.
For [dCyd+Na]", the predicted T(05'04'02) binding mode,
as observed in the calculated ground conformer, is spectroscop-
ically preferred. The most parallel binding mode to this
[dCyd+Na]" ground conformer in the cytidine mononucleo-
tides is the T(Ox04'02) binding mode, specifically the higher
energy version of this binding mode where the sodium cation
lies almost directly above the O4'" atom, which lies 16.2 and
21.9 kJ/mol higher in Gibbs energy for [pdCyd+Na]" and
[pCyd+Na]", respectively. Consistent between the nucleoside
and mononucleotide is the preference for interaction of the
sodium cation with both the sugar and nucleobase, providing
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stability to the glycosidic bond, as well as an energetic prefer-
ence in the gas phase for simultaneous stabilization of the
nucleobase and the 5’-oxygen atom either directly or via the
phosphate moiety.

Comparison to Protonated Cytidine
Mononucleotides

The protonated cytidine mononucleotides, [pdCyd+H]" and
[pCyd+H]", both prefer anti nucleobase orientations stabilized
by C6H--Ox intramolecular hydrogen-bonding interactions
[35]. As also observed in studies of the protonated cytidine
nucleosides, conformers protonated at the N3 position and
those protonated at the O2 position are experimentally popu-
lated. Unlike the sodium-cationized cytidine mononucleotides,
and nucleosides as well, the protonated conformers display
energetic and spectroscopic preference for “isolation” of the
cation, preferring the proton not to have direct involvement in
the hydrogen-bonding stabilization of the conformer. Howev-
er, stabilization of the phosphate moiety and nucleobase orien-
tation together is preferred regardless of the cationizing agent.
Although conformations of [pdCyd+H]" and [pCyd+H]"
exhibiting additional hydrogen-bonding interactions between
the phosphate moiety and the sugar ring through O4' are found,
similar to the computed ground conformers of the sodium-
cationized mononucleotides, these conformations were calcu-
lated to be slightly higher in Gibbs energy, and more impor-
tantly, not spectroscopically relevant.

Impact of Sodium Cationization on Cytidine Mono-
nucleotide Structure

Neutral pdCyd and pCyd were both calculated to prefer con-
formers stabilizing both the phosphate moiety and nucleobase
through an OH,,*O2 intramolecular hydrogen-bonding inter-
action, with the phosphate moiety also being stabilized to the
sugar ring through an O3'H-Ox hydrogen-bonding interac-
tion. This is reminiscent of the phosphate-nucleobase stabiliza-
tion preferred by both [pdCyd+Na]" and [pCyd+Na]" in the
form of the T(OxO2N3) binding mode. The calculated ground
conformers of both nucleotides also display additional stabili-
zation of the phosphate moiety to the sugar ring through an
OH, 04" hydrogen-bonding interaction. Conformers of the
neutral cytidine nucleotides without phosphate-nucleobase sta-
bilization can be found reasonably low in Gibbs energy, ~ 15.7
and 4.3 kJ/mol for pdCyd and pCyd. In contrast, conformers of
[pdCyd+Na]" and [pCyd+Na]" without stabilization of the
phosphate moiety to the nucleobase lie much higher in Gibbs
energy, 49.7 and 29.3 kJ/mol for the B3,4cya(O2N3) and
B2,cya(0202’) conformers, respectively.

Conclusions

IRMPD action spectroscopy of the sodium-cationized DNA
and RNA cytidine mononucleotides reveals an energetic and
spectroscopic preference for stabilization of the nucleobase and
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phosphate moiety through a tridentate T(OxO2N3) cation bind-
ing mode. Although the method of stabilization is different, this
is in good agreement with the calculations performed here for
the neutral cytidine mononucleotides and previous observa-
tions regarding the protonated DNA and RNA cytidine mono-
nucleotides. In each of these cases, the flexible phosphate
moiety prefers to adopt an orientation that allows for either
sodium cation binding, or a hydrogen-bonding interaction be-
tween phosphate and nucleobase, creating large and flexible
chelation or hydrogen-bonding rings. In the sodium-cationized
cytidine mononucleotides examined here, the most stable con-
former observed, T1(OxO2N3), also displays an additional
OH,,'-O4" hydrogen-bonding interaction, further stabilizing
the orientation of the phosphate moiety to the sugar ring itself.
The increased flexibility of the phosphate moiety of the mono-
nucleotide over the 5'-hydroxy substituent of the nucleoside
allows for more structural variety within low-lying conformers.
The phosphate moiety also largely masks the influence of the
sugar puckering on the predicted IR spectra, making differen-
tiation between sugar puckering modes spectroscopically in-
feasible for the mononucleotides. Sodium cation binding via
chelation to the nucleobase and phosphate moiety is heavily
preferred over binding to the phosphate moiety or nucleobase
independently.
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