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ABSTRACT: The influence of noncovalent interactions with a sodium
cation on the gas-phase structures and N-glycosidic bond stabilities of 2′-
deoxyadenosine (dAdo) and adenosine (Ado), [dAdo+Na]+ and [Ado
+Na]+, are probed via infrared multiple photon dissociation (IRMPD)
action spectroscopy and energy-resolved collision-induced dissociation
(ER-CID) experiments. ER-CID experiments are also performed on the
protonated forms of these nucleosides, [dAdo+H]+ and [Ado+H]+, for
comparison purposes. Complementary electronic structure calculations
are performed to determine the structures and relative stabilities of the
stable low-energy conformations of the sodium cationized nucleoside
complexes and to predict their IR spectra. Comparison between the
measured IRMPD action spectra and calculated IR spectra enables the
conformations of the sodium cationized nucleosides present in the
experiments to be elucidated. The influence of sodium cationization
versus protonation on the structures and IR spectra is elucidated by comparison to IRMPD and theoretical results previously
reported for the protonated forms of these nucleosides. The influence of sodium cationization versus protonation on the
glycosidic bond stability of the adenine nucleosides is determined by comparison of the ER-CID behavior of these systems. All
structures present in the experiments are found to involve tridentate binding of Na+ to the N3, O4′, and O5′ atoms forming
favorable 5- and 6-membered chelation rings, which requires that adenine rotate to a syn configuration. This mode of sodium
cation binding results in moderate flexibility of the sugar moiety such that the sugar puckering of the conformations present
varies between C2′-endo and O4′-endo. Sodium cationization is found to be less effective toward activating the N-glycosidic
bond than protonation for both dAdo and Ado. Both the IRMPD yields and ER-CID behavior indicate that the 2′-hydroxyl
substituent of Ado stabilizes the N-glycosidic bond relative to that of dAdo.

■ INTRODUCTION

Although chemically similar, DNA and RNA nucleic acids
generally exhibit very different 2°, 3°, and 4° structures. DNA is
most often found as a B form right-handed double helix with
the nucleobases in an anti orientation and the 2′-deoxyribose
sugar moieties exhibiting C2′-endo puckering, which is
stabilized by Watson−Crick base pairing and π-stacking
interactions. However, DNA is highly polymorphic and can
take on a variety of other double-stranded structures including
the A and Z forms1,2 as well as triple- and quadruple-stranded
structures by altering the base pairing, π-stacking, sugar
puckering, and the direction and periodicity of the helix. In
contrast, RNA generally exists as a single-stranded structure
with the nucleobases in an anti orientation and the ribose sugar
moieties exhibiting C3′-endo puckering, which is also stabilized
by Watson−Crick base pairing achieved by folding back on
itself to create helices, loops, bulges, and junctions. The

structures of nucleic acids are also influenced by interactions
with metal cations, protons, water, a wide variety of ligands,
proteins, enzymes, and other nucleic acids. Indeed, interactions
with metal cations and protons lead to the stabilization of both
canonical and noncanonical structures, whereas interactions
with the latter species are the means by which nucleic acids
perform their various functions.3,4 In order to better understand
and manipulate the structures and functional properties of
more complex DNA and RNA polymers, studies of the DNA
and RNA nucleosides and how their structures and stabilities
are influenced by the local environment are of fundamental
importance.5−12 Sodium cations participate in biological
processes via noncovalent interactions with DNA and RNA
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nucleic acids. At low concentrations, sodium cations bind to the
phosphate groups along the backbone due to their negative
charges.3 At higher concentrations, sodium cations may interact
with the nucleobase and/or sugar moieties and disrupt
hydrogen bond base pairing, and thus alter the structural
integrity of the nucleic acid polymer. Free and protein-bound
sodium cations affect synthesis, replication, and cleavage of
DNA and RNA.4 In particular, alkali metal cations stabilize and
prevent transitions from the B form of DNA.13

Sodium cations are also involved in nucleoside transport. On
the basis of the primary mechanism of transport, the nucleoside
transporters fall into two categories, equilibrative nucleoside
transporter (ENT) and concentrative nucleoside transporter
(CNT).14 The driving force in equilibrative transport is the
nucleoside concentration gradient, whereas, in concentrative
transport, the nucleosides couple to a sodium cation, which
generates an electrochemical ion gradient to drive cellular
nucleoside uptake against their concentration gradients. CNT1
exhibits high selectivity for transfer of pyrimidine nucleosides
and adenosine in a Na+-dependent manner with high affinities.
However, the transport efficiency of adenosine by CNT1 is
much lower than those of the pyrimidine nucleosides.15−17 For
rat CNT1, the sodium cation:nucleoside ratio was determined
to be 1:1.16 CNT2 selectively transports purine nucleosides and
uridine with high affinities. However, the transport efficiency of
uridine by recombinant human CNT2 is relatively lower than
that for purine nucleosides.18,19 CNT3 transports both
pyrimidine and purine nucleosides, and utilizes electrochemical
gradients of either sodium cations or protons to accumulate
nucleosides within cells.20−24 Unlike CNT1 and CNT2, which
exhibit a 1:1 Na+:nucleoside coupling ratio, CNT3 employs a
2:1 coupling ratio.25

2′-Deoxyadenosine (dAdo) and adenosine (Ado) are
fundamental building blocks of DNA and RNA nucleic acids,
respectively. The chemical structures of dAdo and Ado are
shown in Figure 1. 2′-Deoxyadenosine has been found to play
an important role in adenosine deaminase (ADA) deficiency,
which causes severe combined immunodeficiency disease of
infancy and childhood.26,27 A low concentration of dAdo can
lead to the selective lymphopenia observed in ADA deficient
patients.28,29 Adenosines play important roles in biochemical
processes as the nucleoside of adenosine-5′-triphosphate
(ATP) and adenosine-5′-diphospate (ADP), which act as
energy carriers in cells, and of 3′,5′-cyclic adenosine mono-
phosphate (cAMP), which serves as a secondary messenger of
intracellular signal transduction.30,31 Extracellular Ado is
generated from the conversion of extracellular ATP32−34 and
extracellular cAMPs.35,36 Adenosine is also an anti-inflamma-
tory that is elevated by extracellular guanosine, which increases
under conditions of cell injury.37

In this study, a custom-built Fourier transform ion cyclotron
resonance mass spectrometer (FT-ICR MS) coupled to a
wavelength tunable IR laser is used to perform infrared multiple
photon dissociation (IRMPD) action spectroscopy experiments
for [dAdo+Na]+ and [Ado+Na]+. Complementary electronic
structure calculations are performed to determine the stable
low-energy conformations of these complexes and to predict
their IR spectra. Comparative analyses of the measured IRMPD
action spectra and computed linear IR spectra enable the
conformations accessed in the experiments to be elucidated.
This methodology has proven to be an effective way to
characterize the gas-phase conformations and energetics of
deprotonated, protonated, and sodium cationized nucleo-

bases,38−45 nucleosides,5−9,46,47 and nucleotides.48−55 All
favorable modes of sodium cation binding, adenine orientation,
and sugar puckering are comprehensively examined to better
understand the influence of noncovalent interactions with
sodium cations on the structures and relative stabilities of
[dAdo+Na]+ and [Ado+Na]+. Comparisons to results from
analogous IRMPD studies of the protonated forms of 2′-
deoxyadenosine, [dAdo+H]+, and adenosine, [Ado+H]+,
enable the effects of protonation vs sodium cationization on
structure to be determined. Energy-resolved collision-induced
dissociation (ER-CID) experiments of the sodium cationized
and protonated forms of 2′-deoxyadenosine, [dAdo+Na]+ and
[dAdo+H]+, and adenosine, [Ado+Na]+ and [Ado+H]+, are
also performed using a Bruker amaZon ETD quadrupole ion
trap mass spectrometer (QIT MS). Survival yields as a function
of the radio frequency (rf) excitation voltage are measured and
fitted to characterize the relative stabilities of the sodium
cationized and protonated adenine nucleosides. Trends in the
energetics of dissociation are examined to elucidate the relative
abilities of sodium cations vs protons for activating the N-
glycosidic bonds of dAdo and Ado, and to determine the
influence of the 2′-hydroxyl substituent on N-glycosidic bond
stability.

Figure 1. Chemical structures of 2′-deoxyadenosine and adenosine.
The ground-state structures of [dAdo+Na]+ and [Ado+Na]+ predicted
at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level of
theory. The sodium cation binding mode, nucleobase orientation,
and sugar configuration are also given for each structure. The B3LYP/
6-311+G(2d,2p)//B3LYP/6-311+G(d,p) ground-state structures of
[dAdo+H]+ and [Ado+H]+ taken from ref 6 are also shown for
comparison. The preferred site of protonation, nucleobase orientation,
and sugar configuration are also indicated.
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■ EXPERIMENTAL AND COMPUTATIONAL SECTION

Chemical Reagents. The ER-CID experiments were
performed at Wayne State University. The adenine nucleosides
(dAdo and Ado), sodium chloride (NaCl), methanol, and water
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Acetic acid was purchased from Mallinckrodt Chemicals (St.
Louis, MO, USA). The IRMPD action spectroscopy experi-
ments were performed at the FELIX facility at Rabdoud
University. The adenine nucleosides were shipped from Wayne
State University. Sodium chloride (NaCl), methanol, and water
were purchased from Sigma-Aldrich (Zwijndrecht, The Nether-
lands).
FT-ICR MS and Wavelength-Dependent Photodisso-

ciation. IRMPD action spectra of [dAdo+Na]+ and
[Ado+Na]+ were measured using a custom-built 4.7 T FT-
ICR MS coupled to the free-electron laser for infrared
experiments (FELIX)56 or a Nd:YAG-pumped (Innolas
Spitlight 600) optical parametric oscillator laser system
(OPO, LaserVision, Bellevue, WA). The [dAdo+Na]+ or
[Ado+Na]+ complexes were generated from solutions contain-
ing 1 mM dAdo or Ado and 1 mM NaCl in 90%:10% to
50%:50% (v/v) methanol (MeOH):water (H2O) mixtures by
direct infusion at a flow rate of 2−5 μL/min into a Micromass
“Z-Spray” electrospray ionization (ESI) source. Ions emanating
from the ESI source were accumulated in a rf hexapole ion trap
for several seconds to enhance signal-to-noise and affect
efficient thermalization of the ions, pulse extracted through a
quadrupole bender, and injected into the ICR cell through an rf
octopole ion guide.57 The sodium cationized nucleoside, [dAdo
+Na]+ or [Ado+Na]+, was isolated using stored waveform
inverse Fourier transform (SWIFT) techniques and subse-
quently irradiated by the FEL or OPO laser to induce IR
photodissociation. The output power of the FEL enables
efficient IRMPD in 3 s, whereas the reduced output of the
OPO laser requires 8.5 s to achieve similar dissociation
efficiency. The IRMPD behavior is examined over the ranges
between ∼550 and 1850 cm−1 (FELIX) and between ∼3300
and 3800 cm−1 (OPO). Further details regarding the
experimental setup are provided elsewhere.58,59

QIT MS and Energy-Resolved Collision-Induced
Dissociation. Energy-resolved collision-induced dissociation
(CID) experiments of the protonated and sodium cationized
forms of the adenine nucleosides, [dAdo+H]+, [Ado+H]+,
[dAdo+Na]+, and [Ado+Na]+, were performed using a Bruker
amaZon ETD QIT MS. The commercial QIT MS instrument is
much more sensitive than the custom-built FT-ICR MS such
that the protonated and sodium cationized nucleosides were
generated from solutions containing 10 μM dAdo or Ado in a
50%:50% MeOH:H2O mixture at a flow rate of 3 μL/min.
Addition of 1% (v/v) acetic acid was used to promote
production of the protonated species, whereas 10 μM NaCl was
used to promote formation of the sodium cationized species.
Ions were transferred into a dual rf ion funnel after exiting the
glass capillary. After exiting the second ion funnel through a
small aperture, ions were guided using a high-precision rf
hexapole, and accumulated in the ion trap where CID
experiments were performed. Helium buffer gas was introduced
into the ion trap at a pressure of ∼1 mTorr for efficient
trapping and cooling of the ions. The helium buffer gas also
serves as the collision gas for the CID experiments. The qz
value was set to 0.25 for ion trapping and efficient CID
experiments. As a consequence, the low mass cut-off for the

CID experiments was 27% of the precursor ion mass. The
fragmentation time, corresponding to the amount of time the
resonant rf excitation was applied to excite the ion of interest,
was set to 40 ms, corresponding to roughly 4000 collisions per
ion. This time was chosen on the basis of control experiments
where it was found that the fragmentation behavior achieves
pseudoequilibrium conditions within 10−30 ms such that the
fragmentation efficiency is no longer related to the
fragmentation time. The rf excitation amplitude was varied
from 0 V to the amplitude required to produce complete
fragmentation of the precursor ion at a step size of 0.01 V.
Experiments were performed in triplicate to assess reproduci-
bility of the measurements. Data analysis was performed using
Compass Data Analysis 4.0 (Bruker Daltonics, Bremen,
Germany) and SigmaPlot 10.0 (Systat Software, Inc., San
Jose, CA, USA).

Computational Details. The chemical structures of neutral
dAdo and Ado are displayed in Figure 1. In order to obtain low-
energy candidate structures for the sodium complexes of these
nucleosides, simulated annealing procedures were performed
followed by density functional theory (DFT) calculations.
Simulated annealing was performed using the HyperChem60

software package with the Amber 3 force field. A variety of
initial structures were built and subjected to simulated
annealing to comprehensively examine the various favorable
Na+ binding modes of the nucleobase moiety that are available
to these adenine nucleosides. In particular, binding to the
adenine nucleobase at the N1, N3, and N7 positions was
examined. Each candidate sodium cationized nucleoside
structure was subjected to 300 cycles of annealing. Each cycle
involved four steps: (1) 0.3 ps of thermal heating ramped
linearly from 0 to 1000 K, (2) sampling of conformational
space at the simulation temperature, 1000 K, for 0.2 ps, (3)
thermal cooling via a linear decrease in temperature back down
to 0 K over a period of 0.3 ps, and (4) optimization of the
resultant structure to a local minimum. A molecular mechanics
calculation was performed every 1 fs in each cycle, and a
snapshot of the lowest energy structure at the end of each cycle
was saved and used as the starting structure for the next cycle of
simulated annealing. Structures from among the 900 snapshots
produced by simulated annealing for each nucleoside complex
were chosen for DFT optimization and energetic character-
ization on the basis of their relative stabilities determined via
the molecular mechanics optimization. Geometry optimization
and harmonic vibrational frequency calculations were per-
formed at the B3LYP/6-311+G(d,p) level of theory using the
Gaussian 09 suite of programs.61 In order to determine the
relative stabilities of the stable low-energy conformers of
[dAdo+Na]+ and [Ado+Na]+, single point energies were
calculated at the B3LYP/6-311+G(2d,2p) level of theory. In
order to better reproduce the measured IRMPD spectra, the
vibrational frequencies in the FELIX region are scaled by
0.9794 and broadened using a 20 cm−1 fwhm Gaussian line
shape, whereas vibrational frequencies in the OPO region are
scaled by 0.9558 and broadened using a 15 cm−1 fwhm
Gaussian line shape.

■ RESULTS
IRMPD Action Spectroscopy. Three photodissociation

pathways are observed for the sodium cationized adenosine
nucleosides as summarized in reactions 1−3,

+ + → ++ +n hv[Nuo Na] Na Nuo (1)
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+ + → + + −+ +n hv[Nuo Na] [Ade Na] [Nuo Ade] (2)

+ + → − + ++ +n hv[Nuo Na] [Nuo Ade Na] Ade (3)

where Nuo is either dAdo or Ado and Ade is adenine. Reaction
1 is simple noncovalent bond cleavage resulting in loss of the
intact nucleoside. Reactions 2 and 3 correspond to glycosidic
bond cleavage with the sodium cation retained either by the
nucleobase or sugar moiety, respectively. All three photo-
dissociation pathways are observed for [dAdo+Na]+ in the
FELIX region, whereas only reaction 2 is seen in the OPO
region. In contrast, the only photodissociation pathway
observed for [Ado+Na]+ is the loss of the intact nucleoside,
reaction 1, in both the FELIX and OPO regions. Absence of the
glycosidic bond cleavage pathways in the experiments for
[Ado+Na]+ in the FELIX region results in much lower IRMPD
yields than those observed for [dAdo+Na]+ (see Figure 2).

Absence of the glycosidic bond cleavage pathways also suggests
that the glycosidic bond of Ado is stronger than that of dAdo,
consistent with that found in the energy-resolved CID studies
performed here (and discussed below) and recent threshold
CID studies of the protonated adenine nucleosides.62 Parallel
behavior is also found in analogous TCID studies of the
protonated cytosine and guanine nucleosides, where the RNA
nucleosides are found to exhibit stronger glycosidic bonds than
the analogous DNA nucleosides.63,64 The IRMPD yield was
calculated using eq 4, where the fragment intensities (If) in all
channels are summed and divided by the total ion intensity.

∑ ∑= +I I IIRMPD Yield ( )/( )
i i

f p fi i
(4)

Data are reported as the IRMPD yield over the FELIX region
for both complexes and over the OPO region for [dAdo+Na]+.

However, because of the weak Na+ product signal in the OPO
experiments for [Ado+Na]+, the data are reported as the
inverted depletion of the intensity of [Ado+Na]+. Linear
normalization with the FEL or OPO laser power is performed
to correct for variations in the laser power as a function of
photon energy. The IRMPD yield is plotted as a function of
vibrational frequency from ∼550 to 1850 cm−1 and from
∼3300 to 3800 cm−1. The measured IRMPD spectra of
[dAdo+Na]+ and [Ado+Na]+ are compared in Figure 2 (note
the different y-scaling of the IRMPD yield in the FEL (left) and
OPO (right) regions). The IRMPD yield of [dAdo+Na]+ in the
FELIX region exceeds that of [Ado+Na]+ (note the scaling
factors used to facilitate comparisons). Comparisons in the
OPO region are not straightforward, as the data for [Ado+Na]+

is plotted as a depletion spectrum, whereas the data for
[dAdo+Na]+ is shown as the IRMPD yield. The measured
IRMPD spectra of these two complexes are highly parallel
except for the weak absorption at ∼3600 cm−1, which is only
observed for [Ado+Na]+. The effect of the 2′-hydroxyl
substituent is mainly observed in the IRMPD yields.

Energy-Resolved Collision-Induced Dissociation. Fig-
ure 3 shows the CID mass spectra of protonated and sodium

cationized dAdo and Ado at an rf excitation that produces
∼50% dissociation. For [dAdo+H]+ and [Ado+H]+, the only
fragmentation pathway observed is glycosidic bond cleavage
leading to the production of protonated adenine, analogous to
reaction 2. For [dAdo+Na]+, two fragmentation pathways are
observed, both involving glycosidic bond cleavage with the
sodium cation competitively retained by the adenine
nucleobase or the sugar moiety, analogous to reactions 2 and
3. It is likely that reaction 1 also occurs but cannot be detected,
as its ionic product, Na+, has an m/z below the low-mass cutoff.
In contrast, for [Ado+Na]+, although the intensity of the

Figure 2. IRMPD action spectra of [dAdo+Na]+ and [Ado+Na]+ in
the FELIX and OPO regions. IRMPD action spectra of [dAdo+H]+

and [Ado+H]+ previously reported are overlaid in gray for
comparison.

Figure 3. CID mass spectra of [dAdo+H]+, [Ado+H]+, [dAdo+Na]+,
and [Ado+Na]+ at an rf excitation voltage producing ∼50%
dissociation, corresponding to CID50%.
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precursor ion decreases as the rf excitation voltage is increased,
no CID products are observed. The lack of detectable CID
products suggests that [Ado+Na]+ undergoes CID solely by
reaction 1, again indicating that the glycosidic bond of Ado is
stronger than that of dAdo, as mentioned above. Clearly, these
slow-heating methods, IRMPD and multiple-collision CID,
produce similar activation and fragmentation behavior.
Survival Yield Analyses. In order to elucidate information

regarding the relative stabilities of the protonated and sodium
cationized adenine nucleosides, and in particular their relative
glycosidic bond stabilities, survival yield analyses were
performed.65−68 The survival yield method is based on
performing ER-CID (or in this case as a function of the
applied rf excitation voltage) over the range of values required
to bring about complete dissociation. The rf excitation voltage
required to produce a survival yield of 50%, designated CID50%,
is used for semiquantitative assessments of stability. Thus,
comparison of the CID50% values determined for the
protonated and sodium cationized forms of dAdo and Ado
provides a semiquantitative characterization of the relative
stabilities. The survival yield is calculated as the ratio of the
intensity of the precursor ion to the total ion intensity (i.e., the
sum of the precursor and fragment ion intensities), as shown in
eq 5.69

∑= +I I ISurvival Yield /( )
i

p p fi
(5)

Results are reported as the average of three measurements (see
Figure 4), where the error bars represent the standard deviation

of these three measurements. In order to extract CID50% values
for the protonated and sodium cationized forms of dAdo and
Ado, each averaged survival yield curve was least-squares fit to
the four parameter logistic curve of eq 669

= + −
+

Survival Yield min
max min

1 (rf EA/CID )50%
Hillslope

(6)

where max and min are the maximum and minimum values of
the survival yield, which are typically 1 and 0, respectively, rf EA
is the rf excitation amplitude applied to induce fragmentation of
the ion of interest, and Hillslope is the slope of the declining
region of the survival yield curve and describes the steepness of
the fall off of the data with increasing rf excitation.
Theoretical Results. The ground-state structures of

[dAdo+Na]+ and [Ado+Na]+ optimized at the B3LYP/6-

311+G(d,p) level of theory are shown in Figure 1. All stable
low-energy conformers of [dAdo+Na]+ and [Ado+Na]+ found
within 100 kJ/mol of the most stable structure computed for
each nucleoside complex are shown in Figures S1 and S2 of the
Supporting Information along with their B3LYP/6-311+G-
(2d,2p) relative Gibbs free energies at 298 K. The relative
stabilities of these low-energy conformers are highly dependent
on the mode of sodium cation binding such that they are
designated with a letter and a number, followed by the specific
atoms that the sodium cation is bound to in parentheses. The
letter is based on the number of chelation interactions between
the sodium cation and nucleoside, T for tridentate, B for
bidentate, and M for monodentate, whereas the number
indicates the relative Gibbs free energy at 298 K of that
conformer among all of the stable conformers that exhibit that
same mode of sodium cation binding, with 1 for the most stable
of these species, 2 for the next most stable, etc. In addition to
being designated on the basis of the mode of sodium cation
binding, the stable conformers are also designated on the basis
of the nucleobase orientation and sugar puckering, as
summarized in Figure S3 of the Supporting Information. The
nucleobase orientation is defined on the basis of the
∠C4N9C1′O4′ dihedral angle, where values between −90°
and 90° are designated as syn and values between 90° and 270°
designated as anti. The sugar puckering is defined on the basis
of the pseudorotation angle, P, of the sugar moiety as defined
by Saenger3 and in Figure S1. Two different sugar puckering
designations are shown that are based on the more familiar,
C2′-endo and C3′-endo, etc., designations and the somewhat
less commonly employed, but more detailed, 2E and 3E, etc.
designations.
In the ground conformers of the [dAdo+Na]+ and

[Ado+Na]+ complexes, the sodium cation binds in a tridentate
fashion to the N3, O4′, and O5′ atoms, forming 5- and 6-
membered chelation rings, with adenine in a syn orientation
and puckering of the sugar moieties that is approximately C1′-
exo (1

2T and 1T
0, respectively). Table 1 compares geometric

details of these ground-state structures. Compared with
[dAdo+Na]+, the adenine moiety along with the sodium cation
in [Ado+Na]+ are rotated slightly such that the Na+−N3 bond
distance is essentially preserved and differs by only 0.001 Å,
whereas the Na+−O4′ bond length increases from 2.248 to
2.271 Å, the Na+−O5′ bond length decreases slightly from
2.349 to 2.343 Å, and the ∠N3Na+O5′ angle increases from

Figure 4. Survival yield analyses of [dAdo+H]+, [Ado+H]+, and
[dAdo+Na]+ and their corresponding CID50% values.

Table 1. Geometric Details of the B3LYP/6-311+G(d,p)
Ground-State Conformers of [dAdo+Na]+ and [Ado+Na]+ a

[dAdo+Na]+ [Ado+Na]+

bond length Na+···N3 2.345 Å 2.346 Å
Na+···O4′ 2.248 Å 2.271 Å
Na+···O5′ 2.349 Å 2.343 Å
C1′···N9 1.458 Å 1.448 Å
O2′H···O3′ - 2.171 Å

bond angle ∠N3Na+O4′ 81.2° 81.1°
∠O4′Na+O5′ 71.2° 71.2°
∠N3Na+O5′ 144.1° 151.3°

dihedral angle ∠C4N9C1′O4′ −44.1° −46.4°
∠O5′C5′C4′O4′ 52.9° 53.9°

aBond distances and angles that differ significantly and thus are
influenced by the presence of the 2′-hydroxyl substituent are indicated
in boldface.
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144.1 to 151.3°. The C1′−N9 glycosidic bond of [dAdo+Na]+

is 1.458 Å, which decreases to 1.448 Å in [Ado+Na]+,
suggesting that the 2′-hydroxyl substituent slightly strengthens
the glycosidic bond. Thus, the most significant difference
associated with the presence of the 2′-hydroxyl substituent is
the hydrogen-bonding interaction it enables between the 2′-
and 3′-hydroxyls. The relative enthalpies at 0 and 298 K and
Gibbs free energies at 298 K of select stable low-energy
conformers of [dAdo+Na]+ and [Ado+Na]+ along with
conformer designations are summarized in Table 2, whereas
results for all stable structures are listed in Table S1 of the
Supporting Information. The conformers listed are chosen to
show the various binding modes with anti and syn orientations
of the adenine moiety.
Sodium Cation Binding to N3. Both [dAdo+Na]+ and

[Ado+Na]+ prefer a syn orientation of adenine, which enables
chelation of the sodium cation by the N3, O4′, and O5′ atoms.
These chelation interactions lead to relatively compact
structures with puckering of the sugar moiety that varies
between C2′-exo (2E) and C3′-exo (3E), with conformations
exhibiting puckering between C2′-endo (2E) and O4′-endo
(OE) being the most stable (see Figure S1). Conformers that
bind via bidentate interaction with the N3 and O4′ atoms are
∼40 kJ/mol less stable, indicating that the chelation interaction
with the O5′ atom is an important contributor to the binding.
N3 cationized anti-oriented conformers of [dAdo+Na]+ and
[Ado+Na]+ are much less stable, by >60 kJ/mol for dAdo and
almost 20 kJ/mol for Ado. The 2′-hydroxyl substituent
provides additional stabilization by chelating with the sodium
cation and hydrogen bonding to the 3′- and 5′-hydroxyl
substituents, and thus accounts for the large stability difference
determined. Conformers that bind via monodentate interaction
with the N3 atom are only found for [dAdo+Na]+, and these
conformers are >95 kJ/mol less stable than the ground
conformer.

Sodium Cation Binding to N1 or N7. All stable
conformers that bind to the N1 or N7 atoms also chelate
with the amino substituent or the 5′-hydroxyl substituent. Both
anti and syn orientations are found with the anti conformers
favored over syn. The interaction between the sodium cation
and the NH2 substituent interrupts the conjugated structure of
adenine, and changes the hybridization of the amino nitrogen
from sp2 to sp3. Sodium cation chelation with N7 and O5′ is
observed in both [dAdo+Na]+ and [Ado+Na]+. Monodentate
conformers binding to the N1 atom are only observed for
[Ado+Na]+, and these conformers are >96 kJ/mol less stable.

Sodium Cation Binding to the Sugar. Bidentate binding
of a sodium cation to the O4′ and O5′ atoms is observed in the
B1(O4′,O5′) conformer of [dAdo+Na]+ and the B1(O4′,O5′)
and B2(O4′,O5′) conformers of [Ado+Na]+. The stabilities of
these conformers are computed to be >40 kJ/mol less favorable
than their corresponding tridentate ground conformers. The
additional 2′-hydroxyl substituent of [Ado+Na]+ forms a
hydrogen bond with the N3 atom of adenine and limits N-
glycosidic bond rotation. Therefore, the missing interaction
between the sodium cation and adenine leads to significant
destabilization of this conformer.

Sugar Puckering. A variety of sugar puckering config-
urations are found among the stable conformers of
[dAdo+Na]+ and [Ado+Na]+ that vary between C1′-endo
(1E) and C4′-endo (4E); only O4′-exo (OE) conformations are
not found. The multiple chelation interactions that stabilize
binding to Na+ in the ground and low-energy conformers lead
to relatively compact structures that preferentially induce
puckering of the sugar that lies between C2′-endo (2E) and
O4′-endo (OE); see Figure S1.

Stable Conformers of [dAdo+Na]+ vs [Ado+Na]+. As
evidenced by the structures of the ground and low-energy
conformers shown in Figures S2 and S3, tridentate binding of
the sodium cation to N3, O4′, and O5′ is the most favorable

Table 2. Relative Enthalpies and Free Energies of Select Stable Low-Energy Conformers of [dAdo+Na]+ and [Ado+Na]+ at 0
and 298 K in kJ/mola

species conformer ΔH0 ΔH298 ΔG298 adenine orientation P sugar puckering

[dAdo+Na]+ T1(N3O4′O5′) 4.1 5.1 0.0 syn 144.6° C1′-exo (1
2T)

T2(N3O4′O5′) 0.0 0.0 1.4 syn 103.3° O4′-endo (OT4)
B1(O4′O5′) 48.0 49.6 41.4 syn 14.5° C3′-endo (3T2)
B1(N7NH2) 66.2 66.6 65.0 anti 173.2° C2′-endo (2T3)
B1(N3O3′) 66.3 67.1 66.4 anti 138.1° C1′-exo (1T

2)
B1(N1NH2) 74.5 75.0 73.1 anti 173.3° C2′-endo (2T3)
B7(N7NH2) 79.5 80.6 75.7 syn 164.5° C2′-endo (2T3)
B1(N3O5′) 79.4 79.4 79.5 anti 289.2° C1′-endo (O

1T)
B8(N1NH2) 91.4 92.0 88.4 syn 171.0° C2′-endo (2T1)
M1(N3) 100.9 102.7 95.4 anti 9.1° C3′-endo (3T2)

[Ado+Na]+ T1(N3O4′O5′) 0.0 0.0 0.0 syn 113.5° C1′-exo (1T
O)

T3(N3O4′O5′) 5.2 5.4 4.3 syn 139.2° C1′-exo (1T
2)

B1(N3O2′) 20.3 19.8 19.7 anti 68.1° C4′-exo (4T
O)

T1(N3O2′O3′) 36.4 37.3 36.0 anti 140.4° C1′-exo (1T
2)

B1(N3O4′) 42.3 43.0 39.5 syn 172.0° C2′-endo (2T3)
B1(O4′O5′) 52.2 51.9 50.5 anti 147.3° C2′-endo (2T1)
B1(N7NH2) 62.6 62.7 60.3 anti 168.0° C2′-endo (2T3)
B3(N7NH2) 62.5 61.2 63.2 syn 159.0° C2′-endo (2T1)
B1(N1NH2) 70.2 70.4 67.1 anti 170.6° C2′-endo (2T3)
B9(N1NH2) 77.3 76.3 77.2 syn 161.6° C2′-endo (2T1)
B1(N7O5′) 84.6 83.5 86.1 syn 342.1° C2′-exo (2E)

aEnergetics based on single-point energy calculations performed at the B3LYP/6-311+G(2d,2p) level of theory, including ZPE and thermal
corrections based on the B3LYP/6-311+G(d,p) optimized structures and vibrational frequencies.
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mode of binding for both [dAdo+Na]+ and [Ado+Na]+.
However, the 2′-hydroxyl substituent of [Ado+Na]+ can chelate
with the sodium cation or hydrogen bond with the nucleobase
or sugar moieties to provide additional stabilization. Thus,
bidentate conformers of [Ado+Na]+ binding via the N3 and
O2′ atoms exhibit greater stability than [dAdo+Na]+ binding
via the N3 and O3′ atoms. The bidentate N1NH2 and N7NH2
binding modes are also observed for both complexes, and the
Gibbs free energies of these conformers increase significantly
compared with the ground conformers. In general, N7NH2
binding is more favorable than N1NH2 binding. The 2′-
hydroxyl substituent of the [Ado+Na]+ conformers also
stabilizes these N1NH2 and N7NH2 conformers vs the
analogous conformers of [dAdo+Na]+. Highly compact con-
formers, such as B1(N7O5′), B1(N3O5′), T1(N7NH2O5′),
T2(N7NH2O5′), and T3(N7NH2O5′) of [dAdo+Na]+ and
B1(N7O5′) of [Ado+Na]+, are computed to be high Gibbs free
energy conformers. Due to the compact nature of these
conformers, the hydrogen bonding interaction between the 2′-
and 3′-hydroxyl substituents in B1(N7O5′) destabilizes the
RNA form complex compared to the corresponding DNA form
complex. The relatively high Gibbs free energies of these
bidentate conformers again demonstrate that the additional
chelation interaction with N3 or O5′ provides important
stabilization to these complexes.

■ DISCUSSION

Conformers of [dAdo+Na]+ Populated by ESI. The
measured IRMPD spectrum and calculated IR spectra of the

two low-energy conformers of [dAdo+Na]+ that provide the
best matches to the measured spectrum are compared in Figure
5. Analogous comparisons to other representative low-energy
conformers of [dAdo+Na]+ that exhibit significant mismatches
(shaded in red) and thus are not important contributors in the
experiments are shown in Figure S4. Overall, the IR spectrum
predicted for the ground T1(N3O4′O5′) conformer exhibits
the best agreement with the measured IRMPD spectrum in
both the FELIX and OPO regions. The interaction between the
sodium cation and the N3, O4′, and O5′ atoms forming stable
5- and 6-membered chelation rings to the nucleobase and sugar
moieties provides maximum stability to the complex.
T2(N3O4′O5′), which differs from the ground conformer by
rotations of the 3′-hydroxyl substituent, sugar puckering, and
glycosidic bond, which is 1.4 kJ/mol less stable, also exhibits a
good agreement with the measured IRMPD spectrum. The
primary difference between the calculated IR spectra of
T1(N3O4′O5′) and T2(N3O4′O5′) is the width of the peak
at 3659 cm−1, which is quite narrow for T1(N3O4′O5′), and a
much broader peak for T2(N3O4′O5′). The sharpness of the
corresponding feature in the measured IRMPD spectrum
suggests that T1(N3O4′O5′) is the major contributor, and that
T2(N3O4′O5′) is only present in low abundance in the
experiments.
Sodium cation binding to the N3 and O3′ atoms rotates the

adenine residue to an anti orientation in B1(N3O3′), and
increases the relative Gibbs free energy significantly. The
absence of the IR band at 930 cm−1 and the split of the IR
feature at 3659 cm−1 (see Figure S4) indicate that B1(N3O3′)

Figure 5. Comparison of the experimental IRMPD action spectrum of [dAdo+Na]+ with the B3LYP/6-311+G(d,p) optimized structures and
calculated linear IR spectra for the two low-energy conformers of [dAdo+Na]+ that best match the measured spectrum. The adenine orientation,
sugar configuration, and B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K are also shown.
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is not present in measurable abundance in the experiments. As
a result of the absence of additional chelation interactions with
the sugar moiety, the monodentate conformer, M1(N3),
exhibits different sugar puckering and nucleobase orientation
and is significantly less stable (>95 kJ/mol). Therefore, the IR
spectrum predicted for M1(N3) exhibits distinct shifts in the
low frequency region, and a split of the IR band at 3659 cm−1.
The IR features predicted in the OPO region for the
B1(N7NH2) and B1(N1NH2) conformers exhibit obvious
disagreement with the experimental IRMPD spectrum due to
the binding interaction between the sodium cation and the
amino substituent of adenine. The Na+−NH2 interaction leads
to significant variation in the IR features at 1636 and 1583
cm−1, respectively. N1 and N7 binding conformers are
significantly less stable, which suggests that they are unlikely
to be accessed in the experiments. For B1(O4′O5′), sodium
cation binding solely to the sugar moiety increases the relative
Gibbs free energy by 41.4 kJ/mol. The additional peak at 960
cm−1 and the blue-shifted IR feature at 3690 cm−1 in the
calculated IR spectrum indicate that B1(O4′O5′) is not present
in measurable abundance in the experiments.
In summary, the IR spectrum of the ground T1(N3O4′O5′)

conformer exhibits very good agreement with the measured
IRMPD spectrum. Therefore, we can conclude that the sodium
cation prefers N3 binding to adenine and chelates with the O4′
and O5′ atoms of the sugar moiety, as indicated by the
computed relative stabilities of the stable conformers.
Furthermore, other tridentate N3 binding conformers with a
syn orientation of adenine exhibit only minor shifts in the

FELIX region, and the broadening at the base of the feature at
3659 cm−1 indicates that these conformers are present but in
low abundance in the experiments. Because no evidence for
peak splitting at 3659 cm−1 is observed in the measured
spectrum, B1(N3O3′) and M1(N3) do not have measurable
populations in the experiments. Due to the huge shifts at 1636
cm−1 and the absence of the IR feature at 3433 cm−1, all N1
and N7 binding conformers are unlikely accessed in the
experiments. B1(O4′O5′), in which the sodium cation binds to
the sugar moiety, exhibits significant shifts and broadening in
the calculated IR spectrum, indicating that this conformer also
does not have a measurable abundance in the experiments.

Conformers of [Ado+Na]+ Populated by ESI. The
measured IRMPD and calculated IR spectra of the two low-
energy conformers of [Ado+Na]+ that provide the best matches
to the measured spectrum are compared in Figure 6. Analogous
comparisons to other representative low-energy conformers of
[Ado+Na]+ that exhibit significant mismatches (shaded in red)
and thus are not important contributors in the experiments are
shown in Figure S5. The T1(N3O4′O5′), T2(N3O4′O5′), and
T3(N3O4′O5′) conformers show very good agreement with
the measured IRMPD spectrum in the FELIX and OPO
regions. However, because the calculated IR spectrum of
T2(N3O4′O5′) is virtually identical to that of T1(N3O4′O5′),
it is not shown in Figure 6. The shape/broadening at the base
of the IRMPD features observed at 3599 and 3659 cm−1

suggests that both conformers are present in the experiments.
However, theory does not do a good job of predicting the
frequency of the IR feature associated with the O5′H stretch, as

Figure 6. Comparison of the experimental IRMPD action spectrum of [Ado+Na]+ with the B3LYP/6-311+G(d,p) optimized structures and
calculated linear IR spectra for the two low-energy conformers of [Ado+Na]+ that best match the measured spectrum. The adenine orientation, sugar
configuration, and B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K are also shown.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b06105
J. Phys. Chem. B 2016, 120, 8892−8904

8899

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b06105/suppl_file/jp6b06105_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.6b06105


there is a blue shift of this feature in all of the computed IR
spectra. Therefore, T1(N3O4′O5′) again appears to be the
dominant conformer populated in the experiments based on
the peak width of the feature near 3659 cm−1. N3 binding
conformers exhibiting an anti orientation of adenine,
B1(N3O2′) and T1(N3O2′O3′), do not have a measurable
population in the experiments, due to the significant
mismatches observed in the OPO region and high relative
Gibbs free energies. The absence of a chelation interaction with
O5′ makes B1(N3O4′) 39.5 kJ/mol less stable than the ground
conformer, and the IR band predicted at 960 cm−1 is not
observed in the measured IRMPD spectrum. The N7 or N1
binding modes are less favorable due to the relatively high
Gibbs free energy compared with the ground conformer. As
found for [dAdo+Na]+, the IR features predicted in the OPO
region for B1(N7NH2) and B1(N1NH2) exhibit obvious
disagreement with the measured IRMPD action spectrum,
which is due to the chelation between the sodium cation and
the NH2 substituent. Both the relative Gibbs free energies and
the shifts in the IR features of the N1 or N7 binding
conformers suggest that the sodium cation prefers to bind to
N3 rather than N1 or N7 of adenine. For the bidentate
conformer, B1(O4′O5′), the lack of a chelation interaction
between Na+ and adenine makes this conformer 50.5 kJ/mol
less stable than the ground conformer. Additionally, poor
agreement of the calculated IR spectrum of B1(O4′O5′) also
indicates that this bidentate conformer cannot be present in
significant abundance in the experiments.
In summary, on the basis of comparisons between the

measured IRMPD and calculated IR spectra of [Ado+Na]+ in
FELIX and OPO regions, it can be concluded that N1 or N7
binding conformers are unlikely to be populated in the
experiments in high abundance. Good agreement is achieved
for tridentate complexes that bind via N3, O4′, and O5′, and in
particular, for the T1(N3O4′O5′), T2(N3O4′O5′), and
T3(N3O4′O5′) conformers with puckering of the sugar moiety
that is approximately C1′-exo, but lies between C2′-endo and
O4′-endo, and a syn orientation of adenine indicating that these
conformers are present in the experiments. T1(N3O4′O5′) and
T2(N3O4′O5′) are likely present at higher populations than
T3(N3O4′O5′) as a result of their greater similarity regarding
the feature observed at 3659 cm−1. The anti orientated N3
binding conformers, B1(N3O2′) and T1(N3O2′O3′), do not
have measurable populations in the experiments due to the
significant differences between the computed and measured
spectra in the OPO region. Both high Gibbs free energy and
mismatch of the calculated IR spectrum suggest that
B1(N3O4′) has very low abundance in the experiments.
Vibrational Assignments for [dAdo+Na]+ and [Ado

+Na]+. The vibrational assignments for the ground conformers
of [dAdo+Na]+ and [Ado+Na]+ are shown in Table 3 and
based on the T1(N3O4′O5′) conformers of these species. The
measured IRMPD spectra of [dAdo+Na]+ and [Ado+Na]+ are
highly parallel, and only small shifts (<10 cm−1) are observed
for each vibrational mode. Two notable differences in the
IRMPD spectra of [dAdo+Na]+ and [Ado+Na]+ are, however,
observed. In the FELIX region, the IRMPD feature associated
with C2′−C3′ stretching at 930 cm−1 is only observed for
[dAdo+Na]+. In the OPO region, the weak IR feature at ∼3600
cm−1 reflects the 2′-hydroxyl stretch, which is obviously only
observed for [Ado+Na]+. As summarized in the table, the
features below 1550 cm−1 and above 3550 cm−1 are associated
with the sugar moiety, whereas those between these limits arise

from the nucleobase. Both spectral regions are important to the
assignment of the structures populated in the experiments. In
general, the gross structural features of these complexes (i.e.,
the mode of cation binding and nucleobase orientation) are
readily deduced from the IR signatures observed in either the
FELIX or OPO region. However, both spectral regions are
important for elucidating minor structural differences and for
definitively establishing the dominant conformers populated in
the experiments.

Influence of Sodium Cationization vs Protonation on
the IRMPD Spectra of dAdo and Ado. IRMPD action
spectroscopy and theoretical studies of the gas-phase
conformations and energetics of [dAdo+H]+ and [Ado+H]+

have previously been reported by our group.6 The IRMPD
yields observed for the protonated systems are much larger
than those of the analogous Na+ complexes. The much lower
IRMPD yields for the sodium complexes arise because more
energy is required to induce dissociation, and thus indicate that
the sodium cation is much less effective at activating the
glycosidic bond. In the FELIX region, the IRMPD features of
[dAdo+Na]+ and [Ado+Na]+ associated with the nucleobase
(those above ∼1300 cm−1) exhibit similar peak shapes but
appear at frequencies ∼30 cm−1 below the analogous features
observed for [dAdo+H]+ and [Ado+H]+ (see Figure 2). These
red shifts are consistent with the stronger binding of a proton
than sodium cation, thus leading to greater withdrawal of
electron density from the adenine moiety. In contrast, the
IRMPD features associated with the sugar moiety (those below
∼1300 cm−1) of the protonated versus sodium cationized
nucleosides show striking differences, particular in the C−O
stretching region, which are likely due to the change in sugar
puckering induced by the involvement of the O4′ atom of the
sugar in the binding of the sodium cation. In the OPO region,
the peak shapes of these ions are correspondingly similar.
However, compared to [dAdo+H]+ and [Ado+H]+, the IR
absorption at ∼3660 cm−1 shifts to the red by ∼5 cm−1,
whereas all of the IR absorptions below ∼3640 cm−1 exhibit
blue shifts of 10−20 cm−1. These blue shifts are again
consistent with the ability of a proton to withdraw more
electron density than a sodium cation from the adenine moiety,
and in particular, the amino nitrogen atom, thereby
strengthening the N−H bonds.

Comparison of the Low-Energy Conformers of [dAdo
+Na]+, [Ado+Na]+, [dAdo+H]+, and [Ado+H]+. Our
previous IRMPD action spectroscopy and theoretical study of
the gas-phase conformations and energetics of [dAdo+H]+ and
[Ado+H]+ 6 found N3 to be the most favorable protonation site
for both [dAdo+H]+ and [Ado+H]+. (The ground-state

Table 3. Vibrational Assignments for the Ground-State
Conformers of [dAdo+Na]+ and [Ado+Na]+ a

vibrational mode [dAdo+Na]+ [Ado+Na]+

C2′−C3′ stretching 930 N/A
sugar ring stretching 960 to 1150 976 to 1146
sugar hydrogen bending 1269 1269
nucleobase ring stretching 1583 1590
NH2 scissoring and C−NH2 stretching 1636 1640
NH2 symmetric stretching 3433 3433
NH2 asymmetric stretching 3551 3549
2′-hydroxyl stretching N/A 3599
3′- and 5′-hydroxyl stretching 3659 3659

aAll values are given in cm−1.
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structures of [dAdo+H]+ and [Ado+H]+ are shown in Figure 1
for comparison.) N3 protonation enables a strong intra-
molecular hydrogen-bonding interaction between N3H+ and
O5′ to be formed, leading to rotation of adenine to a syn
orientation and an approximately C2′-endo (2T1) configuration
of the sugar. In contrast, protonation at N1 and N7 is found to
be much less favorable such that N1 protonated conformers are
observed in minor abundance and N7 conformers are not
present in measurable abundance, consistent with the
computed stabilities which follow the order N3 > N1 > N7.
For [dAdo+H]+, the N1 binding conformers are at least 25.3
kJ/mol less stable and the N7 binding conformers are at least
33.6 kJ/mol less stable than the ground conformer. For
[Ado+H]+, the relative Gibbs free energies of N1 binding
conformers reduce to at least 21.8 kJ/mol, whereas the relative
Gibbs free energies of N7 binding conformers increase to at
least 37.2 kJ/mol. Similarly, the sodium cation prefers to bind
to the N3, O4′, and O5′ atoms and also requires that adenine
rotate to a syn orientation. However, because the sodium cation
is much larger and can form multiple chelating interactions, the
O4′ atom is also involved in the binding of Na+, and thus forms
5- and 6-membered rings in the ground conformers of
[dAdo+Na]+ and [Ado+Na]+. Interaction of the sodium cation
with the O4′ atom influences the sugar puckering, which shifts
from C2′-endo (2E) in the protonated systems toward O4′-
endo (OE) in the sodium cationized systems, with multiple low-
energy conformers exhibiting puckering of the sugar moiety
that lie between these limiting configurations. Sodium cation
binding to the N1 or N7 atoms is much less favorable and not
observed in the experiments. For [dAdo+Na]+, the N7 binding
conformers are at least 65.0 kJ/mol less stable, whereas the N1
binding conformers are at least 73.1 kJ/mol less stable than the
ground conformer. For [Ado+Na]+, the relative Gibbs free
energies of the N7 and N1 binding conformers are similar to
those found for [dAdo+Na]+ but are slightly more favorable
such that the most stable N7 binding conformer is 60.3 kJ/mol,
whereas the most stable N1 binding conformer is 67.1 kJ/mol
less favorable than the ground conformer. The binding affinities
follow the order N3 > N7 > N1. Thus, the sodium cation alters
the relative affinities for N1 and N7 binding compared to a
proton. Additionally, the N1 and N7 binding conformers of
[dAdo+Na]+ and [Ado+Na]+ are much less stable than the
corresponding ground conformers. The glycosidic bonds of the
sodium cationized adenine nucleosides are shorter than those
of the protonated species (1.458 Å in [dAdo+Na]+ and 1.448 Å
in [Ado+Na]+ vs 1.465 Å in [dAdo+H]+ and 1.459 Å in
[Ado+H]+), indicating that sodium cationization is less effective
at activating the glycosidic bond than protonation.
Relative N-Glycosidic Bond Stabilities of Protonated

and Sodium Cationized dAdo and Ado. Figure 4 compares
the survival yield analyses of [dAdo+H]+, [Ado+H]+, and
[dAdo+Na]+. Because the only fragmentation pathway
observed for [dAdo+H]+, [Ado+H]+, and [dAdo+Na]+

involves N-glycosidic bond cleavage, the trends in the CID50%
values provide a direct measure of the relative N-glycosidic
bond stabilities. The CID50% value of [Ado+H]+ exceeds that of
[dAdo+H]+, which suggests that the 2′-hydroxyl substituent of
Ado stabilizes the N-glycosidic bond. This result is consistent
with TCID results recently reported for these adenine
nucleosides, where the activation energies at 0 K for N-
glycosidic bond cleavage of N3 protonated [dAdo+H]+ and
[Ado+H]+ were measured as 147.6 ± 4.8 and 164.0 ± 4.8 kJ/
mol, respectively.62 Analogous behavior has also been found in

TCID studies of the protonated guanine and cytosine
nucleosides,63,64 suggesting that in general RNA glycosidic
bonds are more stable than the analogous DNA glycosidic
bonds. These trends are also consistent with the computed
C1−N9 glycosidic bond lengths discussed in the previous
section. The same conclusion can be drawn by comparing the
fragmentation behavior of [dAdo+Na]+ and [Ado+Na]+. The
only CID fragmentation pathway of [Ado+Na]+ is the loss of
neutral adenosine, which is empirical evidence that suggests
that the N-glycosidic bond of [Ado+Na]+ is more stable than
that of [dAdo+Na]+. In summary, the N-glycosidic bond of
dAdo is less stable than that of Ado for both the protonated and
sodium cationized species. In addition, the N-glycosidic bonds
of sodium cationized dAdo and Ado are more stable than those
of protonated dAdo and Ado, respectively. Thus, sodium
cationization activates the N-glycosidic bond less effectively
than protonation.

Influence of the Sugar Moiety on the Binding of Na+

to Adenine. Sodium cation binding to adenine was studied via
ab initio calculations and TCID experiments.70,71 In the case of
the canonical N9−H tautomer, the most favorable binding
mode of a sodium cation involves chelation to N7 and NH2,
forming a 5-membered ring. Considering all possible adenine
tautomers, the lowest-energy structure for a sodium cationized
adenine complex has been found to be the minor N7−H
adenine tautomer with the sodium cation binding to the N3
and N9 atoms.70,72 For the sodium cationized DNA and RNA
nucleosides, the presence of the sugar moiety blocks the N9
atom of adenine such that the preferred binding mode must
necessarily differ. Binding to N3 of adenine, with additional
chelation interactions with the O4′ and O5′ atoms of the sugar
moiety, leads to the formation of 5- and 6-membered chelation
rings. These chelation interactions provide additional stabiliza-
tion to the complexes, which makes the N3 position of adenine
much more favorable than the N7 and NH2 chelation mode.

■ CONCLUSIONS
Comparisons between the measured IRMPD and calculated IR
spectra of the [dAdo+Na]+ and [Ado+Na]+ complexes find that
the only conformers populated by ESI for both of these systems
involve the sodium cation binding to the N3, O4′, and O5′
atoms. Such tridentate binding leads to the formation of 5- and
6-membered chelation rings with adenine in a syn orientation,
and puckering of the sugar moiety that lies between C2′-endo
and O4′-endo. The presence of multiple conformers differing
primarily in the rotation of 2′- and 3′-hydroxyl substituents of
[Ado+Na]+ leads to broadening at the base of the IR feature at
3659 cm−1, indicating the presence of these excited rotamers in
the experiments. Conformers lacking one of the chelation
interactions between the sodium cation and the nucleoside are
significantly destabilized and lead to large spectral shifts in the
OPO region that do not appear in the measured IRMPD
spectra of [dAdo+Na]+ and [Ado+Na]+. Conformers involving
sodium cation binding to the N1 or N7 atoms also chelate with
the NH2 substituent, which produces shifts in the calculated IR
features for the C−NH2 stretching in the FELIX region and
symmetric and asymmetric NH2 stretching in the OPO region
that are not experimentally observed. These differences suggest
that N1 and N7 binding conformers of [dAdo+Na]+ and
[Ado+Na]+ are not present in measurable abundance in the
experiments. The only fragmentation pathway observed in the
ER-CID experiments for [dAdo+H]+, [Ado+H]+, and
[dAdo+Na]+ involves N-glycosidic bond cleavage. In contrast,

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b06105
J. Phys. Chem. B 2016, 120, 8892−8904

8901

http://dx.doi.org/10.1021/acs.jpcb.6b06105


the only CID fragmentation pathway that occurs for [Ado
+Na]+ presumably involves loss of neutral adenosine, as no
products are detected due to the low mass cutoff for CID in the
QIT MS. Survival yield analyses of [dAdo+H]+, [Ado+H]+, and
[dAdo+Na]+ are compared to elucidate the relative N-
glycosidic bond stabilities. Trends in the ER-CID behavior
and CID50% values for these systems suggest that the 2′-
hydroxyl substituent in the RNA nucleoside stabilizes the N-
glycosidic bond, and that sodium cationization of dAdo and
Ado activates the N-glycosidic bond less effectively than
protonation. These energy-resolved CID results exhibit good
agreement with the IRMPD yields of [dAdo+Na]+ and [Ado
+Na]+, and the computed N-glycosidic bond lengths.
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