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ABSTRACT: The gas-phase conformations of protonated 2’-deoxyadenosine, [dAdo 2T ™
+H]*, and its RNA analogue protonated adenosine, [Ado+H]*, generated upon Y
electrospray ionization are examined using infrared multiple photon dissociation \?:&A? b
(IRMPD) action spectroscopy techniques and supported by complementary theoretical 08 -‘% ‘ 1 1
electronic structure calculations. IRMPD action spectra are measured over the IR -
fingerprint region using the FELIX free-electron laser and the hydrogen-stretching region
using an optical parametric oscillator/amplifier laser system. The measured IRMPD spectra
are compared to linear IR spectra predicted for the stable low-energy conformations of
[dAdo+H]" and [Ado+H]* computed at the B3LYP/6-311+G(d,p) level of theory to
determine the preferred site of protonation and to identify the structures populated in the
experiments. N3 is found to be the most favorable site of protonation for both [dAdo+H]*
and [Ado+H]", whereas conformers protonated at the N1 and N7 positions are much less
stable by >25 kJ/mol. The 2’-hydroxyl substituent of Ado does not lead to a significant
change in the structure of the ground-state conformer of [Ado+H]" as compared to that of
[dAdo+H]", except that it provides additional stabilization via the formation of an O2'H---O3’ hydrogen bond. Therefore,
[dAdo+H]" and [Ado+H]" exhibit highly parallel IRMPD spectral features in both the fingerprint and hydrogen-stretching
regions. However, the additional 2'-hydroxyl substituent markedly affects the IRMPD yield of the measured IR bands. The
spectral signatures in the hydrogen-stretching region provide complementary information to that of the fingerprint region and
enable facile differentiation of the conformers that arise from different protonation sites. In spite of the relative gas-phase
stabilities of the N3 and N1 protonated conformers, present results suggest that both are accessed in the experiments and
contribute to the measured IRMPD spectrum, indicating that the relative stabilities in solution also influence the populations
generated by electrospray ionization.
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B INTRODUCTION group can participate in sugar-edge base pairing and lead to a
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DNA and RNA are essential for the storage and expression of multitude of complex tertiary structural motifs.” In addition to

all biological information. The primary sequence as well as the the‘ ViFal. role that hydrogen-b‘onding. interactior}s play in
higher-order structure of DNA and RNA determine their maintaining the structures and biochemical properties of DNA
and RNA, the puckering of the sugar moiety and the

biochemical properties and functions. In particular, hydrogen- _ ) )
orientation of the base relative to the sugar are also extremely

bonding interactions"” play important roles in determining ) s )
higher-order structures of DNA and RNA polymers. The pH 1m1?ortant. This /1s clearly exe.mphﬁed by the cha.nge from
greatly influences hydrogen-bonding interactions within DNA 2 —e.n‘do to C3'-endo puckering of the sugar moiety upon
and RNA. Variations in pH alter structural features and induce transition from the most commonly observed B-form of
changes in the biochemical properties and functions of DNA double-stranded DNA to the A-form of DNA and RNA,
and RNA. For example, in acidic environments, adenine (A) which are generally observed in RNA-DNA and RNA—RNA

may be protonated and form noncanonical A*+C and A*G complexes.5 Similarly, the change from C2’-endo to C3'-endo
base pairs rather than the canonical A--T base pair.’ It has been puckering of the sugar together with the rotation of the guanine
found that in these base pairs adenine is present in a syn residues from “anti” to “syn” conformations in the transition

orientation rather than the anti orientation as found in standard
Watson—Crick base pairs. The 2'-hydroxyl groups within RNA Received: September 12, 2014

provide additional opportunities to form novel types of Revised:  January 25, 2015
hydrogen-bonding interactions. In particular, the 2’-hydroxyl Published: January 26, 2015
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from the B-form to the less common Z-form of DNA.® For
these reasons, a greater appreciation of the structural features of
the DNA and RNA nucleosides and how they are influenced by
the local environment as the basic constituents of nucleic acids
is crucial to understanding and elucidating more complex DNA
and RNA structures and their functional properties.

The fundamental importance of nucleosides extends beyond
their primary role in cellular biology as basic components of
nucleic acids. Nucleosides also play roles as cancer
biomarkers,”® and many synthetic modified nucleosides have
been used as chemotherapeutic and antiviral agents.”'® DNA
and RNA structures'' > have been investigated for more than
six decades. However, studies designed to probe the structures
of the canonical DNA and RNA nucleosides are rather
limited.**"*® Among the common nucleosides, 2'-deoxyadeno-
sine (dAdo) and its RNA analogue adenosine (Ado), shown in
Figure 1, are of great interest because dAdo participates in
cellular respiration, protein synthesis, and molecular recog-
nition,*”** whereas Ado is the major component of mono-, di-,
and triphosphorylated adenosine, AMP, ADP, and ATP, which
are the sources of energy required for the activation of many
enzymatic transformations.”” In addition, the nucleobase
adenine in both dAdo and Ado exhibits high UV photostability,
a characteristic that is essential to the preservation of genetic
information.** The 3',5'-cyclic monophosphate of adenosine
(cAMP) plays a crucial role in controlling and mediating the
actions of various pegtidic hormones.*" Nicotinamide adenine
dinucleotide (NAD)** and flavin adenine dinucleotide (FAD)*
are directz implied in redox reactions.

Studies™*™*® of the intrinsic structure of the neutral and
protonated forms of dAdo and Ado have been performed.
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Figure 1. Chemical structures of 2’-deoxyadenosine (dAdo) and
adenosine (Ado). Ground-state structures of [dAdo+H]* and
[Ado+H]" predicted at the B3LYP/6-311+G(2d,2p)//B3LYP/
6-311+G(d,p) and MP2(full)/6-311+G(2d,2p)//B3LYP/
6-311+G(d,p) levels of theory. The preferred site of protonation,
nucleobase orientation, and sugar puckering are indicated in the figure.
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Touboul and co-workers* studied protonation thermochem-
istry of adenosine using the extended kinetic method coupled
with density functional theory calculations. They reported a gas
phase proton affinity (PA) of 979 + 1 kJ/mol for adenosine
and determined N3 as the most favorable site of protonation. In
the present work, synergistic infrared multiple photon
dissociation (IRMPD) action spectroscopy experiments and
electronic structure calculations are employed to probe the
effect of protonation on the structures and stabilities of dAdo
and Ado. Comparison between the structures as well as the
calculated linear IR and measured IRMPD spectra of
[dAdo+H]" and [Ado+H]" allow the effect of the 2'-hydroxyl
moiety on the structure and IR spectral features of the
measured IRMPD spectra to be elucidated. The resonant
vibrational modes, preferred sites of protonation, and the low-
energy conformers that are populated in the experiments are
thus determined via comparison between the calculated IR and
measured IRMPD spectra.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Mass Spectrometry and Photodissociation. IRMPD
action spectra of the protonated forms of 2'-deoxyadenosine
and adenosine, [dAdo+H]* and [Ado+H]*, were measured
using a 4.7 T Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS) that has been described in
detail.*’~* Photodissociation is achieved over the IR finger-
print region using the widely tunable free-electron laser for
infrared experiments (FELIX)*® and over the hydrogen-
stretching region using an OPO/OPA laser system. The
nucleosides were purchased from Sigma-Aldrich. Approx-
imately 0.5 mM of the nucleoside, dAdo or Ado, along with
3 mM of acetic acid were dissolved in a 50%:50% MeOH-H,0
mixture. The solutions were delivered to a Micromass “Z-spray”
electrospray ionization (ESI) source using a syringe pump
operated at a flow rate in the range between 2.7 and
5.8 uL/min. The ions emerging from the spray were
accumulated in an rf hexapole ion trap for approximately 3—8
s prior to pulsed extraction through a quadrupole deflector.
Trapping conditions were optimized to maximize the single
intensity and minimize fragmentation of the protonated
nucleoside, [dAdo+H]" or [Ado+H]*. The observed degree
of fragmentation was very low, suggesting that the ions were
rapidly cooled to room temperature by collisions in the
hexapole. The next bunch of ions was accumulated in the
hexapole trap while the extracted ions were injected into the
ICR cell of the FT-ICR MS. The ions were captured in the ICR
cell by electrostatic switching of the dc bias of the octopole.*®
The ions were stored for at least 300 ms in the ICR cell at
~107® Torr to cool to room temperature by radiative emission.
The protonated nucleoside, either [dAdo+H]* or [Ado+H]",
was isolated using stored waveform inverse Fourier transform
(SWIFT) techniques and irradiated continuously by the free-
electron laser for 2.5 to 3 s to induce IR photodissociation over
the wavelength range between ~18.0 and ~S$.2 pum,
corresponding to the range of vibrational frequencies extending
from ~550 to ~1920 cm™". In separate experiments, the ions
were irradiated using a benchtop optical parametric oscillator/
amplifier (OPO/OPA) system that generates radiation in the
hydrogen stretching region for 4—8 s over the wavelength range
extending from ~3.6 to ~2.6 um, corresponding to vibrational
frequencies in the range between ~2800 and ~3850 cm™" to
provide complementary spectral information.
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Computational Details. The chemical structures of neutral
dAdo and Ado are displayed in Figure 1. In both structures
shown in this figure, the nucleobase, adenine, is shown in the
anti orientation relative to the glycosidic bond. The most
favorable protonation sites, N1, N3, and N7, of [dAdo+H]*
and [Ado+H]" were carefully examined. Candidate structures
for the N1, N3, and N7 protonated forms of both [dAdo+H]*
and [Ado+H]" were generated by simulated annealing using
HyperChem®' with the Amber force field. Each structure was
subjected to 300 cycles of simulated annealing. Each cycle
involved 0.3 ps of thermal heating from 0 to 1000 K. The
protonated nucleoside was then allowed to sample conforma-
tional space at 1000 K for 0.2 ps. The protonated nucleoside
was then gradually cooled to 0 K over a period of 0.3 ps. The
Amber force field was then used to optimize the resulting
structure. A molecular mechanics calculation was performed
every 0.001 ps in each cycle, and a snapshot of the resulting
structure was saved and used to initiate the next cycle. The
structures chosen for higher level optimization and energetic
characterization were based primarily on their relative stabilities
determined in the simulated annealing process. However,
additional higher energy structures were also included to
comprehensively investigate all of the various combinations of
the sites of protonation (N1, N3, and N7), puckering of the
sugar moiety (C2’-endo and C3’-endo) and nucleobase
orientation (anti and syn). Geometry optimizations, frequency
analyses, and single-point energy calculations of all candidate
structures were performed using Gaussian 09.°> These
structures were first optimized at the B3LYP/6-31G(d) level
of theory to facilitate convergence to a stable minimum. The
resulting structures were reoptimized using the 6-311+G(d,p)
basis set to improve the description of the hydrogen-bonding
interactions that stabilize these systems. Frequency analyses of
these latter structures, again using the 6-311+G(d,p) basis set,
were performed to determine vibrational frequencies and IR
intensities of the optimized structures for use in calculating the
theoretical linear IR spectra. Single point energies were
calculated at the B3LYP/6-311+G(2d,2p) and MP2(full)/
6-311+G(2d,2p) levels of theory to determine the relative
stabilities of the stable low-energy conformers found using
these procedures. To examine the effects of solvation on the
relative stabilities of the most stable N3 and N1 protonated
conformers, limited calculations at the same levels of theory
using a polarizable continuum model (PCM) in water were also
performed. Zero-point energy (ZPE) corrections as well as
thermal conversions to 298 K were included using vibrational
frequencies calculated at the B3LYP/6-311+G(d,p) level of
theory. The vibration frequencies in the fingerprint region were
scaled by a factor of 0.98 and by a factor of 0.957 for the
hydrogen stretching region. The calculated vibrational
frequencies are convoluted with a 20 cm™ fwhm Gaussian
line shape over the fingerprint region, whereas a 10 cm™" fwhm
Gaussian line shape is used for the hydrogen-stretching region
to model the observed experimental broadening in these
spectral regions.

B RESULTS

IRMPD Action Spectroscopy. In both the fingerprint and
hydrogen-stretching regions, the only photodissociation path-
way observed for both [dAdo+H]* and [Ado+H]* involves
N-glycosidic bond cleavage, resulting in production of
protonated adenine, [Ade+H]", with concomitant elimination
of the neutral sugar moiety. The IRMPD yield was calculated as
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the ratio of the intensity of the [Ade+H]* product and the total
ion intensity after laser irradiation at each wavelength as
expressed below in eq 1.

IRMPD yield = Isge 3/ (Iade+ 1 + Iinuo+ 1) (1)

To correct for variations in the laser power as a function of
photon energy, the IRMPD yield was adjusted via linear
normalization with the FEL or OPO laser power. IRMPD
action spectra were obtained for each protonated nucleoside,
[dAdo+H]" and [Ado+H]*, over the range of vibrational
frequencies extending from ~SS0 to 1920 cm™' and from
~2800 to 3800 cm™' and are compared in Figure 2. The
measured IRMPD spectra of [dAdo+H]" and [Ado+H]*
exhibit highly parallel spectral features in both the fingerprint
and hydrogen-stretching regions. The affect of the 2'-hydroxyl
substituent is primarily seen in the relative intensities of the
observed spectral features. In the fingerprint region above
~1500 cm™’, [Ado+H]" produces higher IRMPD yield than
[dAdo+H]*, whereas in the hydrogen-stretching region above
~3400 cm™, [dAdo+H]* produces greater IRMPD yield than
[Ado+H]".

12 e
[Ado+H]"
[dAdo+H]"

o 08 F b

Q2

>-

o

o

= 04

x

0.0 Laa s ba oo blaaalaaalaaalaaal
600 800 1000 1200 1400 1600 1800

Frequency (cm'1 )

[ORCHN o o o o e e e e |
[Ado+H]"
[dAdo+H]"

o 04 F L

Q2

p

o

o

= 0.2

x

0.0 P T T

3000 3200 3400 3600 3800

Frequency (cm'1 )

Figure 2. IRMPD action spectra of [dAdo+H]* and [Ado+H]" in the
fingerprint and hydrogen-stretching regions.

Theoretical Results. The ground-state conformers of
[dAdo+H]* and [Ado+H]" calculated at the B3LYP/
6-311+G(2d,2p)//B3LYP/6-311+G(d,p) and MP2(full)/
6-311+G(2d,2p)//B3LYP/6-311+G(d,p) levels of theory are
shown in Figure 1. The same ground structures are predicted
by B3LYP and MP2 theories for [dAdo+H]* and [Ado+H]*,
which in turn are highly parallel to one another. N3 is the
preferred site of protonation for both [dAdo+H]" and
[Ado+H]". In the ground conformers, adenine takes on a syn
orientation about the glycosidic bond, and the sugar puckering
is C2’-endo. The 2’-hydroxyl of [Ado+H]* does not exert a
significant effect on the overall structure except that the
orientation of the 3’-hydroxyl substituent changes to enable
formation of a hydrogen-bonding interaction between the
2'- and 3’-hydroxyl substituents. The 2’-hydroxyl substituent
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Table 1. Relative Enthalpies and Free Energies of Stable Low-Energy Conformers of [dAdo+H]* and [Ado+H]" at 0 and 298 K

in kJ/mol”
species conformer B3LYP
AH, AH,gq
[dAdo+H]* N3A 0.0 0.0
N3B 4.8 53
N3C 12.1 12.2
N1A 28.5 29.9
N1B 316 334
N3D 32.0 33.1
N3E 36.0 37.0
N7A 37.6 39.7
N1C 42.5 43.0
N7B 60.9 62.1
[Ado+H]* N3A 0.0 0.0
N3B 1.9 1.9
N3C 3.4 3.6
N3D 6.6 6.8
N3E 7.2 7.9
N3F 14.1 14.7
N3G 132 13.6
NI1A 25.1 26.5
N1B 30.2 31.6
Ni1C 36.6 36.8
NI1D 39.0 40.0
N7A 40.5 42.3
N7B 42.3 43.6
N7C 523 53.0

MP2(full)
AC;298 AHO AHZQS AG298
0.0 0.0 0.0 0.0
3.6 8.2 8.7 7.0
12.1 12.8 12.9 12.8
25.3 32.5 339 29.3
27.9 37.2 39.0 334
28.3 39.1 40.2 35.3
31.3 43.4 444 38.6
33.6 45.5 47.6 41.5
40.9 419 424 40.3
58.8 63.5 64.7 61.4
0.0 0.0 0.0 0.0
2.4 0.6 0.6 1.1
2.7 5.0 5.1 4.2
4.7 8.9 9.1 7.0
5.3 10.3 10.9 8.4
10.1 22.1 22.7 18.2
12.3 14.9 15.4 14.1
21.8 28.6 30.0 254
26.9 339 35.3 30.6
35.2 35.7 36.0 344
35.9 38.2 39.2 352
372 46.2 48.1 42.9
38.9 44.6 45.9 41.2
50.8 54.8 55.5 533

“Energetics based on single-point energy calculations performed at the B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory,
including ZPE and thermal corrections based on the B3LYP/6-311+G(d,p) optimized structures and vibrational frequencies.

appears to strengthen the C1'—N9 glycosidic bond as it
contracts from 1.465 A in [dAdo+H]" to 1.459 A in [Ado+H]".
Although this contraction of the glycosidic bond is relatively
small, it is consistent across analogous low-energy conformers
found for [dAdo+H]" versus [Ado+H]*. The orientation of
adenine about the glycosidic bond changes by only 0.2° as
evidenced by the ZC4N9C1'C2’ dihedral angle, which
decreases from —72.0° for [dAdo+H]* to —71.8° for
[Ado+H]*. The O2'H--O3’ hydrogen-bonding interaction
leads to a small change in the orientation of the nucleobase
and results in a slight increase in the N3H"---OS’ hydrogen
bond length from 1.801 A in [dAdo+H]" to 1.830 A in
[Ado+H]*. This hydrogen-bonding interaction does not
significantly affect the C2'-endo puckering of the sugar moiety
as the £C1'C2'C3'C4’ dihedral angle changes by less than 1°
and is —30.2° in [dAdo+H]" versus —30.9° in [Ado+H]*. This
hydrogen-bonding interaction also has almost no effect on the
orientation of the 5'-hydroxymethyl substituent as the
£05'C5'C4’04’ dihedral angles of [dAdo+H]* and
[Ado+H]" changed by only 0.1° and are —60.4° and —60.3°,
respectively.

The relative 0 and 298 K enthalpies and 298 K Gibbs free
energies of the stable low-energy conformers of [dAdo+H]*
and [Ado+H]* are given in Table 1 for all three favorable
protonation sites. Structures of the low-energy conformers of
[dAdo+H]" and [Ado+H]* protonated at N3, N1, and N7 and
their relative free energies at 298 K are shown in Figures S1 and
S2 of the Supporting Information. The relative stabilities of
these low-energy conformers are highly dependent on the site
of protonation. The conformers protonated at N1 are >20
kJ/mol higher in free energy than the N3 protonated ground
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conformers, whereas those protonated at N7 are >30 kJ/mol
less stable than the N3 protonated ground conformers. The
low-energy conformers displayed in Figures S1 and S2 of the
Supporting Information have been chosen primarily based on
their computed relative stabilities, but also include all possible
combinations of the favorable sites of protonation, nucleobase
orientations, and sugar configurations. Conformers protonated
at N3 favor the syn orientation of the nucleobase. Therefore,
N3 protonated syn conformers exhibiting both C2’-endo and
C3’-endo puckering are shown for comparison. The N3
protonated conformers with the nucleobase in an anti
configuration prefer C2’-endo puckering of the sugar moiety.
The N1 and N7 protonated conformers shown in Figures S1
and S2 of the Supporting Information exhibit both anti and syn
orientations of the nucleobase with their preferred sugar
puckering. The 2’-hydroxyl substituent provides additional
opportunities for hydrogen-bonding interactions with adenine,
and multiple favorable orientations of 2'- and 3’-hydroxyl
substituents are found. Therefore, a larger number of stable
low-energy conformers of [Ado+H]" are found and compared
here. A detailed description of the low-energy conformers
displayed in Figures S1 and S2 is given in the Supporting
Information.

N3 Protonated Conformers. Both [dAdo+H]* and
[Ado+H]" show a preference for a syn orientation of adenine,
which enables formation of a strong N3H"---:O5’ hydrogen-
bonding interaction and leads to C2'-endo puckering of the
sugar moiety. The relative free energies of N3A and N3B of
[dAdo+H]" and N3A, N3B, N3C, and N3E of [Ado+H]*
suggest that C2’-endo is favored over C3’-endo puckering.
When the sugar puckering is C2'-endo, the 2'- and 3'-hydroxyl
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substituents are preferentially oriented down and away from the
adenine residue, whereas conformers that exhibit C3’-endo
puckering are more stable when both hydroxyl groups are
pointing up and away from the adenine residue. The N3D
conformer of [dAdo+H]" has the nucleobase in an anti
configuration and is computed to be >25 kJ/mol less favorable
than the ground N3A conformer where the nucleobase is in a
syn configuration, indicating that the rotation of the nucleobase
which enables formation of the N3H"-O5’ hydrogen bond
provide significant stabilization of the nucleoside. In contrast,
the additional 2'-hydroxyl substituent facilitates formation of
the N3H"--O2'H---O3’ dual hydrogen-bonding interaction
when the nucleobase is in an anti orientation. Therefore, the
N3D conformer of [Ado+H]* with the nucleobase in an anti
configuration is only 4.7 kJ/mol (B3LYP) and 7.0 kJ/mol
(MP2) less stable than the syn-oriented N3A.

N1 and N7 Protonated Conformers. Stable conformers
of both [dAdo+H]* and [Ado+H]* protonated at either N1
and N7 are calculated to be much less stable than N3
protonated conformers. The relative Gibbs free energies of the
various N1 and N7 protonated conformers of both [dAdo+H]*
and [Ado+H]" suggest that N1 protonation is more favorable
when the adenine residue is in an anti orientation with
C2'-endo sugar puckering, whereas N7 protonation prefers an
anti orientation of the adenine residue with C3’-endo puckering
of the sugar moeity.

2’- and 3’-Hydroxyl Orientations in [Ado+H]*. Similar
to that found for the low-energy conformers of [Guo+H]*
the low-energy conformers of [Ado+H]* with C2’-endo sugar
puckering are more stable when the 2'- and 3’-hydroxyl
substituents point down and away from the adenine residue,
whereas C3’-endo sugar puckering is more stable when the 2'-
and 3’-hydroxyl substituents point up and away from the
nucleobase.

Comparison of the Low-Energy Conformers:
[dAdo+H]* versus [Ado+H]*. The stable low-energy con-
formers of [dAdo+H]* and [Ado+H]" shown in Figures S1 and
S2 of the Supporting Information exhibit conformational
features that are highly parallel. However, the additional
02'H--03" or 02'---HO3' hydrogen-bonding interactions
that the [Ado+H]+ conformers exhibit lead to additional
low-energy conformers that are not possible for [dAdo+H]*
(such as the N3B and N3E conformers), which generally only
slightly alter the orientation of the 3’-hydroxyl substituent.
Moreover, the 2'-hydroxyl substituent also provides alternative
opportunities for hydrogen bonding to the adenine residue,
such as found in the N3D, N3F, N1D, and N7B conformers of
[Ado+H]".

Comparison of Isolated [Ade+H]*, [dAdo+H]*,
[Ado+H]*, and [dAdo5’p+H]*. N3 is found to be the
preferred site of protonation for both [dAdo+H]* and [Ado
+H]*, followed by N1 and N7. This trend contrasts that found
for protonated adenine, [Ade+H]*, where N1 is found to be the
most favorable protonation site.”*>* The change in the
preferred site of protonation is driven by the stabilization
provided by the N3H"--OS’ hydrogen-bonding interaction in
[dAdo+H]" and [Ado+H]*, which is clearly not possible for the
isolated protonated base. Similar types of intramolecular
hydrogen-bonding interactions have been found in the
optimized structures of protonated 2-deoxyadenosine-5’-mono-
phosphate, [dAdoS'p+H]*, studied by Bowers and co-work-
ers,”> where adenine is also protonated at N3, in the syn
orientation about the glycosidic bond, but instead hydrogen
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bonded to the phosphate moiety. Thus, the sugar and
phosphate moieties of nucleosides and nucleic acids alter the
chemistry of adenine as compared to the isolated nucleobase.

B DISCUSSION

Comparison of Measured IRMPD and Calculated IR
Spectra of [dAdo+H]". The measured IRMPD and calculated
IR spectra of the most delineative low-energy conformers
including each favorable site of protonation, N3A, N1A, N3D,
N3E, and N7A of [dAdo+H]" in the fingerprint and hydrogen-
stretching regions are compared in Figure 3. In the fingerprint
region, the strong IR feature predicted at ~1655 cm™" with a
shoulder to the red for the N3 protonated conformers, N3A,
N3D, and N3E, is shifted to slightly lower frequencies as
compared to the measured band at ~1665 cm™. In contrast,
the strong IR feature at ~1680 cm™" with a shoulder to the red
predicted for the N1A conformer is shifted to a slightly higher
frequency than this measured band. Overall, the IR spectra
predicted for N3A, N1A, and N3D exhibit good matches with
the experimental IRMPD spectrum. The change in the
orientation of the adenine residue in the N3A versus N3D
conformers does not significantly affect the calculated band
positions in the fingerprint region. The moderately strong band
measured at ~1095 cm™, however, is not well-described by the
calculated band of the N3E conformer, which is predicted at
~1025 cm™ and may be due to the N3 protonated adenine
interacting with the O4’ atom of the sugar rather than the 5’
hydroxyl oxygen atom. This large shift to lower frequencies in
the IR feature predicted for N3E versus the observed feature
suggests that N3E is not present in the experiments. The IR
band at ~1645 cm™" with a shoulder to the red predicted for
the N7A conformer is also underestimated by 20 cm™" relative
to the observed band at ~1665 cm™'. In addition, the IR
absorptions predicted at ~1465 and ~1295 cm™ for N7A are
not observed in the measured IRMPD spectrum. Therefore, the
N7A conformer is also not present in the experiments. In the
hydrogen-stretching region, the band predicted at ~3052 cm™"
for the N3A conformer represents the strong harmonic
vibration of the shared proton oscillating between N3 and
OS’. However, the high degree of anharmonicity associated
with this mode leads to very poor theoretical prediction and is
therefore not useful for interpretation of the structures
populated in the experiments. Similarly, the weak hydrogen-
bonding interaction between C8H and OS’ of N1A introduces
anharmonicity to the C8—H stretch such that the harmonic
prediction at ~3093 cm™" for the N1A conformer is also not
useful for interpretation. The very weak C—H stretches that
occur in the hydrogen-stretching region below ~3300 cm™ are
also of limited diagnostic utility. Thus, useful comparisons
between experiment and theory can only be made above
~3300 cm™. The calculated bands of N3A, N1A, and N3D
match the measured bands above ~3300 cm™ reasonably well.
In contrast, there are very large discrepancies between the
measured and calculated spectra above ~3300 cm™ for N3E
and N7A, again indicating that these two conformers are not
contributing to the measured IRMPD spectrum. Therefore, the
N3A, N1A, and N3D conformers are present in the
experiments.

The measured IRMPD and calculated IR spectra in the
fingerprint and hydrogen-stretching regions for the N3B, N3C,
N1B, N1C, and N7B conformers of [dAdo+H]* are compared
in Figure S3 of the Supporting Information. In the fingerprint
region, the IR spectrum predicted for N3B is highly parallel to
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Figure 3. Comparison of the measured IRMPD action spectrum of [dAdo+H]" with the B3LYP/6-311+G(d,p) optimized structures and predicted
linear IR spectra for the ground and representative stable low-energy conformers of [dAdo+H]*. The B3LYP/6-311+G(2d,2p) and MP2(full)/
6-311+G(2d,2p) relative Gibbs free energies at 298 K are also shown in black and red, respectively. The site of protonation, nucleobase orientation,

and sugar puckering are also indicated for each conformer.

that of N3A (Figure 3) and shows reasonably good agreement
with the experimental IRMPD spectrum, suggesting that
variations in the sugar puckering do not lead to significant
differences in the IR spectrum in the fingerprint region. The
different orientations of the 5’-hydroxymethyl and 3'-hydroxyl
moieties of N3C versus those of N3A slightly alter the
calculated IR features between ~950 and 1100 cm™" (compare
Figure 3 and Figures S3 of the Supporting Information). The
IR spectrum predicted for N3C also exhibits a good match to
the experimental IRMPD spectrum in the fingerprint region.
The calculated IR spectra of N1B and NI1C exhibit good
agreement with the measured IRMPD spectrum and are quite
parallel to that of N1A (Figure 3), again indicating that the
sugar puckering and orientation of the adenine residue are not
differentiable from the calculated IR features in the fingerprint
region. Similar to N7A (Figure 3), the band at ~1650 cm™'
with a shoulder to the red predicted for N7B occurs at lower
frequencies than the measured band at ~1665 cm™, indicating
the absence of N7B in the experiments. In the hydrogen-
stretching region, the IR spectra predicted for N3B and N3C
exhibit good matches to the experimental IRMPD spectrum.
The band predicted at ~3680 cm™ for N1B is overestimated
versus the measured band at ~3660 cm™". The band calculated
at ~3585 cm™! of NIC is not observed in the measured
spectrum, and the large discrepancy between the measured and
calculated spectra for N7B indicate that these two conformers
are not populated in the experiments. Therefore, among these
five conformers, only N3B and N3C are populated in the
experiments.

2800

In summary, comparison between the measured IRMPD and
calculated IR spectra of [dAdo+H]" in the fingerprint and
hydrogen-stretching regions, make it clear that conformers
protonated at N7 are not populated in the experiments. Good
agreement is achieved for both the N3 and N1 protonated low-
energy conformers, N3A, N3B, N3C, NI1A, and N3D,
suggesting that all of these conformers may be present in the
experiments.

Vibrational Assignments for [dAdo+H]*. On the basis of
the IR spectra predicted for the conformers populated in the
experiments, the band observed at ~1665 cm™' arises from
strong NH, scissoring, whereas the shoulder to the red reflects
coupled nucleobase stretches. The band observed at
~1205 cm™ is the result of bending of the sugar hydrogen
atoms. The moderately strong band observed at ~1095 cm™ is
associated with stretching motions of the sugar ring. In the
hydrogen-stretching region, the band observed at ~3660 cm™
arises from coupled stretches of the 3'- and $§'-hydroxyl
substituents. The moderate IR absorption at ~3530 cm™!
represents asymmetric NH, stretching, whereas the intense
IR absorption at ~3425 cm™' arises from symmetric NH,
stretching.

Comparison of Measured IRMPD and Calculated IR
Spectra of [Ado+H]*. The measured IRMPD and calculated
IR spectra of the most delineative low-energy conformers for
each favorable site of protonation, N3A, N3D, N3F, N1A, and
N7A of [Ado+H]" in the fingerprint and hydrogen-stretching
regions are compared in Figure 4. N3A and N3D share the
same sugar puckering and 2'- and 3’-hydroxyl orientations but
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Figure 4. Comparison of the measured IRMPD action spectrum of [Ado+H]" with the B3LYP/6-311+G(d,p) optimized and predicted linear IR
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311+G(2d,2p) relative Gibbs free energies at 298 K are also shown in black and red, respectively. The site of protonation, nucleobase orientation,

and sugar puckering are also indicated for each conformer.

exhibit different nucleobase orientations. The N3H'---OS5’
hydrogen bond stabilizes the syn-oriented nucleobase of
N3A, whereas the N3H"-O2'H:-O3’ dual hydrogen-bonding
interaction stabilizes the anti-oriented nucleobase of N3D.
However, the different nucleobase orientations are not
differentiable in the fingerprint region as their IR features are
highly similar. In particular, the IR features above ~1300 cm™*
predicted for N3A and N3D are nearly identical. N3D and N3F
exhibit different orientations of the 5’-hydroxymethyl moiety,
which produces discernible IR features below ~1300 cm™. In
particular, small IR features at ~985 cm™" predicted for N3F
are not predicted for N3D and are not observed in the
measured IRMPD spectrum. The frequency of the intense IR
band at ~1655 cm™ with a shoulder to the red predicted by
theory for the N3A, N3D, and N3F conformers is under-
estimated relative to the measured band at ~1670 cm™. In
contrast, the calculated IR band at ~1680 cm™! of N1A occurs
at higher frequencies than this measured band, parallel to that
found for [dAdo+H]". Except for the small shifts relative to the
band observed at ~1670 cm™, the IR features predicted for
N3A, N3D, and NI1A exhibit good agreement with the
measured IRMPD features in the fingerprint region. The IR
absorption predicted at ~1645 cm™ for N7A occurs at much
lower frequencies than the measured band at ~1670 cm™,
indicating that N7A is not populated in the experiments. The
harmonic IR features reflecting the strong N3—H stretch
involved in the hydrogen-bonding interactions calculated at
~3090, ~3175, and ~3160 cm™’, respectively, for N3A, N3D,
and N3F are not usefully compared for these highly
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anharmonic modes. Similarly, the calculated harmonic C8—H
stretch at ~3100 cm ™" and ~3050 cm ™, respectively, for N1A
and N7A, are involved in the C8H---OS’ noncanonical
hydrogen-bonding interactions, such that these IR features
are not well-predicted by the harmonic approximation and thus
are not usefully compared to the measured IR features. The IR
features observed above ~3300 cm™' in the hydrogen-
stretching region are sufficiently diagnostic to elucidate which
conformers are populated in the experiments. The IR features
observed above ~3300 cm™' are well-reproduced by the
calculated IR features of N3A. Because of the
N3H"---O2'H---O3’ dual hydrogen-bonding interactions
present in N3D and N3F, the weak and moderate IR features
measured at ~3580 and ~3530 cm™" are not well-predicted by
the calculated IR features of N3D and N3F. The calculated IR
features predicted for N1A agree well with the measured IR
features in the OPO region. Very large differences between
experiment and theory are found for N7A, again suggesting the
absence of this conformer in the experiments. Therefore, these
comparisons imply that the N3A and N1A conformers are
populated in the experiments.

The experimental IRMPD and calculated IR spectra in the
fingerprint and hydrogen-stretching regions for the N3B, N3C,
N3E, N3G, and N1B conformers of [Ado+H]" are compared
in Figure S4 of the Supporting Information. Except for small
shifts as compared to the band observed at ~1670 cm™, the IR
spectra predicted for N3B, N3C, N3E, and N1B exhibit good
agreement with the measured IRMPD spectrum in the
fingerprint region. The IR feature predicted at ~995 cm™ for
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N3G does not appear in the observed IRMPD spectrum. The
IR spectra predicted for N3B and N3C in the fingerprint region
are quite similar to that of N3A (Figure 4), suggesting that
changes in the orientations of the 2'- and 3’-hydroxyl
substituents and the puckering of the sugar moiety are not
easily differentiated by the measured IR features in the
fingerprint region. The calculated IR spectrum of N1B in the
fingerprint region is also parallel to that of N1A (Figure 4),
again suggesting that the IR features in the fingerprint region
are insuficient to distinguish different nucleobase orientations,
sugar puckering, and 2'- and 3’-hydroxyl orientations. In the
hydrogen-stretching region above ~3300 cm™', the IR bands
predicted at ~3620 cm ™" for N3B and at ~3610 cm™" for N3E
are shifted to higher frequencies versus the weak band observed
at ~3580 cm™!. The IR features predicted for N3C and N3G
display good agreement with the observed IRMPD features.
The band calculated at ~3680 cm™" for N1B is also predicted
to occur at higher frequencies than the measured band at
~3665 cm™!, whereas all other IR features predicted above
~3300 cm™' for NIB exhibit good agreement with the
observed IRMPD spectrum. Therefore, among these five low-
energy conformers, N3C is the only conformer present in the
experiments.

The measured IRMPD and calculated IR spectra in the
FELIX and OPO regions for the N1C, N1D, N7B, and N7C
conformers of [Ado+H]* are compared in Figure SS of the
Supporting Information. In the fingerprint region, the IR
spectra predicted for N1C and N1D exhibit good agreement
with the observed IRMPD spectrum. The IR bands at
~1645 cm™' for N7B and N7C are predicted to appear at
much lower frequencies than the measured band at ~1670
cm™". However, the calculated IR spectra of these four
conformers display very poor agreement with the observed
IRMPD spectrum in the OPO region. Therefore, none of these
four conformers are populated in the experiments.

In summary, comparison between the observed IRMPD and
calculated IR spectra of [Ado+H]* in the fingerprint and
hydrogen-stretching regions indicates that conformers proton-
ated at N7 are not present in the experiments. Only N3A, N3C,
and N1A are present in the experiments. In both N3A and
N3C, adenine is in the syn orientation interacting with OS’.
These results again suggest that C2'-endo puckering is more
favorable when the 2'- and 3'-hydroxyl substituents are down
and away from the adenine residue, whereas C3’-endo
puckering leads to the hydroxyl substituents pointing up and
towards the adenine residue. Unlike [dAdo+H]*, no anti-
oriented N3 protonated conformers are present in the
experiments for [Ado+H]*. Similar to [dAdo+H]*, the N1A
conformer, having the nucleobase in an anti orientation and
exhibiting C2'-endo puckering of the ribose moiety, may be
populated in the experiments.

Vibrational Assignments for [Ado+H]*. Comparison of
the observed and computed spectra for the conformers
populated in the experiments, allows the IRMPD features
observed to be assigned. In the fingerprint region, the strong IR
band observed at ~1670 cm™' represents strong NH,
scissoring, whereas the shoulder to the red primarily represents
nucleobase stretching. The weak band observed at ~1210 cm™
arises from bending of the hydrogen atoms of the sugar moiety.
The broad IR band observed at ~1100 cm™" arises from sugar
ring stretches. In the hydrogen-stretching region, the band
observed at ~3665 cm™' represents stretching of the 3’- and
S'-hydroxyl substituents. The weak IR feature observed at
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~3580 cm™' is assigned to the 2’-hydroxyl stretch. The
moderate IR absorption observed at ~3530 cm™" arises from
asymmetric NH, stretching, whereas the sharp IR absorption
observed at ~3425 cm™' results from symmetric NH,
stretching.

N3 Protonation vs N1 Protonation. It has previously
been determined that N1 is the preferred site of protonation
adenine® and that the most stable conformer of protonated
adenine, [Ade+H]", is the canonical tautomer of adenine
protonated at N1.>* In contrast, present results suggest that in
[dAdo+H]" and [Ado+H]*, N3 protonation enables formation
of a N3H"---OS’ hydrogen-bonding interaction via rotation of
the adenine residue to the syn orientation, which stabilizes the
N3 protonated nucleosides by >20 kJ/mol (B3LYP and MP2)
over the most stable N1 protonated conformers. However,
comparisons of the observed IRMPD and calculated IR spectra
do not enable the presence of the N1 protonated N1A
conformers of [dAdo+H]* and [Ado+H]* to be ruled out. In
fact, the IR spectra of the N1A conformers exhibit quite good
agreement with the observed IRMPD spectrum in the
fingerprint region above ~1450 cm™". This result is somewhat
surprising given the relative gas-phase stabilities of these
conformers and may be due to differences in the relative
stabilities of these conformers in solution as the ions are
generated by ESI. To examine this possibility, we computed the
relative Gibbs free energies of the N1A and N3A conformers of
[dAdo+H]" and [Ado+H]* at the same levels of theory but
using a polarizable continuum model in water. Indeed, the N1A
conformers are found to be significantly more stable in solution
than in the gas phase. The N1A conformer of [dAdo+H]" lies
4.5 kJ/mol (B3LYP) and 10.5 kJ/mol (MP2) above N3A,
whereas the N1A conformer of [Ado+H]" lies only 2.4 kJ/mol
(B3LYP) and 7.2 kJ/mol (MP2) above N3A. The anti-
orientation of the nucleobase in the N1A conformers exposes
the excess proton to the solvent, facilitating hydrogen-bonding
interactions with the solvent that enhance the stability of these
conformers relative to the N3A conformers. Clearly, the
N3H"--OS hydrogen-bonding interaction plays an important
role in stabilizing the N3A conformers in the gas phase. As
these calculations were performed using the PCM model rather
than explicit solvent, the actual stabilization in solution may be
even more significant such that the most stable N1 protonated
conformers may comprise a larger portion of the population
generated upon ESI than suggested by their relative stabilities
in the gas phase or in a PCM environment. Similar results were
found in a previous IRMPD study of deprotonated
p-hydroxybenzoic acid where the relative populations of the
species generated by deprotonation of the benzoic acid moiety
(favored in protic environments) versus phenolic moiety
(favored in the gas phase and aprotic environments) was
strongly influenced by the solvent(s) used for ESL>®

Comparison to IR Studies of Neutral, Protonated, and
Metal Cationized Ade. Kleinermanns and co-workers>’
measured the IR spectrum of neutral Ade using IR-UV
double-resonance spectroscopy in the range from 3200 to
3700 cm™ and observed only the canonical tautomer of neutral
Ade in the experiments. The bands observed at 3452, 3508, and
3569 cm™' were identified as symmetric NH,, N9—H, and
asymmetric NH, stretching, respectively. In this work,
symmetric and asymmetric NH, stretching of [dAdo+H]*
and [Ado+H]* are observed at ~3425 cm™' and
~3530 cm™!, respectively, corresponding to a shift of ~25
cm ™! as compared to that observed for neutral Ade. Rijs and co-
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workers®® examined the IR spectrum for neutral Ade in the
range extending from 500 to 1750 cm™ using IR-UV ion-dip
spectroscopy and the IRMPD spectrum for [Ade+H]* from
1000 to 1750 cm™' using IRMPD spectroscopy. They again
found that the canonical tautomer of neutral Ade as the
dominant tautomeric conformation populated in the experi-
ments. However, they were not able to exclude the presence of
the noncanonical N7—H tautomer of Ade in their experiments.
For [Ade+H]", their theoretical calculations suggested that the
most stable conformer is the noncanonical N7—H neutral
tautomer of Ade protonated at N3, which is only 1.0 kJ/mol
more stable than the first excited conformer, the canonical
N9—H neutral tautomer of Ade protonated at N1. The IR
spectrum predicted for the first excited conformer was found to
reproduce the measured IR features above ~1500 cm™ better
than the ground conformer and suggested that the solvent
preferentially stabilizes the canonical N9—H tautomer of
neutral Ade protonated at N1, such that it is the dominant
structure generated being by ESIL. However, the presence of the
noncanonical N7—H tautomer of Ade protonated at N3 could
not be not excluded. This result parallels that found here for the
protonated nucleosides, [dAdo+H]* and [Ado+H]*, again
suggesting that structures present in solution are maintained in
the ESI process in spite of the relative stabilities of these species
in the gas phase. Fridgen and co-workers® measured the
IRMPD spectra of [Ade+K]* and [Ade+Cs]* from 3300 to
3600 cm™. Both theory and experiment find that the preferred
structures and site of binding involve bidentate interaction with
both N3 and N9 to the noncanonical N7—H tautomer of Ade.
The bands observed at 3427 and 3536 cm ™' were identified as
symmetric and asymmetric NH, stretching, respectively, which
are consistent with the bands observed for [dAdo+H]" and
[Ado+H]" in the present work. Thus, these results suggest that
alkali metal cationization exerts a similar influence on the
symmetric and asymmetric NH, stretching modes, which do
not appear to be sensitive to the tautomeric conformation of
adenine. The band observed at 3488 cm™ in the IRMPD
spectra of [Ade+K]* and [Ade+Cs]* represents N7—H
stretching, which is not observed for [dAdo+H]" and
[Ado+H]" in the present work and provides additional
evidence for the absence of the N7 protonated conformers in
our experiments.

B CONCLUSIONS

The IRMPD action spectra of the protonated forms of the
canonical DNA and RNA nucleosides, 2'-deoxyadenosine and
adenosine and [dAdo+H]* and [Ado+H]", in the fingerprint
region between 550 and1920 cm™' and in the hydrogen-
stretching region between 2800 and 3800 cm™' have been
measured and compared with linear IR spectra of the stable
low-energy conformations predicted for these species calculated
at the B3LYP/6-311+G(d,p) level of theory to determine
which structures are populated in the experiments. Compar-
isons between the observed and calculated spectra in the FELIX
and OPO regions complement and enhance one another,
enabling elucidation of the conformations present in the
experiments. In particular, the site of protonation is readily
determined from the predicted IR spectra in both regions. N3
protonation allows the formation of a strong intramolecular
N3H"--O8’ hydrogen-bonding interaction and is found to be
the most stable protonation site for both [dAdo+H]* and
[Ado+H]", whereas protonation at N1 and N7 is found to be
much less favorable. The apparent discrepancies between the
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observed IRMPD and calculated IR spectra of the N7
protonated conformers in the fingerprint and hydrogen-
stretching regions eliminate their presence in the experiments.
However, the IR spectra predicted for the N3 and NI
protonated low-energy conformers of [dAdo+H]" and
[Ado+H]" in the fingerprint region are highly parallel such
that they are difficult to distinguish. Comparison between
experiment and theory for these systems in the OPO region
provides valuable additional information and suggests that
conformers protonated at both N3 and N1 are populated in the
experiments. On the basis of these comparisons, the N3A, N3B,
N3C, N1A, and N3D conformers of [dAdo+H]" and the N3A,
N3C, and N1A conformers of [Ado+H]" may be present in the
experiments. Both syn nucleobase oriented N3A, N3B, and
N3C and anti-nucleobase oriented N3D conformers of
[dAdo+H]" may be present in the experiments, whereas only
syn nucleobase oriented N3A and N3C conformers of [Ado
+H]* may be present in the experiments. Both the C2’-endo
and C3’-endo puckered N3 protonated conformers, N3A, N3B,
N3C, and N3D of [dAdo+H]* and N3A and N3C of
[Ado+H]" may be present in the experiments, whereas only
the anti nucleobase oriented and C2’-endo puckered N1
protonated conformers, N1A of [dAdo+H]* and [Ado+H]*
may be present in the experiments. In spite of the relative
stabilities of the N3 and N1 protonated conformers in the gas-
phase, the calculated IR spectra of the N1 protonated
conformers also exhibit good agreement with the measured
IRMPD spectra, particularly above ~1450 cm™ in the FELIX
region and suggest that the structures present in solution are
preserved in the ESI process. The puckering of the ribose
moiety, C2"-endo versus C3’-endo, is found to exert a strong
influence on the preferred orientations of the 2’- and 3'-
hydroxyl substituents of [Ado+H]". In particular, C2’-endo
puckering is most stable when the 2’- and 3’-hydroxyl
substituents point down and away from the adenine residue
(N3A), whereas C3’-endo sugar puckering is most stable when
the 2'- and 3’-hydroxyl substituents are oriented up and away
from the nucleobase (N3C). The hydrogen-bond stabilization
provided by interactions of the 2'- and 3’-hydroxyl substituents
of [Ado+H]" stiffens the sugar and leaves the nucleobase more
flexible such that IVR is more efficient than that of [dAdo+H]".
Therefore, the IRMPD yield of [Ado+H]* above ~1500 cm™,
the IR signature region for the adenine residue, exceeds that of
[dAdo+H]*. Conversely, the free 3'-hydroxyl of [dAdo+H]*
leads to more efficient IVR, and thus the IRMPD yield of
[dAdo+H]" is higher than that of [Ado+H]" in the OPO region
above ~3300 cm ™.
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description complemented by figures displaying the structures
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MP2(full)/6-311+G(2d,2p) levels of theory. Comparisons of
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