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ABSTRACT: Infrared multiple photon dissociation
(IRMPD) action spectroscopy experiments combined with
theoretical calculations are performed to investigate the stable
gas-phase conformations of the protonated adenine mono-
nucleotides, [pdAdo+H]+ and [pAdo+H]+. Conformations
that are present in the experiments are elucidated via
comparative analyses of the experimental IRMPD spectra
and the B3LYP/6-311+G(d,p) IR spectra predicted for the
conformers optimized at this level of theory. N3 protonation is
preferred as it induces base rotation, which allows a strong
hydrogen bond to be formed between the excess proton of
adenine and the phosphate moiety. In contrast, both N1 and
N7 protonation are predicted to be >35 kJ/mol less favorable
than N3 protonation. Only N3 protonated conformers are present in the experiments in measurable abundance. Both the low-
energy conformers computed and the experimental IRMPD spectra of [pdAdo+H]+ and [pAdo+H]+ indicate that the
2′-hydroxyl moiety does not significantly impact the structure of the most stable conformer or the IRMPD spectral profile of
[pAdo+H]+ vs that of [pdAdo+H]+. However, the 2′-hydroxyl leads to a 3-fold enhancement in the IRMPD yield of [pAdo+H]+

in the fingerprint region. Comparison of present results to those reported in a previous IRMPD study of the analogous
protonated adenine nucleosides allows the effects of the phosphate moiety on the gas-phase conformations to be elucidated.

■ INTRODUCTION

Adenine nucleotides, one of the naturally occurring building
blocks of nucleic acids, play important roles in encoding the
genetic information required to develop living organisms.
Besides their fundamental roles as nucleic acid building blocks,
adenine nucleotides also participate in important biological
processes such as signal transduction, enzyme regulation, and
energy metabolism. For example, adenosine-3′,5′-cyclic-mono-
phosphate (cAMP) facilitates intracellular signal transduction.1

Flavin adenine dinucleotide and nicotinamide adenine
dinucleotide function as coenzymes for biological redox
reactions of proteins.2,3 Intracellular adenosine diphosphate
(ADP) and adenosine triphosphate (ATP) participate in
biological energy production and transfer reactions,4 whereas
extracellular adenine nucleotides mediate signals through
membrane-associated adenosine and ATP receptors.5 The
adenine nucleotides are clearly of great biological significance
as illustrated by the fact that more than 15% of all enzymes
require ATP or an adenine derivative for proper function.6 In
addition, 9-[2-(phosphonomethoxy)ethyl]adenine, an acyclic
adenosine-5′-monophosphate analogue, exhibits selective anti-
viral activity against herpes simplex viruses and retroviruses.7,8

The local environment surrounding adenine nucleotides
greatly mediates their structures and functions. For example,
the phosphate anions or the electron-rich nitrogen atoms of the
adenine nucleobase are likely to interact with metal cations
present in living cells.9−11 Under acidic conditions, adenine
becomes protonated and forms A+·C or A+·G mispairs instead
of canonical A·T pairs.12 For these reasons, adenine nucleotides
have been included in experimental studies designed to
examine their biochemical properties and behavior.13−20

However, investigation of the intrinsic properties of the
adenine mononucleotides, 2′-deoxyadenosine-5′-monophos-
phate (pdAdo) and adenosine-5′-monophosphate (pAdo), are
limited.21−25 Major et al.17 found that N1 protonation is
preferred for ATP as well as five other ATP derivatives by 15N
NMR and theoretical calculations. In contrast, Gidden et al.21

determined that the lowest lying gas-phase conformation of the
protonated form of pdAdo exhibits a syn nucleobase
orientation, forming a strong hydrogen-bonding interaction
between N3H+ and the phosphate moiety, and C2′-endo sugar
puckering by gas-phase ion mobility measurements and
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theoretical calculations. Therefore, more detailed knowledge of
the intrinsic properties of pdAdo and pAdo mononucleotides
may help improve our current understanding of their
conformational preferences and how they change in a low-pH
environment, thus explaining differences observed between gas-
and condensed-phase studies.
In the current work, the gas-phase conformations of

protonated pdAdo and pAdo, [pdAdo+H]+ and [pAdo+H]+,
are probed by infrared multiple photon dissociation (IRMPD)
action spectroscopy over the ranges of vibrational frequencies
extending from ∼600 to 1900 and ∼3300 to 3800 cm−1.
Electronic structure calculations are performed to determine
the stable low-energy structures available to these protonated
nucleotides and their relative stabilities. Comparison between
the measured and the calculated spectra enables elucidation of
the low-energy conformations present in the experiments and
firmly establishes the site of protonation. In addition, the
current work enables comparison between the structures and
IRMPD spectra of [pdAdo+H]+ vs [pAdo+H]+ to elucidate the
effects of the 2′-hydroxyl on the structure and IR spectra. This
work builds on our previous investigations of protonated
common as well as modified DNA and RNA nucleosides26−30

and the deprotonated forms of the canonical DNA and RNA
nucleotides24,25 such that comparisons to this earlier work
enable the influence of protonation and the phosphate moiety
on the stable gas-phase conformations of the adenine
nucleotides to be elucidated.
Previously, Chiavarino et al.31 and Lanucara et al.32 employed

similar experimental and theoretical approaches to examine the
gas-phase conformations of both deprotonated and protonated
cAMP, respectively. Comparison of the current work to these
studies enables the influence of a canonical vs cyclic phosphate
moiety on the gas-phase conformations to be determined.
Comparison of the present IRMPD spectroscopy results to the
previous ion mobility results for [pdAdo+H]+ reported by
Gidden et al.21 enables the findings of these experimental
techniques to be further validated.

■ EXPERIMENTAL AND COMPUTATIONAL SECTION
Experimental Procedures. IRMPD spectra of

[pdAdo+H]+ and [pAdo+H]+ were acquired using a Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR
MS).33−35 A free electron laser (FEL)36 and independently an
OPO/OPA laser set up (OPO) were used to induce
photodissociation of [pdAdo+H]+ and [pAdo+H]+. The
mononucleotides were purchased from Sigma-Aldrich (Zwijn-
drecht, The Netherlands). Solutions of 1 mM pdAdo or pAdo
and 100 mM acetic acid were prepared in a 50% MeOH:50%
H2O mixture. Direct infusion of the nucleotide solutions (at 5.0
μL/min) into a Micromass “Z-spray” electrospray ionization
(ESI) source was achieved using a syringe pump. The ions
emanating from the spray were continuously accumulated and
trapped in an rf hexapole ion guide for a few seconds to
increase sensitivity and make certain that the ions achieve a
thermal distribution of internal energies. Ions were transferred
to and captured in the ICR cell by pulsed extraction through a
quad bender and an rf octopole ion guide.34 [pdAdo+H]+ and
[pAdo+H]+ were mass selected using stored waveform inverse
Fourier transform (SWIFT) techniques trapped for >0.3 s
before IRMPD activation to ensure that any ions heated in the
transfer process cool to room temperature by radiative emission
before being continuously irradiated by the FEL for 2.5 s or the
OPO for 4 s to give rise to photofragmentation.

Computational Procedures. ChemDraw structures of
pdAdo and pAdo are provided in Figure 1. The most favorable

protonation sites, N1, N3, and N7, and the phosphate oxo
oxygen atom of [pdAdo+H]+ and [pAdo+H]+ were inves-
tigated. Three hundred candidate structures for each site of
protonation for both nucleotides were generated from
simulated annealing procedures performed using HyperChem
software37 and the Amber 2 force field. Details regarding the
simulated annealing process are described in our previous
IRMPD studies.26−28 Calculations including structure optimi-
zations, frequency analyses, and single-point energy determi-
nations for 20−30 favorable candidate structures for each
protonation site were performed using Gaussian 09.38

Candidate structures were initially optimized at the B3LYP/6-
31G* level of theory to accelerate convergence and reoptimized
using the 6-311+G(d,p) basis set. This procedure has
previously been found to provide improved descriptions of
the intramolecular hydrogen bonds that stabilize these
protonated DNA and RNA nucleosides.26−30 Linear IR spectra
were generated from frequency analyses of the reoptimized
structures. Energies of these structures were determined using
the 6-311+G(2d,2p) basis set at the B3LYP and MP2(full)
levels. The relative stabilities of these structures were
determined after including both zero-point energy (ZPE) and
thermal corrections to 298 K based on the computed
vibrational frequencies. Proposed and empirically determined
scaling factors for the vibrational modes from the phosphate
moiety vary between 0.98 and 1.07.24,25,39−48 Therefore, in the
calculated spectra of Figures 3 and 4 and Figures S3−S5 of the
Supporting Information, a factor of 1.03 is applied to
frequencies below ∼1350 cm−1 (shown in red) to best match
the measured phosphate stretching modes. The nucleobase
stretching modes, which appear in the ranges of ∼1350−1900
and ∼3300−3700 cm−1, are scaled by factors of 0.98 (shown in
blue) and 0.957 (shown in green), respectively. To best
reproduce the measured IRMPD spectral profiles, the predicted

Figure 1. Chemical structures of 2′-deoxyadenosine-5′-monophos-
phate (pdAdo) and adenosine-5′-monophosphate (pAdo). Ground-
state conformers of [pdAdo+H]+ and [pAdo+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.
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IR spectra are broadened using Gaussian line shapes having a
fwhm of 20 cm−1 in the IR fingerprint region and 10 cm−1 over
the hydrogen-stretching region.

■ RESULTS
IRMPD Action Spectroscopy. Protonated adenine,

[Ade+H]+, resulting from cleavage of the glycosidic bond is
the only photodissociation product observed for [pdAdo+H]+

and [pAdo+H]+ over both spectral regions. The IRMPD yield
was determined from the intensity of the protonated
nucleotide, [pNuo+H]+ = [pdAdo+H]+ or [pAdo+H]+, and
the intensity of the product ion, [Ade+H]+, produced by laser
irradiation at each frequency as shown in the equation below.

=

+
+

+ +

+

+ +

IRMPD Yield Intensity

/(Intensity Intensity )

[Ade H]

[Ade H] [pNuo H]

(1)

Corrections to the IRMPD yield associated with the
wavelength-dependent output of the FEL and OPO lasers
were applied via linear normalization. The IRMPD action
spectra recorded for [pdAdo+H]+ and [pAdo+H]+ are
displayed in Figure 2. The spectral profiles of [pdAdo+H]+

and [pAdo+H]+ exhibit a high degree of similarity, with only
very minor differences in the vibrational frequencies of the
spectral features. The influence of the 2′-hydroxyl is primarily
reflected in the observed IRMPD yields. In the IR fingerprint
region, the IRMPD yield of [pAdo+H]+ is greater than that of

[pdAdo+H]+ by a factor of 3, whereas in the hydrogen-
stretching region, [pdAdo+H]+ and [pAdo+H]+ exhibit nearly
identical IRMPD yields.

Theoretical Results. Both the B3LYP and the MP2(full)
levels of theory find the same ground-state structures for
[pdAdo+H]+ and [pAdo+H]+, which are highly parallel to one
another and are shown in Figure 1. N3 is the preferred site of
protonation, which induces rotation of the adenine moiety to a
syn orientation to form a hydrogen bond with the oxo oxygen
atom of the phosphate moiety. Both ground-state structures
exhibit C2′-endo sugar puckering. The 2′-hydroxyl substituent
of [pAdo+H]+ hydrogen bonds to the adjacent 3′-hydroxyl and
leads to a minor change in the rotation of the 3′-hydroxyl as
compared to that of [pdAdo+H]+. These findings parallel those
found for [dAdo+H]+ and [Ado+H]+.26 N3 is computed to be
the most favorable protonation site for the adenine nucleosides
and mononucleotides, which differs from that found for
protonated adenine, [Ade+H]+, and protonated ATP, where
N1 is preferred.49,50 Select geometric parameters of the most
stable conformers of the protonated adenine nucleotides are
compared with those found for the protonated adenine
nucleosides26 in Table 1. The 2′-hydroxyl moiety appears to
slightly enhance the strength of the N-glycosidic bond as the
C1′−N9 glycosidic bond is shorter for the RNA nucleosides
and nucleotides than their DNA analogues. The phosphate
moiety of [pdAdo+H]+ and [pAdo+H]+ is a better hydrogen-
bond acceptor than the 5′-hydroxyl substituent of the sugar and
thus enables a stronger intramolecular hydrogen-bonding
interaction with the N3 protonated adenine moiety to be
formed, as the N3H+···O hydrogen bond in the protonated
nucleotides is greater than 0.10 Å shorter than in their
analogous protonated nucleosides. The phosphate moieties of
[pdAdo+H]+ and [pAdo+H]+ also slightly alter the nucleobase
orientation, C2′-endo sugar puckering, and the rotation of the
5′-hydroxymethyl substituent relative to the ribosyl moiety as
compared to the analogous DNA and RNA nucleosides as
reflected by the modest changes in the ∠C4N9C1′C2′,
∠C1′C2′C3′C4′, and ∠O5′C5′C4′O4′ dihedral angles of
∼1−3°, ∼8−14°, and ∼15°, respectively.
The relative enthalpies and free energies (at zero and 298 K)

of the stable conformers of [pdAdo+H]+ and [pAdo+H]+ for
N3, N1, and N7 sites of protonation are summarized in Table
2. The optimized structures and their 298 K relative free
energies of the stable conformers are also compared in the
Supporting Information in Figures S1 and S2. The conformers
displayed in these figures include all possible combinations of
nucleobase orientation and sugar puckering for each favorable
site of protonation. No structures protonated at the phosphate
oxo oxygen are shown as these structures always converged to
N3 protonated species during the optimization process. The
nomenclature used to differentiate the low-energy conformers

Figure 2. Infrared multiple photon dissociation (IRMPD) action
spectra of [pdAdo+H]+ and [pAdo+H]+ in the IR fingerprint and
hydrogen-stretching regions. The IRMPD spectrum of [pAdo+H]+ has
been multiplied by a factor of 1/3 (only in the IR fingerprint region)
to facilitate comparisons.

Table 1. Key Geometrical Parameters of the Ground-State Conformers of the Protonated Forms of the Adenine Nucleosides
and Nucleotides

bond distances (Å) dihedral angles (deg)

species C1′−N9 N3H+···O ∠C4N9C1′C2′ ∠C1′C2C3′C4′ ∠O5′C5′C4′O4′
[pdAdo+H]+ 1.458 1.667 −71.7 −22.2 −75.9
[pAdo+H]+ 1.453 1.684 −75.0 −17.2 −75.3
[dAdo+H]+ a 1.465 1.801 −72.0 −30.2 −60.4
[Ado+H]+ a 1.459 1.830 −71.8 −30.9 −60.3

aValues taken from ref 26.
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is based on the protonation site and either a capital letter when
parallel structures are found for both [pdAdo+H]+ and

[pAdo+H]+ (N3A, N3B, N3C, etc.), a lowercase letter for
the single conformer (N3a) that is found only for [pdAdo+H]+,

Table 2. Relative Enthalpies and Free Energies of Stable Low-Energy Conformers of [pdAdo+H]+ and [pAdo+H]+ at 0 and 298
K (in kJ/mol)a

B3LYP MP2(full)

species conformer ΔH0 ΔH298 ΔG298 ΔH0 ΔH298 ΔG298

[pdAdo+H]+ N3A 0.0 0.0 0.0 0.0 0.0 0.0
N3B 6.7 6.8 6.7 7.7 7.7 7.7
N3C 10.5 10.4 11.9 5.9 5.8 7.3
N3D 22.2 21.4 24.9 10.3 9.4 12.9
N7A 39.1 41.3 35.2 48.5 50.7 44.6
N1A 39.4 40.4 37.2 40.8 41.9 38.7
N3a 43.8 44.4 42.6 46.9 47.6 45.7
N1B 44.1 44.9 42.9 39.1 39.9 37.8
N7B 79.1 80.9 75.3 75.8 77.6 72.1

[pAdo+H]+ N3A 0.0 0.0 0.0 0.0 0.0 0.0
N3i 4.8 5.0 5.7 2.2 2.5 3.1
N3B 8.0 7.7 9.7 7.4 7.1 9.1
N3ii 12.2 12.2 13.6 10.6 10.6 12.0
N3C 13.1 13.0 15.0 7.1 7.1 9.0
N3D 19.9 18.9 24.0 5.0 4.0 9.0
N3iii 22.5 22.1 25.3 10.1 9.6 12.8
N1A 37.9 39.0 36.1 38.5 39.6 36.7
N7A 43.0 44.6 41.7 47.9 49.6 46.7
N1B 44.3 44.8 44.8 37.6 38.2 38.1
N7B 78.0 79.4 76.7 73.2 74.6 72.0

aEnergetics 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.

Figure 3. Comparison of the measured IRMPD action spectrum of [pdAdo+H]+ with the calculated IR spectra for the ground-state and
representative low-energy conformers of [pdAdo+H]+ for each site of protonation along with the corresponding structures optimized at the B3LYP/
6-311+G(d,p) level of theory. Also shown are the B3LYP/6-311+G(2d,2p) (in black) and MP2(full)/6-311+G(2d,2p) (in red) relative Gibbs free
energies at 298 K. The site of protonation, nucleobase orientation, and sugar puckering are also indicated for each conformer.
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or a lowercase Roman numeral for structures (N3i, N3ii, and
N3iii) that are found only for [pAdo+H]+. Theory suggests
that the N1 and N7 protonated conformers are >35 kJ/mol less
favorable than the N3 protonated ground-state conformers.
N3 Protonation. For both [pdAdo+H]+ and [pAdo+H]+,

N3 protonation allows the nucleobase to rotate into a syn
orientation and form a strong ionic hydrogen-bonding
interaction with the phosphate moiety. The relative stabilities
of N3 protonated low-energy conformers of [pdAdo+H]+ and
[pAdo+H]+ (i.e., N3A, N3B, N3i, and N3ii) indicate that
puckering of the sugar in a C2′-endo configuration is slightly
more stable than C3′-endo. In addition, the relative stabilities of
N3A and N3i and N3B and N3ii of [pAdo+H]+, respectively,
suggest that regardless of the sugar configuration, the structure
is found to be more stable when the 2′-hydroxyl serves as a
hydrogen-bond donor to the adjacent 3′-hdyroxyl substituent,
consistent with that found for the protonated adenine
nucleosides.26 The N3C and N3D conformers of both
[pdAdo+H]+ and [pAdo+H]+ also have the N3 protonated
adenine in a syn orientation but are instead hydrogen bonded
to O5′ rather than the phosphate oxo oxygen atom, similar to
the structure of the protonated nucleosides. These conformers
lie at least 10 kJ/mol higher in free energy than the most stable
conformers computed, again indicating that the phosphate
moiety is a better hydrogen-bond acceptor than the sugar
hydroxyls. The N3a conformer of [pdAdo+H]+ is >40 kJ/mol
less stable than N3A, indicating that the N3H+···OP
hydrogen bond strongly stabilizes the syn conformation vs
the anti orientation, which is only stabilized by a weak
noncanonical hydrogen bond. The anti nucleobase conformer
N3iii of [pAdo+H]+ is stabilized by N3H+···O2′H···O3′ dual
hydrogen bonds enabled by the additional 2′-hydroxyl moiety
such that it is only ∼25 kJ/mol less stable than the N3A
ground-state conformer.
N1 and N7 Protonation. N1 and N7 protonation of both

[pdAdo+H]+ and [pAdo+H]+ is computed to be >35 kJ/mol
less favorable than the N3 protonated ground-state conformers.
B3LYP predicts that N7 is slightly more favorable than N1 for
[pdAdo+H]+, whereas MP2(full) prefers N1 over N7 for
[pdAdo+H]+. In contrast, both B3LYP and MP2(full) prefer
N1 over N7 for [Ado+H]+. The relative stabilities of the N1
and N7 protonated conformers of both [pdAdo+H]+ and
[pAdo+H]+ suggest that N1 protonation prefers an anti
nucleobase orientation with C2′-endo sugar puckering. N7
protonation also leads to a preference for an anti nucleobase
orientation, but with C3′-endo sugar puckering. These
observations are again consistent with the structures found
for the protonated adenine nucleosides.26

■ DISCUSSION
Elucidation of the Conformers of [pdAdo+H]+ Present

in the Experiments. The measured IRMPD and predicted IR
spectra of the most stable conformers for each protonation site,
N3A, N7A, and N1A, as well as the most stable N3 protonated
conformer in which adenine exhibits an anti configuration, N3a,
of [pdAdo+H]+ are compared over both spectral regions in
Figure 3. Mismatches between the measured and the calculated
band positions are highlighted to facilitate comparisons. The
predicted IR spectrum of the ground-state N3A conformer
exhibits good agreement with the experimental spectrum in
both regions in terms of the band positions, i.e., the resonant
vibrational frequencies. However, the relative intensities of
several of the bands observed in the IR fingerprint region are

not well reproduced by theory, likely due to multiphoton effects
in the experiments. Therefore, the syn-oriented N3A conformer
is present in measurable abundance in the experiments. When
the N3 protonated adenine moiety is in an anti orientation, as
in the N3a conformer, obvious differences between the
measured and the predicted spectrum are found. The spectral
features predicted at ∼1300 and 3415 cm−1 are higher and
lower in frequency than the observed bands, which appear at
∼1265 and 3425 cm−1, respectively. Therefore, the anti-
oriented N3a conformer is unlikely present in appreciable
abundance. The strong band calculated at ∼1645 cm−1 for N7A
is of slightly lower frequency than the measured band at ∼1655
cm−1. The calculated band at ∼1150 cm−1 for N7A lies between
the measured bands observed at ∼1175 and 1125 cm−1 and
would broaden these bands if the N7A conformer was present
in appreciable abundance. The bands computed for N7A at
∼3670, ∼3565, and ∼3438 cm−1 are higher in frequency than
the measured bands, which are observed at ∼3660, ∼3535, and
∼3425 cm−1, respectively. Moreover, the band at ∼3475 cm−1

predicted for N7A is not observed in the measured spectrum.
The calculated bands at ∼3670, ∼1680, and ∼1290 cm−1 for
N1A are higher in frequency than the measured bands at
∼3660, ∼1655, and ∼1265 cm−1, respectively. Therefore, N7A
and N1A, the most stable N7 and N1 protonated conformers
computed, are not present in measurable abundance. Similar
comparisons of the measured vs calculated spectra of the N3B,
N3C, N3D, N1B, and N7B conformers of [pdAdo+H]+ are
shown in Figure S3 of the Supporting Information. The
predicted IR spectra of these five conformers all show
differences vs the experimental IRMPD spectrum that indicate
that they cannot be significant contributors to the measured
IRMPD spectrum. Details are discussed in the Supporting
Information.
In summary, the overall similarities as well as the differences

between the measured IRMPD and the predicted IR spectra for
the stable structures of [pdAdo+H]+ over both IR spectral
regions examined clearly indicate that all conformers
protonated at either N1 or N7 are not important contributors
to the measured spectrum. The agreement between the
measured and the calculated spectra for the ground-state
N3A conformer, which exhibits a syn nucleobase orientation
and C2′-endo puckering, is very good. Discrepancies between
the experimetal and the predicted spectra for the anti-oriented
N3a conformer also suggest that this conformer cannot be
present in significant abundance. The calculated IR spectrum of
N3A allows the measured IRMPD spectrum to be interpreted.
Assignments of the vibrational modes of [pdAdo+H]+ are
summarized in Table 3.

Elucidation of the Conformers of [pAdo+H]+ Present
in the Experiments. The measured IRMPD and IR spectra
predicted for the most stable conformers for each protonation
site examined, N3A, N1A, and N7A, as well as the most stable
N3 protonated conformer in which adenine exhibits an anti
configuration, N3iii, of [pAdo+H]+ are compared over both
spectral regions in Figure 4. Mismatches between the measured
and the predicted band positions are again highlighted to
facilitate comparisons. The calculated spectrum of the ground-
state N3A conformer exhibits good spectral alignment with the
experimental spectrum in both regions except for the absence
in the measured spectrum of the weak IR feature predicted at
3685 cm−1. As found for [pdAdo+H]+, the relative intensities of
several of the bands observed in the IR fingerprint region are
not well reproduced by theory, which is again attributed to
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multiphoton effects in the experiments. The predicted feature
at 3685 cm−1 is associated with O3′H stretching. The strong
intramolecular hydrogen-bonding interaction between 2′- and
3′-hydroxyls may lead to a blue shift in the predicted feature vs
the band position measured (3662 cm−1). Notice that the 3′-
hydroxyl also serves as a hydrogen-bond acceptor in the N3iii,
N1A, and N7A conformers shown in Figure 4. As found for the

N3A conformer, the vibrational frequencies of the O3′H
stretches of these conformers are overpredicted. Therefore, the
shift of the predicted hydrogen-bond acceptor O3′H stretch
relative to the measured band may not be diagnostically useful.
The calculated bands at ∼1680 cm−1 for N1A and ∼1295 cm−1

for both N3iii and N1A are higher in frequency than the bands
recorded at ∼1655 and ∼1265 cm−1, respectively. The broad
bands predicted at ∼1140 and ∼1150 cm−1 for N3iii and N7A,
respectively, are shifted from the observed bands at ∼1175 and
∼1125 cm−1 and would broaden these two bands if N3iii and
N7A were present in appreciable abundance in the experi-
ments. The strong band at ∼1645 cm−1 for N7A is
underpredicted by 10 cm−1 as the observed band appears at
∼1655 cm−1. In addition, the calculated IR spectrum for N7A
exhibits obvious discrepancies in the hydrogen-stretching
region. In particular, the bands at ∼3590, ∼3565, and ∼3440
cm−1 are overpredicted as the bands are observed at ∼3570,
∼3540 and ∼3420 cm−1, respectively. The calculated band at
∼3470 cm−1 is not apparent in the experimental spectrum.
Thus, the ground-state N3A conformer is clearly contributing
to the experimental spectrum, whereas discrepancies between
the measured and the calculated spectra indicate that the N3iii,
N1A, and N7A conformers cannot be present in appreciable
abundance in the experiments. Analogous comparisons for the
other low-energy conformers of [pAdo+H]+ are provided in
Figures S4 and S5 of the Supporting Information. The IR
spectra predicted for all of these conformers show differences vs
the experimental spectrum that indicate that they cannot be

Table 3. Vibrational Mode Assignments of [pdAdo+H]+ and
[pAdo+H]+a

frequency (cm−1)

vibrational mode assignment [pdAdo+H]+ [pAdo+H]+

P−OH bending 935 938
sugar ring stretching 1075 1071
C5′−O5′ stretching 1124 1123
C4′−C5′ stretching 1171 1175
PO stretching 1266 1263
sugar hydrogen bending 1390 1385
N1C6 and C8−N9 stretching 1456 1452
N3−C4 and N1−C2 stretching 1608 1610
NH2 scissoring 1656 1657
NH2 symmetric stretching 3425 3422
NH2 asymmetric stretching 3536 3538
O2′H stretching 3567
P−OH and O3′H stretching 3662 3661

aVibrational assignments based on comparison of the measured
IRMPD and calculated IR spectra of the ground-state N3A conformers
of [pdAdo+H]+ and [pAdo+H]+.

Figure 4. Comparison of the measured IRMPD action spectrum of [pAdo+H]+ with the calculated IR spectra for the ground-state and
representative stable low-energy conformers of [pAdo+H]+ for each site of protonation along with the corresponding structures optimized at the
B3LYP/6-311+G(d,p) level of theory. Also shown are the B3LYP/6-311+G(2d,2p) (in black) and MP2(full)/6-311+G(2d,2p) (in red) relative
Gibbs free energies at 298 K. The site of protonation, nucleobase orientation, and sugar puckering are also indicated for each conformer.
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important contributors in the experiments. Details are
discussed in the Supporting Information.
In summary, parallel to that found for [pdAdo+H]+,

comparative analyses of the experimental and calculated spectra
of [pAdo+H]+ over both IR regions indicate that conformers
protonated at either the N1 or the N7 atom are not present in
appreciable abundance. The ground-state N3A conformer is
clearly the dominant contributor. N3A exhibits a syn
nucleobase orientation and C2′-endo puckering, and the 2′-
hydroxyl substituent serves as a hydrogen-bond donor. The
experimental IRMPD spectrum is interpreted based on the
calculated IR spectrum of N3A; vibrational mode assignments
for [pAdo+H]+ are summarized in Table 3.
Comparison of [pdAdo+H]+ and [pAdo+H]+. The

measured IRMPD band profiles of [pdAdo+H]+ and
[pAdo+H]+ displayed in Figure 2 are remarkably similar.
Therefore, it is not surprising that the vibrational modes
summarized in Table 3 are nearly identical for [pdAdo+H]+

and [pAdo+H]+ except for the additional broad feature at 3567
cm−1 for [pAdo+H]+, which represents O2′H stretching. The
differences between the experimental spectra of [pdAdo+H]+

and [pAdo+H]+ primarily lie in the IRMPD band intensities in
the FELIX region. Excluding the bands observed at ∼1125 and
∼1390 cm−1, the IRMPD yield of [pAdo+H]+ is roughly three
times that of [pdAdo+H]+. This large change in the IRMPD
yield suggests that the hydrogen-bonding interactions enabled
by the 2′-hydroxyl substituent stiffen the sugar moiety, which
allows the nucleobase and phosphate moieties greater flexibility
such that the intramolecular vibrational redistribution
(IVR)51,52 is more efficient than for [pdAdo+H]+. No
significant differences in the IR intensities of [pdAdo+H]+

and [pAdo+H]+ are theoretically predicted for the features at
∼1125 and ∼1390 cm−1, which again suggests that they arise
from multiphoton effects in the experiments.
Influence of the Phosphate Moiety on Gas-Phase

Conformation. Our earlier IRMPD study of [dAdo+H]+ and
[Ado+H]+ 26 found that both N3 and N1 protonated low-
energy conformers are present in the experiments and that N3
conformers are dominant. Further, both syn- and anti-oriented
N3 protonated conformers of [dAdo+H]+ contribute to the
experimental spectrum, whereas only N3 protonated con-
formers of [Ado+H]+ having a syn nucleobase orientation
appear to contribute. Both C2′-endo and C3′-endo sugar
puckering are observed among the N3 protonated conformers
present. The N1 protonated conformers that contribute to the
measured spectrum exclusively exhibit an anti nucleobase
orientation with C2′-endo puckering. In contrast, the present
work indicates that the ground-state N3A conformers of
[pdAdo+H]+ and [pAdo+H]+ are clearly dominant in the
experiments. Both ground-state conformers exhibit C2′-endo
sugar puckering and are stabilized by a N3H+···OP hydrogen
bond between the syn-oriented nucleobase and phosphate
moieties. Clearly, the N3H+···OP hydrogen bond with the
phosphate moiety provides greater intramolecular stabilization
to the protonated adenine nucleotides than the N3H+···O5′
hydrogen bond provides to the protonated adenine nucleosides.
Therefore, the most stable conformers of [pdAdo+H]+ and
[pAdo+H]+ are less flexible than those of [dAdo+H]+ and
[Ado+H]+ such that the nucleobase and sugar moieties of
[pdAdo+H]+ and [pAdo+H]+ are more effectively locked
down.
Influence of Protonation on Gas-Phase Conformation.

Our previous IRMPD studies of [pdAdo-H]− and [pAdo-H]−

found that deprotonation occurs at the phosphate backbone,
adenine is found in an anti orientation, and the structures
exhibit C3′-endo sugar puckering.24,25 As compared to
[pdAdo+H]+ and [pAdo+H]+, the state of protonation of
both the phosphate and the adenine moieties is altered. Thus, it
should come as no surprise that protonation significantly
influences the gas-phase conformations. The nucleobase
orientation changes from anti to syn to stabilize the excess
proton via an N3H+···OP hydrogen-bonding interaction
resulting in a more compact structure. The protonation-
induced rotation of the base also impacts the puckering of the
ribose moiety, which switches from C3′-endo to C2′-endo.
These differences suggest that pH changes or differences in the
availability of hydrogen-bond donors and acceptors in complex
biological environments likely provide a mechanism for base
rotation of adenine residues.

Influence of Canonical vs Cyclic Phosphate Moiety on
Gas-Phase Conformation. The gas-phase conformations for
[cAMP-H]− 31 and [cAMP+H]+ 32 were also examined using
IRMPD spectroscopy and theoretical calculations. Chiavarino
et al.31 found that the most stable conformer for [cAMP-H]−

exhibits an anti nucleobase orientation and C3′-endo sugar
puckering, parallel to that found for [pdAdo-H]− 24 and
[pAdo-H]−.25 In particular, in the ground-state conformer of
[cAMP-H]−, an O2′H···O3′ hydrogen-bonding interaction is
formed that stabilizes C3′-endo puckering, whereas in [pdAdo-
H]− and [pAdo-H]−, the 3′-OH strongly interacts with the
negatively charged oxygen of the phosphate moiety, forming
O3′H···O− and O2′H···O3′H···O− interactions, respectively,
that also stabilize C3′-endo sugar puckering. For [cAMP+H]+,
Lanucara et al.32 found that both N3 and N1 protonated
conformers contribute to the population. Both conformers
exhibit a syn nucleobase orientation. However, only the N3
protonated conformer can achieve additional stabilization via an
N3H+···O4′ hydrogen bond. Cyclization of the phosphate
moiety constrains its flexibility such that it is unable to rotate
into a position that can support formation of a strong hydrogen
bond with the nucleobase. Thus, N1 protonation is now
competitive with N3 for cAMP. N3 protonated [cAMP+H]+

prefers C3′-endo sugar puckering, whereas N1 protonation
exhibits a preference for C2′-endo sugar puckering.

Comparison to Ion Mobility Results. Previously, Gidden
et al.21 employed ion mobility and theoretical calculations to
examine the gas-phase conformation of [pdAdo+H]+. Their
results are consistent with the present findings that the most
stable conformer is protonated at N3, stabilized by a
N3H+···OP intramolecular hydrogen bond, and exhibits
C2′-endo puckering of the ribosyl moiety. The excellent
agreement with the ion mobility results validates both
experimental determinations and provides greater confidence
in the analysis and interpretation of the IR vs IRMPD spectra.

■ CONCLUSIONS
IRMPD spectra of the protonated DNA and RNA adenine
nucleotides, [pdAdo+H]+ and [pAdo+H]+, have been acquired
and compared to the B3LYP/6-311+G(d,p) IR spectra
predicted for the low-energy conformations optimized at the
same level. The relative free energies of the various stable
conformations of [pdAdo+H]+ and [pAdo+H]+ found indicate
a strong preference for N3 protonation. Comparative analyses
of the experimental nonlinear IRMPD and computed linear IR
spectra of both [pdAdo+H]+ and [pAdo+H]+ clearly indicate
that the most stable N3 protonated conformers, N3A, are the
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dominant contributors to the experimental population. The
N3A conformers of [pdAdo+H]+ and [pAdo+H]+ are highly
parallel as the 2′-hydroxyl moiety does not greatly impact the
stable structures. The N3A conformers adopt a syn nucleobase
orientation, which is favored due to the strong ionic hydrogen
bond between the excess proton and the phosphate moiety
(N3H+···OP) that is possible for these conformers and C2′-
endo sugar puckering. The hydrogen bond between the 2′- and
the 3′-hydroxyls of [pAdo+H]+ leads to greater flexibility of the
nucleobase and phosphate moieties and more efficient IVR.
Therefore, the 2′-hydroxyl moiety produces a 3-fold enhance-
ment in the IRMPD yield of [pAdo+H]+ in the FELIX region
vs that of [pdAdo+H]+. Only weak noncanonical hydrogen
bonds between the nucleobase and the phosphate moieties are
found in the N1 and N7 protonated conformers, and as a result
these conformers are predicted to be >35 kJ/mol less favorable
than the N3A conformers. Significant differences in the
measured IRMPD and IR spectra predicted for the N1 and
N7 protonated conformers indicate that these conformers
cannot be present in appreciable abundance. Comparisons to
the previous IRMPD study of [dAdo+H]+ and [Ado+H]+ 26

indicate that the phosphate moiety provides stronger
stabilization to the protonated nucleobase such that only the
N3A conformers of [pdAdo+H]+ and [pAdo+H]+ are present
in appreciable abundance in the experiments. This contrasts
that found for the protonated adenine nucleosides, where
several N3 and N1 protonated conformers are found to coexist
in measurable abundance. Combined, these investigations
clearly establish that N3 protonation induces base rotation as
the protonated adenine moiety is able to stabilize the excess
charge via a strong ionic intramolecular hydrogen-bonding
interaction that leads to a syn nucleobase orientation.
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