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Infrared multiple photon dissociation (IRMPD) action spectra of the protonated forms of 2’-deoxyguanosine-
5'-monophosphate and guanosine-5’-monophosphate, [pdGuo+H]* and [pGuo+H]*, are measured over
the IR fingerprint and hydrogen-stretching regions using the FELIX free electron laser and an OPO/OPA laser
system. Electronic structure calculations are performed to generate low-energy conformations of [pdGuo+H]*
and [pGuo+HI* and determine their relative stabilities 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. Comparative analyses of the measured
IRMPD action spectra and B3LYP/6-311+G(d,p) linear IR spectra computed for the low-energy conformers
are performed to determine the most favorable site of protonation and the conformers present in the
experiments. These comparisons and the computed energetics find that N7 protonation is considerably
preferred over O6 and N3, and the N7 protonated ground-state conformers of [pdGuo+H]* and
[pGuo+H]™" are populated in the experiments. The 2’-hydroxyl substituent does not significantly impact
the stable low-energy conformers of [pdGuo+H]" vs. those of [pGuo+H]*. The effect of the 2’-hydroxyl
substituent is primarily reflected in the relative intensities of the measured IRMPD bands, as the IRMPD
profiles of [pdGuo+H]" and [pGuo+H]" are quite similar. Comparisons to previous IRMPD spectroscopy
investigations of the protonated forms of the guanine nucleosides, [dGuo+H]* and [Guo+H]*, and
deprotonated forms of the guanine nucleotides, [pdGuo—H]~ and [pGuo—-H]~, provide insight into the
effects of the phosphate moiety and protonation on the conformational features of the nucleobase and
sugar moieties. Protonation is found to induce base rotation of the guanine residue to an anti orientation
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macromolecular DNA and RNA.! Variations in the hydrogen-
bonding interactions present in DNA and RNA lead to changes

Introduction

The nucleobase, sugar and phosphate moieties that comprise
DNA and RNA nucleotide polymers possess various hydrogen-
bond donors and acceptors that provide opportunities for a
wide variety of intra- and intermolecular hydrogen-bonding
interactions to occur in these systems. Therefore, hydrogen-
bonding interactions generally play a significant role in deter-
mining the overall three-dimensional structures exhibited by
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in their structures that influence their biological functions. In
particular, protonation greatly influences the canonical hydrogen-
bonding interactions.>” Therefore, protonation contributes to a
number of novel nucleic acid structures, such as triple stranded
DNA and i-motif tetramers.®’

As canonical DNA and RNA nucleotides, guanine nucleo-
tides participate in a variety of unique biological processes. For
example, the hydrogen-bond donors and acceptors of the
guanine nucleobase facilitate self-assembly of G-quadruplexes,
which are major contributors to telomeric DNA and are being
investigated as novel anticancer targets.®® Guanine nucleotides
provide multiple favorable binding sites for bare alkali, alkaline
earth, and transition metal cations,'®** as well as metal-
containing chemotherapeutic drugs such as cisplatin.">'® As
a result, guanine nucleotides have been widely studied.'’>°
However, studies of the intrinsic properties of isolated guanine
mononucleotides in the gas phase, free from the influence of
solvent effects and interactions with other ions and molecules,
are still rather limited.>”° Thus far, the deprotonated guanine
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mononucleotides have received the most attention because the
phosphate moieties of nucleic acids are deprotonated under
physiological conditions." Nei et al.>**° found that among the
deprotonated forms of the canonical DNA and RNA mononucleo-
tides, the deprotonated guanine mononucleotides, [pdGuo-H]~
and [pGuo-H], distinguish themselves from the others because
they exhibit syn nucleobase orientations that are stabilized by a
strong ionic hydrogen-bonding interaction between the 2-amino
hydrogen atom of guanine and one of the oxygen atoms of the
deprotonated phosphate moiety. This structural difference also
explains the collision activation dissociation (CAD) behavior of
[pdGuo-H]™ in an ion trap mass spectrometer that is notably
different from the other deprotonated DNA mononucleotides
examined, as it is exceptionally stable toward decomposition
via loss of the neutral nucleobase.”” In spite of the importance
and uniqueness of the deprotonated guanine mononucleotides,
protonation may ultimately alter the local or overall structures
of nucleic acids as a result of changes in the hydrogen-bonding
network. Therefore, it is also of interest to study the intrinsic
properties of the protonated guanine mononucleotides to
determine the most favorable site of protonation, preferred
hydrogen-bonding patterns, and features of their low-energy
conformations. The knowledge gained may provide insight into
the structures and biochemical properties of guanine nucleo-
tides in a low pH environment.

Gidden et al. performed ion mobility mass spectrometry
(IM-MS) and computational studies to characterize the gas-phase
conformations of the deprotonated and protonated forms of
pdGuo.?® Their study suggested that a family of conformations
of [pdGuo-H]~ where guanine exhibits a syn orientation and the
sugar is C3’-endo puckered are present in the experiments. In
contrast, upon protonation guanine rotates to an anti orientation
and the sugar puckering switches to C2'-endo. Their results for
[pdGuo-H] ™ were later further validated by Nei et al. who used
infrared multiple photon dissociation (IRMPD) action spectro-
scopy and synergistic computations to characterize the gas phase
conformations of the DNA mononucleotides.?® Thus, the IM-MS
results indicate that protonation has a significant impact on the
structure of pdGuo, and induces changes in both the nucleobase
orientation and sugar puckering.

Like IM-MS, IRMPD action spectroscopy experiments com-
bined with theoretical calculations have proven to be a very
robust approach for examining the gas-phase intrinsic properties
of biologically relevant ions**** and in particular have been
employed to investigate guanine nucleosides and nucleotides in
various states of ionization and complexation,'®16:26:29:30:33
particular, we have examined the gas-phase conformations and
energetics of the protonated forms of 2’-deoxyguanosine and
guanosine, [dGuo+H]" and [Guo+H]",** as well as deprotonated
forms of pdGuo and pGuo, [pdGuo-H]  and [pGuo-H] ,**"*°
using IRMPD spectroscopy assisted by theoretical calculations. In
the current work, we extend our studies to include the protonated
forms of pdGuo and pGuo, [pdGuo+H]" and [pGuo+H]’, using
the IRMPD action spectroscopy and theoretical calculations
approach to characterize the gas-phase conformations and
energetics of these systems. Comparisons among all of
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these systems, [dGuo+H]', [Guo+H]", [pdGuo-H]~, [pGuo-H],
[pdGuo+H]" and [pGuo+H]", enables the influence of the state
of ionization (deprotonation vs. protonation), the 2’-hydroxyl
substituent, and the guanine nucleobase, sugar and phosphate
moieties on the structure and stability of these systems to be
elucidated. Furthermore, comparisons to results from the earlier
IM-MS study also provide validation of the conclusions regarding
the structures of the guanine nucleotides and how they are
influenced by protonation.

Experimental and
computational methods
IRMPD spectroscopy experimental setup

A Fourier transform ion cyclotron resonance mass spectrometer
(FT-ICR MS)***® equipped with a 4.7 T superconducting magnet
and coupled to a widely-tunable free electron laser (FEL)*® or an
OPO/OPA laser system was used to acquire IRMPD action spectra
of [pdGuo+H]" and [pGuo+H]" over the IR fingerprint and
hydrogen-stretching regions. The guanine nucleotides, pdGuo
and pGuo, were purchased from Sigma-Aldrich. Approximately
1 mM pdGuo or pGuo and 100 mM acetic acid or 10 mM HCI
were dissolved in 50% : 50% MeOH/H,O solutions. The solutions
were delivered to a Micromass ‘“Z-spray” electrospray ionization
(ESI) source at a flow rate of ~4.5-6.0 uL min . Ions emanating
from the ESI source were collected in an rf hexapole ion trap for
several seconds to affect efficient thermalization of the ions, and
then pulse extracted through a quadrupole bender. The ions
traveled through a 1 m long rf octopole ion guide into the FT-ICR
MS and were stored in the ICR cell to cool to room temperature
by radiative emission.*” [pdGuo+H]" and [pGuo+H]" ions were
isolated using stored waveform inverse Fourier transform (SWIFT)
techniques and irradiated for 1.5-3 s by the FEL (10 pulses per s
with 15-50 m] per pulse) or 3-4 s by the OPO/OPA laser system
(10 pulses per s with 10-20 mJ per pulse) to induce IR photo-
dissociation over the IR fingerprint and hydrogen-stretching
regions, respectively.

Theoretical calculations

The chemical structures of neutral pdGuo and pGuo are dis-
played in Fig. 1. All favorable protonation sites were investigated
and include N3, 06, N7 and the phosphate oxo oxygen atom.
300 candidate structures for each site of protonation were
generated by simulated annealing using HyperChem software*’
with the Amber 2 force field. The simulated annealing procedure
employed in these studies parallels that described in detail
previously.>'* Geometry optimizations, frequency analyses,
and single point energy calculations of 20-30 candidate structures
for each protonation site were performed using the Gaussian 09
suite of programs.*! All candidate structures were first optimized
at the B3LYP/6-31G(d) level of theory to facilitate convergence,
and then re-optimized using a larger basis set, 6-311+G(d,p),
to improve the description of the intramolecular hydrogen-
bonding interactions. Frequency analyses were also performed
using the B3LYP/6-311+G(d,p) basis set to generate calculated
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[pdGuo+H]*, N7
anti, C2'-endo

[pGuo+H]*, N7
anti, C2'-endo

[pdGuo-H]-
syn, C3'-endo

[pGuo-H]
syn, C3'-endo

Fig. 1 Chemical structures of neutral pdGuo and pGuo. The numbering
of the nucleobase and sugar moieties is also shown. The ground-state
conformers of [pdGuo+H]* and [pGuo+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 ground-state conformers of [pdGuo—H]~
and [pGuo—-H]~ are also shown for comparison and are taken from ref. 29
and 30, respectively. The site of protonation, nucleobase orientation, and
sugar puckering are also indicated for each protonated nucleotide.

IR spectra. Single point energies were calculated at the B3LYP
and MP2(full) levels of theory using the 6-311+G(2d,2p) basis set
including zero-point energy (ZPE) and thermal corrections to
298 K. Due to anharmonicity of the vibrational modes of the
phosphate moiety, scaling factors between 0.98 and 1.07 are
needed to bring the computed frequencies into agreement with
measured values.'#1%23%42746 1y this work, a factor of 1.03 is
applied to the frequencies below ~1350 cm ™" (shown in red in
the calculated spectra) to best reproduce the measured bands
associated with the phosphate moiety. A factor of 0.986 is applied
to the frequencies above ~1350 cm™ " in the IR fingerprint region
(shown in blue), and a factor of 0.956 is used for the hydrogen-
stretching region (shown in green). In addition, the calculated
vibrational transitions are broadened using a 20 cm™' fwhm
Gaussian line shape for the IR fingerprint region, and 15 cm™*
broadening for the hydrogen-stretching region, to reproduce the
shapes of the measured IRMPD profiles.

Results
IRMPD action spectroscopy

The FELIX free electron laser and an OPO/OPA laser system were
used to induce photodissociation of [pdGuo+H]" and [pGuo+H]"
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Fig. 2 Infrared multiple photon dissociation (IRMPD) action spectra of
[pdGuo+H]* and [pGuo+H]* in the IR fingerprint and hydrogen-stretching
regions. The IRMPD vyield of [pGuo+HI* has been divided by a factor of
2.5 (and shown as a dashed line) in the IR fingerprint region to facilitate
comparisons.

to produce protonated guanine, [Gua+H]", as the primary ionic
product detected. [Gua+H-H,0]" was also observed as a minor
product in the photodissociation of [pdGuo+H]" when induced
by the FELIX free electron laser. The ratio of the total product
ion intensity and that of the protonated mononucleotide,
[pPNuo+H]" = [pdGuo+H]" or [pGuo+H]", determines the IRMPD
yield at each frequency of irradiation according to eqn (1),

IRMPD yield = Z Iproduct,-/ <Z Iproducti + I[pNuo+H]+) (1)

The IRMPD yield was corrected for variations in the laser power
as a function of the wavelength of the free electron or OPO lasers
using linear scaling. IRMPD action spectra of [pdGuo+H]|" and
[pGuo+H]" were measured over the ranges extending from ~ 550
to 1900 em ™' and ~3300 to 3800 cm™ ' and are compared in
Fig. 2. The IRMPD spectral profiles of [pdGuo+H]" and [pGuo+H]"
are remarkably similar in both regions. However, [pGuo+H]" exhibits
higher IRMPD yield (by a factor of ~2.5) than [dGuo+H]" in the
fingerprint region, whereas in the hydrogen-stretching region,
[pdGuo+H]" produces ~30% higher yield than [pGuo+H]". These
differences in the IRMPD band intensities observed for [pdGuo+H]"
and [pGuo+H]" are explained based on differences in the intra-
molecular hydrogen-bonding interactions associated with the
2'-hydroxyl substituent.

Theoretical results

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 predict the
same ground-state conformers for [pdGuo+H]" and [pGuo+H]’,
which are shown in Fig. 1. N7 is the most favorable site of
protonation for both [pdGuo+H]" and [pGuo+H]’, consistent
with that found for their analogous nucleosides, [dGuo+H]" and
[Guo+H]".?* In the ground-state conformers of these species,
guanine takes on an anti-orientation relative to the glycosidic
bond, again parallel to that found for [dGuo+H]" and [Guo+H]".
The sugar moiety exhibits C2’-endo puckering, in contrast to
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Table 1 Key geometrical parameters of the ground-state conformers of protonated guanine nucleosides and nucleotides
Bond distances (A) Dihedral angles (%)

Species C1’-N9 C8H---O £/ C4N9C1'C2’ /£ C1'c2c3'ca’ £/ 05'C5'C4'04’
[pdGuo+H]" 1.471 1.848 108.8 -27.1 —~72.9
[pGuo+H]" 1.464 1.858 110.7 —28.6 —-74.9
[dGuo+H] 1.508 2.075 84.6 31.0 —62.6
[Guo+H]"* 1.498 2.117 84.8 31.0 —62.9

% values taken from ref. 33.

that found for [dGuo+H]" and [Guo+H]",>® which both exhibit
C3’-endo puckering. Again parallel to that found for [dGuo+H]
and [Guo+H]",*® the 2’-hydroxyl substituent does not exert a signi-
ficant influence on the conformational features of the ground-state
structure of [pGuo+H]" as compared to those of [pdGuo+H]".
Key geometrical parameters of the ground-state conformers of
[pdGuo+H]" and [pGuo+H]" are compared with those found for
[dGuo+H]" and [Guo+H]" in Table 1.** The RNA nucleosides and
nucleotides exhibit slightly shorter glycosidic bonds than their DNA
analogues, suggesting that the 2’-hydroxyl substituent stabilizes the
glycosidic bond. The phosphate oxo oxygen atoms of [pdGuo+H]"
and [pGuo+H]" enable a stronger C8H: - -O—P intramolecular non-
canonical hydrogen-bonding interaction than that of the C8H- - -O5’
interaction in their nucleoside analogues. The presence of the
phosphate moiety in [pdGuo+H]" and [pGuo+H]" slightly alters
the orientations of the nucleobase and 5'-substituent relative to
the sugar moiety as compared to those in [dGuo+H]" and [Guo+H]".
Moreover, the sugar puckering of [pdGuo+H]" and [pGuo+H]" clearly
differs from that of [dGuo+H]" and [Guo+H]"*

Table 2 lists the relative enthalpies and Gibbs free energies
at 0 and 298 K of the low-energy conformers of [pdGuo+H]" and

Table 2 Relative enthalpies and free energies at 0 and 298 K in kJ mol™*
of the stable low-energy conformers of [pdGuo+H]* and [pGuo+H]*?

B3LYP MP2(full)

Species Conformer AH, AH,os AGyos AH, AH,og3 AGjog

[pdGuo+H]" N7A 00 00 00 06 26 0.0
N7B 2.1 1.8 2.2 4.7 6.3 4.2
N7C 8.4 6.4 13.5 0.0 0.0 4.5
N7D 12.0 10.8 13.7 0.7 1.5 1.8
N3A 27.6 25.7 32.5 12.7 12.8 16.9
06A 43.3 41.7 45.7 36.1 36.4 37.9
0O6B 49.8 49.9 50.0 47.9 50.0 47.5
N3a 97.5 98.5 95.7 88.1 91.1 85.7

[pGuo+H]" N7A 00 00 00 02 38 00
N7B 2.2 1.1 4.9 3.7 4.8 4.8
N7i 4.4 4.4 5.0 3.7 5.8 2.7
N7ii 8.5 8.1 10.1 9.7 11.5 9.8
N7iii 9.8 8.8 11.4 3.3 4.5 3.4
N7C 6.7 4.4 12.9 0.0 0.0 4.7
N7D 11.6 10.1 14.6 0.6 1.3 2.1
N3A 33.3 31.2 37.6 20.6 20.7 23.4
0O6A 42.0 40.5 44.9 36.7 37.4 38.0
0O6B 47.6 47.7 47.9 47.5 50.0 46.3
N3i 65.4 64.7 68.4 42.2 43.8 43.7

“ Single point energy calculations using the B3LYP/6-311+G(d,p) optimized
structures are performed at the B3LYP/6-311+G(2d,2p) and MP2(full)/
6-311+G(2d,2p) levels of theory and include ZPE and thermal corrections.
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[pGuo+H]" for N7, N3 and O6 protonation sites. These low-
energy conformers along with their relative free energies at 298 K
computed at both the B3LYP and MP2(full) levels of theory are
shown in Fig. S1 and S2 of the ESL{ The low-energy conformers
chosen for display include all combinations of the favorable
protonation sites, nucleobase orientations, and sugar puckering.
In all cases, initial structures involving protonation of the phos-
phate moiety always converged to N7 protonated species. The
nomenclature chosen to differentiate the various stable confor-
mers found is based on the sites of protonation followed by a
capital letter when highly parallel conformers are found for both
[pdGuo+H]" and [pGuo+H]'. Unique conformations are found for
[pdGuo+H]" and [pGuo+H]" that result from the absence or
presence of the 2’-hydroxyl substituent, respectively. Thus, a
lowercase letter is used for conformers that are found only for
[pdGuo+H]" (N3a), whereas a lowercase Roman numeral is used
for conformers that are found only for [pGuo+H]" (N7i, N7ii,
N7iii and N3i). The N3 and O6 protonated conformers are pre-
dicted to be >30 k] mol™" higher in free energy than the N7
protonated ground-state conformers.

N7 protonation

[pdGuo+H]" and [pGuo+H]" prefer the anti nucleobase orienta-
tion and C2’-endo sugar puckering as found in their ground-state
conformations shown in Fig. 1. Based on the relative stabilities
of the anti conformers, N7A, N7B, N7i and N7ii of [pGuo+H]", the
structures are more stable when the 2’-hydroxyl substituent
serves as a hydrogen-bond donor (N7A and N7B). The anti
conformers are calculated to be >10 kJ mol™* (B3LYP) more
stable than the syn conformers. The N7D conformers of both
[pdGuo+H]" and [pGuo+H]" have noncanonical C8H: --05’ and
canonical O3'H- - -O—P hydrogen bonds between the anti-oriented
nucleobase, sugar, and phosphate moieties, respectively. However,
these intramolecular hydrogen-bonding interactions confine
the conformations to less desirable nucleobase and phosphate
orientations and sugar puckering, which destabilize the N7D
conformers relative to the N7A conformers. Differences in
stability among the N7 protonated conformers are much smaller
for MP2(full) calculations, where most lie within 5 k] mol ™" of
the ground-state conformers.

N3 and 06 protonation

N3 protonation is preferred over 06, in contrast to that found for
[dGuo+H]" and [Guo+H]".** N3 and 06 protonated conformers of
both [pdGuo+H]" and [pGuo+H]" are found to be >30 kJ mol "
(B3LYP) and >15 kJ mol " (MP2(full)) less stable than the most
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stable N7 protonated conformers. Both the N3 and O6 protonated
conformers of [pdGuo+H]" and [pGuo+H]" exhibit energetic pre-
ferences for a syn orientation of the nucleobase and C2'-endo
sugar puckering rather than an anti orientation with C2'-endo
sugar puckering as found for N7 protonation.

Discussion

Elucidation of conformations of [pdGuo+H]" populated in the
experiments

The measured IRMPD and predicted IR spectra of the ground-
state and most stable low-energy conformers for each favorable
site of protonation, N7A, N7C, N3A and 06A of [pdGuo+H]" are
compared in Fig. 3 over the IR fingerprint and hydrogen-
stretching regions. The IR spectrum predicted for the ground-
state conformer, N7A, exhibits excellent agreement with the
measured IRMPD spectrum except for the weak and broad
band that appears at 3535 cm ™', which is not predicted by
theory. This unexpected feature may be attributed to an over-
tone of the strong IR band measured at 1770 cm™". In contrast,
the calculated IR spectra of N7C, N3A and O6A exhibit obvious
discrepancies with the measured IRMPD spectrum above
1500 cm ' that are highlighted in the figure. In the IR

View Article Online
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fingerprint region, the bands predicted at 1675 and 1615 cm™
for N7C, and 1705 and 1630 cm™' for O6A, are higher in
frequency than the measured bands at 1639 and 1578 cm !,
respectively. The bands predicted at 1825 and 1695 cm ™ for
N3A are also higher in frequency than the bands observed at
1770 and 1639 cm . In the hydrogen-stretching region, the
bands predicted at 3655, 3645 and 3650 cm™~ ' for N7C, N3A and
06A, respectively, are all lower in frequency than the measured
band at 3661 cm ™ *. The band at 3580 cm ™" predicted for O6A is
higher in frequency than the band observed at 3564 cm™". The
bands predicted at 3510, 3490 and 3505 cm™ " for N7C, N3A, and
06A, respectively, are not observed in the measured spectrum.
The band predicted at 3440 ecm™" for N7C is lower in frequency
than the band observed at 3455 cm™ . Therefore, among these
conformers only the ground-state conformer, N74, is populated
in the experiments. The N3 and O6 protonated conformers
clearly do not contribute to the measured spectrum. The
measured IRMPD and calculated IR spectra of the N7B, N7D,
06B and N3a of [pdGuo+H]" are compared over the IR finger-
print and hydrogen-stretching regions in Fig. S3 of the ESL.{ The
IR spectra predicted for these conformers all exhibit distinctive
differences from the measured IRMPD spectrum, indicating that
they are not populated by ESI. A more detailed discussion is
provided in the ESL.}
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Fig. 3 Comparison of the measured IRMPD action spectrum of [pdGuo+H]* with the calculated IR spectra of the ground-state and most stable
conformers for each protonation site of [pdGuo+H]* and the corresponding B3LYP/6-311+G(d,p) optimized structures. 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. To facilitate comparison of the measured and calculated spectra, the IRMPD spectrum is overlaid
(in grey) with each calculated spectrum and scaled to match the intensity of the most intense feature in each region. Regions exhibiting obvious
discrepancies between the measured and computed IR features are highlighted.

This journal is © the Owner Societies 2016

Phys. Chem. Chem. Phys., 2016, 18, 15081-15090 | 15085


http://dx.doi.org/10.1039/c6cp01354f

Published on 09 May 2016. Downloaded by Radboud Universiteit Nijmegen on 19/10/2016 11:09:32.

Paper

I*a

Table 3 Vibrational mode assignments for [pdGuo+H]* and [pGuo+H

Frequency (cm™ ")

[pdGuo+H]" [pGuo+H]

Vibrational mode assignment

P-OH bending 934 940
C5'-05’, C4’-C5’, and sugar ring stretching 1106 1110
P=0O0 stretching 1285 1283
N7-H in-plane bending 1468 1476
Nucleobase ring stretching 1578 1589
NH, scissoring 1639 1646
C=0O stretching 1770 1776
N1-H stretching 3414 3410
NH, symmetric and N7-H stretching 3455 3451
Overtone of C=0O stretching 3535 3535
NH, asymmetric and O2'H ([pGuo+H]") 3564 3560
stretching

P-OH and O3'H stretching 3661 3661

“ Vibrational assignments based on comparison of the measured IRMPD
and calculated IR spectra of the ground-state N7A conformers of [pdGuo+H]"
and [pGuo+H]'.

In summary, comparative analyses of the measured IRMPD
and IR spectra predicted for the stable structures computed
for [pdGuo+H]" indicate that only a single conformer, the
ground-state N7 protonated conformer, N7A, is populated in
the experiments. Vibrational mode assignments of [pdGuo+H]"
are interpreted based on the calculated IR spectrum of the N7A
conformer, and are summarized in Table 3.
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Elucidation of conformations of [pGuo+H]" populated in the
experiments

The measured IRMPD and IR spectra computed for the ground-
state and most stable low-energy conformers for each favorable
site of protonation, N7A, N7C, N3A and O6A of [pGuo+H]" are
compared in Fig. 4 over the IR fingerprint and hydrogen-
stretching regions. Similar to that found for [pdGuo+H]', the
calculated IR spectrum of the ground-state conformer, N74,
exhibits excellent agreement with the measured IRMPD spectrum
except for the very weak and broad band observed at 3535 cm ™%,
which is again not predicted by theory. As before, we attribute
this band to an overtone of the strong IR band measured at
1776 cm ™ '. Moreover, the calculated IR feature at 3685 cm ™,
arising from the hydrogen-bond acceptor O3'H stretching, is
slightly shifted relative to the band measured at 3661 cm .
This shift is due to the anharmonicity of the hydrogen-bonding
interaction between the two hydroxyls of the sugar moiety.
Therefore, this feature is not diagnostic. Similarly, the hydrogen-
bond acceptor O3'H stretches predicted at ~3685 cm ™' for the
N7C, N3A and O6A are not diagnostic. However, other discre-
pancies between the measured IRMPD and IR spectra predicted
for N7C, N3A and O6A are evident (see highlighted regions in
Fig. 4) and sufficient to eliminate them from the experimental
population. In the IR fingerprint region above 1500 cm ™', the
bands predicted at 1675 and 1620 cm ™ * for N7C, and 1705 and

L
1 4 T L T ¥ ] v T L T J

142 f—[pGuo+H]+ IRMPD

o [
E’ 0.8:-
> 04f
0.0 + | ' | : | R ' ' | ) | 5
800 N7A 0.0 kd/mol

[ anti, C2'-endo 0.0 kJ/mol
400 |

800F  N7C 129 kJ/mol
[ syn, C2'-endo 4.7 kJ/mol
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i % ——
800 N3A 37.6 kJ/mol
[ syn, C2'-endo 23.4 kJ/mol
400 [
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800 | O6A 44.9 kJ/mol
F syn, C2'-endo 38.0 kJ/mol
400 N

0

7
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-1
Frequency (cm™)

Fig. 4 Comparison of the measured IRMPD action spectrum of [pGuo+H]* with the calculated IR spectra of the ground-state and most stable conformers for each
protonation site of [pGuo+HI* and the corresponding B3LYP/6-311+G(d.p) optimized structures. 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 con-
former. To facilitate comparison of the measured and calculated spectra, the IRMPD spectrum is overlaid (in grey) with each calculated spectrum and scaled to match
the intensity of the most intense feature in each region. Regions exhibiting obvious discrepancies between the measured and computed IR features are highlighted.
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1630 cm ™" for O6A are higher in frequency than the measured
bands at 1646 and 1589 cm ™, respectively. The calculated bands
at 1830 and 1690 cm ™" for N3A are also higher in frequency than
the bands observed at 1776 and 1646 cm ™', respectively. In the
hydrogen-stretching region, the bands predicted at 3655, 3640
and 3650 cm ™" for N7C, N3A and O6A, respectively, are slightly
lower in frequency than the measured band at 3661 cm
whereas the calculated bands at 3580, 3575 and 3580 cm™* for
N7C, N3A and O6A, respectively, are slightly higher in frequency
than the measured band at 3560 cm™". The calculated bands at
3510, 3490 and 3505 cm ™" for N7C, N3A and O6A, respectively,
are not observed in the measured spectrum. Therefore, among
these conformers, only the ground-state conformer, N74, is
populated in the experiments. The measured IRMPD and calcu-
lated IR spectra of the other low-energy conformers found for
[pGuo+H]" are compared over the IR fingerprint and hydrogen-
stretching regions in Fig. S4 and S5 of the ESI.f These compar-
isons clearly indicate the absence of these conformers in the
experimental population. A more detailed discussion is provided
in the ESL{

In summary, similar to [pdGuo+H]', comparative analyses of
the measured and calculated IR spectra of [pGuo+H]" indicates
that only the ground-state N7 protonated conformer, N7A, is
populated in the experiments. Significant differences between
the measured IRMPD and calculated IR spectra for the N3 and
06 protonated conformers definitively rule out their presence
in the experimental population. Vibrational mode assignments
of the measured IRMPD spectral features are based on the
calculated vibrational modes of N7A and are summarized in
Table 3.

Comparison of IRMPD spectra of [pdGuo+H]" and [pGuo+H]"

The measured IRMPD spectra of [pdGuo+H]" and [pGuo+H]"
compared in Fig. 2 exhibit marked similarities indicating that the
2/-hydroxyl substituent does not significantly impact the IRMPD
profiles. However, the 2’-hydroxyl substituent clearly exerts an
evident influence on the IRMPD yields. The hydrogen-bonding
interaction between the 2’- and 3'-hydroxyl substituents stabilizes
and stiffens the sugar moiety, and leads to greater conforma-
tional flexibility of the nucleobase and phosphate moieties. As a
result, intramolecular vibrational redistribution (IVR)*”*® is more
efficient and hence the IRMPD yield in the IR fingerprint region
of [pGuo+H]" is more than ~2.5 times that of [pdGuo+H]".
Conversely, flexible hydrogen-stretching arising from the free
3’-hydroxyl substituent of [pdGuo+H]" leads to a slightly higher
IRMPD yield for [pdGuo+H]" than [pGuo+H]' in the hydrogen-
stretching region. The effect of the 2’-hydroxyl substituent on the
IRMPD yields is clearly an effect associated with the multiple
photon nature of the experiments as the calculated IR intensities
are virtually identical for the analogous conformers of [pdGuo+H]"
and [pGuo+H]" (compare Fig. 3 vs. 4 as well as Fig. S3 vs. S4
and S5 of the ESIt).

Influence of the phosphate moiety

Consistent with those found for [dGuo+H]" and [Guo+H]",* the
preferred gas-phase conformations of [pdGuo+H]|" and [pGuo+H]"

This journal is © the Owner Societies 2016
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involve N7 protonation of the guanine nucleobase, which exists
in an anti orientation. However, both [dGuo+H]" and [Guo+H]"
prefer C3’-endo sugar puckering, whereas [pdGuo+H]" and
[pGuo+H]" prefer C2’-endo puckering. Thus, the presence of
the phosphate moiety induces a change in the sugar configu-
ration. Similar to [dGuo+H]" and [Guo+H]", only N7 protonated
anti-oriented low-energy conformers of [pdGuo+H]" and [pGuo+H]"
are populated, whereas the N3 and O6 protonated conformers
lie much higher in free energy and are not populated in the
experiments. However, for [dGuo+H]" and [Guo+H]", multiple
N7 protonated anti-oriented conformers are found to contri-
bute to the experimental population, including both C3’-endo
(ground-state conformers) and C2’-endo low-energy excited con-
formers. For [Guo+H]" in particular, the 2/- and 3’-hydroxyls
adopt several orientations such that multiple rotamers exist
among the low-energy conformers populated. In contrast, for
[pdGuo+H]" and [pGuo+H]', the N7 protonated, anti-oriented,
and C2’-endo sugar puckered ground-state conformers are
exclusively populated in the experiments. For [pGuo+H]', both
the 2'- and 3’-hydroxyls point down and away from the nucleo-
base and the 2’-hydroxyl serves as a hydrogen-bond acceptor in
the O2'H- - -03’ hydrogen-bonding interaction. Thus, interactions
with the phosphate moiety stabilize the nucleobase and sugar
moieties and largely constrain the flexibility of the gas-phase
conformations, and lead to only a single conformation being
populated in the experiments.

Protonation induced base rotation

The gas-phase conformations and energetics of the deprotonated
guanine mononucleotides, [pdGuo-H]~ and [pGuo-H]™ have pre-
viously been examined by IRMPD spectroscopy and theory.>**
These studies found that in the ground-state structures of both
[pdGuo-H] and [pGuo-H] that the oxo oxygen atoms of the
deprotonated phosphate moiety form strong hydrogen bonds
to the hydrogen atom of the 2-amino substituent of the guanine
nucleobase and the 3’-hydroxyl hydrogen atom of the sugar
moiety. These hydrogen-bonding interactions lead to a syn orien-
tation of the nucleobase and C3’-endo sugar puckering. The
intramolecular hydrogen-bonding interactions with the nucleo-
base and sugar moieties enhance delocalization of the negative
charge on the phosphate moiety. The nucleobase orientation and
sugar puckering in [pdGuo-H]  and [pGuo-H]| are markedly
different from those in [pdGuo+H]" and [pGuo+H]', where pro-
tonation occurs at the N7 position. The nucleobase exhibits an
anti orientation as N7 protonation of the guanine nucleobase
does not allow it to stabilize the excess charge via hydrogen-
bonding interactions. Instead, the neutral phosphate moiety
is stabilized by a much weaker C8H---O—P noncanonical
hydrogen-bonding interaction. The 2’-deoxyribose and ribose
sugar moieties prefer C2’-endo puckering in the protonated
systems. The results found here for [pdGuo+H]" are consistent
with, and therefore further validate, the findings reported by
Gidden et al.®® for [pdGuo+H]" using ion mobility techniques
and theory. Thus, the measured collision cross sections, IRMPD
spectra, and theory all confirm that protonation induces base
rotation in pdGuo, and ensure that the findings indicating base
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rotation and changes in the sugar puckering of pdGuo upon
protonation are robust. The present results also establish that
protonation induced base rotation is not unique to pdGuo, but
also occurs for its RNA counterpart, pGuo.

Implications of base flipping of purine nucleotides

The gas-phase conformations of the deprotonated forms of
adenine and guanine mononucleotides undergo a change in
nucleobase orientation upon protonation.”® Thus changes in
the pH or availability of protons in the local environment can
be employed to induce base flipping of the purine nucleobases.
Adenine flips from an anti (deprotonated) to a syn (protonated)
orientation,”® whereas guanine flips from a syn (deprotonated)
to an anti orientation (protonated). This opposing behavior may
be a key reason for nature making use of two distinct rather
than a single purine nucleobase in nucleic acids. Facile base
flipping of the purine nucleobases is consistent with the greater
diversity of the purine nucleobase orientations that have been
observed in nature than found for the pyrimidine nucleobases.
For example, in the common A, B, and Z forms of DNA, the
pyrimidine nucleobases exhibit anti orientations in all cases,
whereas guanine adopts syn orientations in the Z-form DNA.”*>?
Syn oriented adenine is found to form noncanonical G-A base
pairs that lead to changes in both the major and minor grooves
of the DNA helix.*®> Guanine nucleobases exhibit anti orienta-
tions in these G-A (syn) base pairs, but exist as an enol-imino
tautomer. A close correlation between substitution mutations®*
and the presence of mispairs such as G-A that involve one base
in a minor tautomeric form and the other taking on a nucleo-
base orientation that is opposite that found in Watson-Crick
base pairs (anti) such that a better understanding of the base
flipping behavior of the purine nucleobases is important to
understanding and potentially avoiding or correcting genetic
mutations.

Conclusions

Comparative analyses of the measured IRMPD and calculated
IR spectra in the IR fingerprint and hydrogen-stretching regions
suggest that N7 is the most favorable site of protonation for
both [pdGuo+H]" and [pGuo+H]'. The N3 and 06 protonated
conformers lie much higher in free energy and are not popu-
lated in the experiments, consistent with what is found for
[dGuo+H]" and [Guo+H]".** The IR spectra predicted for various
N7 protonated low-energy conformers can be readily distin-
guished from those of the ground-state N7A conformers of
[pdGuo+H]" and [pGuo+H]" in comparison to the measured
IRMPD spectra. The calculated IR spectra for the ground-state
N7A conformers reproduce the measured spectra quite well.
Therefore, the N7 protonated, anti-oriented and C2'-endo sugar
puckered ground-state conformers of [pdGuo+H]" and [pGuo+H]"
are exclusively populated in the experiments. In contrast, for
[dGuo+H]" and [Guo+H]",** multiple N7 protonated anti-oriented
low-energy conformers contribute to the experimental popula-
tion, indicating the importance of the phosphate moiety in
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limiting the conformational flexibility of the nucleoside building
blocks of nucleic acids. The B3LYP relative stabilities of
[pdGuo+H]" and [pGuo+H]" appear to be more reliable than
the MP2(full) results, otherwise several excited low-energy con-
formers would be expected to be present in the experimental
population based on the MP2(full) predicted energetics. The
2'-hydroxyl substituent does not significantly influence the most
stable conformations or IRMPD spectral profiles of [pdGuo+H]"
vs. [pGuo+H]', but does however alter the IRMPD yields of
[pdGuo+H]" vs. [pGuo+H]". Clearly, the additional hydrogen-
bonding interaction between the 2’- and 3’-hydroxyl substituents
influences the efficiency of IVR. The anti-oriented and C2’-endo
sugar puckered most stable conformations of [pdGuo+H]" and
[pGuo+H]" found here are markedly different from those found
for the deprotonated guanine mononucleotides, [pdGuo-H]~
and [pGuo-H], in which the deprotonated phosphate moiety
is stabilized via hydrogen-bonding interactions with both the
nucleobase and sugar moieties, rotation of the nucleobase into a
syn orientation and altering the sugar puckering to C3’-endo.>**°
These contrasting differences suggest that changes in the state
of protonation/deprotonation via pH changes or the presence of
proton donors in the local environment may be employed to
induce base rotation and changes in the sugar puckering of
guanine nucleotides. Similarly, pH changes also greatly affect
the nucleobase orientations of adenine nucleotides, but in the
opposite way, adenine rotates from an anti to a syn orientation
upon protonation. Therefore, pH changes may have a great
impact on the conformations of purine nucleotides, particularly
their nucleobase orientations.
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