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The intrinsic basicity of the phosphate backbone
exceeds that of uracil and thymine residues:
protonation of the phosphate moiety is preferred
over the nucleobase for pdThd and pUrd†

R. R. Wu,a L. A. Hamlow, a C. C. He, a Y.-w. Nei,a G. Berden,b J. Oomens b

and M. T. Rodgers *a

The gas-phase conformations of the protonated forms of thymidine-50-monophosphate and uridine-50-

monophosphate, [pdThd+H]+ and [pUrd+H]+, are investigated by infrared multiple photon dissociation

(IRMPD) action spectroscopy and electronic structure calculations. The IRMPD action spectra of

[pdThd+H]+ and [pUrd+H]+ are measured over the IR fingerprint and hydrogen-stretching regions using

the FELIX free electron laser and an OPO/OPA laser system. Low-energy conformations of [pdThd+H]+

and [pUrd+H]+ and their relative stabilities are computed at the MP2(full)/6-311+G(2d,2p)//B3LYP/

6-311+G(d,p) and B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) levels of theory. Comparisons of the

measured IRMPD action spectra and B3LYP/6-311+G(d,p) linear IR spectra computed for the low-energy

conformers indicate that the dominant conformers of [pdThd+H]+ and [pUrd+H]+ populated in the

experiments are protonated at the phosphate oxo oxygen atom, with a syn nucleobase orientation that

is stabilized by strong PQOH+� � �O2 and P–OH� � �O40 hydrogen-bonding interactions, and C20-endo

sugar puckering. Minor abundance of conformers protonated at the O2 carbonyl of the nucleobase

residue may also contribute for [pdThd+H]+, but do not appear to be important for [pUrd+H]+.

Comparisons to previous IRMPD spectroscopy investigations of the protonated forms of thymidine

and uridine, [dThd+H]+ and [Urd+H]+, and the deprotonated forms of pdThd and pUrd, [pdThd�H]�

and [pUrd�H]�, provide insight into the effects of the phosphate moiety and protonation on the

conformational features of the nucleobase and sugar moieties. Most interestingly, the thymine and uracil

nucleobases remain in their canonical forms for [pdThd+H]+ and [pUrd+H]+, unlike [dThd+H]+ and

[Urd+H]+, where protonation occurs on the nucleobases and induces tautomerization of the thymine

and uracil residues.

Introduction

Both thymine and its RNA analogue uracil are subject to tauto-

merization under certain conditions. A number of studies have

examined the intrinsic properties of the protonated forms of

thymine (Thy) and uracil (Ura), and their respective nucleoside

analogues, thymidine (dThd) and uridine (Urd).1–8 All of these

studies found that protonation induces tautomerization of Thy

and Ura for both the isolated nucleobases and their nucleoside

analogues. The 2,4-dihydroxy tautomers of protonated Thy and

Ura are found to be the most stable forms in the gas phase.1–5

Tautomerization as well as the flexibility of the hydroxyl sub-

stituents leads to a large variety of conformations of [dThd+H]+

and [Urd+H]+ coexisting in the gas phase.6–8 Keto–enol tauto-

meric shifts of the Thy and Ura nucleobases that may occur

during DNA replication could lead to mutations and nucleobase

mispairing.9,10 A previous study that examined the N–glycosidic

bond stabilities of the protonated Ura nucleosides found that

protonation, and further tautomerization, lower the activation

barriers for N–glycosidic bond cleavage of Urd and 20-deoxyuridine

(dUrd).11 Parallel behavior is found for the analogous Thy

nucleosides, dThd and 5-methyluridine (Thd), currently under

investigation in our laboratory. Thus, both protonation and

tautomerization exert a strong influence on the N–glycosidic

bond stabilities of the Thy and Ura nucleosides. In contrast, the

glycosidic bond stabilities of the other canonical DNA and RNA

nucleosides are strongly influenced by protonation,12–14 but not
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tautomerization. Clearly, the structural and thermochemical

properties of Thy and Ura nucleobases and nucleosides are

greatly influenced by tautomerization.

Phosphorylation of dThd or Urd at the 50-hydroxyl gives

thymidine-50-monophosphate (pdThd) or uridine-50-mono-

phosphate (pUrd), respectively. Previously, studies to character-

ize the gas-phase conformations of the deprotonated forms of

these nucleotides, [pdThd�H]� and [pUrd�H]�,15,16 as well as

Pb2+ complexed with [pUrd�H]�, [pUrd�H+Pb]+,17 have been

carried out using infrared multiple photon dissociation (IRMPD)

action spectroscopy. In the stable gas-phase conformations of

[pdThd�H]� and [pUrd�H]�, the Thy and Ura nucleobases

remain in their canonical forms. For both structures, the

deprotonated phosphate moiety is stabilized by a strong

hydrogen-bonding interaction with the 30-hydroxyl substituent,

and a weak noncanonical hydrogen-bonding interaction with

the C5–H hydrogen atom. These intramolecular interactions

lead to an anti nucleobase orientation and C30-endo sugar

puckering. In contrast, when Pb2+ complexes with [pUrd�H]�,

it strongly binds to the phosphate and carbonyl moieties of Ura,

leading to compactly folded structures. A mixture of keto and

enolic forms of [pUrd�H+Pb]+ are populated in the experi-

ments, indicating that the metal binding interaction facilitates

tautomerization of the Ura moiety. However, little is known

about the intrinsic properties of the protonated forms of the

pdThd and pUrd mononucleotides.18 IRMPD action spectro-

scopy techniques assisted by complementary theoretical calcu-

lations have proven to be a powerful means of elucidating the

intrinsic structural behavior of nucleic acid building blocks in

various local environments of differing pH and ionic strength

by examining their associated deprotonated,15,16,19,20 proton-

ated5,7,8,21–34 and sodium (or other metal) cationized forms.35–49

This technique is very helpful for elucidating intrinsic structural

features of nucleic-acid constituents, in particular, the preferred

site(s) of protonation or metal cation binding as well as tauto-

merization of the nucleobase are generally readily deduced along

with the nucleobase orientation, sugar puckering, and the

presence of intramolecular hydrogen bonds.

Therefore, here we investigate the gas-phase conformations

of protonated thymidine-50-monophosphate, [pdThd+H]+, and

protonated uridine-50-monophosphate, [pUrd+H]+ using IRMPD

action spectroscopy techniques combined with theoretical

modeling. Comparison of the stable gas-phase conformations

of [pdThd+H]+ and [pUrd+H]+ to those of [pdThd�H]� and

[pUrd�H]�15,16 allows the effect of pH (i.e., protonation) on the

structures of pdThd and pUrd to be determined. Comparison

of the stable gas-phase conformations of [pdThd+H]+ and

[pUrd+H]+ to those of protonated thymidine and uridine,

[dThd+H]+ and [Urd+H]+,7,8 allows the effect of phosphate

moiety on the structures to be elucidated. As a large variety of

2,4-dihydroxy tautomers of [dThd+H]+ and [Urd+H]+ as well as

minor abundances of O2 protonated conformers of [dThd+H]+

and O4 protonated conformers of [Urd+H]+ are present in the

experiments, it is of great interest to reveal the influence of the

phosphate moiety on the preferred site(s) of protonation and

tautomerization of dThd and Urd. Present IRMPD action

spectroscopy results for [pdThd+H]+ are also compared to results

obtained from combined ion-mobility spectrometry mass spectro-

metry (IMS MS) studies of [pdThd+H]+ previously reported.19

Experimental and
computational methods
IRMPD action spectroscopy experiments

The IRMPD action spectra of [pdThd+H]+ and [pUrd+H]+ were

measured over the IR fingerprint and hydrogen-stretching regions

using a Fourier transform ion cyclotron resonance mass

spectrometer (FT-ICR MS)50–52 coupled to a widely-tunable free

electron laser (FEL)53 or an OPO/OPA laser system. The mono-

nucleotides, pdThd and pUrd, were purchased from Sigma-

Aldrich (Zwijndrecht, the Netherlands). Approximately 1 mM

pdThd or pUrd and 20 mM HCl were dissolved in 50% : 50%

MeOH/H2O solutions. The solutions were delivered to a Micro-

mass ‘‘Z-spray’’ electrospray ionization (ESI) source at a flow

rate of B4.0–5.5 mL min�1. Ions were accumulated in an rf

hexapole ion trap for several seconds to affect efficient thermal-

ization of the ions prior to pulsed extracted through a quadrupole

deflector. The ions were guided through a 1 m long rf octopole

into the FT-ICR MS and stored in the ICR cell to cool to room

temperature by radiative emission.51 The protonated mononu-

cleotides, [pdThd+H]+ and [pUrd+H]+, were isolated using stored

waveform inverse Fourier transform (SWIFT) techniques and irra-

diated for 2–3 s by the FEL (10 pulses per s with 15–50mJ 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 photodissociation over the

IR fingerprint (B550–1900 cm�1) and hydrogen-stretching

(B3300–3800 cm�1) regions, respectively.

Theoretical calculations

The chemical structures of neutral pdThd and pUrd are dis-

played in Fig. 1. All favorable protonation sites were investi-

gated: O2, O4, 2,4-dihydroxy tautomers, and the phosphate oxo

oxygen atom. 300 candidate structures for each site of proto-

nation and tautomeric form of the nucleobase were generated

by simulated annealing using HyperChem software54 with the

Fig. 1 Chemical structures of neutral thymidine-50-monophosphate (pdThd)

and uridine-50-monophosphate (pUrd). The numbering of the nucleobase and

sugar moieties is also shown; the 5-methyl and 20-hydroxyl substituents that

differentiate these nucleotides are shaded in blue and red, respectively.
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Amber 2 force field. The simulated annealing procedure

employed in the current study has been described in detail

previously.7,8,28,30,31 Geometry optimizations, frequency analyses,

and single point energy calculations of 20–30 candidate struc-

tures (including different combinations of nucleobase orienta-

tion and sugar puckering) for each protonation site were

performed using the Gaussian 09 suite of programs.55 All candi-

date 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 6-311+G(d,p) basis set

to generate calculated IR spectra. Single point energies were

calculated at the MP2(full) and B3LYP 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 the significant anharmon-

icity of the vibrational modes of the phosphate moiety, scaling

factors between 0.98 and 1.07 have been shown to be needed to

bring the computed frequencies into agreement with measured

values.15,16,56–62 In this work, the frequencies below B1350 cm�1

(shown in red in the calculated spectra) are left unscaled to best

reproduce the measured bands associated with the phosphate

moiety. A scaling factor of 0.985 is applied to the frequencies

above B1350 cm�1 in the IR fingerprint region (shown in blue),

whereas a scaling factor of 0.958 is used for the hydrogen-stretching

region (shown in green). In addition, the calculated vibrational

frequencies are convoluted with a 20 cm�1 fwhm Gaussian line

shape for the IR fingerprint region, and 10 cm�1 Gaussian line

shape for the hydrogen-stretching region, to reproduce the

experimental broadening of the measured IRMPD profiles.

To further assess the relative stabilities of the stable low-

energy conformations of [pdThd+H]+ and [pUrd+H]+ in the gas

phase versus aqueous environments, single point energies

of select low-energy conformers were also calculated at the

B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of

theory in a polarizable continuum using the integral equation

formalism variant (IEFPCM) available in Gaussian 09.55

Results
IRMPD action spectroscopy

Photodissociation of [pdThd+H]+ and [pUrd+H]+ was induced

by the FELIX free electron laser or an OPO/OPA laser system.

The photodissociation products formed arise primarily from

phosphate ester and glycosidic bond cleavage processes. Ionic

products at m/z = 207 and 81, corresponding to [Thy+H2PO3]
+

and H2PO3
+, respectively, are observed for [pdThd+H]+. As the

nucleobase and phosphate moieties of pdThd are not covalently

bound, the former product is likely a hydrogen-bound species

that undergoes sequential dissociation to produce the H2PO3
+

product. Theoretical and spectroscopy results discussed later

establish the importance of hydrogen-bonding in the structures

of [pdThd+H]+ accessed in the experiments. Ionic products

at m/z = 213 and 97, corresponding to [pUrd�Ura+H]+ and

[pUrd�Ura�H3PO4�H2O+H]+ (the latter ionic product has a

chemical formula of C5H5O2
+), respectively, are observed for

[pUrd+H]+. The photodissociation behaviors of [pdThd+H]+ and

[pUrd+H]+ are quite distinct from those of the other protonated

DNA and RNA mononucleotides, where glycosidic bond cleavage

producing the protonated nucleobase is the dominant photo-

dissociation pathway observed.31,32,34

The ratio of the total fragment ion intensity to that of the

protonatedmononucleotide, [pNuo+H]+ = [pdThd+H]+ or [pUrd+H]+,

determine the IRMPD yield at each irradiation frequency according

to eqn (1),

IRMPDyield ¼
X

i

Ifragmenti

,

X

i

Ifragmentti þ I pNuoþH½ �þ

 !

(1)

The IRMPD yield was corrected for variations in the laser power as

a function of the wavelength of the FEL or OPO laser using linear

scaling. IRMPD action spectra of [pdThd+H]+ and [pUrd+H]+ were

measured over the ranges extending fromB550 to 1900 cm�1 and

B3300 to 3800 cm�1 and are compared in the top panel of Fig. 2.

The IRMPD action spectra acquired over the hydrogen-stretching

region for [pdThd+H]+ and [pUrd+H]+ are very crucial for elucidat-

ing the gas-phase conformations as the IR bands measured over

the FELIX region are very broad and poorly resolved, and indeed

span much of the fingerprint region. Such extensive broadening

approaching continuum behavior has been seen in other IRMPD

and IRPD (tagging) studies where the conformers populated

in the experiments have strong hydrogen-bonding interactions

Fig. 2 IRMPD action spectra of the protonated forms of the thymidine

and uridine nucleosides, [dThd+H]+ and [Urd+H]+, the protonated and

deprotonated forms of the thymidine and uridine nucleotides,

[pdThd+H]+, [pUrd+H]+ [pdThd�H]�, and [pUrd�H]� and the protonated

form of uracil, [Ura+H]+. Results for [dThd+H]+ are taken from ref. 7, those

for [Urd+H]+ from ref. 8, those for [pdThd�H]� from ref. 15, those for

[pUrd�H]� from ref. 16 and those for [Ura+H]+ from ref. 4.
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that greatly increase the anharmonicity of the vibrational

modes of the associated atoms.63–66

Theoretical results

The MP2(full)/6-311+G(2d,2p) and B3LYP/6-311+G(2d,2p) relative

enthalpies and Gibbs free energies at 0 and 298 K of the unique

stable low-energy conformers of [pdThd+H]+ and [pUrd+H]+ com-

puted are summarized in Table 1. These low-energy conformers

along with their relative free energies at 298 K computed at both

the MP2(full) and B3LYP levels of theory are shown in Fig. S1 and

S2 of the ESI.† The low-energy conformers include all combina-

tions of the favorable states of protonation, nucleobase orienta-

tions, and sugar puckering found. The nomenclature chosen to

differentiate the various low-energy conformers found is based on

the state of protonation, P (phosphate oxo oxygen atom), O2, O4

and T (2,4-dihydroxy tautomeric form) followed by a capital letter

(A, B, C, D, E, etc.) when highly parallel conformers are found for

both [pdThd+H]+ and [pUrd+H]+. Unique conformations found

only for [pUrd+H]+ are designated using a lowercase Roman

numeral following the site of protonation (Pi, Ti, O4i andO2i, etc.).

The lowest energy conformers of [pdThd+H]+ and [pUrd+H]+

found depend upon the level of theory employed. MP2 favors

conformers of [pdThd+H]+ (e.g., PA and PB) and [pUrd+H]+ (e.g.,

Pi, Pii, PA and PB) that are protonated at the phosphate oxo

oxygen atom, with syn oriented Thy and Ura nucleobases in

their canonical forms that are stabilized by strong PQOH+� � �O2

and P–OH� � �O40 hydrogen-bonding interactions, and C20-endo

sugar puckering. The PA versus PB conformers of [pdThd+H]+

and [pUrd+H]+, and Pi versus Pii conformers of [pUrd+H]+ are

merely rotamers of one another and differ in the rotation of the

free phosphate hydroxyl. Similarly, the Pi and PA as well as the

Pii and PB conformers of [pUrd+H]+ are sugar hydroxyl rota-

mers of one another. In contrast, B3LYP favors the PC con-

formers of [pdThd+H]+ and [pUrd+H]+ that are protonated at

the phosphate oxo oxygen atom, with syn oriented Thy and Ura

nucleobases in their canonical forms that are stabilized by a

single strong PQOH+� � �O2 hydrogen bond, and C30-endo sugar

puckering. The TA conformers of [pdThd+H]+ and [pUrd+H]+

exhibit C30-endo sugar puckering with the protonated nucleo-

bases in a 2,4-dihydroxy tautomeric form. The nucleobases in

the TA conformers are also rotated in a syn orientation to form

a strong O2H+� � �OQP hydrogen-bonding interaction. The TA

conformers of [pdThd+H]+ and [pUrd+H]+ are predicted to be

7.0 kJ mol�1 (MP2) and 2.0 kJ mol�1 (B3LYP) less stable than

their respective ground conformers. The most stable O4 proto-

nated conformers, O4A, of [pdThd+H]+ and [pUrd+H]+ adopt an

anti nucleobase orientation and C20-endo sugar puckering. The

O4A conformers of [pdThd+H]+ and [pUrd+H]+ are predicted to

be 18.0 kJ mol�1 (MP2) and 6.0 kJ mol�1 (B3LYP) less stable

than their respective ground conformers. The O2A conformer

of [pdThd+H]+ exhibits a syn nucleobase orientation and

C20-endo sugar puckering, which is 13.0 kJ mol�1 (MP2) and

2.9 kJ mol�1 (B3LYP) higher in free energy than the ground PA

conformer. However, no low-energy O2 protonated conformers

analogous to O2A of [pdThd+H]+ are found for [pUrd+H]+.

Attempts to compute stable O2 protonated structures for

[pUrd+H]+ always converged to phosphate protonated structures

during optimization. Clearly, the 5-methyl substituent of pdThd

enhances the proton affinity of the nucleobase versus that of

pUrd, consistent with the proton affinities reported for the

isolated nucleobases.67 In summary, P conformers of [pdThd+H]+

and [pUrd+H]+ are preferred over T, O4 and O2 conformers, and

more so by MP2 than B3LYP.

The MP2(full)/6-311+G(2d,2p) and B3LYP/6-311+G(2d,2p)

relative enthalpies and Gibbs free energies at 0 and 298 K of

select low-energy conformers of [pdThd+H]+ and [pUrd+H]+

computed in a polarizable continuum are summarized in

Table S1 (ESI†). As found for the isolated species, the lowest

energy conformers of [pdThd+H]+ and [pUrd+H]+ computed

using the IEFPCM polarizable continuum model remain con-

formers protonated at the phosphate moiety, i.e., the PA and

PB conformers of [dThd+H]+ and the PA, PB, and PC confor-

mers of [dUrd+H]+. Indeed, conformers involving canonical

forms of the nucleobase protonated at the O2 or O4 positions

as well as conformers involving a minor tautomeric form

of the nucleobase are destabilized relative to the PA–PC

Table 1 Relative enthalpies and free energies at 0 and 298 K in kJ mol�1

of the stable low-energy conformers of [pdThd+H]+ and [pUrd+H]+a

Species Conformer

MP2(full) B3LYP

DH0 DH298 DG298 DH0 DH298 DG298

[pdThd+H]+ PA 0.0 0.0 0.0 0.0 0.0 0.7
PB 1.8 2.4 0.2 1.2 1.7 0.3
PC 14.3 15.5 10.6 3.0 4.2 0.0
PD 9.3 8.6 11.1 12.7 12.0 15.2
TA 13.7 14.8 11.7 5.7 6.7 4.3
PE 14.5 15.6 11.7 7.3 8.4 5.2
TB 19.2 21.6 11.8 14.6 17.1 7.9
PF 17.0 18.4 12.4 6.3 7.7 2.3
O2A 17.1 18.3 13.0 6.3 7.6 2.9
TC 15.3 15.9 14.4 9.2 9.9 9.0
O4A 26.8 29.7 18.7 13.8 16.7 6.4
O4B 32.5 35.6 24.8 16.9 19.9 9.8

[pUrd+H]+ Pi 0.0 0.0 0.0 0.9 0.4 3.9
Pii 1.5 2.0 0.2 1.8 1.8 3.5
PA 3.9 3.7 4.2 3.8 3.1 7.0
PB 5.8 6.0 5.0 5.1 4.9 7.3
PC 9.1 10.1 6.0 0.1 0.7 0.0
TA 8.2 8.6 7.3 0.0 0.0 2.1
Piii 12.8 13.8 9.7 2.2 2.8 2.2
Piv 13.5 14.7 10.8 7.8 8.5 8.1
PD 9.9 9.0 11.9 11.4 10.1 16.5
PE 16.0 17.2 13.0 8.4 9.1 8.1
TB 19.7 21.8 13.1 8.8 9.5 8.8
Ti 14.4 14.9 13.4 11.9 13.6 8.4
TC 14.0 14.3 13.7 4.9 4.9 6.9
Pv 9.8 10.4 14.6 6.4 6.3 9.2
PF 19.2 20.2 15.8 8.6 9.1 8.2
Tii 22.1 24.3 15.9 17.1 18.9 14.0
O4A 25.0 27.6 18.1 10.5 12.6 6.5
O4B 29.8 32.4 23.3 15.1 17.3 11.6
O4i 29.8 32.3 23.5 17.4 19.5 14.2
Tiii 29.5 29.7 27.5 19.7 19.4 20.8
O2i 42.0 42.5 39.1 32.1 32.2 32.2

a Single point energy calculations using the B3LYP/6-311+G(d,p) opti-
mized structures are performed at the MP2(full)/6-311+G(2d,2p) and
B3LYP/6-311+G(2d,2p) levels of theory and include ZPE and thermal
corrections.
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conformers by 11.8–12.4, 4.3–12.9, and 16.2–25.8 kJ mol�1,

respectively.

Discussion
Experimental conformations of [pdThd+H]+

The measured IRMPD and calculated IR spectra of the most

representative stable low-energy conformers for each favor-

able state of protonation, PA, PB, PC, TA, O2A and O4A of

[pdThd+H]+ are compared in Fig. 3 over the IR fingerprint and

hydrogen-stretching regions. The calculated IR bands that

exhibit obvious disagreement with the measured IR bands are

highlighted. The IR spectrum predicted for the PA and PB

conformers exhibit excellent agreement with the measured

IRMPD spectrum, confirming the presence of these conformers

in the experiments. Comparison of the IR spectra for PA and PB

indicates that the IRMPD spectral features are insensitive to the

phosphate hydroxyl orientation. The calculated IR spectrum

of the O2A conformer of [pdThd+H]+ agrees reasonably well

with the measured spectrum above 1600 cm�1. However, the IR

features predicted for O2A below 1200 cm�1 are much more

intense than those at higher vibrational frequencies, whereas

the opposite is true of the measured IRMPD spectrum suggesting

that if present, the O2A conformer is likely of minor abundance.

The band predicted at 1554 cm�1 for the PC conformer (dotted

line) is expected to be highly anharmonic as a result of the excess

proton oscillating between the phosphate oxo and O2 carbonyl

oxygen atoms. As a result, it is predicted to be extremely strong,

whereas experimentally such highly anharmonic modes are

typically red-shifted, spread over a broad range of frequencies,

and appear weak in the action spectrum,68–70 and therefore this

vibrational mode is not diagnostic. The calculated band at

3640 cm�1 and its small shoulder to the blue at 3680 cm�1 of the

PC conformer exhibits obvious disagreement with the measured

band at 3652 cm�1. The calculated band at 3581 cm�1 of the TA

conformer is not observed in the measured spectrum. In

addition, the IR feature predicted at 3685 cm�1 for TA would

broaden the measured band at 3652 cm�1 if TA was populated.

The calculated bands at 1804 and 3668 cm�1 of the O4A con-

former are shifted to higher frequencies relative to the measured

bands at 1768 and 3652 cm�1, respectively. Therefore, the PC, TA

and O4A conformers are not present in significant abundance the

experiments. The measured IRMPD and calculated IR spectra of

Fig. 3 Comparison of the measured IRMPD action spectrum of [pdThd+H]+ with the calculated IR spectra of the ground and most stable conformers

for each protonation site/tautomeric form of [pdThd+H]+ and the corresponding B3LYP/6-311+G(d,p) optimized structures. Also shown are the

MP2(full)/6-311+G(2d,2p) (in red) and B3LYP/6-311+G(2d,2p) (in black) relative Gibbs free energies at 298 K. The site of protonation/tautomeric form,

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.
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the PD, PE, TB, PF, TC and O4B conformers of [pdThd+H]+ are

compared over the IR fingerprint and hydrogen-stretching

regions in Fig. S3 of the ESI.† The IR spectra predicted for these

conformers all exhibit obvious discrepancies from the measured

IRMPD spectrum, indicating that they are not significant contri-

butors to the experiments. A more detailed discussion is pro-

vided in the ESI.†

In summary, comparisons of the measured IRMPD and

calculated IR spectra of the low-energy conformers of [pdThd+H]+

indicate that the PA and PB conformers are predominantly

populated in the experiments, a minor population of the O2A

conformer may also be present. The PA conformer found here

is consistent with the conformation of [pdThd+H]+ deduced

from IMS MS measurements of collision cross section and

complementary theoretical modeling.18 B3LYP predicts PC as

the ground conformer for [pdThd+H]+. However, the calculated

IR spectrum of PC exhibits discrepancies with the measured

IRMPD spectrum that enable it to be ruled out as an important

contributor. Therefore, the relative stabilities of the low-energy

conformers of [pdThd+H]+ predicted by MP2 may be more

reliable than those of B3LYP. Vibrational mode assignments

of [pdThd+H]+ are interpreted primarily based on the calculated

IR spectrum of the PA and PB conformers, and are summarized

in Table 2.

Experimental conformations of [pUrd+H]+

The measured IRMPD and calculated IR spectra of the most

representative low-energy conformers for each favorable state

of protonation, Pi, Pii, PA, PB, PC, TA and O4A of [pUrd+H]+ are

compared in Fig. 4 over the IR fingerprint and hydrogen-

stretching regions. The calculated IR bands that exhibit obvious

disagreement with the measured IRMPD bands are high-

lighted. Similar to that found for [pdThd+H]+, the calculated

IR spectra of the PA and PB conformers of [pUrd+H]+ exhibit

excellent agreement with the measured IRMPD spectrum. The

calculated IR feature at 3682 cm�1, arising from the hydrogen-

bond acceptor O30H stretching, is shifted relative to the band

measured at 3652 cm�1. 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 O20H or O30H stretches

predicted at 3685 cm�1 for the Pi and Pii or the PC and TA

conformers, respectively, are again not diagnostic. Although

the Pi and Pii conformers are predicted to be more stable than

the PA and PB conformers, respectively, the bands at 3616 cm�1

predicted for the Pi and Pii conformers are higher in frequency

than the measured band at 3588 cm�1. As Pi and PA, and Pii

and PB differ only differ in the sugar hydroxyl orientation, these

rotamers can be differentiated from their IR features. The

barriers to interconversion for Pi and PA and Pii and PB are

predicted to be less than 15 kJ mol�1, and thus these con-

formers should be able to interconvert at room temperature.

The intense anharmonic band predicted at 1579 cm�1 for PC

(dotted line) of [pUrd+H]+ arises from the excess proton oscil-

lating between the phosphate oxo and O2 carbonyl oxygen

atoms, which as for [pdThd+H]+ is again not diagnostic. The band

predicted at 3635 cm�1 for PC lies to the red of the measured band

at 3652 cm�1. The calculated band at 3570 cm�1 of TA also lies

to the red of the measured band at 3588 cm�1. The calculated

band at 1818 cm�1 of O4A lies to the blue relative to the

measured band at 1797 cm�1. The calculated bands above

3550 cm�1 of O4A exhibit large discrepancies with the measured

bands in that region. Therefore, the discrepancies between the

measured and calculated spectra of PC, TA, and O4A are

sufficient to eliminate these conformers as important contribu-

tors to the experimental population. The measured IRMPD and

calculated IR spectra of the other stable low-energy conformers

of [pUrd+H]+ found (Piii, Piv, PD, PE, TB, Ti, TC, Pv, PF, Tii, O4B,

O4i, Tiii, and O2i) are compared over the IR fingerprint and

hydrogen-stretching regions in Fig. S4 and S5 of the ESI.† The

discrepancies between the measured and predicted spectra

clearly indicate the absence of these conformers in the experi-

mental population. A more detailed discussion is provided in

the ESI.†

In summary, comparisons of the measured and calculated

IR spectra of [pUrd+H]+ indicate that the PA and PB conformers

are populated in the experiments. Similar to [pdThd+H]+, the

B3LYP ground conformer PC of [pUrd+H]+ is not present in

significant abundance in the experiments, indicating that MP2

theory appears to do a better job at predicting the relative

stabilities of the low-energy conformers of [pUrd+H]+. Evident

differences between the measured IRMPD and calculated IR

spectra particularly in the hydrogen-stretching region for the

other low-energy conformers clearly rule out their presence in

the experimental population. Vibrational mode assignments of

the measured IRMPD spectral features are made based on the

calculated vibrational modes of PA and PB and are summarized

in Table 2.

Influence of the phosphate moiety

A variety of 2,4-dihydroxy tautomers of [dThd+H]+ and [Urd+H]+

were found to coexist in the experimental population. Moreover,

minor populations of O2 protonated [dThd+H]+ and O4 proto-

nated [Urd+H]+ were also found to contribute to the experi-

ments.7,8 In contrast, current results for [pdThd+H]+ and

[pUrd+H]+ suggest that the PA and PB conformers are present

in the experiments with dominant population. The stable

conformers of [pdThd+H]+ and [pUrd+H]+ that dominate the

Table 2 Vibrational mode assignments for [pdThd+H]+ and [pUrd+H]+a

Vibrational mode assignment

Frequency (cm�1)

[pdThd+H]+ [pUrd+H]+

C2QO stretching 1639
C2QO and nucleobase stretching 1662
Nucleobase stretching 1672
C4QO stretching 1768 1791
N3–H stretching 3410 3410
O20–H stretching — 3588
PO–H and O30–H stretching 3652 3652

a Vibrational mode assignments based on comparison of the measured
IRMPD and calculated IR spectra of the PA and PB conformers of
[pdThd+H]+ and [pUrd+H]+.
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experimental population are compared with those of [dThd+H]+

and [Urd+H]+ in Fig. 5. As can be seen, protonation occurs

on the phosphate moiety rather than on the nucleobases, and

both the Thy and Ura nucleobases remain in their canonical

forms in the protonated nucleotides. The protonated phos-

phate moiety stabilizes syn oriented Thy or Ura via strong

PQOH+� � �O2 and P–OH� � �O40 hydrogen-bonding interactions.

The strong ionic hydrogen-bonding interaction of the proto-

nated phosphate moiety with the O2 carbonyl of the nucleobase

in particular stabilizes the excess proton via ion–dipole and

ion–induced dipole interactions and thereby impedes tauto-

merization of the nucleobase that would normally be induced

by protonation in the absence of the phosphate moiety. The

strong PQOH+� � �O2 and P–OH� � �O40 hydrogen-bonding inter-

actions among the phosphate, nucleobase and sugar moieties

lead to relatively compact structures and greatly reduce the con-

formational flexibility of [pdThd+H]+ and [pUrd+H]+. In con-

trast, for the nucleosides, protonation occurs on the nucleobase

and induces tautomerization. The 2,4-dihydroxy nucleobases

prefer anti orientations that are stabilized by either a noncano-

nical C6H� � �O50 hydrogen bond or a strong O2H� � �O20H� � �O30

hydrogen bridge. The IRMPD action spectra of [pdThd+H]+,

[pUrd+H]+, [dThd+H]+ and [Urd+H]+ are also compared in

Fig. 2. The IRMPD features of [dThd+H]+ and [Urd+H]+ in the

fingerprint region are better resolved and more distinguishable

than those of [pdThd+H]+ and [pUrd+H]+. The very strong

intramolecular hydrogen bonds that stabilize [pdThd+H]+ and

[pUrd+H]+ lead to very anharmonic IR vibrations and the

extensive broadening observed. In the OPO region, fewer vibra-

tional modes are observed for [pdThd+H]+ and [pUrd+H]+

than for [dThd+H]+ and [Urd+H]+ likely because the strong

hydrogen-bonding interactions of [pdThd+H]+ and [pUrd+H]+

lead to gross red shifting of the associated hydrogen-stretching

modes (such that they lie outside of the range of vibrational

frequencies accessible/examined) and reduced conformational

flexibility.

Fig. 4 Comparison of the measured IRMPD action spectrum of [pUrd+H]+ with the calculated IR spectra of the ground and most stable conformers

for each protonation site/tautomeric form of [pUrd+H]+ and the corresponding B3LYP/6-311+G(d,p) optimized structures. Also shown are the

MP2(full)/6-311+G(2d,2p) (in red) and B3LYP/6-311+G(2d,2p) (in black) relative Gibbs free energies at 298 K. The site of protonation/tautomeric form,

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.
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Influence of protonation

The stable conformers of [pdThd+H]+ and [pUrd+H]+ that domi-

nate the experimental population are compared with those

found for [pdThd�H]� and [pUrd�H]� in Fig. 5. Although the

Thy and Ura nucleobase residues of the deprotonated mono-

nucleotides, [pdThd�H]� and [pUrd�H]�,15,16 are also found in

their canonical form, the nucleobase orientations and sugar

puckering are distinctively different from those of [pdThd+H]+

and [pUrd+H]+. In particular, the deprotonated phosphate

moieties of [pdThd�H]� and [pUrd�H]� form a strong

hydrogen-bonding interaction with the 30-hydroxyl group, and

a weak noncanonical hydrogen-bonding interaction with the

C6 hydrogen atom of Thy or Ura, which leads to an anti

nucleobase orientation and C30-endo sugar puckering. In con-

trast, [pdThd+H]+ and [pUrd+H]+ adopt a syn nucleobase orien-

tation stabilized by strong PQOH+� � �O2 and P–OH� � �O40

hydrogen-bonding interactions, resulting in C20-endo sugar

puckering. The IRMPD action spectra of [pdThd+H]+, [pUrd+H]+,

[pdThd�H]� and [pUrd�H]� are compared in Fig. 2. The IRMPD

features of [pdThd�H]� and [pUrd�H]� are more distinguish-

able in the fingerprint region than those of [pdThd+H]+ and

[pUrd+H]+, again suggesting that the vibrational modes of the

protonated species are highly anharmonic due to the nearly

equal sharing of the excess proton by the phosphate and

nucleobase moieties. Indeed, the 5-methyl substituent of pdThd

enhances the relative stability of the O2 protonated conformer

such that the anharmonicity should be enhanced and this

results in greater IRMPD yield for [pdThd+H]+ than [pUrd+H]+,

as observed. Clearly, the local environment is markedly changed

by protonation.

Influence of solvent

The lowest energy conformers of [pdThd+H]+ and [pUrd+H]+

computed using the IEFPCM polarizable continuum model

corresponding to water are consistent with that found for the

isolated species and protonated at the phosphate moiety, the

PA and PB conformers of [dThd+H]+ and the PA, PB, and PC

conformers of [pdUrd+H]+. In fact, both MP2 and B3LYP now

predict the PC conformer as the ground conformer at 298 K

(free energy). However, the spectral features of the PC confor-

mer are not consistent with the measured IRMPD spectra and

thus these conformers are not present in the experimental

population. This suggests that if the computed stabilities are

reliable that upon desolvation the PC conformers undergo a

change in sugar puckering from C30-endo to C20-endo to allow

formation of a P–OH� � �O40 hydrogen-bonding interaction to

further stabilize these species in the absence of solvent.

Consistent with their lack of importance in the experiments,

conformers involving canonical forms of the nucleobase proto-

nated at the O2 or O4 positions as well as conformers involving

a minor tautomeric form of the nucleobase are destabilized

relative to the PA–PC conformers in a polarizable continuum.

Thus, the preferred site of protonation and nucleobase orienta-

tion is maintained during the ESI process, and a mixture of

phosphate protonated conformers exhibiting a syn nucleobase

orientation and both C20-endo and C30-endo sugar puckering

may be present in solution.

Conclusions

The gas-phase conformations of [pdThd+H]+ and [pUrd+H]+

have been investigated using IRMPD action spectroscopy techni-

ques and theoretical calculations, which reveal that the domi-

nant conformers populated for [pdThd+H]+ and [pUrd+H]+ are

protonated at the oxo oxygen atom of the phosphate, PA and PB

conformers, forming strong PQOH+� � �O2 and P–OH� � �O40

hydrogen-bonding interactions with the nucleobase and sugar

moieties that stabilize a syn nucleobase orientation and C20-endo

sugar puckering. These findings differ markedly from those of

their nucleoside analogues [dThd+H]+ and [Urd+H]+, where a

large variety of tautomers and conformers coexist in the

experiments.7,8 The phosphate moiety is the preferred protona-

tion site for pdThd and pUrd, and when protonation does not

occur on the Thy or Ura residue, tautomerization is not induced.

The strong hydrogen-bonding interactions in [pdThd+H]+

and [pUrd+H]+ lead to very anharmonic vibrational modes

particularly in the IR fingerprint region, making the hydrogen-

stretching signatures more valuable in determining the populated

conformations. Comparison of current results to those of the

deprotonated forms of these mononucleotides, [pdThd�H]� and

[pUrd�H]�, reveals the effects of low pH conditions (protonation)

on the conformations of pdThd and pUrd. Both the nucleobase

orientation and sugar puckering of pdThd and pUrd are altered

Fig. 5 Comparisons of the stable low-energy conformers of the proto-

nated thymidine and uridine nucleosides, dThd and Urd, and the depro-

tonated and protonated forms of the thymidine and uridine nucleotides,

pdThd and pUrd.
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under low pH conditions. Because the Thy and Ura residues of

[pdThd�H]� and [pUrd�H]� remain in their canonical forms,

it can be concluded that the presence of the phosphate moiety

shuts down nucleobase tautomerization. The stable PA confor-

mer of [pdThd+H]+ found here is consistent with the gas-phase

conformation of [pdThd+H]+ from IMS MS measurements of

collision cross section and complementary theoretical modeling.18

The consistency found for these two very different approaches

to structural characterization validate the present findings.

Thus, present results combined with those of parallel studies

of the protonated forms of the other DNA and RNA mononu-

cleotides we previously reported find that pdThd and pUrd are

the only DNA or RNA mononucleotides that prefer protonation

on the phosphate moiety. This observation is consistent with the

fact that Thy and Ura have the lowest proton affinities among

the nucleobases67 such that the excess proton attaches to the

phosphate oxo oxygen atoms of pdThd and pUrd, whereas the

excess proton binds to the nucleobase in the other DNA and

RNA mononucleotides.31,32,34 Thus, protonation along the

phosphate backbone will only occur in DNA and RNA oligomers

at very low pH and in the absence of adenine, cytosine and

guanine residues.
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