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Abstract

Gas phase structure of protonated uracil, thymine and cytosine was probed using mid-infrared
multiple photon dissociation (IRMPD) spectroscopy performed at CLIO, the Orsay (France)
Free Electron Laser facility. Experimental infrared spectra were recorded for ions generated
by electrospray ionization, isolated and irradiated in a quadrupole ion trap, and compared to
calculated infrared absorption spectra of the different low-lying isomers computed at the
B3LYP/6-31++G(d,p) level. For each protonated base, the global energy minimum was found
to correspond to an enolic tautomer, whose infrared absorption spectrum was found to match
very well with the experimental IRMPD spectrum, with the exception of a very weak IRMPD
signal observed at ~1800 cm™ in the case of the three protonated bases. This signal is likely to
be the signature of the second energy lying oxo tautomer. We thus conclude that within our
experimental conditions, two tautomeric ions are formed and coexist in the quadrupole ion

trap.
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1. Introduction

Uracil (U), thymine (5-methyl-uracil; T) and cytosine (C) are pyrimidic bases and
constituents of nucleic acids. In the Watson-Crick™ structure of nucleic acids, uracil and
thymine must adopt the dioxo form Ul and T1 (also referred to as canonical, see scheme 1) to
be in complementary conformation to the normal amino tautomer of the adenine residue, thus
generating the base pairs AU or AT. Likewise, cytosine is found in its amino-oxo form (C1,
scheme 1) in the GC base pair. However, enol forms of U, T and C may also be generated by
proton transfer reaction. Because of the probable relationship between the occurrence of these
rare enol tautomeric forms and point mutation developing during nucleic acid replicationf?"1,
the evaluation of the tautomeric behaviour of these three nucleobases is of fundamental
importance, and many experimental [ &2 and theoretical > 22 23 26471 stydies have been
carried out on that topic over the last two decades.

An other intense field of research concerns the acido-basic properties of nucleobases. As a
matter of fact, the strength of the hydrogen bonds in base pairs is governed by the proton
acceptor ability of the carbonyl oxygen atoms and the proton donor ability of the amino
groups. Furthermore, protonation of nucleic acid bases play a crucial role in the stabilization
of the triplex structures 1 and in mutagenic processes. *® Consequently, location of both
protonation and deprotonation sites of nucleic acid bases contributes to the understanding of
chemical processes that occur in DNA in condensed phase.

Mass spectrometry and theoretical calculations are methods of choice to characterize the
thermochemistry associated with acido-basic properties of molecules, and they have been
logically used to determine the gas phase basicity [0 45 5061 and acidity [40: 45 54 55, 62:69] qf
nucleobases. However, in the particular case of the basicity, given the fact that (i) several

neutral tautomeric forms may coexist in the gas phase, and that (ii) these different forms may



be protonated at different nitrogen or oxygen atoms, the protonated species of these
nucleobases may correspond to a mixture of several structures (see scheme 1 for the location
and label of the various protonation sites discussed in the text). Wolken and Turecek
published several years ago a detailed theoretical study about the protonation of the various
tautomers of uracil.®”] They demonstrated that the most stable form of protonated uracil is
obtained by protonation of the O7 oxygen of the non-canonical oxo-hydroxo tautomer U2
(scheme 1) and the resulting proton affinity is significantly different from the value computed
for the U1 tautomer. Similarly, a couple of theoretical studies pointed out that two protonated
forms of cytosine (oxo and enol) are very close in energy.3 5

It should be emphasized that there is a lack of structural information about the protonated and
neutral forms that are actually investigated. The various mass spectrometric methods used so
far (equilibrium, kinetic method) cannot discriminate between different possible structures.
Provided sufficiently different deprotonation energies, mixtures of protonated forms of
nucleobases could also be characterized by the thermokinetic method. %72 However, this
method is rather long to implement. In a recent study by Yao et al.[”®l, different protonated
forms of 1-methyl-cytosine have been specifically synthetized, thus allowing for their
structural characterization by means of tandem mass spectrometry.

Infrared Multiple Photon Dissociation spectroscopy (IRMPD) of mass-selected ions
performed with tandem mass spectrometers has recently been shown to be an interesting
approach for the structural characterization. This gas-phase ion spectroscopy is often termed
“action spectroscopy” since resonant IR absorption cannot be directly probed due to the low
ion density. Nevertheless, provided the use of intense infrared sources, ion fragmentation can
be induced by a multiple photon absorption process. With this respect, use of free electron
lasers (FEL) provides an intense and a wide tunable mid-IR beam. "4 7 Various tandem mass

spectrometers have been exploited for IRMPD spectroscopy experiments either at FELIX or



at CLI0O, and several molecular ions produced by electrospray have been studied recently.l’®-
81]

IR beam provided by these FEL can be tuned in the mid-infrared range allowing for
the characterization of the « molecular fingerprint» in the 600-2000 cm™ energy range.
Infrared spectra of molecular ions in the 2500-4000 cm™ frequency range can be also
recorded using optical parametric oscillator/amplifier (OPO/OPA) lasers. This spectral range
is of particular interest for probing the vibrational shifts associated to the NH and OH
stretches involved in hydrogen bonds. As compared to IR FEL, these laser sources present a
lower intensity. Nevertheless, providing that a weakly bound cluster can be formed between
the molecular ion and a rare gas atom (messenger technique)®, IR photodissociation
spectroscopy has successfully been applied using IR OPO/OPA lasers to characterize the
structure of a large variety of gas phase molecular ions 3 8 including ionic water solvated
clusters®! and, recently, water solvated protonated and lithiated amino-acid (valine).t
Alternatively, IR spectra can be derived from vibrationally resolved electronic spectra, as
illustrated by the recent work on protonated triptophan solvated by a controlled number of
water molecules. " 88l

In this paper, IRMPD spectroscopy of the protonated uracil, thymine and cytosine
generated by electrospray ionization and trapped in a quadrupole ion trap is presented. These
experiments have been performed at the CLIO, the IR FEL facility in Orsay. Experimental
IRMPD spectra are compared to calculated IR absorption spectra of the lowest energy
isomers. As discussed above, structures derived from the different protonation sites of the
most stable tautomers of neutral pyrimidic bases have been considered (Scheme 1). In the
case of uracil and thymine, the four most stable tautomers of U, T (Scheme 1), as established
by previous theoretical studiest?® 3" 4% have been considered, while two additional low-lying

energy tautomers were also considered for cytosine.3® 531 Note that in scheme 1, structures of



thymine are deliberately omitted as thymine is the methylated form of uracil (at the C5
position).

<Scheme 1>

2. Experimental and theoretical methods

2.1 Experimental details.

The present IRMPD spectroscopic investigation has been performed using an experimental
platform based on a quadrupole ion trap which has been described in details previously.["®]
This experimental setup has been recently used to characterize the structure of protonated
methyl esters of amino-acids (alycine, alanine, valine, and leucine)’® 81 of n-complex of
cationic benzene-NOI"land of the o Meisenheimer complex associated to the aromatic
nucleophilic substitution.[”®

Tunable mid-infrared radiation is produced by the Free Electron Laser (FEL) of CLIO (Centre
Laser Infrarouge d'Orsay).[”® This laser is based on a 16-48 MeV linear electron accelerator,
and bunches of electrons are injected in an undulator, a periodic magnetic field, which is
placed in the optical cavity. Using a fixed electron energy, the energy of the emitted photons
can be continuously scanned by adjusting the undulator gap. The mean average power was
monitored and found to be quite stable (700-800 mW) over the 1000-2000 cm™ energy range
scanned using electrons at 45 MeV. The laser wavelength profile was monitored while
recording the spectra with a monochromator associated with a pyroelectric detector array
(spiricon). The IR-FEL spectral width, which can be adjusted through a tuning of the optical
cavity length, was found to be less than 0.5 % of the central wavelength.

Our tandem mass spectrometer is a modified Bruker Esquire 3000 quadrupole ion trap.
Multistage mass spectrometry was carried out using the standard Bruker Esquire Control

(v5.2) software, and mass-selected ions were irradiated using the MS2 step where the
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excitation amplitude was set to 0 to avoid any CID-like process. Mass spectra were recorded
after 10 accumulations, using the standard mass range (m/z 50-3000) and the normal scan
resolution (13000 Th/s), the accumulation time being typically of 2 ms. This sequence was
repeated nine times for each photon energy.

A conical hole (0.7 mm of diameter) in the ring electrode of the trap was made in order to
allow the optical access to the center of the trap. The IR-FEL beam is mildly focussed using a
1m focal length spherical mirror, and enters the vacuum chamber through a ZnSe window
oriented near to the Brewster angle. The CLIO FEL temporal structure consists of
macropulses of 8 us duration, at a repetition rate of 25 Hz. Each macropulse contains about
500 micropulses each of few picoseconds long. In the present case, it should be noticed that
only two trains of pulses were used for irradiating mass-selected ions.["®!

104 M aqueous solutions of the nucleobases were prepared in pure water (purified with a
Milli-Q water purification system) and were introduced in the source using direct infusion
with a syringe pump. ESI conditions used were as follows: flow rate of 3 ul/min, spray
voltage 3500 V and a capillary temperature of 473 K. Finally, note that temperature of ions in
a similar ion trap has been estimated to be 310+10K, using equilibrium constant measurement
of ion-molecule complex formation.[®! Phenomenological temperature experienced by the

ions in our ion trap should be in this range.

2.2 theoretical calculations.

Molecular orbital DFT calculations were carried out using the B3LYP density
functional®®4 as implemented in the Gaussian-98 set of programs.[®Z

The different protonated forms considered have first been optimized with the 6-31++G(d,p)
basis set, without any symmetry constraint. Harmonic vibrational frequencies were estimated

at this level to characterize the stationary points as local minima or saddle points, and to



estimate the zero-point vibrational energy (ZPE) corrections. Finally, relative energies were
refined using the extended basis set 6-311++G(3df,2p). This high level of calculation is
mandatory to correctly estimate the activation barriers associated with the various
tautomerization processes considered here. The infrared absorption spectra were calculated
within the harmonic approximation. Ghomi et al. °> *1 have shown in detail that DFT and
MP2 levels of theory gave similar results for the geometrical and vibrational features of the
nucleic acid base. Furthermore, provided the use of an appropriate scaling factor, hybrid DFT
methods such as B3LYP have been shown to outperform other DFT methods as well as
traditional ab initio approaches to describe both position ! and relative intensities ¢! of IR
bands. As far as the positions are concerned, a scaling factor value of 0.96 has been chosen on
the basis if the overall good agreement between experimental and computed frequencies for a
large set of molecules.”! Finally, to be consistent with the experimental spectral resolution,

the calculated spectra have been convoluted by a 20 cm™ large Lorentzian function.

3. Results, discussion

3.1 Low-energy isomers of protonated U, T and C.

The four most stable protonated forms of uracil and cytosine obtained at the B3LYP/6-
311++G(3df,2p)//B3LYP/6-31++G(d,p)+ZPE level of theory, are given in Figure 1. As the
relative energy ordering obtained for uracil and thymine are equivalent, protonated forms of
thymine have been deliberately omitted. Energetics and structure of all the protonated forms
considered in this study are provided in sections 1S and 2S of the supporting information.
Protonation of uracil has been the subject of three recent detailed theoretical studies!“® 57 %1,
which concluded that the most stable protonated form of uracil was U2_ha, then followed by
Ul _hd (Figure 1), regardless of the method of calculation (B3LYP, MP2 or QCISD(T)). Our

study is in agreement with these findings, and points out a small energy difference (+4.2



kJ/mol). As said above, a similar energy order is obtained for thymine (T2_ha<T1_hd).
Nevertheless, it should be noted that the energy difference is slightly larger for thymine (9.0
kJ/mol) than for uracil, which may be due to the steric repulsion between the O8-H hydroxyl
and the methyl group located on C5 in T1_hd.

It is worth noting that the global minimum U2_ha cannot be generated directly from
protonation of the dioxo form U1, which is, by far, the most stable tautomeric form of neutral
uracil in both condensed and gas phase. 128 30 35 37. 401 | the case of protonated cytosine,
however, the two lowest energy tautomers, the oxo C1_hb and the enol C1_hc structures
(Figure 1) can be generated by protonation of the most stable neutral tautomer of cytosine.
The enolic tautomer C1 _hc is predicted to be the global minimum but the oxo C1 _hb
tautomer is only 0.3 kJ/mol higher in energy. This energy ordering is in agreement with both
B3LYP/6-31+G(d,p)®® and MP2 investigationst® %8, Note that the opposite energetic order
was predicted by an earlier DFT study. 561 As a matter of fact, a recent study of protonated
cytosine by Turecek and co-workers demonstrates that use of diffuse functions is essential to
accurately evaluate the relative energies between the various protonated forms, and at the
highest level of theory considered (CCSD(T)/aug-cc-pVTZ)) C1 _hc was found to be more
stable than C1_hb by 7 kJ.mol™.*1 Finally, it should be recalled that the orientation of the
hydroxyl group in C1_hc is quite important. Indeed, C1_hc and C1_hd structures only differ
by the rotation of 180° of the hydroxyl group but the energy difference between these two
forms is rather important. This illustrates the effects of the repulsive interaction between
parallel N1-H and O7-H bonds (C1_hd) and of the attractive interaction between the O7-H
bond and the lone pair of adjacent N3 (C1 _hc). To complete this survey, it is worth
mentioning that all the other hydroxo forms are significantly less stable, while imino species

are extremely disfavored (see supporting information).



3.2 IRMPD spectra: overview

On resonance with an infrared active mode of the mass-selected ions, loss of ammonia is
observed for the three protonated pyrimidic bases investigated here. For uracil and thymine,
loss of isocyanic acid (HNCO) was also detected, but in small amounts. The IRMPD spectra
remain unchanged when the two dissociation routes are taken into account. So, we decided to
only consider the fragment channel common to the three protonated bases, namely loss of
ammonia. The maximum fragmentation yield was about 10% (cytosine, uracil) and 20%
(thymine) using only two IR-FEL macropulses. This confirms the high efficiency of the
IRMPD process when molecular ions are irradiated in a quadrupole ion trap.’® IRMPD
spectra presented here correspond to the fragmentation efficiency, defined as
-In[Parent/(Parent+Fragments)], as a function of the photon wavenumber.[°]

IRMPD spectra of cytosine, uracil, and thymine are given in Figure 2c, 3c and 4c,
respectively. The assignment of the IRMPD spectrum of protonated uracil, thymine and
cytosine, is based on their comparison with the spectra computed for the various low energy
lying isomers. To make the comparison easier, computed absorption cross-sections are
represented in Figures 2-4, assuming a Lorentzian profile (fwhm=20 cm™) for each calculated
infrared band.

As it will be discussed in details later, there is a quite good agreement between the IRMPD
spectrum and the calculated IR absorption spectrum of the lowest energy isomer of each
protonated pyrimidic base, which corresponds to an enolic form with the exception of one
band: a relatively weak IRMPD signal observed at about 1800 cm™ for each protonated
pyrimidic base. One cannot discard the possibility that the IRMPD band at ~1800 cm could
be assigned to a combination mode. Indeed, it has been evidenced that an IRMPD signal
could be observed when the IR-FEL is on resonance with a combination mode. These

conclusions were reached, for example, in the case of proton bound dimer of water('°, and it
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was suggested that the combination mode involves the very strongly IR active mode
associated to the asymmetric O-H*-O stretch. It has also been concluded that a combination
band involving the very strongly IR active NO stretching mode of the m-complex Bz-NO*
could lead to an IRMPD signal.l’l In the present case, the calculated IR intensities of the
enolic tautomer are much weaker than the two aforementioned cases for which combination
modes have been shown to lead to an IRMPD signal. The IRMPD band observed at ~1800
cm could rather be the result of a resonant absorption through the very strongly infrared
active C=0 stretch. Nevertheless, considering the strong infrared cross-section associated to
the carbonyl group, it is surprising to observe a relatively small IRMPD efficiency on

resonance with this vibrational mode.

3.3 IR spectra of protonated cytosine

The experimental IRMPD spectrum of protonated cytosine (Figure 2c) is dominated by a
broad band (fwhm~70 cm™) centered at 1625 cm™. This band displays an asymmetric profile
with a maximum at 1641 cm™ and a shoulder at 1605 cm™. Three less intense bands were also
detected at c.a. 1200, 1502 and 1804 cm™. Finally, a very weak signal could also be
considered around 1440 cm™. For the sake of clarity, the positions and intensities (km/mol) of
only the main IR active vibrational modes of C1_hb and C1_hc are provided in Table 1.

The C=0 stretching mode constitutes an excellent infrared diagnostic of the presence of an
oxo form of protonated cytosine in the ion trap. The calculated frequency for the C=0
stretching vibration of the C1_hb oxo isomer is 1800 cm™, and the calculated IR spectrum of
the lowest energy C1_hc enol structure does not display any infrared active mode in this
energy range. Therefore, the IRMPD signal observed at 1804 cm™ may suggest that the

C1_hb oxo isomer is present under our experimental conditions.
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On the other hand, the lower energy region of the IRMPD spectrum, and especially the largest
IRMPD feature at 1641 cm™, nicely matches with the calculated IR absorption spectrum of
the lowest energy C1_hc isomer.

The largest IRMPD feature is observed at 1641 cm™ is quite broad (fwhm~70 cm™). Indeed,
using the same experimental setup, isolated IR active vibrational modes give rise to narrower
IRMPD band, with a width of typically 25 cm™ or less.”® As a result, it is likely that the large
IRMPD band observed at 1641 cm™ is the result of the convolution of two or more IRMPD
features resulting from the multiple photon absorption through different IR active modes. The
experimental IRMPD maximum is observed at 1641 cm™, only slightly red-shifted as
compared to the strongest IR absorption band (1645 cm™) of structure C1_hc. More
importantly, the C1_hc has two strong absorption bands at 1622 and 1645 cm, which could
explain the broad character of the IRMPD band observed at 1641 cm™. Interestingly, one may
notice that the shape of the strong IRMPD band centered 1625 cm™, i.e. the observation of the
shoulder on the red-side of the band, could even be explained considering the relative
calculated intensities of the infrared absorption bands at 1622 and 1645 cm™ of the enol
isomer C1_hc. On the contrary, the oxo C1_hb tautomer has only one strongly infrared active
mode in this energy range (at 1639 cm™, see Table 1). The selective formation of this oxo
isomer should give rise to a narrow IRMPD band around 1600 cm™.

On the basis of the above discussion, it is likely that both C1_hc and C1_hb tautomers are
simultaneously present under our experimental conditions. Considering the multiple photon
character of the IRMPD process, the relative IRMPD band intensities should be taken with
caution. Nevertheless, as mentioned above, it is interesting to note that the calculated infrared
cross section of the C1_hb isomer at 1800 cm™ is almost as large as at 1600 cm™. As a result,
if the C1_hb oxo isomer would be selectively formed, one would have expected a stronger

IRMPD signal at 1804 cm™, i.e. of the same order of magnitude as the one observed at ~1600
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cm™. The shape of the IRMPD spectrum could therefore result from the superposition of a
minor contribution of the oxo isomer (C1_hb) and a major contribution of the lowest energy
structure, an enolic isomer (C1_hc). A dominant enolic form is consistent with the calculated
relative energies of these two competing structures. The formation of the enolic C1_hc
tautomer of protonated cytosine was also proposed recently, based on the measured enthalpy
and entropy associated to the cluster formation between protonated cytosine and ammonia.[8l

An assignment of the IRMPD band can be made on the basis of the analysis of the infrared
active modes of C1_hb and C1_hc given in Table 1. Overall, there is a quite good agreement
between the IRMPD spectrum (Figure 2c) and the calculated IR absorption spectrum of
C1 hc (Figure 2b) which we assume to be the most abundant species in the ion trap. The
strongest IRMPD band centered at 1625 cm™ could be assigned to the contribution of three IR
active modes of the lowest energy C1_hc isomer. The calculated infrared absorption spectrum
of this structure displays two strongly active IR modes corresponding to the C2-O7 stretch
(1584 cm™) and a coupling of the C5-C6 and C2-N3 stretches (1645 cm™), but also a
relatively strong absorption feature at 1622 cm™ associated to the NH: scissoring. As said
above, it is likely that the fragmentation of the oxo C1_hb isomer, which has a strongly
infrared active band at 1639 cm™ (see Table 1), also contributes to the large and broad
IRMPD band centered at 1625 cm™. Similarly, the two small IRMPD bands observed at 1200
and 1502 cm™* nicely match with the IR absorption bands of the lowest energy C1_hc isomer,
but it is likely that on resonance infrared multiple photon absorption could occur with the oxo

C1_hb isomer, which has two strong absorption bands at 1204 and 1515 cm™ (Table 1).

3.4 IR spectra of protonated uracil and thymine

The computed IR spectra of the two most stable forms of protonated uracil and

thymine, are presented in Figure 3 and 4, respectively, while the position and intensity
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(km/mol) of the main bands are summarized in Table 2 and 3. As expected, the IRMPD
spectra of protonated uracil and thymine share several common features (Figures 3c and 4c).
The only difference between the two spectra is due to the presence of the methyl group of
thymine characterized by an IR absorption at ~1400 cm, which probably explains why the
IRMPD signal at ~1400 cm™ is enhanced in thymine as compared to uracil. The two IRMPD
spectra are dominated by a strong IRMPD band at ~1600 cm™, a broad signal between 1150
and 1250 cm™, and a small feature around 1300-1320 cm™.

Overall, for both uracil and thymine protonated systems, there is a quite good
agreement between the IRMPD spectrum and the calculated infrared absorption spectrum of
the lowest energy isomer (see Figures 3-4), and the analysis of the 1300-1700 cm™ energy
region provides evidence that the enol tautomer contributes mostly to the IRMPD spectrum.
The first evidence is associated to the IRMPD signal in the 1300-1350 cm™ range. This is
particularly true for protonated thymine, the IRMPD band at 1368 cm™ being in very good
agreement with the infrared active band at 1355 cm™ of the enol isomer T2_ha. In the case of
protonated uracil, the IRMPD band at 1316 cm™ can be also considered as a signature of the
enol form U2_ha, whose IR absorption spectrum displays a strong IR band at 1349 cm™. For
both ions, the IRMPD band observed in the 1300-1350 cm™ can be assigned to a § CNH
mode of the enolic form. On the contrary, the higher energy oxo tautomer of protonated uracil
or thymine does not display any significant infrared band between 1300 and 1350 cm'™.

The shape of the IRMPD spectra between 1400 and 1650 cm™ is also in good agreement with
the infrared cross section of the corresponding enol isomers, assuming that each calculated IR
band has a lorentzian profile (fwhm=20 cm™). In the case of protonated uracil, the IRMPD
band at 1469 cm™ is observed slightly red-shifted from the calculated position (1487 cm™) of
the v-C4-08 stretch of U2_ha. The IRMPD band centered at 1589 cm™ is in good agreement

with the sum of the contributions of two strongly infrared active modes of U2_ha calculated
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at 1602 and 1630 cm™, and corresponding to the coupling of vcc with vco and ven,
respectively (Table 2). It is interesting to note that the IRMPD bandwidth (fwhm=45 cm™)
clearly suggests that the IRMPD band at 1589 cm is the result of the absorption through two
closely spaced IR active modes, as it is the case for the calculated IR absorption spectrum of
U2_ha. On the other hand, our calculations suggest that the oxo isomer U1_hd has two well
separated strongly IR active bands (1558 and 1606 cm™, see Table 2). Furthermore, the
infrared cross section of the oxo form U1 _hd is quite significant and does not vanish between
1400 and 1650 cm™, and our calculations even predict that U1_hd has a strong IR band at
1558 cm™ associated with the v-C4-C5 (Table 2), whereas the IRMPD signal vanishes at
about this photon energy (Figure 3).

The 1400-1650 cm™ region of the IRMPD spectrum of protonated thymine is also in
good agreement with the infrared cross section of the enolic form T2_ha (Figure 4), which
displays two absorption bands in this region. On the contrary, the oxo form T1_hd has a
strong absorption band at 1538 cm™, whereas no IRMPD signal is detected at this photon
energy. The observation of a signal at 1474 cm™ can be considered as characteristic of the
T2_ha structure. This band may indeed correspond to the IR absorption band calculated at
1472 cm?, which is associated to a normal mode resulting from the coupling of the v-C4-08
and of the 8-CHs bending vibrations. The strongest IRMPD signal is observed on resonance
with the maximum of the calculated infrared cross section of T2 _ha. Two strongly infrared
active bands contribute to the infrared cross section: the IR absorption bands at 1599 and 1628
cm correspond to the coupling of vce with veo and ven respectively (Table 3).

The broad IRMPD feature observed in the 1100-1250 cm region for both protonated
uracil and thymine also reproduces the shape of the infrared cross-section of the enolic form.
In both cases, the analysis of the normal modes reveals that they result from the coupling of

dcoH, dcon and dcnH local modes.
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Finally, as in the case of protonated cytosine, an IRMPD signal is observed at ~1800 cm for
both protonated uracil and thymine. This band may suggest that the oxo tautomer (U1_hd and
T1 hd for uracil and thymine, respectively) are also present under our experimental
conditions. Note that the calculated infrared intensity associated to the CO stretch at ~1800
cm? is very large for these structures. Consequently, even if rigorous quantitation cannot be
made, one may deduce from our experiments that the enol forms U2_ha and T2_ha, which
are predicted to be the lowest energy structure for both protonated uracil and thymine, are the

most abundant species formed under our experimental conditions.

3.5 Discussion

Our results suggest that under our experimental conditions, protonated cytosine, uracil and
thymine exist as a mixture of two different structures: an oxo form that should be present as a
minor fraction, and a dominant species corresponding to an enol form and predicted to be the
lowest energy structure. These findings deserve a discussion since the enol forms cannot
always arise from a direct protonation of the most stable tautomer of the bases.

In the case of protonated uracil and thymine, IRMPD data strongly suggest that the lowest
energy enol tautomer is the most abundant species formed under our experimental conditions.
This is in contrast with gas phase studies related to the determination of the proton affinity of
these two nucleobases. It has indeed been shown that, for example, the measured proton
affinity of uracil should correspond to the protonation of the most stable tautomer (Ul),
leading to the formation of U1_hd.’l Whereas the enol form U2_ha is more stable, the
calculated proton affinity associated with this tautomer would be too high as compared to the
experimental value.[”1 Most importantly, it should be recalled that neutral uracil and thymine
only present one low energy lying isomer (U1 and T1 respectively) in both condensed and gas

phase, and that the enolic form (U2_ha and T2 ha, respectively) could not be generated
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directly under single collision conditions through a proton transfer from a protonating agent to
this tautomer. Note that data about protonated forms of uracil and thymine in solution are
rather scarce. However, several reports seem to conclude that protonation of the three
pyrimidic bases in solution should occur preferentially at N3 (scheme 1), [1921%] |eading in the
particular case of U and T to the forms called U1_hf and T1_hf (see supporting information).
Though minima in the gas phase, these forms are quite unstable and are not observed
experimentally, their IR spectra (two strong absorptions at 1827 and 1867 cm™, vc=0) being
radically different from the experimental spectrum.

Consequently, tautomerization of either neutral or protonated uracil and thymine must be
envisaged in order to account for the formation of enol tautomer of the protonated species.
Tautomerization of the isolated neutral species is energy demanding. For instance, the Ul —
U2 tautomerisation presents an activation barrier located 168.4 kJ.mol? above UL.
Nevertheless, this process could probably be significantly facilitated by protic solvent
molecule(s). The most stable structure of uracil-water cluster corresponds to a structure where
the water molecule forms a bridge between 04 and N3(H) of U1. [*1 441 This configuration is
favourable for a potential water-catalyzed double proton transfer between Ul and U2. The
corresponding transition state is hexahydric, water acting as a bridge. The formation of this
six-membered ring lowers the activation energy considerably (-101.3 kJ.mol). Furthermore,
Hu et al have shown that adding a second molecule of water in the N3-O4 region further
decreases the activation barrier for tautomerization.*4 It is thus conceivable that water solvent
molecules in solution or within the electrospray droplets may assist in the tautomerizing of
U1/U2 prior to protonation.

Tautomerization of protonated species may also be envisaged. Gas-phase Ul_hd—U2_ha
interconversion has been studied. This reaction can be viewed as a two-step process (see

section 3S of the supporting information). The rate-limiting step (the 1,3 proton transfer) is
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associated with an activation barrier of 169 kJ.mol™. At thermal energies, such a process is
precluded. The same result is found for protonated thymine (see section 5S of the supporting
information). So, the two protonated forms are present in the gas phase prior to the IRMPD
event and U2_ha (T2_ha) cannot be formed from U1_hd (T1_hd) via this pathway. Similar
results were recently obtained by Wu and McMahon. On the other hand, these authors showed
that tautomerization of protonated uracil and thymine can be significantly favoured by a protic
solvent. Wu and McMahon indeed studied the energetics associated to the cluster formation
between ammonia and protonated nucleic acid bases, including cytosine, uracil, and thymine.
High pressure mass spectrometry was used, and the measured enthalpy and entropy were
compared to the ones obtained at the MP2(full)/6-311++G(2d,2p)//B3LYP/6-31+G(d,p) level
of theory. In the case of thymine, for example, the best agreement between experimental and
theoretical results was obtained when considering that the dominant species participating to
the equilibrium are NHs and T2_ha, leading to the lowest energy structure of the cluster
where a hydrogen bond is formed between an enol group and the nitrogen of ammonia. Since
this interpretation relies on the existence of the enol tautomer T2 _ha of thymine in the gas
phase, Wu and McMahon investigated the T1 _hd—T2_ha tautomerization reaction. While
the calculated energy barrier at their highest level of theory is quite high (170 kJ/mol), as
found in the present study (171 kJ/mol), for the isolated protonated thymine, Hu and
McMahon showed that this tautomerization becomes facile at thermal energies through a
bimolecular association with a protic molecule such as ammonia.[®®! Ammonia then acts as a
proton carrier, resulting in a transition state associated with the 1,3 proton shift lying much
lower in energy than the reactants and products. Consequently, one can reasonably assume
that in a protic solvent such as water, solvent molecules may also assist in a similar fashion
both T1_hd—T2_ha and Ul_hd—U2_ha interconversions during their transfer in the gas-

phase by electrospray like in the present experimental conditions.
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Concerning cytosine, both the lowest energy enol tautomer C1_hc and the slightly
higher energy oxo one C1_hb can be generated by gas-phase protonation of the canonical
form C1. C1_hc may also arise from hydroxo tautomers as both experimental®* & 20and
theoreticall30 31 34 39 43,53, 58] gty djes suggest that cytosine might exist in the gas phase as a
mixture of C1, and the two enol-amino tautomers C2 and C3. Accordingly, C1_hc could be
generated directly from C2 by protonation at N1 (the most basic site of C2). Protonation of
C3 directly leads to C1_hd and a subsequent 180° rotation of the OH group is required to
generate C1_hc. Such rotation may occur quite easily, because it is associated with a very
small activation barrier: at our highest level of calculation, the corresponding transition state
lies 10.2 kJ/mol above C1_hd (see sections 6S and 7S of the supporting information). On the
other hand, the isomerization barrier between the two lowest energy of protonated cytosine is
very high. The transition state associated to the C1_hb — C1_hc isomerization through a 1,3
proton shift has an activation barrier of 159 kJ.mol™. This strongly suggests that the two
protonated forms which are shown to coexist in the ion trap under our experimental
conditions, do not interconvert in the gas phase.

It is also likely that tautomer C1 may be protonated in solution. As a matter of fact, several
experimental and theoretical reports have indeed indicated that C1 is the preferred tautomer in
solution.[® % 39 531 and that protonation occurs at N3 site [102 104 1051 '\wjth a pK value of
4.711%1 not far from the pH of our solution (5). Consequently, protonation in solution would
lead to the C1_hb form and therefore tautomerization has to take place to account for the
major structure observed experimentally (C1_hc). Like for uracil and thymine, isomerization
of the protonated form C1_hb, assisted by a protic solvent molecules, may also be envisaged.
Isomerization in solution might also precede protonation and involve the various neutral
forms. Gorb et al.*®! found that the height of proton-transfer barrier associated with the C1 —

C3 isomerization for monohydrated cytosine complexes (58.2 kJ.mol™; water-catalysed
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double proton transfer process between N1 and O7 sites), is approximately three times lower

than for isolated systems. Our calculations lead to the same conclusion.

Conclusion

The structure of gaseous protonated uracil, thymine and cytosine was probed using
mid-infrared multiple photon dissociation (IRMPD) spectroscopy. Overall, for the three
protonated species, there is a good agreement between experimental IRMPD spectrum
recorded between 1000 and 2000 cm™ and the calculated infrared absorption spectrum of the
lowest energy lying tautomer (enol form). A fraction of the second most stable form (oxo
tautomer) is also evidenced by the presence of a IRMPD signal at ~1800 cm™. Nevertheless,
this signal is small. Furthermore, in the case of protonated thymine and uracil in particular, no
IRMPD signal was observed on resonance with other infrared active modes of the oxo isomer.
We thus conclude that the most abundant tautomer generated under our experimental
conditions corresponds to the enol structure, which has long been recognized as the lowest
energy tautomer.[% 57 %81 |n order to account for our spectroscopic observation of the enol
isomers as most abundant species, it is proposed that tautomerization of either neutral or
protonated nucleobases should be relatively facile in a protic solvent, prior to or during their

transfer into the gas phase by the electrospray process.
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Table and Figure caption

Table 1: Measured (left column) and calculated vibrational spectra for protonated cytosine.

Normalized intensities of the experimental signal are given in parenthesis.

Table 2: Measured (left column) and calculated vibrational spectra for protonated uracil.

Normalized intensities of the experimental signal are given in parenthesis.

Table 3 : Measured (left column) and calculated vibrational spectra for protonated thymine.

Normalized intensities of the experimental signal are given in parenthesis.

Figure 1: Structure and B3LYP/6-311++G(3df,2P)//B3LYP/6-31+G(d,p)+ZPE relative
energies (kJ/mol) of the lowest energy structures obtained of protonated uracil and cytosine.
See section 2S of the supporting information for a complete survey of the various structures

considered.

Figure 2: IR spectrum of protonated cytosine. DFT calculated IR absorption spectrum of the
two lowest isomers C1 hb (a) and C1 _hc (b) compared to the experimental IRMPD

spectrum (c) recorded with two IR-FEL macropulses with our quadrupole ion trap device.

Figure 3: IR spectrum of protonated uracil. DFT calculated IR absorption spectrum of the

two lowest isomers Ul hd (a) and U2 _ha (b) compared to the experimental IRMPD

spectrum (c) recorded with two IR-FEL macropulses with our quadrupole ion trap device.
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Figure 4: IR spectrum of protonated thymine. DFT calculated IR absorption spectrum of the
two lowest isomers T1 hd (a) and T2 ha (b) compared to the experimental IRMPD

spectrum (c) recorded with two IR-FEL macropulses with our quadrupole ion trap device.

Table 1 : Measured (left column) and calculated vibrational spectra for protonated cytosine.

Normalized intensities of the experimental signal are given in parenthesis.

Wavenumber Calculated intensities (km.mol™?) Vibrational mode
Experimental Calculated 2 C1l hb C1l hc
1173 223 Combined
1200 (0.15) & CNH/& COH/& CCH modes
1204 91 Combined 8 COH/6 CCH
modes
1487 125 v C4-N8
1502 (0.10) 1500 40 Combined 5 CNH/3 COH/
v N3-C4 modes
1515 150 8 CNH + v N3-C4
1584 482 v C2-07
1605 (0.71)
1603 62 d NH2 sc
1622 135 d NH2 sc
1641 (1.00) 1639 787 v C4-N8
1645 738 v C5-C6 + v C2-N3
1804 (0.03) 1799 679 v C2=07

2 scaled by a 0.96 scaling factor.
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Table 2: Measured (left column) and calculated vibrational spectra for protonated uracil.

Normalized intensities of the experimental signal are given in parenthesis.

Wavenumber

Experimental

1138 (0.29)

1174 (0.13)

1316 (0.03)

1469 (0.23)

1589 (1.00)

1800 (0.03)

2 scaled by a 0.96 scaling factor.

Calculated 2

1125
1133
1142
1169
1204
1208
1311
1349
1444
1487
1558
1602
1606
1630
1810

Calculated intensities (km/mol)

U1_hd
01

49

145

20

123

349

415

684

-29.

U2 ha

107

262

87

66

290

519

442

Vibrational mode

8 COH or combined
8 COH/3 CCH modes

Combined
5 CNH/3 COH/56 CCH
modes

S CNH

d CNH
v C4-08
v C4-C5
v C2-02+ v C4-C5
v C5-C6 + v N3-C4
v C5-C6+ v C2-N3
v C2=07



Table 3 : Measured (left column) and calculated vibrational spectra for protonated thymine.

Normalized intensities of the experimental signal are given in parenthesis.

Wavenumber Calculated intensities (km.mol™) Vibrational mode
Experimental  Calculated 2 T1 hd T2 ha

1146 (0.15) 1103 129 & COH or combined
1121 66 8 COH/3 CCH modes
1166 231 Combined

1200 (0.33) 1187 205 d CNH/5 COH/8 CCH
1200 146 modes

1368 (0.10) 1355 57 & CNH
1431 58

1474 (0.23) 1439 39 6 CNH+ 5 CHs
1472 265 v C4-08 + 6 CHs
1599 485 v C2-07+ v C4-C5

1608 (1.00) 1615 190 v N3-C4+ v C5-C6
1628 330 v C5-C6+ v C2-N3

1800 (0.03) 1810 778 v C2=07

& scaled by a 0.96 scaling factor.
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1S. Total energy and ZPE (Hartree) of the various structures considered during this
study.

1.1 Protonated uracil

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E
Ul _ha -415.1676026 0.098782 -415.298051
Ul_hb -415.1698803 0.098913 -415.300077
Ul_hc -415.180879 0.099553 -415.310926
Ul_hd -415.1856461 0.099869 -415.315381
Ul _he -415.1534214 0.097965 -415.282048
Ul hf -415.137452 0.098456 -415.266561
Ul hg -415.130022 0.099066 -415.259156
U2_ha -415.1878332 0.100034 -415.317153
U2_hb -415.174425 0.099406 -415.305134
U2 _hc Equivalent to U1_hc
U2_hd -415.102894 0.097168 -415.232274
U3_ha -415.175654 0.099502 -415.304853
U3_hb -415.168528 0.098993 -415.298266
U3_hc -415.083760 0.096487 -415.213009
U3_hd Equivalentto U1_ha
U3_he -415.111224 0.097452 -415.240043
U3_hf -415.147982 0.097680 -415.276173
U4 _ha Equivalent to U3_hb
U4_hb Equivalent to U2_hb
U4_hc -415.102903 0.097402 -415.231636
U4 hd -415.102903 0.097658 -415.242841
U4 _he -415.114400 0.097993 -415.267720
TS1 -415.1183978 0.094698 -415.2475029
TS2 -415.1696071 0.098326 -415.2997245
TS3 -415.1618886 0.097872 -415.2918194
TS4 -415.1070548 0.093925 -415.2371398
TS5 -415.115812 0.094359 -415.2449748
TS6 -415.1716658 0.098211 -415.3011968
TS6 -415.1127285 0.094457 -415.2415937
TS8 -415.1630407 0.097915 -415.2907638




1.2 Neutral uracil

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E
Ul -414.847479 0.086922 -414.975752
u2 -414.828468 0.086626 -414.957068
U3 -414.829803 0.086629 -414.957617
u4 -414.827109 0.086782 -414.954911
TS9 -414.777385 0.081690 -414.905236
TS10 -414.775617 0.081547 -414.902985
TS11 -414.768543 0.081660 -414.895925
TS12 -414.768355 0.081670 -414.895494

1.3 monohydrated uracil

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E
Ul_h2o -491.296524 0.111672 -491.452255
U2_h2o -491.282628 0.111738 -491.438125
TS13 -491.267306 0.105934 -491.420955




1.4 Protonated thymine

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E

T1 ha -454.496792 0.126436 -454.636349
T1 hb -454.498749 0.126546 -454.638071
T1 hc -454.506763 0.127225 -454.645619
T1 hd -454.511056 0.127391 -454.649923
T1 he -454.476695 0.126516 -454.614524
T1_hf -454.463940 0.126264 -454.602097
T1 hg -454.461119 0.126858 -454.,599439
T2 ha -454.,515515 0.127741 -454.653699
T2_hb -454.502401 0.127100 -454.641987
T2 hc Equivalentto T1 hc

T2_hd -454.427638 0.124710 -454,565957
T3_ha -454.501950 0.126969 -454.640278
T3_hb -454.495491 0.126603 -454.634022
T3_hc -454.412626 0.124166 -454,550981
T3 hd Equivalentto T1 ha

T3_he -454.438450 0.125311 -454,576281
T3_hf -454.470279 0.126122 -454.607666
T4 ha Equivalent to T3 _hb

U4 _hb Equivalentto T2_hb

T4 _hc -454.428956 0.124864 -454,566587
T4 _hd -454.441682 0.125277 -454.579062
T4 _he -454.461171 0.126501 -454,598784
TS14 -454.444527 0.121905 -454,582737
TS15 -454.498065 0.125993 -454.637066
TS16 -454.491586 0.125550 -454.630641
TS17 -454.436073 0.121473 -454,575174
TS18 -454.445246 0.122373 -454,583225
TS19 -454.497412 0.125791 -454.635829
TS20 -454.438156 0.121907 -454,576167
TS21 -454.490023 0.125411 -454.6281074

1.5 Neutral thymine

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E
Tl -454.170374 0.114616 -454.307645
T2 -454.150049 0.114357 -454.287409
T3 -454.152990 0.114281 -454.289790
T4 -454.149196 0.114377 -454.285768




1.6 Protonated cytosine

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E

Cl_ha -395.287746 0.112310 -395.405881
Cl hb -395.339281 0.112463 -395.458804
Cl_hc -395.339819 0.112562 -395.459013
Cl hd -395.325900 0.111839 -395.446570
Cl he -395.288267 0.109912 -395.407787
C2_ha -395.264113 0.110016 -395.382514
C2_hb -395.285362 0.112221 -395.403444
C2_hc -395.292919 0.110772 -395.411275
C3 ha Equivalent to C2_ha

C3_hb -395.289980 0.112416 -395.407650
C3_hc -395.293860 0.110784 -395.412333
C4_ha -395.308413 0.110851 -395.429252
C4_hb -395.325774 0.111876 -395.444912
C4_hc -395.291200 0.110411 -395.410186
C4_hd -395.250984 0.111243 -395.370180
C5_ha -395.254859 0.111529 -395.374284
C5_hb -395.255336 0.110820 -395.375035
C5_hc -395.274711 0.110219 -395.312125
C5_hd -395.285601 0.110762 -395.406706
C5_he -295.385178 0.110739 -395.406321
C6_ha -395.257782 0.111649 -395.377228
C6_hb -395.264265 0.111528 -395.383054
C6_hc -395.175475 0.110344 -395.394593
C6_hd -395.293176 0.111295 -395.413639
C6_he -395.290965 0.111096 -395.411713
TS22 -395.321623 0.110818 -395.441663
TS23 -395.274535 0.107383 -395.393317
TS24 -395.264168 0.1068547 -395.382918
TS25 -395.305826 0.110077 -395.426075




1.7 Neutral cytosine

Cytosine neutre

C1 -394.963361 0.098164 -395.082423
Cc2 -394.961436 0.098545 -395.079615
C3 -394.962707 0.098572 -395.080823
C4 -394.952209 0.098030 -395.071194
C5 -394.957454 0.098906 -395.076688
C6 -394.960405 0.099117 -395.079563
TS26 -394.905156 0.093039 -395.022908
TS27 -394.947159 0.096967 -395.065472
TS28 -394.899773 0.093116 -395.017536
TS29 -394.894679 0.093102 -395.013308
TS30 -394.921926 0.095998 -395.041171

1.8 Monohydrated cytosine

Structure B3LYP/6-31++G(d,p) B3LYP//6-311++G(3df,2p)
E ZPE E
C1_h2o -471.416972 0.123288 -471.563244
C3_h2o -471.413768 0.123680 -471.559373
TS31 -471.394801 0.117434 -471.538718




2S. Structure and relative energies (kJ/mol) at the B3LYP/6-311++G(3df,2p)//B3LYP/631++G(d,p) +ZPE level of the various structures envisaged

2.1 uracil
E;JI 0/ o w
Ul ha 46.9 Ul hb 419 Ul hc 151 Ul hd 42 Ul he 867 Ul hf 1287 Ul hg 149.7
g ;I I I J %L*[j
U2 ha 0 U2 hb 299 Ud hd 215.3 U3 ha 30.9 U3 hb 46.9 U3 hc 264.1

AR

U3_he 1957 U3 _hf 101.4 U4 hc 217.6 U4 _hd 188.9 U4 _he 1244

U2 483

" U3 468

U4 544



2.2 Thymine

(&)

Tl ha 421 Tl hb 379 Tl hc 19.9 Ti hd 9.0

T2 ha O T2_hb 291 T2_hd 2224 T3_ha

.

T3 he 196.9 T3 hf 116.6 T4 _hc 221.2 T4_hd

Tl he 99.6

T3 hb 487

T2 52.4

T3 46.0

T4 568



2.3 Cytosine

Cl ha 138.8

C2_hb 1450

C4 hc 1225

C5_he 133.6

Clhb 03

C4 hd 229.8

Clhc 0 Cl hd 308 Cl he 1275

C3_hb 1345 Cc3_hc 117.9 C4_ha 736

C5_ha 2197 C5_hb 215.9 C5_hc 3795

C6_hb 1967 C6_hc 163.3 C6_hd 1158

C2_ha 194.2

C4_hb 35.2

C5_hd 132.6

C6_he 120.3



3S. B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) +ZPE potential energy surface associated with the gas-phase tautomerization of
protonated uracil (relative energies are given in kJ/mol)

10



4S. B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) +ZPE potential energy surface associated with the tautomerization of gaseous or
monohydrated uracil (values in kJ/mol)
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+37.2

monohydrated uracil

TS11
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5S. B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) +ZPE potential energy surface associated with the gas-phase tautomerization of
protonated thymine (relative energies are given in kJ/mol)
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6S. B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) +ZPE potential energy surface associated with the gas-phase tautomerization of
protonated cytosine (relative energies are given in kJ/mol)
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7S. B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p) +ZPE potential energy surface associated with the gas-phase tautomerization of
gaseous or monohydrated cytosine (relative energies are given in kJ/mol)

.
TS31

C3_H,O
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TS27 N | N~
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8S. B3LYP/6-31++G(d,p) vibrational spectrum of several protonated forms of uracil
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9S. B3LYP/6-31++G(d,p) vibrational spectrum of the most stable protonated forms of cytosine
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Computed spectra are scaled by a factor of 0.96
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