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All Five Forms of Cytosine Revealed in the Gas Phase**
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The determination of preferred tautomers of nucleobases has
been of interest since the structure of nucleic acid and its base
pairs was first reported.!) Molecular-level understanding of
their structure can provide important insight into the relation-
ship that exists between the presence of tautomeric forms and
spontaneous mutation in DNA.”) The best experimental
approach to address the structural preferences of nucleobases
is to place them under isolation conditions in the gas phase,
cooled in a supersonic expansion. Under these conditions, the
various tautomers/conformers can coexist and are not
affected by the bulk effects of their native environments,
which normally mask their intrinsic molecular properties.®!
The main restriction to the gas-phase study of these building
blocks is the difficulty in their vaporization owing to their high
melting points (ranging from 316 °C for guanine to 365 °C for
adenine) and associated low vapor pressures. We have shown
previously that the use of molecular beam Fourier transform
microwave (MB-FTMW) spectroscopy in conjunction with
laser ablation (LA) enables these vaporization problems to be
overcome and renders the study of the rotational spectra of
coded amino acids accessible.*! The success of these LA-MB-
FTMW experiments prompted their application to nucleic
acids, and our initial studies on uracil® and thymine! enabled
the determination of the structures of their diketo forms
present in the gas phase. A subsequent study of guanine led us
to unequivocally identify the four most stable tautomers in
the gas phase.”” The molecular system of cytosine (CY) is
even more complex than that of guanine. Figure 1a shows the
five most stable species, in order of stability according to
theoretical calculations:®®! enol-amino trans (EAf), enol-
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amino cis (EAc), keto—amino (KA), keto—imino trans (KI¥),
keto—imino cis (Klc).

In 1988, Szczesniak et al.”’! observed the infrared spectra
of CY isolated in inert Ar and N, matrices and showed that
isolated cytosine exists under these conditions as a mixture of
the KA and EA forms (they did not distinguish between EA¢
and EAc). Brown et al.'¥ reported the free-jet millimeter-
wave absorption spectra of three species, which were tenta-
tively assigned as the KA, EA¢, and KI forms. The identifi-
cation was based on the values of the rotational constants
alone. In contrast, Dong and Miller!"! used infrared laser
spectroscopy in helium nanodroplets to characterize EAf,
EAc, and KA species. Nir et al.'? attributed two features
observed in the vibronic spectra to the KA and EA forms. The
electron diffraction pattern™ was interpreted in terms of
a conformation mixture dominated by the EA forms. X-ray
photoemission spectra provide spectral signatures of oxo and
hydroxy populations."¥ In recent experiments in an Ar
matrix,™ photoisomerization processes induced by narrow-
band tunable near-infrared™ and UV light were inter-
preted in terms of the existence of various tautomers of CY.
No conclusive experimental evidence for the coexistence of
the five predicted forms has yet been reported.

We took advantage of the capabilities of LA-MB-FTMW
spectroscopy to investigate the rotational spectra of cytosine
in the solvent-free environment of a supersonic expansion. In
this technique, the solid samples are vaporized by laser
ablation, and the molecules are seeded in a supersonic
expansion, in which CY is ideally frozen and the most stable
forms trapped in their energy minima. The rotational
spectrum of each of these molecular forms can be analyzed
separately by Fourier transform microwave spectroscopy.
Figure 1b shows details of the five 1,,-0,, transitions
corresponding to five different rotamers of CY observed in
the 5100-5300 MHz frequency range. Each rotational tran-
sition shows a very complex hyperfine structure composed of
tens of quadrupole component lines owing to the presence of
three "N nuclei. This hyperfine structure arises from the
coupling of the "N nuclear-spin angular momenta (/=1) to
the overall rotational angular momentum through the inter-
action of the quadrupole moment of each "N nucleus with the
electric-field gradient created at the site of this nucleus by the
rest of the molecular charges. Analysis of this hyperfine
structure yields the nuclear quadrupole coupling constants y
(a,f=a, b, ¢)' which are extremely sensitive to the
electronic distribution around the quadrupolar nuclei “Nj,
N, and "N (see Figure 1a for nitrogen-atom labeling) and
can be used as a valuable tool for the unambiguous
identification of tautomers of CY.
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Figure 1. a) The five most stable species of cytosine: enol-amino trans (EAt), enol-amino cis (EAc), keto—amino (

), keto—imino trans (KIt),

keto—lmmo cis (Klc). These molecular forms are give in order of stability according to MP2/6- 3'I'I + +G(d,p) ab mltlo calculations. b) LA MB-
FTMW spectra for the 1,,-0,, rotational transition of the five species. c) Theoretical simulation of the nuclear quadrupole hyperfine structure for
the 1,,-0,, rotational transition. The considerable differences among the various patterns act as fingerprints for tautomeric/conformational

assignment.

We faced the challenge of analyzing the spectra and their
complex hyperfine structures by carrying out geometry
optimization"”! of the five predicted species to estimate the
rotational and quadrupole coupling constants (see Table S1 of
the Supporting Information). On this basis, we first identified
structures for the 1,,-0,, transition of each species and later
extended this assignment to other u, and u,-type transitions.
All measured hyperfine components (listed in Tables S2-S6
of the Supporting Information) were fitted'® by the use of
a rigid-rotor Hamiltonian supplemented with a term to
account for the nuclear-quadrupole-coupling contribution.
To our knowledge, the quadrupole hyperfine structure of
a spectrum has not been interpreted previously for three N
nuclei located in non-equivalent positions.

The comparison of experimental and predicted spectro-
scopic constants (Table 1 and Table S1 of the Supporting
Information) led to conclusive identification of the detected
rotamers (see also the good match between the experimental
and theoretical nuclear-quadrupole-coupling patterns in Fig-
ure 1b,c). Species EAt and EAc have very similar values for
the three N nuclei, since the two conformers differ only in
the orientation of the hydroxy group. In these conformers, the
positive values of y. for N, and '“N;, in the range from 1.0 to
1.8 MHz, indicate that these atoms are pyridinic nitrogen
atoms, whereas the negative values for N, close to those
observed for aniline"™ or p-toluidine,"™ indicate that this
atom is an amino nitrogen atom. It is possible to discriminate
conclusively between the two species on the basis of the trend
in the change in the rotational constants. When passing from
the EAtr conformer to EAc, the predicted/experimental
changes AA=-58.0/—62.39 MHz, AB=15.6/17.36 MHz,
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and AC=0.1/0.39 MHz are in excellent agreement. In going
to tautomer KA, the y,, (g=a, b, c) values associated with
atoms N, and "N do not change very much; however, those
for atom '“N, change radically, in particular the ¥, constant,
which has a negative value in the range from —3.1 to
—3.9MHz, similar to those observed for imino nitrogen
atoms,” including those of uracil® and thymine.” In passing
to conformers KI, the quadrupole coupling constants asso-
ciated with atom N; change, and the corresponding value of
X Teveals that it is now an imino N atom. Finally, the y.
values of "Ny in KIr and Kl are “chemically” different from
all other y.. values. We do not have reference experimental
values in this case. However, "N, with values of 1.35 and
1.15MHz, respectively, can be considered to have an
electronic structure similar to that of a pyrimidine nitrogen
atom (C=N—C group), as in the case of '“N; and "N, of EA¢
and EAc and "N, of KA, but as part of a C=N—H group. It can
be seen from Table 1 that although the rotational constants
are very similar to each other for the various species, the full
sets of quadrupole coupling constants act as fingerprints for
the identification of tautomers.

We measured the relative intensity®! of the correspond-
ing quadrupole component lines of the observed species with
the exception of Klc, for which the intensity of the spectrum
was too weak. By using the theoretical values in Table S1 (see
the Supporting Information) for the dipole-moment compo-
nents, we obtained the following relative Gibbs energies: 0,
165, 40, and 290cm™' for the EAf, EAc, KA, and KIy,
respectively. The EA forms were found to be more abundant
in the gas phase than the canonical KA form. Interestingly,
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Table 1: Spectroscopic constants for the observed tautomers and conformers of cytosine.?!

KA Kit Kle

EAt EAc
A [MHz] 3951.85325(32) 3889.46510(38)
B [MHz] 2008.95802(12) 2026.31804(12)
C[MHz] 1332.47228(08) 1332.86951(10)
N, Yaa [MHZ] —2.6373(13) —2.8007(18)
Zop [MHZ] 1.1672(28) 1.0340(27)
e IMHZ] 1.4701(28) 1.7667(27)
N, Yaa [MHZ] 2.2619(20) 2.2371(23)
Zop [MHZ] —3.6570(22) —3.3890(25)
Lec [MHZ] 1.3951(22) 1.1519(25)
Ng Yaa [MHZ] 2.2167(17) 2.2237(17)
2op [MHZ] 1.9511(20) 1.9832(20)
Lee [MHZ] —4.1678(20) —4.2069(20)
A, [uA® —0.1676(3) —0.1767(4)
o [kHZ]“ 1.1 1.4
N 7 74

3871.54618(31) 3848.18174(41) 3861.2966(12)
1

2024.97804(11) 2026.31068(31) 2011.41032(62)
1330.33627(08) 1327.99167(10) 1323.19999(22)
1.6211(19) 1.8518(69) 1.898(23)
1.4772(34) 2.0545(40) 2.104(28)
—3.0983(34) —3.9063(40) —4.002(28)
2.5217(12) 2.1383(33) 2.105(20)

—3.5140(16) 1.6064(42) 1.764(28)
0.9923(16) —3.7448(42) —3.870(28)
2.1802(17) 1.8033(87) ~2.091(15)
1.8429(26) —3.1572(58) 0.940(14)
—4.0231(26) 1.3539(58) 1.151(14)
~0.2212(3) —0.1789(5) —0.2023(13)

11 13 3.9

84 54 45

[a] Errors in parenthesis are expressed in units of the last digit. [b] Ac=I.—I,—1, is the inertial defect. Conversion factor: 505379.1 MHzuA?

[c] Standard deviation of the fit. [d] Number of fitted lines.

the theoretical calculations (see Table S1) did not reproduce
the experimental observations.

The slightly negative values of the inertial defects, A,
between —0.167 and —0.221 uA? (Table 1), show that all five
forms of CY are effectively planar. This value would be zero
for a hypothetical vibrationless planar molecule, but the out-
of-plane torsion (OH group) or bending (C=O bending) or
NH, inversion can give an additional negative contribution. A
comparable value of —0.129 uA? was obtained for the planar
diketo form of uracil.”’

Herein we have reported the observation of five tauto-
meric species of cytosine under isolation conditions in the gas
phase and their unequivocal identification by LA-MB-
FTMW spectroscopy. The values of the inertial defects show
that all species are effectively planar. The superior quality of
this technique for the determination of different conforma-
tional/tautomeric forms of nucleic acid bases has been
discussed previously.”” In the present study of cytosine, we
were able to detect keto—imine forms predicted to be more
than 1200 cm™' (in Gibbs values) above the global minimum.
N nuclear quadrupole patterns make it possible to obtain the
spectral signatures for each individual tautomer in the
complex sample and thus act as a sort of fingerprint. As an
extension of the present study, it would be interesting to
investigate how the observed tautomeric behavior is altered
by the docking of water molecules to cytosine to create
a model environment that would more closely resemble the
biological medium.

Experimental Section

Details of the LA-MB-FTMW technique have been provided else-
where;*?! we therefore give only a brief description of the
spectrometer in this section. The CY molecules were vaporized by
laser ablation by using the second harmonic (512 nm) of a Q-switched
pulsed Nd:YAG laser. The ablation products were diluted in a light
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inert carrier gas expanding supersonically to form a molecular beam
between the mirrors of a Fabry—Pérot resonator and probed there by
Fourier transform microwave spectroscopy. The collinear arrange-
ment of the supersonic jet and the resonator axis causes all lines to be
split in two as a result of the Doppler effect. The molecular frequency
is the arithmetic mean of the Doppler components.
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