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Abstract: Herein we present the first experimental observation
of the isolated nucleoside uridine, placed in the gas phase by
laser ablation and characterized by Fourier transform (FT)
microwave techniques. Free from the bulk effects of their native
environments, anti/C2’-endo-g + conformation has been
revealed as the most stable form of uridine. Intramolecular
hydrogen bonds involving uracil and ribose moieties have been
found to play an important role in the stabilization of the
nucleoside.

Although some studies[1] have addressed the fundamental
question “Why did nature choose the furanose and not the
pyranose form of ribose in RNA?”, the question remains
open. The chemical determinants by which nature selected
furanosyl oligonucleotides have been reported elsewhere,[2]

but base-pairing strengths were not the critical selection
criterion used. In fact, all families of oligonucleotides which
contain pentopyranosyl units as sugar building blocks are
found to be much stronger Watson–Crick base pairing
systems than RNA. Structural arguments based on the
intramolecular interactions between the uracil base and
ribose moieties, which may contribute to stabilize the
furanose versus the pyranose form, could be invoked. One
obstacle to unveiling these intramolecular interactions arises
from the ability of these basic structures to form strong
intermolecular hydrogen bonds with polar solvents, which
normally mask their intrinsic molecular properties. To date,
no experiment has yet shown a nucleotide under isolation
conditions to reveal its intramolecular interactions.

FT microwave spectroscopy is extremely sensitive to
molecular geometry and has been proved to be a definitive
tool in conformational analysis.[3] Coupled with laser ablation
techniques it is being used to remove biological molecules
from the solid state and to interrogate them in the cold,
isolated environment of a supersonic expansion.[4] Using this
powerful strategy, uracil[5] and thymine[6] nitrogen bases have
been found to be in the diketo form (the canonical form),

whereas isolated ribose[7] and 2-deoxyribose[8] have been
unveiled in their pyranose forms, which are not present in
biologically relevant RNA and DNA. The good results
achieved in these studies have boosted the present inves-
tigation of ribonucleoside uridine (C9H12N2O6), in which
ribose and uracil join via a C1’-N1 glycosidic bond (see
Scheme 1). An experiment exploring the conformational

landscape of uridine should represent an exceptional source
of reference data for a comprehensive analysis of the
intramolecular interactions that contribute to stabilizing the
furanose form in RNA.

Uridine (m.p. 165 8C) is a thermally fragile molecule and
cannot be transferred intact into the vapor phase by using
conventional heating methods. In an attempt to provide
rotational signatures of the isolated uridine structures free
from environmental disturbance, we have used a recently
constructed broadband chirped pulse FT microwave (CP-
FTMW) spectrometer equipped with laser ablation vapor-
ization system.[9] In the experimental procedure, finely
powdered uridine was mixed with a small amount of
a commercial binder and pressed into cylindrical rods which
were ablated using the third harmonic (355 nm) of a pico-
second laser. The vaporized products were seeded in neon
and expanded adiabatically into the vacuum chamber of the
spectrometer and then probed by broadband chirped pulsed
microwave spectroscopy. A high power excitation pulse of
300 W was used to polarize the molecules from 6 to 12 GHz.
Up to 120 000 individual free induction decays at a 2 Hz
repetition rate were averaged in the time domain and Fourier
transformed to obtain the broadband frequency domain
spectrum shown in Figure 1 a. Immediately significant photo-
fragmentation effects were revealed in the congested rota-
tional spectrum which appears to be dominated by the lines
belonging to uracil[5] as well as some common decomposition
lines (acetic acid, cyanoacetylene, glyoxylic acid, vinyl

Scheme 1. Atom numbering and chemical structure of the nucleoside
uridine.
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cyanide, glyceraldehyde, and water complexes) found in
previous sugars[10] and nitrogen bases studies.[11] Attempts
addressed to minimize photofragmentation effects by chang-
ing laser ablation conditions resulted unfruitful. Hence,
uridine can only be observed provided its rotational spectrum
can be disentangled from those of other species present in the
supersonic expansion.

We tackled this complex problem by following a system-
atic approach involving several steps. In the first of these, the
lines of the photofragmented species were identified and
removed from the spectrum. The remaining unassigned lines
were then considered and further investigated by performing
further assays. Many of these lines were seen to present a not
well resolved hyperfine structure arising from nuclear quad-
rupole coupling interactions such that they might be attrib-
uted to uridine (see Figure 1 b). Like uracil, uridine possesses
two 14N nuclei (at N1 and N3 of Scheme 1) with a nuclear
quadrupole moment I = 1, which interacts with the electric
field gradient created by the rest of the molecule at the nuclei.
The 14N nuclear quadrupole coupling splits the rotational
energy levels decreasing the overall intensity of each rota-
tional transition and giving rise to a very complex hyperfine
structure.[12] Lines were then classified in groups depending
on whether or not they are present when laser ablation was
turned off, their optimal microwave polarization power and
the existence of nuclear quadrupole hyperfine structure. The

microwave polarization power is correlated with the magni-
tude of the electric dipole moment components. Lines within
each group were exhaustively tested in an attempt to establish
linkages which would identify lines arising from the same
carrier, uridine. In a final stage, this kind of spectral taxonomy
approach allowed us to assign a total of 71 rotational
transitions (see Table S1 of the Supporting Information)
corresponding to a-, b- and c-type R-branch progressions with
the quantum number J ranging from 4 to 17 of a rotameric
species of uridine. A rigid rotor analysis conducted to
a preliminary set of values for the rotational constants (see
Table S2). At this point we took advantage of the higher
resolution of our traditional narrowband LA-MB-FTMW[13]

spectrometer to fully resolve the nuclear quadrupole hyper-
fine structure, as shown in Figure 1c for the 101,9-91,8 rotational
transition. 47 nuclear quadrupole hyperfine components (see
Table S3) belonging to 10 different rotational transitions were
analyzed using a Watson�s A-reduced semirigid rotor Ham-
iltonian in the Ir-representation[14] supplemented with a term
to account for the nuclear quadrupole coupling contribu-
tion.[12] The quadrupole coupling Hamiltonian was set up in
the coupled basis set (I1I2IJF), I1 + I2 = I, I + J = F. The energy
levels involved in each transition are thus labeled with the
quantum numbers J, K�1, K+1, I, and F. The rotational
constants A, B, and C and the diagonal elements of the
nuclear quadrupole coupling tensor (caa, cbb, and ccc) for the

Figure 1. a) Broadband spectrum of uridine in the 6–12 GHz frequency region with some of the photofragmentation lines indicated. b) A section
of the broadband spectrum showing a not resolved 1019-918 transition of uridine. c) The 1019-918 rotational transition of uridine showing its
hyperfine structure completely resolved by LA-MB-FTMW spectrometer.
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two 14N nuclei are accurately determined and summarized in
the first column of Table 1. The simultaneous observation of
uracil and uridine in the spectrum allowed us to optimize the
experimental conditions to minimize photofragmentation.
Despite this fact, new attempts failed when assigning lines
attributable to other species.

The procedure for converting the spectroscopic uridine
data into the corresponding conformational structure begins
with the generation of a set of feasible conformers that may
be possible in theory. Taking into consideration previous
calculations,[15] a conformational search was carried out on all
plausible configurations of uridine. Once a set of candidate
structures were identified by force field and semi-empirical
methods, we then employed higher-level MP2/6-311 ++ G-
(d,p) calculations[16] to geometrically optimize the five differ-
ent structures below 1000 cm�1 and to calculate the corre-
sponding spectroscopic constants (see Table S4). Identifying
the observed species of uridine is based upon the quantitative
match between the experimental rotational constants (see
Table 1) and those ab initio calculated for the aforementioned
conformers (see Table S4 and Figure S1). An initial compar-
ison strongly indicates that the conformation of the uridine
molecule corresponds to that of conformer anti/C2’-endo-g +

(see second column in Table 1), predicted to be the global
minimum, although experimental values are also consistent
with those predicted for syn/C2’-endo-g + , syn/C3’-endo-g +

conformers.
A more straightforward way to distinguish unambiguously

between these three plausible conformers is to take into
account the information extracted from the nuclear quadru-
pole hyperfine structure of rotational transitions. The 14N
nuclei introduce hyperfine rotational probes at defined sites
of uracil and act as a reporter of the chemical environment of
N1 and N3 quadrupolar nuclei. It is therefore a precious tool in
conformational identification since the experimentally deter-
mined diagonal elements of the nuclear quadrupole coupling
tensor (caa, cbb, and ccc) for the 14N1 and 14N3 are sensitive to
the magnitude and direction of the electric field gradient at
the 14N nuclei, the latter relating directly to the relative
orientation of the uracil and ribose rings. The experimental
values are only consistent with those predicted for anti confi-
gurations, and are also in very good agreement with those of
anti/C2’-endo-g + conformation, which is thus conclusively
identified in our experiment. Additionally, the observation of
a-, b- and c-type spectra and the corresponding intensities of
the rotational transitions are in accordance with the predicted
dipole moment components for this conformer.

Computed rotational constants for anti/C2’-endo-g +

conformation listed in the second column of Table 1 shows
maximum deviations from experimental values of about 2%.
Hence, the ab initio structure depicted in Figure 2 (Cartesian

coordinates in Table S5) can be taken as a good description of
the actual structure for the isolated uridine. This prevailing
structure of uridine is stabilized by two cooperative hydrogen
bonds O3’H···O2’H···O2, which form a five- and a seven-
membered ring. The counterclockwise arrangement of the
hydroxy groups at O3’ and O2� favors the interaction with the
O2 oxygen of uracil. Two additional C6H···O5’ and C2’H···O5’
weak hydrogen bonds seem to play an important role in the
overall stabilization of this structure.[17] The preference for
a gauche configuration of the hydroxymethyl group of ribose
allows the aforementioned weak interactions to be estab-
lished.

Table 1: Experimental rotational parameters for the observed species of
uridine compared to those predicted by ab initio calcualtions[a] for the
most stable conformer anti/C2’-endo-g + [h] .

Experimental Calculated

A[b] [MHz] 885.98961 (14)[g] 901.2
B [MHz] 335.59622 (35) 340.6
C [MHz] 270.11210 (20) 276.6
DJ [kHz] 0.0115 (10) –
jma j [c] [D] observed 2.1
jmb j [D] observed 3.7
jmc j [D] observed 0.9
14N(1)
caa

[d] [MHz] 1.540 (42) 1.50
cbb [MHz] 1.456 (72) 1.43
ccc [MHz] �2.996 (72) �2.93
14N(3)
caa [MHz] 1.719 (40) 1.74
cbb [MHz] 1.261 (70) 1.11
ccc [MHz] �2.979 (70) �2.85
s[e] [kHz] 2.7 –
N[f] 47 –

[a] Ab initio calculations (MP2-6-311 + + G(d,p)). [b] A, B, and C are the
rotational constants, and DJ the distortion constant. Conversion factor:
505379.1 MHz u �2. [c] ma, mb, and mc are the electric dipole moment
components. [d] caa, cbb, and ccc are the diagonal elements of the 14N
nuclear quadrupole coupling tensor. [e] Root-mean-square deviation of
the fit. [f ] Number of transitions fitted. [g] Standard error in parentheses
in units of the last digit. [h] Anti (90–2708) refers to the glycosyl torsion
angle c](O4’-C1’-N1-C2), which determines the orientation of the base
with respect to the sugar. C2’-endo describes the sugar puckering, usually
determined by the torsion angle d](O3’-C3’-C4’-C5’). The symbols g+ ,
g-, and t describe the torsion angle g](C3’-C4’-C5’-O5’) of about 608,
�608 or 1808, respectively, which determines the orientation of the O5’
atom with respect to the ribose ring.

Figure 2. The observed anti/C2’-endo-g + conformer of uridine showing
the intramolecular hydrogen bond distances (in �) and values (in
degrees) for the c, d, and g dihedral angles (see footnote in Table 1).

Angewandte
Chemie

2993Angew. Chem. Int. Ed. 2015, 54, 2991 –2994 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


The preference for furanoses in RNA might be due to the
observed intramolecular hydrogen bond networks which
overstabilize this species. Furthermore, the existence of an
exocyclic hydroxymethyl group (at C-5’) in the furanose form,
not present in the pyranose form, allows some additional
interactions with uracil, which would not occur in pyranosyl
nucleosides, to be established.

Even though uridine size molecules may take current
experimental techniques to their limits, we have demon-
strated the ability of laser ablation combined with high-
resolution microwave spectroscopy to extract relevant struc-
tural information on large solid biomolecules such as uridine.
As we move to larger molecules, smaller values of the
rotational constants might become the major source of
spectral congestion. For the moment, our goal is to explore
the real capabilities of our current techniques in the study of
naturally occurring systems. In any case, the problem of
photofragmentation must be addressed from an experimental
point of view.

Experimental Section
A commercial sample of uridine (m.p. 165 8C) was vaporized using the
third (355 nm) harmonic of a 20 picosecond Nd:YAG laser (15 mJ per
pulse) and conducted by a flow of Ne (stagnation pressures of about
15 bar) to expand adiabatically into the vacuum chamber and be
probed by either broadband CP-FTMW[9] or/and LA-MB-FTMW[13]

spectroscopies.
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