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Ground state energies and geometries have been determined at the DFT/B3LYP level for different model
compounds such as ribose, dimethyl phosphate, uridine, cytidine, 3′-methyl phosphate-uridine, and 5′-methyl
phosphate-uridine as a function of the most prominent conformations adopted by each of them. The counterion
used for neutralizing the phosphate negative charge was an ammonium ion (NH4

+). This systematic study
allowed us to analyze the stability of a ribonucleotide (base+ribose+phosphate) which is the chemical repeating
unit of RNA. In the dimethyl phosphate model, the lowest energy corresponds to the gauche--gauche-

conformation, as also predicted by previous calculations on this motif at different theoretical levels. In the
ribose model, the C2′-endo (S-type) conformer has a lower energy than the C3′-endo (N-type) one. When a
pyrimidine base (uracil or cytosine) is added to the ribose to form a ribonucleoside, the electronic energies
of the three optimized conformers with the C3′-endo and C2′-endo sugar puckers as well as the anti and syn
orientations of the base with respect to the sugar are located in the following order: C3′-endo/anti< C2′-
endo/anti< C3′-endo/syn. However, the energy difference between these conformers depends on the type of
the pyrimidine base connected to the ribose. The optimization of the ribonucleotides confirms the stability of
the conformers containing A- and Z-form conformational angles. The role of the intramolecular O-H‚‚‚O
and C-H‚‚‚O hydrogen bonds in the overall stability of ribose, nucleosides, and ribonucleotides has been
discussed.

I. Introduction

RNA is a single-stranded polymer, formed by building block
monomers called ribonucleotides. It generally folds onto itself
to give very complex tertiary structures. This folding generally
appears along particular intramolecular RNA structures called
hairpins. The resolution of the tRNA1 and ribozyme2,3 structures
from X-ray diffraction patterns provided interesting information
on the secondary structures of hairpins, mainly arising from the
conformational properties of the nucleotides involved in them.
During recent years, synthetic oligoribonucleotides, which mimic
the sequences of short and unusually stable hairpins in aqueous
phase, have been prepared and analyzed by a large variety of
spectroscopic techniques: UV absorption,4-9 NMR,8-13 and
vibrational8,9,15spectroscopy. Structural data arising from these
analyses are consistent with characteristic nucleotide conforma-
tions appearing in the short loops of highly stable and conserved
hairpins. Well-known examples are the tetraloops belonging to
the UNCG,4-5,7-11,15GNRA,6,12-14 and CUUG16 families (where

N is any of the four major RNA nucleotides and R is a purine).
In fact, some of the nucleosides in these tetraloops adopt the
unusual C2′-endo/anti or C3′-endo/syn conformations, instead
of the C3′-endo/anti one which is observed, for instance, in the
canonical A-form single-stranded or double-stranded helix. Of
course, other experimental data17,18 had previously confirmed
the possibility for RNA to form a Z-form double helix with
unusual nucleoside conformations, i.e., C2′-endo/anti pyrimidine
nucleosides and C3′-endo/syn purine nucleosides, such as those
included in the Z-form DNA double helices.

As far as the previous theoretical investigations on the nucleic
acid constituents are concerned, one can recall the pioneering
calculations of Saran and Pullman19 based on the perturbative
configuration interaction over localized orbitals (PCILO) method
for constructing the conformational energy map of nucleosides
and nucleotides by single-point calculations. Other calculations
based on particular conformations of nucleosides, modified
nucleosides, or their constituents performed at the Hartree-
Fock (HF),20-25 density fuctional theory (DFT)26 and semiempir-
ical27-29 levels are also worth mentioning. Some other recent
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results at the HF25 and MP230 levels, based on the model
compounds whose chemical structures are close to the nucleo-
sides and nucleotides involved in nucleic acid chains, should
also be mentioned. In DNA, base-stacking and base-pairing
effects have also been examined by quantum mechanical
calculations including electronic correlation.31

The main aim of these calculations was to analyze the
dependence of sugar geometrical parameters on its well-known
phase angle of pseudorotation (P) and to show that the C2′-
endo and C3′-endo sugar puckers correspond to the conforma-
tional energy global minima of DNA and RNA nucleosides,
respectively.

The present paper is the first of a new series of investigations
devoted to the analysis of the ground state properties (conforma-
tion and vibration) of the RNA constituents. Here, our effort
has been devoted to a systematic investigation of the role and
influence of each of these constituents (phosphate, ribose, and
base) on the energy and the overall conformation of an isolated
pyrimidine ribonucleotide. Recently, we have published a series
of results obtained at the Møller-Plesset second-order perturba-
tion (MP2) level concerning the geometry optimization and
vibrational modes of pyrimidine nucleic acid bases.32-36 It has
been shown that in the case of uracil, the DFT method37 provides
similar vibrational modes to those obtained at the MP2 level.32

We should note here that vibrational calculations through their
comparison with experimental results (observed wavenumbers
and intensities) are considered to be an excellent test for
analyzing both the molecular geometry and the shape (curvature)
of the potential energy surface. All other results obtained up to
now on the nucleic acid constituents have clearly shown that
the DFT method, which takes into account electronic correlation
by means of nonlocal exchange and correlation functional,38,39

can be undoubtedly used as a cost-effective alternative to the
sophisticated and time-consuming MP2 treatment, provided that
a reasonable sized basis set is used.40,41Thus, the present results
can complete all of the calculated results existing in the literature
on the ribose, phosphate group and nucleosides. In addition, to
our knowledge, no full geometry optimization including cor-
relation effects has been performed up to now on the different
conformers of a ribonucleotide.

II. Theoretical Details

II.A. Choice of Molecular Models. Ribose and Nucleosides.
Preliminary calculations have been performed at the HF,21,24,25

DFT,26 and MP225-26,30,42 levels on the molecular models
containing a furanose ring. The molecular model calledribose
in this work (Figure 1) is in fact a subunit of the nucleoside
containing three hydroxyl groups at the 2′, 3′, and 5′ positions.
The base, which is generally connected to the C1′ atom in a
ribonucleotide, is replaced by a hydrogen atom called H1′′ in
this molecular model. As far as the pyrimidine nucleoside
models are concerned, they correspond, in fact, to 1-â-D-
furanosyl-uracil and 1-â-D-furanosyl-cytosine,43 hereafter re-
ferred to as uridine and cytidine, respectively (Figure 1). Uracil
is the structurally simplest RNA base, and both DFT and MP2
calculations suggested a planar geometry (Cs symmetry) for this
molecule (when considered isolated).32 Full geometry optimiza-
tion of cytosine base by MP2 and DFT methods has revealed
the pyramidalization of the amino group leading to a slight
perturbation of the ring (see ref 34 and references therein).

Phosphate Group and Nucleotides.The phosphate group is
one of the most important subunits of an RNA (or DNA) chain.
A correct modeling of this compound obviously needs the
explicit consideration of a counterion neutralizing the negative

charge of phosphate. On the basis of experimental observations,
it is impossible to obtain an ordered nucleic acid chain without
screening the electrostatic repulsion between the adjacent
phosphate groups with counterions. We can also emphasize the
conformational transitions of nucleic acids that can be induced
by salt concentration, i.e., B-Z or A-Z transitions in DNA
and RNA, respectively. The most common counterion in nucleic
acids is obviously Na+, but this cation interacts with the
phosphate group through a sophisticated complexation with
water molecules.43 Some recent calculations are, however, based
on the isolated dimethyl phosphate model compound (anion or
neutralized by Na+ counterion) at the HF and DFT levels of
theory.44 Other calculations treat this model compound in its
anionic form (without counterion) for estimating the solvation
free energies by using the Langevin dipole method to model
solvent.45 Recent results obtained at the HF level46 on the
dimethyl phosphate molecular model with NH4

+ have led us to
use this counterion which has the advantage of possessing high
symmetry and forming two directional intermolecular
N-H‚‚‚OdP hydrogen bonds with the phosphate group (Figure
1). Although it has been shown that in the dimethyl phosphate
model compound, the presence of counterion does not influence
the energy order of different conformers,44 it is, however,
absolutely necessary to neutralize the negative charge on the
phosphate in order to correctly model the nucleotides because
of long-range electrostatic interactions between this phosphate
group and other remaining elements such as base and ribose.
To give to the phosphate group and its counterion an environ-
ment similar to the one found in a RNA chain, we have inserted
the phosphate group between a nucleoside and a methyl group,
thus leading to either 5′-methyl phosphate-uridine or 3′-methyl
phosphate-uridine (Figure 1) molecular models. These two

Figure 1. Atom numbering and chemical structure of the RNA
constituents used as model compounds in the present calculations. The
conformational angles of the ribonucleotides, i.e.,R, â, γ, δ, ε, ú, and
ø are also shown on the chemical bonds.
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compounds can be compared to the nucleotides located at the
5′- or 3′-terminals of a poly- or oligoribonucleotide.

II.B. Initial Conformations of the Molecular Models.
Instead of performing single-point energy calculations for
constructing the energy map of the molecular models shown in
Figure 1 by a continuous variation of their conformational
(torsion) angles, we have focused our effort on the complete
geometry optimization of these models in order to find directly
the lowest energy conformers in the vicinity of the most
interesting starting conformations. The choice of these starting
conformations has been made according to its relevance with
respect to the local geometry of these motifs in RNA chains,
i.e., the conformations observed experimentally in single-
stranded and double-stranded helices as well as in the folded
single-stranded chains (see the Introduction of this paper). No
conformational degree of freedom (bond-lengths, valence angles,
and torsion angles) was frozen in the course of the geometry
optimization.

Ribose, Uridine, and Cytidine.Two opposite twist geometries,
corresponding to the C3′-endo and C2′-endo local conforma-
tions,43 have been selected as starting conformations for ribose.
These two types of sugar puckering can also be analyzed by
means of theδ torsion angle (Figure 1):δ ) φ(O3′-C3′-
C4′-C5′).

As far as the nucleoside (uridine and cytidine) molecular
models are concerned, three possible different starting points,
i.e., C3′-endo/anti, C3′-endo/syn, and C2′-endo/anti conforma-
tions, have been considered. Anti and syn refer to the orientation
of the base with respect to the sugar ring and are determined
by the value of the glycosyl torsion angle:ø) φ(O4′-C1′-
N1-C2) (Figure 1). The initial values of theø angle were
approximately 180° and 60° for the anti and syn orientations,
respectively. In all cases, the initial value of theγ torsion angle,
whereγ ) φ(C3′-C4′-C5′-O5′) (Figure 1), corresponds to a
gauche+ (γ ) +60°) orientation of the O5′ atom with respect
to the C3′ atom of the sugar moiety. Generally speaking, the
gauche+ orientation is the most favorable one in nucleosides
including pyrimidine bases.43

Dimethyl Phosphate, 3′-Methyl Phosphate-Uridine, and 5′-
Methyl Phosphate- Uridine.In dimethyl phosphate, the initial
conformations correspond to the values associated with the
couple of torsion angles (R-ú, see below) defined around the
phosphate group P-O single bonds (Figure 1). Three different
initial couples, namely gauche--gauche-, gauche--trans, and
trans-trans, have been considered, where gauche- and trans
correspond to-60° and 180° initial torsion angles, respectively.

The attachment of the phosphate group in the nucleoside at
its 5′ and 3′ ends to the uridine nucleoside to construct the 5′-
methyl phosphate or 3′-methyl phosphate nucleotides leads to
a notable increase of the number of torsion angles to be
considered, i.e.,R, â, ε, and ú, whereR ) φ(O3′-P-O5′-
C5′), â ) φ(P-O5′-C5′-C4′), ε ) φ(C4′-C3′-O3′-P), and
ú ) φ(C3′-O3′-P-O5′) (Figure 1). The starting values of these
torsion angles have been chosen in order to obtain: (i) a
nucleotide conformation as observed in the canonical A-form
of RNA, (ii) a nucleotide conformation as observed in the
Z-form of RNA (or Z-DNA), (iii) a nucleotide conformation
having all the canonical A-form torsion angles, except theδ
angle which gives rise to a C2′-endo sugar puckering. Hereafter
these three conformations will be referred to as A, Z, and A*,
respectively.

Through the choice of the above-mentioned starting confor-
mations, we have attempted to first confirm the stability of the
nucleotides with all A- and Z-form torsion angles and second,

to analyze the effect of the C3′-endo to C2′-endo conformational
transition (i.e., the change in theδ torsion angle) on the overall
geometry of a nucleotide in which all other torsion angles
correspond to those of an A-form RNA chain.

II.C. Theoretical Methods and Computational Details.To
estimate the geometrical parameters of the above-mentioned
molecular models (§II.A) considered as isolated molecules,
quantum mechanical calculations have been carried out at the
DFT level by means of the hybrid Becke-Lee-Yang-Parr
(B3LYP) type nonlocal exchange and correlation functional47-49

and double-ú, split valence 6-31G Gaussian basis sets enlarged
with d-type polarization functions. The exponents of the
polarization functions were 0.55, 0.75, 0.80, and 0.85 for
phosphorus, carbon, nitrogen, and oxygen, respectively.50,51

Hereafter, this special atomic basis set will be referred to as
6-31G(*). Moreover, to model as accurately as possible the
hydrogen bonds between the phosphate group bound to the
NH4

+ cation, semidiffuse functions have been added. For the
sake of computational cost, these additional functions have been
considered only for the atoms directly involved in the H-bonds,
i.e., the phosphate oxygens and their partners (hydrogens)
involved N-H‚‚‚OdP hydrogen bonds. The exponents of the
semidiffuse functions were those reproducing electronic polar-
izabilities in simple molecules, i.e.,ús,p ) 0.05 andúd ) 0.30
for oxygen as well asús,p ) 0.10 for hydrogen. Hereafter, as in
our previous papers based on intermolecular hydrogen bonds,
this atomic basis set will be referred to as 6-31G(†).40-41

Consequently, the total number of basis functions used in
the calculations on the six molecular models of Figure 1 was
146 (for ribose), 179 (for dimethyl phosphate/ NH4

+), 262 (for
uridine), 264 (for cytidine), and 396 (for 3′- or 5′-methyl
phosphate-uridine/NH4+). Because of the magnitude of these
numbers, numerical computations on the model compounds
containing less than 300 basis functions have been carried out
on Cray C94 and C98 supercomputers, using theGaussian 94
package.52 For the calculations on the 3′- or 5′-methyl phosphate-
uridine/NH4

+, an in-house modified version ofGaussian 94with
enhanced parallel performance53 has been used on MPP (mas-
sively parallel processors) platforms such as Silicon Graphics
Cray Origin2000 and Cray T3E. This version of the program
takes advantage of message passing interface (MPI)54 to
accomplish interprocessor communications and of ScaLA-
PACK55 to carry out various matrix operations in parallel (Fock
matrix diagonalization and extrapolation, eigenvector rotations,
etc.). In the case of complex geometry optimizations such as
those reported in this paper (which involved sometimes more
than one hundred steps), the reduction in computational time
attributable to the enhanced parallel capabilities of our modified
code has been important.

III. Results and Discussion

Before carrying out a detailed examination of the geometrical
parameters and energies of the different conformers considered
in this paper, we should mention that harmonic vibrational
analyses at the B3LYP/6-31G(*) level for ribose, uridine, and
cytidine and at the B3LYP/6-31G(†) level for dimethyl phosphate/
NH4

+ have been performed in order to check the reliability of
the optimized conformations. The absence of imaginary fre-
quencies for the optimized geometries led us to conclude that
they correspond well to ground state energy minima for the
considered molecular models. We have also verified that the
addition of the zero-point vibrational energy (ZPV) does not
change the energy order of the different conformers. However,
discussion on all of these points is beyond the scope of this
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paper which is mainly focused on geometry and energy. The
detailed vibrational analyses of uridine and cytidine will be
reported in the forthcoming publications of this series.

III.A. Conformational Energies and Conformational Angles.
In Table 1 are given the electronic energies (Ee) obtained after
full geometry optimization. To compare the energies of the
different conformers of the same molecular modes, we have
also reported the electronic energy difference (∆Ee) calculated
as follows:

(i) In the case of the ribose, uridine, cytidine, and dimethyl
phosphate molecular models, the electronic energy of the
conformer relative to the lowest energy minima has been taken
as reference (∆Ee ) 0), and the energy difference between this
conformer and the others (positive values) has been reported
consequently.

(ii) In the case of the nucleotides (3′- or 5′-methyl phosphate-
uridine) the energy of the A-conformer (with the initial torsion
angles corresponding to the A-RNA) has always been taken as
reference (∆Ee ) 0) for calculating the energy difference
between conformers.

As mentioned above, the overall conformation of a nucleotide
within a nucleic acid chain is determined by means of seven
torsion angles (R, â, γ, δ, ε, ú, andø, see §II.B). Each of the
molecular models used in this work allows us to analyze a
certain number of these conformational angles (Table 2). A
graphic representation of the optimized geometries is displayed
in Figures 2, 3, 4, 5, and 6 for the ribose, uridine, cytidine,
5′-methyl phosphate, and 3′-methyl phosphate molecular models,
respectively.

A glance at the∆Ee values of Table 1 shows that the
optimized C2′-endo and C3′-endo sugar conformations of ribose
are separated in the energy scale by 0.45 kcal/mol. Note that
this difference is well below thekT value at room temperature
(∼0.6 kcal/mol). Thus, the C2′-endo ribose has a lower energy
if isolated conformers are considered.

Although in uridine the C3′-endo/anti conformer corresponds
to the lowest energy, the calculated∆Ee between this conformer
and the C2′-endo/anti one is so low (0.002 kcal/mol) that we
can assume that they constitute a couple of energetically
degenerate conformers. In contrast, the rotation of the base to
a syn orientation costs a considerable amount of energy

(∼2.5kcal/mol, C3′-endo/syn conformer). In cytidine, in addition
to the fact that the NH2 group remains pyramidal as in the case
of cytosine (see §II.A), the optimized conformers keep the same
electronic energy order as in uridine. However, there is a larger
energy difference between the C3′-endo/anti and C2′-endo/anti
conformers (∼1.2 kcal/mol). The C3′-endo/syn conformer is
higher in energy by∼2.7 kcal/mol with respect to the C3′-endo/
anti conformer. For this reason, in our calculations on the methyl
phosphate nucleotides we have not considered the syn orienta-
tion for the uracil base (see below).

In dimethyl phosphate, the gauche--gauche- is the lowest
energy conformer. The gauche--trans conformation is higher
by ∼1 kcal/mol. Three times more energy is needed for this

TABLE 1: Energy Values Obtained by Geometry Optimization at the DFT Level for the Different Model Compounds

model compd conformation Ee (Hartrees)c ∆Ee (kcal/mol)c theor level

ribose C2′-endo -497.383118 0. B3LYP/6-31G(*)
C3′-endo -497.382398 +0.45

uridine
C3′-endo /anti -910.998590 0.

B3LYP/6-31G(*)C2′-endo /anti -910.998586 +2. 10-3

C3′-endo /syn -910.994692 +2.45

cytidine
C3′-endo /anti -891.111439 0.

B3LYP/6-31G(*)C2′-endo /anti -891.109443 +1.25
C3′-endo /syn -891.107050 +2.75

dimethyl phosphate
gauche--gauche- d -779.330394 0.

B3LYP/6-31G(†)gauche--transd -779.328840 +0.97
trans-trans -779.325154 +3.29

5′-MPUa
Ae -1574.615209 0.

B3LYP/6-31G(†)Zf -1574.617954 -1.72
A* g -1574.614542 +0.42

3′-MPUb A -1574.613092 0. B3LYP/6-31G(†)
A* -1574.613788 -0.44

a 5′-MPU: 5′-methyl phosphate-uridine.b 3′-MPU: 3′-methyl phosphate-uridine.c Ee and∆Ee are the electronic energy and the differences between
the electronic energies.d Gauche- and trans refer to the values ofR andú torsion angles defined around the phosphate group P-O single bonds.
e A refers to the conformation of a nucleotide involved in the canonical A-form of RNA.f Z refers to the conformation of a pyrimidine nucleotide
involved in Z-form of RNA (or Z-DNA), i.e., with a C2′-endo conformation for ribose.g A* corresponds to the conformation of a nucleotide
having the A-form torsion angles, except for theδ angle which corresponds to a C2′-endo sugar puckering.

TABLE 2: Conformational Angles Obtained by Geometry
Optimization at the DFT Level for the Different Model
Compoundsa

conformational angleb,c (degrees)

model compds conformation R â γ δ ε ú ø

ribose C2′-endo 47 144
C3′-endo 49 87

uridine
C3′-endo/anti 51 85 202
C2′-endo/anti 51 146 235
C3′-endo/syn 49 85 76

cytidine
C3′-endo/anti 52 85 197
C2′-endo/anti 51 145 233
C3′-endo/syn 47 84 78

dimethyl
phosphate

gauche--gauche- 292 292
gauche--trans 295 174
trans-trans 180 180

5′-MPU
A 304 161 56 85 211
A* 302 179 56 144 240
Z 89 140 55 143 249

3′-MPU A 53 87 215 296 202
A* 53 146 194 267 230

RNA A 292 178 54 84 207 289 202
DNA B 314 213 36 156 155 264 262
DNA
(pyrimidine)

Z 146 164 66 147 260 74 213

aFor notations used here, see the caption of Table 1. Molecular
energies are indicated in Table 1.b For the definition of the torsional
angles, see text and Figure 1.c The conformational angles observed in
canonical A, B and Z forms are indicated for comparison.43
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motif to adopt the most energetically unfavorable trans-trans
conformer. These results corroborate with all of the calculations
performed up to now on the dimethyl phosphate model (with
or without counterion), by means of either the PCILO19 or
HF,21,46 MP2,44 and DFT44 methods.

Some interesting conclusions can be drawn from our calcula-
tions on the 3′- and 5′-methyl phosphate-uridine models. The
C3′-endo to C2′-endo transition in the sugar pucker (in going
from A conformer to A* conformer, see above for definitions)
presents a∆Ee ) (0.4 kcal/mol. This result proves that the
presence of S-type (C2′-endo) sugars in an RNA chain is
energetically possible, but the large variation of theδ, ε, and
ú angle needed for this transition prevents the formation of a
regular helix. For the Z-conformer, we have carried out
calculations only on the 5′-methyl phosphate-uridine molecular
model (Table 1,∆Ee ∼ -1.7 kcal/mol).

III.B. Location of the NH 4
+ Counterion on the Phosphate

Group. In the gauche--gauche- conformer of dimethyl phos-
phate with NH4

+ counterion (corresponding to the lowest
energy), the cation interacts through two symmetrical
N-H‚‚‚O hydrogen bonds with the oxygens of the phosphate
group. The geometrical optimization on this conformer leads
to a structure having fullC2 symmetry and characterized by
the following geometrical parameters: N‚‚‚P distance) 3.044
Å, N-H bond length ) 1.085 Å (when H-bonded with
phosphate), and N-H bond length) 1.018 Å (when free), H‚
‚‚O distance) 1.594 Å, O‚‚‚N distance) 2.590 Å and N-H‚
‚‚O angle) 150 degrees. Other bond lengths and valence angles
of the optimized phosphate group are not reported here, because
their values are very close to those previously published.44 It is
also worth mentioning that the local symmetry of the phosphate
group is lowered toC1 upon its inclusion in the nucleotides
because of intramolecular interactions involving the phosphate
oxygens. Consequently, N-H bond lengths and N‚‚‚O distances
become slightly asymmetrical compared to the values found in

dimethyl phosphate. Therefore, a slight dispersion around the
above-mentioned values is obtained.

III.C. Intramolecular Hydrogen Bond Network Stabiliza-
tion of the Optimized Structures. Recent reviews have
indicated the important role of intramolecular H-bonds, espe-
cially those arising from the weak O-H‚‚‚O and C-H‚‚‚O
interactions, in stabilizing the conformations adopted by
biomolecules.55-58 In fact, because of the absence of strong
hydrogen bonds in the phosphodiester chain, the above-
mentioned weaker hydrogen bonds contribute to the conforma-
tional stability of nucleic acids. From the extensive analysis of
crystallographic data, the C6-H‚‚‚O5′ has been the most
documented nonstandard H-bond of RNA structures.57 The
present quantum mechanical calculations performed on the
different RNA constituents provide us a preliminary insight not

Figure 2. Geometry optimized structures obtained with the ribose
model compound at the DFT/B3LYP/6-31G(*) level (see text). For atom
numbering see Figure 1. The values of the electronic energies and of
the conformational angles are indicated in Tables 1 and 2, respectively.
Intermolecular hydrogen bonds are represented with dashed lines. A1:
C3′-endo (N-type) sugar pucker. A2: C2′-endo (S-type) sugar pucker.

Figure 3. Geometry optimized structures obtained with the uridine
model compound at the DFT/B3LYP/6-31G(*) level (see text). For atom
numbering see Figure 1. The values of the electronic energies and of
the conformational angles are indicated in Tables 1 and 2, respectively.
Intermolecular hydrogen bonds are represented with dashed lines. B1:
C3′-endo/anti conformer. B2: C2′-endo/anti conformer. B3: C3′-endo/
syn conformer.
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only to confirm the role of the experimentally observed
hydrogen bonding but also to analyze the influence of all
possible C-H‚‚‚O and O-H‚‚‚O interactions on the structure
of the building blocks of nucleic acids. We have selected in
Table 3 three representative H-bonds involving C6-H6,
O3′-H, and O2′-H bonds which should be considered as
important stabilizing factors in ribose, nucleosides, and nucle-
otides. For each case, the C-H and O-H bond lengths as well
as the hydrogen-acceptor, donor-acceptor distances, and
donor-hydrogen-acceptor angles have been reported. The most
prominent results from this analysis can be summarized as
follows:

(i) Since in ribose, uridine, cytidine, and 5′-methyl phosphate-
uridine the two hydroxyl groups are on the two adjacent C2′
and C3′ carbons, the O-H‚‚‚O hydrogen bonds in which they
are involved show a symmetrical character in terms of hydrogen
bond lengths and donor-hydrogen-acceptor angle (Table 3):
C3′-endo sugars are stabilized by a O2′-H‚‚‚O3′ hydrogen

bond, whereas C2′-endo sugars are accompanied by a
O3′-H‚‚‚O2′ hydrogen bond (Table 3, Figures 2-5).

(ii) Upon the introduction of a phosphate group at the 3′-end
of the nucleoside (3′-methyl phosphate-uridine molecular model),
the lack of the 3′-hydroxyl as a result of the substitution of the
hydrogen atom of this group by the phosphate motif makes a
O3′-H‚‚‚O2′ hydrogen bond impossible (Figure 6). Thus, as
in the cases of ribose, uridine, cytidine, and 5′-methyl phosphate-
uridine (see above and Figures 2-5), the presence of a C3′-endo
sugar conformation in 3′-methyl phosphate-uridine leads to the
formation of the O2′-H‚‚‚O3′ hydrogen bond (Table 3, Figure
6). On the other hand, with a C2′-endo sugar the geometry
optimization leads to the formation of a O2′-H‚‚‚O5′ hydrogen
bond because of the proximity of the O5′ atom to the O2′-H
bond (Figure 6). This hydrogen bond formation is correlated
with important changes in theε andú torsion angles (Table 2).

(iii) As it has been observed experimentally,56,57the formation
of the C6-H‚‚‚O5′ hydrogen bond stabilizes the anti pyrimidine

Figure 4. Geometry optimized structures obtained with the cytidine
model compounds at the DFT/B3LYP/6-31G(*) level (see text). For atom
numbering see Figure 1. The values of the electronic energies and of
the conformational angles are indicated in Tables 1 and 2, respectively.
Intermolecular hydrogen bonds are represented with dashed lines. C1:
C3′-endo/anti conformer. C2: C2′-endo/anti conformer. C3: C3′-endo/
syn conformer.

Figure 5. Geometry optimized structures obtained with the 5′-methyl
phosphate-uridine/NH4+ model compound at the DFT/B3LYP/6-31G(†)

level (see text). For atom numbering see Figure 1. The values of the
electronic energies and of the conformational angles are indicated in
Tables 1 and 2, respectively. Intermolecular hydrogen bonds are
represented with dashed lines. D1: A conformer. D2: A* conformer.
D3: Z conformer. For the definition of these conformers see text and
caption of Table 1.
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bases in nucleosides and nucleotides (Figures 3, 5, 6). The
present calculations satisfactorily confirm this fact (Table 3).
Moreover, the C3′-endo to C2′-endo conformational transition
of the sugar pucker in a nucleoside or a nucleotide increases
the glycosyl torsion angleø by +30 degrees (Table 2). The
geometry optimization reveals that this angle variation is
correlated with the reorientation of the base in order to keep
intact the C6-H‚‚‚O5′ hydrogen bond geometry (see superim-
posed structures in Figure 7).

(iv) Upon the anti to syn rotation of the uracil base, and
consequently the loss of the C6-H‚‚‚O5′ hydrogen bond, the
C3′-endo/anti nucleoside conformation is, however, stabilized
by interactions between the uracil O2 atom of the base and the
C3′-H and C2′-H bonds (Figure 3).

IV. Concluding Remarks

This paper is the first attempt to study the conformational
properties of all of the RNA constituents (ribose, phosphate,
nucleoside, and nucleotide) by means of full geometry optimiza-
tion based on a reliable quantum mechanical method. It should
be emphasized here that the geometrical analysis of the above-
mentioned constituents needs the consideration of correlation
effects. The neglect of these effects invariably leads to unreliable
calculated results, especially those related to the vibrational
mode analysis. This fact will be discussed in the next papers of
this series.We have shown in this paper that the DFT approach
using hybrid B3LYP functional and double-ú split valence basis
sets appears to be a promising method for modeling accurately
at a reasonable computational cost the conformational features

Figure 6. Geometry optimized structures obtained with the 3′-methyl
phosphate-uridine/NH4+ model compounds at the DFT/B3LYP/6-31G(†)

level (see text). For atom numbering see Figure 1. The values of the
electronic energies and of the conformational angles are indicated in
Tables 1 and 2, respectively. Intermolecular hydrogen bonds are
represented with dashed lines. E1: A conformer. E2: A* conformer.
For the definition of these conformers see text and caption of Table 1.
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of the RNA constituents and probably those of other biomol-
ecules. From the results of our calculations, we have drawn the
following conclusions:

(i) The modeling of the sugar, phosphate, and nucleosides
with different conformations for each of these constituents
allowed us to compare the molecular energies associated with
different conformers. It has been revealed that in order to take
into account all of the stabilizing factors of the structure of the
nucleic acid building blocks, it is necessary to consider at least
a nucleotide model compound. In the present calculations we
have checked the level of accuracy of the theoretical method
and basis functions used in reproducing the geometrical features
of the nucleotides involved in the A-form, which is the most
favorable single-stranded or double-stranded RNA conformation
in physiological conditions. The agreement between the experi-
mental and calculated results in this case has been discussed
extensively above.

(ii) The geometry optimization on nucleotide model com-
pounds with the B-form torsion angles showed drastic changes
in the phosphodiester torsion angles, thus is unacceptable for
the formation of a regular helix. The reason behind this is the
steric hindrance between the 2′-OH and the adjacent
3′-phosphate group, and not the preference of RNA to adopt
C3′-endo sugar puckering as emphasized in several papers
devoted to the RNA structural features. It should be mentioned
that the B-form corresponds to the preferred double-helical
conformations of DNA (containing 2′-deoxyribose in its struc-
ture) in solution. However, the nonexistence of the B-form RNA
does not mean that the sugar puckers in RNA cannot adopt a
C2′-endo conformation. The first striking proof of this fact is
the existence of the Z-form RNA containing C2′-endo sugar
puckers in the pyrimidine nucleotides as proven experimentally

by several spectroscopic methods.17-18,59-60 We have also
attempted to model a pyrimidine nucleotide involved in Z-form
RNA. The results of these preliminary calculations will be
extended in further theoretical investigations.

(iii) More surprisingly, our calculations seem to indicate that
the change of the sugar pucker from C3′-endo to C2′-endo in
single-stranded RNA is energetically possible and can also be
seen as releasing the 2′-hydroxyl group to form an intramo-
lecular (or possibly an intermolecular) hydrogen bond with
another acceptor. The importance of 2′-hydroxyl in hydrogen
bonds and its contribution to the specificity of RNA interactions
along with the presence of C2′-endo sugars in these same
structures has to be emphasized: the extraordinary stable and
highly conserved UUCG tetraloop hairpins contain interstrand
2′-hydroxyl hydrogen bonds stabilizing the U...G mismatched
base pairing in this motif.11 The nucleotide triplestructure of
the P4/P6 region of the self-splicing group I is stabilized through
2′-hydroxyl interactions with several sugars adopting C2′-endo
sugars.61 The critical role of some 2′-hydroxyls in the docking
of the P1 helix into the catalytic core of theTetrahymena
ribozyme has been recently proved.62 Moreover, the activation
of the catalytic properties of hammerhead ribozymes is thought
to involve a C3′-endo to C2′-endo conformational change of
one of the nucleotide sugars, thus favorably orienting the 2′-
hydroxyl for an attack on the opposite phosphate.63

A thorough understanding of the conformational features
which can explain or predict such experimental results is a
primary task in elucidating the structure-function relationship
of RNA chains. Further theoretical works on the larger size
motifs in the presence of explicit solvent and counterions would
be necessary for this purpose.
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