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Abstract: We have used ab initio quantum mechanical (QM) methods to determine the potential energy of
pseudorotation for 3,4-dihydroxy-5-methyl-2-(1-pyrollyl)tetrahydrofuran and 4-hydroxy-5-methyl-2-(1-pyrollyl)-
tetrahydrofuran, close analogues of 2′-deoxyribose and ribose sugars. The pyrrole is a substitute for the naturally
occurring nucleic acid bases: adenine, thymine, guanine, cytosine, and uracil. At the highest calculation level
(LMP2/cc-pVTZ(-f)//HF/6-31G**) for 2′-deoxyribose, we find the C2′-endo conformation is the global
minimum. The C3′-endo conformation is a local minimum 0.6 kcal/mol higher in energy, and an eastern
barrier of 1.6 kcal/mol separates the two minima. Pseudorotation energies of ribose are quite complex and are
strongly affected by local orientations of the 2′ and 3′ hydroxyl groups. When the hydroxyl groups are allowed
to assume any conformation, the global minimum remains the C2′-endo conformation. The eastern barrier
increases slightly to 1.8 kcal/mol, and the C3′-endo local minimum lies 0.6 kcal/mol above the global minimum.
Constraining the torsion angle of the C3′ hydroxyl group to-146°, as is found in RNA polymers, results in
the C3′-endo conformation becoming the only energy minimum with a C2′-endo conformation 1.9 kcal/mol
higher in energy. Bond angles within the pentofuranose ring are correlated to the pseudorotational phase, as
is observed by X-ray crystallography and is predicted by pseudorotation theory. Finally, a force field for use
in molecular mechanics and dynamics simulations is presented which reproduces the QM potential energies
for the 2′-deoxyribose and ribose sugars.

Introduction

Ribose and 2′-deoxyribose sugars are the basic subunits which
differentiate RNA and DNA, respectively. The conformations
of these substituted pentofuranose sugars is of critical importance
to the global structure of nucleic acids and has been the subject
of considerable theoretical and experimental study. A funda-
mental concept governing the conformations of five-membered
rings was first formulated to describe the interconversion of
conformations of cyclopentane through “pseudorotation.”1 For
cyclopentane, the lowest energy conformation will have one
atom positioned out of the plane, defined by the remaining four
atoms of the ring. Through pseudorotation, ring conformations
having different out-of-plane atoms may interconvert without
traversing a high-energy planar structure.

For cyclopentane, this process of pseudorotation has little or
no energy barrier, resulting in essentially “free” ring pucker
motion.2-4 In the case of tetrahydrofuran (THF) and the more
complex 2′-deoxyribose and ribose sugars, there are barriers to
interconversion stemming from the O4′ oxygen in the ring and
the exocyclic hydroxyl groups.3,5 NMR experiments offer a

straightforward approach to determine the relative energies of
low-energy pucker states.6-21 However, the magnitude of the
energy barrier between these stable conformations has escaped
experimental measurement, except for purine ribosides.6 The
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complete energy landscape for pentofuranose sugars is critical
both for the understanding of the forces which govern these
conformational preferences and for the development and evalu-
ation of force field potentials used for molecular mechanics and
dynamics simulations.

We have undertaken a systematic study of substituted 5′-
dehydroxy pentofuranose sugar analogues to examine the
geometries and potential energies of pseudorotation. Initially it
was necessary to establish a suitable substitution at C1′ which
was computationally feasible and still retained the properties
of the full nucleic acid base. Using a pyrrole substitution at
C1′, we then identified the level of QM calculation and basis
set necessary for accurate geometries (HF/6-31G**) and energies
(LMP2/cc-pVTZ), when compared to experimental data. This
model cluster (3,4-dihydroxy-5-methyl-2-(1-pyrollyl)tetrahy-
drofuran for 2′-deoxyribose and 4-hydroxy-5-methyl-2-(1-
pyrollyl)tetrahydrofuran for ribose) and gas-phase computational
method allowed us to determine the following:

1. For 2′-deoxyribose, the C3′-endo conformation is 0.6 kcal/
mol higher in energy than the global minimum C2′-endo
conformation and is separated by the 1.6 kcal/mol eastern
barrier.

2. For ribose, the C2′-endo conformation remains the global
minimum because of the formation of a hydrogen bond between
the 3′-OH and 2′-OH, as has been observed by X-ray crystal-
lography.22,23

3. Constraining the rotation of the 3′-OH to prevent hydrogen
bond formation alters the global minimum to C3′-endo, con-
sistent with the observed sugar pucker preferences of RNA
polymers.

In addition, a force field capable of reproducing these ab initio
QM results is presented. These new sugar parameters, embedded
in the framework of a generic force field, such as UFF,24 and
modified to include our accurate hydrogen bond potential25 is
ideal for molecular mechanics and dynamics simulations of
nucleic acids interacting with a diverse collection of organic
and inorganic molecules. To begin, it is useful to review some
important concepts regarding 2′- and 3′-substituted pento-
furanose sugars including pseudorotation, structural nomencla-
ture, anomeric and gauche effects, and previous theoretical work
in the field.

Pseudorotation and Structural Nomenclature. Pseudo-
rotation involves the conversion of one ring conformation to
another without passing through a high-energy planar state (see
Figure 1). Altona and Sundaralingam26 have derived a simple
mathematical relationship relating the five ring torsion angles,
j ) 0-4 (see Figure 2), of pentofuranose to two parameters,
τm andP.

τm is the maximum pucker amplitude, andP is the pseudo-
rotation phase that may range from 0 to 2π. However, in this
work, P is referred to in units of degrees, 0° e P e 360°. Other
more complex and rigorous expressions for pseudorotation have
been derived.27 Some require artificial constructs to define the

planez) 0 and are useful for systems with unequal bond lengths
and angles.28 A statistical survey of over 100 ribose and
deoxyribose crystal structures indicates thatτm is dependent on
both pucker geometry and nature of the sugar.29 The average
τm values for 2′-deoxyribose and ribose were found to be 35.2°
and 37.1°, respectively.

In general, there are only two major conformations observed
for all ribose and 2′-deoxyribose sugars: C2′-endo and C3′-
endo. The 2′ or 3′ designation refers to the atom which is out
of the plane of the remaining atoms forming the ring. This atom
may lie above the ring plane on the same side as C5′ or on the
opposite side, resulting in an “endo” or “exo” conformation,
respectively (see Figure 1). Using the pseudorotation phase
coordinateP, C3′-endo lies atP ) 18° while the C2′-endo
conformation is atP ) 162°. The full pseudorotation cycle also
may be divided into quadrants in which conformations clustered
around C2′-endo are known as southern or S-type sugars.
Similarly, the C3′-endo pucker is a northern or N-type sugar
conformation. This nomenclature system is used extensively in
the interpretation of NMR experiments in which the measure-
ment of vicinal coupling constants can be used to determine
the ratio of N/S sugar conformations.8-12,15-17,20

The two energy barriers between the C3′-endo and C2′-endo
conformations depend on the direction of pseudorotation:P )
18° f 162° via 90° (east) or via 270° (west). Several crystal
structures have been reported in which the ring geometry is
E-type (O4′-endo), but none have been reported for structures
with a W-type (O4′-exo) conformation.29 Furthermore, NMR
experiments indicate a rapid interconversion between the C2′-
endo and C3′-endo conformations. On the basis of these
observations, it is widely accepted that the western barrier is
higher than the eastern barrier, which must be sufficiently low
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τj ) τm cos(P + 0.8π(j - 2)) (1)

Figure 1. Schematic of the pseudorotation process in which low-energy
conformations (C3′-endo and C2′-endo) interconvert without passing
through a planar intermediate.

Figure 2. Atom names and torsion definitions for substituted pento-
furanose rings. To enforce the pseudorotation pathway, sugar torsion
anglesτ0 andτ4 were constrained as described in the Methods.
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to allow rapid interconversion at room temperature.5,30-38 Using
13C NMR relaxation experiments in deuterioammonia, the
eastern barrier for purine ribonucleosides is reported to be 4.7
( 0.5 kcal/mol.6

Anomeric and Gauche Effects.The anomeric effect and the
gauche effect are two principles that have been invoked to
explain the existence and nature of the barriers to pseudorotation
for ribose and 2′-deoxyribose. The anomeric effect was first
discovered in sugars with the observation that a methoxy group
attached to the anomeric carbon prefers the sterically unfavorable
axial position.39 In chemical systems R-X-C-Y, where X has
at least one set of lone pair electrons and Y is an electroneg-
ative atom, the anomeric effect will favor a gauche torsion
angle.14,17-19,40-44 In that geometry, the lone pair of X may
donate into theσ* antibonding orbital of the C-Y bond.
Maximum overlap with theσ* antibonding orbital occurs when
the lone pair is trans to the C-Y bond. For nucleic acids, the
anomeric effect arises only for the O4′-C1′-N1(N9)-R and
the phosphodiester torsions. It has been suggested that the
anomeric effect is critical in defining the eastern barrier during
pseudorotation.40

Conceptually, the gauche effect is quite similar to the
anomeric effect but affects chemical systems of the type X-C-
C-Y. Here too electronegative substitutions at X and Y stabilize
the gauche conformation relative to the trans conforma-
tion.14,18,19,42,45,46The gauche effect is important in the ribose
and 2′-deoxyribose systems because there are several X-C-
C-Y type torsions. For 2′-deoxyribose, these include O4′-C4′-
C3′-O3′ and O4′-C4′-C5′-O5′, while ribose has three
additional torsions, O4′-C1′-C2′-O2′, N1(N9)-C1′-C2′-
O2′, and O2′-C2′-C3′-O3′. These gauche effects result in
C2′-endo being the preferred structure for the 2′-deoxyribose
sugars found in DNA polymers.

Theoretical Approaches to Pentofuranose Pseudorotation.
Early theoretical work using empirically derived potential energy
functions gave conflicting results and led to discrepancies
between theoretical predictions and experimental observa-
tions.30,47It was not until the gauche effect was explicitly taken

into account that Olson was able to derive an empirical energy
function that correlated well with known crystallographic and
solution data.5 Indeed, the potential energies of pseudorotation
derived with these functions have been the benchmark against
which several popular molecular mechanics/dynamics force
fields have been parametrized.48-52

Several quantum mechanical studies have been carried out
that examine the conformational energies of pentofuranose
sugars. Semiempirical and ab initio methods have been used in
the pseudorotational analysis of THF.2,37,53,54Substituted pento-
furanose sugars also have been studied, but in those cases, either
the nucleic acid base was not included14,55or only the minimum
energy conformations were calculated.56,57 Consequently, the
potential energy for pseudorotation of 2′-deoxyribose and ribose
systems comparable to those found in natural nucleic acids
heretofore had not been determined using ab initio QM methods.
The results of a systematic ab initio QM study of substituted
pentofuranose sugar analogues are presented herein which
addresses this shortcoming.

Methods

Ab Initio Quantum Mechanical Calculations. All ab initio QM
calculations were carried out using the Jaguar 3.0 software package.58

To determine the potential energy of pseudorotation, sugar torsion
anglesτ0 andτ4 (Figure 2) were constrained. Values forτ0 andτ4 were
calculated using eq 1 andτ0 ) 40. For each point along the
pseudorotation pathway, full geometry optimization (HF/6-31G**) was
carried out while maintaining the desiredτ0 andτ4 angles. No restraints
were placed upon the glycosidic linkageø between the sugar and
pyrrole. Single-point energies were determined using local second-order
Möller-Plesset perturbation theory (LMP2)59-62 with the cc-pVTZ(-f)
basis set63 and frozen core orbitals. To ensure the points along this
constrained pseudorotation pathway were a reasonable approximation
of the true pseudorotation pathway, the C3′-endo and C2′-endo confor-
mations were also optimized (HF/6-31G** and LMP2/cc-pVTZ(-f))
with no constraints. In addition, a transition state optimization of O4′-
endo conformation (eastern barrier) at the same level with no constraints
was also carried out. For some ribose calculations, the C4′-C3′-
O3′-H torsion angle was constrained to be-146°, as is found in RNA
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ribose to be calculated for conformations which were not compromised
by an intramolecular hydrogen bond.

Rotamer Definitions. Exocyclic substitutions of an amino group at
C1′ or hydroxyl groups at C2′ and C3′ complicate the potential energy
surfaces of these sugars. In many cases, the torsion angle about C-N
or C-O bond has a considerable impact on the energy of a particular
sugar pucker. Figure 3 illustrates the nomenclature which we have
adopted to describe each of these rotamers. For the C1′-NH2 bond,
general torsion angles are defined relative to the O4′-C1′ bond and
the NH2 lone pair vector. Thus the+synclinal (+sc), antiperiplanar
(ap), and-synclinal(-sc) geometries correspond to (lone-pair)-N-
C1′-O4′ torsion angles of 60°, 180°, and-60°, respectively. Similarly,
for hydroxyl group substitutions at C2′ and C3′, torsion angles are
measured relative to the H-O and C1′-C2′ bonds for substitution at
C2′ or the H-O and C3′-C4′ bonds for substitution at C3′. In
describing ribose conformational rotamers, the C3′ substitution will
be listed first, then the C2′ substitution. For example, a ribose
conformation C2′-endo(ap/+sc) would have anapC3′ hydroxyl group
and a+sc C2′ hydroxyl group.

Force Field Calculations.The Cerius2 3.5 software package64 was
used for all molecular mechanics and dynamics simulations. The
strategy we employ for force field development begins with a simple
generic force field (UFF24) which is then tuned to reproduce QM
potential energies for small model systems, as has been discussed
elsewhere.65 All standard valence terms including bonds, angles,
torsions, and inversions are taken from UFF.24 The Dreiding FF66

exponential-6 parameters are used for all van der Waals interactions
and a standard Coulombic potential completes the nonbond terms. For
pseudorotation of ribose and deoxyribose sugars, two new atom types
were required: O_S for O4′ and C_S for C3′. These new atom types
allow for the parametrization of several new torsion potentials which
take into account anomeric and gauche effects. A standard torsion
potential is used and can be represented by a Fourier series of the form

whereKθ,n is the torsion energy barrier,d ) (1 and is the phase factor,
andφ is the torsion angle (φ ) 0 for cis). A complete description of
the force field atom types and point charges is shown in Figure 4.
Atomic point charges were determined from the electrostatic potential
derived from the electron density distribution (constrained to reproduce
the molecular monopole and dipole moments) calculated from the

converged LMP2/cc-pVTZ(-f) wave function.67 The complete list of
force field parameters are included in Tables S1-S5 of the Supporting
Information. As is standard with generic force fields such as UFF and
Dreiding, the same parameters are used for both molecular dynamics
and minimization. Calculations using Amber 4.151 and CFF9568-70 were
also carried out in Cerius2 3.5 and used anε ) 1 dielectric constant.
Charges and atom types are also included in the Supporting Information
(Figure S1).

Results and Discussion

Model Systems and Level of Theory.A complete potential
energy calculation for nucleosides of each naturally occurring
base (adenine, thymine, guanine, cytosine, and uracil) is
computationally intensive and an alternative sugar model is
necessary which still retains the key properties of the full bases.
For the first 2′-deoxyribose model system, the full base is
substituted with a simple amine (1) and a methyl group replaces
the 5′-hydroxy methyl group (Scheme 1). Figure 5 shows a plot
of the HF/6-31G** relative energies for pseudorotation and the
dramatic dependency upon the amine rotamer conformation. The
lowest energy pseudorotation path is almost exclusively theap
rotamer in which the nitrogen lone pair electrons are trans to
the C1′-O4′ bond (see the Methods and Figure 3 for rotamer
nomenclature).

Several features of the amine substitution make it unsatisfac-
tory as a model for the aromatic base. In addition to complicating
the potential energy surface due to several possible rotamers,
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Figure 3. Three possible rotamer conformations for substitutions at
C1′, C2′, and C3′.

Etorsion)
1

2
∑
n)1

6

Kθ,n(1 - d cos(nφ)) (2)

Figure 4. Atomic point charges and MSCFF force field atom types
for 2′-deoxyribose and ribose sugar analogues.
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the amino group nitrogen has sp3 hybridization, thereby allowing
the lone pair electrons to participate in a strong anomeric effect
with O4′. This anomeric effect likely stabilizes theap rotamer
relative to(sc rotamers and would not be present for the full
base. The lack of an eastern barrier between the C3′-endo and
C2′-endo conformations is also problematic and is not consistent
with NMR experiments. For these reasons, the amine model
was abandoned and a pyrrole substitution, which maintains the
aromatic nitrogen, was pursued.

A pyrrole substitution for the complete nucleic acid base is
a satisfactory model. The symmetry of the pyrrole ring alleviates
complications due to rotamers while simultaneously enforcing
sp2 character on the nitrogen atom. The pseudorotation potential
energy curves for a 2′-deoxyribose analogue (2) are plotted in
Figure 6. The potential energy curve of2 has a well-defined
eastern barrier consistent with NMR data and the expected
minima at C2′-endo and C3′-endo.

Several calculations were carried out for the 2′-deoxyribose
(2) model system to establish the optimum level of computa-
tional rigor which yields the best accuracy while still remaining
computationally feasible. Table 1 reports the relative energies
for complete geometry optimization with no constraints of2 in
the C3′-endo, O4′-endo (eastern barrier), and C2′-endo confor-
mations. The HF/6-31G** and LMP2/cc-pVTZ(-f) optimized
geometries are very similar. The only systematic difference
observed between the two levels of theory is the C4′-O4′-
C1′ angle which averages 2.5° less for the LMP2/cc-pVTZ(-f)
optimized structures. Given the small structural difference
between these two methods, all subsequent geometry optimiza-
tions were carried out at the HF/6-31G** level, followed by
LMP2/cc-pVTZ(-f) single-point energies.

2′-Deoxyribose Analogue.The HF/6-31G** and LMP2/cc-
pVTZ(-f) pseudorotation potential energies are plotted in Figure

6a. Both curves have the same general trend with a global
minimum C2′-endo conformation. The C3′-endo conformation
is 0.6 and 0.4 kcal/mol higher in energy for the LMP2/cc-
pVTZ(-f) and HF/6-31G** curves, respectively. The O4′-endo
barrier is well defined with maximum energies of 1.6 and 1.1
kcal/mol for the LMP2/cc-pVTZ(-f) and HF/6-31G** curves,
respectively. There is excellent agreement between the fully
optimized HF/6-31G** points listed in Table 1 and the
constrained pseudorotation curve in Figure 6a. This indicates
that the torsion constraints used for the pseudorotation calcula-
tions are a reasonable representation of the true pseudorotation
pathway.

For all of the calculations presented above, the 3′-hydroxyl
group is in a-sc rotamer conformation. Examination of all
three possible hydroxyl group orientations for the C2′-endo
conformation indicated that theap and -sc orientations are
essentially degenerate. The HF/6-31G** energies are 1.34, 0.00,
and 0.01 kcal/mol for+sc, ap, and -sc, respectively. In-
cluding electron correlation (LMP2/cc-pVTZ(-f)) changes these
energies slightly to 1.34, 0.01, and 0.00 kcal/mol for+sc, ap,
and -sc respectively. Because the-sc conformation is the
(LMP2/cc-pVTZ(-f)) global minimum, this conformation was
chosen for the full-potential surface analysis. In a DNA polymer,
the torsion angle formed by the phosphate, which replaces the
hydrogen of the hydroxyl group, lies between the-sc andap
rotamers. Thus these calculations indicate that the conformation
of this torsion angle does not strongly affect pseudorotation
energies.

Scheme 1.Model Systems Used for All Ab Initio Quantum
Mechanical Calculationsa

a The 2′-deoxyribose models (1 and 2) differ by having an amino
group or pyrrole group as a substitution for the base at C1′. The ribose
(3) model has a pyrrole substitution for the base at C1′. Pyrrole-
containing models (2 and3) compare well with experimental data and
are used to parameterize the MSCFF

Figure 5. HF/6-31G** potential energy (kcal/mol) for the 2′-
deoxyribose analogue (1) with an amine substitution for the naturally
occurring base as a function of pseudorotation angleP. The three
possible rotamer conformations for the amino group have very different
energies. All energies are reported relative to C2′-endo(ap) conformation
(-399.925 769 hartree).

Figure 6. (a) HF/6-31G** and LMP2/cc-pVTZ(-f) potential energies
(kcal/mol) as a function of pseudorotation angleP for the 2′-deoxyribose
analogue (2) with a pyrrole substitution for the naturally occurring base.
All energies are reported relative to the C2′-endo conformation (HF/
6-31G** ) -552.548 378; LMP2/cc-pVTZ(-f)) -554.634 699 har-
tree). (b) Normalized statistical weightsσ atT ) 298 K using the LMP2/
cc-pVTZ(-f) energies.

Table 1. Relative Energies (kcal/mol) for the Fully Optimized
2′-Deoxyribose Analogue (2)

method C3′-endo O4′-endo C2′-endo

HF/6-31G**//HF/6-31G** 0.44 1.16 0.00a

LMP2/cc-pVTZ(-f)//HF/6-31G** 0.40 1.31 0.00b

LMP2/cc-pVTZ(-f)//LMP2/cc-
pVTZ(-f)

0.61 1.19 0.00c

a Absolute energy) -552.548 294 hartree.b Absolute energy)
-554.634 699 hartree.c Absolute energy) -554.636 953 hartree.
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An analysis of the endocyclic bond angles of the furanose
ring reveals a strong correlation between pseudorotational phase
and bond angles (Figure 7). This correlation is observed
experimentally29 and is predicted from pseudorotation theory.1,7,27

Endocyclic bond angles for which the central atom is C1′, C2′,
C3′, or C4′ all oscillate in the range 101°-106° and are fairly
symmetrical. In contrast, the C4′-O4′-C1′ bond angle oscillates
in the range 108°-112° and is noticeable unsymmetrical. For
the O4′-exo conformations found nearP ) 270°, steric
interactions between the C4′ and C1′ substituents force the C4′-
O4′-C1′ bond angle to increase and that portion of the curve
to be unsymmetrical when compared to the O4′-endo conforma-
tion. The resulting angle strain, in combination with van der
Waals interactions, leads to a high western barrier.

The statistical populations (T ) 298 K) of2 are plotted versus
pseudorotation phase in Figure 6b. These populations are derived
from the LMP2/cc-pVTZ(-f) single-point energies and are
normalized by the total energy of the system. Summing each
of these contributions into quadrant populations gives the
following: σn ) 0.26, σe ) 0.18, σs ) 0.54, σw ) 0.02. As
expected from crystallographic studies, theσs quadrant is heavily
favored. These populations are different from those reported
by Olson using an empirically derived potential energy function.5

The empirical potential energy function overestimatesσs (σs )
0.74) and predictsσn andσe to be almost equal. A study of 127
mononucleoside and mononucelotide crystal structures29 re-
ported 78 C2′-endo conformations (σs ) 0.61), 31 C3′-endo
conformations (σn ) 0.24), and 18 conformations (σe ) 0.14)
which were neither C2′-endo nor C3′-endo and presumably in
the O4′-endo range. Thus the LMP2/cc-pVTZ(-f) potential
energies are in excellent agreement with available crystal-
lographic data.

Using NMR, it is difficult to quantify the energy barrier
between low-energy conformations. However, NMR experi-
ments which measure vicinal coupling constants can be used
to determineσn and σs. A study measuringσs of five 2′-
deoxyribose nucleosides (dA, dG, dC, dT, and dU) at 278 and
358 K has been reported.19 An average over the five different
bases gives mean experimental values forσs of 0.66 and 0.62
at the two temperatures, respectively. Summing the QM energy
derived populations into hemispheres (NMR experiments re-
solve the sugar conformations only into N-type or S-type) at
278 and 358 K givesσs ) 0.64 andσs ) 0.59, consistent with
the NMR experiments. The remarkable correlation of ab initio
QM results with both crystallographic and NMR data suggests
that both our model system containing a pyrrole and the LMP2/
cc-pVTZ(-f)//HF/6-31G** potential energies give an accurate
representation of 2′-deoxyribose pseudorotation.

Ribose Analogue.Applying the same computational methods
established for the 2′-deoxyribose model (2) to determine the
pseudorotation potential of the ribose model (3) is considerably
more complex due to the multiple possible conformations of
the 2′- and 3′-hydroxyl groups. Each hydroxyl group may
assume one of three possible orientations,+sc, -sc, andap,
giving a total of nine distinct rotamer combinations for each
pucker state. Some of these rotamer combinations are sterically
forbidden and most are energetically unfavorable. To identify
those rotamers which are most likely sampled during pseudo-
rotation, all nine possible rotamers in both the C3′-endo and
C2′-endo sugar conformations were geometry optimized (HF/
6-31G**). No constraints were used to enforce the rotamer
geometry; therefore, some conformations did not yield mini-
mized structures. Table 2 reports the energies of those confor-
mations which did constitute local minima. Interestingly, the
lowest energy conformations are C2′-endo(ap/+sc) and C3′-
endo(+sc/+sc), both sharing the+sc rotamer at the C2′
hydroxyl group.

Pseudorotation potential energies were calculated for the
ribose analogue (2) in both the (ap/+sc) and (+sc/+sc) rotamer
conformations. As expected, both rotamers are required to map
the lowest energy pseudorotation pathway for ribose as shown
in Figure 8a. The interconversion between the two rotamer
conformations occurs at the eastern (O4′-endo) and western
(O4′-exo) barriers. The (ap/+sc) conformation is favorable in
the northern hemisphere (P ) 270°-360°; 0°-90°) while the
(+sc/+sc) conformation is preferred in the southern hemisphere
(P ) 90°-270°). Single-point energies (LMP2/cc-pVTZ(-f))
were calculated only for the lowest energy rotamer at each point.
Perhaps the most surprising result is that the C2′-endo confor-
mation remains the global minimum for ribose. The C3′-endo
conformation lies 0.6 kcal/mol higher in energy with an eastern
barrier of 1.8 kcal/mol separating the two minima. These
energies are unexpected given the known preference for RNA
polymers to assume an A-form helix which requires the C3′-
endo sugar conformation.

NMR studies of ribonucleosides reveal that the nature of the
base has a marked influence upon the preferred sugar pucker.
Purine bases A and G haveσs populations of 0.70 and 0.67,
respectively, atT ) 278 K. However, pyrimidine bases C, T,
and U have a greater preference for the C3′-endo pucker with
σs populations of 0.35, 0.49, and 0.46.19 Using the LMP2/cc-
pVTZ(-f) single point energies, the predicted populations of3
are shown in Figure 8b. Due to the slight broadening of the
C2′-endo potential energy minimum and an increase in the
eastern barrier height when compared to 2′-deoxyribose,σs for
ribose increases to 0.70, in agreement with the purine ribo-
nucleoside NMR data. The unique behavior of the pyrimidine
ribonucleosides is not predicted by the pyrrole model. Perhaps

Figure 7. Endocyclic bond angles for the 2′-deoxyribose analogue
(2) as a function of pseudorotation angleP. There is a strong coupling
between the pseudorotational phase and all the bond angles.

Table 2. HF/6-31G** Relative Energies for All Nine Possible
Rotamers for the Ribose Analogue (3) in Both the C3′-endo and
C2′-endo Optimum Conformations

rotamer -sc(C3) ap (C3) +sc(C3)

C3′-endo
-sc(C2) n/mb n/m 3.14
ap (C2) 1.14 0.98 1.38
+sc(C2) 6.48 n/m 0.92

C2′-endo
-sc(C2) 2.03 2.60 3.88
ap (C2) n/m n/m n/m
+sc(C2) 5.23 0.00a n/m

a Absolute energy) -627.407 965 hartree.b n/m indicates that this
conformation is not a local energy minimum and geometry optimization
leads to a neighboring minimum conformation listed in this table.
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these compounds assume nonstandard base geometries which
exert an altered electronic influence on the furanose ring. There
is evidence from13C NMR relaxation experiments that pyrim-
idine ribonucleosides form a hydrogen bond between the 5′-
hydroxymethyl group and the base which is not possible in the
ribose model (3).6

A closer examination of the global minimum C2′-endo(ap/
+sc) conformation of the ribose analogue (3) suggests that a
likely explanation for the unusual stability of this conformation
stems from an intramolecular hydrogen bond between the C3′
hydroxyl hydrogen and C2′ hydroxyl oxygen atoms. Experi-
mentally, an intramolecular hydrogen bond has been observed
for several ribose crystal structures and does lead to a C2′-endo
sugar conformation.22,23 The presence of this intramolecular
hydrogen bond compromises the ribose sugar analogue (3) as a
model for a ribose polymer or for comparison to experimental
studies in aqueous solution. In the first case of a ribose polymer,
the C3′ hydroxyl hydrogen atom is not present, having been
replaced by a phosphate group, and thus cannot form the
hydrogen bond in question. Second, in solution, such intra-
molecular hydrogen bonds are largely replaced by solvent
interactions and are overestimated in gas-phase calculations.71,72

To better understand ribose sugar behavior in RNA polymers
and for the purpose of force field development, it is desirable
to design a model system which is not encumbered by an
intramolecular hydrogen bond.

Constrained 3′-OH Ribose Analogue. One method to
eliminate the hydrogen bond donor properties of the C3′
hydroxyl group is by constraining the C4′-C3′-O3′-H torsion
angle to -146°, the same average position assumed by a

phosphate atom in dinucleoside monophosphate and trinucleo-
side diphosphate crystals.29 The resulting pseudorotation po-
tential for ribose with a constrained C3′ hydroxyl group is shown
in Figure 9a. Now, the C3′-endo conformation is the global
minimum. Indeed, there is little or no local minimum corre-
sponding to C2′-endo and it is clear why RNA polymers assume
a C3′-endo sugar pucker. An analysis of the relative populations
of N-type and S-type sugars indicates an overwhelming prefer-
ence for the northern hemisphere (σn ) 0.90).

There is experimental data which supports a strong correlation
between the C3′-O3′ torsion angle and ribose sugar pucker.
NMR studies of ribodinucleoside monophosphates indicate a
C3′-endoT C2′-endo equilibrium with a bias toward the C3′-
endo pucker. Furthermore, the C3′-endo pucker is associated
with an ap torsion angle while the C2′-endo pucker is present
with a -sc torsion angle.73 This NMR data is consistent with
the constrained pseudorotation potential for ribose which has a
C3′-endo global minimum for theap conformation.

While a DNA duplex may undergo a transition from a B-form
helix (C2′-endo) to an A-form (C3′-endo) helix with changes
in the aqueous environment, RNA polymers do not experience
an analogous transition and remain in an A-form conformation.
Various explanations based upon the presence of the C2′-
hydroxyl group have been put forth to account for the structural
stability of RNA polymers.3 Intramolecular stabilization through
hydrogen bonding between O2′-H and O4′ of the neighboring
sugar74 or a water-mediated hydrogen bond between O2′-H
and 3′-phosphate75,76have been proposed based on NMR data.
Alternative rationalizations include electronic effects due to the

(71) Nagy, P. I.; Durant, G. J.; Smith, D. A.Modeling the Hydrogen
Bond1994, 569, 60-79.

(72) Shan, S. O.; Herschlag, D.Proc. Natl. Acad. Sci. U.S.A.1996, 93,
14474-14479.

(73) Sarma, R. H.Nucleic Acid Geometry and Dynamics; Pergamon
Press: New York, 1980.

(74) Young, P. R.; Kallenbach, N. R.J. Mol. Biol. 1978, 126, 467-
479.

(75) Bolton, P. H.; Kearns, D. R.Biochim. Biophys. Acta1978, 517,
329-337.

(76) Bolton, P. H.; Kearns, D. R.J. Am. Chem. Soc.1979, 101, 479-
484.

Figure 8. (a) HF/6-31G** and LMP2/cc-pVTZ(-f) potential energies
(kcal/mol) as a function of pseudorotation angleP for the ribose
analogue (3) with a pyrrole substitution for the naturally occurring base.
For the HF/6-31G** points, two possible C3′ rotamers were exam-
ined: (2) ) ap/+sc; (9) ) +sc/+sc. It is clear that both rotamers are
needed to trace out the lowest energy path shown. LMP2/cc-pVTZ(-f)
energies are calculated only for the most favorable rotamer. All energies
are reported relative to the C2′-endo(ap/+sc) conformation (HF/6-
31G** ) -627.407 468; LMP2/cc-pVTZ(-f)) -629.725 164 hartree).
(b) Normalized statistical weightsσ at T ) 298 K using the LMP2/
cc-pVTZ(-f) energies.

Figure 9. (a) HF/6-31G** and LMP2/cc-pVTZ(-f) potential energies
(kcal/mol) as a function of pseudorotation angleP for the ribose
analogue (3) but with the C4′-C3′-O3′-H torsion angle constrained
to -146°. This geometric constraint mimics the properties of RNA
polymers. All energies are reported relative to the C3′-endo con-
formation (HF/6-31G** ) -627.406 345; LMP2/cc-pVTZ(-f))
-629.72 4598). (b) Normalized statistical weightsσ atT ) 298 K using
the LMP2/cc-pVTZ(-f) energies.
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preference for a C3′-endo pucker with increasing electronega-
tivity of the C2′ substituent77 or unfavorable steric interactions
which preclude other sugar conformations. Our calculations
indicate that no intramolecular hydrogen bond with a neighbor-
ing nucleotide or with a bridging water molecule is required to
induce a preference for a C3′-endo pucker. The combined
electronic effects of the 2′-hydroxyl group and the constrained
orientation of the C3′-O3′ torsion angle are sufficient to drive
the pseudorotation potential of ribose sugars in RNA polymers
completely to the A-form or C3′-endo pucker.

Force Field Development.Using the potential energies for
pseudorotation of 2′-deoxyribose and ribose sugar analogues
presented above, a set of force field (FF) parameters have been
developed for accurate molecular mechanics and dynamics
simulations of 2′-deoxyribose- or ribose-containing systems. All
standard valence terms including bonds, angles, torsions, and
inversions are taken from UFF.24 The Dreiding FF66 exponen-
tial-6 parameters are used for all van der Waals interactions
and a standard Coulombic potential completes the nonbond
terms. Upon the framework of this generic FF, two atom types
unique to pentofuranose sugars are defined; C_S and O_S for
C3′ and O4′, respectively. These atom types allow for the
explicit parametrization of anomeric and gauche effects neces-
sary to reproduce QM potential energies. A complete listing of
FF parameters is included in Tables S1-S5 of the Supporting
Information.

Only two additional torsion types are needed to reproduce
the pseudorotation potentials of 2′-deoxyribose and ribose
(unconstrained and constrained 3′-hydroxyl group) sugars. The
first torsion potential accounts for the gauche preference of
O_S-C_3-C_S-C_3 by adding a 2-fold term to the existing
C-C 3-fold potential. Table 3 reports the QM and FF pseudo-
rotation energies for tetrahydrofuran which serves as the model
system for this generic X-C-C-C torsion. The second new
potential applies to all O_x-C_x-C_x-(O_x or N_R) torsions,
wherex ) 3 or S types. In practice, this accounts for all torsions
of the type X-C-C-Y, in which X and Y are electronegative
atoms. It is common for these types of torsions to be
parametrized with a combination of 2-fold and 3-fold po-
tentials.5,48,50-52 Surprisingly, we find it is not possible to
reproduce the QM potential energies using only 2-fold and
3-fold potentials for X-C-C-Y type torsions. This type of
potential results in local minima located atP ) 0° and 180°,
not the desiredP ) 30° and 165°. The use of a 2-fold, 3-fold,
and 4-fold potential is capable of reproducing the QM potential
energies. The same torsion barriers are used for all atom types,
and the resulting FF accurately reproduces the pseudorotation
potentials of both ribose and 2′-deoxyribose sugars.

Force Field Evaluation. Figure 10 plots the pseudorotation
potential energies calculated with the MSCFF for 2′-deoxyribose
and ribose sugars. The position and energies for the two minima
at C3′-endo and C2′-endo are well described, as is the eastern

O4′-endo barrier. In some cases, the western barrier is over-
estimated as a result of steric interactions between C5′ and the
pyrrole base. The FF has a higher penalty for deformation of
the pyrrole ring to relieve these steric clashes than is calculated
by QM methods. These regions of the potential energy surface
will not be populated during typical MD simulations, and thus
the resulting errors will be negligible.

Table 4 compares the quadrant populations atT ) 298 K for
the LMP2/cc-pVTZ(-f) energies and several force fields includ-
ing MSCFF, Amber 4.1,51 and CFF95.70 The MSCFF popula-
tions are in good agreement with the QM predictions for all
three cases examined. Amber 4.1 is biased toward C2′-endo
conformation for 2′-deoxyribose and C3′-endo for ribose sugars.
This bias is expected, as the Amber 4.1 FF is intended for
simulations of canonical DNA or RNA polymers. However, the
resulting simulations may reflect an unrealistic stability for

(77) Uesugi, S.; Miki, H.; Ikehara, M.; Iwahashi, H.; Kyogoku, Y.
Tetrahedron Lett.1979, 42, 4073-4076.

Table 3. Relative Energies (kcal/mol) for Pseudorotation of
Tetrahydrofuran (THF)

P HF/6-31G** MSCFF

0 0.00a 0.00b

30 0.15 0.14
60 0.37 0.32
90 0.44 0.48

a Absolute energy) -230.988 771 hartree.b Absolute energy)
15.62 kcal/mol.

Figure 10. MSCFF potential energies for analogues of (a) 2′-
deoxyribose, (b) ribose, and (c) ribose with a constrained C3′-hydroxyl
group. The heavy lines are the force field energies, while the lighter
lines are HF/6-31G** and LMP2/cc-pVTZ(-f) energies (plotted in detail
in Figures 6a, 8a, and 9a).

Table 4. Statistical Weights for the North, East, South, and West
Quadrants of Pseudorotation Phase as Determined from Potential
Energy Calculations

method σn σe σs σw

2′-Deoxyribose Analogue (2)
LMP2/cc-pVTZ(-f)// HF/6-31G** 0.26 0.18 0.54 0.02
MSCFF 0.18 0.19 0.63 0.00
Amber 4.1 0.13 0.21 0.66 0.00
CFF95 0.76 0.16 0.08 0.00

Ribose Analogue (3)
LMP2/cc-pVTZ(-f)// HF/6-31G** 0.22 0.21 0.58 0.00
MSCFF 0.18 0.19 0.63 0.00
Amber 4.1 0.59 0.24 0.17 0.01
CFF95 0.05 0.06 0.89 0.00

Constrained 3′-OH Ribose Analogue
LMP2/cc-pVTZ(-f)// HF/6-31G** 0.79 0.17 0.04 0.01
MSCFF 0.66 0.27 0.07 0.00
Amber 4.1 0.83 0.16 0.00 0.01
CFF95 0.96 0.03 0.02 0.00
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B-form DNA and A-form RNA. CFF95 does not reproduce the
populations of 2′-deoxyribose and ribose sugars correctly.
Indeed, C3′-endo is the preferred conformation for 2′-deoxy-
ribose while C2′-endo is preferred for ribose, in complete
contradiction to the QM predictions.

Conclusions

The pseudorotation potential energy calculations presented
here provide an updated estimate of the local minima and energy
barriers associated with the conformations of 2′-deoxyribose and
ribose sugars. Although the model systems employed in these
ab initio QM calculations lack a 5′-hydroxyl group, the predicted
energies are in good agreement with available NMR and
crystallographic data. It is intriguing to note that the lack of a
solvation description in these calculations is not evident when
compared to experimental results. It may be argued that a
crystallographic environment is sufficiently anhydrous to mini-
mize the differences with gas-phase calculations. However, the
predictedσs and σn populations also agree well with NMR
studies that are in aqueous solution. One possible explanation
for these results is that the effects of solvation on conformation
are subtle and are not within the resolution of NMR experiments
that coarsely define pseudorotation phase in terms of hemi-
spheres. However, it cannot be ruled out that, for systems
containing a phosphate group, solvent effects in conjunction
with a modified electrostatic environment may alter the pseu-
dorotation potential energy surface.

The pseudorotation potential energies reported in this work
are in qualitative agreement with the benchmark empirical
potential derived by Olson on the basis of experimental data.5,7

However, the Olson potential overestimates the ribose eastern
barrier and does not correctly describe the positions of the local
minima; a shortcoming consistent with the use of only a 2-fold
and 3-fold torsion potential to represent the gauche effect.

Because the parametrization of many force fields for nucleic
acids are based upon the Olson potential, these new QM
potential energies are significant for the evaluation of current
force fields and the development of second-generation potentials.

Here it is demonstrated that the complex energy potential of
pseudorotation may be accurately determined using high-level
quantum mechanical calculations. Furthermore, as detailed
simulations of nucleic acids including explicit solvent become
more common, it is increasingly critical that the force fields
used reflect an accurate potential energy surface, not just the
global minimum. These ab initio calculations and the MSCFF
are part of a continuing effort to parametrize biological force
fields from first principles. The final goal is a new generation
force field containing relatively simple functions which are
parametrized independently from experimental observations.
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