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Large RNA molecules exhibit an astonishing variability of base-pairing patterns, while many of the RNA
base-pairing families have no counterparts in DNA. The cis Watson-Crick/sugar edge (cis WC/SE) RNA
base pairing is investigated by ab initio quantum chemical calculations. A detailed structural and energetic
characterization of all 13 crystallographically detected members of this family is provided by means of B3LYP/
6-31G** and RIMP2/aug-cc-pVDZ calculations. Further, a prediction is made for the remaining 3 cis WC/
SE base pairs which are yet to be seen in the experiments. The interaction energy calculations point at the
key role of the 2′-OH group in stabilizing the sugar-base contact and predict all 16 cis WC/SE base-pairing
patterns to be nearly isoenergetic. The perfect correlation of the main geometrical parameters in the gas-
phase optimized and X-ray structures shows that the principle of isosteric substitutions in RNA is rooted
from the intrinsic structural similarity of the isolated base pairs. The present quantum chemical calculations
for the first time analyze base pairs involving the ribose 2′-OH group and unambiguously correlate the structural
information known from experiments with the energetics of interactions. The calculations further show that
the relative importance and absolute value of the dispersion energy in the cis WC/SE base pairs are enhanced
compared to the standard base pairs. This may by an important factor contributing to the strength of such
interactions when RNA folds in its polar environment. The calculations further demonstrate that the Cornell
et al. force field commonly used in molecular modeling and simulations provides satisfactory performance
for this type of RNA interactions.

Introduction

The structure and dynamics of nucleic acid molecules are
influenced by a variety of contributions. Among those, the
interactions involving nucleic acid bases are of particular
importance. The bases are involved in two qualitatively different
mutual interaction types: hydrogen bonding and aromatic base
stacking. The canonical and noncanonical H-bonded base pair
geometries found in the atomic resolution crystal structures of
DNA correspond to local minima on the potential energy
surfaces of isolated DNA base pairs.1-3 The interaction patterns
of nucleic acid bases in RNA are considerably more complex.
Standard Watson-Crick (WC) AU and GC base pairs account
only for ca. 50% of base pairs in large RNAs. The GU wobble
base pair is the third most common base pair occurring in RNA
and thus represents the third standard RNA base pair. In a sharp
contrast to DNA, a large fraction of RNA H-bonding interactions
is represented by highly variable noncanonical (non-Watson-
Crick, non-WC) base pairs. They are absolutely essential for

building up the complex three-dimensional architectures of large
RNAs.

The RNA non-WC base pairs show an astonishing variability
of base-pairing combinations. They are involved in the formation
of internal RNA loops and segments consisting of several
consecutive non-WC base pairs (i.e., the RNA motifs). The
ribosomal RNAs are a combination of short WC helices and
non-WC RNA motifs. Non-WC base pairs also stabilize distant
tertiary interactions needed to fold the RNA molecules into their
biologically active structure.4-6

Each nucleobase possesses three edges (Figure 1). The WC
edge, the Hoogsteen (H) or “C-H” edge, and the sugar edge
(SE). The SE involves the ribose where the 2′-hydroxyl group
is capable of forming efficient H-bonds, in contrast to de-
oxyribose in DNA. Two nucleobases can interact with each other
through any of the three edges.4 In addition, the nucleobase can
be either in cis or trans orientation with respect to its sugar.
According to Leontis and Westhof, this leads to a total of 12
distinct families with 168 possible base-pairing patterns.4

Actually, 110 of them were already identified in the atomic
resolution experiments, where the RNA base-pairing repertoire
is further extended (e.g., by the cis WC bifurcated base pairs).

The non-WC base pairing in RNA has been extensively
characterized by X-ray crystallography,4-6 NMR,7 database
analyses,4 and by molecular dynamics simulations.8 Surprisingly,
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very few quantum chemical (QM) studies have been so far
devoted to the non-WC RNA base pairing,9 despite the fact that
quantum chemistry was instrumental in revealing key aspects
of DNA base pairing (structures, energies, electronic properties,
cation binding, base modifications, hydration, etc.).1-3,10 For
example, a recent characterization of water-mediated RNA base
pairs is worth mentioning.9c Obviously, the properties of some
RNA base-pairing patterns can be evaluated on the basis of
studies of the corresponding DNA mismatches. However, the
majority of the key RNA non-WC base-pairing families were
not yet characterized using QM methods, including all families
involving SE interactions. In the absence of such studies, we,
for example, do not have any information about the rules
governing the relation between the observed non-WC RNA
interactions and their intrinsic stabilization energies (i.e., while
the structures are known, the corresponding strength of the
pairing is unclear). Because the function of biomolecular systems
is ultimately determined by the free energies, a proper under-
standing of the structure-energy relationship in RNA non-WC
interactions is of interest. In addition, while molecular dynamics
(MD) simulations are nowadays routinely used to study complex
RNA molecules, the ability of the force fields to properly
describe the non-WC interactions has never been tested.

Visual inspection of the crystallographically found RNA base-
pairing patterns shows that many non-WC base pairs are well-
paired with two or more hydrogen bonds. On the other hand,
there are also pairing patterns with just a single H-bond, highly
non-coplanar nucleobase rings, and so forth.4 It is very likely
that some of them are intrinsically very weak and do not
correspond even to local minima on the base-base potential
energy surface, strikingly contrasting the DNA base-pairing
principles. Many of the apparently weak non-WC base pairs
still substantially contribute to the RNA architecture, as seen
from their conservation patterns. Structural and phylogenetic
studies suggest that the shapes of non-WC base pairs are very
important for their biological functions, because a given non-
WC base pair can often be replaced by other base pairs that
have similar shapes (i.e., are isosteric) while mutations leading
to nonisosteric base pairs are often not viable.4

In the present study, we fill the gap presently existing in the
literature on RNA base pairing by examining the molecular
interactions of one of the key families of RNA base pairing,

the cis Watson-Crick/sugar edge (cis WC/SE) base pairs. In
the SE structures, the base (B) is involved in the base pairing
via its WC edge, while the nucleoside (N) participates through
its sugar edge with the 2′-OH hydroxyl group H-bonded to base
B. This paper is thus the first QM study where base pairing is
characterized with an involvement of the 2′-OH group. The
calculations are performed at the medium level of ab initio
theory; however, the recent reference calculations on base
pairing show that the methods used in this paper are entirely
sufficient for its purpose (see method).11,12There are 16 possible
base pair members of the cis WC/SE family, while 13 of them
have already been seen in RNAs. This makes the cis WC/SE
base pair family one of the most biologically relevant RNA
interaction patterns with no counterpart in DNA. The main goal
of this work is to unambiguously relate the known X-ray base-
pairing patterns to their base-pairing energies, thus providing
the until-now missing structure-energy relation.

Computational Methods

Geometry Optimizations. Initial structures were built up on
the basis of crystal geometries, using structures listed in ref 4b,
Figure 6. Sugar rings not involved in the sugar edge interactions
were deleted. Thus, the studied complexes consisted of one base
and one nucleoside, both terminated by hydrogen atoms.
Wherever possible, we carried out unconstrained geometry
optimizations with all parameters relaxed. In a few cases,
geometrical constraints had to be imposed to preserve the
coordination pattern observed in the crystal structures. Because
the choice of constraints was specific for each individual system,
they will be described below where relevant.

Geometry optimizations were carried out at the DFT (density
functional theory) level of theory using theGaussian 98program
package.13 The density functional was built up by Becke’s three-
parameter exchange14 and Lee-Yang-Parr’s correlation func-
tional (abbreviated as B3LYP).15 The 6-31G** basis set was
used for geometry optimizations. The B3LYP/6-31G** base pair
geometries agree very well with those obtained from reference
RI-MP2 (resolution of identity second-order Møller-Plesset
perturbational method) calculations executed with an extended
cc-pVTZ basis set of atomic orbitals; the B3LYP/6-31G**
method overestimates the H-bond distances on average by ca.
0.01-0.05 Å.11 Note also that the calculated interaction energies
are rather insensitive to the base pair geometries, provided the
geometries are reasonably close to the minimum.1,11 We did
not use the PW91 DFT method, because although the PW91/
6-31G** method gives better absolute values of base-pairing
energies compared with the B3LYP/6-31G** technique, the
PW91/6-31G** relative base-pairing energies are slightly less
accurate and the deformation of the monomers caused by
dimerization is exaggerated.11

Interaction Energies. Interaction energies were computed
on the B3LYP optimized structures using the RIMP2 approach
combined with a large aug-cc-pVDZ basis set of atomic orbitals
internally stored in the Turbomole code.16 The RIMP2 interac-
tion energies are close to being identical to true MP2 interaction
energies (within 0.03 kcal/mol), while the RIMP2 method is
much faster.12

The total interaction energy of a nucleobase-nucleoside
dimer (BN) (∆EBN) is defined as

whereEBN stands for the electronic energy of the whole system,
and EB and EN are the electronic energies of the isolated
subsystems B (nucleobase) and N (nucleoside).

Figure 1. Classification of the interaction sites in purine and pyrimidine
nucleobases.

∆EBN ) EBN - EB - EN (1)
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The interaction energy (∆E) has two components: the
Hartree-Fock (HF) term (∆EHF) and the electron correlation
term (∆Ecor).

The ∆EHF term mainly includes the electrostatic interaction
energy, short-range exchange repulsion, and polarization/charge-
transfer contributions. The∆Ecor term is dominated by the
dispersion attraction and further includes the electron correlation
correction to the electrostatic energy. The latter term is mostly
repulsive, because the electron correlation reduces the dipole
moments of the monomers.1,2

All interaction energies were corrected for the basis set
superposition error using the standard counterpoise procedure.17

In contrast to most studies on H-bonding, the interaction energies
in the present paper do not include the deformation energies
(Edef) of monomers upon formation of the base pair, albeit we
list this repulsive contribution separately for selected systems.
To obtain gas-phase binding energies,Edef is to be added to the
interaction energies calculated according to eq 1. The main
reason for omitting deformation energies in this paper is that
in the case of many cis WC/SE base pairs the sugar-base
segment undergoes a rather substantial reorientation upon base
pairing compared to the isolated nucleoside in the gas phase.
Such rearrangements involve the replacement of intramolecular
H-bonds by intermolecular base-base and sugar-base contacts,
and thus, they are not directly relevant to the strength of the
WC/SE interactions. Further, the nucleotide conformation in
RNA is also affected by the overall RNA architecture. Thus,
while the inclusion of monomer deformation energies is
straightforward for small H-bonded systems, the mechanical
inclusion of deformation energies for the present base pairs could
bias the calculations substantially. We strongly suggest that the
deformation energy of monomers is not formally included in
the BSSE correction. For a detailed discussion regarding the
role of the deformation energies in base-pairing calculations,
see ref 11.

Separation of the Base-Base and Base-Sugar Contribu-
tions. Besides calculating the interaction energies for the genuine
nucleobase-nucleoside dimers, we also approximately dissected
the base-base and base-sugar interaction energy terms. These
energies were derived for the following dimers: (i) the first
nucleobase (B) interacting via its WC edge with the second base
(B′) after sugar deletion (BB′) and (ii) the first nucleobase
interacting with the sugar (BS). The nucleoside (N) was split
to sugar (S) and base (B′) along the glycosidic bond. The
dangling bonds were saturated with an H-atom. The C1′-H
distance of the ribose was assumed to be 1.1 Å, while the N1-H
and N9-H distances were fixed at 1.0 Å.

The base-base interaction energy (∆Ebb) was computed for
subsystems B and B′ according to the following formulas:

whereEBB′ is the electronic energy of a system consisting of B
and B′ while EB and EB′ are the electronic energies of the
isolated subsystems B and B′.

Similarly, the base-sugar contribution (∆Ebs) was computed
as follows:

whereEBS is the electronic energy of a system consisting of B
and S, andEB andES are the electronic energies of the isolated
subsystems B and S.

Reference Calculations.To validate the applied theoretical
approaches, we have carried out two sets of preliminary RIMP2
reference calculations for selected systems: geometry optimiza-
tions with the aug-cc-pVDZ basis set of atomic orbitals and
subsequent interaction energy calculations with the aug-cc-pVTZ
basis set. This reference interaction energy value is almost
identical to that obtained with the medium-level method utilized
in our study. Note that benchmark calculations (such as complete
basis set MP2 data with higher-order correlation corrections)11

were not the purpose of this paper and this task will be
accomplished for selected non-WC base pairs from different
base pair families soon.

Molecular Mechanics. Molecular mechanics calculations
have been performed using theAMBER718 program package in
combination with the Cornell et al. force field parameters
(parm99).19,20AMBER atomic charges have been derived using
the Hartree-Fock approximation with the 6-31G* basis set of
atomic orbitals via the RESP fitting procedure.21 For our
calculations, the original AMBER atomic charges were slightly
modified to keep the monomers neutral. For the nucleobase,
the sugar-phosphate segment was replaced by hydrogen, and
its charge was set to keep the base neutral. For the nucleoside,
the neutralization was carried out by smearing the excessive
charge over several sugar atoms, resulting in negligible charge
modifications of 0.01-0.02 e. We have carried out test
calculations with additional slightly modified charge redistribu-
tions, which show that the results are not sensitive to such minor
changes of the charge distributions. The charges used in our
computations are listed in the Supporting Information. Geometry
optimizations were carried out starting from the gas-phase
optimized structures. Interaction energies have been obtained
from single-point calculations using either QM or AMBER-
optimized geometries according to eq 1 and do not include a
correction for the deformation energies. Anyway, the AMBER
deformation energies are rather negligible compared to the QM
ones.11

Results and Discussion

Geometrical Characteristics of the cis WC/SE Base Pairs
Obtained by Unconstrained Optimizations. Table 1 sum-
marizes the main geometrical parameters of 10 optimized cis
WC/SE structures obtained by unconstrained optimizations,
corresponding to (at least) local minima on the potential energy
surface (see also Figure 2; more details can be subtracted from
the coordinate files listed in the Supporting Information). Except
for the U.rG base pair, in all optimized structures there are two
H-bonds, while the SE nucleotide always acts as an H-bond
donor via its 2′-OH group and as an H-bond acceptor via one
of its base positions. Note that none of these base pairs contains
guanine in the WC position. Three additional base pairs were
unstable in the X-ray geometries if optimized in isolation (vide
infra), while the remaining three combinations have not yet been
detected in RNA structures (vide infra). We also optimized the
structures of isolated subsystems, and the∆(X-H) value in
Table 1 shows the elongation of the X-H covalent bond in the
complexes compared with isolated optimized monomers. The
stretching of the X-H bond is usually a good qualitative
indicator of the strength of the H-bonds.11 Interestingly, the
largest∆(X-H) elongations are observed for the uracil N3-
H3 group when interacting with the sugar edge of adenosine
and guanosine (0.019 and 0.026 Å, respectively). This suggests
a salient H-bonding affinity for uracil among the studied bases.
For adenine and cytosine in WC positions, the elongations are
much smaller, amounting to 0.010-0.018 Å and 0.012-0.018

∆E ) ∆EHF + ∆Ecor (2)

∆Ebb ) EBB′ - EB - EB′ (3)

∆Ebs) EBS - EB - ES (4)
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Å, respectively. The situation is slightly different in the U.rG
complex, where the ribose-uracil H-bond is suppressed by a
competing H-bond donated by the N2 amino group of guanine.

Lengths of the O2′-H bonds of the ribose unit involved in
sugar-base H-bonding unequivocally reveal the presence of
hydrogen-bonding interactions with variable strength. In some
cases, we could not determine the O2′-H elongation, because
optimization of the isolated nucleoside resulted into an intra-
molecular H-bond formation involving O2′-H.

For the sake of completeness, we also list the O3′-H bond
lengths and distances to nearby acceptors. It is to be noted that
the formation of an O3′-H‚‚‚X H-bond would be an artifact of
the model system, because O3′ in RNA is blocked by the
attached phosphate group. Fortunately, the data evidently rules
out such an H-bond in all our structures and justifies our model.
To reassure ourselves of this, we have optimized the structure
of the three most stable dimers by replacing the hydrogen atom
at O3′ by a methyl group. The total interaction energies as well
as the pairwise contributions show (vide infra) that the methyl-
ation of O3′ does not influence the strength of the base-
nucleoside interaction and the terminal 3′-OH group has no
effect on the base pairing in the studied base pairs. Note also
that the calculations have to be done without considering the
phosphate group, because of its formal charge of-1. This
charge would have a profound long-range ionic electrostatic
effect in studies of isolated base pairs, while such charge effects
are known to be entirely screened in relevant environments.22

This, together with the very good agreement between the
calculated and X-ray structures, justifies our model (vide infra).

All four structures having adenine in the WC position exhibit
a similar H-bonding pattern. There is a universal O2′-H‚‚‚N1-
(A) sugar-base H-bond complemented by an interbase H-bond
of the N6(A) amino group with the N3 endocyclic groups of
purines and O2 exocylic groups of pyrimidines. Among them,
the A(N3) site is the strongest H-bond acceptor, as revealed by
the elongation of the N6-H bond of 0.018 Å (vide supra).
Although the N1(A)-O2′ interatomic distances are very similar
in the four structures, steric conditions for the H-bond formation
between the ribose and the adenine are much better in the
pyrimidine containing nucleosides than in their purine coun-
terparts for the following reasons: While for cytidine and uridine
the O2′-H2′‚‚‚N1(A) H-bond perfectly fits the plane of the
interacting adenine (the O2′-H2′-N7(A)-N3(A) dihedral angle
being less than 4°), a substantial deviation from coplanarity is
observed when having adenosine (-22.1°) and guanosine
(-39.4°) in the SE position.

We made an attempt to reoptimize the above 10 base pairs
with the Cornell et al. force field starting from the B3LYP/
6-31G** optimized geometries. Except for the A.rA, A.rG, and
U.rA base pairs, the optimized structures are strikingly different
from the initial ab initio geometries and preserved neither the
original H-bonding pattern nor the mutual base-base orienta-
tion. For example, T-shaped positions of the bases are seen. In
addition, in 4 out of the 10 cases, a conformational switch from
C3′ endo to C2′ endo has been observed in the ribose part. This
result, however, does not necessarily indicate any major
inaccuracy of the force field for several reasons. First, the force
field is not calibrated to accurately study gas-phase base pairs.
The difference may also be partly caused by different optimiza-
tion criteria of the molecular mechanical code, possibly allowing
the local minima to escape. Further, the force field, in contrast
to the DFT procedure, does include the dispersion attraction.
Therefore, the DFT procedure is considerably less likely to lead
to a transition from H-bonded structures to T-shaped or stacked
ones, as the stability of T-shaped and stacked structures is
severely underestimated by the DFT quantum chemical method.2

It is to be noted that a very similar result was reported previously
in studies of isolated nucleobase triads, where the AMBER
optimizations typically resulted in T-shaped or stacked structures
while Hartree-Fock optimizations preserved the H-bonded
planar structures.23

Constrained Optimizations. Three optimized cis WC/SE
structures with guanine in the WC position did not retain the
hydrogen-bonding patterns determined in their crystal structures.
In these cases, geometrical constraints were applied to keep the
bases in a crystal-like orientation. Figure 3 presents a summary
of the structures obtained from full as well as constrained
optimizations.

The crystal structure of the G.rC cis WC/SE pair exhibits
two short intermolecular contacts: (i) the closely spaced N2(G)
and O2′ enable the formation of either an N2(G)-H‚‚‚O2′ or
an O2′-H‚‚‚N2(G) H-bond, and (ii) there is an N1(G)-
H‚‚‚O2(C) H-bond. Full optimization, however, resulted in the
standard WC/WC base pair. Thus, the C2(C)-N1(G)-C2(G)
valence and the C2(C)-N1(G)-C2(G)-N3(G) torsion angles
were fixed at the crystal value to prevent displacement of the
guanine ring toward the WC edge of cytosine. The resultant
gas-phase geometry, in line with the crystal structure, reveals
O2′-H‚‚‚N2(G) and N1(G)-H‚‚‚O2(C) H-bonds.

There are three potential H-bonding contacts in the crystal
geometry of the G.rG cis WC/SE base pair: (i) N2(G)-

TABLE 1: Main Geometrical Parameters of the Interbase
and Ribose-Base Contacts for the Fully Optimized cis
WC/SE Base Pairsa

distancebase
pair

donor
atom (X)

acceptor
atom (Y) X-Y X-H ∆(X-H)b

A.rU N6(A) O2(U) 2.93 1.017 0.010
O2′ N1(A) 2.76 0.996 0.023
O3′ 0.978 0.006

A.rA N6(A) N3(A ′)c 3.01 1.025 0.018
O2′ N1(A) 2.77 0.995 d
O3′ 0.978 0.006

A.rG N6(A) N3(G) 3.04 1.021 0.014
O2′ N1(A) 2.78 0.988 d
O3′ 0.973 0.001

A.rC N6(A) O2(C) 2.83 1.022 0.015
O2′ N1(A) 2.76 0.994 0.016
O3′ 0.975 0.002

C.rA N4(C) N3(A) 3.01 1.024 0.018
O2′ N3(C) 2.75 0.991 d
O3′ O2(C) 3.95 0.976 0.004

C.rC N4(C) O2(C′)c 2.83 1.024 0.018
O2′ N3(C) 2.77 0.988 0.010
O3′ O2(C) 3.50 0.977 0.004

C.rG N4(C) N3(G) 3.05 1.022 0.016
O2′ N3(C) 2.79 0.986 d
O3′ O2(C) 4.57 0.974 0.002

C.rU N4(C) O2(U) 2.93 1.018 0.012
O2′ N3(C) 2.74 0.990 0.017
O3′ O2(C) 3.47 0.976 0.004

U.rA N3(U) N3(A) 2.99 1.039 0.026
O2′ O2(U) 2.75 0.977 d
O3′ 0.971 0.001

U.rG N3(U) N3(G) 3.01 1.032 0.019
O2′ O4(U) 3.43 0.968 d
O3′ 0.972 0.000
N2(G) O4(U) 2.92 1.022 0.012

a Interatomic distances are given in angstroms. Cartesian coordinates
are listed in SI for all structures.b Elongation of the X-H covalent
bond with respect to the isolated optimized monomers.c ′ denotes the
base connected to the nucleoside.d Reference value is not relevant
because of internal H-bond formation inside the fully optimized
nucleoside structure.
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H‚‚‚O2′ or O2′-H‚‚‚N2(G), (ii) N1(G)-H‚‚‚N3(G), and (iii)
O6(G)‚‚‚H-N2(G′) (G′ indicates guanine in the SE position).

Upon full optimization, the C3′ endo ribose switched to a C2′
endo conformation with a concomitant change in the mutual
base-ribose positions inside the guanosine part. The resultant
H-bonding pattern significantly differed from the desired one:
There was an internal H-bond between 2′-OH and N3(G′), while
the interbase interaction was represented by an atypical N2-
(G′)-H‚‚‚O6(G) H-bond. Constraining the N9(G)-C1′-O4′-
C4′ angle at the crystal value did not result in any relevant
geometry, and even subsequent freezing of N3(G′)-C2(G′)-
C6(G)-N1(G), N3(G′)-C2(G′)-C6(G), and C2(G′)-C6(G)-
N1(G) angles was not useful. In this case, the potential energy
surface was so flat near the minimum that optimizations failed.
Thus, we conclude that the G.rG cis WC/SE structure is
intrinsically unstable. In addition, the X-ray structures suggest
that a water bridge mediates the N1(G)-H‚‚‚N3(G′) interaction.
Including the water molecule, indeed, we were able to allocate
a minimum reflecting the crystallographically suggested H-
bonding pattern. In the optimized structure, the water molecule
not only mediates the interaction between guanines but also
stabilizes the 2′-OH group in a further H-bond. This cooperative
network of H-bonding interactions leads to an overall stabiliza-
tion of the G‚‚‚rG pair (see Figure 3f).

In the G.rU complex, the guanine is displaced during the full
optimization and forms an amino acceptor O2′-H‚‚‚N2(G)
H-bond.24 This is accompanied by a rotation of the aromatic
rings about the N1(G)-C2(U) axis by ca. 90°, which is not
consistent with the intended cis WC/SE arrangement. Thus, we
constrained the N1(G)-C2(U)-N1(U), C2(G)-N1(G)-C2(U),
N1(G)-C2(U)-N1(U)-C6(U), and C2(G)-N1(G)-C2(U)-
N1(U) angles, and this was sufficient to preserve the nearly
coplanar position of the two interacting bases. The major

Figure 2. Gas-phase geometries of ten cis WC/SE base pairs obtained from full optimization at B3LYP/6-31G** level of theory. Dashed lines
indicate H-bonding contacts.

Figure 3. Gas-phase optimized geometries (B3LYP/6-31G** level of
theory) of the G.rC, G.rG, and G.rU cis WC/SE base pairs. Structures
listed in the left column were obtained with full relaxation of all
geometrical parameters: (a) G.rC, (b) G.rU, (c) G.rG. Right column:
(d) constrained optimized geometry for G.rC; (e) constrained optimized
geometry for G.rU; (f) fully optimized geometry of the water-inserted
G.rG cis WC/SE base pair. Dashed lines indicate H-bonding contacts.
For description of the geometrical constraints imposed, see text.
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difference between the two optimized structures is in the
geometry of the secondary hydrogen bond formed between
N1(G) and O2(U). It seems that this contact is optimized at the
expense of the above-mentioned ring rotation. The N1(G)-
O2(U) distance is by 0.09 Å shorter in the fully relaxed (2.94
Å) geometry than in the constrained (3.03 Å) geometry.

The apparent instability of several base pairs is not surprising.
The compact RNAs can stabilize and utilize interbase geometries
that are not local minima for isolated base pairs. The likely
reason the G.rC pair adopts a WC/WC arrangement upon full
optimization is the very steep slope of the potential energy
surface around this minimum, which completely masks the
shallow minimum corresponding to the WC/SE geometry. The
rotation of the aromatic rings in the G.rU structure is due to
the great flexibility of the isolated pair and does not change the
hydrogen bonding pattern observed in the crystal. This is also
reflected by the relatively low energy difference (6.3 kcal/mol,
vide infra) between the fully optimized and constrained geom-
etries. The gas-phase instability of the G.rG WC/SE pair, in
accord with X-ray studies, indicates that water insertion is
essential for this pairing pattern.9c

Interaction Energies.Table 2 shows interaction energies of
the 10 stable unconstrained cis WC/SE base pairs and compares
them with standard RNA base pairs.

The first column in Table 2 presents the total (RIMP2)
interaction energy (∆E). With the aug-cc-pVDZ basis set, we
expect that these interaction energies are underestimated (in
absolute values) by ca. 2 kcal/mol compared to the basis set
limit values, while the relative order of stability is entirely
correct.11 The next column gives the HF component of the
interaction energy (∆EHF, see method). Although these values
are markedly reduced compared to the corresponding RIMP2
data, undoubtedly, the classical electrostatic components, such
as polarization and charge transfer terms cannot be disregarded
when elucidating the stabilizing forces in the cis WC/SE base
pairs.10i

The difference between the RIMP2 and HF values is mainly
due to the attractive dispersion energy, partly reduced by
repulsive electron correlation correction to the electrostatic
energy. The∆E - ∆EHF ) ∆Ecor difference for the cis WS/SE
base pairs is in the range-5.7 to-8.1 kcal/mol. These values
are by ca. 3 kcal/mol more negative comparing to the three
standard base pairs (GC WC, AU WC, and GU Wobble;∆E -
∆EHF ) -3.5 to -4.9 kcal/mol, see Table 2). Therefore, the
nature of stabilization in the cis WC/SE base pairs is similar to
base pairs not involving the sugar 2′-OH group, with dominating
electrostatic attraction followed by the dispersion term.1,11 The
weight and the absolute value of the dispersion energy are,
however, enhanced compared with base pairs involving only
the base-base interactions.11 This reflects the larger contact area
of the cis WC/SE base pairs. The increased dispersion contribu-
tion relative to standard base pairs may represent a considerable
advantage for folding of the RNA molecules in polar environ-
ments. Note that the present∆E - ∆EHF term represents the
lower estimate of the true dispersion stabilization. As stated
above, the basis set size leads to the underestimation of the
dispersion attraction by ca. 2 kcal/mol. In addition, the∆E -
∆EHF term contains the repulsive correction to the electrostatic
interaction energy (note that the dispersion and electrostatic
electron correlation terms cannot be separated).

The third column gives the force-field values calculated by
the Cornell et al. force field for the B3LYP-optimized geom-
etry.19 The force-field values are in very good overall agreement
with QM data, with the strength of most base pairs being
underestimated by 1-2 kcal/mol. The only exception is the U.rG
base pair, where the force-field calculation gives 2 kcal/mol
higher interaction energy than the RIMP2 method. The likely
reason for this anomaly is an imbalance of the force-field
calculations in describing the bifurcated H-bonds formed at the
O4 acceptor site of uracil. We have also computed interaction
energies for those three structures where the geometry optimiza-
tion with AMBER has not changed the H-bonding pattern. These

TABLE 2: Interaction Energies and Deformation Energies (kcal/mol) for the Optimized cis WC/SE and Standard WC/WC
Base Pairs Obtained at the RI-MP2/aug-cc-pVDZ Level Using the B3LYP/6-31G**-Optimized Geometries and with the Cornell
et al. (AMBER) Force Field Using the Same DFT-Optimized Geometriesa

interaction energy pairwise termscis WC/SE
base pair RIMP2 HF AMBER

deformation
energy, QM B‚‚‚Sb B‚‚‚B′c

nonadditivity
termd

A.rU -16.5
(-17.4)e

-10.7
(-10.1)e

-14.9 4.3 -9.4
(-9.9)e

-4.4
(-5.4)e

-2.7
(-2.1)

A.rA -17.1 -9.7 -14.3
(-14.0)f

-6.2 -9.0 -1.9

A.rG -16.0
(-17.0)e

-7.9
(-7.4)e

-14.8
(-15.4)f

5.9 -8.5
(-9.0)e

-6.6
(-7.2)e

-0.9
(-0.8)

A.rC -17.9 -11.8 -15.7 -9.2 -6.8 -1.9
C.rA -19.5 -12.0 -17.0 -9.8 -7.0 -2.7
C.rC -21.8 -16.0 -21.0 -10.4 -8.4 -3.0
C.rG -17.0 -9.1 -16.4 -9.2 -6.5 -1.3
C.rU -20.1 -14.4 -19.5 5.9 -10.6 -6.5 -3.0
U.rA -16.9 -10.8 -15.9

(-16.4)f
-5.7 -9.9 -1.3

U.rG -16.0 -8.5 -18.1 6.1 -3.4 -12.5 -0.1
GC WC -29.4 -25.5 -28.5 4.0
AU WC -15.3 -10.4 -13.5 1.7
GU Wobble -16.8 -13.5 -15.5 2.3
C.rMeAg -19.3 -11.6 -9.8 -7.1 -2.4
C.rMeCg -21.0 -15.4 -10.2 -8.1 -2.7
C.rMeUg -19.1 -13.5 -10.1 -6.2 -2.8

a For further details, see Methods section.b B ) nucleobase, interacting via its WC edge; S) sugar.c B′) nucleobase interacting via its S edge.
d The nonadditivity term is approximated as∆EBN - ∆Ebb - ∆Ebs. Note that its value may be affected by the fact that a covalent bond is cut to
derive the individual terms.e Reference values from RIMP2/aug-cc-pVTZ//RIMP2/aug-cc-pVDZ calculations (which should be within 1 kcal/mol
of the basis set limit11) are in parentheses.f Values in parentheses have been computed for optimized geometries obtained from AMBER calculations.
g In these structures, the ribose is methylated at O3′, with no apparent effect on the interaction.
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data (listed in column 3 of Table 2 in parentheses next to the
corresponding nonoptimized value) illustrate that the interaction
energies from AMBER calculations are practically insensitive
to minor geometrical changes which do not alter the H-bonding
pattern. Thus, despite the small incoherency observed in
connection with the U.rG base pair, the force field is capable
of effectively reproducing the strength of all H-bonds, including
those with O2′-H binding. This is a very encouraging result
regarding RNA modeling.

The total strength of the cis WC/SE base pairs is in the range
-16 to -22 kcal/mol (i.e., they are rather close in energy).
Stabilities of GC WC, AU WC, and GU Wobble base pairs
evaluated with exactly the same method are-29.4,-15.3, and
-16.8 kcal/mol, respectively, thus spanning a much wider range
of energies. As explained in the Methods section, the numbers
do not include a correction for the monomer deformation
energies, while these are for certain base pairs listed separately
in the fourth column of the Table 2. The deformation energies
are quite large because of sugar rearrangements (vide supra),
and thus, we prefer to separate them from the “net” interaction
energies, which we assume to be more relevant to the
understanding of base-pairing energies in RNA.

The first column of Table 2 shows that the interaction of
cytosine with the nucleosides is noticeably stronger than that
of adenine and uracil. The leading term of the cytosine-
nucleoside interaction is the sugar-base contribution. On the
contrary, the interaction of uracil with nucleosides is prevailed
by the base-base contribution. If adenine interacts with a
pyrimidine base containing nucleoside, the base-sugar term
becomes dominant, while for the purine bases, the base-sugar
component is more pronounced.

With one exception, all pairwise interaction energy contribu-
tions listed in Table 2 range from-4.4 to -10.6 kcal/mol,
showing a mutual compensation between the sugar-base and
base-base terms, leading to the overall similarity in the
energetics of the base pairs. Except for the two U‚‚‚nucleoside
cis WC/SE pairs, the interbase hydrogen bond always involves
an exocyclic amino group of either base, while the sugar-base
contact is formed between the O2′ of the ribose and an
endocyclic nitrogenous site. Surprisingly, in the U.rG complex,
both pairwise contributions fall out of the above range. The
extremely weak sugar-base interaction (-3.4 kcal/mol) is
counterbalanced with an unusually strong base-base term
(-12.5 kcal/mol) supplying a total stability of-16 kcal/mol.
The reason for this anomaly is in the formation of competing
bifurcated H-bonds involving O4 of uracil. Because of an
N2(G)-H‚‚‚O4(U) H-bonding contact, O4 exhibits strongly
deteriorated acceptor activity toward the 2′-OH group of the
ribose. Nonadditivity of the pairwise interactions, estimated as
∆EBN- ∆Ebb - ∆Ebs and listed in the last column of Table 2,
are noticeable but not significant.

As noted above, a few X-ray structures required constrained
optimizations, and their interaction energies are as follows (not
shown in Table 2). The interaction energy for the G.rC complex
is -15.2 kcal/mol (i.e., still inside the range of the other base
pairs). The dominant contribution comes from the base-base
term (-11.5 kcal/mol). The sugar-nucleobase interaction is
exceptionally weak (-2.9 kcal/mol), and its HF component is
even repulsive (+1 kcal/mol). In contrast, the intermolecular
stabilization in the optimized (constrained) structure of G.rU is
very low, -9.4 kcal/mol. The interbase and base-sugar terms
are weakly attractive (-5.5 and-3.3 kcal/mol, respectively;
the latter one is+0.8 kcal/mol at HF level). Evidently, both
base pairs with guanine in the WC position have poor sugar-

base interactions. Unfortunately, because of the lack of ap-
propriate optimized gas-phase geometry, we could not estimate
the interaction energy in the G.rG base pair, and it is quite
evident that this base pair is not very stable. However, we have
computed the total interaction energy for the analogous water-
mediated pair25 dividing the system into three subsystems,
represented by the base in the WC position, guanosine, and
water. The resultant value (-29.5 and-18.8 kcal/mol at MP2
and HF levels of theory, respectively) clearly reveals a high-
level cooperativity of the H-bonds in this structure, albeit the
number cannot be directly compared with the other base pairs.
Cooperativity of the H-bonding network in other water-mediated
RNA base pairs has already been noticed prior to our work by
Brandl et al. Comparing the stability of direct and through-
water base pairs, they have concluded that the cooperativity of
the H-bonds significantly stabilizes these structures.9c

Isostericity. RNA folding depends to a significant extent on
steric fit of the molecular interactions. Often, mutations conserv-
ing the three-dimensional structure are allowed in RNA. This
opens up the way for a number of isosteric substitutions,
described in detail by Leontis et al.4 They consider the C1′-
C1′ distance as a measure of the isostericity and classify all
known isosteric base pairs with the use of a simple matrix
formalism.4b

On the basis of the X-ray structures, the 13 known cis WC/
SE base pairs form 5 isosteric subfamilies: (i) adenine in the
WC position with all 4 possible nucleosides in the SE position,
with a characteristic C1′-C1′ distance ranging from 9.0 to 9.5
Å; (ii) cytosine in the WC position with all 4 possible
nucleosides in the SE position, with a characteristic C1′-C1′
distance ranging from 7.7 to 8.0 Å; (iii) guanine in the WC
position with adenine, cytosine, and uracil in the SE position
(characteristic C1′-C1′ distance 8.5-9.1 Å); (iv) uracil with
all 4 possible nucleobases in the SE position, representing the
shortest C1′-C1′ distance of 5.6-6.5 Å; (v) finally, the
guanine-guanosine cis WC/SE self pair itself forms a one-
member isosteric subfamily with the longest C1′-C1′ distance
of 10.3 Å.

Because of simplifications imposed in the gas-phase model
structures (vide supra), instead of the C1′-C1′ distance, we use
the corresponding N1-C1′ and N9-C1′ distances (abbreviated
as N-C1′) for pyrimidine and purine bases, respectively. Table
3 compares their crystallographically determined and computed
values. In Figure 4a, we plotted the experimentally available
N-C1′ distances against the corresponding C1′-C1′ values.
The excellent correlation clearly verifies that the variation of
the C1′-C1′ distances is well-reflected by the N-C1′ values.
Similarly, except for G.rG,26 there is a fair correlation between
the data presented in columns 2 and 3 of Table 3, with just a
minor systematic discrepancy showing the computed distances
slightly longer compared to the crystal ones (see also the
correlation diagram in Figure 4b). Thus, the crystallographically
suggested classification of the cis WC/SE base pairs into
isosteric subfamilies is fully supported by the gas-phase
calculations. In other words, the isostericity is determined by
the intrinsic properties of the base pairs, including a water
insertion into some base pairs that do not form a satisfactory
cis WC/SE interaction in the complete absence of solvent
molecules.

As noticed above, the interaction energies of the three
standard RNA WC/WC base pairs (-15 to-29 kcal/mol) span
a much broader interval than those of the cis WC/SE family
(-16 to-22 kcal/mol, except for the constrained G‚‚‚rU). Thus,
one may conclude that the substitution principles of the cis WC/
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SE family should indeed be largely controlled by the geometrical
factors with likely only marginal effects stemming from the
base-pairing energy differences. (Note that GC and AU standard
base pairs can often substitute for each other in RNA, despite

their pronounced interaction energy difference.) This obviously
makes the cis WC/SE family a prominent class of non-WC
interactions utilized in building up the complex and modular
RNA architectures.

Predicted Structures. On the basis of Figure 6 of ref 4b,
we have built up models for the remaining three cis WC/SE
base pairs where the X-ray examples were not yet reported.
Their fully optimized gas-phase geometries are shown in Figure
5 (Cartesian coordinates of the structures depicted in the figure
can be found in the Supporting Information). The predicted
structures are also included in the correlation diagram presented
in Figure 4b.

The gas-phase optimized N1-C1′ distances in the U.rC and
U.rU structures (6.53 and 6.44 Å, respectively) are somewhat
longer than the N9-C1′ distances of the U.rA and U.rG cis
WC/SE pairs (5.65 and 5.27 Å, respectively). These findings
are in sound agreement with the model building predicting an
0.6-0.9 Å elongation of the C1′-C1′ distances in the U.rPy
complexes with respect to their U.rPu counterparts.4b Thus, in
accord with ref 4b, our gas-phase computations also rank all
four cis WC/SE structures with uracil in the WC position into
a single isosteric subfamily.

Similarly, the optimized structural parameters of the G.rA
cis WC/SE base pair are fully consistent with those of the
analogous G.rC and G.rU pairs. Thus, the 0.5 Å reduction of
the optimized N-C1′ distance in G.rA with respect to G.rC
and G.rU fully confirms the trend proposed on the basis of
simple isosteric considerations.4b

The computed total interaction energies (-14.6,-15.3, and
-17.3 kcal/mol for G.rA, U.rC, and U.rU, respectively) of the
three predicted cis WC/SE base pairs overlap the lower edge
of the interval found for the crystallographically known
structures (-16 to-22 kcal/mol). Thus, the intrinsic properties
of these base pairs suggest that they are entirely suitable for
building up 3D RNA structures.

Conclusions

We have carried out the first quantum chemical study on one
of the key RNA base-pairing families involving sugar-base
H-bonding, the cis WC/SE family, consisting of 16 base pairs
forming 5 distinct isosteric subfamilies. The calculations
complement the structural experimental data by accurate evalu-
ation of the intrinsic stabilities and the nature of interactions in
these RNA base pairs. Such structure-energy data were missing
until now. A proper understanding of the relation between the

TABLE 3: Computed and Crystallographically Determined
Values of the N1-C1′ and N9-C1′ Distances (Å) for the cis
WC/SE Base Pair Family

distance

base pair measure crystala gas-phase QM

A.rA N9-C1′ 8.17 8.35
A.rC N9-C1′ 8.29 8.56
A.rG N9-C1′ 7.86 8.19
A.rU N9-C1′ 8.31 8.51
C.rA N1-C1′ 6.80 6.82
C.rC N1-C1′ 6.56 6.80
C.rG N1-C1′ 6.52 6.76
C.rU N1-C1′ 6.84 6.80
G.rA N9-C1′ 7.9b 8.13
G.rC N9-C1′ 8.37 8.57
G.rG N9-C1′ 9.27 8.70
G.rU N9-C1′ 8.39 8.53
U.rA N1-C1′ 5.57 5.65
U.rC N1-C1′ 6.1b 6.53
U.rG N1-C1′ 5.19 5.27
U.rU N1-C1′ 6.1b 6.44

a Crystal data; see ref 4b for further details.b Estimated value from
model structures (for details, see text).

Figure 4. (a) Plot of the experimental N1-C1′ and N9-C1′ distances
vs the experimental C1′-C1′ distances for all cis WC/SE base pairs
with known crystal structure. (b) Plot of the computed vs crystallo-
graphically determined N1-C1′ and N9-C1′ distances.

Figure 5. Predicted structures of the U.rC, U.rU, and G.rA cis WC/
SE base pairs from B3LYP/6-31G** optimizations.
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observed structures and the energetics of molecular interactions
in compactly folded RNAs is of similar importance to that in
proteins.27

Twelve out of the thirteen crystallographically known cis WC/
SE binding patterns have been found to be intrinsically stable
(albeit two of them required a constrained optimization). The
only exception is the G.rG base pair, which apparently requires
water insertion to be stabilized. It does not rule out that other
cis WC/SE base pairs may adopt alternative water-bridged
geometries when dictated by the overall RNA fold.

Base-pairing energy in the cis WC/SE structures is surpris-
ingly good and spans a rather narrow range (-16 to-22 kcal/
mol), considerably smaller compared with the difference
between standard AU and GC base pairs of ca. 14 kcal/mol.
The only exception is the G.rU base pair, which is weak (-9.4
kcal/mol) and comparable, for example, to common UU base
pairs.11 There is a substantial degree of mutual compensation
in the strength of the sugar-base and base-base contributions.
Thus, the cis WC/SE family and subfamilies not only do follow
the principles of isostericity, but they also are approximately
isoenergetic. This makes them very attractive and versatile
building blocks of complex RNA structures. They offer several
distinct very well-defined shapes and, further, substantial
stabilization energies.

Our calculated structures are in all aspects in quantitative
agreement with isostericity matrices by Leontis et al.4 They
perfectly fit the suggested classification of the cis WC/SE
structures into isosteric subfamilies made on the basis of crystal
data. This, on the other hand, shows that the geometrical
similarity of the isosteric base pairs is in fact an intrinsic property
of these systems, which is transferable from the complete
isolation to the RNA macromolecule. Model building and
quantum chemical optimizations also provided stable cis WC/
SE structures for the remaining three base pairs not evident in
X-ray structures so far. These base pairs also have very good
stabilization energies, hinting at the possibility that these
interactions will likely be found in future structural studies of
RNAs.

The cis WC/SE interactions are primarily of electrostatic
nature, similar to standard base pairing. Nevertheless, the
electron correlation component (and thus the dispersion attrac-
tion) of the interaction energy manifests itself to a modestly
increased extent (by ca. 3 kcal/mol) in these systems, due to
larger intermonomer contact area. Enhanced electron correlation
stabilization should improve the stability of these interactions
in a polar environment. The calculations reveal very good
performance of the Cornell et al. empirical potential for the
base-base and sugar-base interactions involving the hydroxyl
group, which justifies performing large-scale MD simulations
of complex RNA molecules with extended non-WC regions and
interactions.8
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