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Noncanonical base pairs in RNA have strong structural and functional implications but are currently not considered
for secondary structure predictions. We present results of comparative ab initio studies of stabilities and interaction
energies for the three standard and 24 selected unusual RNA base pairs reported in the literature. Hydrogen added
models of isolated base pairs, with heavy atoms frozen in their ‘away from equilibrium’ geometries, built from
coordinates extracted from NDB, were geometry optimized using HF/6-31G** basis set, both before and after
unfreezing the heavy atoms. Interaction energies, including BSSE and deformation energy corrections, were
calculated, compared with respective single point MP2 energies, and correlated with occurrence frequencies and with
types and geometries of hydrogen bonding interactions. Systems having two or more N-H…O/N hydrogen bonds
had reasonable interaction energies which correlated well with respective occurrence frequencies and highlighted the
possibility of some of them playing important roles in improved secondary structure prediction methods. Several of
the remaining base pairs with one N-H…O/N and/or one C-H…O/N interactions respectively, had poor interaction
energies and negligible occurrences. High geometry variations on optimization of some of these were suggestive of
their conformational switch like characteristics.
[Bhattacharyya D, Koripella S C, Mitra A, Rajendran V B and Sinha B 2007 Theoretical analysis of noncanonical base pairing interactions in RNA
molecules; J. Biosci. 32 809–825]

1.

Introduction

In recent times the discovery of several ncRNA (noncoding RNA which does not code for proteins but directly
performs structural, catalytic or regulatory functions) genes
has drawn progressively greater scientiﬁc attention to RNA
studies. Initially there were few anecdotal discoveries which
had given rise to speculations that such ‘RNA genes’ are
possible ‘relics’ of a ‘primordial’ RNA world (Gilbert 1986;
Gesteland et al 2000) when possibly RNA’s participated
Keywords.

both in genetic information transfer as well as in catalysis,
before ‘more efﬁcient’ protein enzymes evolved. Subsequent
experimental as well as theoretical investigations on ncRNA
genes have led to the targeted discovery of a variety
of different ncRNAs such as miRNA, siRNA, snRNA,
snmRNA, snoRNA, stRNA etc. (Hüttenhofer et al 2001),
and many of these have also been annotated with proven
or putative functional roles. This has laid the basis for the
hypothesis of the ‘new RNA world’ (Eddy 2001), which
supersedes the ‘relic’ hypothesis and speculates on the
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possibility that the genome encodes a large number of
functional RNAs which participate in hitherto unknown and
unexplored areas of genetic and metabolic pathways. It has
become apparent today that these functional RNA molecules
hold key secrets to life processes and that the near future will
witness an explosion of new RNA gene sequences asking
for structural and functional annotation and posing newer
challenges to RNA structural bioinformatics.
The X-ray crystallographic structures of t-RNAs (Kim et
al 1974; Robertus et al 1974), ribozymes (Scott et al 1995;
Ferré-D’Amaré et al 1998; Golden et al 1998; Wedekind and
Mckay 1999), the detailed structure of the 30S (Wimberley
et al 2000) and the 50S (Ban et al 2000) ribosome fragments
and more recently that of the complete ribosome (Yusupov
et al 2001) have already highlighted the signiﬁcance of the
structural expression of RNAs in the folded form. This
has also prompted several initiatives for structure-function
annotations of RNA sequence data (Cannone et al 2002;
Murthy and Rose 2003, see also http://www.imb-jena.de/
RNA.html for a listing of several related web resources).
Another aspect of RNA research that has attracted a
lot of attention since more than two decades is the RNA
folding problem (Boyle et al 1980; Kramer and Mills 1981).
Given that RNA has only four types of monomers and as
many as six backbone torsions, and that RNA structure
is not nucleated by a hydrophobic core; the mechanism
and kinetics of RNA folding differs greatly from that of
proteins. RNA folding seems to be driven principally
by hydrogen bonding and base stacking, is replete with
complex noncanonical interactions and highly dependent on
environmental factors such as presence of ions and protein
cofactors (Noller 2005). Recently Meyer and Miklos (2004)
have carried out a detailed theoretical analysis, adequately
augmented with experimental evidences from studies on a
variety of transcription related processes, to highlight the
importance of co-transcriptional folding, which implies
that transcription affects folding, in the context of both
RNA secondary structure prediction methods as well as
for the detection of RNA genes. The most notable assertion
that emerges from this and other (Kramer and Mills 1981;
Repsilber et al 1999; Isambert and Siggia 2000; HeilmannMiller and Woodson 2003; Ro-Choi and Choi 2003) studies
is that most computational RNA secondary structure (Zuker
2003; Hofacker 2003; Eddy and Durbin 1994; Lowe and
Eddy 1997; Knudsen and Hein 2003) and folding pathway
(Flamm et al 2000) prediction methods which essentially
work around the minimization of free energy of the already
synthesized RNA molecule need to be reviewed in the
context of the effects of co-transcriptional and protein
mediated folding. We feel that availability of quantitative
estimates of free energies of base – base interactions, which
can be obtained through statistical ensemble analyses of
crystallographic data, will be helpful in developing a better
J. Biosci. 32(5), August 2007

understanding in this regard (Dima et al 2005). Such data
would also be helpful both in probing into the molecular
mechanisms of RNA functions as well as in evaluating
predicted secondary structures.
An earlier analysis of known RNA structures has long
since shown (Westhof and Fritsch 2000) that there are
stretches of nested base pairs contributing to secondary
structures linked with structurally varied as well as
functionally signiﬁcant (Herman and Westhof 1999;
Chandrasekhar and Malathi 2003) non helical elements such
as hairpins, loops, internal bulges, multiple junctions and
pseudo knots etc. involving non nested tertiary and neighbor
interactions consisting of mainly non canonical base pairs,
base triplets and even base quadruples etc.(Nagaswamy et al
2002). It is thus not surprising that traditionally, noncanonical
base pairing energies have been hierarchically considered
as 'perturbations' (leading to functional motifs) to the over
all secondary structure, which is primarily determined by
strong canonical interactions and GU wobble pairs.
However RNA molecules are known to have a large
number of noncanonical base pairs even in double helical
regions (Westhof and Fritsch 2000). It has also been noted
that even the connecting loops themselves are highly
structured and, in addition to the presence of base phosphate
and base sugar interactions, are rich in noncanonical base
pairs (Noller 2005). Interaction energies of several of these,
as may be extrapolated from results of ab initio calculations
involving planar DNA base pairs (Šponer et al 1996;
Machado et al 1999), are of similar order of magnitude, if
not higher than, as in cis A:U or G:U W:W. In fact, if we
consider base triples and tertiary interactions, it has been
observed that nearly 40% of base pairing interactions are
noncanonical (Leontis and Westhof 2001). It thus appears
that detailed study of both energetics and (context speciﬁc)
occurrence density is needed to develop a better framework
for RNA structure prediction.
The current scenario demands urgent attention towards
two aspects of RNA structures. The ﬁrst aspect is the
unambiguous classiﬁcation and characterization of different
types (canonical as well as non canonical) of base pairings.
This has been elegantly addressed to by Leontis and Westhof
(2001). They have effectively classiﬁed all possible base
pairing geometries into 12 geometric families involving 6
different possible edge to edge interactions and 2 possible
local strand orientations. They have followed it up with the
extraction of related examples from available structural data
and have constructed detailed isostericity matrices, which
are excellent aids for co-variational analysis (Leontis et
al 2002). Another important consequence of the Leontis
classiﬁcation is the development of algorithms for the
automated identiﬁcation of base-base interactions types
(Yang et al 2003; Das et al 2006), which facilitates the
mining of interacting base pairs and the extraction of meta
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data related to the occurrence density of different types of
interactions.
The second is the construction of a database of interaction
energies for different types of base pairings in geometries
exhibited in their respective actual structural contexts. This
is especially important since unlike as observed in crystal
structures of double helical DNA fragments, where base pair
geometries in high resolution crystal structures correspond to
the minima on potential energy surfaces of isolated DNA base
pairs, in RNA molecules base pair geometries are affected
by multiple factors leading to overall optimization of motifs
and hence many of these geometries do not correspond to
the local minima on the intrinsic potential energy surfaces of
the interacting subsystems (Ramakrishnan and Moore 2001;
Šponer and Hobza 2003).
In this context X-ray crystallography only gives us the
structures; it does not provide us with any information
regarding the energy, often leading to misleading
interpretation of observed interactions (Šponer and Hobza
2003). Of course, it is well known that experimental
thermodynamic methods for the evaluation of structural
stabilities can work well for estimating the overall stability
of structural motifs and has been effectively exploited by
existing secondary structure prediction methods (Hofacker
2003; Zuker 2003). However, experimental methods
required for estimating individual base pairing energies
in the real context, especially in their typically ‘away
from equilibrium’ geometries are difﬁcult and almost
insurmountably complicated.
The most attractive alternative for evaluation of energy
contributions due to base pairing interaction thus appear to
be ab initio quantum mechanical methods which can provide
us with a direct and unambiguous interrelation between
molecular structure and energy (Šponer and Hobza 2003).
There have been several studies on the calculation of ab
initio interaction energies on isolated DNA base pairs in
their optimized geometries. These studies mostly relate only
to optimized Watson-Crick base pairs or base pairs with two
or more hydrogen bonds. (Šponer et al 1996; Machado et
al 1999; Šponer et al 2003, 2005a,b). The point to note is
that on the one hand, conservation patterns and structural
studies seem to highlight the biological importance and
possible structural and functional relevance of even those
noncanonical base pairs which have one hydrogen bond or
have highly non-coplanar nucleobase rings. On the other
hand there is a marked absence of proper rules governing the
relation between observed noncanonical RNA interactions
and their intrinsic stabilization energies. This void has been
ascribed to the surprising lack of, and hence underlines the
need for, quantum mechanical studies of interaction energies
of noncanonical base pairs – especially of those which are
weakly interacting and whose geometries do not correspond
even to local minima on the base – base potential energy
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surface (Šponer et al 2005b). Our own literature search,
in addition to conﬁrming these observations regarding the
lack of quantum chemical interaction energy data on several
noncanonical base pairs, revealed only a few studies (e.g.
Oliva et al 2006) where the interaction energy changes
associated with root-mean-square-deviation (RMSD)
variation in relative base pair geometries, corresponding to
optimization of crystal geometry, have been reported.
The present work addresses this void in the literature. We
have calculated the rmsd and have correlated the stabilities
of noncanonical base pairs in crystal and optimized
geometries with their respective hydrogen bonding patterns
as well as with their geometric qualities. In the process we
have compared base pairs with different types of hydrogen
bonding patterns, stabilities and occurrence frequencies.
As mentioned earlier, interaction energy for G:C and
A:U W:W Cis base pairs have been calculated by several
groups using different methods ranging from HF/6-31G*
(Gould and Kollman 1994), MP2/6-31G** (Danilov and
Asiminov 2005), DFT and cc-pVXZ (Hesselmann et al
2006). Not only do all of them display similar trends in
results, geometry optimization of nucleotide bases by MP2/
6-31G(2p, 2d), HF/6-31G(2p, 2d), HF/6-311G(2p, 2d), and
HF/6-311+G (2p, 2d) have also been reported (Mukherjee et
al 2005) to show very similar structural features. We have
therefore opted for HF/6-31G** as the method of choice,
optimal in terms of speed and reliability in the context of
our investigations, for both geometry optimization as well
as for interaction energy calculations. Single point MP2
calculations were subsequently carried out for conﬁrming
our results. We observe most of the base pairs having two
hydrogen bonds are quite strongly coupled, have high
negative interaction energy and do not move much from
their crystal geometry while geometry optimization. On
the other hand, those having single or non-polar hydrogen
bond, have generally poor interaction energy. These results
possibly indicate that a proper consideration of these unusual
base pairs with their corresponding free energy may improve
RNA structure prediction.
2.
2.1

Method

Base pair coordinate extraction and model building

The base pair identiﬁers along with the geometric
descriptions are listed in table 2. Atomic coordinates of these
base pairs were obtained from the corresponding NDB ﬁles.
The hydrogen atomic positions were modeled using standard
geometry by MOLDEN (Schaftenaar and Noordik 2000)
software. In general, H atoms were added to replace the
sugar C1′ and satisfying the valencies of N1 in pyrimidines
and N9 in purines respectively. In some cases, where sugar
edges were involved in base pairings, this replacement
J. Biosci. 32(5), August 2007
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posed problems by the introduction of an artiﬁcial hydrogen
bond donor. In such cases we have added a methyl group
instead of H atom to replace the Sugar C1′. After extracting
the coordinates of the bases with replacement of the sugar
by H or CH3, the structures were geometry optimized after
freezing the heavy atom positions of the bases. However
where CH3 was added, all the four atoms, including the
methyl carbon, were relaxed during optimization. Molecular
structure visualization was also done using RasMol version
2.7 (Sayle and Milner-White 1995; Bernstein 2000).
2.2

Computational methods

Geometry optimization of the hydrogen atomic positions
were carried out by GAMESS-US (Schmidt et al 1993) with
HF/6-31G** basis set by using IFREEZ option of GAMESS
to constrain internal coordinates of the non-hydrogen atoms.
Full optimizations of the systems were also carried out using
the same basis set to estimate stabilities of these base pairs.
Interaction energies between the bases of each pair were
calculated by incorporating correction for the Basis Set
Superposition Error (BSSE) using MOROKUMA (Kituara
and Morokuma 1976) option of GAMESS using same basis
set. We have also calculated the interaction energies of the
base pairs using Post Hartree-Fock MP2/6-31G**//HF/631G** method for the H-optimized as well as full optimized
structures.
For both MOROKUMA as well as for MP2 calculations,
we have calculated two different quantities, interaction
energy Eint and total stabilization energy Etot respectively.
The two quantities are related to the deformation energy EDEF
of the individual bases in the base pair through the equation
EDEF = Etot - Eint = (EA - EoA) + (EB - EoB); where Eo and E
are respectively the energies of the bases corresponding to
individually optimized geometry and those as components
of a base pair.
2.3

Evaluation of variation in geometry for frozen and
relaxed models

For some of the systems, we observed that the base pair
geometry undergoes signiﬁcant deviation from the starting Hoptimized geometry after full geometry optimization. We felt
that the extent of structural deviation could be indicative of
the nature of ‘other than base pairing’ interactions causing the
deviation from the local minima of the interacting bases. We
have therefore estimated the structural deviations in each of
the systems using two different approaches highlighting two
complementary aspects of base pair geometries respectively.
2.3.1 Calculation of E values: The ﬁrst is by assessing
the deformation in hydrogen bonds between the two bases
before and after optimization. This was done by calculating
J. Biosci. 32(5), August 2007

E values by a method described earlier (Das et al 2006).
Brieﬂy, we calculated the total deformation (E) of a base
pair formed by at least two hydrogen bonds as:
E = ∑i(d i – 3.0)2 + 1/2 ∑j(θj – π)2,

(1)

where di is a hydrogen bond heavy atom distance between
two bases under consideration and θj is a pseudo angle
subtended by precursor atoms of both the bases. The
precursor atoms for calculation of the pseudo angles
for each of the base pair types are explained at http://
www.saha.ac.in/biop/bioinformatics.html. The value of d is
taken in angstroms and those of θ and π are taken in radian
for purpose of calculation. The integer i is the number of
hydrogen bonds that can occur between the two bases and is
always considered as 2. On the other hand, j is the number
of pseudo angles for a base pair, whose value is always 4.
Also lower E values are indicative of lower deformation
from ideal hydrogen bonding geometries. Thus, E values of
base pairs having E value higher than a cut off (1.8) or those
formed by only one hydrogen bond were not calculated.
When a base pair has three hydrogen bonds, such as in
canonical G:C, we consider distances and pseudo angles for
only those two hydrogen bonds which give least E-value.
2.3.2 Superposition and RMSD calculation: While carrying out relaxed optimization of base pairs, we have also
evaluated the movement of the individual bases, relative to
each other. This was done in terms of the RMS deviation
calculated after the superposition of one of the bases of the
full optimized base pair structure onto the corresponding
base of the H-optimized base pair structure. Considering the
spatial symmetry of the molecules of our interest, namely
planarity of bases, we have developed our own algorithm
for superposition utilizing the base normals and base ﬁxed
axes systems. After creating two PDB format ﬁles: File H
(for H-optimized structures) and File F (for full optimized
structures) from the log ﬁles, the superposition was carried
out in three steps, one translation and two rotations, as
described below (ﬁgure 1).
The translation step made the two structures coincide,
at one corresponding ring atom from each, at the origin of
a common coordinate frame. This was simply achieved by
subtracting the coordinates of the ﬁrst atom of each ﬁle from
those of all the atoms of the ﬁle.
The ﬁrst rotation ensured that the best-ﬁt planes of the
corresponding single atom superposed bases coincided
with each other respectively. Firstly the normals to the least
squares ﬁt base planes were calculated from the new set of
coordinate values. The method for determining base normal
by “least squares ﬁt” method, originally obtained from
C Ramakrishna’s library of subprograms was implemented
long back in NUPARM (Bansal et al 1995) and may be
described brieﬂy as follows. Given (xi, yi, zi), i = 1, 2…n as
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Step 1 translation

One atom superposed

Step 2 first rotation

planes superposed

Step 3 second rotation
ring atoms superposed

Figure 1. The three steps for superposition.

the coordinates of the ring atoms of a near planar nucleotide
base, the equation of its least squares ﬁt plane (ax + by + cz +
d = 0) was obtained by solving the simultaneous equations
t

t

t

a Â x + bÂ xi yi + c Â xi = Â xi zi
i =1

i =1

t

t

i =1

i =1

t

t

a Â xi yi + bÂ y + c Â yi = Â yi zi
2
i

i =1
t

i =1

t

i =1

t

i =1

i =1

i =1

(2a)
(2b)

t

a Â xi + bÂ yi + c Â1 = Â zi
i =1

rmsd =

t

2
i

i =1

The RMS difference between the two base pairs was then
calculated from these new co-ordinates.

(2c)

and normalizing a, b and c such that a2 + b2 + c2=1.
The equations of the base plane normals Z11 and Z21, at the
origin, were calculated from respective plane equations and
the full optimized structure was rotated through the angle
between the two normals, given by arc cosinus (Z11.Z21),
about the perpendicular to both the normals, deﬁned by
V = Z11 x Z21, as the axis of rotation.
The ﬁnal step of the superposition routine involved the
rotation of the base plane of the full optimized structure in
order to align representative base ﬁxed vectors (Y11 and Y21)
lying on the superposed base plane and passing through the
ﬁrst two atoms in the respective ﬁles. This was achieved by
rotating Y21 through the angle arc cosinus (Y11.Y21) about the
axis deﬁned by W = Y11 x Y21.

Â

i

n

di2

(3)

,

di = distance between the ith atoms, n = total number of
atoms of a base pair.
The same procedure was also repeated by superposing
the other base of the base pair. Since even the individual
bases undergo some structural changes in the course of
full optimization, the two RMSD values respectively were
found to be some what dependent on the choice of base for
superposition. In fact even the superposed bases had small
but ﬁnite RMSD values. We have therefore calculated the
total RMSD values using both the options respectively, and
have reported the lower value of the two.
3.

Results

Here we report results of comparative analysis of ab initio
quantum chemical energies, RMSD values and empirical E
value based studies of stabilities for the three standard and
24 selected unusual RNA base pairs reported in the literature
(Leontis et al 2002).
J. Biosci. 32(5), August 2007
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Table 1. Hydrogen bond description
Three-digit code
Digit 1

Six-digit code

Number of N-H…O/N bonds

Digit 2

Number of C-H…O/N bonds

Digit 1

Number of N-H…O bonds

Digit 2

Number of N-H…N bonds

Digit 3

Number of C-H…O bonds

Digit 4

Number of C-H…N bonds

–

–

Digit 5

Number of sugar O2′ involved

Digit 3

Number of bridging water
molecules

Digit 6

Number of bridging water
molecules

Table 2. Details of model systems
Serial No

Base1*

Base2*

PDB/NDB Id

LW notation

H-Bond details in 6 digit code

Edge interaction

H-Bond details

Actual context

Frozen model

1

g4(A)

c21(B)

url050

GC WW Cis

3-0-0

2-1-0-0-0-0

2-1-0-0-0-0

2

u14(B)

a19(C)

ar0006

UA WW Cis

2-1-0

1-1-1-0-0-0

1-1-1-0-0-0

3

g9(A)

u20(B)

ar0008

GU WW Cis

2-0-1

2-0-0-0-1-1

2-0-0-0-0-0

4

u168(A)

g188(A)

urx053

UG HW Trans

1-1-0

1-0-1-0-0-0

2-0-0-0-0-0

5

g535(0)

g2082(0)

rr0033

GG HW Trans

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

6

a73(A)

u103(B)

url064

AU HW Trans

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

7

g1389(0)

u1435(0)

rr0033

GU SW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

7m

g1389m(0)

u1435m(0)

rr0033

GU SW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

8

a105(A)

g215(A)

urx053

AG WW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

9

a148(B)

c163(B)

pr0021

AC HW Trans

2-0-0

0-2-0-0-0-0

0-2-0-0-0-0

10

g7m(A)

a24m(A)

ur0004

GA SW Trans

3-0-0

1-2-0-0-1-0

0-2-0-0-0-0

11

g22m(9)

c26m(9)

rr0033

GC SW Trans

3-0-0

1-2-0-0-1-0

0-2-0-0-0-0

12

a78m(A)

g98m(B)

url064

AG HS Trans

3-0-0

1-2-0-0-1-0

0-2-0-0-0-0

13

g32m(0)

g456m(0)

rr0033

GG SS Trans

4-0-0

2-2-0-0-2-0

0-2-0-0-0-0

14

u1(C)

u2(A)

urf042

UU WH Trans

1-1-0

1-0-1-0-0-0

1-0-1-0-0-0

15

c1834(0)

c1841(0)

rr0033

CC WH Trans

1-1-0

1-0-0-1-0-0

1-0-0-1-0-0

16

g2404(0)

u2419(0)

rr0033

GU HW Trans

1-1-0

0-1-1-0-0-0

0-1-1-0-0-0

17

a1912(0)

a1927(0)

rr0033

AA WW Cis

1-1-0

0-1-0-1-0-0

0-1-0-1-0-0

18

g706(0)

g722(0)

rr0033

GG HS Trans

1-0-0

1-0-0-0-0-0

1-0-0-0-0-0

19

u12(0)

g531(0)

rr0033

UG HS Trans

1-0-0

1-0-0-0-0-0

1-0-0-0-0-0

19m

u12m(0)

g531m(0)

rr0033

UG HS Trans

1-0-0

1-0-0-0-0-0

1-0-0-0-0-0

20

a1742(0)

g2033(0)

rr0033

AG HH Cis

1-0-0

1-0-0-0-0-0

1-0-0-0-0-0

21

u1436(A)

c1465(A)

1hnz

UC WW Cis

1-0-1

1-0-0-0-0-1

1-0-0-0-0-0

22

u1831(0)

a1845(0)

rr0033

UA HS Trans

0-1-0

0-0-1-0-0-0

0-0-1-0-0-0

23

g6(A)

a27+(B)

ar0006

GA+ HW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

24

g22(A)

a46+(A)

trna07

GA+ HW Trans

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

25

a105+(A)

c112(B)

ar0001

A+C WW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

26

g108(B)

c260+(B)

urx053b

GC+ HW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

27

c30(C)

c170+(D)

urx035

CC+ WW Cis

2-0-0

1-1-0-0-0-0

1-1-0-0-0-0

*Chain ids given within parentheses; methylation at N1(Y) and/or N9 (R) indicated with ‘m’; protonation of base indicated with ‘+’.
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Table 3. Interaction energies, root mean square deviation (rmsd) and E values of different base pairs for geometries before and after
optimization along with their occurrence frequencies
Serial No.
1

LW notation
GC WW Cis

Percentage occurrence out
of total non canonical

E value

Eint

Etot

E value

Eint

Etot

0.41

Canonical

0.37

-18.26

-17.57

.15

-25.49

-23.12

rmsd

Frozen model

Relaxed model

2

UA WW Cis

0.32

Canonical

0.34

-5.95

-5.19

.12

-10.42

-9.76

3

GU WW Cis

0.54

20

0.29

-8.47

-7.74

.02

-13.26

-11.95

4

UG HW Trans

0.81

0.1

1.26

-12.77

-12.43

.35

-12.84

-11.80

5

GG HW Trans

1.21

0.5

0.39

-10.00

-9.78

.33

-16.70

-15.54

6

AU HW Trans

0.61

9.0

0.48

-8.57

-8.25

.54

-10.86

-10.20

7

GU SW Cis

0.91

0.3

0.45

-9.98

-9.46

.32

-15.15

-14.20

7m (m)

GU SW Cis

0.31

0.3

0.45

-9.34

-8.34

.43

-9.92

-9.08

8

AG WW Cis

1.16

3.4

0.19

-8.01

-7.02

.05

-12.77

-11.71

9

AC HW Trans

0.46

2.4

0.38

-10.82

-10.47

.32

-11.36

-10.43

10 (m)

GA SW Trans

0.37

2.5

0.20

-8.15

-6.18

.21

-8.48

-7.62

11 (m)

GC SW Trans

1.49

0.4

0.71

-10.66

-9.84

.37

-12.44

-11.10

12 (m)

AG HS Trans

0.18

16.8

0.19

-7.78

-6.77

.33

-7.10

-6.17

13 (m)

GG SS Trans

1.01

1.0

0.45

-5.89

-4.61

.56

-6.97

-6.06

14

UU WH Trans

0.41

0.4

0.69

-5.68

-5.37

.38

-6.77

-6.40

15

CC WH Trans

0.68

0.2

0.56

-8.97

-8.77

.97

-9.09

-8.69

16

GU HW Trans

0.91

0.1

0.70

-4.86

-4.74

.34

-6.56

-6.12

17

AA WW Cis

1.23

0.5

0.76

-3.18

-2.95

.70

-4.21

-3.97

18

GG HS Trans

4.12

0.5

0.60

-7.04

-6.89

.33

-16.71

-15.54

19

UG HS Trans

4.03

~0

X

-3.20

-3.07

.32

-15.15

-14.20

19m (m)

UG HS Trans

3.64

~0

X

-3.62

X

.80

-6.35

X

20

AG HH Cis

1.83

~0

X

-0.14

0.15

X

-6.39

-6.01

21

UC WW Cis

2.02

0.4

5.16

-4.78

-4.71

.31

-9.91

-8.82

22

UA HS Trans

2.51

~0

X

1.04

1.08

X

-2.00

-1.87

23

GA+ HW Cis

0.55

0.2

0.50

-34.03

-32.51

.08

-37.42

-35.63

24

GA+ HW Trans

0.57

0.1

0.69

-35.68

-34.50

.15

-39.21

-37.18

25

A+C WW Cis

0.59

1.1

0.41

-38.33

-37.83

.15

-38.69

-36.71

26

GC+ HW Cis

0.43

~0

0.41

-37.11

-36.04

.20

-40.25

-37.93

27

CC+ WW Cis

1.49

0.8

0.22

-36.93

-36.22

1.08

-38.50

-35.75

(m), Methylated at N1(Y) and/or N9 (R); X, value not computed.

3.1 Hydrogen bond classiﬁcation
For the sake of convenience of our analysis and presentation
of results, we have advanced a six-digit code which is
a modiﬁed version of the three-digit hydrogen bond
information code used earlier by Leontis and Westhof
(2001). The six-digit code and its relationship with the threedigit code are given in table 1.
3.2

Details of base pair systems used as models

While selecting the base pairs for our study, apart from
considering base pairs involving two or more ‘proper’

N-H…O/N hydrogen bonds between the bases, we have
considered some representative base pairs having one N-H
…O/N and/or one C-H…O/N hydrogen bonds. We have
also considered a few base pairs which involve hydrogen
bond/s between a base and a 2'-OH group of the sugar of
its partner base in addition to one or more hydrogen bonds
between the bases. Apart from one entry that of system
21, where instead of a model A form RNA double helix
(Holbrook et al 1991) we have opted for the biologically
relevant crystal structure of 30S ribosomal subunit as the
source, all other entries are based on examples cited by
Leontis et al (2002).
J. Biosci. 32(5), August 2007

Dhananjay Bhattacharyya et al

816

Table 2 lists the selected systems which have been serially
numbered in a hierarchical fashion by assigning preferences, N-H---O>N-H---N>C-H---O>C-H---N, to hydrogen
bond types observed in the models. Base pairs involving
protonated bases have been listed separately at the end. The
base pair descriptions have been shown in detail as follows:
•

•
•
•

Individual base identities including NDB/PDB id,
chain id and residue numbers along with appropriate
tags (m/+) indicating methylation of N9 (R)/N1(Y) or
protonation of individual bases respectively.
Edge interactions and glycosidic bond orientation
according to the LW system (Leontis and Westhof
2001).
Hydrogen bond details in actual context using both
the three-digit (Leontis et al 2002) and the six-digit
codes.
Six-digit hydrogen bonding codes for the heavy atom
frozen models as used for our computations.

In some systems, (systems 3, 4, 10 – 13 and 21) with the
sugar moieties and/or bridging water molecules removed,
the last two digits of the six-digit representation of the frozen
model uniformly changed to zero. In one case (system 4) the
six-digit representation corresponding to representation by
Leontis et al (2002) was revised in favor of an apparently
more appropriate alternative description.

bases from their individually relaxed geometries, are
described in § 2.2.
MP2 single point energy computations for interaction
energies that we have carried out show trends similar
to the MOROKUMA results displayed in table 3. All
computed values are available at http://bioinformatics.iiit.a
c.in/rnadb/search2.php. The website also provides links to
computational details of BSSE correction and deformation
energy computations along with ﬁles containing pdb format
coordinates of all the frozen and relaxed models both
individually as well as in their superposed states.
4.

Discussions

While sifting through the diverse information displayed in
the results tables, we could make some general and several
speciﬁc observations which we feel could be further pursued
to gain insights into RNA structure and folding dynamics.
Before we take up discussions on speciﬁc systems it would
be worthwhile to summarize some general correlating
features which emerge when we examine the stability and
occurrence frequency characteristics (table 3) of base pair
groupings clustered on the basis of their hydrogen bonding
pattern (table 2).
4.1 General features

3.3

Computations related to geometries and interaction
energies of base pairs

Table 3 summarizes the essential details of our computations
and displays the following details for each of our model
systems respectively:
• Percentage occurrence of the base pairs out of total
non canonical base pairs as observed in 145 RNA
X-ray crystal structures, based on a study reported
elsewhere (Das et al 2006).
• Calculated E values (Das et al 2006), reﬂecting the
goodness of hydrogen bonds between base pairs and
deﬁned in eq. (1), in frozen and optimized models
respectively.
• The RMSD values reﬂecting the overall changes
in the base pair geometry due to relaxed geometry
optimization, as calculated after superposition using
a method described by eq. (3).
• The interaction energy values Eint and Etot as
computed using MOROKUMA method with BSSE
correction with HF/6-31G** basis set for the
base pairs before and after fully relaxed geometry
optimization. The methodological details along with
the relation between the two interaction energies Etot
and Eint, computed with and without considering the
deformation during pair formation by constituent free
J. Biosci. 32(5), August 2007

Ten out of eleven noncanonical base pairs (systems 3 – 13),
with two or more N-H…O/N bonds and four out of ﬁve
systems (systems 23 – 27), with one of the bases protonated
and with two N-H…O/N bonds between them, were found
to have reasonable occurrence frequencies. The behaviors of
the two exceptions, trans U:G H:W (system 4) and cis G:C+
H:W (system 26), which show negligible occurrence, have
been discussed later in § 4.2.
Four out of the eleven non protonated base pair systems
with two or more ‘good’ hydrogen bonds, in their original
context, additionally involved base to 2′-OH group of ribose
of its partner base. All these systems (systems 10 – 13)
owe their high occurrences to these ‘extra’ hydrogen bonds
and they highlight the importance of O2′ interactions in
determining RNA 3D structures.
Apart from the case of one of these systems, trans C:
G W:S (system 11) where good interaction energies were
observed for both free as well as frozen geometries, the
computed interaction energies were not commensurate with
their occurrence frequencies. This could be attributed to the
loss of O2′ interaction as well as to the introduction of steric
repulsion in our models where the ribose C1′ atoms were
replaced by methyl groups. The methylation also accounts
for the relatively high RMS deviation which was observed
on relaxed optimization of some of the models.
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Relaxed

Trans G:U W:H System 4
Frozen
Figure 2. The system 4 in actual context with bifurcated hydrogen bond chelating O4 of uracil with N1 and N2 respectively of guanine.
Both bases are ﬂipped out from their respective stacks. Inset shows the superposed frozen and relaxed models and highlights the shift of
hydrogen bonding pattern on free optimization from 2-0-0-0-0-0 to 2-0-1-0-0-0.

Perturbations due to methylation were also observed in
the change in calculated E values for corresponding frozen
and relaxed models. In contrast with what is observed
in most other cases where the E value improves on free
optimization, in three of these cases the E values increased
in the respective relaxed models.
All the ﬁve protonated systems and the remaining seven
non protonated systems with two or more ‘good’ hydrogen
bonds between bases had high interaction energies. Thus
there seems to be a correlation between the occurrence
frequency, interaction energy and the number of N-H…O/N
bonds between base pairs.
In keeping with this general trend, all the systems with
only one hydrogen bond between the bases, on relaxed
optimization, show huge RMS deviation and lead to
signiﬁcant improvements in their interaction energies. As
expected, the hydrogen bonding patterns in their relaxed
geometries are also very different from their respective
frozen geometries and some of them move to geometries
with good E values.
This somewhat contrasts with the behavior of systems
14–17 where neither the hydrogen bonding patterns change

nor do interaction energies signiﬁcantly improve on relaxed
optimization.
Apart from the two previously quoted exceptions
(systems 4 and 26) which are discussed later in section 4.2,
all the four other systems which had negligible occurrences
also have low energies of interaction. This fact essentially
supports the ‘number of N-H…O/N bond’ paradigm for base
pair stabilities and their contextual relevance.
4.1.1 Note regarding percentage occurrence values and
E value computation: Since our BPFIND tool (Das et al
2006) does not consider base pairs which do not have at least
two distinct hydrogen bonds, table 3 is thus not expected
to report occurrence percentages and E values of the ﬁve
systems (systems 18 – 22) which have only one hydrogen
bond between the bases in their models. However, since
some of these models adopt two hydrogen bond mediated
edge interactions respectively on relaxed geometry
optimization, some of the frozen models have been assigned
E values.
Special mention may be made here regarding the
occurrence and E value entries for trans G:G H:S (system
J. Biosci. 32(5), August 2007
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Table 4. Root mean square deviation (rmsd) and E values for systems where hydrogen bonding pattern changed on relaxed geometry
optimization
Frozen model

Relaxed model

System
serial No.

rmsd
E value

LW notation

H-bond code

E value

LW notation

H-bond code

4

0.81

1.26

UG HW Trans

2-0-0-0-0-0

.35

UG HW Trans

2-0-1-0-0-0

5

1.21

.39

GG HW Trans

1-1-0-0-0-0

.33

GG HW Trans

1-1-1-0-0-0

6

0.61

.48

AU HW Trans

1-1-0-0-0-0

.54

AU HW Trans

1-1-1-0-0-0

7

0.91

.45

GU SW Cis

1-1-0-0-0-0

.32

GU SW Cis

2-1-0-0-0-0

18

4.12

.60

GG HS Trans

1-0-0-0-0-0

.33

GG HW Trans*

1-1-1-0-0-0

19

4.03

X

UG HS Trans

1-0-0-0-0-0

.32

UG WS Cis*

2-1-0-0-0-0

19m

3.64

X

UG HS Trans

1-0-0-0-0-0

.80

UG HS Cis*

1-0-0-1-0-0

20

1.83

X

AG HH Cis

1-0-0-0-0-0

X

AG HH Cis

1-1-0-0-0-0

21

2.02

5.16

UC WW Cis

1-0-0-0-0-0

.31

UC WW Cis

1-1-0-0-0-0

22

2.51

X

UA HS Trans

0-0-1-0-0-0

X

UA HW Trans*

0-0-1-1-0-0

27

1.49

.22

CC+ WW Cis

1-1-0-0-0-0

1.08

CC+ WW Cis

2-0-0-0-0-0

* Change in base pairing geometry.

18), and the water bridged cis U:C W:W (system 21) where
alternate edge interaction considerations have been used
based on our database analysis. In system 21, for example,
BPFIND has used a frequently occurring non water bridged
structure template for E value calculations. The E value
reported for the frozen system is thus exceptionally high. For
system 18, our database analysis revealed high occurrence of
trans G:G(+) H:S having a different pattern (ﬁgure 6) which
we have used for our E value calculations. These systems are
further discussed in section 4.2.
For system 27 (ﬁgure 3), the shift to a bifurcated bonding
pattern from two distinct bonds in the frozen system has also
been ignored in our E value computations. The E value for
the relaxed structure in this case is thus expectedly higher
than that for the frozen geometry.
Another interesting case is that of system 4 (ﬁgure 2)
where, though we have indicated a bifurcated bond in our
frozen model, the E value has been calculated considering a
bad C-H…O bond involving O6 of guanine and C5 of uracil
along with the N-H…O bond involving N1 of guanine and
O4 of uracil. This explains the particularly high E value for
the frozen model of system 4 which becomes much better in
the relaxed model where the bifurcated bond gives way to
two distinct bonds. The issue of bifurcated bonds has been
further discussed in § 4.2.
4.2

Speciﬁc cases

In eleven cases the hydrogen bonding pattern changed after
a fully relaxed geometry optimization of the initial model.
The corresponding six digit representations for the frozen
and relaxed models reﬂect this change. For the convenience
J. Biosci. 32(5), August 2007

of our discussions, all these systems, along with detailed
description of their respective geometries are displayed
in table 4. In some cases this change could be attributed
to the replacement of the sugar moieties with the H or
CH3 as also to the removal of bridging water molecules.
But signiﬁcant changes were also observed in other cases.
Five of these (systems 4–7 and the protonated system 27)
had two N-H…O/N hydrogen bonds between the bases in
their respective frozen models. The remaining six systems
(systems 18–22 and system 19 m) are those with only one
hydrogen bond between the bases in their respective frozen
models. Incidentally these include all but one (system 26) of
the cases which were marked as exceptions in the previous
sub section. In this subsection, we analyze some of these
apparent aberrations to the general ‘goodness of hydrogen
bond’ paradigm and highlight some other speciﬁc factors
which might help us in understanding the structure and
dynamics of RNA molecules.
4.2.1 Occurrence frequency is not a function of energetics
of base pairing alone: It is now widely accepted that, though
modulated by multifarious environmental factors, hydrogen
bonding and stacking are the two principal drivers of RNA
folding (Noller 2005) and bases play a key role on both
these counts. However, they cannot be considered as some
‘anonymous’ glue material holding the backbone in place.
Far from it, their structures encode highly speciﬁc electrotopological features which interact with their environment
to create speciﬁc biological functionalities. The nonisostericity of A:G and G:A base pairs (Šponer et al 2003)
within the cis Watson crick geometric family is an excellent
reminder to this fact. Given that different base combinations
involved in different types of edge and stacking interactions
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Frozen
Frozen

Relaxed

a. Cis C:C(+) W:W System 27

Relaxed

b. Cis A:G H:H System 20
Figure 3. The superposed representations of frozen models of systems 20 and 27 respectively highlight the importance of bifurcated
hydrogen bonds. These interactions, shown with dotted lines in (a) and (b) could be observed in the respective relaxed geometries in
systems 20 and 27. However both systems had very different hydrogen bonding patterns in their respective structural contexts.

encode different features and that evolution would try to
arrive at and conserve the most suitable bases and their
combinations for functionally signiﬁcant regions, one would
expect relatively low incidence of canonical bases to be
involved in noncanonical interactions. Even when they do
so, they would be constrained such that they cannot easily
ﬂip into forming canonical pairs, unless of course that is
what is expected of them. For example, it has been reported
that the transition from a neutral-pH double helix to a
low-pH triple helix, involving a canonical G:C pair ﬂipping
to a hoogsteen C(+):G pair, induces a conformational
switch in the CCCG tetraloop closing Watson-Crick stem
(van Dongen et al 1996). With such speciﬁc functional and
environmental constraints, it is not surprising that cis G:
C(+) H:W base pair (system 26) was found to occur only
four times in our database of 145 RNA structures (Das et al
2006), though the computed interaction energy of the base
pairing was quite good . In fact, even the example we have
used for studying this system involves the cytosine at the 3′
end of a P4-P6 domain and could well be involved in some
speciﬁc function.
The low frequency of occurrence of the trans G:U W:
H system (system 4) can also be understood along similar
lines. Figure 2 shows the rare situation in which the G and
the U have come close to each other to form the pair.
The uracil has ﬂipped out of a UGCCA pentaloop and the
guanine is a ﬂipped out bulged base offering its hoogsteen
edge to the uracil. Free of such constraints, one would
expect G and U to be pairing in their ‘more stable’ wobble
conﬁguration.

4.2.2 The type of hydrogen bond is important for considering base pair stabilities: We have highlighted the importance
of the number and geometry (E values) of hydrogen bonds
in determining the importance of base pairs and shown
how this broadly correlates with interaction energies and
occurrence frequencies. Our analysis of change in hydrogen
bonding patterns and in edge interactions, which take place
on relaxed geometry optimization, indicate that where
as individual hydrogen bonds in their proper geometry
contribute signiﬁcantly towards overall interaction energies,
they may show differential resistance to change in geometry,
as induced by other environmental factors such as stacking,
ion interactions etc.
First we take up the case of bifurcated or chelated
hydrogen bonds (Jeffery 1988) types of which have been
found in the loop E of rRNA as well as in some studies
of tRNA (Westhof and Fritsch 2000). Figure 2 shows how
relaxed optimization induces a shift in hydrogen bonding
pattern from bifurcated 2-0-0-0-0-0 to 2-0-1-0-0-0. It
is indeed interesting to observe that the base pair while
adjusting the relative geometry to form an additional CH…O bond does not move enough to break the bifurcated
bond. The near symmetric bifurcated bond merely becomes
asymmetric. The donor acceptor distances N1(G)-O4(U)
and N2(G)-O4(U) and relaxed pairs are respectively 2.88
Å and 2.91 Å for the frozen model and 2.97 Å and 3.21 Å
for the relaxed model. The C5(G)-O6(U) though improves
dramatically from 3.97 to 3.40 on relaxation.
Another interesting observation is that while the
interaction energy improved marginally from -12.77 kcal/
J. Biosci. 32(5), August 2007
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Frozen

Relaxed

a. Cis G:U S:W System 7

Frozen

Frozen

Relaxed
Relaxed

b. Trans G:U S:H System 19
goes to
Cis G:U S:W on relaxation

c. Trans G:U S:H System 19m
goes to
Cis G:U S:H on relaxation

Figure 4. Superposed representations of frozen and relaxed geometries for the systems 7, 19 and 19m respectively. On relaxed
optimization, both system 7 and system 19 use an artiﬁcial hydrogen bond donor at N9 of guanine to converge to the same cis G:U S:W
geometry with a 2-1-0-0-0-0 hydrogen bonding pattern. When the donor characteristics of N9 of guanine is blocked by methylation as in
system 19m, the uracil does a different acrobatics to swing to a cis G:U S:H geometry with a 1-0-0-1-0-0 hydrogen bonding pattern. The
net gain in terms of extra hydrogen bonding is a C-H…N bond.

Frozen

Frozen

Relaxed

a. Trans G:G H:S System 18

Relaxed

b. Trans G:G H:W System 5

Figure 5. Superposed representations of frozen and relaxed geometries for the systems 5 and 18 respectively. On relaxed geometry
optimization both systems converge to the identical 1-1-1-0-0-0 hydrogen bonding pattern. While system 5 acquires an extra C-H…O
hydrogen bond, in system 18 the guanine makes a huge movement to switch from a H:S to a H:W edge interaction,. Figure 5 further explains
the implications of our studies on system 18.
J. Biosci. 32(5), August 2007
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a. Trans G:G H:S
System 18 Frozen

c. PDB 1JZY
1439(A):1589(A)
Trans G:G(+) H:S

b. Trans G:G HW
System 18 and System 5 Relaxed
Figure 6. The dotted lines in (a) and (b) correspond to hydrogen bonds in our frozen and relaxed models. Both systems 18 as well as 5
converge to the same trans G:G H:W geometry, as shown in (b), on relaxed optimization. The solid lines in (a) and (c) show an alternate
hydrogen bonding pattern invoking the sugar edge of an N7 protonated guanine as may be implicated to explain high occurrence of the
conﬁguration shown in (c). Our frozen model of system 18 (a) may be an intermediate between the two conﬁgurations shown in (b) and
(c) respectively and (c) may be the more abundant representative of trans H:S interactions between two guanines. These observations are
indicative of a possible pH dependent G:G conformational switch.

mol to -12.84 kcal/mol, the total energy of interaction
including deformation energy actually decreased by 0.63
kcal/mol., indicating large deformation of individual bases
in the fully relaxed structure and highlighting the apparent
strength of bifurcated bonds. The importance of bifurcated
bonds is also highlighted in ﬁgure 3 which shows such bond
formation in relaxed structures of systems 20 and 27. Be
that as it may, the fact that in their respective frozen models
these systems had very different hydrogen bonding patterns
seems to suggest that the energy barrier towards distortion of
bifurcated bonds may not be large compared to two distinct
bonds.
The changes observed on relaxation of system 4
(ﬁgure 2) seems to point at a higher resilience of bifurcated
bonds compared to a C-H…O/N bond.
Our studies on the behavior of trans G:U S:H (system
19) revealed the interesting nature of the potential energy
hypersurface for the system. As shown in ﬁgure 4, it was
found that replacement of C1′ at N9 of guanine created an
artiﬁcial hydrogen donor to form a deep local minimum
around its sugar edge for Uracil to roll in with its WatsonCrick edge. The geometry relaxation for the model system
19 thus yielded the same conﬁguration as system 7 and was

accompanied by a near 120° rotation of the uracil about an
axis perpendicular to its plane and passing approximately
through the O4 atom of uracil.
Even more interesting was the behavior of the system
19m where the formation of the artiﬁcial hydrogen bond
donor at N9 of guanine was avoided by substituting methyl
groups at N9 of guanine and at N1 of uracil. On fully relaxed
optimization, the uracil did a 180˚ rotation approximately
about the N2(G)-O4(U) axis thus swinging to a cis G:U S:
H geometry with a 1-0-0-1-0-0 hydrogen bonding pattern.
This huge movement was apparently used by the system
to acquire the extra stability of one C-H…N bond, once
again demonstrating the importance of C-H…O/N type of
hydrogen bonds.
The ability of these, apparently ‘weak’ hydrogen bonds
to induce huge changes in relative orientation of bases in a
pair perhaps speaks more about the instability of base pair
interactions mediated by single hydrogen bonds to start
with. This idea derives support also from our studies on
system 18 as shown in ﬁgure 5. Here too a guanine rotated
more than 90˚ about an axis perpendicular to the plane of
the bases. The ﬁnal relaxed geometry was identical with the
relaxed geometry for system 5 and also involved a C-H…O
J. Biosci. 32(5), August 2007
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a. Cis C:U W:W
System 21 Frozen

b. Cis C:U W:W
System 21 Relaxed

c. PDB 1HNW 893(A):244(A) Cis C:U W:W
Figure 7. Frozen (a) and relaxed (b) representations of system 21. A water molecule bridging between N3(C) and N3(U) in the actual
context has been removed while building our model. (c) Water free cis C:U W:W base pair, the likes of which are abundantly present in
RNA structure databases. The observations are indicative of a conformational switch.

bond. Such huge changes as observed in these systems seem
to be suggestive of some larger role in the context of RNA
dynamics.
4.2.3 Multimodality in edge interaction possibilities within
a pair of bases may be signiﬁcant for RNA dynamics: With
greater understanding of the structure and function of the
ribosome, for example why ribosome does not use helical
switches for its functional dynamics, it is being perceived
that interactions whose disruption and formation have
relatively low activation barriers and which can maintain
their local conformation in the disrupted state would be ideal
candidates for assuming functional control. The A minor
motifs have already been recognized for their importance
in this context (Noller 2005). We feel that base pairs
which can lend themselves easily to switch from one of the
twelve geometric families (Leontis et al 2001) to another,
particularly in response to subtle environmental changes
could be potential candidates for acting as conformational
switches. The idea is not new and molecular dynamics
studies of base pairs have been carried out in order to probe
into the multimodality in edge interaction possibilities within
J. Biosci. 32(5), August 2007

base pairs (Schneider et al 2001). A closer look at the trans
G:G H:S system seemed to be important in this context.
The source from which we selected the system 18 (Leontis
et al 2002) annotates it as a single hydrogen bonded base
pair. When we used our base pair ﬁnding tool BPFIND (Das
et al 2006) we detected a fairly large occurrence of a different
geometry for the trans G:G H:S family. As shown in ﬁgure 6,
our structure could be shown to be explainable only in terms
of a G:G(+) base pairing. As explained in the ﬁgure, it seems
possible that the trans G:G H:W conﬁguration in conjunction
with our trans G:G(+) H:S pair could act like a pH dependent
conformational switch as in the case of the cis G:C W:W
to cis G:C H:W switch discussed earlier (van Dongen et al
1996). It is also reasonable to suppose that the trans G:G(+)
H:S conﬁguration which we have shown in ﬁgure 6 is the
proper conﬁguration and the example we have chosen for
computation is an intermediate for the switching process.
Another interesting example of a potential conformational
switch (ﬁgure 7) is the cis C:U W:W (system 21 ) system for
which Leontis et al (2002) has suggested a water mediated
example ﬁrst mentioned by Holbrook (Holbrook et al 1991).
We have modeled it by removing the water and found that
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full relaxation of the model gives a proper 2-0-0-0-0-0 system
with a compact structure. That the water mediated mediated
system could act as a conformational switch was suggested
much earlier (Schneider et al 2001). The suggestion was
supported by a detailed molecular dynamics simulation
study where the author could detect several coﬁgurational
variants of the pair including one with no water bridge. Our
search for non water bridged pair in the database of 145
structures yielded a large number of examples amounting
to around 0.4% of total noncanonical base pairs. It thus
seems possible that the cis C:U W:W base pair is capable
of performing different switching functions involving both
‘with and without’ water conﬁgurations.
5.

Conclusions

We have studied the stabilities of the three standard and
24 noncanonical RNA base pairs by ab initio quantum
chemical computations of interaction energies and through
rmsd calculations for their frozen and relaxed geometries
respectively, and correlated them with the quality (E value),
number and types of their hydrogen bonds. Stabilities
correlated well with occurrence frequencies and the
number and nature of hydrogen bonds between bases. The
exceptions could be explained through contextual analysis.
In the process we have been able to identify two cases where
alternative structures, corresponding to standard annotations,
could be possible.
Our studies show that base pairs having two hydrogen
bonds are stable and mostly occur frequently. The E values
of these base pairs also reduce upon relaxed optimization
indicating that, as expected, they were at ‘away from
equilibrium’ geometries in their actual context and that they
lead to strong and effective recognition.
There were some other base pairs, with one hydrogen
bond or with C-H…O interaction, which have considerably
less stabilization and are rather ﬂexible. Our studies have
also revealed features, of the energy hyperspace of these
base pairs, which are indicative of their capability for
low activation energy geometry variation which could be
important for RNA dynamics. Studies on some of these
seemed to validate earlier postulates of their potential to act
as conformational switches. We have also found at least one
putative switch.
It is expected that inclusion of appropriate consideration
for many of these noncanonical base pairs would signiﬁcantly
improve the accuracy of RNA structure prediction.
Acknowledgements
This work was partially supported by the grant BT/PR5451/
BID/07/111/2004 from the Department of Biotechnology,

823

New Delhi. The authors thank CDAC Pune for permitting
extensive use of computational facilities at PARAM PADMA
and Naga Sarath Mohan for his inputs in organizing the
database of computational results.
References
Ban N, Nissen P, Hansen J, Moore P B and Steitz T A 2000 The
complete atomic structure of the large ribosomal subunit at 2.4
Å resolution; Science 289 905–920
Bansal M, Bhattacharyya D and Ravi B 1995 NUPARM and
NUCGEN: software for analysis and generation of sequence
dependent nucleic acid structures; Cabios 11 281–287
Bernstein H J 2000 Recent changes to RasMol, recombining the
variants; Trends Biochem. Sci. 9 453–455
Boyle J, Robillard G and Kim S 1980 Sequential folding of transfer
RNA. A nuclear magnetic resonance study of successively
longer tRNA fragments with a common 5’ end; J. Mol. Biol.
139 601–625
Cannone J J, Subramanian S, Schnare M N, Collett J R, D’Souza L
M, Du Y, Feng B, Lin N, Madabusi L V, Müller K M, Pande N,
Shang Z, Yu N and Gutell R R 2002 The Comparative RNA Web
(CRW) Site: an online database of comparative sequence and
structure information for ribosomal, intron, and other RNAs;
BMC Bioinformatics 3 2
Chandrashekhar K and Malathi R 2003 Non-Watson Crick base
pairs might stabilize RNA structural motifs in ribozymes
– A comparative study of group-I intron structures; J.Biosci.
28 547–555
Cornell C C, Munishkin A, Chan Y L 1999 The two faces of
Escherichia coli23S rRNA sarcin/ricin domain: the structure at
1.11 Å resolution; J. Mol. Biol. 292 275–287
Danilov V I and Anisimov V M 2005 Post Hartree-Fock studies
of the canonical Watson-Crick DNA base pairs: molecular
structure and the nature of stability; J. Biomol. Struct. Dyn. 22
471–482
Das J, Mukherjee S, Mitra A and Bhattacharyya D 2006 Noncanonical base pairs and higher order structures in nucleic acids:
crystal structure database analysis; J. Biomol. Struct. Dyn. 24
149–162
Dima R I, Hyeon C and Thirumalai D 2005 Extracting Stacking
Interaction Parameters for RNA from the Data Set of Native
Structures; J. Mol. Biol. 347 53–69
Eddy S R and Durbin R 1994 RNA sequence analysis using
covariance models; Nucleic Acids Res. 22 2079-2088
Eddy S R 2001 Non-coding RNA genes and the modern RNA
world; Nat. Rev. Genet. 2 919–929
Ferré-D’Amaré A R, Zhou K and Doudna J A 1998 Crystal
structure of a hepatitis delta virus Ribozyme; Nature (London)
395 567–574
Flamm C, Fontana W, Hofacker I and Schuster P 2000 RNA folding
at elementary step resolution; RNA 6 325–338
Gesteland R F, Cech T R and Atkins J F (eds) 2000 The RNA
World 2nd edition (New York: Cold Spring Harbor Laboratory
Press)
Gilbert W 1986 The RNA world; Nature (London) 319 618
J. Biosci. 32(5), August 2007

824

Dhananjay Bhattacharyya et al

Golden B L, Gooding A R, Podell E R and Cech T R 1998
A preorganized active site in the crystal structure of the
Tetrahymena ribozyme; Science 282 259–264
Gould I R and Kollman P A 1994 Theoretical investigation of
the hydrogen bond strengths in guanine-cytosine and adeninethymine base pairs; J. Am. Chem. Soc. 116 2493–2499
Hermann T and Westhof E 2002 Non-Watson-Crick base pairs in
RNA-Protein recognition; Chem. Biol. 6 R335–R343
Heilmann-Miller S L and Woodson S A 2003 Effect of transcription
on folding of the Tetrahymena ribozyme; RNA 9 722–733
Hesselmann A, Jansewn G and Schϋtz M 2006 Interaction energy
contributions of H-bonded and stacked structures of the A T
and GC DNA base pairs from the combined density functional
theory and intermolecular perturbation theory approach; J. Am.
Chem. Soc. 128 11730–11731
Hofacker I 2003 The Vienna RNA secondary structure server;
Nucleic Acids Res. 31 3429–3431
Holbrook S R, Cheong C, Tinoco I Jr. and Kim S H 1991 Crystal
structure of an RNA double helix incorporating a track of nonWatson-Crick base pairs; Nature (London) 353 579–581
Hüttenhofer A, Kiefmann M, Meier-Ewert S, O’Brien J, Lehrach H,
Bachellerie J P and Brosius J 2001 RNomics: an experimental
approach that identiﬁes 201 candidates for novel, small, nonmessenger RNAs in ouse; EMBO J. 20 2943–2953
Isambert H and Siggia E 2000 Modeling RNA folding paths with
pseudoknots: Application to hepatitis delta virus ribozyme;
Proc. Natl. Acad. Sci. USA 97 6515–6520
Jeffery G A 1988 An introduction to hydrogen bonding 2nd edition.
(Oxford: Oxford University Press)
Kim S H, Suddath F L, Quigley G J, McPherson A, Sussman J L,
Wang A H, Seeman N C and Rich A 1974 Three-dimensional
tertiary structure of yeast phenylalanine transfer RNA; Science
185 435–440
Kitaura K and Morokuma K 1976 Int. J. Quant. Chem. 10 325
Knudsen B and Hein J 2003 Pfold: RNA secondary structure
prediction using stochastic context-free grammars; Nucleic
Acids Res. 31 3423–3428
Kramer F and Mills D 1981 Secondary structure formation during
RNA-synthesis; Nucleic Acids Res. 9 5109–5124
Leontis N B and Westhof E 2001 Geometric nomenclature and
classiﬁcation of RNA base pairs; RNA 7 499-512
Leontis N B Stombaugh J and Westhof E 2002 The non-WatsonCrick base pairs and their associated isostericity matrices;
Nucleic Acids Res. 30 3497–3531
Lowe T and Eddy S 1997 tRNAscan-SE: a Program for improved
detection of transfer RNA genes in genomic sequence; Nucleic
Acids Res. 25 955–964
Machado M, Ordejon P, Artacho E, Sanchez-Portal D and Soler J
M 1999 Density functional calculations of planar DNA basepairs; arXiv:physics /9908022 v1(11 Aug) 1–12
Meyer I M and Miklos I 2004 Co-transcriptional folding is encoded
within RNA genes; BMC Mol. Biol. 5 10
Mukherjee S, Majumdar S and Bhattacharyya D 2005 Role of
Hydrogen Bonds in Protein-DNA Recognition: Effect of
Nonplanar Amino Groups; J. Phys. Chem. B 109 10484–10492
Murthy V L and Rose G D 2003 RNABase: an annotated database
of RNA structures; Nucleic Acids Res. 31 502–504
Nagaswamy U, Larios-Sanz Hury J, Collins S, Zhang Z, Zhao
Q and Fox G E 2002 NCIR: a database of non-canonical
J. Biosci. 32(5), August 2007

interactions in known RNA structures; Nucleic Acids Res. 30
395–397
Noller H F 2005 RNA Structure: Reading the ribosome; Science
309 1508–1514
Oliva R, Cavallo L and Tramontano A 2006 Accurate energies of
hydrogen bonded nucleic acid base pairs and triplets in tRNA
tertiary interactions; Nucleic Acids Res. 34 865–879
Ramakrishnan V and Moore P B 2001 Atomic structures at last: the
ribosome in 2000; Curr. Opin. Struct. Biol. 11 144–154
Repsilber D, Wiese S, Rachen M, Schroder A, Riesner D and
Steger G 1999 Formation of metastable RNA structures by
sequential folding during transcription: Time-resolved structural
analysis of potato spindle tuber viroid (-)-stranded RNA by
temperature-gradient gel electrophoresis; RNA 5 574–584
Robertus J D, Ladner J E, Finch J T, Rhodes D, Brown R S,
Clark B F and Klug A 1974 Structure of yeast phenylalanine tRNA at 3Å resolution; Nature (London) 250 546–551
Ro-Choi T and Choi Y 2003 Structural elements of dynamic RNA
strings; Mol. Cells 16 201–210
Sayle R and Milner-White E J 1995 RosMol: Biomolecular
graphics for all; Trends Biochem.Sci. 20 374
Schaftenaar G and Noordik JH 2000 Molden: a pre- and postprocessing program for molecular and electronic structures;
J. Comput.-Aided Mol. Design 14 123–134
Schmidt M W, Baldridge K K, Boatz J A, Elbert S ,T Gordon M S,
Jensen J, Koseky S, Matsunaga N, Nguyen K A, Su S J, Windus
T L, Dupuis M and Montgomery J A 1993 General atomic and
molecular electronic structure system; J. Comput. Chem. 14
1347–1363
Schneider C, Brandl M and Sühnel J 2001 Molecular dynamics
simulation reveals conformational switching of water-mediated
uracil-cytosine base pairs in an RNA duplex; J. Mol. Biol. 305
659–667
Scott W G, Finch J T and Klug A 1995 The Crystal structure of
an all-RNA hammerhead ribozyme: A proposed mechanism for
RNA catalytic cleavage; Cell 81 991–1002
Šponer J, Lesczynski J and Hobza P 1996 Structures and energies
of hydrogen-bonded DNA base pairs. A nonempirical study
with inclusion of electron correlation; J. Phys. Chem. 100
1965–1974
Šponer J and Hobza P 2003 Molecular interactions of nucleic acid
bases. A review of quantum-chemical studies: Collect; Czech.
Chem. Commun. 68 2231–2282
Šponer J, Mokdad A, Šponer J E, Špačková N, Leszczynski J and
Leontis N B 2003 Unique tertiary and neighbor interactions
determine conservation patterns of cis Watson-Crick A/G basepairs; J. Mol. Biol. 330 967–978
Šponer J E, Špačková N, Pulhanek P, Leszczynski J and Šponer
J 2005a Non-Watson-Crick Base Pairing in RNA. Quantum
chemical analysis of the cis Watson-Crick/Sugar Edge base pair
family; J. Phys. Chem. A 109 2292–2301
Šponer J E, Špačková N, Leszczynski J and Šponer J 2005b
Principles of RNA base pairing: Structures and energies of the
trans Watson-Crick/Sugar Edge base pairs; J. Phys. Chem. B
109 11399–11410
van Dongen M J, Wijmenga S S, Van der Marel G A, Van Boom J H
and Hilbers C W 1996 The transition from a neutral-pH double
helix to a low-pH triple helix induces a conformational switch

Noncanonical base pairing interactions in RNA
in the CCCG tetraloop closing Watson-Crick stem; J. Mol. Biol.
263 715–729
Wedekind J E and McKay D B 1999 Crystal structure of a leaddependent ribozyme revealing metal binding sites relevant to
catalysis; Nat. Struct. Biol. 6 261–268
Wimberley B T, Guymon R, McCutcheon J P, White S W
and Ramakrishnan V 1999 A detailed view of ribosomal
active sites: the structure of L11 RNA complex; Cell 97
491–502
Wimberly B T, Brodersen D E, Clemons W M, Morgan-Warren R
J, Carter A P, Vonrhein C, Hartsch T and Ramakrishnan V 2000
Structure of the 30S ribosomal subunit; Nature (London) 407
327–339

825

Westhof E and Fritsch V 2000 RNA folding: beyond Watson-Crick
pairs; Structure 8 R55–R65
Yang H, Jossinet F, Leontis N, Chen L, Westbrook J, Berman
H and Westhof E 2003 Tools for the automatic identiﬁcation
and classiﬁcation of RNA base pairs; Nucleic Acids Res. 31
3450–3460
Yusupov M M, Yusupova G Z, Baucom A, Lieberman K,
Earnest T N, Cate J H D and Noller H F 2001 Crystal
structure of the ribosome at 5.5 A resolution; Science 292
883–896
Zuker M 2003 Mfold web server for nucleic acid folding
and hybridization prediction; Nucleic Acids Res. 31
3406–3415

ePublication: 28 June 2007

J. Biosci. 32(5), August 2007

