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Abstract RNA contains different secondary structural
motifs like pseudo-helices, hairpin loops, internal loops,
etc. in addition to anti-parallel double helices and random
coils. The secondary structures are mainly stabilized by
base-pairing and stacking interactions between the planar
aromatic bases. The hydrogen bonding strength and
geometries of base pairs are characterized by six intra-base
pair parameters. Similarly, stacking can be represented by
six local doublet parameters. These dinucleotide step
parameters can describe the quality of stacking between
Watson—Crick base pairs very effectively. However, it is
quite difficult to understand the stacking pattern for dinu-
cleotides consisting of non canonical base pairs from these
parameters. Stacking interaction is a manifestation of the
interaction between two aromatic bases or base pairs and
thus can be estimated best by the overlap area between the
planar aromatic moieties. We have calculated base pair
overlap between two consecutive base pairs as the buried
van der Waals surface between them. In general, overlap
values show normal distribution for the Watson—Crick base
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pairs in most double helices within a range from 45 to
50 A? irrespective of base sequence. The dinucleotide steps
with non-canonical base pairs also are seen to have high
overlap value, although their twist and few other parame-
ters are rather unusual. We have analyzed hairpin loops of
different length, bulges within double helical structures and
pseudo-continuous helices using our algorithm. The over-
lap area analyses indicate good stacking between few
looped out bases especially in GNRA tetraloop, which was
difficult to quantitatively characterise from analysis of the
base pair or dinucleotide step parameters. This parameter is
also seen to be capable to distinguish pseudo-continuous
helices from kinked helix junctions.

Keywords Base stacking - DNA - RNA - Double helices -
Tetraloop conformation - Bulges in RNA helix -
Non-Watson—Crick base pair

Introduction

Ribonucleic acids (RNA) are large biomolecules and their
functional forms usually consist of different structural
subunits or motifs. These are collections of short helices
interspersed by unpaired regions, packed together into
compact structures. Similar to proteins, the structure of
RNA can be divided into four levels of organization—
primary, secondary, tertiary and quaternary. Primary
structure is described by the nucleotide sequence of the
RNA. Secondary structural motifs are mainly comprised of
helices and intervening unpaired loop regions. RNA can
form a number of secondary structures by folding upon
itself and forming base pairs between complementary
regions, e.g., hairpins, internal loops, junctions etc. The
tertiary and quaternary structures connect distant regions of
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the RNA strands through extensive hydrogen bonding and
backbone interactions. Tertiary structural motifs are com-
prised of triple helices, kissing loops, co-axial helices,
pseudoknots, etc. Quaternary structures, as a form of
multiple RNA chains acting together, are seen in a few
cases, such as ribosomes.

Hydrogen bonding and stacking interactions between
the nucleobases are fundamental to the organization of
nucleic acids. The stacking of bases contributes signifi-
cantly to the stability of RNA folds as it minimizes the
exposure of hydrophobic base surfaces to the polar solvent.
Double helical regions of nucleic acids usually possess G:C
and A:U Watson—Crick base pairs along with G:U wobble
base pairs. In case of DNA, base pairs observed are mostly
of Watson—Crick type, the only exception being the G:G
base pairs in telomeric DNA forming Guanine quadru-
plexes [1]. In RNA, however, several types of non-
canonical base pairs can be found along with standard
Watson—Crick base pairs. These base pairs are formed
through planar edge-to-edge hydrogen bonding between
RNA bases involving one of three distinct edges—Watson—
Crick edge, Sugar edge and Hoogsteen edge [2]. The base
pairs can either be in cis or trans orientation. Reports
suggest that only 60 % of the base pairs in RNA are
Watson—Crick type, the rest being non-canonical in nature
[2]. Studies have also shown that many of the non-canon-
ical base pairs are as stable as canonical base pairs [3, 4].
Non canonical base pairs often appear within the RNA
double helical regions and it was shown that tandem
occurrence of such non-canonical base pairs within double
helical structures flanked by Watson—Crick base pairs are
quite stable [5, 6]. They also appear consistently in other
structural motifs like hairpin loops, loop—loop recognition,
coaxial helices etc. They play an integral part in RNA
structural organization by spatially connecting structural
motifs formed by distant parts of the RNA chains.

A large number of secondary structural motifs of RNA
have been identified by FR3D software suite [7] and are
categorically listed in the RNA Structure Atlas and RNA
3D Motif Atlas databases [8]. Among the secondary
structural motifs found in RNA, bulge loops or bulges have
a universal distribution in all types of structured and
functional RNAs. A bulge loop forms when a double helix
is interrupted by unpaired stretches of nucleotides on only
one strand [9]. Bulge sizes can range from a single
unpaired residue to several unpaired nucleotides. If the
bulge size is several residues long so that it appears to be
formed by two different parts of the RNA chain, it is
described as a pseudo-continuous helix or co-axial stack.
The strand of continuously base paired residues, which is
opposite to the bulged strand, facilitates the stacking of the
flanking stems. Bulges can create recognition sites in RNA
three-dimensional structures both directly, by acting as
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molecular handles within helical regions which are other-
wise uniform, and indirectly, by distorting the RNA
backbone and allowing access to base pairs in a widened
deep groove. They may also act as contact points in the
tertiary folding of RNA [9].

The conformation of bulge loops is governed by the
competing interactions of both the unpaired residues and
the surrounding base pairs. Unpaired residues may partic-
ipate in continuous stacking of the flanking regions, or they
can be extruded from the duplex with the bases pointing
out into the solvent. Unpaired residues in the bulge can
favour kinking of the helix axis at the bulge site [10], e.g.,
Hook-turn, K-turn and Reverse K-turn motifs. On the other
hand, when the bulge nucleotides are looped out, the
composite duplex geometries can remain close to the reg-
ular A-form [11]. The dimensions of the major and minor
groove in RNA duplexes can be altered by bulges which
introduce distortions in the nucleic acid backbone. Wid-
ening of the major groove by bulges, which exposes the
hydrogen bonding edges of base pairs, is frequently found
at interaction sites where RNA domains dock into
duplexes, or ligands bind to RNA [12, 13].

Hairpin loops are the most frequently observed sec-
ondary structural elements in RNA. These are formed by an
unpaired region joining the two strands of a double helical
stretch. Hairpin loops play an important role in providing
sites for protein folding and also act as structural scaffolds
and recognition sites for both proteins and nucleic acids
[14]. Among different hairpin loops that occur in RNA,
tetraloops are the most common ones. Tetraloops usually
form compact and stable structures which may involve
base—base or base-sugar interactions. Sometimes the first
and fourth nucleotides in the loop are found paired, leaving
two constrained bases in the loop. The second and third
nucleotides form a turn in the RNA strand. Theoretically,
256 types of tetraloop sequences are possible, most of which
are very rare and uncommon. The most common tetraloop
motifs found in functional RNAs are GNRA [15-19],
UNCG [20, 21], CUYG [15, 22], ANYA [23-25] and
(A/U)GNN [26-28] [N — any residue, R — purine,
Y — pyrimidine]. These five families account for 54 types
of tetraloop sequences leaving out 202 possibilities.
Among these families, GNRA, CUYG and UNCG are
especially abundant in naturally occurring RNAs [15, 29]
with GNRA and UNCG families accounting for up to 70 %
of the loop sequences [30]. Other less frequently observed
tetraloop families have also been reported such as YNMG
[31], GANC [32], UNAC [33], GYYA [34] and GNAR
[35] tetraloops (M — Ade or Cyt). Because of the con-
formational similarity, Sakamoto et al. [36] suggested to
combine GNRA and GNAR families to GNRR family. The
conformations of nucleotides in the loop regions differ
completely from one family to another [17]. Tetraloops
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have an A-form stem while the bases in the loop region can
either assume an anti conformation or syn conformation
[37]. In addition to tetraloops, there are other distinct types
of loops in RNA structures depending on the number of
unpaired residues, such as triloop, pentaloop, hexaloop, etc.
Among them, triloops are expected to have some well
defined local structural features [38, 39], while the longer
loops are generally more flexible.

Non-canonical basepairs are found to be present
within various types of secondary structural motifs of
RNA, e.g., within double helical stretches, at the helix-
loop junctions, or surrounding the bulges, as they are
supposed to introduce flexibility in the backbone of RNA
through their unusual conformations [40]. It has previ-
ously been reported that non-canonical basepairs are
often associated with anomalous torsion angles [5, 6].
However, characterization of even double helical struc-
tures from torsion angle analysis is quite difficult [41] as
the seven freely variable torsion angles can accommo-
date many strains. Hence, several groups have used
backbone dihedrals in the form of pseudo-torsion to
envisage the structural correlations between base pairs
and backbone conformations [42—45]. However, inherent
flexibility of nucleic acid backbones limits the accuracy
of using torsion angles to describe structural variations of
RNA structures.

The base pairing and stacking stabilities can be descri-
bed by two sets of geometrical parameters. The parameters
which describe orientation of one of the base with respect
to its paired one are generally referred to as intra base pair
parameters. Among the intra base pair parameters, pro-
peller and buckle, which are rotational parameters, and
stagger, a translational parameter, describes the overall
non-planarity of a base pair. On the other hand, two
translational parameters, shear and stretch along with open
angle describe the hydrogen bonding strength between the
bases. Similarly, there are three rotational and three
translational parameters which describe the relative orien-
tation between two successive base pairs. Tilt and roll
indicate the wedge formation between the base pairs. Shift
and slide describe the lateral movements between the
stacked base pairs while twist and rise are usual helical
parameters. There are reports in literature [46—49] which
describe preferences of these parameters depending on the
base pairing, sequence, etc., in crystallographic structures
of DNA and double helical RNA. These analyses indicate
several features for the stacking between canonical base
pairs.

1. Tilt and shift values are generally zero,

2. Roll values strongly depend on the dinucleotide
sequence both in DNA and RNA. These values are
generally large positive (~ 10°) in RNA,

3. Twist values are mostly around 30°-40° with smaller
twist values being more preferred in A-form RNA
helices,

4. Slide values are generally close to zero in B-DNA
while in A-form RNA, the values are around —1.5 A,

5. Rise values are around 3.4 A in DNA while it reduces
slightly in RNA.

In case of DNA, the most common form of structural
organization is the double helix, where much of the flexi-
bility is lost because of the base pairing and stacking
interactions. Thus, the above mentioned set of intra- and
inter-basepair parameters also fall within the normal range
of values defined by ITUPAC-IUB convention [46]. Any
anomaly in these values indicate deviation from regular
double helical structure. RNA, however, is not restricted by
the limitations of a double helix and retains its flexibility in
many of its structural motifs. Analyses of these parameters
in non-uniform RNA structures as well as non-canonical
basepairs, thus, are expected to result in irregular values,
even though the structure shows stability. Recent studies
[5] have shown that the base pair step parameters for some
dinucleotides consisting of one or two non canonical base
pairs are not always similar to those observed for canonical
ones and appear to be anomalous. For example, twist val-
ues of non-canonical base pair containing dinucleotides are
sometimes close to zero or 90°, yet they are found to be as
stable as the canonical ones [5, 6]. It is also difficult to
define the stability and structural features of nucleic acids
in a multi-dimensional space consisting of all the intra- and
inter-basepair parameters. Hence, there is a need for a
parameter which describes the overall stacking interaction
between successive base pairs in a double helical region,
manifesting their stability. Calculation of explicit stacking
energy to characterize the stability is non-trivial and
computationally demanding. Therefore, we have calculated
the overlap area between successive base pairs to analyze
the stacking interactions between them. As the inter-base
pair parameters describe the relative geometric orientation
of the two successive base pairs, overlap area between
successive base pairs can be considered to manifest the
composite effect of all the six inter-base pair parameters.
Overlap values of dinucleotide steps are also calculated by
3DNA software [50, 51]. However, the values calculated
by 3DNA appear to be too small as compared to the total
area covered by the base pairs. We have, therefore, defined
a new method for calculation of this parameter depending
on the buried surface area between two consecutive base
pairs. We have calculated overlap values for the available
B-DNA and A-DNA crystal structures, which can be used
as standards. The base pair overlap values for different
dinucleotide sequences consisting of canonical as well as
non Watson—Crick base pairs have been found to be quite
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high. We have analyzed the RNA and B-DNA structures
solved by NMR spectroscopy and found similar trends. We
have further used these values for the other structural
motifs of RNA, e.g., tetraloops, pseudo-continuous helices
and bulge loops. We find that the overlap values estimated
from buried surface area represent the extent of stacking
interactions reliably and are consistent with the stability
features of these structural motifs.

Methods

We have prepared three datasets from crystal structures of
A-DNA, B-DNA and RNA. A non-redundant dataset of
123 functional RNA crystal structures with resolution
better than 3.5 A containing chains longer than 30 nucle-
otides was obtained from HD-RNAS database [52]. These
structures were downloaded from Protein Data Bank [53]
and the PDB-IDs of the selected structures are given in the
supplementary information (Table S1). All the biological
assemblies of A-DNA and B-DNA crystal structures,
solved at a resolution better than 3.0 A, were downloaded
from NDB [54] and the structures with modified or mis-
matched base pair were rejected. PDB-IDs of the 188
A-DNA crystal structures and 162 B-DNA crystal struc-
tures selected are given in supplementary information
(Table S1).

We have also analyzed the nucleic acid structures solved
from NMR spectroscopic data. We found only 5 A-DNA
structures characterized by NDB [54] and hence ignored
them. There are 109 B-DNA structures available in NDB
(List S1) without any ligand or chemical modification; we
have analyzed all of them to understand their structural
features. Similarly we found 68 RNA structures solved by
NMR without ligand or chemical modification (List S2).
Although some of these structures possess non-canonical
base pairs, their total number is quite insignificant. Hence,
we have analyzed the properties of the base pair stacks
formed by Watson—Crick base pairs only. Quite often there
are several model conformations of same molecule, given
in a pdb file solved by NMR spectroscopy. In these cases
we have considered only the first models.

The base pairs in DNA and RNA were detected by
BPFIND [55] with default hydrogen bond length cut off of
3.8 A between the acceptor and donor atoms and angle cut
off of 120°. The usual intra and inter base pair parameters
were calculated by NUPARM [56, 57] along with the
overlap values. Similar calculations were also done using
3DNA for A-DNA and B-DNA crystal structures for
comparison between the two sets of values. Throughout
this paper, we have used the nomenclature system descri-
bed by Das et al. [55] for representing base pairing
geometries.

@ Springer

Fig. 1 Van der Waals surface of a two G:C W:WC base pairs when
they do not stack (VDW surface is shown as points in orange and
cyan) and b when they stack [(G:C W:WC)::(G:C W:WC) dinucle-
otide step], the overlap area has been shown by the points buried
between the two base pairs (shown in green) [’ represents base
pairing and ‘::” represents stacking]

Method of calculation of stacking overlap
by NUPARM

The overlap area is calculated as a measure of buried van
der Waals (VDW) surface area (in Az) between the two
base pairs. If S4 and Sp are the VDW surface area of the
two stacked base pairs, and Sy is the VDW surface area of
the stacked dinucleotide step, the overlap is measured as:

Overlap = (Sa + Sg) — Sas

The VDW surfaces of the base pairs have been calcu-
lated using the method described by Banerjee et al. [58].
According to this method, the van der Waals surface is a
collection of uniformly sampled points on the van der
Waals sphere of each atom. The overall van der Waals
surface of a nucleotide or base pair moiety is generated by
excluding the overlapping points between covalently bon-
ded atoms with surface point density of 30 dots/A2. The
radii of each atom has been considered as (R, + 0.2),
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where R, is the distance corresponding to minimum van
der Waals energy [59]. Similarly, van der Waals surface
area is also generated for the composite base pair step. The
overlap area is then calculated as the number of surface
points that are buried between the two stacked bases or
base pairs when a composite VDW surface is generated for
the dinucleotide step (Fig. 1).

Ny + N, —Njp
2 x 30

N; and N, are number of van der Waals surface points for
base pair-1 and base pair-2 and N;, is number of van der
Waals surface points for the composite dinucleotide step.

This method of calculation of stacking overlap has been
implemented in NUPARM software and the code is
available for download from http://www.saha.ac.in/biop/
bioinformatics.html. It should be further noted that one can
calculate and analyse stacking overlap between two
unpaired bases or between a base pair and an unpaired base
also by this method.

Overlap =

Results and discussion
Validation of overlap calculation method

We have estimated the values of surface area covered by
the four nucleobases occurring in DNA or RNA as well as
canonical Watson—Crick base pairs as two-dimensional
projections. The surface area values for the canonical base
pairs are found to be around 85 A? (Supplementary Infor-
mation Table S2; Fig. SF1-3). We can thus expect stacking
overlap value of about 85 A? for ideal stacks, where there
is no relative rotation and translation between the base
pairs. We have generated coordinates of ideal planar base
pair stacks with 0° twist and 3.34 A rise [Roll = 0°;
Tilt = 0°; Shift = 0 A; Slide = 0 A] using NUCGEN [56]
and have calculated their overlap values by 3DNA as well
as by overlap calculation utility of our method (NUP-
ARM). We observe that the overlap areas for ideal stacks
in most of the dinucleotide steps are around 57 A2 By
visual inspection, it was confirmed that this reduction in
overlap area is due to some of the surface points, which
remain exposed as holes in between two base pairs (Fig. 2).
However, overlap values calculated by 3DNA are even
smaller and found to be within 15 A2 (Tables 1, 2; Sup-
plementary Information Table S3). To evaluate the stack-
ing overlap for regular double helices, we have calculated
the overlap areas for all the unique dinucleotide steps in
canonical B-DNA and A-DNA structures obtained from
fiber-diffraction studies [60, 61]. It is observed that purine—
pyrimidine steps have higher overlap areas than purine—
purine and pyrimidine—purine steps for both A- and B-form

Fig. 2 The reduction in surface overlap is due to the surface points
that remain exposed as holes

helices (Supplementary Information Table S4). The over-
lap areas between base pairs in A-DNA and B-DNA,
depending on dinucleotide sequences, are quite similar to
each other. The larger negative slide values in A-DNA do
not seem to affect the overlap values. The overlap in
A-RNA fiber models [62], however, is significantly smaller
as compared to the above. This could be due to the dif-
ference in propeller twist values between the structures. As
expected, the overlap decreases with increasing slide as the
stacking interaction between the base pairs reduces with
increase in separation between them. This indicates that the
overlap area calculated by NUPARM is a representation of
stacking interaction between the base pairs, rather than
being geometric overlap of the base pair planes. However,
the effect of other base pair parameters like roll, twist and
slide on overlap area are also observed, though the effects
are less pronounced.

Stacking overlap values in A-DNA and B-DNA
structures

We have calculated stacking overlap in all the selected
A-DNA and B-DNA crystal structures. In general, stacking
overlap values calculated using NUPARM show normal
distributions, within a range of 35-65 A? with mean values
around 45-50 AZ (Tables 1, 2). Although helical twist,
slide, roll, etc., movements between the base pairs in a
dinucleotide step are expected to reduce stacking overlap
between two base pair planes, we do not observe significant
reduction of overlap values for the steps in crystal struc-
tures from those observed in idealized orientation. This is
possibly due to positioning of atoms of one base pair on top
of ring centres of the other base pairs, similar to A-B type
of stacking between graphene planes giving rise to graphite
[63]. It can be expected from the larger sliding motion
between successive base pairs in A-form helices that
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Table 1 Mean and SD (in parentheses) values of base step parameters and stacking overlap values in B-DNA

Base pair No. of Tilt Roll Twist Shift Slide Rise Overlap
step data points

NUPARM 3DNA
AA STEP 193 —0.09 (1.75) —0.53 (3.44) 36.03 (2.67) —0.00 (0.23) —0.28 (0.25) 3.23 (0.08) 53.31 (4.03) 8.80 (1.27)
AC STEP 72 —0.32 (1.69) 1.35 (3.56) 31.90 (3.66) —0.01 (0.49) —0.19 (0.35) 3.26 (0.11) 53.41 (4.07) 10.07 (1.30)
AG STEP 62 —0.17 (1.86)  4.71 (3.56) 31.44 (5.80)  0.08 (0.52) 0.36 (0.49) 3.33 (0.10) 46.93 (5.44) 10.12 (2.71)
AT STEP 96 0.24 (0.92) —-1.13 (3.07) 33.07 (2.30)  0.02 (0.21) —0.49 (0.17) 3.14 (0.08) 56.49 (3.30) 11.39 (1.24)
CA STEP B-1 45 —0.15 (2.01)  4.60 (3.56) 35.43(5.93)  0.07 (0.38) 0.80 (0.60) 3.46 (0.11) 43.27 (4.75) 5.11 (2.16)
CA STEPB-II 26 0.11 (1.80) —6.72 (3.55) 50.03 (2.14)  0.05 (0.10) 243 (0.28) 3.44 (0.08) 40.72 (3.24) 4.17 (0.30)
CC STEP 120 0.33 (3.34)  4.86 (4.15) 33.11 (4.93) —0.00 (0.59) 0.46 (0.55) 3.35(0.13) 45.93 (5.72)  9.00 (2.06)
CG STEP 290 0.17 (2.18) 5.09 (4.36) 34.09 (4.76)  0.05 (0.52) 0.52 (0.40) 3.43 (0.11) 4442 (4.98) 4.74 (1.69)
GA STEP 129 0.07 (1.98) 0.49 (2.64) 38.14 (2.81)  0.02 (0.36) —0.02 (0.36) 3.28 (0.09) 5042 (4.04) 7.91 (1.05)
GC STEP 201 —0.25 (2.12) —3.65 (5.13) 37.26 (4.14) —0.08 (0.72) 0.40 (0.42) 3.31 (0.11) 50.07 (4.40) 6.41 (1.97)
TA STEP 49 0.24 (2.17) 1.18 (4.39) 39.55(5.48)  0.00 (0.30) 0.33 (0.85) 3.41 (0.12) 43.29 (5.87) 3.38 (2.48)
Table 2 Mean and SD (in parentheses) values of base step parameters and stacking overlap values in A-DNA
Base pair  No. of Tilt Roll Twist Shift Slide Rise Overlap
step data points

NUPARM 3DNA
AA STEP 4 —2.82 (3.04) 1650 (11.97) 3227 (3.48) —0.59 (0.19) —1.69 (1.10) 3.45(0.15) 43.12 (4.81) 5.12 (2.56)
AC STEP 161 —0.24 (1.72) 447 (275) 33.16 (2.39) —0.12 (0.69) —1.27 (0.29) 3.19 (0.11) 50.07 (4.15) 11.8 (0.90)
AG STEP 19 0.15 (1.69) 298 (5.23)  33.40 (4.64) —0.04 (0.55) —1.34(0.46) 3.34 (0.16) 48.67 (6.29) 5.57 (1.52)
AT STEP 13 —0.14 (0.92) 4.88(2.09) 32.36 (2.35) 0.17 (0.15) —1.00 (0.33) 3.29 (0.13) 50.84 (5.39) 12.48 (0.59)
CA STEP 24 0.27 (2.24) 11.29 (3.44)  30.15(2.39) —0.01 (0.38) —1.34(0.19) 3.38 (0.11) 45.72 (3.55)  2.99 (0.55)
CC STEP 291 —0.04 (2.59) 6.68 (4.20)  30.95 (3.27) 0.00 (0.56) —1.69 (0.32) 3.34(0.12) 46.56 (4.30)  4.12 (0.68)
CG STEP 186 —0.23 (1.48) 11.03 (447) 28.65 (3.06) —0.10(0.40) —1.91(0.30) 3.37 (0.09) 45.45(3.79) 4.74 (0.53)
GA STEP 20 —1.20 (248) 7.45(7.83)  29.25 (3.87) 0.02 (0.58) —1.28 (0.50) 3.29 (0.14) 46.69 (5.72)  5.61 (2.16)
GC STEP 179 0.50 (1.52)  3.58 (3.93) 33.58 (2.87) 0.10 (0.36) —1.29 (0.29) 3.26 (0.11) 46.58 (3.65) 11.51 (0.74)
TA STEP 39 —0.01 (1.13) 10.73 (4.92)  28.14 (2.56) —0.07 (0.26) —1.37 (0.16) 3.36 (0.13) 45.80 (5.15)  2.29 (0.34)

dinucleotide steps in B-DNA structures would have higher
overlap values than those observed in A-DNA structures.
However, in crystal structures, the dinucleotide steps tend
to attain stable structures by maximizing the stacking
overlap between the successive base pairs through an
optimum orientation. This is shown by similar overlap
values between the dinucleotide steps of A-DNA and
B-DNA, even though A-DNA structures conform to larger
roll and slide values and the base pairs are shifted along the
base pair long axis compared to B-DNA.

The purine-pyrimidine base pair steps, which have small
roll values, show maximum overlap as the base pairs in such
cases are nearly parallel to each other. Maximum average
stacking overlap is observed for (A:T W:WC)::(T:A W:WC)
steps [50.8 A% for A-DNA (Table 2)and 56.5 A” for B-DNA
(Table 1)]. On the other hand (G:C W:WC)::(C:GW:WC), a
purine-pyrimidine step, has significant negative roll values
in B-DNA. Hence, these are non parallel and have smaller
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overlap values [46.6 A% for A-DNA and 50.1 A% for
B-DNA] with respect to (A:T W:WC)::(T:A W:WC). In
B-DNA, two types of (C:G W:WC)::(A:T W:WC) steps are
known—-B-I and B-II (Table 1). Even though the relative
orientations of the base pairs are extremely different in these
cases, stacking overlap values are in the same range, indi-
cating both types of stacking are favourable.

We have calculated the correlation coefficients between
the local wedge parameters and the overlap values of
dinucleotide steps from A-DNA and B-DNA crystal
structure data (Table 3). In both the datasets, there is sig-
nificant negative correlation between rise and overlap
values in all forms of double helices, which is an expected
feature. However, as the base pairs in B-DNA are located
on the helix axis, larger slide values between two consec-
utive base pairs decrease the overlap considerably, giving
rise to a negative correlation between them (—0.6). On the
other hand, the base pairs in A-form nucleic acid double
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Table 3 Correlation between stacking overlap and base step
parameters in canonical base pair steps

BDNA ADNA RNA
No. of data points 1,283 935 6,507
Tilt-overlap —0.03528 —0.03977 —0.01821
Roll-overlap —0.16347 —0.14085 0.040375
Twist-overlap —0.11579 0.332913 0.12336
Shift-overlap —0.0179 —0.09952 —0.04423
Slide-overlap —0.59998 0.227952 0.049036
Rise-overlap —0.77154 —0.68635 —0.58791

helices are shifted from the helix axis and have slide values
about —1.5 A in general. Thus, the stacking interaction
appears to be implicitly dependent on twist and slide
motions. We do not find any notable correlation between
overlap and the other translational and rotational motions,
e.g., roll, tilt and shift.

The general trend of the sequence dependence of base
pair step parameters, as found from analysis of B-DNA
crystal structures, is also seen in the structures solved from
NMR data. The mean values of twist for most of the dinu-
cleotide sequences appear to be slightly smaller in the NMR
derived structures (Table S5) as compared to their mean
values in the B-DNA crystal structure database [47]. Such
small values of twist are generally associated with system-
atically negative values of slide. The base pair stacking
overlap values, however, show a trend very similar to that
observed in the B-DNA crystal structures, i.e., the purine—
pyrimidine sequences have larger base pair overlap than
those of the pyrimidine—purine sequences. This possibly
indicates the overlap values are not artefacts of crystal
packing effect.

Stacking overlap values in RNA crystal structures

The stacking overlap values in RNA double helical regions
containing canonical Watson—Crick base pairs calculated
using NUPARM show normal distributions within a range
of 35 to 65 A2 (Table 4). The trend of sequence dependent
variation of stacking overlap, as found in DNA crystal
structures, is also reflected in RNA double helices. The
only exception being the overlap in (A:U W:WC)::(U:A
W:WC) vs. (U:A W:WCO)::(A:U W:WC) steps—the (A:U
W:WC)::(U:A W:WC) step has slightly smaller mean
overlap as compared to the other. It may be noted that
mean roll values of (A:U W:WC)::(U:A W:WC) dinucle-
otide sequence is unusually high positive and these are
probably stabilized by some other interactions 49, 64].
(C:G W:WCQO)::(C:G W:WC) dinucleotide steps shows good
stacking overlap values of 49.8 A% (Table 4). The RNA
structures, solved by NMR spectroscopy, also show

features similar to those observed from analysis of X-ray
crystal structures (Table S6) [49].

Canonical base pair steps represent ten unique base pair
sequences in case of DNA, but one cannot ignore the G:U
base pairs found frequently within double helical regions
of RNA. A consideration of G:U W:WC base pairs gives
21 types of unique base pair steps in RNA. Dinucleotide
steps containing wobble G:U W:WC base pairs with an
adjacent canonical G:C or A:U W:WC base pair also
generally follow Calladine’s rule [65], i.e., the pyrimidine—
purine sequences have larger positive roll and larger neg-
ative slide values. Stacking overlap values also follow a
trend similar to the steps containing canonical base pairs,
i.e., purine—pyrimidine steps have larger base pair overlap
values. It may be noted that G:U W:WC base pairs usually
have large shear value (around 2 A), which moves one of
the bases within a base pair along the base pair short axis.
This gives rise to artificially large or small twist in a
dinucleotide step due to rotation of base pair long axis
obtained by connecting C8 (purine)-C6 (pyrimidine) atoms
of the bases. Thus, twist angles for the (G:C W:WC)::(G:U
W:WCO), (A:U W:WCO)::(G:U W:WC), (U:A W:WCO)::(G:U
W:WC) and (U:G W:WC)::(G:U W:WC) steps are large as
compared to A-form structures (Table 4). On the other
hand (G:C W:WC)::(U:G W:WC), (C:G W:WO)::(U:G
W:WCO), (A:U W:WC)::(U:G W:WC), (U:A W:WO)::(U:G
W:WC) steps have twist angles less than 28° due to reverse
effect. Stacking overlap values, however, remain similar
among these two sets of dinucleotide sequences.

We have also analysed stacking overlap values for
dinucleotides containing noncanonical base pairs in RNA
(Table 4), which have high frequencies of occurrences in
RNA crystal structures. It may be noted here that these sets
of dinucleotide structures have similar stacking arrange-
ments, as reflected from small standard deviations (SDs) of
all the parameters. Thus, twist value of 6.94° for the (C:G
W:WC)::(G:A S:HT), for example, did not arise from
averaging of several large and small twist values. It has
been observed previously that non-canonical base pairs
have anomalous stacking geometry and the inter-base pair
parameters also lie outside the usual range. For example, the
twist angle values of non-canonical base pairs have been
seen to vary within a wide range of ~5° to ~90° [5, 6].
Consequently, it can be assumed that noncanonical base
pair steps would have a lower stacking overlap value
compared to those between canonical base pairs. However,
it is found that, in most of the cases, the surface overlap
values for dinucleotide steps containing non-canonical base
pairs are similar to those of the canonical base pair con-
taining steps, indicating high stacking interaction between
them. Among the various types of noncanonical base pair
steps, high stacking overlap values are observed for A:G
W:WC containing base pair steps, possibly due to larger
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Table 4 Mean and SD (in parentheses) values of base step parameters and stacking overlap values in RNA

Base pair step No. of data Tilt Roll Twist Shift Slide Rise Overlap
points

AA STEP 241 —0.21 (2.66) 6.76 (5.15)  30.93 (3.12) —0.03 (0.46) —1.47 (0.53) 3.28 (0.11) 46.10 (3.75)

AC STEP 552 —0.16 (2.66) 533 (5.13) 3250 (3.62) 0.01 (0.54) —1.37(0.51) 3.18 (0.14) 48.07 (4.64)

AG STEP 643 0.06 (2.89) 8.46 (4.63)  31.23(3.36)  0.02 (0.50) —1.60 (0.49) 3.29 (0.12) 48.14 (4.41)

AU STEP 104 0.12 (2.76) 8.53 (6.13) 3190 (2.86)  0.02 (0.44) —1.25(0.43) 3.21 (0.13) 45.40 (4.82)

CA STEP 630 0.06 (2.51) 10.93 (5.39)  30.00 (2.92) —-0.02 (0.49) —1.67 (0.31) 3.29 (0.15) 47.25 (4.84)

CC STEP 2,190 0.30 (3.01) 7.60 (4.44)  31.13(335) 0.05(0.52) —1.88(0.37) 3.29 (0.13) 49.80 (4.47)

CG STEP 628 0.06 (2.59) 11.56 (5.84)  29.71 (3.48)  0.00 (0.53) —1.88 (0.38) 3.33 (0.16) 47.21 (5.68)

GA STEP 640 —0.05 (2.77) 5.53(5.68) 30.85(3.36) 0.04 (0.49) —1.66(0.43) 3.26 (0.13) 48.20 (4.62)

GC STEP 786 —0.08 (2.67) 3.03 (4.84) 3190 (3.33) —0.03 (0.55) —1.57 (0.50) 3.20 (0.13) 49.18 (4.52)

UA STEP 93 0.18 (2.40) 12.78 (4.83)  29.77 (2.58)  0.06 (0.37) —1.52 (0.26) 3.30 (0.12) 46.41 (3.89)

G:C W:WC::U:G 456 0.96 (2.00) 571 (4.22) 27.80(2.87) 0.21 (0.29) —1.01 (0.33) 3.17 (0.11) 50.47 (4.26)
W:WC

C:G W:WC::U:G 333 1.62 (2.43) 5.62 (4.10)  25.70 3.04)  0.39 (0.44) —1.63 (0.38) 3.30 (0.11) 49.20 (4.03)
W:WC

G:C W:WC::G:U 230 —2.56 (2.86) 8.48 (4.36)  37.54 (3.08) —0.17 (0.37) —1.84 (0.43) 3.10 (0.15) 46.86 (4.37)
W:WC

U:G W:WC::G:C 120 0.95 (3.45) 12.43 (6.60)  34.99 (5.10) —0.21 (0.69) —2.11 (0.70) 3.24 (0.19) 41.83 (5.70)
W:WC

A:U W:WC::U:G 120 0.78 (2.26) 5.56 (4.35) 27.27 (2.86) 031 (0.31) —1.17 (0.26) 3.19 (0.10) 49.77 (3.88)
W:WC

U:A W:WC::U:G 82 1.33 (2.04) 5.55(3.38) 2640 (3.29) 0.26 (0.38) —1.42(0.50) 3.31(0.12) 49.27 (4.62)
W:WC

A:U W:WC::G:U 59 —1.05 (3.00) 1091 (4.02)  35.81 (3.68)  0.15(0.57) —1.95(0.44) 3.14 (0.14) 44.72 (3.46)
W:WC

U:A W:WC::G:U 52 —0.69 (3.30) 13.09 (5.44) 3642 (249) 0.14 (0.61) —1.80 (0.50) 3.20 (0.18) 41.57 (6.21)
W:WC

U:G W:WC::G:U 41 0.49 (4.41) 12.02 (6.76) 4047 (4.11)  0.18 (0.75) —2.53 (0.46) 3.15(0.18) 38.68 (3.95)
W:WC

U:G W:WC::U:G 40 3.54 (2.48) 8.50 (4.56)  31.77 (2.80)  0.35(0.35) —1.78 (0.32) 3.17 (0.10) 46.91 (4.18)
W:WC

C:G W:WC:G:A 230 0.74 (1.96) 9.38 (5.63) 6.94 (6.32) —0.26 (0.57) —0.87 (0.47) 3.70 (0.29) 47.90 (5.33)
S:HT

A:G H:ST::C:G 124 —1.08 (2.01) 9.72 (5.53) 10.88 (5.25)  0.04 (0.61) —0.57 (0.34) 3.14 (0.32) 46.70 (4.81)
W:WC

G:A S:HT::A:U 88 1.91 (5.32) 4.19 (4.43) 84.13 (4.21) —1.53 (0.37) —1.39(0.39) 3.47 (0.31) 39.22 (5.16)
H:WT

U:G W:WC::G:A 80 2.87 (2.10) 10.16 (4.90) 15.90 (449)  0.24 (0.46) —0.49 (0.72) 3.64 (0.25) 45.43 (5.08)
S:HT

C:G W:WC::U:U 64 —1.42 (3.01) 11.32 (6.84)  27.65 (6.25)  0.26 (0.45) —1.42(0.45) 3.41(0.21) 42.78 (5.76)
W:WC

G:A S:HT::A:G 52 —1.09 (10.63) —0.68 (4.83)  93.75 (7.55) —0.21 (0.78) —1.46 (0.49) 2.87 (0.53) 45.89 (5.66)
H:ST

G:C W:WC:A:G 51 4.29 (2.70) 4.76 (5.16)  34.18 (3.55)  0.06 (0.57) —1.46 (0.63) 3.17 (0.13) 51.53 (4.20)
W:wC

G:C W:WC:G:A 43 3.35(2.79) 4.20 (4.37)  30.36 (3.15) —0.33 (0.29) —0.61 (0.46) 3.19 (0.14) 51.53 (5.44)
W:WC

G:A S:HT:A:A 40 1.25 (3.51) —2.11 (427)  24.06 (2.92) 1.02 (0.59)  0.65 (0.66) 3.57 (0.22) 45.52 (6.04)
H:HT

U:A W:WC::G:A 36 1.24 (2.18) 9.13 (4.81) 8.97 (5.74)  0.06 (0.55) —0.67 (0.55) 3.60 (0.25) 47.22 (5.38)
S:HT

A:G H:ST::A:G 35 —3.24 (1.88) 10.11 (3.34)  26.59 (3.00) —0.75(0.37)  0.53 (0.35) 4.58 (0.20) 48.56 (3.72)
H:ST
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Table 4 continued

Base pair step No. of data Tilt Roll Twist Shift Slide Rise Overlap
points

C:G W:WC:G:A 34 —8.10 (3.61)  29.44 (6.04) —23.48 (3.00) —2.73 (0.56) —3.27 (0.25) 4.16 (0.38) 40.66 (4.18)
s:wT

A:U W:WC::U:U 32 —0.32 (2.84) 558 (5.83)  29.72 (4.17) 036 (0.42) —1.33 (0.30) 3.25(0.13) 44.73 (5.18)
W:wC

G:C W:WC::U:U 32 —1.09 (3.52) 6.04 (5.75)  27.82(5.51) 0.34 (0.33) —0.97 (0.39) 3.33 (0.11) 41.66 (5.38)
W:WC

surface area of the A:G W:WC base pairs. On the other
hand, small overlap values are mostly seen for U:U W:WC
base pair containing steps or the (C:G W:WC)::(G:A s:wT)
step having very large mean roll values. Smaller overlap
values are also observed for base pair steps like (G:A
S:HT)::(A:UH:WT) [~ 39 1&2] as the base pairs are oriented
almost perpendicularly to each other [Twist = 84.2°].
Similar high twist values can be observed for (A:G
H:ST)::(G:A S:HT) steps [Twist = 93.7°], though they have
large overlap area of 45.9 A? because of cross-strand
stacking.

Analysis of bulge loops and pseudo continuous helices

A bulge loop is formed by the unpaired residues situated
within either or both strands of a double helical stretch of
RNA structures. Bulges with one to four unpaired residues
in the discontinuity are referred to as bulge loops or bulges
while those with five or more residues in the discontinuity
are referred to as pseudocontinuous helices or pseudo
helices. Earlier report [14] suggests that two types of bul-
ges are possible—one with the discontinuous bases bulged
out and the other with the discontinuous bases intercalated
into the helix. However, detection and differentiation of
such bulges is difficult, as the rise and other inter-base pair
parameters between the base pairs surrounding the bulge
can have anomalous values and do not properly represent
the extent of stacking.

We have calculated stacking overlap between the base
pairs surrounding the bulges in the non-redundant set of
RNA crystal structures. Tables 5, 6, 7, 8 and 9 contain the
structural parameters and overlap values for 1-residue,
2-residue, 3-residue, 4-residue bulge loops and pseudo-
continuous helices, respectively. The overall distribution
patterns of overlap values show two peaks—one around
0 A% and the other at 45-50 A”. On closer analysis of the
structures, it is observed that if the unpaired nucleotides,
situated in bulge regions, are intercalated into the helix and
stacked with the adjacent base pairs, no stacking interac-
tion can be observed between the base pairs residing above
and below the bulge, thus giving rise to zero overlap area.
The twist, however, may adopt unusual values if non-

Watson—Crick base pairs are present. On the other hand, if
the bulge residues are looped out of the helical scaffold, the
surrounding base pairs maintain A-form like stacking
between themselves with regular dinucleotide step param-
eters, e.g., small tilt, positive roll, negative slide, etc., and
the stacking overlap values are similar to those observed
for A-form helices. In such cases, the overlap areas
between the base pairs in looped out bulges have values
around 50 A”. Most of the single residue bulges are seen to
have good stacking overlap between the base pairs, indi-
cating the unpaired bases generally project out of the helix.
On the other hand, stacking overlap between the base pairs
surrounding two to four residue bulges are either zero or
very small. These bulges probably introduce kinks between
the two double helical segments. Thus, stacking overlap
values can provide a good measure for the detection of
continuation of double helical nature across the junction
between two helices when there is a discontinuation in one
of the strands at the junction.

Analysis of hairpin loops

As indicated above, there are hairpin loops with varying
number of residues in the looped out regions, starting from
diloop to significantly longer ones. Many of the diloops
are, however, considered as tetraloops where the two bases
next to the double helical stem region also form base pairs.
We observed 41 hairpin loops with three looped out resi-
dues in the non-redundant RNA structural database. These
triloops can adopt different conformational folds depend-
ing on sequence variation in the loop regions as well as on
the nature of closing basepair [38]. There are no triloop
sequence with high occurrence frequency, the loop con-
taining UCG sequence capping a U:A W:H T base pair is
found eight times, having maximum frequency and all of
them are lonepair triloop [39]. In this loop the unpaired
Cytosine residue is seen to stack well with the Guanine
(Table S7). It is to be noted that the triloop sequences
capping a U:A W:H T base pair (11 times), the second
residue is seen to stack quite well on the third. The UCU
triloop, which is found in three structures, have Watson—
Crick base pair at the end and the looped out residues do
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Table 5 Mean and SD (in parentheses) values of single residue bulge loops. The symbol “~” represents discontinuity of the strand

Base pair step  Frequency  Tilt Roll Twist Shift Slide Rise Overlap
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)

CG/C G 15 —1.31 (4.71) 10.24 (7.22) 40.62 (12.23) 0.82 (1.56) —1.65 (0.71) 3.25(0.19) 44.59 (8.71)

GG/UNC 15 —5.68 (4.25) 8.46 (5.21) 53.84 (5.11) 1.55 (0.57) —1.76 (0.49) 3.23 (0.17) 41.47 (3.71)

A:UHWTA 14 —1.60 (3.58) —6.07 (3.55) 9.86 (3.70) —1.35(0.25) 1.85(0.21) 3.62 (0.28) 46.37 (4.66)
A:A H:HT

C:G W:WC:A: 8 —1.12 (3.13) 3.46 (3.48) 76.85 (5.99) 2.39 (0.93) —0.24 (0.22) 3.56 (0.13) 41.00 (2.91)
A:G H:ST

AC/GNU 7 —1.40 (5.96) 6.53 (8.78) 44.51 (7.85) 1.51 (0.65) —0.94 (0.33) 3.22 (0.25) 45.09 (10.62)

CG/UNG 7 —1.44 (5.00) 7.20 (5.00) 59.92 (8.11) 2.85 (0.65) —1.26 (0.55) 3.29 (0.19) 37.16 (2.58)

GG/CrC 7 —3.99 (4.63) 6.96 (4.13) 44.94 (8.45) 1.33 (0.77) —1.71 (0.66) 3.22 (0.11) 46.54 (8.07)

UG/ChNA 6 —2.24 (2.48) 8.73 (6.25) 43.20 (10.25)  1.24 (1.45) —2.11 (0.21) 3.28 (0.13) 36.88 (6.27)

U:G W:WC:N: 5 —21.65 (1.44) 21.04 (3.64) 25.01 (4.01) 1.70 (0.41) 0.23 (0.30) 5.50 (0.27) 13.51 (3.18)
A:A s:hT

C:G W:WC:A: 5 1.56 (3.55) 4.46 (4.45) 36.90 (3.45) —0.28 (0.25) 0.50 (0.14) 3.23 (0.22) 53.03 (3.45)
U:A W:HT

CG/ANG 5 —4.21 (1.55) —0.59 (3.75)  37.11 (1.88) 1.94 (0.16) —3.28 (0.16) 3.36 (0.08) 39.90 (1.06)

UA/UMA 5 —2.73 (7.36) 12.88 (9.62) 33.49 (5.32) 0.81 (0.55) —1.47 (0.35) 3.39 (0.42) 38.72 (7.18)

UC/GMNU 5 —6.90 (2.08) —3.10 (2.04)  58.83 (3.99) 3.19 (0.42) —2.99 (0.16) 3.42 (0.15) 25.92 (4.34)

G:A S:HTM: 4 —9.09 (18.68) 33.92 (23.58) 65.14 (82.62) 2.04 (0.94) 2.09 (0.72) 495 (0.24) 19.24 (1.03)
G:G H:ST

CC/G "G 4 2.31 (1.73) 6.22 (4.70) 42.25 (3.47) 0.98 (0.78) —1.47 (0.79) 3.22 (0.16) 46.74 (7.53)

GU/GNC 4 3.14 (0.89) —0.40 (2.70)  27.71 (3.39) 0.18 (0.22) —1.33 (0.09) 3.38 (0.09) 47.33 (3.16)

UU/GNG 4 4.53 (2.20) 11.56 (3.65) 36.34 (3.94) 0.67 (0.08) —1.86 (0.09) 3.19 (0.21) 49.75 (5.06)

UG/ChA 1 —12.29 4.00 32.00 1.86 —4.13 6.76 0.00

Table 6 Mean and SD (in parentheses) values of two residue bulge loops. The symbol “A” represents discontinuity of the strand

Base pair  Frequency  Tilt Roll Twist Shift Slide Rise Overlap

step mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
CcCc/GrG T —29.33 (10.37) 11.81 (9.32) 64.27 (5.54) 3.46 (0.68) —1.27 (0.44) 5.28 (0.73)  15.67 (4.92)
uG/CrG 5 —35.49 (17.03)  25.51 (9.32) 55.18 (17.52) 1.71 (2.31) —2.15 (0.66) 6.19 (1.85) 9.82 (18.67)
AG/UNU 4 —15.13 (8.55) 56.55 (25.76) —0.70 (53.89) —3.42 (5.45) —1.95(1.00) —0.58 (2.62) 16.79 (9.45)
CU/ANG 4 0.78 (1.47) 10.04 (1.91) 11.36 (2.46) —2.67 (0.48) —1.79 (0.18) 3.20 (0.16) 37.41 (4.11)
uG/CrG 2 —38.94 (1.61) 29.58 (1.10) 62.77 (2.62) 2.78 (0.11) —1.72 (0.52) 7.05 (0.02) 0.00 (0.00)

Table 7 Mean and SD (in parentheses) values of three residue bulge loops. The symbol “/” represents discontinuity of the strand

Base pair step  Frequency  Tilt Roll Twist Shift Slide Rise Overlap
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
A:A sthT:N: 5 —18.54 (1.02) —50.16 (3.52) —50.51 (1.01) 3.15 (0.12) 8.11 (0.08) 3.10 (0.18) 5.79 (1.96)
C:G W:WC
G:A S:HTN: 4 —24.88 (4.69) 21.59 (3.56) 24.81 (1.91) —1.93(0.19) —5.95(0.14) 3.47 (0.06) 24.14 (1.18)
A:G w:sT
GG/UNC 4 —15.37 (6.78) —3.81 (5.04) 91.03 (3.21) 8.51 (0.31) 0.05 (0.09) 4.82 (0.67) 3.06 (1.10)
UC/G"G 4 —70.02 (2.17) 43.74 (5.07) 80.34 (3.65) 3.10 (0.20) —0.73 (0.27)  9.09 (0.28) 4.98 (1.63)
C:A S:WC:™: 1 —52.72 —15.67 80.23 2.10 —3.78 6.93 0.00
G:C W:WC
UC/GrNU 1 —73.43 38.19 77.34 2.18 —-0.59 9.24 0.00
UG/C G 1 —21.26 85.89 —47.68 -9.97 —4.91 4.94 0.00
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Table 8 Mean and SD (in parentheses) values of four residue bulge loops

Base pair step  Frequency  Tilt Roll Twist Shift Slide Rise Overlap
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
G:A S:HT:N: 6 —7.39 (1.08) 33.63 (4.30) 0.09 (0.72) —3.23 (0.22) —3.76 (0.05) 4.31 (0.20) 24.78 (2.20)
A:G w:sT
UG/ChA 3 —14.08 (1.46) 61.30 (0.53) 1.53 (0.38) —9.11 (0.30) —2.51 (0.37) 3.79 (0.49) 0.00 (0.00)
CG/C G 1 —33.67 —84.51 13.79 —0.39 —-1.27 13.32 0.00
UG/UMNA 1 82.70 28.81 41.26 -3.75 10.41 1.88 0.00

not have any stacking interaction. We also observed few
other triloop structures, such as AAU, which show no
stacking between single stranded residues. On the other
hand the UCA lonepair triloop occurs four times, but their
looping residues do not show any consistent stacking
interaction. The ACG triloop is seen in two structures, one
of them appears after a G:A S:H T base pair and the third
residue seems to stack on top of the 3’ base pair. We found
two triloop sequences, namely UGA and UUG, both appear
after a G:A s:w T base pair stabilized by C-H...O/N
hydrogen bond. Similarly the AGC triloop has A:A H:W T
base pair as the closing one. The unpaired residues in the
UGA triloop do not stack with each other while the first
Uracil residue of the UUG triloop stack reasonably well
with the s:w T base pair. Three other loops, AGU and
UUC, showed no consistency regarding stacking parameter
within them. As frequency of observation of these triloops
are quite small, a statistically meaningful conclusion is
difficult to arrive at but hopefully on availability of more
RNA structures one would find important features of these
motifs.

Among the tetraloop sequences, GNRA loops are the
most commonly observed type from our non-redundant
dataset of RNA crystal structures. We have also identified
UNCG (YNMG), CUYG, UGNN, GANC and GNAR tet-
raloop families from base pairing features, although their
occurrences are very small (Tables 10, 11, 12; Supple-
mentary Information Table S8). GNRA tetraloops can
either be of paired type (Table 10) or unpaired type
(Table 11). In the paired type of GNRA tetraloops, the first
and fourth nucleotides in the loop region form a G:A S:HT
base pair. These loops cap a double helix where the last
base pair is generally a G:C W:WC type. We observed high
stacking overlap between the G:C base pair and the G:A
S:HT base pair in paired type of GNRA loops [mean
stacking overlap 48.8(4.7)]. According to IUPAC-IUB
suggestion [46] the values of all the parameters, including
stacking overlap, remain same when one looks from two
chains of the double helix, even containing the non-Wat-
son—Crick base pair (G:A S:HT, for example). In case of
unpaired GNRA tetraloops, large stacking overlap is also
seen between the terminal G:C base pair and the unpaired
Guanine residue (G,). The A, 3, however, does not stack

well with the terminal Watson—Crick base pair. Usually,
GNRA tetraloops have a distinctive fold, where one base is
stacked with the 5'-strand and the other three are stacked in
the 3'-strand. Thus, the G, and A, ; residues have high
overlap values with the stem region, even when these are
not paired (Mean stacking overlap 30.4 and 9.0). The N, |,
R,4» and A, .3 are stacked consecutively with the 3'-
strand, giving rise to considerable amount of overlap area
between them. The single base overlap areas between N,
and R, , residues, as well as between R,,, and A, 3
residues for unpaired types, lie within the range of
25-30 A2, indicating good stacking. The values of the
other parameters, such as tilt, roll, etc., vary considerably at
these single stranded regions, as expected and are reflected
in their large SD values. The stacking overlap between G,
and N, is close to zero, as there is a U-turn in the
backbone direction between these residues. However, in
one case (paired GAAA sequence; 2ZJR; 623-626), a G:A
s:sT base pair is observed (Supplementary Information
Table S8-A). Moreover, no stacking overlap is observed
between the second, third and fourth nucleotides in the
loop in this case, which appears to be a deviation from the
usual GNRA loop structure. Thus the sequence of the
hairpin loop alone is not sufficient to classify the tetraloop.

It was hypothesized that YNMG tetraloops are an
extension of UNCG sequences [31]. Usually, the UNCG
tetraloops have a C:G W:WC closing base pair in the stem
(Table 12), whereas YNMG loops can have either a C:G
W:WC or a U:G W:WC closing base pair. These tetraloops
have good stacking between the closing base pair and the
U, and also between G,,; and the closing base pair.
However, we noticed an example of UNCG tetraloop in
3AMI1 (Supplementary Information Table S8-B) where
good stacking is present also between N, |, C,;» and G, 43
residues. On the other hand, the YNMG loops are found to
have C:G S:WT base pairing between Y, and G,,3 (Sup-
plementary Information Table S8-C) and their stacking
overlap values are also quite different from the above. This
perhaps indicates they are different types of loops. Struc-
tural data about all the other tetraloops are quite rare and
are given in Supplementary Information (Table S8). Due to
less frequency of these structures, conclusive statements
cannot be made but their structural properties can be
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Table 10 Mean and SD (in parentheses) values of paired GNRA tetraloops (frequency = 20)

Base pair Tilt Roll Twist Shift Slide Rise Overlap
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
X:X —0.24 (2.3) 3.64 (5.4) 29.80 (3.6) —0.15 (0.4) —1.84 (0.6) 3.33(0.2) 46.01 (6.5)
X:X —0.56 (3.5) 6.49 (8.9) —4.63 (4.1) —0.89 (0.7) —1.39 (0.4) 3.56 (0.2) 45.84 (4.7)
G:A S:HT —15.70 (153.8) 9.51 (21.3) 3.54 (24.7) —1.47 (1.2) 1.57 3.7) —-0.33 3.7) 0.00 (0.0)
N: 6.59 (28.3) 0.36 (24.5) 46.98 (29.8) 1.94 (1.6) —1.33 (2.3) 3.09 (0.3) 23.70 (5.5)
R: —39.30 (69.8) 42.32 (44.2) 55.67 (42.5) 2.38 (3.5) 0.61 (0.8) 3.77 (2.2) 27.43 (4.5)
A:G H:ST 0.56 (3.5) 6.49 (8.9) —4.63 (4.1) 0.93 (0.8) —1.41 (0.4) 3.65 (0.8) 45.84 (4.7)
X:X 0.24 (2.3) 3.64 (5.4) 29.80 (3.6) 0.15 (0.4) —1.84 (0.6) 3.33(0.2) 46.01 (6.5)
X:X 1.07 3.4) 4.84 (5.1) 29.62 (8.9) —0.18 (1.1) —1.63 (0.8) 3.32 (0.1) 43.32 (11.4)
Table 11 Mean and SD (in parentheses) values of unpaired GNRA tetraloops (frequency = 39)
Base pair Tilt Roll Twist Shift Slide Rise Overlap
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
X:X —-0.33 (2.2) 7.23 (6.1) 28.19 (6.3) 0.03 (0.4) —1.56 (0.6) 3.33(0.2) 4522 (5.4)
X:X 6.96 (5.6) 9.94 (11.8) 43.36 (28.5) 0.80 (1.6) —1.01 (0.6) 3.47 (0.8) 30.45 (8.2)
G: 98.40 (37.4) —58.82 (42.3) 21.04 (21.6) —4.84 (2.4) 6.76 (2.3) 1.79 (2.3) 1.17 (4.3)
N: 3.88 (25.1) —5.56 (21.8) 46.08 (31.8) 1.09 (2.6) —0.74 (3.0) 3.03 (0.9) 20.59 (8.4)
R: 8.22 (27.5) 221 (18.4) 32.32 (19.6) 0.35 (1.6) —0.41 (1.5) 2.61 (2.0) 22.53 (7.5)
A: 19.84 (44.5) —39.40 (98.7) 10.10 (29.6) 247 (3.1) —-1.07 2.4) —1.60 (6.1) 9.00 (6.1)
X:X 0.33 (2.2) 7.23 (6.1) 28.19 (6.3) —0.03 (0.4) —1.56 (0.6) 3.35(0.2) 4522 (5.4)
X:X 1.17 (5.0) 8.52 (5.9) 33.71 (12.1) 0.22 (0.6) —1.47 (1.1) 3.27 (0.2) 44.98 (8.6)
Table 12 Mean and SD (in parentheses) values of unpaired UNCG tetraloops (frequency = 25)
Base pair Tilt Roll Twist Shift Slide Rise Overlap
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
X:X 0.23 (2.7) 4.37 (6.2) 30.79 (3.2) 0.15 (0.5) —1.86 (0.4) 3.31 (0.1) 47.97 (5.7)
X:X 14.48 (23.7) 0.97 (8.5) 31.75 9.3) 0.84 (0.8) 0.92 (0.8) 2.97 (0.7) 25.60 (3.8)
U: 28.45 (54.7) —56.86 (72.4) 1.82 (42.4) —7.28 (2.0) 7.06 (3.9) 4.14 (3.7) 0.00 (0.0)
N: —36.22 (39.0) —67.41 (66.0) —11.40 (35.9) 1.19 (5.5) 724 (5.4) 3.82 (3.1) 0.95 4.7)
C: —1.38 (39.3) 7.56 (29.5) 34.10 (17.5) —-0.83 (2.4) 3.53 (1.8) —2.86 (2.4) 2.64 (4.6)
G: 10.65 (64.1) 5.48 (40.0) 17.43 (13.6) —1.51 (2.4) —2.71 (3.8) —1.77 (2.8) 12.99 (5.1)
X:X —-0.23 (2.7) 4.37 (6.2) 30.79 (3.2) —0.15 (0.5) —1.86 (0.4) 3.31 (0.1) 47.97 (5.7)
X:X 1.87 (5.6) 7.19 (7.0) 32.87 (8.0) 0.49 (0.9) —1.60 (0.8) 3.28 (0.3) 46.12 (9.3)

understood from these values. Their detail study using
different other methods can be presented elsewhere.

We observed many other families of tetraloops, such as
CUYG, UGNN, GNAR, UNAC, GANC and GYYA, from
base pairing analysis by BPFIND in our non-redundant
database of functional RNA crystal structures. It should be
noted that BPFIND detects a base pair only when it finds
possibility of at least two hydrogen bonds between the
bases with maximum one hydrogen bond involving sugars.
Hence, there is a possibility that some loop detected by
other methods is not found in our analysis. It is seen that in
all the four structures of UUAG tetraloop the U, stacks

reasonably well with the U, residue. The two structures
of CUYG tetraloop family, however, do not show any
structural similarity in terms of stacking overlap (Table S8-
D) between the looped out bases. Two structures each of
GNAR and UNAC tetraloop types show similarity in
stacking patterns indicating these can be clubbed together.
The looped out residues of single representatives of GANC
show good stacking between them. On the other hand the
looped out residues of single representative of GYYA
tetraloop family have no stacking (Table S8-I). We also
observed structures of tetraloops having UAGC, AUUC,
AUUU, CUUU, GAAG, UAUU, GAAU, GAGU, GUAC,

@ Springer
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Fig. 3 Frequency distribution for twist and overlap for the canonical step (C:G W:WC)::(A:U W:WC) (eighth step) in 2AW4
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Fig. 4 Frequency distribution for twist and overlap for the non-canonical step (G:C W:WC)::(G:A S:HT) (fourth step) in 2AW4

GUCU, UAAU, GAAC and GCCA sequences but statis-
tically meaningful conclusions can not be generated from
their lone examples.

Similarly we observed 19 structures of double helices
with loops having five residues, which can be termed as
pentaloop (Table S9). Considering the possible number of
sequences of five residues and configurational entropy of
such structures, we could not carry out systematic struc-
tural analysis of these loops from the small number of
available RNA structures.

Double helices with non Watson—Crick base pairs

As indicated earlier, there are quite a few double helices in
different functional RNA molecules with one to three non-
canonical base pairs flanked by regular G:C, A:U or G:U
W:WC base pairs [40] and the steps involving non-
canonical base pairs often adopt unusual twist. Hence a
proper analysis of their stacking preferences becomes dif-
ficult. We have analysed overlap values from 50 ns long

@ Springer

molecular dynamics simulation trajectories reported in our
previous report [6] of these double helices using NUP-
ARM. The distributions of twist as well as stacking overlap
values for the canonical base pair containing steps from
these MD snapshots for the helix from 2AW4 (Fig. 3) show
high similarity with the values given in Table 3. Although
twist values of the non-canonical base pair containing steps
are around 10° (for the fourth step) (Fig. 4) and around 85
(for the fifth step) (Fig.S), their stacking overlaps are
always very high (Figs. 4,5).

Conclusion

We have developed a novel method for calculation of
stacking overlap, which is not merely a geometric overlap,
between nucleic acid bases and base pairs appearing in
DNA or RNA structures. Analyses of crystal structures in
terms of stacking overlap indicate that base pair stacking
also follow a sequence directed feature—the purine—
pyrimidine sequences prefer to have better stacking in all
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kinds of double helical structures. The stacking overlap is
thus correlated to some of the base pair step orientation
parameters, such as roll, slide, twist, etc., although the
correlation coefficients are not always statistically signifi-
cant. Statistically significant correlation between rise and
stacking is observed in all types of structures, as expected.
These values have the capability to detect kinks in RNA
double helices appearing due to bulge loops. Stacking and
hence stabilities of hairpin loops can be easily character-
ised by this parameters, which was only qualitatively
detected from molecular graphics visualization. There are
now huge number of databases and servers for detection of
unusual structural motifs in RNA three-dimensional fold
[7, 8]. We believe that our methodology can assist such
finding with great success rate.

Non-canonical base pairs appear quite frequently in RNA
and when they stack with a canonical or another non-
canonical base pair, it gives special features to the double
helix in terms of molecular recognition. We found that
stacking overlap in dinucleotide steps containing non-
canonical base pairs are also quite similar to those found
between two canonical base pairs. Hence it should now be
possible to quantitatively evaluate stacking free energy dif-
ferences from MD simulation of RNA for various sequences.
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