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structures in terms of base pair RMSD, torsion angles and 
electrostatic potentials and very high agreements have been 
noted. RNAHelix can also be used to generate a structure 
with a sequence completely different from an experimen-
tally determined one or to introduce single to multiple 
mutation, but with the same set of parameters and hence 
can also be an important tool in homology modeling and 
study of mutation induced structural changes.

Keywords Molecular modeling · RNA · Non Watson–
Crick base pairs · Base pair parameters · Dinucleotide step 
parameters · Electrostatic potential

Introduction

RNA, structures are comprised of several double helical 
stretches which are generally well ordered and flanked by 
unpaired regions [1]. Quite often, these unpaired nucleo-
tides form either non-canonical base pairs (bps) or make 
contacts with more than one base [2, 3]. They even flip out 
of the helix for providing proper interactions in a complex 
or crystal lattice [4, 5]. Moreover, atoms of the bps within 
double helices undergo least amount of thermal fluctuations 
compared to the atoms of sugar or phosphate group as (1) 
these are located towards the center of the helix, (2) these 
are formed by two rigid planar moieties and (3) are stabi-
lized by multiple hydrogen bonds. The canonical Watson 
Crick (WC) interactions between two bases that form a bp 
are most abundant in majority of non-coding RNAs. How-
ever, significant number of non-Watson Crick (NWC) bps 
have also been classified [6] and were found to be almost 
as stable as the Watson–Crick bps [7]. The overall double 
helical nucleic acid structure can be described by relative 
orientations of the two bases with respect to each other in 

Abstract Comprehensive analyses of structural features 
of non-canonical base pairs within a nucleic acid double 
helix are limited by the availability of a small number of 
three dimensional structures. Therefore, a procedure for 
model building of double helices containing any given 
nucleotide sequence and base pairing information, either 
canonical or non-canonical, is seriously needed. Here we 
describe a program RNAHelix, which is an updated ver-
sion of our widely used software, NUCGEN. The program 
can regenerate duplexes using the dinucleotide step and 
base pair orientation parameters for a given double heli-
cal DNA or RNA sequence with defined Watson–Crick or 
non-Watson–Crick base pairs. The original structure and 
the corresponding regenerated structure of double heli-
ces were found to be very close, as indicated by the small 
RMSD values between positions of the corresponding 
atoms. Structures of several usual and unusual double heli-
ces have been regenerated and compared with their original 
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two strands along with those of the two stacked bps with 
respect to each other, which are defined by the IUPAC-IUB 
recommendations, in terms of three translational and three 
rotational parameters [8, 9]. It was suggested by IUPAC-
IUB that six intra basepair parameters, suitable for visu-
alization of geometry of a bp (Propeller, Buckle, Open, 
Stagger, Shear and Stretch) and six inter basepair param-
eters (Tilt, Roll, Twist, Shift, Slide and Rise) to describe 
geometry of a base paired dinucleotide step can be used 
(Fig.  1), Using these parameters, a nucleic acid dou-
ble helical structure can be classified into various forms 
like A, B or Z. These parameters also reflect dinucleotide 
sequence dependent structural features [10–13], which are 
also sometimes influenced by the neighboring sequences 
[14–16]. Though several protein-bound nucleosome struc-
tures of ~140 nucleotides long DNA molecules have been 
solved [17–19], bent or curved free-DNA structures, with 

varying base sequences are difficult to determine by experi-
mental methods like X-ray crystallography or NMR. Simi-
lar sequence-directed bending has also been observed for 
RNA double helices, though the effect is less pronounced 
because of their shorter length. Furthermore, major vari-
ations in A-form RNA duplexes come from the inclusion 
of non-canonical bps at their terminal or central regions. 
In our previous studies, we have analyzed the structural 
features of RNA double helical stretches containing non-
canonical bps at the central regions [20, 21], which indi-
cated that these bps also possess some structural features 
similar to canonical ones. The availability of only small 
number of 3D coordinates for such molecules in PDB [22] 
constrained our studies to this limited dataset of double hel-
ices containing non-canonical bps.

The nucleic acid model building approach is an impor-
tant aspect of molecular biology and can be applied to (1) 

Fig. 1  Schematic represen-
tations of different types of 
orientational variations between 
a two bases of a bp, describ-
ing Shear (relative motion 
about X-axis), Stagger (relative 
motion about Z-axis) and 
Stretch (relative motion about 
Y-axis), Buckle (relative rota-
tion through X-axis), Propel-
ler (relative rotation through 
Y-axis), Open (relative rotation 
through Z-axis) and b two 
two bps of a dinucleotide step, 
describing Tilt (relative rotation 
through X-axis), Roll (rela-
tive rotation through Y-axis), 
Twist (relative rotation through 
Z-axis), Shift (relative trajsla-
tion about X-axis), Slide (rela-
tive translation about Y-axis) 
and Rise (relative translation 
about Z-axis). The bases (and 
basepairs) are shown as solid 
slab, translational motions are 
shown by straight bidirectional 
arrow and rotational motions 
are shown curved arrows. Both 
the axis systems shown here 
correspond to the axis system 
used for calculation of inter-bp 
parameters
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identification and study of various structural properties of 
different sequences; (2) recognition of the sequences that 
can possibly interact with protein in protein-nucleic acid 
complexes and (3) computational analysis of stacking inter-
actions in a multi-dimensional parameter space [23–25]. 
Such stacking interaction energy would be quite useful for 
predicting secondary structures of different small non-cod-
ing RNA, such as miRNA. It can also help in more exten-
sive studies of sequence-dependent bending of nucleic acid 
structures and the influence of bp geometries on the overall 
three-dimensional structures of DNA/ RNA double helices.

Considering the above importance, several methods 
including 3DNA [26–28], NUCGEN [29] and Nucleic 
Acid Builder (NAB) [30] were developed to regener-
ate and analyze the nucleic acid structures. Among these, 
NAB uses a molecular manipulation language for repre-
senting nucleic acid structures in a hierarchical fashion, 
with principal focus on constructing models for both heli-
cal and non-helical nucleic acids. Fiber models of A-form 
and B-form DNA double helices can also be generated by 
the model building utility of AMBER suite and the Nucleic 
Acid Canonical Coordinates (NACC) web server (http://
nucleix.mbu.iisc.ernet.in/nacc/index.html). There are few 
other servers for RNA structure prediction, such as MC-
Sym [31] and RNAComposer [32], which predicts three-
dimensional structure from sequence of the fragment based 
on homology modeling and free-energy minimizations. On 
the other hand, NUCGEN and 3D-DART [28] are capable 
of generating non-uniform curved DNA structures using 
the IUPAC-IUB recommended parameters. The program 
3DNA uses the formulation implemented in SCHNARP 
[33] and NUCGEN uses a self-consistent formulation for 
structure generation of nucleic acid double helices contain-
ing canonical Watson–Crick bps [34–36]. It generates coor-
dinates of only the base atoms along with the C1′-atoms, 
using the intra-bp and inter-bp (wedge) parameters as cal-
culated by NUPARM [29]. The NUPARM software, also 
available now as web-server  (http://nucleix.mbu.iisc.ernet.
in/nuparmplus), calculates the IUPAC-IUB recommended 
parameters. However, none of the above algorithms are 
capable of (re)generating helical structures containing non-
Watson–Crick (NWC) base pairs, viz. the bps using their 
Hoogsteen or sugar edges for hydrogen bonding or the bps 
in trans geometry. These NWC base pairs require special 
attention as the bp parameters, such as Propeller, Buckle, 
Shear, etc., calculated in the usual way, appear to be unreal-
istic. Furthermore, it is difficult to visualize the distortions 
of the bps from these parameter values. Only NUPARM-2 
[36] gives physically meaningful values of these parame-
ters (Buckle, Open, Propeller, Stagger, Shear and Stretch) 
in a self-consistent formalism. In this algorithm, the base 
fixed axis system is obtained from the atoms which are 
involved in hydrogen bonding to form the base pair. Hence 

the bp parameter values of even a good trans base pair, for 
example, can be near zero. Such favorable base pairs are 
supposed to have two strong hydrogen bonds and the bases 
nearly coplanar.

We have developed an upgradation to the existing NUC-
GEN software and named it RNAHelix, for the generation 
of double helical structures with Watson–Crick as well as 
non-Watson–Crick bps. The base pair parameters calcu-
lated using base pairing edge specific axis system are used 
for regeneration, along with the information about the base 
pairing edges and orientation of the base pair (trans or cis). 
The original and regenerated model structures are com-
pared in terms of RMS deviations between the base atoms. 
This, however, does not give the complete three-dimen-
sional model of nucleic acid and hence the backbone atoms 
were generated followed by constrained minimization using 
CHARMM [37]. The electrostatic potential surfaces of the 
original and regenerated structures were also compared. 
We have observed excellent agreement between the origi-
nal structure and the corresponding regenerated structures 
of double helices. With the help of few examples, we have 
shown the accuracy of our program and believe that RNA-
Helix will be very useful for structural biologists.

Methods

Composition of dataset

The performance of the RNAHelix was validated by con-
sidering both DNA and RNA consisting of Watson–Crick 
(WWC) and non-WWC bps. Systematic searches for the 
non-WWC bps were performed on Protein Data Bank 
(PDB) for both DNA and RNA and the structures were 
downloaded. We have used BPFIND [38] for basepair 
detection and in house perl script to select at least five 
basepair long helices with NWC bp within the helix. It 
may be noted that the BPFIND algorithm detects bps only 
when two hydrogen bonds (including C–H…O/N type) 
are possible between two bases, hence there is a chance 
that we do not find some well-documented bp. This search 
gave fifteen representative RNA fragments and eight rep-
resentative DNA fragments with various characteristic 
features (Table  1). We have intentionally avoided those 
NWC bps which are formed by hydrogen bonds involving 
2′-OH group of RNA sugar, as these bps mostly appear to 
be non-planar and distort significantly during geometry 
optimization using DFT [39]. Among the DNA structures, 
we have chosen B-DNA, A-DNA, two representative pro-
tein-DNA complexes with two different types of bending 
and a nucleosomal DNA structure. We have also analyzed 
a few DNA structures with non Watson–Crick bps. How-
ever, we have avoided G-quadruplex structure containing 

http://nucleix.mbu.iisc.ernet.in/nacc/index.html
http://nucleix.mbu.iisc.ernet.in/nacc/index.html
http://nucleix.mbu.iisc.ernet.in/nuparmplus
http://nucleix.mbu.iisc.ernet.in/nuparmplus
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Table 1  Descriptions of the regenerated double helices considered for RNAHelix validation

S. No PDB Reason for selection and unusual basepair  typea Residue numbers

RNA
 1 1J5A RNA with U:U W:WC at center 2066–2072 (A)

2215–2209 (A)
 2 1FJG RNA with A:G W:WC at center 1409–1416 (A)

1491–1484 (A)
 3 1N33 RNA with G:U W:WC at center 1421–1431 (A)

1479–1469 (A)
 4 4V4Q RNA with G:A S:HT and A:G H:ST bps at center 533–543 (B)

560–550 (B)
 5 1N32-a RNA with A:A s:hT, A:U H:WT and A:G H:ST bps at center 778–786 (A)

804–796 (A)
 6 354D RNA with G:A S:HT, A:U H:WT, U:A W:HT and A:G H:ST bps 71–80 (A)

105–96 (B)
 7 1XMQ RNA with A:U H:WT, A:G H:ST and G:A S:HT bps at terminii 439–448 (A)

495–486 (A)
 8 1N32-b RNA with A:A W:HT and C:A WH:T at one terminal 1241–1249 (A)

1296–1288 (A)
 9 5J7L-bundle3 RNA with G:A S:HT, A:U H:WT and A:A H:WT bps at one terminal 150–161 (d)

176–165 (d)
 10 4V9R-bundle4 RNA with G:A S:HT and A:A s:hT bps at one terminal 1198–1204 (A)

1247–1241 (A)
 11 3R1C RNA with G:G W:HC bps at center 1–8 (Q)

8–1 (R)
 12 5DM6 RNA with C:A S:WC bp at terminal 3–13 (Y)

122–112 (Y)
 13 4V88-bundle2 RNA with G:A S:HT, A:G H:ST and A:A H:HT bps 1645–1656 (A)

1810–1799 (A)
 14 2L3C RNA with G:G W:WT bp at center 1–15 (B)

34–20 (B)
 15 2AZX RNA with A:A W:SC bp at one terminal 510–514 (C)

525–521 (C)
DNA
 1 1BNA Dickerson’s dodecamer with Watson–Crick (W:W C) bps 1–12 (A)

24–13 (B)
 2 1K61 Matalpha2 homeodomain bound DNA 2–21 (E)

42–23 (F)
 3 1RSB DNA with only A:T H:WC bps 1–6 (A)

12–7 (B)
 4 1KX5 Nucleosomal DNA −73–73 (I)

−73–73 (J)
 5 1QNC TATA-box DNA complexed with TBP, with

G:C H:+C bp at center
201–214 (E)
228–215 (F)

 6 111D DNA with A(Anti).G(Syn) bps
A:G +:HC
G:A H:+C

1–12 (A)
24–13 (B)

 7 1DNM DNA with A:G H:WC bps at center 1–12 (A)
24–13 (B)
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Hoogsteen base pairs as it involves four strands of DNA 
and the segments are very small. The representative struc-
tures, downloaded from Protein Data Bank (PDB), are 
mentioned in Table  1. The base pairing information, as 
given in Table ST2, indicates capability of the program to 
regenerate wide variety of possible structures.

The regenerated structures were compared with other 
crystal structures having identical nucleotide sequence. A 
set of 5 such structures with identical sequences to each of 
the helices were selected from the classification database 
HD-RNAS [40] and BGSU [41] (Supplementary Table 
ST1).

Adding backbone to the regenerated structures

We have used the internal coordinates to Cartesian coordi-
nate conversion (IC PARAm followed by IC BUILd) mod-
ule of charmm [37] for adding sugar-phosphate backbone 
atoms to the regenerated structures. The IC values used for 
torsion angles α, β, γ, δ, ε, ζ, χ and sugar puckers are cho-
sen to mimic the values observed in canonical A or B-form 
fiber-model helices. These toplogy files, along with the 
software, can be downloaded from http://www.saha.ac.in/
biop/bioinformatics.html. The package (RNAHelix.tar.
gz) contains the fortran-77 program, a linux executable, 
an input file containing ideal coordinates of the base atoms 
(DataSet.dat) [42] a perl-script (prm2parm.pl) to convert 
NUPARM-2 output to input (parameter.loc) for RNAHe-
lix, the charm topology and parameter files and a charmm 
input script for constrained energy minimization along 
with README and sample output files. We minimized the 
regenerated structure using restrained energy minimization 
for 100 steps of steepest descent followed by 1000 steps of 
conjugate gradient and 20,000 steps of adopted basis New-
ton–Raphson methods using charmm. The nitrogen, car-
bon and oxygen atoms belonging to each base, including 
C1′ atoms of the sugars were restrained to their RNAHelix 
generated coordinates by strong harmonic potential (CONS 
HARM FORCe 2000) at all stages of minimizations. The 

energy minimized structures were superposed on the cor-
responding original ones for calculating the respective 
RMSD values.

Comparision of electrostatic potentials

In order to compute electrostatic potentials on the molec-
ular surfaces of the poly-neucleotides, partial charges 
and atomic radii for all the atoms were assigned from the 
AMBER94 all-atom molecular-mechanics force field [43]. 
Detailed care was taken to discriminate between 5′ or 3′ 
terminal and internal residues in assignment of their partial 
charges so that every internal nucleotide along the nega-
tively charged phosphodiester backbone eventually has a 
net charge of −1 whereas the 5′- and 3′-terminal residues 
have net charges of −0.31 and −0.69, respectively, follow-
ing the AMBER force-field design.

Molecular surfaces (MS) were generated by EDTsurf 
[44] which uses fast Euclidean Distance Transform (EDT) 
technique to generate triangulated mesh surfaces. The scale 
factor was set to 4.0 to generate around 24 triangles/Å2 
(nearly 10 dots/Å2). The calculation of surface electrostatic 
potential was done following our previous report [45] using 
finite-difference Poisson–Boltzmann method as imple-
mented in DelPhi-v.7 [46, 47]. We used ε= 2 for interior, 
ε = 80 for surrounding solvent with 0.15 M ionic strength 
and 0.2  Å as ionic radii. All the calculations were per-
formed at 298  K. The dielectric boundary and the partial 
charges were mapped onto a cubic grid of 201 × 201 × 201 
in size. The percentage grid fill was set to 80% with a scale 
of 1.2 grid points/Å. Boundary potentials were approxi-
mated by the Debye–Huckel potential of the dipole equiva-
lent to the molecular charge distribution. A probe radius of 
1.4  Å was used to delineate the dielectric boundary. The 
Non-linear Poisson–Boltzmann equation (PBE) was then 
solved iteratively until convergence to 0.0001 kT/e.

The electrostatic focusing files, containing the surface 
potential values in units of kT/e (setting PHICON = f), were 
generated. The potentials were written in .cube format to 

Table 1  (continued)

S. No PDB Reason for selection and unusual basepair  typea Residue numbers

 8 399D A-DNA with Watson–Crick (W:W C) bps 1–12 (A)
24–13 (B)

Residue numbering is as given in the corresponding PDB
a Type of basepairing is indicated by three-letter code. The first letters specify edges of the two bases involved in hydrogen bonding. As for 
example, W:W, H:W, H:S represent basepair formation involving Watson–Crick edges of both the paired bases, Hoogsteen edge of the first base 
paired to Watson–Crick edge of the second base, Hoogsteen edge of the first base paired to Sugar edge of the second base, respectively. Smaller-
case letters, “w”, “s” or “h” representing involvement of non-polar C–H…O/N type hydrogen bond in base pairing using Watson–Crick, Hoog-
steen or Sugar edge, respectively. Similarly “+” represents requirement of protonation of N1 (of Adenine) or N3 (of Cytosine) imino nitrogen 
atom for formation of two hydrogen bonds. The last character (C or T) represents Cis or Trans (regular or reverse) orientation of the two bases 
with respect to each other considering hydrogen bond as the virtual middle bond of a torsion angle

http://www.saha.ac.in/biop/bioinformatics.html
http://www.saha.ac.in/biop/bioinformatics.html
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visualize the maps on Chimera [48]. In order to compare 
surface electrostatic potentials of the native and the regen-
erated structures, the nearest neighboring dot point to every 
dot surface point on the original (native) structure was 
detected on the surface of its regenerated partner within a 
distance cutoff of 2.0 Å subsequent to the superposition of 
the two structures. Surface potential values of these pairs 
of nearest neighboring dot surface points (from the two 
structures) were then stored as ‘target - nearest neighbor’ 
ordered pairs. The RMS deviation and the Pearsons Cor-
relation Coefficients were then calculated (with an associ-
ated p-value for the second measure) between these pairs of 
potential values.

NUPARM and RNAHelix self-consistent algorithm

The geometry of two bases of a bp or two bps in a dinu-
cleotide step is defined in terms of three translational and 
three rotational parameters. The three rotational parameters 
are similar to the three Eulerian angles along the moments 
of inertia, but the use of Eulerian rotation matrices for 
structure analysis and generation has some disadvantages—
(1) in case of a Gimbal lock (when the second rotation is 
zero) one degree of freedom may be lost and (2) the order 
in which the rotations and translations should be applied 
remains ambiguous. Another common method of applying 
transformation to the rigid bodies is the use of quaternions. 
However, quaternions are, till date, applied only for rota-
tions and the formulation is not well defined for translation. 
These parameters, moreover, fail to describe the orienta-
tion in a physically meaningful way. It may be noted also 
that the parameters calculated by the other similar software, 
namely Curves and 3DNA [26, 49], also are not physically 
meaningful for the non-canonical bps. Following recom-
mendation of IUPAC-IUB, the intra-bp and inter-bp step 
parameters as defined in NUPARM are mathematically as 
well as physically meaningful.

The relative positioning of individual bps in a dinucle-
otide step are calculated by NUPARM as three rotational 
parameters (tilt, roll, and twist) and three translational 
parameters (shift, slide, and rise) along mutually perpen-
dicular axis system (Fig. 1). According to IUPAC-IUB con-
vention, these parameters are defined based on a local axis 
system situated on the imaginary mean plane between the 
bps. In an individual bp, the Y-axis is generally obtained 
as a vector connecting C8(R)/C6(Y) atom of the base in 
the second (descending) strand (bp2) to C6(Y)/C8(R) 
atom of the base of the first (ascending) strand (bp1), 
while the bp centre is defined as the mid-point of these 
two atoms. This axis, at least in case of WC base pairing, 
passes approximately through their centre of gravity and 
is along the longest dimension. There is another option in 
NUPARM to calculate Y-axis as a vector passing through 

the C1′ atoms of the two paired bases. This axis is nearly 
parallel to the default Y-axis passing through C8 and C6 
atoms of the bases for Watson–Crick bps. However, direc-
tion of this vector is quite different from the other for non 
Watson–Crick bps. The Z-axis is determined as an average 
vector perpendicular to the bp plane along the direction of 
the first strand and the X-axis is perpendicular to the oth-
ers (X = Y × Z). It may be noted that the above procedure 
ensures X-axis direction towards major groove, defined by 
the nearby WC bps, even for consecutive non-canonical 
trans bps (Fig. 2). The local axis system of a dinucleotide 
step is defined as the mean of the two sets of axes (Eq. 1), 
obtained from the two bps constituting the step and the ori-
gin is located midway between them. This local axis system 
of each bp step is chosen in such a manner that the same 
numerical values are obtained when going from bp1 to bp2, 
as from bp2 to bp1, with only a possible change of sign for 
some of the parameters. The values of the inter-bp or local 
wedge parameters are given by Eq. 1:

and (M) is the vector joining the centers of two consecutive 
bps.

Similarly for a bp, the relative orientation of the two 
bases are represented by three rotational, namely Buckle 
(κ), Open (σ) and Propeller (π) and three translational, 
namely Stagger (Sx), Shear (Sy) and Stretch (Sz) (Fig. 1) 
parameters (Eq.  2). Calculation of these parameters again 
requires definition of axis system of the two paired bases, 
which is quite hassle-free for the Watson–Crick bps, due to 
their iso-stericity. In NUPARM-2 and RNAHelix we tried to 
follow similar standard for non-canonical bps also. Consid-
ering hydrogen bonds in A:U or G:C Watson–Crick bps, the 
Y-axis of each base is defined using N1 → N6/O6 atoms of 
purines and N3 → O4/N4 atoms of pyrimidines and Wat-
son–Crick basepairs are represented as W:WC. The reverse 

(1a)Xm =
x1 + x2

|
|x1 + x2

|
|
, Ym =

y1 + y2

|
|y1 + y2

|
|
, Zm = Xm × Ym

(1b)Tilt (�) = −sin
−1
(

Zm ⋅ y1

)

(1c)Roll (�) = sin
−1
(

Zm ⋅ x1

)

(1d)Twist (�) = cos−1

[(
x1 × Zm

)
⋅

(
x2 × Zm

)]

(1e)Shift (Dx) = M ⋅ Xm

(1 f)Slide (Dy) = M ⋅ Ym

(1 g)Rise (Dz) = M ⋅ Zm
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Watson–Crick basepairs (W:WT) are stabilized by similar 
hydrogen bonds, hence the axis system for the bases are 
also similar. This axis is directed towards the major groove 
for Watson–Crick base paired helices but is ill-defined for 
non-canonical or trans basepairs. In case of bps involv-
ing Hoogsteen edge (H:X C or T, X being any edge), we 
define the Y-axis considering N7(R)/C6(Y) → N6/O6(R)/
O4/N4(Y) atoms and for sugar edge (S:X C or T, X being 
any edge) we define the Y-axis through C1′ → N3(R)/
O2(Y) atoms. The X-axes of the bases are the base normals 
obtained by least-squares fit. An ambiguity remains regard-
ing the results of such least-squares fit—whether the nor-
mals are along or opposite to the strand direction. This and 
the ambiguity of Y-axis are both fixed simultaneously after 
calculating the Z-axis, which must be directed from C1′ of 
the second strand to C1′ of the first strand. Thus, even the 
structure of DNA double helix containing all A:T W:HC 
basepairing or RNA with trans basepairs give meaningful 
parameters and axes directions (Fig. 2).

Thus to describe or to generate a dinucleotide step, a set 
of 18 parameters (6 each of the two bps and 6 for the bp 

step) are required. Stretch or separation of the bases from 
each other was described by NUCGEN [29] as C8–C6 dis-
tance and opening angle was described in terms of two gly-
cosidic angles. Such choice was sufficient to generate dou-
ble helices with only Watson–Crick base pairs, although it 
does not follow the IUPAC-IUB standard. In the RNAHelix, 
we have employed all the 18 parameters to overcome the 
constraint of regenerating non-canonical geometries.

(2a)Xm =
x1 + x2

|
|x1 + x2

|
|
, Ym =

y1 + y2

|
|y1 + y2

|
|
, Zm = Xm × Ym

(2b)Buckle (�) = −2sin
−1
(

Zm ⋅ x1

)

(2c)Open (�) = −2sin
−1
(

Zm ⋅ y1

)

(2d)Propeller twist (𝜋) = cos−1

[(
x1 × Z̄m

)
⋅

(
x2 × Zm

)]

Fig. 2  Representative double 
helices a 1N32-a with non-
canonical bps in trans orienta-
tion and b 1RSB with only A:T 
H:W C bps are shown along 
with the axis system used for 
calculation of inter-bp parame-
ters. A trans Hoogsteen bp (A:U 
H:W T) from 1N32-a and one 
of the constituent A:T H:WC 
bps are also shown to highlight 
the weird natures. The colors 
used for the bases, red, blue, 
green and purple are represent-
ing Adenine, Guanine, Cytosine 
and Uracil respectively
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and the vector (M) is obtained by joining the two base 
atoms, one from each base of the pair, chosen according to 
the hydrogen bonding edge of the particular base.

Helical transformation

The relative orientation of two bps in three-dimensional 
space could also be described with respect to an external 
cylindrical coordinate system, where the laboratory-frame 
Z-axis is considered to be the helix axis [29, 34]. A set of 
parameters (tip, inclination, helical twist, X-displacement, 
Y-displacement and helical rise) was defined with respect to 
this helix axis [50], which are identical for two bps consti-
tuting the local helix. Finally, its relative orientation with the 
adjacent bp is described by the helical twist and rise about the 
helical Z-axis. It was also observed that the inter-bp or local 
wedge parameters (Tilt, Roll, etc) and the local helical param-
eters are analytically related to each other (Eqs.  3–5) and 
one can obtain the helical parameters from the local doublet 
parameters and vice versa [35]. The local doublet parameters 
are descriptive, so that one can understand kink etc, from 
these values. These parameters have been found important 
to understand base sequence effect on DNA or RNA double 
helical structures. One can also predict DNA curvature from 
vector summation of the inter-bp or wedge parameters [51], 

while the local helical parameters are better for model build-
ing. Thus, to generate a model structure, the local step param-
eters can be converted to the helical frame (Eqs.  3–5) and 
then these helical parameters can be applied to the bp steps, 
such that the final structure of the dinucleotide steps have the 
applied values of local step or wedge parameters. In this for-
mulation, the values of tip, inclination, X-displacement and 
Y-displacement are calculated from the local doublet param-
eters and applied to both the bps in each step. Finally, helical 
Twist and helical Rise are applied, in a negative sense, to all 
the previously generated bps, so that the last generated bp is 
always situated on the X–Y plane, with the bp Y-axis (or long 
axis) lying along the positive Y-axis of the external coordi-
nate system. The analytical relation between these two sets 

(2e)Stagger (Sx) = M ⋅ Xm

(2f)Shear (Sy) = M ⋅ Ym

(2g)Stretch (Sz) = M ⋅ Zm

of parameters was derived [29, 34], and was implemented in 
NUCGEN [29] for generation of curved DNA structures.

In RNAHelix, we have extended the application of the 
self-consistent formulation to generate canonical and non-
canonical bps. The intra-bp parameters, such as Propeller, 
Buckle, Open, etc., calculated using a mean axis system by 
NUPARM-2, are converted into helical sense and applied 
accordingly. In analogy with dinucleotide steps, the bases 
are rotated about and translated along a set of helical bp axis 
system, where the body frame Z-axis lies along the base pair 
frame Y-axis (or long axis) of external coordinate system. 
The relation between intra-bp parameters (Propeller, Buckle, 
etc.) in the mean axis system and those in helical sense 
(�h, �h, �h, Shx, Shy, Shz representing Propeller, Buckle, 
Open, Stagger, Shear, and Stretch equivalents in helical 
sense, respectively) are given by (Eq. 3). These are similar to 
tip, inclination, helical twist, X-displacement, Y-displacement 
and helical rise for a bp step. It is important to mention here 
that these equations are extremely accurate for numerical 
evaluation of small angles. However, numerical evaluation of 
σh and κh using inverse sin function (ASIN in FORTRAN) 
around 90° or −90° can be error-prone, even in double preci-
sion code, due to the inherent nature of inverse sin function. 
The error in calculating helical parameters would increase 
with increase in the absolute values of the local parameters 
and hence the generated structures may deviate more from 
the initial starting structure.

(3a)

�h = sin
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[
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2
(
�

2

)
cos2

{
sin

−1(R + T)1∕2 + R + T
}]1∕2
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2T

)
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(�h

2
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√
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In accordance with NUPARM formalism of intra-bp 
parameters, we have employed the edge-specific axis sys-
tem for the regeneration of nucleotide structure. Thus, in a 
bp, the Y-axis is directed towards the major groove sides of 
the bases, unambiguously defined by edge-specific hydro-
gen bonding atom positions, whereas that for a bp step is 
directed from strand II to strand I and the X-axis is directed 
towards major groove which leads to small values of the bp 
parameters for even a good Hoogsteen or a trans bp.

Results

Comparison of structures and backbone generation

The RNAHelix software can regenerate any right handed 
double helical structure of DNA or RNA containing canon-
ical Watson–Crick or non-canonical basepairs using the 
given set of intra-bp and inter-bp parameters. The intra-
bp parameters, according to design, are supposed to have 
small values for a good planar bp with two strong hydrogen 
bonds between the bases. Our previous analysis indicated 
definite trends of the values of these parameters for all the 
frequently occurring basepairs [39]. The values of Propel-
ler, Buckle and Stagger are generally small for all such bp 
(Supplementary Table ST3) although the Propeller values 
are generally negative (around −10°). The Stretch values 
are mostly around 3A similar to hydrogen bonding distance 
between non-hydrogen atoms. The Shear and Open values, 
however, depend on base pairing, particularly orientations 
of hydrogen bonding atoms. For example, Shear values are 
around 2  Å for U:G W:WC, A:G H:ST, A:A H:HT, etc. 
bps. The Open angles are also around 13° for A:G H:ST, 
G:A S:WT and few other bps. Open angles of some of the 
basepairs, such as A:G w:sC, A:U w:sT, etc. are, however, 
too large and not indicative of planarity. These base pairs 
are stabilized by hydrogen bonds involving 2′-OH group 
of one of the sugars and adopted quite different hydrogen 
bonding geometry after geometry optimization by DFT or 
other quantum chemical methods [39]. Considering these 
discrepancies we are not confident about the quality of 
regeneration of structures of double helices containing such 
a base pair, which is stabilized by hydrogen bond involving 

(5a)
B1 = Sy

√
2
[
1 + cos

(
�h

)
+
{

1 − cos
(
�h

)
sin

2
(
−�h

)}]

(5b)B2 = Sx

√
2
[
1 + cos

(
�h

)
+
{

1 − cos
(
�h

)
sin

2
(
�h

)}]

(5c)
B3 = Sz

[
1 + cos

(
�h

)
+
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1 − cos
(
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)
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2
(
−�h

)}]

[
1 + cos

(
�h

)
+
{

1 − cos
(
�h

)
sin

2
(
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)}]

a sugar-OH group. One can generate a viable structure of 
a double helix, containing any of the listed non-canoni-
cal basepair using their mean parameters. The values of 
expected inter-bp parameters for all the Watson–Crick bp 
containing steps are also available in literature [52]. How-
ever, values of twist, for example, for non-canonical bp 
containing steps can be quite different from those found for 
steps with canonical bps. As for example, twist and slide 
values for the 3rd and 4th steps of 111D system are quite 
different from typical values in B-DNA (36° and ~0  A). 
The deviations are even larger in 1RSB, 1st and 2nd steps 
of 4V88, 5th and 6th steps of 4V9R, etc. with twist val-
ues as small as 2° or as large as 98° (Supplementary Table 
ST2). Hence an approximate prior knowledge about stack-
ing geometry is expected to get a feasible model structure. 
Furthermore, generation of a double helix alone is not suffi-
cient to test our algorithm and a comparison with an origi-
nal structure is mandatory. We have identified all five base 
pair or longer double helices from DNA and RNA data-
bases [22] containing at least one non-canonical basepair. 
There are many examples of double helical region of RNA 
where the terminal bp is non-canonical and some examples 
where some middle bps are non-canonical. We have con-
sidered representatives of those, as shown in Table 1.

The RNAHelix software generates coordinates of atoms 
of each base, along with their C1′ atoms, using the input 
intra-bp and inter-bp dinucleotide step parameters. We 
have used the bp and bp-step parameters calculated by 
NUPARM-2 (using C8(R)/C6(Y)–C6(Y)/C8(R) as bp long 
axis and C8…C6 midpoint as bp center for inter-bp param-
eters) for the structures listed in Table 1 to regenerate dou-
ble helical structures of several DNA and RNA and have 
compared the bp and bp-step parameters of the original 
crystal structures with those of the regenerated structures 
(Supplementary Table ST2). Near identical values of intra-
bp and inter-bp parameters of the initial and regenerated 
double helices, suggest identity of overall curvature of the 
helices and the relative disposition of the bases in space. 
The values of intra-bp and inter-bp parameters of some of 
the bp-steps are quite unusual. As for example, twist values 
of the second and third steps of 1N32 are 11.4° and 92.8°, 
respectively. Such unusual values appear due to involve-
ment of A:A s:h T and A:U H:W T basepairs in those steps. 
The regenerated structures also have similar unusual val-
ues (Supplementary Table ST2). Such unusual base pairs 
are known to possess large Open (near 90°), large Shear 
and Stretch values, if calculated by 3DNA or Curves [11, 
26]. The intra-bp parameters of these bps, calculated by 
NUPARM-2 and used for regeneration by RNAHelix are, 
however, quite small. Such small values of Propeller, 
Buckle and Stagger are indicative of coplanar orientation 
of the two bases, paired involving their sugar or Hoogsteen 
edges in trans orientation. Similarly small values of Open, 
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Shear and Stretch are indicative of good hydrogen bonds 
between the two bases. Some of the intra-bp parameters 
of 354D (original or regenerated) are quite high—Open 
values ca 50° for the 4th, 5th and 6th steps, Shear values 
around 4 Å for the 4th and 6th steps. It may be noted that 
these bps were not detected by our base pair detection pro-
gram BPFIND [38], as two hydrogen bonds are not pos-
sible between these bases. Nevertheless RNAHelix could 
regenerate such unusual structure with high accuracy as the 
parameters of the two structures (original and regenerated) 
have similar parameter values.

We have also compared the two sets of models (origi-
nal and regenerated) by superposing one on another using 
CHARMM and have calculated their root mean square 
deviations (RMSD). All the RMSD values between the 
base atoms (4th column of Table 2) are generally less than 
0.2 Å. Few large molecules, such as the nucleosomal DNA 
(1KX5) show larger RMSD. These values also indicate that 

the method is not only applicable to the regeneration of 
the structures with only WC bps, but can also be used to 
regenerate the helices with various NWC bps with equally 
higher accuracy. Original and regenerated structures after 
superposing the base atoms for representative cases are 
shown in Fig.  3. In order to confirm that the RMSD val-
ues are really small, we have used Non-Redundant lists of 
HD-RNAS [40] and BGSU [41, 53] databases to obtain 
structures similar to each of the selected models. We found 
there are at least five structures in PDB, such as 1FJG, 
1N33, 1IBM, 1HNW and 1HNZ, all similar to 1N32 (Sup-
plementary Table ST1). We obtained the same fragment as 
given in Table  1 from all these structures and calculated 
RMSD between 1N32 and 1FJG, 1N32 and 1N33, 1N32 
and 1IBM, etc. Averages of these RMSD values for the 
base atoms are shown in 5th column of Table 2. It is seen 
that the RMSD values between original and regenerated 
structures are always lower than those between different 
structures of same class (except for 4V88) confirming that 
the regenerated structures closely reflect the properties of 
original structure and differentiate between similar ones.

Structures consisting of only bases are not sufficient 
to understand biochemical role of such double helix. 
Hence backbone atoms were added and optimized using 
CHARMM considering base atoms as precursors for 
Internal Coordinates to Cartesian Coordinates conver-
sion. The backbone generation and restrained optimiza-
tion using charmm27 force-field by CHARMM produced 
well connected sugar-phosphate atoms of all the bases of 
all the regenerated structures. The torsion angles of the 
original and regenerated structures are listed in Supple-
mentary Table ST2. The torsion angles of individual resi-
dues of the original and regenerated structures are gener-
ally very similar to each other. Most of the sugars adopt 
C3′-endo puckering for the regenerated RNA structures, 
as characterized by δ (delta) torsion angles. Similarly 
most of the sugars adopt C2′-endo puckering for the DNA 
structures. Although we started constrained minimiza-
tion of the TATA-box DNA sequence (1QNC) with all 
sugars in C2′-endo conformation, as initial geometries, 
the final optimized sugars adopt C3′-endo like geometry 
in the central TATA-box region, similar to the original 
structure. Exceptions are often seen near the non-canon-
ical bps for sugar-pucker or α, γ, or ε torsion angles. For 
example, α (alpha) torsion angle of 9th residue of the 
regenerated 111D is 112.5° while the same is −43.7° in 
the original. It should be noted that the strain of accom-
modating non-canonical bp in the helix was adjusted by 
adopting unusual γ (gamma) torsion angle of the same 
residue (4.2°) in the crystal structure. Similar adjustments 
of backbone by alternate variations in torsion angles of 
nearby residues were found in many cases, e.g. 8th and 
16th residues of 1DNM, 23rd residue of 4V88, 11th and 

Table 2  RMSD values between coordinates of original and regener-
ated structure and the selected and their similar crystal structures

a We did not find any structure in PDB or NDB with sequence similar 
to these

S. No. PDB ID RMSD (Å) between 
original and regener-
ated structure

Average RMSD (Å) 
with similar crystal 
structures

All-atom Base-atom Base-atom

RNA
 1 1J5A 1.87 0.11 0.44
 2 1FJG 1.83 0.11 0.30
 3 1N33 1.84 0.17 0.39
 4 4V4Q 1.87 0.17 0.38
 5 1N32-a 1.65 0.10 0.22
 6 354D 1.91 0.18 0.22
 7 1XMQ 1.74 0.10 0.33
 8 1N32-b 1.93 0.13 0.33
 9 5J7L-bundle3 1.89 0.08 0.24
 10 4V9R-bundle4 2.12 0.19 0.35
 11 3R1C 1.85 0.06 –a

 12 5DM6 1.69 0.07 0.64
 13 4V88-bundle2 1.81 0.24 0.22
 14 2L3C 2.09 0.33 0.81
 15 2AZX 1.49 0.12 –a

DNA
 1 1BNA 1.13 0.11 0.32
 2 1K61 1.21 0.08 –a

 3 1RSB 1.38 0.17 0.49
 4 1KX5 1.46 0.84 –a

 5 1QNC 1.43 0.32 –a

 6 111D 1.18 0.06 –a

 7 1DNM 1.53 0.06 –a

 8 399D 1.09 0.07 –a
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14th residue of 3R1C, etc. Such preference of trans val-
ues of α torsion angle, may be a feature of the force-field, 
needs to be addressed by detailed molecular dynamics 
simulations. The terminal regions of DNA or RNA dou-
ble helices may have unusual geometry due to fraying 
effect; hence we feel mismatch between torsion angles at 
the terminals may not be that significant. Furthermore, 
we used energy minimization only to obtain reasonable 
preliminary structures, which can be further improved by 

performing restrained molecular dynamics simulations. 
Nevertheless, frequency distributions of all the torsion 
angles of the two sets of structures indicate very similar 
nature, as shown in Fig. 4. All-atom RMSD between the 
initial crystal and regenerated model structures are shown 
in (Table 2) though these values are somewhat dependent 
on the use of appropriate force-field and a point that is 
still being debated [54].

Fig. 3  Superposition of regenerated structures of representative systems, a 5J7L, b 354D, c 4V88, d 1BNA, e 399D and f 1QNC on top of the 
original ones are shown here. The original structures are drawn by red color while the regenerated structures are drawn by CPK color scheme
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Comparison of electrostatic potential

Variations in torsion angles of the original and regenerated 
structures may give rise to changes in groove dimension of 

the double helices. This can affect molecular recognition 
through alteration of electrostatic potentials (ESP) around 
the molecules. Hence, we have compared the electrostatic 
surface potential (ESP) values calculated by Poisson–Boltz-
mann method (Fig. 5). The ESP values are also compared 
quantitatively, by calculating the pair-wise Pearson corre-
lation coefficients and their RMS deviations. Each surface 
point on the original crystal structure and its corresponding 
nearest neighboring surface point on the regenerated model 
were identified prior to the calculation of the two meas-
ures (Table 3). For all the correlation coefficient values, the 

Fig. 4  Frequency distributions of all the backbone torsion angles (α, 
β, γ, δ, ε, ξ, χ) and the two pseudo-torsion angles, η and θ [56], for 
the original structures and regenerated structures, classifying them 
into A-form (right panels) and B-form (left panels), are shown. The 
distributions of the original torsion angles are shown in red while the 
green colored bars are created from torsion angles of the regenerated 
and constrained minimized structures

◂

Fig. 5  Electrostatic Potential 
calculated by Delphi, mapped 
onto the original (left panel) 
and regenerated (right panel) 
structures for a 1KX5; b 1RSB 
(DNA), c 4V4Q and d 4V9R 
(RNA). This file was used to 
draw the images on the molecu-
lar surfaces (MS) in Chimera
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associated p-value was found to be 0.00001 ruling out the 
fact that they could have been obtained randomly. These 
agreements strongly suggest that the model structures are 
near-native and can thus effectively help in understanding 
the molecular recognition properties of the helices.

Discussion

Presence of increasing number of NWC bps reported in 
double helices of DNA/ RNA molecules, has prompted 
us to update our program NUCGEN to RNAHelix, which 
can generate nucleic acid duplexes, compatible with 
these NWC bps. It employs a self-consistent formula-
tion for model building of helical stretches with user-
defined intra-bp and inter-bp parameters. RNAHelix uses 
an edge-specific axis system, similar to NUPARM-2, 
for generation of non-canonical base pairing geome-
tries. The required input parameters can be obtained by 

NUPARM-2 or similar software utilities, available for 
nucleic acid structure analysis. The regenerated models 
showed very low RMSD, when compared to correspond-
ing original crystal structure, indicating high accuracy of 
the program. We have further shown that generation of 
sugar-phosphate backbone using restrained energy mini-
mization is a suitable method for obtaining coordinates of 
the complete model structure. Moreover, using RNAHe-
lix, we have generated dinucleotide steps containing non-
canonical bps to identify their stable geometries. RNAHe-
lix can also be applied for modeling a variety of isolated 
non-canonical bps, which has not been reported in func-
tional RNA structures till date, for carrying out in silico 
structural studies. We believe that RNAHelix could make 
an important contribution towards a better understanding 
of comparatively lesser occurring NWC bps and homol-
ogy modeling of nucleotide sequences.

As indicated earlier, this method can generate dou-
ble helical nucleic acid structures containing any type of 

Table 3  Correlation and 
RMSD values of grid 
potentials between the original 
(experimental) structure with 
regenerated structures

Corresponding helix information is given in Table  1. Correlation and RMSD values (in units of kT/e) 
were computed on electrostatic surface potentials. P-values for all correlation coefficients were found to 
be <10−5 indicating that the correlations are significant at 99.9% confidence and hence could not have 
occurred by chance

S. No. Model RMSD (kT/e) Correlation coefficient 
(Pearsons)

Number of nearest 
neighboring dot 
points

RNA
 1 1J5A 19.74 0.49 24,238
 2 1FJG 19.41 0.48 27,214
 3 1N33 20.17 0.46 37,790
 4 4V4Q 19.25 0.46 35,957
 5 1N32-a 19.19 0.47 28,911
 6 354D 18.53 0.45 33,928
 7 1XMQ 18.39 0.49 29,687
 8 1N32-b 18.44 0.46 29,649
 9 5J7L-bundle3 18.41 0.50 38,856
 10 4V9R-bundle4 18.95 0.48 22,653
 11 3R1C 20.30 0.43 26,545
 12 5DM6 19.23 0.51 37,405
 13 4V88-bundle2 18.37 0.51 37,940
 14 2L3C 20.38 0.41 48,122
 15 2AZX 18.80 0.51 18,021

DNA
 1 1BNA 15.18 0.68 41,833
 2 1K61 14.95 0.65 65,370
 3 1RSB 15.95 0.60 20,618
 4 1KX5 18.93 0.56 202,378
 5 1QNC 16.07 0.62 49,625
 6 111D 16.55 0.65 41,255
 7 1DNM 17.54 0.56 41,082
 8 399D 12.68 0.76 41,766
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non-canonical basepairing. Two such hypothetical models 
generated using intra-bp parameters for A:C H:WT and G:A 
S:WT bps from Table ST3 and inter-bp parameters and intra-
bp parameters for W:WC bps following A-RNA fiber model 
[55] generated using NACC server (Supplementary Tables 
ST4 and ST5) are shown in Fig. 6. One can generate mod-
els for such DNA or RNA double helical structure contain-
ing any non-Watson–Crick base pairing. We, however, could 
not compare the accuracy of this generation, as no reference 
structure is available. These models, however, may not be 
optimum, as twist or other inter-bp parameters for such stack-
ing between W:WC and S:WT bps, for example, can be quite 
different from regular values (ρ ~10, ω ~33, etc. for A-RNA 
helix). We believe the software can be adjusted easily if any 
difference between original and regenerated structures for an 
unusual helix is found at a later date.
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