














Figure 3. The influence of input RNA secondary structure on the prediction of loop–loop tertiary interactions. (A) Three-way junction. The first
secondary structure was obtained by the back-conversion of the hammerhead X-ray structure (PDB code 2QUS chain A). In the second, a square
bracket annotating the U24–A46 interaction (red) was intentionally removed. In both the secondary structure graphics and the best predicted 3D
structure, base paired residues are shown in blue, looped residues in orange. Each base paired segment is a specific colour on the secondary structure
graphics and is represented on 3D structure as a correspondingly coloured cylinder. The reference PDB structures are shown in white. The 3D model
for the first secondary structure contains the U24–A46 base pair (red). Despite the removal of the U24–A46 base pair from the input secondary
structure, the second RNA 3D structure shows a proper orientation of the helices and the close proximity of loops. (B) Five-way junction. A similar
observation was made for the prediction of the tRNA (PDB code 3ADB chain C).

Figure 4. Prediction of 5S rRNA H. Marismortui tertiary structure as an application example. On the left: superposition of the best 3D model
(purple) generated from the secondary structure determined in this work, using the RNAstructure software (36) and the SHAPE chemical structure
probing (37) data, over the X-ray structure (PDB 1FFK; blue). On the right: superposition of the best 3D model (orange) generated from the RNA
FRABASE secondary structure over the crystal structure (blue).
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ones, except ModeRNA which as the comparative method
requires full-length structure template. Results of com-
parison concerning eight RNA structures are presented
in the Supplementary Tables S8 and 9. Due to intrinsic
limitations of MC-Fold/MC-Sym and iFoldRNA servers
to deal with large RNA structures, chosen target struc-
tures are within the size range from 36 to 81 nt. To level
the starting point for the comparison, we have used the
‘ideal’ RNA secondary structures (RNA FRABASE-

derived) as the input to RNAComposer and MC-Sym
module of MC-Sym/MC-Fold Pipeline. Since iFoldRNA
does not accept secondary structure as a user defined input
it has been operated from the sequence.
In each case, RNAComposer shows superior perform-

ance with respect to the criteria of stereochemical quality
and structure accuracy. The average global r.m.s.d. of
RNA models generated by our server is about 3.7 Å,
while for the same data set MC-Sym reaches 10.2 Å and

Figure 5. Prediction of the tertiary structure of the MusD RNA transport element. (A) The reported secondary structure (43) in the dot-bracket
notation. First-order interactions are represented by square brackets, while the second-order interactions are represented by curl brackets (highlighted
in green). In the RNAComoposer input data, the curl brackets were substituted by dots and indicated (B) distance restraints for hydrogen bonds
were introduced. (C) Secondary structure model (43) visualized using PseudoViewer 3.0 (44), with the tertiary interactions annotated with lines.
Nucleoside residues are renumbered relative to those reported (43). (D) The best of twenty 3D models predicted by RNAComposer. Colour
annotation on the depicted secondary structure corresponds to the respective coloured segments (45) on the 3D structure. For clarity, 50 and 30

stretches (in secondary structure marked in grey) are not visualized.
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iFoldRNA reaches 12.0 Å. Interaction network fidelity
(INFall) parameter is the average of 0.80 for
RNAComposer, 0.71 for structures obtained from
MC-Sym and 0.52 for iFoldRNA. As for the conservation
of canonical base pairs, the mean values of INFcbp are
1.0 for RNAComposer and MC-Sym, 0.64 for the third
server. The quality of predicted models has been evaluated
using MolProbity tool (32). The average clash score
computed over all atoms was less than 15 for
RNAComposer generated models and exceeded 100 for
those predicted by the other methods. Moreover, no
residues with potentially incorrect bonds and angles
were identified in structures composed by our server.
Models predicted by MC-Fold/MC-Sym server contained
over 66% of residues with potentially incorrect bonds and
about 93% of those with incorrect angles in average. The
same ratings for iFoldRNA server reached 22 and 74%,
respectively. As final remark, we would like to underline
that in practice our server makes prediction much faster
(in a range of seconds) then other ones.

CONCLUSIONS

We have developed and demonstrated an efficient method
for the fully automated prediction of RNA 3D structures
from secondary structures. This method is superior to

existing ones for users having in hand an experimentally
adjusted secondary structure of large RNAs. The accuracy
of the method will increase considerably with the growth
of the RNA FRABASE dictionary due to the surge of new
experimental RNA coordinates.

The results demonstrated in this work allow one to
foresee further applications of our method to elucidation
of RNA structures using NMR spectroscopy, analysis of
RNA/protein complexes based on cryo-EM maps and the
prediction of artificial RNA 3D structures. We envisage a
further development of the machine translation system to
the nucleic acids structure modelling using different
dictionaries (databases).

In the future, the RNAComposer server will be
equipped with further functionalities permitting prediction
of higher order pseudoknots, insertion of additional
torsion angle constraints, optimized prediction of long
single-stranded stretches and the introduction of
user-defined 3D structural elements generated by other
methods.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–9, Supplementary Figures 1–3
and Supplementary Data set 1.

Figure 6. Selected snapshots of the RNAComposer interface. (Panel A) the batch mode page, clicking on the ‘Compose’ button activates building of
a single RNA 3D model (terahymena ribozyme); the addition of the distance restraints window is not checked. (Panel B) automated e-mail noti-
fication of the prediction results. (Panel C) the workspace information stating the job status and prediction time. RNA structure coordinates saved in
PDB-format files are ready for direct download and visualization at the user site (panel D). Note that in the case of the interactive mode, automated
visualization of a single model is provided.
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