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ABSTRACT

RNA is a large group of functionally important
biomacromolecules. In striking analogy to proteins,
the function of RNA depends on its structure and
dynamics, which in turn is encoded in the linear
sequence. However, while there are numerous
methods for computational prediction of protein
three-dimensional (3D) structure from sequence,
with comparative modeling being the most reliable
approach, there are very few such methods for RNA.
Here, we present ModeRNA, a software tool for
comparative modeling of RNA 3D structures. As an
input, ModeRNA requires a 3D structure of a
template RNA molecule, and a sequence alignment
between the target to be modeled and the template.
It must be emphasized that a good alignment is
required for successful modeling, and for large
and complex RNA molecules the development of
a good alignment usually requires manual adjust-
ments of the input data based on previous expertise
of the respective RNA family. ModeRNA can model
post-transcriptional modifications, a functionally
important feature analogous to post-translational
modifications in proteins. ModeRNA can also
model DNA structures or use them as templates. It
is equipped with many functions for merging frag-
ments of different nucleic acid structures into a
single model and analyzing their geometry.
Windows and UNIX implementations of ModeRNA
with comprehensive documentation and a tutorial
are freely available.

INTRODUCTION

Ribonucleic acid (RNA) is a group of macromolecules
involved in essential processes such as communication of

biological information between DNA and proteins, regu-
lation of cellular processes and catalysis of biochemical
reactions (1). The function of RNA depends on its struc-
ture and dynamics, which in turn is encoded in the linear
sequence. Atomic coordinates of experimentally deter-
mined RNA three-dimensional (3D) structures are
collected in the Protein Data Bank (PDB) (2) and the
Nucleic Acid Data Base (NDB) (3) (with a total number
of 1848 RNA structures as of 23 September 2010).
Nonetheless, there is a large and growing gap between the
number of known 3D structures and known RNA
sequences. For instance, for the structurally best charact-
erized family of RNAs, i.e. tRNAs, there are 1101833 se-
quences in the Rfam database (4) and only 170 structures.
This situation is analogous to that observed for protein
sequences and structures, where the number of available
sequences greatly exceeds the number of experimentally
determined structures [reviews: (5,6)].

The lack of experimentally determined structures for the
majority of biological macromolecules has prompted the
development of computational methods for 3D structure
prediction. The development of structural bioinformatics
tools has been driven mostly by the growth of structural
databases, which thus far has been much faster for
proteins than for RNAs.

There are two main approaches for 3D structure pre-
diction of biomacromolecules. The first approach is
knowledge-based; it relies on the database of experimen-
tally solved structures and empirically observed depend-
encies between sequence and structural similarities. One
of the types of knowledge-based modeling is comparative
(or homology-) modeling, based on the empirical observa-
tion that evolutionarily related macromolecules usually
retain similar 3D structure despite the divergence on the
sequence level [review: (7)]. The two main limiting criteria
that need to be observed to use this approach are that
the modeling of the ‘target’ structure starts with another
known structure of a homologous molecule to be used as a
‘template’, and that each element of the target sequence is

*To whom correspondence should be addressed. Tel: +48 22 597 0750; Fax: +48 22 597 0715; Email: iamb@ genesilico.pl

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

© The Author(s) 2011. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

220z ¥snbny oz uo senb Aq zz6t621L/.00%/01/6€/2101E/IBU/WOD N0 OIWSPEIE//:SARY WOl papeojumo(q



4008 Nucleic Acids Research, 2011, Vol. 39, No. 10

aligned to the homologous element in the template
sequence/structure. In particular, homologous residues
should be aligned with each other. High sequence similar-
ity is not a prerequisite. In fact, it is possible to create
good homology models even if the sequence identity
between the target and the template is zero (8).
However, obviously the higher the sequence similarity,
the easier it is to generate a correct alignment (to find
homologous residues between the target and the
template). On average, molecules with higher sequence
similarity tend to exhibit more similar structures (9).
Therefore, using templates with higher sequence similarity
is recommended. Apart from sequence divergence, struc-
tures may also change because of environmental factors,
e.g. the binding of other molecules or the composition of
the solution (salt, pH) (10). It is generally the responsibil-
ity of the user of the homology modeling software to
choose a template, whose biological state corresponds
best to the desired biological state of the target to be
modeled. With an incorrectly chosen template and/or
wrong alignment, the model will be always very far from
the native structure. These limitations concern all
homology modeling tools, as templates and alignments
are always necessary in this approach (11).

Comparative analyses of homologous structures of
non-coding RNAs, including tRNAs, rRNAs and
riboswitches [e.g. (12)], revealed patterns of conservation
that are analogous to those observed in proteins: the sec-
ondary and tertiary structure is usually more conserved
than sequence, and core regions important for stability
and function tend to be more conserved at all levels. In
general, it can be stated that in families of homologous
RNAs the 3D fold is conserved and alignment of se-
quences and secondary-structure patterns can be used to
recognize such structural conservation, in analogy to ‘fold
recognition’ often used in protein structure prediction. On
the other hand, not all homologous RNAs preserve the
same structure, e.g. some degree of topological variability
outside the conserved core has been identified in the RNA
subunits of RNase P from Escherichia coli (type A) and
Bacillus subtilis (type B) (13). Nonetheless, similar vari-
ability of folds has been also observed in proteins (10).

It must be emphasized that RNA has some unique
structural features that hamper a direct application of
protein-like modeling methodology. The secondary struc-
ture of RNA is defined by canonical (Watson—Crick) base
pairs, while the tertiary (3D) structure is formed mostly
by non-canonical base pairs that form 3D motifs (14).
Stacking interactions determine helical structures, and
are responsible for coaxial stacking of helices not con-
nected linearly. Finally, the folding and dynamics of
many structured RNA molecules depends on the
presence of ions. Therefore, comparative modeling of
RNA 3D structures shares some challenges with protein
modeling, but also presents its unique ones.

One variant of knowledge-based modeling that has been
particularly useful in RNA structural bioinformatics is
manual modeling by human experts. It usually involves
interactive (user-guided) manipulation of macromolecular
structures based on assembly of fragments derived from
various experimentally determined structures that are

predicted to be similar to different parts of the target.
The computational tools facilitate the choice, the manipu-
lation, and the visualization of fragments, and often
provide specialized algorithms for local optimization of
geometry to seal breaks in the chain or relieve steric
clashes. Graphics-based methods developed for this
purpose include S2S/Assemble (15,16), ERNA-3D (17)
and RNA2D3D (18). This type of knowledge-based
modeling has been used in the past to generate models
of a number of RNAs, including 5S rRNA (19), Ul
snRNA (20), group I catalytic intron (21), parts of the
signal recognition particle (17), Thermus thermophilus
23S rRNA (22), the class I ligase ribozyme (23) and
tmRNA (24). Actually, the field of computational
modeling of RNA structure is heavily dominated by
manual modeling by experts, a situation resembling the
early days of protein modeling, before the advent of the
acclaimed CASP experiment (5). Nonetheless, similar
methods have been also applied to model protein struc-
tures (25) [review: (26)].

The second approach for structure prediction is ab initio
modeling based on biophysical rules, which simulates the
folding process in search of the conformation with the
minimal free energy [review: (27)]. The main problems
with this method are the extreme ruggedness of the
energy landscape (multiple local minima), the complexity
of the function with which to calculate the free energy of
the system (high cost of evaluating each conformation),
imperfections of the energy function (the calculated energy
does not necessarily correspond to the real energy) and the
need for huge computational power to sample the con-
formational space (due to a large number of degrees of
freedom it is not feasible to check all possible conform-
ations). For these reasons, the use of ab initio methods is
rather limited to smaller molecules, and even then the user
cannot be sure whether a native-like conformation has
been generated during the folding simulation, and
whether it was scored better than those less native-like
ones. To increase the efficiency of computations, full
atom models are sometimes replaced by coarse-grained
models, which treat groups of atoms as single interaction
centers, so that smaller number of interactions must be
evaluated [review: (28)].

Combination of the knowledge- and physics-based
approaches resulted in the development of the so-called
de novo folding methods, which assembly the target struc-
ture from small fragments derived from other (not neces-
sarily homologous) known structures [review: (26)]. Here,
the assembly relies on searching the conformational space
as in the ab initio approach, and while the number
of the degrees of freedom is limited by the use of a re-
stricted set of conformers, this method shares most
problems with the ab initio approach, including high com-
putational cost and uncertainty as to identification of the
most native-like structure in a large number of alternative
models. FARNA was the first program that success-
fully used this approach to fold RNA molecules of up
to 50-nt length (29). MC-Fold/MC-Sym 1is another
method that assembles RNA structures from a library of
fragments (30).
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For proteins, many methods for automated 3D struc-
ture prediction have been developed and made freely
available to the scientific community. They can produce
reasonably accurate and practically useful models, in
particular, based on the comparative modeling approach
(31). There are numerous freely available tools
(standalone programs and internet servers) for modeling
of protein structure, e.g. comparative modeling programs
Modeller (32) and Swiss-Model (33). In comparison to
the field of protein structural bioinformatics, there is a
paucity of comparable tools for RNA modeling.
This situation prompted us to develop ModeRNA, a
scriptable tool for prediction of RNA 3D structures by
comparative modeling. It allows both for simplistic
‘protein-like’ construction of models from a set of tem-
plates and alignments, and for user-controlled manipula-
tions of structures including fragment assembly. Special
emphasis was placed on features unique to RNA, such as
detecting and constructing base pairs, adding RNA-specific
secondary-structure  elements and modeling post-
transcriptional modifications. The concept underlying
ModeRNA has been inspired by the protein modeling
tool SwissModel (33).

MATERIALS AND METHODS
Overview

As a minimal input ModeRNA requires the 3D coordin-
ates of a template structure and a pairwise sequence align-
ment between the sequences of the template and the target
RNA to be modeled. It must be emphasized that
ModeRNA does not infer the alignment by itself; the
alignment must be supplied by the user. Needless to say,
the accuracy of the alignment will ultimately determine the
quality of the resulting model—exactly as is the case with
all methods for comparative modeling of protein struc-
ture. Casual modelers must be warned that for large
RNA molecules with complex structures, the development
of a good alignment may require laborious manual prep-
aration of the input data based on previous expertise of
the respective RNA family.

For each position in the target—template sequence align-
ment, ModeRNA infers a set of operations necessary to
generate the model of the target from the structure of the
template. These include: copying coordinates of residues
that are invariant between the target and the template,
introducing substitutions for aligned residues that differ,
adding or removing post-transcriptional modifications,
processing insertions/deletions (indels) and adding struc-
tural fragments for short regions without a template.
ModeRNA generates coordinates of the modeled target
RNA and a report with detailed information about all
steps of the modeling process. The whole program is im-
plemented in Python and freely available as open source.
Below, we explain in detail all operations performed by
ModeRNA.

Base exchange operations

For residues that are identical between the template and
the target, the coordinates of all atoms are copied from the
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template residue to the model, without any changes
(at least initially). When a substitution in the alignment
occurs, coordinates are also copied for the whole residue,
followed by a base exchange. The target base is loaded
into the model and superimposed onto three atoms
of the template base adjacent to the glycosidic bond
(e.g. N9, C8 and C4 for adenine), then the atoms of the
template base are removed. Both transversions (replace-
ment of purine by purine and pyrimidine by pyrimidine)
and transitions (replacement of purine by pyrimidine and
vice versa) are modeled this way. This operation preserves
the conformation of the backbone (ribose and phosphate)
as well as the torsion angle of the glycosidic bond.

Post-transcriptionally modified nucleosides

One of the features of ModeRNA that distinguishes it
from most other modeling programs is that it can recog-
nize modified nucleosides in the template structure and in
the sequence alignment and preserve, add, or remove them
accordingly in the model building process. Post-
transcriptional modifications of nucleosides are crucial
for the function of RNAs; they appear to be as important
as post-translational modifications are for function of
many proteins. In tRNA, by far the most abundantly
modified RNA, they aid in folding into a well-defined
tertiary structure, in fine-tuning the recognition by
aminoacyl-tRNA synthetases, and allow for multi-codon
specificity for the anticodon loop (34). In rRNA, modifi-
cations also increase the efficiency of translation, and are
responsible for bacterial resistance to ribosome-targeting
antibiotics (35). Modifications have also been observed in
mRNA, and various types of non-coding RNAs, including
snRNA, snoRNA and miRNA. To date, 115 different nu-
cleotide modifications have been characterized, and this
number is still growing (36). About half of them are
methylations, which can occur at almost every atom of
standard bases and/or at the ribose 2’0OH group. More
complex modifications such as aminoacylations,
formylations, sulfurylations, isoprenylations and combin-
ations of multiple modifications have been also observed.
In most modifications, functional groups are added or
substituted (e.g. O to S, NH, to O), but e.g. pseudouridine
formation requires an isomerization, and queosine forma-
tion requires a replacement of the original base by an in-
dependently synthesized new base in the course of a
transglycosylation reaction.

Several different naming schemes for nucleotide modi-
fications have been used, e.g. for the base 5-methylcytidine
the abbreviations 5mC, m5C, m°C, mC> and mC have
been used in literature. For representation at the
sequence level, one-letter abbreviations for some
modified bases have been introduced by Sprinzl and
coworkers (37), but the number of currently known modi-
fications exceeds the number of letters in the Latin
alphabet. To allow for alignments containing all possible
modified nucleotides, ModeRNA can recognize not only
the one-character symbols, but also an unambiguous num-
bering scheme recently introduced in the MODOMICS
database (36). The PDB is also inconsistent in naming
different modified residues (e.g. in the PDB entry 1F7U
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I-methyladenosine from chain B, residue 958 is named
‘IMA’, while the chemically identical residue from the
PDB entry 10B2, chain B, residue 58 bears the name
‘MAD?’). To recognize modified nucleotides in RNA struc-
tures, a subgraph matching algorithm that matches the
topology of atoms in each residue to patterns representing
each of the 115 modifications was implemented. Thus,
modified nucleosides with non-standard or even incorrect
names can be identified based on their chemical structures.
In the output file, ModeRNA by default applies
these names of modifications that most frequently occur
in the PDB.

For adding modifications to standard bases, a set of 67
small fragments covering all chemical groups in the cur-
rently known 115 modifications has been created. Each
such fragment contains atoms belonging to a modifica-
tion, and a triplet of connecting atoms that are used to
fit the fragment onto an existing standard base. For
removing modifications (or atoms that are replaced in
the course of a modification), either the excess atoms are
removed (e.g. for a small functional group such as a
methyl) or an unmodified base is added by superimposing
it onto the original base, followed by removal of the
original base.

Modeling of indels

Modeling of insertions and deletions is probably the most
challenging and crucial step in comparative modeling. In
the case of insertions in the target sequence (gaps in the
template), additional nucleotide residues must be
introduced to the RNA model being created. Examples
of such situations include the introduction of a bulge
into a helical stem, loop enlargement, extension of a
helix or of a terminal tail, or even introduction of an
entire new element of secondary structure. In the case of
deletions in the target sequence (gaps in the target), the
relevant residues have to be removed from the template,
and the resulting ends must be sealed to restore the con-
tinuity of the backbone. Such operations may involve the
replacement of a longer segment of sequence (e.g. a loop)
by a shorter one that has a more extended conformation.

Indel modeling in ModeRNA follows the fragment in-
sertion approach, similar to the one widely used in com-
parative modeling of proteins (38) and implemented e.g. in
SwissModel (33). A fragment includes the residue(s) to be
inserted and counterparts of residues that flank the indel
in the template. The default distribution of the ModeRNA
package allows for inserting fragments up to 17 residues
long (not counting the flanks). The choice of the
maximum length was conditioned by the size of the
library file (20MB). The fragment library includes
131316 fragments (n-grams) of RNA structure that are
2-19 residues long and have a continuous backbone.
It has been derived from the representative set of 172
RNA tertiary structures in the RNADB2005 set (39),
which provides manually curated, non-redundant RNA
structures from different families, including large struc-
tures e.g. the ribosome, and is expected to cover all
known types of local RNA structure. For modeling of
longer insertions, a larger library covering fragments up

to 100-nt long, derived from the same database, is avail-
able for download from the ModeRNA website. While
this article was under review, a similar approach has
been validated as a reliable method for modeling of 3—
32-nt long loops by another group (40).

For each indel, ModeRNA attempts to identify a
backbone fragment with an appropriate length and super-
imposes its flanking residues onto the corresponding an-
choring residues in the template structure as to maximize
its fit to the anchor and to minimize steric clashes with the
rest of the molecule. The fragment search includes a
pre-filtering stage, where the geometry of the flanking
residues is compared to all fragments of appropriate
length from a library, and a fitting stage where the 50
most promising candidates are evaluated by inserting
them into the model. If the gap cannot be closed by the
above-mentioned procedure, e.g. if an extended fragment
of the template is to be deleted and the resulting ends
are too far from each other, ModeRNA will generate a
model with an unsealed gap, and generate a warning
that the model is discontinuous. Such situations often
occur when modeling is attempted for a wrong template
or in regions where the target—template alignment is erro-
neous. In the pre-filtering stage of the fragment search, the
geometrical fit between the two flanking residues from
the 5-end (r5) and from the 3’-end (r3) is sought with
the terminal nucleotides of each fragment of appropriate
length in the library. The geometrical fit is evaluated
by comparing six atom-—atom distances (05505,
CS/rS_CS/r,’n C4/r5_C4/r3a C3/r5_C3/r3a Cl/rS_Cl/r_%
N1,5/N9,5-N1,3/N9,3)—see Figure 1. The sum of the
square deviations of these values between the fragment
ends and the flanking sites in the model roughly approxi-
mates the RMSD, and can be calculated rapidly for a
huge number of candidate fragments.

After the pre-filtering stage, the spatial complemen-
tarity of the 50 best-scoring fragment candidates is

Flanking residue
on 3' end

: N K
h;l Flanking residue

on 5" end

Figure 1. Distances used in the pre-filtering stage of the fragment search.
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examined: first, each of them is inserted into the model by
superimposing the C1';5, C4'.5, C3';5, O35 and N1,5/N9,5
atoms of the terminal residues at the 5-end, and Cl'3,
C4/r39 C3/1—3, 05/1-3, N1r3/N9r3 and C5r3/ at the 3’ end.
Second, the bases in the fragment are exchanged to
obtain the correct sequence by adding the coordinates of
bases in the same way as described in the base exchange
and nucleotide modification sections above. For ranking
the 50 candidates, the pre-filtering score is combined with
the RMSD value of the superposition of r5 and r3 of the
fragment with the model, the sequence dissimilarity
(between the sequence to be inserted and the sequence of
the database fragment) and the number of interatomic
clashes:

score = a x RMSD+h x seq_dissimilarity+c x #clashes

using the weight parameters ¢ = 10.0, » = 1.0, ¢ = 2.0.
The sequence dissimilarity between the target and the
fragment is calculated using a matrix containing 0.0 for
identical nucleotides, 0.1 for nucleotides versus their modi-
fications, 0.5 for transitions and 1.0 for transversions and
nucleotide substitutions involving modifications. Finally,
the best-scoring candidate is inserted into the model,
retaining two residues r5 and r3 flanking the insertion
site from the template.

A major limitation of the above-mentioned fragment
insertion procedure is that ModeRNA cannot infer by
itself base pairs between the fragment and the rest of the
molecule, unless they are explicitly specified by the user
(see the section on modeling of secondary structure).
ModeRNA also cannot extensively optimize van der
Waals interactions. Further optimization of the local con-
formation and scoring of additional models with alterna-
tive loop conformations may be achieved with more
specialized software, such as methods for molecular
dynamics. The development of methodology for ab initio
loop modeling and other types of refinement of RNA
structural models is however beyond the scope of this
manuscript and will be the subject of our future studies.

Backbone remodeling

Possible discontinuities in the backbone (resulting
e.g. from an imperfect match of fragment ends to the
flanking regions of the template), are repaired using the
Full Cyclic Coordinate Descent (FCCD) algorithm that
connects two ends with a minimal number of operations
(41). ModeRNA rebuilds coordinates of the RNA
backbone atoms between two residues, aiming to restore
the following native-like features, ordered according to the
priority (i) acceptable bond lengths, (ii) absence of inter-
atomic clashes, (iii) acceptable bond angles, (iv) acceptable
torsion angles. Acceptable values of bond lengths and
angles have been taken from a statistical analysis of struc-
tures in our fragment library. Acceptable torsion angles
were directly taken from Richardson et al. (39). To avoid
clashes, 42 RNA suites defined by Richardson et al. (39)
are tried one after another as starting conformations, until
a clash-free loop closure is found. Subsequently, the pos-
itions of the most flexible P and O5" atoms are optimized
by a simple stochastic search algorithm trying to satisfy
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angle and dihedral constraints. For generating coordinates
at various stages of the procedure, the NeRF algorithm
used in ROSETTA (42) has been implemented. In case
the entire procedure fails to close the backbone, details
about the kind of distortion for the residues flanking the
problematic site are reported.

Modeling secondary structure

To enable modeling of base pairing interactions, a number
of commands have been included in ModeRNA. First,
the secondary structure of any loaded RNA chain can
be detected and saved in the dot-bracket format.
Second, helical structures can be inserted as extensions
of any canonical Watson—Crick base pair present in the
starting structure that can serve as an anchor. Helices can
be also extended or shortened by adding or removing
internal base pairs. Third, any custom structural element
can be introduced between four residues defined as
anchors. Fourth, the search for fragments to be inserted
from the single chain fragment database can be restricted
with a user-defined secondary structure (e.g. enabling
insertion of stem—loop elements). Fifth, individual nucleo-
tide residues can be added as base-pairing partners to
defined unpaired nucleotides in the starting structure.

Implementation

ModeRNA is available under the GPL Open Source
license, with implementations for UNIX and Windows
systems. The program requires Python and the
BioPython library (43). Several functions for numerical
calculations that are part of the PyCogent library (44)
have been included in the ModeRNA code. For
Windows, an executable version is available that does
not require installation of any additional software. It
does not require large computational resources, for
instance one tRNA model can be built in 2-20s on a
standard PC with one 2.4 GHz processor, with the exact
time depending mostly on the number and size of indels
that must be modeled by the fragment insertion procedure.

The program is accompanied by an extensive test suite,
which consists of test functions that check whether indi-
vidual parts of the code (functions, classes, modules)
produce a predefined output given known input data.
Separate sets of tests are available for each of the 37
scripting functions, for the command-line interface (ac-
ceptance tests), and for each underlying program compo-
nent (unit tests). Many of these tests use data from tRNA
modeling cases (see ‘Results’ section), or particularly dif-
ficult examples found during ModeRNA development.
Others were introduced to ensure the absence of particular
program bugs. In total, 548 test functions have been
created. The purpose of automatic tests is to guarantee
that existing functionalities stay intact while new
features are added to the program. A user can also
execute the test suite in order to check whether
ModeRNA has been installed correctly.

Documentation

The ModeRNA web page (http://iimcb.genesilico.pl/
moderna) provides the source code and the binary
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version of the program, as well as comprehensive docu-
mentation. In the tutorial section, two examples of
modeling Escherichia coli tRNAs (AspRYC and Tyr®Y»)
are described. Further, the FAQ section provides answers
to many basic question like ‘How to write an input script?’
or “‘Which command-line options are available?’, as well as
an introduction to more sophisticated features of
ModeRNA, such as modeling of DNA structures. The
website also includes a complete list of available
commands with usage examples, and a basic introduction
for Python programmers willing to customize ModeRNA
for their own purpose. Detailed instructions about input
preparation and ModeRNA usage can be also found in
the Supplementary File 1.

RESULTS
Models

In order to test ModeRNA, we created models of 99
tRNAs with known (experimentally solved) structure.
We used each of them as a target to be modeled on each
of the other 98 structures as templates (99 x 98 = 9702
models total). Additionally, we created a control set con-
sisting of 99 tRNA models, where each sequence was
modeled on its ‘own’ structure as a template. The tRNA
family was selected for this analysis, as a large set of
experimentally solved structures is available, and despite
the high structure conservation a lot of local variation
exists. Besides, tRNAs contain many modified nucleo-
tides, which enabled us to test the procedures of modifi-
cation modeling. Pairwise target-template alignments
used for tRINA modeling were extracted from the Rfam
database (4). In this test, we used a fragment library,
from which tRNA fragments had been excluded.
Likewise, in other examples analyzed below, the native
structures being modeled have been also removed from
the fragment library. In the ModeRNA release available
for download, all these fragments has been included to
provide the widest possible diversity of local structures.

We managed to build all tRNA models automatically
within 48h on a 2 GHz Intel Xeon processor. For com-
pleteness of their sequence 9675 models passed checks and
were subject to automated geometry optimization. One
hundred and twenty-six models have not been generated,
as it turned out all of them involved the structure of tRNA
(TyrY*) in complex with tyrosyl-tRNA synthetase
(1H3E) as a template or its sequence as a target. In this
structure, residue 16 labeled as an unmodified cytidine has
no base coordinates (i.e. represents an abasic site), hence
presents an inconsistency that cannot be resolved auto-
matically by the present version of the method and must
be dealt with manually. It is expected that additional inter-
vention of the user either in the modeling process or in
verification and curation of all target—template alignments
may lead to improvement of many models analyzed in this
work. However, the purpose of this benchmark is the
assessment of ModeRNAs functionality for automated
modeling rather than the assessment of our own qualifi-
cations as experts in manual modeling, hence we have not
attempted any such intervention.

There are two ways in which the quality of the models
can be assessed with ModeRNA. First, a report on the
geometry of nucleotides can be generated: ModeRNA cal-
culates bond lengths, bond angles and values of dihedrals,
compares them to reference values derived from high-
resolution structures, and reports outliers. Thereby,
discontinuities of the backbone and unnatural backbone
torsion angles can be detected. It has to be pointed out,
though, that such outliers in PDB structures are not
uncommon (45). Thus, the geometry check of the model
makes sense only in the light of an analogous check of the
template structure used. Second, ModeRNA can detect
clashes between Van der Waals spheres of atoms and
thereby highlight cases where modifications, substitutions
or indels resulted in base or backbone atoms to collide.

Evaluation of tRNA models

In order to provide a reasonable evaluation of our tRNA
models, the Global Distance Test—Total Score
(GDT_TS) was calculated, as it is widely used for the
evaluation of protein models (46). The GDT_TS score
denotes the sum of percent of residues that are within the
1, 2, 4 and 8 A sphere between a superimposed model and
native reference structure, divided by 4. The result can
vary from 0 to 1 where a higher value denotes a more
accurate model. The distance between two residues was
calculated as the average of distances between the corres-
ponding P and C4’ atoms (template versus model). In case
of the 9675 tRNA models built by ModeRNA, the
average GDT_TS value was equal to 0.5. The detailed
results are shown in Figure 2.

On the average, models and native structures exhibit an
all-atom RMSD of 5.6 A (Figure 2). The average RMSD
of the P and the C4" atoms was calculated from all
model-reference structure pairs as 5.2 A. For comparison,
the average RMSD for all template-template pairs is
49A. Thus, both the models and the experimentally
solved tRNA structures exhibit similar structural diver-
sity. Figure 2 shows that most of the models are roughly
as similar to the native structure as the template structures
used (which is a general characteristic of homology
modeling). It is worth emphasizing that in 2135 cases the
models had the RMSD with respect to the original struc-
ture equal to or lower than the template.

The acceptor stem and the anticodon loop of tRNA are
known to be highly flexible and to change their conform-
ation upon complex formation with proteins (e.g. enzymes
acting on tRNA) or in the ribosome (47). This can be
observed in the model of the ribosome-bound E. coli
tRNApp. 2J00_W (PDB-ID 2J00, chain W) built on the
template 2HGP_D (Figure 3), where the ribosome is in
post-initiation conformation. The resulting all-atom
RMSD is as high as 3.6 A despite the two molecules
have 100% identical sequences. This high RMSD value
is mostly caused by residues 17 (RMSD = 8.5) and 47
(RMSD = 6.7), where the bases have different orienta-
tions in the model and in the native structure, and the
two residues preceding the CCA 3’-end. A similar obser-
vation can be made for the model of E. coli tRNA -y, built
on E. coli tRNApp. (1B23_R) as the template (Figure 3).
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Figure 2. Evaluation of tRNA models generated from templates and alignments—relation between the sequence identity and (a) the GDT_TS score,
(b) all atom RMSD of models against experimentally solved structures, (¢) the P atom and the C4’ atom RMSD of models against experimentally
solved structures (in black) and experimentally solved structures (templates) against experimentally solved structures (targets) (in red) and (d) all
atom RMSD of models against experimentally solved structures where the anticodon and the CCA regions are excluded.

The native structure of tRNA~y,, (1QF6_B) is interacting
with threonyl-tRNA synthetase, while the template struc-
ture is in contact with the translation elongation factor
EF-Tu, resulting in a mutual shift of the acceptor stem
and the anticodon loop by several A. This illustrates
that the accuracy of comparative models of tRNAs
(and by extension—all RNAs) is limited by availability
and correct choice of a template in an appropriate
physiological state. However, we must emphasize that
as with proteins, the problem of template selection is to
a large extent independent from the actual process of
model building.

In order not to take into account the most flexible
regions in the all-atom RMSD calculation, five residues
from the anticodon loop were excluded from our calcula-
tions (the residues with numbers 33-37 or 38-42 in case
of 2VOG_F, 2BTE_B, 2BTE_E, 2VO0G_B, 2BYT_E
and 2BUT_B). For the 3’-end of tRNA the terminal
CCA residues were excluded. If these regions are
excluded, the average RMSD between the tRNA model

and the native structure in our benchmark drops down to
4.9 A (Figure 2).

The analysis of results presented in Figure 2 reveals
that, expectedly, high sequence similarity is correlated
with lower RMSD. Some tRNA models exhibit high
accuracy despite low sequence similarity to the template
used, for example 2HGI_C based on the template 2B64_V
(Figure 3). There is, however, a group of models that
exhibit a high RMSD value to the native structure
despite high sequence similarity to the template used.
This is mostly caused by different conformations of the
same molecule observed in different RNA-protein
complexes. However, we also found a few cases such as
the model for 2DXI_C built on the template 2DET_C
(Figure 3), sequence identity of 72%), whose RMSD to
the native structure is 8.0 A. The deviation of the model is
mainly caused by six residues from the 3’-end that had to
be modeled ‘de novo’ because they were missing from the
template. ModeRNA inserted a helical fragment there,
while the native structure folds in a different way.
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Residues 72, 73

Residue 17

Residue 47

Figure 3. Examples of models built by ModeRNA. Models are shown in red, the native structure is shown in green. (a) Model of E. coli tRNApp,
(native structure 2J00_W) built on the target 2HGP_D (E. coli tRNApy,.). The sequences of both molecules are 100% identical, the RMSD value is
relatively high—3.61. The residues that contribute the most in the high RMSD are marked with gray clouds and their conformation is shown in
separate boxes. (b) Model of E. coli tRNAy, (the native structure 1QF6_B—PDB-ID 1QF6, chain B) built on the template 1B23_R E. coli tRNAcys.
The native structure is interacting with threonyl-tRNA synthetase, while the template structure is in contact with the translation elongation factor
EF-Tu-shifting the conformation of the acceptor stem and anticodon loop by several A, both regions are marked by gray clouds. (¢) Model of E. coli
tRNApe (native structure 2HGI_C) built on the template 2B64_V (E. coli tRNApy.). Model structure has low RMSD—1.38 A despite medium
sequence similarity (47%) between the target and the template molecule. (d) Model of tRNAgy, (native structure 2DXI_C) built on 2DET. Both
structures have a high-sequence similarity (72%). Yet, the RMSD amounts 8.05A. The reason is the 6nt long fragment that is missing in the
template on the 3’ end. In the model it has a completely different conformation than the native one. (e) Adenine-binding riboswitch (1Y26) modeled
using a guanine-binding riboswitch (1Y27). (f) 30S ribosomal subunits from 7. thermophilus (1J5E_A) modeled using 30S from E. coli 2AVY_A).
Three regions where the model did not match the native PDB structure well are highlighted: I-—two hairpins connected by a junction (residues
970-1022), I1I-—stem loop (residues 65-89), III-—stem loop (residues 173-196).
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In our evaluation we also included the deformation
index (DI) and the deformation profile (DP) measures
recently introduced by Parisien et al. (48). The DI
evaluates the conservation of base-base interactions
(including stacking interactions and both canonical and
non-canonical base pairing). The DP is a matrix of
average distances, calculated by superimposing all nucleo-
tides from model and the reference structure and then
computing the average distance between each base from
model and the corresponding base from the reference
structure. For the set of tRNA models we obtained
an average DI of 0.62 and an average DP of 13.82
(Figure 4). According to the histogram, the majority of
models achieve a DI score in the range of 0.5-0.8. The
low average is caused mainly by changes in intermolecular
interaction patterns between tRNAs in different func-
tional states (e.g. splaying out bases upon complex forma-
tion with protein partners). A more in-depth analysis of
contact patterns in tRNA would be beneficial to improve
this particular aspect. The distortion profile average and
maximum values are higher than for the examples given in
the article by Parisien et al. (48). The main reason for this
are: (i) the DP score is size-dependent and tRNA mol-
ecules are larger than the mentioned examples and
(i1) the conformation and interactions of residues in the
anticodon loop and in the acceptor stem exhibit large vari-
ations (depending on the functional state and interactions
with other macromolecules). When different structures
are superimposed based on these residues, other residues
can_ be displaced to generate global RMSD values up to
50A. Nevertheless, the majority of residues generate
superpositions with RMSD values around 5SA.

Other modeling examples

In order not to restrict tests of ModeRNA to one family of
RNAs, tests on other families were also carried out. As
mentioned earlier, in each modeling exercise we used a
variant of the fragment library, from which the native
structure of the target has been removed. As an example
for a straightforward modeling case, we have built two
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models for the riboswitch structures 1Y26 (adenine
specific) and 1Y27 (guanine specific). The all-atom
RMSDs for 1Y26 built on 1Y27 is 1.6 A, while for 1Y27
built on 1Y261s 1.2 A, and the GDT_TS scores are 0.8 and
0.9, respectively. The specificity-determining differences in
ligand-binding sites of both riboswitches were modeled suc-
cessfully (Figure 3).

Two more complicated example models were built for
23S rRNA sequences extracted from the 30S ribosomal
subunit structures of T. thermophilus (1J5E) and E. coli
(2AVY) using each other as templates. For aligning their
sequences, the size of the structures prevented the usage of
a structural alignment program [e.g. Locarna (49) failed to
align them], and no exact sequence match in a rRNA
database could be found. Instead, a manual alignment
was generated with RNAView (50), aided by comparison
of secondary structures. The model of T. thermophilus 23S
rRNA based on the 2AVY structure, and the model of the
E. coli 23S TRNA based on the 1J5E structure exhibited an
all-atom RMSD of 5.5 and 5.2 A, respectively. The struc-
tures are shown in Figure 3. The modeling of residues
180-228 in the T. thermophilus structure turned out to
be challenging. It was already recognizable during the
alignment that the secondary structures of the target and
the template differ considerably in this region. It was
therefore not surprising that in the region between
residues 179-191 the per-residue deviation rises above
10 A. A few other divergent regions are the main contribu-
tors to the high RMSD, while most of the structure
exhibits almost perfect matches between the model and
the template.

We also constructed a model of the Azoarcus group 1
intron, to enable comparison with a model of the same
molecule generated by the RNAbuilder program described
in a recent publication by the Altman group (51). A
pairwise alignment of the Twort group I intron template
structure (1YOQ_A) and the target sequence (correspond-
ing to 1U6B) was created according to the description in
the mentioned article. A first model with an overall
RMSD of 6.9 could be built using ModeRNA standard,
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Figure 4. Evaluation of tRNA models generated from templates and alignments with (a) DI and (b) DP measures.
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naive mode of operation (one template + target—template
alignment — model). Subsequently, we used the scripting
interface to model the L9/P5 and L2/P8 tertiary loop
interactions using the Tetrahymena intron as an additional
template, according to the description of the advanced
modeling protocol used for modeling by the Altman
group. With these additional commands, the accuracy of
the model generated with ModeRNA improves signifi-
cantly, with the RMSD reaching 4.3 A for the whole struc-
ture, and 2.0A for the core. These values compare
favorably with the RMSD of 4.4 and 2.7 (entire model
and the core alone) calculated for the model created by
RNABuilder. The model and the experimentally solved
structure are presented in Figure 5 and the detailed
RMSD values comparison between the ModeRNA and
the RNABuilder models are shown in Supplementary
Table S1. The RMSD values for both models were
obtained with the same script, which is available on
request. We conclude that the lack of a sophisticated
‘folding simulation’ procedure for model refinement in
ModeRNA does not prevent it from building accurate
models. On the other hand, using multiple templates and
utilizing the advanced mode of ModeRNA can

Figure 5. The model of Azoarcus group 1 intron built with ModeRNA
(in red) and with RNABuilder (51) (in blue) compared with the
experimentally solved structure, PDB code 1U6B (in green).

significantly improve the accuracy, compared to
modeling based on a single template.

To illustrate the influence of alignment quality on com-
parative modeling, we have generated additional models
of the Azoarcus intron based on the Twort intron structure
alone, using the expert alignment (51), alignments auto-
matically calculated with the Infernal method (52), or with
ClustalW (53). Detailed comparisons between the models
and the experimentally determined structure are shown
in Supplementary Table SI. It is evident that the use
of a single template (without any additional restraints)
decreases the quality of the model (RMSD for the whole
structure 6.9 and 12.4 A for models built with ModeRNA
and RNAbuilder, respectively), and that the expert align-
ment is superior to automatic alignments. In this particu-
lar case study, both ClustalW and Infernal failed to
produce functionally relevant alignments, as judged by
the poor quality of the resulting models (RMSD >20A,
even if the region of comparison is limited to the active
site). It is therefore evident that ModeRNA, as all
methods for comparative modeling, fails to build correct
models with incorrect target—template alignments as an
input, and at this moment there seems to be no perfect
‘purely computational’ solution to this problem. On the
other hand, our test demonstrates that ModeRNA can
build reasonable 3D models of complex RNA molecules,
using a ‘protein-like” approach based on single templates,
if an approximately correct (e.g. expert-guided) alignment
is provided.

DISCUSSION
Comparison of ModeRNA with existing software

The currently available modeling programs are
characterized by different features and can be used in dif-
ferent modeling scenarios. We have summarized their
main features in Table 1 and we discuss some of the com-
parative and knowledge-based modeling programs below.
The field of RNA prediction is rapidly developing and
thus we do not claim this list to be complete. A review
of ab initio and de novo folding methods is beyond the
scope of this article; such methods have different
purpose than ModeRNA and have been referred to only
in the context of possible (re)modeling of regions that lack
the template for comparative modeling.

RNABuilder (51) is a new method for comparative
modeling of RNA structures, in which RNA molecules
are simulated in parallel at multiple levels of detail,
ranging from coarse-grained resolution to atomic scale
(including hydrogen atoms). It uses internal coordinate
multibody dynamics to satisfy constraints on all these
levels. The coarse grained force field consisting of forces
and torques acts to bring together bases into a base pair
geometry indicated by the user. The user can also set flexi-
bility or rigidity of the molecule. As mentioned in the
Results section, RNABuilder has been tested on the
Azoarcus group 1 intron. As shown in this article,
ModeRNA can build a model of the same molecule
(with the same template and the same target-template
alignment) with comparable accuracy, despite using a
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completely  different approach. ModeRNA and
RNABuilder are based on different principles and in
remote analogy to the protein modeling software may be
regarded as counterparts of SwissModel (33) and
Modeller (32), respectively.

S2S/Assemble (available via the PARADISE platform)
(15,16) is a graphical system that combines various tools
and web services into a powerful environment to edit se-
quences and structures of RNA. It contains explicit anno-
tation of base pairing and stacking interactions, multiple
sequence alignments, a motif library and an automatic
procedure to generate 3D models from the annotation
or de novo. The drawback of the system is that all inter-
actions have to be annotated manually, and it is therefore
difficult to perform a high-throughput analysis, such as
the one presented here. As the user has control over
every single interaction and can force tertiary interactions
from the sequence level, the modeling process relies
strongly on the user’s experience. Thus, the shape of the
final model will largely depend on the user’s knowledge
and expertise. We envisage that PARADISE (and perhaps
other programs for ‘graphics-based interactive expert
modeling’ mentioned below) may be used to manipulate
and combine models generated with ModeRNA, e.g. to
build complex structures that require spatial assembly of
individually modeled elements.

RNA2D3D (18), as the name implies, generates
approximated 3D models starting from a sequence and
secondary structure. The program procedure does not
include simulation of the folding process and for this
reason it cannot automatically generate a satisfactory
3D model from base paring information alone. Manual
manipulation is required, and RNA2D3D provides a
graphical interface, where individual residues and base
pairs can be manipulated individually. For example, for
modeling of tRNA, at least two important manual
changes need to be done to obtain the typical L shape
(stem-stacking operation and rigid-body rotation of a
stacked pair).

ERNA-3D (17) is another program for manual
modeling of RNA 3D structure. ERNA3D provides a
graphical interface, where the user can manipulate
various structural elements at different levels of abstrac-
tion, while the rotations of molecular groups around
single bonds along the backbone chain of the molecule
are simulated in the real time.

It should be mentioned that programs developed pri-
marily for molecular visualization are also sometimes
used to model RNA structures. In such cases, the
modeling is performed almost completely manually.
Some of these programs have extensive scripting interfaces
that make it easy to customize them for very specific
modeling tasks. For a comparison of features, we have
included PyMOL (54) and AmiraMol (55) in the table.

In the publication of the RNABuilder tool, Altman and
coworkers (51) defined four criteria that a comparative
modeling program should fulfill: (i) allowing the user to
specify correspondences between residues in the target
sequence and residues in the template structure,
(i1) allowing to use more than one template, (iii) being
able to model connecting regions with no template

(e.g. indels) and (iv) being accessible to experimentalists
who are not knowledgeable in computer science. Here, we
examine ModeRNA with respect to these criteria:

(1) The target—template correspondences are specified
by a sequence alignment provided by the user (this
is a typical feature of all comparative modeling
methods, including ModeRNA, PARADISE,
RNABuilder and with limitations also AmiraMol).
ModeRNA can model post-transcriptional modifi-
cations, which can be specified at the level of the align-
ment. Constructing an explicit Watson—Crick pair at a
given nucleotide is a key feature for building RNA
structures that is shared by most RNA modeling
programs, including ModeRNA.

(i) The combination of multiple templates can be
achieved with ModeRNA, RNABuilder and
PARADISE. The use of multiple templates can
greatly improve the accuracy of comparative
models, as has been shown for the Azoaracus group
Iintron (see Supplementary Table S1). The possibility
to explicitly change the length of helical segments and
to add fragments with a custom structure allows
modeling of complex structural changes. In a wider
sense, MC-Sym, FARNA and other methods based
on the fragment assembly approach always combine
multiple templates, but not for homology-based
modeling.

(iii) ModeRNA is able to model regions with no template
by using a fragment insertion approach, similarly to
the RLooM method (40). Our choice of the fragment
library is discussed in more detail in the following
section of this article. For short indels (up to 15nt),
a potentially native-like fragment can be inserted from
the fragment library, or a set of candidates can be
generated for the user to chose from. This situation
is similar in both PARADISE and RNABuilder that
can also construct short regions without a template.
ModeRNA allows for inserting large user-defined
fragments and to restrict the search of the fragment
database according to the user-defined criterion
of secondary structure. None of the comparative
modeling methods are capable of folding large frag-
ments that lack correspondencies to the templates,
which is the domain of ab initio or de novo folding
methods, e.g. FARNA/FARFAR (29,56), DMD/
iFoldRNA (57), the MC-Fold/MC-Sym pipeline
(30), or NAST (58). There is clearly a need to
develop specialized modeling software that would be
able to refold large fragments of RNA structure in the
context of a correctly modeled core.

(iv) The capabilities of the existing programs for RNA
modeling differ in the amount of user commitment,
from e.g. web interfaces that require the user to paste a
target sequence, to complex graphical user interfaces
with many options. The current version of ModeRNA
does not include a graphical user interface, but instead
offers a powerful command-line interface, which
enables both straightforward modeling, and expert
modeling with complex operations with sequences
and structures defined by scripts. In order to
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facilitate expert-guided modeling, the ModeRNA web
page presents a collection of modeling examples
and situation-specific scripts. Users can write their
own scripts, and interface ModeRNA with other
programs for data processing and visualization.

Discussion of the fragment library

The primary purpose of the fragment library described in
this article is to provide fragments connecting two residues,
not to search for particular motifs. To include a defined
secondary-structural element, ModeRNA supports the
explicit combination of fragments taken from different
templates. Several databases with specialized RNA struc-
tural motifs facilitate the search for an appropriate
fragment. For example RNAJunction provides over
12000 3D fragments of junction and kissing-loop struc-
tures (59), and the structural classification of RNA
(SCOR) (60) supports queries for RNA motifs like kink
turns and GNRA loops. Also FRABASE (61) references
secondary-structural elements in PDB structures.
Fragments referenced by these databases can be extracted
and added by the ModeRNA user. Important features that
allow customized modeling of substructures without
corresponding regions in the template are the possibility
to search for fragments with a user-defined secondary
structure or to insert user-defined structural elements.
This goes beyond modeling of simple loops, and allows to
assemble RNA models from the mentioned library of 3D
fragments. The users must be aware that ModeRNA
cannot infer by itself base pairs between the inserted
fragment and the rest of the molecule, unless they are ex-
plicitly specified in the input file. Automated assembly of
secondary-structure fragments would allow for building
models de novo, similarly to RNA2D3D (18) or FARNA
(29), but this type of modeling is clearly distinct from
the concept of comparative modeling and is out of scope
of the ModeRNA project at its current stage.

The rnaDB2005 structure set used to generate the
fragment library for ModeRNA was originally developed
for the calculation of backbone conformers (45). It covers
a wide range of conformations, and, as the tests on the
tRNA family have shown, it can be used to generate frag-
ments with sufficient conformational variability to enable
modeling of insertions and deletions in the context of com-
parative modeling. The fragments are derived from differ-
ent structural families so no particular kind of structure is
favored. It should be emphasized that the rRNA structure
alone has been considered as a source of fragments suffi-
cient for model building (29). Further support for the
validity of modeling by the fragment insertion approach
comes from a publication that appeared while this article
was under review (40). It was found that structural simi-
larity is maintained even in large loops, and that it is
correlated with sequence similarity, which has reinforced
our decision to include the sequence similarity criterion in
the fragment selection algorithm. However, in the study
carried out by Schudoma et al. (40) only loops and single-
stranded (i.e. unpaired) segments have been considered.
Here, we demonstrate that the fragment insertion
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approach works well for homology modeling of entire
RNA molecules.

Solving the template search problem

An obvious limitation of ModeRNA (as of any program
for comparative modeling) is that in order to build a
model, a template structure must be provided. Although
the PDB database covers many important families, it may
be difficult to find a proper template molecule for a par-
ticular target. And if a template structure is available, a
critical issue is to create an accurate, biologically relevant
target—template sequence alignment. However, we must
emphasize that searching for solutions to these problems
is not a part of a comparative modeling program per se. In
the protein structure prediction field, separate methods
exist for template identification (called ‘fold recognition’)
and for the refinement of target—template alignments (62)
and we believe that such separation of efforts is also
justified in the case of RNA comparative modeling, espe-
cially that many programs for sequence alignment and
sequence-structure alignment already exist.

Pre-calculated alignments are already available for
many RNA families e.g. in the Rfam database (4). As
our analysis of tRNA structures shows, their usage may
require manual refinement. R-Coffee, a multiple RNA
alignment package, can be used to refine alignments
when 2D structure data is available (63). For cases
where no precalculated alignment exists, but a template
structure is known (or a particular template is arbitrarily
selected by the modeler), a number of tools exist for RNA
sequence alignment. There are programs utilizing either
sequence information alone like Muscle (64) or ClustalW
(53), as well as methods that combine sequence and
secondary-structure information like Consan (65) for
pairwise alignments, or LocARNA (66), FoldalignM
(67) or Stemloc (68) for multiple alignments. A more com-
prehensive list of available tools is discussed in the article
describing the R-Coffee method (63). When no suitable
template is known, a database search must be carried
out [using homology search tools like nucleotide BLAST
on a set of RNA sequences extracted from PDB files (69)].
It is also possible to build RNA secondary-structure
profiles or covariance models, if a 2D structural alignment
is available for a given family, and then use the covariance
models for searching a database for putative homologs, as
in the Infernal method (52). However, as demonstrated in
this article for the difficult example of group I intron
modeling, automatically generated alignments with single
templates usually produce models of lower quality than
alignments refined by hand based on additional informa-
tion and utilizing multiple templates. The development of
a good alignment (required for successful modeling)
usually requires previous expertise of the respective
RNA family.

To facilitate finding templates, aligning sequences and
identifying secondary-structure elements, the ModeRNA
website provides sequences and secondary structures for a
representative selection of RNA structures from the PDB
that can serve as potential templates. This does not solve
the template search problem a priori, but provides a
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pragmatic tool that can be used under various conditions
and does not restrict future use.

Model refinement

All modeling programs generate imperfect structures that
contain various errors and inaccuracies. Even in ‘globally
correct’ comparative models (as in the examples discussed
in this article) various local features require improvement.
ModeRNA by default performs local optimization of
backbone geometry to generate physically reasonable con-
formations if the backbone is distorted. However, for
more extensive remodeling and searching for structures
that are close to the global energy minimum (which is
outside the domain of comparative modeling), users are
expected to use other specialized software. ModeRNA
contains a function to use the external molecular
dynamics package MMTK (70) for model optimization.
It can be applied to perform conjugate gradient energy
minimization using the AMBER force field to refine the
model. The optimization may be restricted to particular
regions of the model, in order to lower calculation time.
Alternatively, any other molecular dynamics program or
statistical potential for RNA can be used. We are current-
ly working with the developers of the Adun package (71)
to integrate ModeRNA into that framework, and enable
multiscale modeling that would combine comparative and
de novo modeling. To create a fast and user-friendly
method for refinement of RNA models (obtained with
ModeRNA or other modeling methods) is on the top of
our list for future developments.

CONCLUSIONS

ModeRNA software and detailed descriptions of
commands, examples, as well as a tutorial can be found
on http://iimcb.genesilico.pl/moderna. ModeRNA is free
for all users and released under an Open Source license,
which means that it can be customized and integrated with
other software.

The main advantages of ModeRNA that distinguish it
from other modeling programs are that it provides a
flexible scripting framework that can build RNA struc-
tures using various strategies (including fast automated
modeling based on template structure and target—
template alignment without additional data) and that it
can handle modified nucleotides. There is no restriction
on size of the molecules to be modeled. The automated
modeling mode is appropriate for modeling of RNAs that
are expected to exhibit high structural similarity to the
template, and for which a correct sequence alignments
can be easily generated. When more challenging
modeling is required, ModeRNA supports advanced op-
erations such as the assembly of structure from fragments
and modeling of base pairs specified by the user. We
believe ModeRNA will be helpful for researchers inter-
ested in studying RNA structure and function and will
stimulate the development of other methods for RNA
structure prediction. Our future efforts will focus on de-
velopment of a method for prediction of global and local
model quality (potential deviation from the unknown

native structure) and on refinement of poorly modeled
regions, in analogy to software that exists for proteins.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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