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In the world of RNAs and proteins, similarities at the 
level of primary structures of two comparable molecules 
usually correspond to structural similarities at the ter-
tiary level. In other words, measures of sequence and 
structure similarities are in general correlated – a high 
value of sequence similarity imposes a high value of 
structural similarity. However, important exceptions that 
stay in contrast to this general rule can be identified. It 
is possible to find similar structures with very different 
sequences, as well as similar sequences with very differ-
ent structures. In this paper, we focus our attention on 
the latter case and propose a tool, called StructAnalyzer, 
supporting analysis of relations between the sequence 
and structure similarities. Recognition of tertiary struc-
ture diversity of molecules with very similar primary 
structures may be the key for better understanding of 
mechanisms influencing folding of RNAs or proteins, and 
as a result for better understanding of their function. 
StructAnalyzer allows exploration and visualization of 
structural diversity in relation to sequence similarity. We 
show how this tool can be used to screen RNA structures 
in Protein Data Bank (PDB) for sequences with structural 
variants.
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INTRODUCTION

Despite technological progress in laboratory pipelines, 
computing methods and computational facilities, deter-
mination of three dimensional structures of RNAs and 
proteins in-situ or in-silico is not a trivial task (cf. Lu-
kasiak et al., 2010). Comparison of deposition statistics 
between Protein Data Bank (PDB) (Berman et al., 2000) 
and NCBI’s RefSeq (Pruitt et al., 2012), shows how large 
is the gap between the known sequences and structures. 
In-silico methods attempt to reduce this gap but as the 
RNA-Puzzles (Miao et al., 2015) competition has shown, 
they are still far from being perfect. 

Nowadays, the most successful structure prediction 
methods are often somehow based on correlations be-
tween the sequence and structure similarities, for exam-
ple they are transformed in the form of libraries of frag-
ments like in the RNA Composer (Popenda et al., 2012) 
and FARNA (Cheng et al., 2015; Das & Baker, 2007). It 
is a known fact that the similarity in structure (cf. (Zok et 
al., 2014) for information about structural similarities) of 
molecules, like proteins or RNAs, highly correlates with 
sequence similarities, under assumption that all of the 

structures compared where obtained under similar con-
ditions. Similar conditions are important from the per-
spective of thermodynamics – changes in conditions are 
the driving force of folding and unfolding. However,  in 
practice it is not  feasible to impose the same conditions 
for all molecules in the process of structure determina-
tion because of various factors, e.g. physiological condi-
tions of molecular activity and stability. Let us stress that 
the RNA structures, in comparison to proteins, are more 
flexible and less thermodynamically stable due to a larger 
number of degrees of freedom (Rother et al., 2011) (e.g. 
torsional angles in the backbone). Thus, we can assume 
that even small changes in the environment may cause 
a substantial change in the RNA conformation. The in-
triguing question is: how structurally diverse are similar RNA 
sequences whose structures are deposited in PDB? 

Thus, the primary aim of our work is to provide a 
tool, called StructAnalyzer, that allows us to explore and 
visualize structural diversity in relation to sequence simi-
larity for RNAs and proteins. In contrast to other similar 
tools, like RNAlyzer (Lukasiak et al., 2013) or RNAssess 
(Lukasiak et al.,  2015), our aim is not to assess quality 
of the model versus the reference structure, but rather 
the analysis of structural diversity of the real structures 
determined by biochemical experiments (e.g. crystallogra-
phy or NMR). This exploration should allow to identify 
twilight zones where the high sequence similarity does 
not impose structural identity. It is worth to note that, 
purposely, we would like to analyze only sets of highly 
similar sequences (90–100% of pairwise similarity). We 
do not want to construct a minimal library of structur-
al fragments that covers as large area of the sequence 
space as possible (in such a case, it is common to keep 
the sequence similarity to below some level). We would 
like to support identification and visualization of struc-
tural variants of almost identical sequences. We assume 
that within clusters obtained by grouping molecules by 
sequence similarity, it should be possible to find diverse 
structures. Moreover, within these structures it should be 
possible to identify fragments with a relatively high and 
low stability. It is worth to note that some of the struc-
tures stored in PDB were obtained as complexes or in 
the presence of metal ions or with ligands and immersed 
in different chemical solutions. Interactions between pro-
teins, RNAs, ions and ligands may lead to substantial 
structural changes. Experiments with proteins (Alexander 
et al., 2009) showed that sometimes even a point muta-
tion, or a small set of point mutations, in the sequence 
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can switch the structure into a totally different structural 
fold. We believe that such cases also exist in RNAs and 
our tool may help to identify them.

MATERIALS AND METHODS

Data sources. We show features and test perfor-
mance of StructAnalyzer on 3 datasets. First set con-
sists of two proteins differing in single amino acid and 
originating from the paper by Alexander and coworkers 
(2009). The last two sets contain only RNAs and were 
generated by the following approach. 

In the first step, we generated pairwise sequence align-
ments for all possible pairs of RNA structures deposited 
in PDB and computed a matrix of relevant similarity 
scores. For that purpose, we used the MUSCLE soft-
ware (Edgar, 2004; http://www.drive5.com/muscle/) 
which accepts FASTA files as input. Be aware of the 
fact that the FASTA sequences stored in the PDB da-
tabase sometimes differ from the sequences contained in 
the structure files (in particular if we consider a specific 
chain). Thus, we extracted sequences of the RNA mole-
cules directly from the files containing structures (*.pdb) 
by means of a self-written Python script. This script gen-
erates one FASTA sequence file for each chain of mol-
ecules stored in a particular pdb file.

In the second step, based on the above mentioned 
matrix of sequence similarities, we constructed two 
sets of molecules. The first one contains all the pairs 
of structures having 100% sequence similarity and the 
second one consists of all the pairs of structures with 
sequence similarity over or equal to 90%, but less than 
100%. Relations between pairs of molecules from each 
set had been depicted in the form of a graph (see Sup-
plementary Data for details). Molecules are denoted by 
vertices which are labelled using relevant PDB IDs. 
Edges connect the molecules (denoted by vertices) with 
a similarity score over the defined cut off. It is worth 
noting that in case of both datasets we obtained graphs 
containing disjoint subgraphs.

The results of procedures described above for both 
sets are presented in the Supplementary Data (at www.
actabp.pl). From the first set, containing pairs of se-
quences with 100% sequence similarity, the algorithm 
created 383 subgraphs. For the second set (sequences 
with similarity above 90%, but less than 100%) we ob-
tained 93 subgraphs. From both sets we chose one sub-
graph to show features of the presented tool.

Algorithm description. The tool presented here al-
lows to perform both, one-to-many and many-to-many 
sequence and structure comparisons. Our program uses 
PDB and Multi-FASTA files as input. On the basis of 
the data obtained and computational analysis, StructA-
nalyzer generates graphical interpretation of the results. 
The general workflow of StructAnalyzer is shown in 
Fig. 1.

In the first stage, our algorithm generates sequence 
alignment using the MUSCLE software. This alignment 

is the basis for further analysis. We can distinguish two 
general modes of comparisons: many-to-one (one se-
quence is treated as the reference one) and many-to-
many. Results of each mode are visualized in a different 
manner. 

In both cases (many-to-one and many-to-many) the 
algorithm selects corresponding fragments of sequences 
based on the sequence alignment. Selected fragments are 
aligned with corresponding fragments of the reference 
structure and the algorithm calculates their structural simi-
larity. RMSD is used as a measure of structural similarity. 
The program also allows merging of spatially neighbouring 
fragments into larger entities to increase the number of at-
oms used to perform the structural comparisons. To do 
this, the algorithm searches the spatial neighbourhood of 
each of the atoms of the previously obtained fragments. 
The scope of the spatial neighbourhood is restricted by 
the user defined radius (in Angstroms). The identified 
neighbours are added to the base fragment. Fragments ex-
tended by the added atoms are aligned and similarity of 
their structures is calculated.

In case of pairwise comparison, besides the previously 
described function, StructAnalyzer allows to perform a 
comparison of all fragments with a predetermined length 
of one molecule, to fragments (with the same length) of 
another molecule. The predetermined length is further 
referenced as the frame.

Table 1. Molecules’ PDB IDs and general description

PDB ID Description from PDB database

2O3X Crystal structure of the prokaryotic ribosomal decoding site complexed with paromamine derivative NB30

3BNT Crystal structure of the homo sapiens mitochondrial ribosomal decoding site in the presence of [CO(NH3)6]CL3 (A1555G 
mutant, BR-derivative)

1FYO Eukaryotic decoding region A-site RNA

Figure 1. StructAnalyzer workflow. 
The scheme presents the most important steps of the analysis 
performed by StructAnalyzer. 
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RESULTS AND THEIR REPRESENTATION

StructAnalyzer allows the user to save their results to a 
.csv file but its undeniable advantage is an ability to visual-
ize them. For global alignment of structures, our tool pre-
sents the results using heat maps and a linear diagram (see 
Fig. 2). The linear diagram is particularly useful for com-
paring a sequence with low similarity or discontinuous frag-
ments. In local alignment, we need to consider two cases. 
The first one is when dealing with large gaps in the align-
ment is necessary. The results can be visualized as a linear 
alignment with scores for each fragment determined indi-
vidually. The second considered case is a situation when the 
local alignment is determined using a previously described 
frame. In this case, the results are shown on a heat map.

DISCUSSION

In order to show the capability of our tool, we con-
ducted analysis for the three previously described sets. 
For each set, the StructAnalyzer determined the RMSD 
value for all molecules by performing both, a local and 
global alignment. 

The first set consists of two protein structures differing 
in a single amino acid: 2KDM and 2KDL (Fig. 3). For 
molecules with such high sequence similarity, the results are 
surprising. The heat map (Fig. 4) for the global comparison 
shows the RMSD value is above 12 Angstroms. If we con-
sider local comparison of this structures (Fig. 5), we can see 
some resemblance at the diagonal (or regions close to the 
diagonal) of the heat map. As we can easily deduce, high 
similarity scores at the diagonal indicate the identity of lo-
cal structures for alignment under consideration, while simi-
larities at the regions surrounding the diagonal can signal 
potential mismatches in the proposed alignment. The case 
under consideration shows that even a point mutation can 
influence the structure and function to a large extent. From 
the perspective of function, it is worth to stress that both 

proteins have affinity to bind 
different molecules (see Ta-
ble 2).

The second set con-
sists of six RNA structures. 
As shown in the heat map 
(Fig. 6), the RMSD values 
within the set range from 0.5 
to about 4 Angstroms. The 
results are quite unexpected 
considering the sequence 
similarity in the presented 

collection (equal to 100%). It is easy to spot, in that case, 
how large influence on the structure of the RNA the en-
vironmental conditions have. In order to demonstrate fac-
tors affecting the development of the analysed molecules, 
a brief description (extracted from PDB) of the structures 
has been gathered in Table 3. Despite large differences at 
the level of global alignment (see Fig. 6), it is worth to take 
a look at the differences at the local level. The results of 
the local alignment are presented in heat maps (see Figs. 7 
and 8), generated for the structure pairs 2CD3 and 2CD6 
(with the frame sizes equal to 5; Fig. 7; and 7; Fig. 8). As 
we can see, at the local alignment level there are many frag-
ments with either good or very bad RMSD values. Based 
on these results we can deduce that despite big differences 
between the molecules observed from a global perspective, 
when we consider the local perspective, e.g. smaller frag-
ments of structures, we can find many similarities. These 
similar fragments in globally different structures can stand 
for conservative regions which are characterized by low 
volatility and may determine similar functions of the con-
sidered molecules. On the other hand, sequence fragments 
which in many structures are characterized by a significant 
diversity, may designate potentially disordered regions. An-
other example of local comparison is presented in a heat 
map (Fig. 9) for the 1F7G and 1F7I structures (Fig. 10). In 

Figure 2. Example of a linear alignment for 1fyo molecule against other structures (Table 1) in 
the set of molecules with sequence similarity 70%.

Figure 3. 2KDL (left) and 2KDM (right) spatial structures.

Figure 4. Heat map for global comparison of 2KDL and 2KDM 
structures.
The value of RMSD determines the colour.

Figure 5. Heat map for structures (PDB IDs = 2KDL, 2KDM) dif-
fering by only one amino acid. 
The heat map was generated by using a frame size equal to 15.
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this case, at the diagonal (and near the diagonal) of the heat 
map we can see similar and dissimilar fragments. Dissimi-
larities can be the result of a metal (cobalt) presence during 
the structure determination process of the 1F7G molecule. 
This case shows how the environment can influence fold-
ing of the structure and also how even small structural dif-
ferences at the local level can change overall fold of the 
analysed molecule.

The third set contains 3 RNA structures. Sequence simi-
larity between molecules that were at the edges of the sub-
graph containing the analysed structures are shown in Ta-
ble 4. As in the previous example, despite high sequence 
similarity we can observe significant structural differences 
between all molecules (see Fig. 11). From the analysis of lo-
cal comparison we can see a huge range of RMSD, from 0 
to almost 6 Angstroms. It is worth noting the obvious fact 
that in the case of the analysed molecules, the best RMSD 
values for the fragments compared  are most frequently lo-
cated at the diagonal of the presented heat map (see Fig. 
12). Consideration of values outside of the diagonal may be 
useful in detection of misalignments and when we look for 
reoccurring local spatial motifs between the analysed mol-
ecules – e.g. larger or smaller affinity for the sequence to 
adopt some spatial structure.

CONCLUSIONS

StructAnalyzer is a new, promising tool for structural 
analysis of RNA and proteins. This tool is still under ac-
tive development, and thus new features will be incor-
porated shortly; this tool will be available for the general 

Table 2. Molecules’ PDB Ids, general description and classification

PDB ID Description from PDB database Classification

2KDM NMR structures of GA95 AND GB95, two designed proteins with 95% sequence 
identity but different folds and functions IGG binding protein

2KDL NMR structures of GA95 AND GB95, two designed proteins with 95% sequence 
identity but different folds and functions Human serum albumin binding protein

Table 3. Molecules’ PDB IDs and general description

PDB ID Description from PDB database

1F6Z Solution structure of the RNAse P RNA (M1 RNA) P4 stem C70U mutant oligoribonucleotide

1F7I Solution structure of the RNAse P RNA (M1 RNA) P4 stem C70U mutant oligoribonucleotide complexed with cobalt (III) 
hexamine, NMR, ensemble of 12 structures

1F7G Solution structure of the RNAse P RNA (M1 RNA) P4 stem C70U mutant oligoribonucleotide, ensemble of 17 structures

1F79 Solution structure of RNAse P RNA (M1 RNA) P4 stem C70U mutant oligoribonucleotide complexed with cobalt (III) hexam-
mine, NMR, minimized average structure

2CD3 Refinement of RNAse P P4 stemloop structure using residual dipolar coupling data – C70U mutant

2CD6 Refinement of RNAse P P4 stemloop structure using residual dipolar coupling data, C70U mutant cobalt (III) hexammine 
complex

Figure 6. Heat map for all molecules against each other. 
The value of RMSD determines the colour.

Figure 7. Heat map for structures (PDB IDs = 2CD3, 2CD6) with 
the same sequence. 
The heat map was generated by using a frame size equal to 5.

Figure 8. Heat map for structures (PDB IDs = 2CD3, 2CD6) with 
the same sequence. 
The heat map was generated by using a frame size equal to 7.

Figure 9. Heat map for structures (PDB IDs = 1F7G, 1F7I) with 
the same sequence. 
The heat map was generated by using a frame size equal to 7.
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public (structanalyzer.cs.put.poznan.pl). In the current 
release it can perform both, global and local structure 
comparisons on the basis of sequence alignment and 
visualize the obtained results in an attractive manner. 
The presented approach enables to examine, for exam-
ple, how different conditions or sequence differences af-

fect development of the structures. Moreover, a visual 
representation of the results makes them much easier 
to interpretate. Global comparison of structures shows 
us, in general, if there are any differences. In large sets 
of structures it allows us to screen through the whole 
set, so there is no need to examine the structures one 
by one, and it immediately indicates where and how big 
these structural differences are. After global comparison, 
we can decide for which structures we want to run the 
comparison locally or we can terminate the job. Results 
of local comparison provide us information about in-
fluence of the local differences, like point mutations or 
deletions, on the global shape of the molecule. Those 
results also allow identification of potential conservative 
or disordered regions. Another important feature of the 
tool presented here, is support for parallel processing 
which significantly reduces the duration of analysis.
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