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The  secondary  structure  of  RNAs  can be  represented  by graphs  at various  resolutions.  While  it  was
shown  that  RNA  secondary  structures  can  be  represented  by coarse  grain  tree-graphs  and  meaning-
ful  topological  indices  can  be used  to  distinguish  between  various  structures,  small  RNAs  are  needed
to  be  represented  by full  graphs.  No  meaningful  topological  index  has  yet  been  suggested  for  the anal-
ysis of  such  type  of  RNA  graphs.  Recalling  that  the  second  eigenvalue  of  the  Laplacian  matrix  can  be
used  to  track  topological  changes  in  the  case  of coarse  grain  tree-graphs,  it is plausible  to  assume  that
a  topological  index  such  as the  Wiener  index  that  represents  all  Laplacian  eigenvalues  may  provide
a  similar  guide  for full  graphs.  However,  by its original  definition,  the  Wiener  index  was  defined  for
mall RNA graphs acyclic  graphs.  Nevertheless,  similarly  to cyclic  chemical  graphs,  small  RNA  graphs  can  be  analyzed
using  elementary  cuts,  which  enables  the  calculation  of topological  indices  for  small  RNAs in an  intu-
itive  way.  We  show  how  to  calculate  a  structural  descriptor  that  is suitable  for  cyclic  graphs,  the  Szeged
index,  for  small  RNA  graphs  by  elementary  cuts.  We  discuss  potential  uses  of such  a  procedure  that
considers  all  eigenvalues  of the associated  Laplacian  matrices  to quantify  the  topology  of small  RNA
graphs.
. Introduction

One of the significant issues in modeling an RNA molecule is on
ow to represent its secondary structure in a simplified yet useful
anner. Several approaches have been devised, among which three
ajor historical ones are the full graph representation where each

ucleotide is a node (Waterman, 1978), a coarse grain tree-graph
epresentation where each motif is a node (Shapiro, 1988), and a
ull tree leading to a homeomorphically irreducible tree (Fontana
t al., 1993). All of these types of representation have been imple-
ented in the Vienna RNA package (Hofacker et al., 1994) while the

rst one has been instrumental in the early development of fold-
ng prediction algorithms (Smith and Waterman, 1978; Nussinov
t al., 1978; Zuker and Stiegler, 1981). This full graph representa-
ion where each nucleotide is a node is equivalent to a dot–bracket
epresentation in the Vienna RNA package (Hofacker et al., 1994;
ofacker, 2003) and a ct file in mfold (Zuker, 1989, 2003).

In the context of RNA secondary structure, coarse grain tree-
raphs have been used in a variety of ways (Shapiro, 1988; Le et al.,

989; Benedetii and Morosetti, 1996; Barash, 2003; Churkin and
arash, 2006; Shu et al., 2006, 2008). They can also be generalized
o abstract shapes (Giegerich et al., 2004). In Shapiro (1988) and Le
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476-9271/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.compbiolchem.2012.10.004
© 2012  Elsevier  Ltd.  All  rights  reserved.

et al. (1989), the coarse grain representation of an RNA secondary
structure was suggested, which was later called Shapiro’s repre-
sentation in the Vienna RNA package. In Benedetii and Morosetti
(1996), topological indices were first suggested to be used for coarse
grain tree-graphs. In Barash (2003), it was found that the second
eigenvalue of the Laplacian matrix can provide a similarity measure
for differentiating between various tree-graph topologies. This can
be exploited when filtering candidates in the process of deleterious
mutation prediction, which was used in the corresponding predic-
tion software RNAmute (Churkin and Barash, 2006). In Shu et al.
(2006) the RDMAS webserver was developed suggesting several
topological indices for estimating mutational deleteriousness. Sub-
sequently, in Shu et al. (2008),  a detailed study of topological indices
was carried on a newly suggested coarse grain representation called
element-contact graphs. It should be noted that mathematical the-
orems by Fiedler (1973) and Merris (1987) were shown useful for
the estimation of how the coarse grain tree-graph representing an
RNA secondary structure is shaped. However, the coarse grain tree-
graphs are not informative enough when dealing with small RNAs.
For those, and in general for RNA graphs, it was first suggested by
Merris in a personal communication to examine the Wiener topo-
logical index (Wiener, 1947) that provides information about the

complete spectrum of the Laplacian matrix and not only its sec-
ond eigenvalue. Interestingly, Merris (1989) has shown that the
Wiener topological index can be calculated by the complete spec-
trum of the Laplacian matrix. For more information on the field of

dx.doi.org/10.1016/j.compbiolchem.2012.10.004
http://www.sciencedirect.com/science/journal/14769271
http://www.elsevier.com/locate/compbiolchem
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Table 1
Steps taken for calculating the Szeged number for the simple structure example
depicted in Fig. 1. Its sequence and secondary structure in dot–bracket notation
appear below the table.

C r n(R′
0) n(R′′

0) r × n(R′′
0) × n(R′′

0)

C1 1 1 12 12
C2 1 2 11 22
C3 2 5 8 80
C4 2 7 6 84
C5 2 10 3 60
C6 2 10 3 60
C7 4 7 6 168
C8 1 12 1 12
6 A. Churkin et al. / Computational B

opological indices, the interested reader is referred to some recent
extbooks (Devillers and Balaban, 1999; Karelson, 2000; Todeschini
nd Consonni, 2009). The Wiener number, by its original definition,
oes not deal with cyclic graphs, as in the case of the full RNA graph
epresentation where each node represents a nucleotide. It was
nly later redefined for any kind of graphs (Hosoya, 1971). A topo-
ogical index called the Szeged index (Gutman, 1994), being closely
elated to the original definition of the Wiener index (Wiener, 1947)
nd able to deal with cyclic graphs, is proposed here instead for the
reatment of small RNAs. Suggesting this procedure, we  show how
o calculate the Szeged number for small RNA switches. We  also
rovide a preliminary check that this number can potentially be
sed for the classification of small RNA families. More biological
pplications can be thought of, such as in searching for small RNAs
ith certain structural properties, in conjunction with other struc-

ural descriptors. For example, as a potential supplement to the
engths of stem and hairpin loop regions used in RNAmicro (Hertel
nd Stadler, 2006). The elementary cuts provide an intuitive mean-
ng concerning how the proposed structural descriptor is calculated
y the described procedure.

. The definitions of Wiener index and Szeged index

The Wiener index (Wiener, 1947) is a molecular graph based
tructural descriptor that has been thoroughly investigated in
umerous works. By its introductory definition, it is a number that

s equal to the sum of distances between all pairs of vertices of
he respective molecular graphs. There are various other ways to
xpress the Wiener index (e.g., Mohar and Pisanski, 1988), one of
hich will be presented here. Interestingly, in the late 1980s it
as discovered (Merris, 1989) that the Wiener index can also be

xpressed by means of the sum of the reciprocals of the Laplacian
raph eigenvalues. Thus, the Wiener index captures the complete
pectrum of the Laplacian matrix corresponding to the molecular
raph. For acyclic molecular graphs (trees), Wiener outlined a sim-
le method for calculating W (Wiener, 1947). Let e be an edge of an
cyclic molecular graph G. Let n1(e|G) and n2(e|G) be the numbers
f vertices of G lying on two sides of the edge e. Then,

(G) =
∑

e ∈ E(G)

n1(e|G)n2(e|G) (for an acyclic molecular graph G)

here E(G) denotes the set of edges of the graph G. In Gutman
1994) and Gutman and Klavžar (1995),  this way of calculating W
as been extended to cyclic graphs by generalizing the interpreta-
ion of n1(e|G) and n2(e|G), introducing a new structural descriptor
alled Szeged (Sz) that is calculated by:

z(G) =
∑

e ∈ E(G)

n1(e|G)n2(e|G) (for a cyclic molecular graph G)

Since then, in several articles it was shown how to calculate
he Szeged index for various chemical systems. For example, for
enzenoid systems, a way of calculating the Szeged index has been
eveloped in Gutman and Klavžar (1995):

z(B) =
∑

C

r(C)n(B′(C))n(B′′(C)) (for a benzenoid molecular graph B)

here C is an elementary cut, which divides the benzenoid system
 into two subgraph components B′(C) and B′′(C), and C intersects
(C) distinct edges of B. The summation goes over the complete
et of elementary cuts. The integers n(B′) and n(B′′) are the num-

er of vertices of the fragments B′ and B′′, respectively, where
(B′) + n(B′′) = n(B). If e is an edge intersected by C, a lemma  out-

ined in Gutman and Klavžar (1995) stating that n1(e|B) = n(B′) and
2(e|B) = n(B′′) was developed, showing that the above formula
Szeged = 498.

AUAUCGUAAGAUC 
..(((....))).

provides a straightforward way  to calculate the Szeged index of
benzenoid systems.

3. Calculation of the Szeged index of RNA graphs from
elementary cuts

By using the analogy to benzenoid molecular graphs, we  can
now describe a simple method to calculate the Szeged index for
small RNA full graphs. The method relies on laying out the RNA in a
secondary structure drawing where each node in the graph repre-
sents a nucleotide and the edges represent backbone connectivity
and base pair interactions, as in Waterman (1978).  Because there
are many possible ways that an RNA secondary structure can be
drawn, we choose a particular way  that is legitimate, simple, and
adheres to symmetry in the drawing. It consists of single stranded
and double stranded RNA elements possessing the following fea-
tures: single stranded ends of the molecule (the 5′ and 3′ ends)
appear as horizontal linear RNA tails; double stranded areas of the
RNA molecule appear as vertical helices, starting from the bottom
at the level of the horizontal linear RNA tails mentioned above; sin-
gle stranded areas appearing not at the 5′ or 3′ ends of the molecule
(i.e. bulges and loops) appear as equiangular shapes.

A simple RNA secondary structure drawn in the way described
above and its graph representation are depicted in Fig. 1. An
elementary cut, similarly to its introduction for benzenoid hydro-
carbons, is defined as follows. Choose an edge e of the RNA graph
representation and draw a straight line through the center of e,
orthogonal on e. This line will intersect the perimeter in two points
P1 and P2. The straight line segment C whose end points are P1 and
P2 is the elementary cut, intersecting the edge e. The line C inter-
sects all edges that lie between P1 and P2, including the two  edges
on the perimeter to which P1 and P2 belong. Elementary cuts for an
RNA graph are illustrated in Fig. 1. It is useful to note that the set
of elementary cuts of an RNA graph R involving all the edges of R
constitutes a complete set of elementary cuts that possesses fewer
elements than there are edges in R.

The algorithm for the calculation of the Szeged index of an RNA
graph can now be formulated as follows:

Sz(R) =
∑

C

r(C)n(R′(C))n(R′′(C)) (for an RNA molecular graph R)

where C is an elementary cut, which divides the RNA graph into two
components R′(C) and R′′(C), and C intersects r(C) distinct edges of
R. The summation goes over the complete set of elementary cuts.

As an illustration of the algorithm, Sz(R) is calculated for
the simple RNA graph provided in Fig. 1. Table 1 lists the ele-

mentary cuts and the corresponding terms in the right hand
side of the formula above. Summing for all elementary cuts,
Sz(R) = 12 + 22 + 80 + 84 + 60 + 60 + 168 + 12 = 498 is obtained. Notice
that the largest term value, 168, appears for the elementary cut
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ig. 1. A simple RNA secondary structure and its full graph representation. The lab

7 that traverses four edges. We  can then carry out this proce-
ure for small RNA graphs containing stem-loops and bulges, with
he exception of more complicated secondary structure motifs such
s multi-branch loops that rarely appear in the structure of small
NAs. For larger RNAs and multi-branch loops, it is advised to work
ith coarse-grain graphs as noted in Section 1. Because, as noted

bove, there are only a few small RNAs containing multi-branch
oops (e.g., we do not consider tRNAs to be small RNAs, those can
uccessfully be represented by a coarse-grain tree graph that is a
tar of five vertices as was illustrated, for example, in Barash, 2004),
e do not find an extension to multi-branch loop to be critical

or the potential Szeged uses in the realm of small RNAs. In the
ase where the loop has an odd number of nucleotides, the straight
ine orthogonal to an edge that constitutes an elementary cut only
elongs to that edge. It is only counted once for its edge regardless

f this line intersects a vertex in its continuation or is continued
utside the loop.

A more realistic example for the Szeged calculation is the RNA
ingle-point mutation conformational switch depicted in Fig. 2
sing jViz.Rna (Wiese et al., 2005). It is analyzed with graphs and
uts in Fig. 3. It is possible to observe in Fig. 2 that the sequence
f the two conformations is almost identical except for a mutation
n position 14 in the sequence (in one sequence the nucleotide C
ppears, while in the other U appears). Although the two  primary
tructures are almost identical, their predicted secondary struc-
ures possess two entirely different conformations. This artificial

mall RNA switch example, for which the sequence and structure
nformation is given in Fig. 2, was taken from Avihoo et al. (2007).
ollowing the elementary cuts drawn in Fig. 3, Table 2 lists all the
lementary cuts and the corresponding terms in the right hand side

ig. 2. An example of a small RNA single-point mutation switch. To the left, an RNA sequ
o  the right, a single-point mutation is indicated in the sequence along with its predicted 

′ ends are indicated on all sequences and structures. Secondary structure drawings were
lementary cuts that are used in Table 1 for calculating the Szeged index are drawn.

of the formula above for calculating Sz(R). First, for clarifying a cer-
tain point, it is noted that cut C14 (right) does not coincide with cut
C9 (right), as the term “perimeter” above is used to eliminate such
cases. In other words, the graph that represents the RNA secondary
structure is first decomposed into so called blocks, i.e., induced
sub-graphs that are either edges or maximal 2-connected compo-
nents. Second, notice that as expected, the largest term value, 4125,
appears for the elementary cut C24 (right) that traverses eleven
edges. This makes the Szeged number of the conformation drawn
in the right hand side of Fig. 3 larger than for the conformation
drawn in the left hand side, and the difference in Sz(R) can be used
as an indication for a small RNA structural switch. In this example,
as well as in possibly aiming to analyze and differentiate between
Medloop RNA constructs (Kladwang et al., 2011), or distinct con-
formations of bistable small RNAs (Höbartner and Micura, 2003),
the use of a coarse grain tree-graph representation and the alge-
braic connectivity is much less informative than the use of a full
graph representation and the Szeged index as a structural descrip-
tor. It is also possible to use the two  in conjunction on these separate
types of graph representation, to avoid degeneracy cases if only one
descriptor is used on one type of graph representation, as suggested
in Section 4.

4. Results and discussion

As a preliminary check to verify that the Szeged index of a bio-

logically relevant family of small RNAs is different than that of
random RNAs, the following procedure was  used. A sample of 7500
microRNA precursors was collected from miRBase (Griffiths-Jones
et al., 2008), which is a database for microRNAs. The 7500 sequences

ence is given along with its predicted secondary structure by energy minimization.
secondary structure that is highly distinct from the initial conformation. The 5′ and

 performed using jViz.Rna 2.0 available at http://jviz.cs.sfu.ca.

http://jviz.cs.sfu.ca/
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ig. 3. The RNA graphs corresponding to the RNA single-point mutation switch dep
n  Table 2 are drawn.

athered from the complete database were chosen without any
pecial preference, except that the very few ones containing a
ulti-branch loop in their predicted secondary structure by energy
inimization software (Hofacker, 2003; Zuker, 2003; Mathews

t al., 1999) were filtered out. The reason for the exclusion of multi-
ranch loops was mentioned in the previous section; there are
arious possibilities to extend the procedure of calculating Sz(R) for
ulti-branch loops, but we do not find this to be critical for dealing
ith small RNAs of the size in which coarse grain graphs are not

nformative enough. Next, a shuffling procedure preserving dinu-
leotide distribution was used on all microRNA sequences found in
riffiths-Jones et al. (2008).  These sequences were shuffled three

imes, each time an independent shuffle attempt was used. In three
eparate attempts, all sequences were subjected to folding predic-
ion by energy minimization and after the multi-branch loops were
ltered out, there remained a collection of 7500 random sequences

or which the Szeged numbers were calculated. This is also the
eason why specifically 7500 microRNA sequences were collected

rom miRBase to begin with, for convenience, without loss of gen-
rality. The results that were obtained are shown in the histogram
isplayed in Fig. 4. Clearly, the Szeged numbers that characterize
icroRNAs are different than that of random RNAs.

ig. 4. A histogram for the Szeged numbers of a sample of 7500 microRNAs (natu-
al  RNAs) vs. 7500 random RNA structures obtained by a shuffling procedure. The
icroRNA sequences were shuffled three times, each time a different shuffle attempt
as  used.
in Fig. 2. The labeled elementary cuts for calculating the Szeged index that are used

Concerning the merits of the Szeged index as a similarity mea-
sure, it should be noted that the measure does not represent a
metric and it is not unique in the sense that two different secondary
structures may  have the same result. However, unlike an obvious
similarity measure that suggests a count of base pairs, the Szeged
index for RNAs is topology-aware whereas the count of base pairs
is not. To illustrate this point, Fig. 5 provides a simple example in
which a count of base pairs produces the same result for two  sec-
ondary structures that are topologically different. An internal loop
was added to the right structure in comparison to the left struc-
ture, while retaining the same number of base pairs and sequence
length (to compensate for the internal loop on the right structure,
the same number of nucleotides as in the loop were added to the
5′ and 3′-ends of the left structure). The calculated Szeged index
of the two  structures is different. While the number of base pairs
is a non-topological measure, the Szeged index observes topology
and considers the internal loop, which can likely be an important
structural motif in at least some cases in small RNAs.

With regards to the sensitivity of the method to changes in
structure, an illustrative example is given in Table 3. Starting from
the wild-type structure at the top (in dot–bracket notation), small
changes were introduced to the structure such as in breaking or
forming a base pair, and a more significant change of adding a motif
appears at the bottom. A change in one base pair without adding

or reducing a motif amounts to a difference ranging from about 4%
to 12% from the number’s original value, while a change in a motif
amounts to a difference of 20% from the original value. Although

Fig. 5. The Szeged topological index as a similarity measure vs. counting the number
of base pairs. The drawn structures contain the same number of base pairs, but their
Szeged number is different, because of the calculation procedure with elementary
cuts  that considers the additional internal loop in one of the structures.
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Table  2
Steps taken for calculating the Szeged number for the two structures of the RNA
switch example depicted in Fig. 3. Their sequence and secondary structure repre-
sentation in dot–bracket notation appear below each table.

C r n(R′
0) n(R′′

0) r × n(R′′
0) × n(R′′

0)

C1 1 1 39 39
C2 1 2 38 76
C3 1 3 37 111
C4 1 4 36 144
C5 1 5 35 175
C6 1 6 34 204
C7 1 7 33 231
C8 1 8 32 256
C9 1 9 31 279
C10 1 10 30 300
C11 1 11 29 319
C12 1 12 28 336
C13 1 13 27 351
C14 1 14 26 364
C15 1 15 25 375
C16 1 16 24 384
C17 1 17 23 391
C18 1 18 22 396
C19 1 19 21 399
C20 1 20 20 400
C21 1 21 19 399
C22 1 22 18 396
C23 1 23 17 391
C24 1 24 16 384
C25 1 25 15 375
C26 1 26 14 364
C27 1 27 13 351
C29 1 28 12 336
C30 1 29 11 319
C31 2 32 8 512
C32 2 34 6 408
C33 2 37 3 222
C34 2 37 3 222
C35 4 34 6 816
C36 1 39 1 39

Szeged = 11,064.

GAAAAUAAAAUCUCAAAUGGUCAAUAUAUAUCGUAAGAUC 
.............................(((....))). 

C1 1 1 39 39
C2 1 2 38 76
C3 1 3 37 111
C4 1 4 36 144
C5 1 5 35 175
C6 1 6 34 204
C7 1 7 33 231
C8 1 8 32 256
C9 1 9 31 279
C10 2 22 18 792
C11 2 24 16 768
C12 2 26 14 728
C13 2 28 12 672
C14 2 2 38 152
C15 2 19 21 798
C16 2 24 16 768
C17 2 26 14 728
C18 2 28 12 672
C19 2 30 10 600
C20 2 35 5 350
C21 2 35 5 350
C22 2 35 5 350
C23 2 35 5 350
C24 11 25 15 4125
C25 1 39 1 39

S

t
s
c
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Table 3
Sensitivity of the Szeged number to structural changes. Struc-
tures are reported in dot–bracket notation.

 degezS erutcurtS
(((((((((((....))))))))))) 4944 
(((.(((((((....))))))).))) 4394 
(((..((((((....))))))..))) 4238 
((((((((((......)))))))))) 4787 
((((.((((((.....)))))))))) 4464 
((((.((((((....)).)))))))) 4329 
((((..((((((....)))))))))) 4558 
.((((((((((....)))))))))). 4729 
((((((((((.....)))))))))) 4234 
(((((((((((...))))))))))) 4363.75 
(((((((((((.....))))))))))) 5358 
zeged = 13,757.

GAAAAUAAAAUCUUAAAUGGUCAAUAUAUAUCGUAAGAUC 
.........(((((..(((((........)))))))))). 

his is only an illustrative case and others may  somewhat vary, it
hows as expected that the method is moderately sensitive to a

hange in the structure and can distinguish between small changes
f breaking or forming a base pair and large changes of adding or
educing a secondary structure motif.
((((....))))..((((....)))) 3953 

Historically, in the field of molecular graphs, correlations were
found between the Wiener index and a large number of physico-
chemical properties of alkanes. Obviously, no such correlations are
expected to exist between topological indices of RNA secondary
structure graphs and the physico-chemical properties of the RNA
molecule. This was  also not motivated nor claimed in a recent
study (Shu et al., 2008) where topological indices were calculated
for larger RNAs using element-contact graphs, which are not as
informative as full graphs for the specific case of small RNAs. Never-
theless, relationships between generalizations of the Wiener index
for cyclic structures and structural properties of certain small RNAs
may  well exist. In the case of small RNA graphs, the analysis of
structure by elementary cuts is what may  bring potential uses to
topological indices for cyclic structures, without seeking relation-
ships with physico-chemical properties.

There are various ideas on how the Szeged index calculated by
elementary cuts can be applied in small RNAs research. Admit-
tedly, the shape of aromatic hydrocarbons has a clear theoretical
foundation whereas we  rely in our analogy on a particular sym-
metric drawing of the RNA secondary structure where equiangular
shapes are used. However, applications other than finding rela-
tionships between molecular physico-chemical properties and the
Szeged index can be thought of, which could be useful for the
search and analysis of small RNAs by bioinformatics means. First,
as examined above, in the classification and characterization of
various classes and families of natural RNAs. If each class or fam-
ily such as miRNAs, snoRNAs (small nuclear RNAs), segments of
terminators/anti-terminators of riboswitches, various segments of
RNA viruses, and the like can be identified by their own character-
istic curve as in Fig. 4, assistance in classification can be performed.
Second, the Szeged index calculated by elementary cuts is a topo-
logical descriptor that is suitable to the type of full graphs by which
small RNAs are represented. In this way, it can be used in con-
junction with other descriptors or similarity measures that are
applicable to coarse grain graphs in the search and analysis of var-
ious small RNAs, or at least in filtering unwanted structures more
efficiently. For example, together with the second eigenvalue of
the Laplacian matrix for coarse grain graphs, the Szeged number
for full graphs can be used to reduce the search space in looking for
small RNAs with certain topology by performing successive energy
minimization prediction runs with increments. Finally, there are
cases where a coarse grain tree-graph representation does not
provide enough information and a full graph is needed, such as in
the various RNA constructs that were experimentally analyzed in
Höbartner and Micura (2003) and Kladwang et al. (2011).  In these

cases, the topological index described that is calculated by elemen-
tary cuts with the outlined procedure provides an intuitive measure
that is indicative of the topology of small RNA graphs.
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