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Abstract

In the recent years, the big challenge which faces the world is the
lack of vaccines and drugs for viruses which appeared widely
with different families and serotypes, especially RNA viruses.
The high mutation and instability nature of RNA viruses prevent
the long life affect of the vaccines, for this reason a lot of
researches in RNA viruses structure and function have been
conducted to overcome this challenge. The deep understanding of
the virus in its life cycle, genome sequencing, second and
tertiary structure of the virus affect positively in solving the
addressed problem. This paper focuses on foot-and-mouth
disease virus (FMDV) which is considered one of the most
popular viruses in picornafamily, that is belonging to RNA
viruses' class, To be more accurate the paper concerned in IRES
region only, which is crucial to exploring and deciphering the
initiation mechanism of translation and replication of the virus. It
is notable that: the most researches in this area have been
conducted in vitro, and few researches in computational. This
paper introduce a survey for the computational efforts in IRES
region of FMDV and suggests some novel research points which
can be investigate in future.

Keywords: IRES, RNA virus, viral replication, FMDV, IRES
database, RNA prediction.

1. Introduction

Its well known that viruses are contagious agents and
cannot replicate without the presence of the host cell, and
also have evolved mechanisms to achieve the replication
process in an efficient way [1]. The host cell is differ from
virus class to another, where viruses can be classified into
many types, each of which has its own families of viruses,
which in turn have differing replication strategies
themselves . Also viruses classified to DNA viruses and
RNA viruses, and its notable that , RNA mutation level is
higher than DNA mutation level, and DNA viruses are
stable while RNA viruses are unstable, so the low rate of
mutation in DNA explain why vaccines of DNA viruses
work effectively throughout the years and RNA vaccines
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not like that, and also explain the importance of research
in RNA viruses structure and function[2]. RNA viruses
can folded in many junctions and protein synthesis of an
RNA template started by two different known mechanisms:
cap-dependent translation initiation and cap-independent
translation initiation, The latter called internal ribosome
entry sites (IRESs) that are found in both viral RNAs and
cellular mRNAs [3]. This paper produced a review to the
research in a specific part of RNA virus, which the
replication of the virus start from it, it is the IRES region,
focusing this survey on the most popular viruses in
picornafamily, which is belonging to RNA viruses' class,
is FMDV, where picornaviridae are a large family of
human and animal RNA viruses[31], and FMDV is an
acute, infection, systemic disease of domestic and wild
cloven-hoofed animals including cattle, pigs, sheep, goats,
buffalo and various wildlife species and this dangerous
dieses considered one of the fastest growing of all animal
viruses and one of the most contagious animal diseases,
with a large economic impact [5, 6, 7, 8]. We are excited
and have a great motivation to accomplish this paper
because FMDV utilizes non-canonical translation initiation
for viral protein synthesis, by forming a specific RNA
structure (IRES)[9, 10, 11] and IRES elements direct cap-
independent internal initiation of protein synthesis within
mammalian cells[9], so the good understanding of viral
RNA sequence conservation and variability and genetic
diversity in nature will likely impact our understanding of
FMDV infections, host range, and transmission [12].This
paper organized the related works of IRES in FMDV in
the computational side, explained the different research
perspectives and results of each research in this point,
showing the consists of IRES region, important domains in
this region, IRES structure and how the structure affects
the function, popular databases, tools and programs in
domain elements that the researcher can use in this point
of research.

2. IRES importance and crucial function
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May this paper need to answer an important dual question
before the reader decide to go ahead of complete reading
all this survey paper or not, what is IRES? , and why this
region especially in RNA the researchers gave it extra
attention? Yes it's good and logic question, and the answer
will orient the importance of this review paper. Before the
answer we want to memorized that the initiation of
translation is the key step of protein synthesis, and this
operation is performed through two basic mechanisms
govern translation initiation in eukaryotic mRNAs, the
cap-dependent initiation mechanism that operates in the
great majority of mMRNAs and the internal ribosome entry
site (IRES)-dependent mechanism[4]. From previous fact,
we can shortly answer the question above as , because
IRES region is crucial to exploring and deciphering the
initiation mechanism of translation and the replication of
the virus, where IRES contains some crucial domains
which necessary to complete replication process [9,13],
and also contains some conserved motifs which are
essential for IRES activity to start its functions in initiation
and replication [14,15]. Added to the previous answer , the
different mechanisms used by IRESs are reflected in their
structural diversity, which motivate some researchers to
develop a model linking IRES function to structure and the
understanding of the 3D structural aspects of RNA
junctions in IRES’s domains are essential to decode the
mechanism of IRES-driven translation, where the global
conformation of the IRES second structure is ineligible to
accomplish this task [9]. Biological researches concluded
that the viral IRES is known and characterized by its
ability to drive cap-independent translation, but the origin
of the IRES and the context in which it functions can vary
dramatically due to the relation between function and
structure[3,16], and thus although the secondary structure
of IRES has been predicted, little information on the
tertiary structure are available[17] , and this lead us to say
that : the knowing of picornavirus IRES-interacting
proteins is essential to drive internal initiation of
translation, and consequently make a great progress [1].
Also the creation of specialist database for IRES to store
the novel IRES serotypes, where the list of unknown
IRESes is certainly still very large, can be considered a
good indicator to the importance of IRES and explain the
reason of researcher's interest [18] and because IRES
found in genetically distant mMRNAs seem to be organized
in different RNA structures, the definition of the structural
requirements for IRES activity is challenging [19], so
IRES progress and other RNA research like RNA tertiary
motifs discovery and applications of graph theory
approaches to RNA structure and function, can be
combined to impact many problems in RNA structure and
function and achieve a progress in our life at all [20] .
RNA is the bimolecular cousin to DNA and protein[21],
and the suggestion of "Anything that DAN can do, RNA
can do better ", and the behaviour of RNA that mimic
DANA[21] can explain the importance of RNA in biology
dogma, however though recently there are many 3D
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prediction programs but computational programs cannot
predict multiple RNA junction structures well[22].

3. IRES composition in FMDV

Internal ribosome entry site (IRES) elements were first
identified about 25 years ago within the 5’ untranslated
region of picornavirus RNAs [23]. Viral IRESs are
classified into four major structural groups, which vary in
size (from 460 or 450 - to 270 nt). IRES region have
different and complex secondary structures and distinct
requirements for cellular proteins to allow them to
function, each group from those four uses a different
mechanism for initiation. Although sequence variation
between those IRESs can reach 50%, a similar overall
structure is maintained by compensatory base changes in
helical elements [24, 25].

The laboratory tests discovered that, the composition of
IRES region differs from virus family to another, for an
example the hepatitis C virus which is belonging to
Flavivirus family, internal ribosome entry site (IRES)
element contains four domains, but in our reviewed family,
picornavirus as FMDV, IRES consists of ~ 450 nt and can
fold in multiple stem-loops organized in five domains as
presented in figure 1. IRES domains differ in size and
functions, where some domains are bigger than others;
also recent biochemical data have suggested that some
domains produce some activities more important than
others, because IRES domains contain loops, junctions,
hosted proteins to directed translation as (elFs) and (ITAFs)
factors, and also contain motifs like GNRA and RAAA
motif [9], where these motifs are critical for IRES
function[10, 26] , and some of those motifs are responsible
for factors interaction, to enable and help the initiation
factors to do their activities with IRES[13], so the
difference of size and contents of each domain in IRES
reflect the difference in their functions.
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Fig. 1 Simple figure to the five domains of IRES region in FMDV,
explain the differ in size and shape between domains [13,25].

4. IRES importance domains

IRES in FMDV is a relatively long RNA region, exceed
~450 nucleotides that are predicted to fold in five domains
(named 1 to 5). The central domain in IRES is domain 3 in
picornavirus [14], and domain 2 in Flavivirus. Domain 3
in IRES consists of 2 regions, apical region and basal
region, but the two regions not in the same level of
importance. Apical region is the functional region which
includes the conserved motifs of IRES region. As shown
previously, that domain 3 of the FMDV IRES is essential
to establish functional interactions with elF4GI [13, 27],
also domain 5 is important because it holds the preferential
binding site for elF3, although this complex initiation
factor can establish multiple contacts with the IRES
structure [13].

Steady RNA-RNA interactions between separated
domains (1-2, 3, 4-5, or HH) of the IRES structure in
FMDV are performed and all the domains were able to
interact with the full-length IRES as well as with domain
3 , also formation of domain 3 homodimer competed with
formation of hetero complexes with other domains and
under a specific degree of temperature complexes between
domain 3 and 4-5 reaches to 50% [25]. Figure 2 presents
domain 3 in IRES region.
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Fig. 2 Domain 3 of IRES region in FMDV [9].

5. IRES conserved motifs and junctions

previous laboratory researches are proved that, eukaryotic
translation initiation factors (elF) play an essential role in
picornavirus IRES-dependent initiation, and the different
factors which involved in IRES operation are related in
function with some motifs, which necessary in RNA
folding operation[13]. Specifically, the apical region of
domain 3 includes two conserved motifs, GNRA and
RAAA motifs, where GNRA motif is common in folded
RNA. Conserved motifs may facilitate RNA-RNA or
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RNA-—protein interactions required to maintain the tertiary
structure needed for proper recognition of the IRES
element by the translational machinery [25]. RNA
junctions are "secondary-structure elements formed when
three or more helices come together" [28], and RNA
junctions provide a hub for different double-stranded
helical arms to come together [29]. RNA junctions are
placed in different family types, because nucleotide length
of RNA in a single strand and junctions have identified
structural patterns in coaxial stacking and that define the
different family types [9].

6. Different studies in domain elements

we can categorize the different researches in IRES region
into three categories based on the structure level of IRES
region, where some researches done on the first structure
(1D) of the IRES region but not for IRES only but to RNA
at all, and the analysis of the results introduced IRES
region as a very important region in RNA, the second
category done on the second structure (2D) of IRES, and
the last category deal with the third structure (3D) of IRES
region, but the research of this category are very rare with
respect to the second one, we summarize the previous
work of IRES in FMDV in figure 3. and in the following
sub-section we will present the different researches done
in the three categories.

FMDV Computational analysis

1D 2D 3D

2012: (#6) :

candidate RNA structure
for domain 3 of FMDV IRES
region.

1993:(#1): 2001:(#4):
|__|developed a clustering compared RNA—protein
technique to analyze FMDV |__interaction pattern of IRES
with that of the separated
domains to expain essential
interactions for IRES activity

evolution.

2005: (#2) :
2003 : ( #5):

functional analysis with RNA
probing to define IRES
structural organization

comparative genomics to
FMDV of complete
genome sequences of RNA

2008 : (#3):
construct SVM classifier to

determine the serotypes of
novel FMDV stains.
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Fig. 3 Tree for the computational research in FMDV.

i. First structure (1D) studies in FMDV

e At 2005 Carrillo and et.al produced a comparative
genomics to FMDV of complete genome sequences of
RNA followed by cDNAs of 133 isolates of the seven
serotypes of FMDV(A, O, C, Asial, SAT1, SAT2, SAT3),
30 from 133 are not previously fully sequenced [30], the
samples are obtained from several databases represents
more than 40 countries and the isolated samples from year
1947 to 2001, they aim from this analysis to produce a
deep analysis to RNA of FMDV, because the good
understand of  viral RNA sequence conservation,
variability and genetic diversity in nature will likely
impact our understanding of FMDV infections, host range,
and transmission. This research includes a lot of results of
their analysis as 58 % of the amino acids encoded by
FMDYV isolates are invariant , so the 42 % residues are
critical for virus biology , but here we focused on IRES
region results only, where they concluded that: FMDV
IRES sequences (positions 640 to 1151) showed 70 to 100%
nt identity in pair-wise comparisons, 47% invariant nt, and
numerous invariant motifs in the predicted secondary
structure domains, thus the approximately 500-nt FMDV
IRES, which is responsible for cap-independent
polyprotein translation is predicted to contain four
structural domains (domain 2 to 5) .

Discussion and suggestion of this research: make the
comparison not only on all genome of the FMDV, but also
focus the research in biology and computational field on
the IRES region only, to analyze and note the difference,
similarity between the different IRESs of the different
FMDV serotypes. And also from this survey we noted that
the research in the 1D of IRES in computational side are
rare and the efforts concentrated in biology side only.

« Identify the presence of new serotype or recombinants of
multiple serotype viruses, which are very common case for
FMDV can help in vaccines and understanding the
evolution of the virus , where evolution of the virus are
important issue from a long time ago. At 1993 JOAQUIN
DOPAZO and et.al developed a clustering technigue to
analyze viral evolution named "Split decomposition" to
analyze of FMDV evolution[31]. At 2008 Guohui and et.al
[32] produced a computational genotyping method to
determine the serotypes of novel FMDV stains, through
constructing SVM classifier and applying this classifier
with 98.45% accuracy, on 129 FMDV strains with known
serotypes as training strains to select the most serotype-
specific nucleotide strings using advanced feature
selection method to extract this serotype-specific
nucleotide strings instated of using whole genomes of the
strains. The big advantages of the proposed method that
its doesn't involve the high complexity stage of multiple
sequence alignments, and thus supports high throughput
genotyping and facilitate the disease control process once
the genotype is defined, also computational genotyping is
much faster and much cheaper than the wet-lab based
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biological experiments, specially by knowing that the
dissimilarity of nucleic acid in the protein coding region
among different serotypes of FMDV can be up to 54%[30].
Discussion and suggestion of this research: using one of
the optimal algorithms as PSO to extract features from
RNA of the FMDV may enhance the prediction of the new
serotypes of the virus, especially if we add some additional
factors out of the sequence like the temperature and
humidity of the country witch the tested serotypes isolated
from it. also we suggested that to apply the proposed
classifier on different data to test the over-vetting of this
classifier.

ii. Second structure (2D) studies in FMDV

Researchers give the 2D structures a big importance and
this type of research is the biggest number of research
between the other types mentioned in this paper. some
studies concern on a special twist of secondary structural
elements named pseudoknot, others concern on different
loops existed in IRES regions and some studies focused on
the important motifs involved in IRES region to
demonstrate the critical role of this motifs in IRES activity
and function

A. Pseudoknot is RNA structure that is found in almost all
classes of RNA and several viral [33,34,35], and
pseudoknot can be considered super-secondary structural
elements [21, 36], because pseudoknot motifs are
produced from a special twist of secondary structural
elements. The interplay between the loops and the helical
stems determine the pseudoknot stability and folding, and
because RNA pseudoknots play an pivotal and
indispensable role in the structures and functions of many
RNAs as translation process of many viruses like FMDV,
pseudoknots are now  prevalent motif with diverse
functions in various biological processes and directly
related to the folding stability and the conformational
changes[37] which related to RNA region specially the
viral pseudoknots and their role in virus gene expression
and genome replication[34] and also the affects of
pseudoknot on IRES activity [35].

« At 2006 Song Cao and et al. produced a model to predict
pseudoknot folding, and they validated their model
through large experimental tests both for the original
structures and for the folding thermodynamics. They
discuss the big challenge which face the folding prediction
for the pseudoknot, which are the energy parameters and
entropy parameters, and produced a promising solution for
this challenge though computing the free energy
landscapes and the base pairing probability at different
temperatures. They concluded that the pseudoknot free
energy can be computed as the sum of the free energies of
the stems, loops and possibly the coaxial-stacking[37].
Some other research provides a computational algorithm
using dynamic programming to predict the structure of
pseudoknotted RNAs [38], and others developed a model
to estimate the loop entropies, then they performed an
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analysis for the asymmetry in the pseudoknot structure.
[39].

Discussion and suggestion of this research: IRES includes
a predicted pseudoknot interaction near the AUG start
codon, but the results of previous studies in structure scope
have been conflicting [40], so we have a challenge to
produce a good prediction to this critical part in IRES
region, and the suggestion is to mimic the model
developed to predict IRES and produced a good results to
predict pseudoknots, where the two regions are special
region in RNA.

* One of the important points of research in understanding
the structure of IRES region and discovering its function
through knowing the critical motifs placed in the central
domain of IRES - domain 3 - which play an important role
in the stability of IRES in second structure level and affect
on the main function of IRES which is initiation
translation. At 2003, OLGA and ENCARNACIO" N,
showed the importance of motifs in IRES activity
according to organizing the structural of a viral IRES
depending on the GNRA motif. They proved their theory
through laboratory experiments by using the methodology
of substitution the nucleotides in different regions in IRES
domain 3, and they remodel IRES 2D structure of domain
3 after the substitution process, and then test the predicted
structure in vitro to observe the affects in activity of IRES
domain 3 according to the change in its 2D structure,
which give us a good indicator to the importance of motifs
part in domain 3 IRES region. This research concluded
that a UNCG motif does not functionally substitute the
GNRA motif and the GNRA motif dictates the
organization and stability of domain 3. It is noticeable
through this methodology of how difficult the selection of
motifs which want to remodel without help from the
computational analysis to reduced the infinite structure can
be modeled for this region, and thus this research team
done through using phylogenetic analysis of the different
FMDV serotypes to remodel RNA structure, where RNA
structure were aligned and then plot in the RNA secondary
structure using the most co variation among the 26 FMDV
IRES sequences to fit the results of biochemical probing
obtained from the vitro phase[14].

Discussion and suggestion of this research: if the
computational analysis done on big data than used in this
research may the result be more efficient and more
accurate, also we can suggest to apply this methodology
on anther motifs of IRES, like pseudoknots and loops.

» Some other researchers have focused on the interaction
between IRES region and the different related initiation
factors and motifs, and the affect which happened if any
mutation occurred on one of those factors which affected
significantly in the IRES activity and function. This type
of researches are important because during the last years, it
has become increasingly clear that different IRESs use
distinct strategies to interact with the translational
machinery. At 2001 SONIA LOPEZ and et.al identified
novel RNA-protein interactions between the foot-and-
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mouth disease virus (FMDV) IRES and three translation
initiation factors. The research team to study the RNA
determinants responsible for the interaction between the
FMDV IRES and the components of the translation
machinery, they compared the RNA-—protein interaction
pattern of the IRES with that of the separated domains and
they presented the binding relation between different IRES
domains and other components and explain those
interactions are essential or not essential for IRES
activity[13].

Discussion and suggestion of this research: the previous
studies in this point of research mostly done on the wet-lab
without the help of computer science approaches, so the
suggest to use the prediction program to predict the
interaction relation between the IRES domains and other
components.

iii. Tertiary structure (3D) studies in FMDV, IRES
The only and most specific research in IRES of FMDV at
third structural level, was done by Segun Jung and Tamer
Schlick at 2012, where the research focus on the most
important domain in IRES, Domain 3 . The aim of this
great effort was to candidate RNA structure for domain 3
of FMDV IRES region, they were motivated because the
computational programs till now can't predict multiple
RNA junction structures well [9]. at 2011 Tamer Schlick
and etal produced RNA prediction program named,
Junction-Explorer [41],based on data mining to predict and
enumerate all possible combination of junction topologies
with more than 70% prediction accuracy, when we input
the 2D structure of RNA junction to the program. The
prediction process for the apical region of domain 3 in
IRES passed two main phases using the divide-and-
conquer approach:

phase 1 : they begin with IRES 2D which pre-probed
before by RNA probing [14], they partitioned RNA into
subsystems and then modeled each one with Junction-
Explorer program to four-way junctions classification
using knowledge-based topology, and at the end of this
phase they use MC-Sym program[36] to model the 3D
candidates after applying experimental date as a constraint
to refine topology candidates.

phase 2 : the objective of this phase to perform molecular
dynamics (MD) simulations to investigate structural
properties of all 3D candidates of the previous phase,
using the most energetically favorable and stable
conformational states to propose this structure as an
appropriate tertiary structure for the apical region in
FMDV IRES domain 3.

7. IRES databases

The continuously growing of list of discovering novel
IRES , and the huge amount of still unknown, adding to
that the importance of IRES region as paper showed,
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explain the need to establishing a special databases for
this region [18]. One of the most specialized database to
IRES region is "IRESite database" , where IRESite db
presents up to 92 biologically relevant aspects of every
experiment, as the nature of an IRES element, its
functionality/defectivity, origin, size, sequence, structure
and other elements( http://www.iresite.org/ )[42], IRESite
stored >600 records, and the published team developed a
tool for the examination of viral and cellular internal
ribosome entry sites at 2010 [42], and within this database,
the IRESes are classified in several categories based on the
function of the gene in which they are found, how the
genes are regulated, and with which factors the IRES
elements interact [35], a portion of the IRESite statistics
available at the web site under the ‘record counts’. Also
the researchers can collect the needed data of IRES from
general databases like GenBanks[43], and RAG[44].

8. Tools and programs in domain elements

Different programs are used in IRES alignments,
prediction and simulation, those programs valid to IRES
and any RNA sequences, and can be categorize to three
categories, sequence alignments programs, second
structure programs and third structure programs.

a) Sequence alignments programs and Tools

In the past, biologists are looking at databases manually,
by printing its contents on a paper, taping the printout to
the office wall, writing down their own query sequence on
a piece of paper, and spending more hours manually
scanning the wall. With the huge amount of sequences
now available, this process can’t act as before, it’s differ,
now we can use computers to do this difficult task by some
bioinformatics tool and programs. BLAST ( Basic Local
Alignment Search Tool ) the most popular sequence
alignment tool [45] which used in a lot of bioinformatics
researches in general not only in IRES sequence alignment
studies .Clustal program is one of the famous programs
used in domain elements which overcome other programs
as T-coffee, where T-coffee give accurate results but only
with small sets of sequences which leads to high
computational costs. Clustal is a general purpose multiple
sequence alignment program [46] include graphical
alignment facility. EBI Clustal site gets millions of
multiple alignments job per year and the big features
included in Clustal latest version (ClustalW , ClustalX 2.0)
to faster alignment of the big sized data sets.

b) Predicting second structure of RNA program

RNA junctions are important structural elements of three
or more helices in the organization of the global structure
of RNA molecules, the coaxial stacking of helices is a
common motif among junctions. Junction-Explorer can be
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considered one of the commonly used program in junction
prediction for IRES region and for RNA at all. Given an
RNA secondary structure, the Junction-Explorer web
server can identify and locate the junctions on the RNA
secondary structure. Junction-Explorer employs a machine
learning algorithm called random forests (RFs) for
prediction [47] where in training phase : use various
geometric and energetic parameters as ‘feature
vectors’ ,which contain information on :free energies, loop
sizes between junctions and adenine content and the
prediction phase: search for all possible combinations of
the multiple four-way junctions to produce combined
structures(2D), add to the ability to remove pseudoknots
from the structure before prediction.

¢) Building tertiary structure of RNA program

There are many useful 3D prediction programs [22], MC-
Fold | MC-Sym pipeline is a sophisticated web-hosted
service for RNA secondary and tertiary structure
prediction [48, 49]. The first phase of this pipeline MC-
Fold responsible for predicts secondary structures, and the
second phase of the pipeline MC-Sym builds tertiary
structures from MC-Fold's secondary structures, so the
pipeline here means that the input sequence to MC-Fold
outputs secondary structures that are direct input to MC-
Sym, which outputs tertiary structures. the paper surveyed
this pipeline because the research effort concluded by
Segun Jung and Tamar Schlick [9] use this pipeline, With
the fact that this program is a great benefit, but it has some
limitations as operating system, where MC-Fold | MC-
Sym run with Unix but with Windows no.

Also some researches collect their needed data form big
general database like GenBanks, which include data for
DNA, RNA, Protein [50], where the researchers establish
their own data sets, as Guohui Lin team create FMDV
serotypes and strains data set from NCBI GenBank [32].
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