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ABSTRACT

Recent Genomic research has significantly developed human knowledge on
structural non-coding RNAs (ncRNAs) which folds into characteristic secondary
structures and performs specific-structure dependent biological functions. Hence,
RNA secondary structure prediction is among the most commonly evaluated
issues in computational RNA biology. The aim of the present study is to introduce
the key role of RNA motifs in biological processes. Such motifs are specifically
effective in regulating gene expression, maintaining structure and strength of
RNA molecule, splicing the early mRNA, and providing the most appropriate
recognition site for protein binding. Doing research and analyzing RNA motifs
requires using several methods and algorithms which can provide the structure
and properties of these building blocks in organisms. Generally, the most
successful computational methods used in organizing RNA include the QRNA,
RNAz, and CMfinder algorithms, which correlate nucleotides and other features of
RNA structure formation and maintenance. In plants, RNA Recognition Motif
(RRM), an 80- amino acid protected motif, is one of the most abundant protein
motifs in eukaryotes. This motif has various important roles like participating in
growth processes and responding to stresses in plants, and accelerating different
metabolic processes. In addition, further analysis of ORRM family members
represented presence of ORRM2, ORRM3 and ORRM4 acting as RNA editing
factors in mitochondria as well as ORRM6 which is a chloroplast RNA editing
factor. Among the construction motifs, the Pseudoknot motif which contributes to
several biological activities such as altering expression of pathogenic genes in
some viruses and formation of telomerase and self-truncating introns is of great
significance, since these are important breeding factors in biotechnology. Based
on the results of the study, it can be proposed that further studies on
bioinformatics analysis of plant motifs are required to be implemented to open
new windows on controlling pathogens in plants.

1. Introduction
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transcript processing and stability, or protein
translation [2]. After transcription, RNAs
require proper maturation through a multi-step
process integrating capping, splicing, and
polyadenylation. Pieczynski, reported the
importance of accurate splicing of the precursor
mRNA (pre-mRNA) encoding the small subunit
of the Arabidopsis nuclear cap-binding complex
[3]. Within the RNA molecule, structural
elements (motifs) are so organized that they
can maintain the stability of RNA structure.
Structural motifs also stabilize RNA strands
through hydrophobic interactions just in the
form of extensive networks in hydrogen bonds

[4].

Motif is defined as a short and protected
portion of amino acids or nucleotides (in DNA
or RNA strand). Specifically in genetics, a
sequence motif is considered as a pattern of
nucleotides or amino acids with a great
biological significance. For proteins, the
sequence motif is distinct from the structural
motif. Most structural motifs are also structural
domains. The domain refers to part of protein
that folds independently. Similarly, a great
number of structural motifs are also secondary
structures which fold separately. In a large
biological molecule like a protein, a structural
motif such as B-Hairpins, a-Helix, and B-a-§ is
adjacent to several secondary structures which
are smaller in size than the second protein [5].

Motifs, present at the levels of DNA, RNA,
and proteins, can be divided into different types
in each of these molecules. For proteins, motif is
defined as a special combination of secondary
structures. A three-dimensional structure
which is produced through a special sequence
of amino acids can also lead to a specific
function in that protein. However, for nucleic
acids, motif is a short nucleotide sequence that
creates a recognition site to which other
proteins bind. The first DNA-binding protein
motif, the Helix-turn-helix motif, which was
identified in bacterial proteins included two
alpha helixes linked by a short chain of amino
acids active in binding proteins to DNA [6]. The
basic structure of ribonucleic acid (RNA) is a
nucleotide that contains ribose sugar, a base,
and a phosphate group. These nucleotides bind

in a chain of polynucleotides that defines the
primary structure of RNA.

A number of proteins which can detect
specific sequences in RNA molecules or
computational models of RNA are called motifs
and are commonly used in in vitro experiments
like RNA Compete [7] Bind-n-Seq RNA [8] or
Systematic Evolution of Ligands by Exponential
Enrichment [9]. In order to study and interpret
RNA motifs, several methods and algorithms
are required to provide the structure and other
properties of these building blocks in
organisms [10]. Moreover, most of these
algorithms have been successfully used to
identify non-coding RNAs and to discover new
classes of motifs in the genomes of organisms
such as fungi [11]. Successful computational
methods which are used to organize RNA
include QRNA [12], RNAz [13], and CMfinder
[14]. It is obvious that these algorithms
correlate with nucleotides and other features of
RNA structure formation and maintenance. In
this study, the CMfinder method with the MEME
was used to detect the secondary structure of
RNA from non-homogeneous sequences by
covariance models [15]. To improve the
prediction accuracy of the agreement
secondary structure, a thermodynamic model
was included in the CMfinder algorithm to
predict base pairs [16].

In practice, identifying a motif is more
complicated than what it seems. Given the high
significance of motifs in biological systems
which led to the advent of new genes, further
efforts in this field seem important. The aim of
this study was accordingly to introduce RNA
motifs which have valuable functions in
biological processes. Such motifs are generally
effective in regulating gene expression,
maintaining the structure and strength of the
RNA molecule, splicing the early mRNA, and
providing the most suitable recognition site for
protein binding. In this research, some of these
motifs were expressed and their significance
was explained separately.

2. Motif recognition algorithms

2. 1. QRNA algorithm




N

The QRNA algorithm (QRNA) is identifiable
among other algorithms with the ID
OMICS_15802. It is an algorithm which can
provide a gene-finder prototype of non-coding
RNA based on comparative analysis of genome
sequences. The QRNA algorithm detects both
second protected RNA structures including
ncRNA genes and the regulatory structures of
the cis RNA molecule. It also uses three

different  probabilistic  models, namely,
probabilistic  RNA structure, probabilistic
coding sequence, and position-based

evaluation, to test the pattern of mutations in
two sequences [12]. Under the GNU General
Public License, this algorithm is available for
free at
(http://www.genetics.wustl.edu/eddy/softwar

e/).
2.2. RNAz algorithm

The RNAz algorithm is a program used for
predicting the protected structure and the
thermodynamically stable secondary structure
of an RNA molecule in multiple sequence
alignments. This program can also be useful in
extensive genome representation to discover
and track RNA functional structures among
which the most important are non-coding RNAs
and active Cis regulatory elements of mRNA
molecule [17]. This algorithm is accessed by the
link (http://rna.tbi.univie.ac.at/cgi-
bin/RNAz/RNAz.cgi). The RNAz program
creates a consensus secondary structure for an
alignment using the RNAalifold method which
acts just the same as the single sequence folding
algorithm (RNAfold); however, the energy

model is computed through correlation
information [18].
2.3. CMfinder algorithm

CMfinder tool which is also directly

synchronized with the genome homology
search method can be used to refine and
develop RNA families and it is a powerful
algorithm for finding stable structured ncRNAs.
In 2017, CMfinder was used to predict the RNA
structure some mammalian genomes and
510,000 human structured ncRNAs were
predicted. It is reported that CMfinder can
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generate useful alignments even with low
sequence conservation [19].

2.4. RNAalifold algorithm

As the first important step, doing
subsequent analysis is required to predict a
consensus structure for a set of dependent
RNAs. In this regard, the RNAalifold method is
one of the oldest and most widely used tools
which can prepare RNA structure through a set
of protected sequences[20]. In order to use this
algorithm, it is suggested to create an
agreement building of the desired sequence by
downloading the link
(http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAalifold.cgi).

3. Case study of RNA motifs in plants

3.1. Organelle RNA recognition motif
(ORRM)
The RNA recognition motif (RRM),

considered as one of the most abundant protein
motifs in eukaryotesm is a protected amino acid
motif which includes 80 amino acids. Its main
roles in plants are participation in growth
processes, response to stresses in plants and
various metabolic processes [21]. It is reported
that RRM proteins targeted by plant organs can
act on various RNA processes such as RNA
binding, RNA editing, and RNA stability. They
can also participate in plant growth and / or
stress responses. Similarly, mutation in ORRM
motif showed delayed flowering and growth
retardation[22].

As reported by Sun et al. (2013), the ORRM1
motif is essential for RNA editing after
transcription of cytidine (C) to uridine (U) in
Arabidopsis chloroplasts. Besides, analysis of
ORRM family members showed that ORRM2,
ORRM3 and ORRM4 are RNA editing factors in
mitochondria, whereas ORRM6 is just a
chloroplast RNA editing factor [23].

3.2. Introduction and role of ORRMS in
plants

The function of members of the ORRM family
was evaluated through the analysis of T-DNA
mutations. The expression of a modified gene,
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At4g13850, in the ORRM family delayed the
plant growth and flowering. This protein
known as ORRMS5, which used to evaluate the
possible causes of morphological defects in
ORRMS5 mutants, on the RNA splicing process,
frequency of specific transcripts, and RNA
editing. Results showed that ORRMS5 mutations
could reduce the cis-splicing function of the
first intron of mitochondrial nad5 transcripts

and might play additional roles in RNA
metabolism. Mutations in ORRM5 also
decreased editing performance in 18

mitochondrial C targets, while editing rates
increased in 79 mitochondrial sites compared
with wild-type editing levels. Therefore, the
absence of ORRMS5 leads to an increase in
editing at 14% of the mitochondrial sites
examined. The most important patterns
described for the ORRM5 plant motif are [24,
25]:

a) ORRM5 mutations which lead to growth
retardation and late flowering,

b) ORRM5 mutations which change the rate of
mitochondrial RNA editing,

c) Stable expression of ORRM5 which completes
the editing defect in orrm5 mutations,

d) Mutation in ORRM5 which has no effect on
the steady state level of RNA transcript, and,

e) Stable expression of ORRMS5 which
complements the morphological defect of
ORRM5 mutations.

3.3. Allelic RNA motif in potato

Plant intercellular RNA communication has a
significant function in numerous aspects of
biology. Viroids, which are circular non-coding
RNAs causing plant diseases, are an autopsy
model affecting the role of structural RNA
motifs in regulating intercellular RNA
communication in plants. Recent studies on
potato wart spindle gland (PSTVd) showed the
significant role of RNA motif Loop 19 in
spreading PSTVd from secretory to spongy
mesophyll in infected leaves[26]. The potato
spindle viral RNA genome (PSTVd, viral species
of potato spindle, Pospiviroidae family) consists
of 359 nt in a secondary rod-like structure
which by itself comprises 27 RNA loop motifs
surrounded by short double helixes. The Loop
19 motif is also a critical link for the systemic

spread of PSTVd in N. benthamiana. A recent
report suggests that the possible importance of
this loop for PESVd entry into spongy
mesophiles from mesophiles which are
secreted in inoculated leaves [27], and in terms
of function is similar to the RNA 3D motif of the
PSTVd 6 loop [26].

4. Functional Sequence Motifs

According to a report [16], several
algorithms were proposed to identify the
sequence motifs which have their own unique
characteristics. These algorithms include
Cmfinder, RNAz, QRNA and MEME analog
algorithm. The CMfinder algorithm which is
used for predicting motifs for RNA in
heterogeneous sequences is the maximum
prediction algorithm that uses covariance
models to describe motifs, carefully crafted
heuristics models for effective motif search, and
the new Bayesian framework model for making
prediction through combining folding energy
and sequence covariance. Similarly, the RNAz
algorithm which is a program for predicting the
protected structure and thermodynamically
stable secondary structure of an RNA molecule
in multiple sequence alignments can be
effective in extensive genome representation to
discover and track RNA functional structures.
Here, the most important structures are non-
coding RNAs and active cis regulatory elements
of the mRNA molecule [17]. The following are
some motifs which are identified by these
algorithms.

4.1. SDC motif

The SDC motif, which is reported in 26
species of fungi and can typically form a series
of pins with an 11-bp stem (Figure 1A),
represents some changes in stem intensity and
length, which for the current purpose are
referred to as the SDC motif in Neurospora
crassa (Figure 1B). Each case upstream of the
SAM (S-adenosyl methionine) decarboxylase
gene indicates the significance of formation of
hairpins and dependent conserved nucleotides
for regulation of SDC gene [16]. The SDC
enzyme catalyzes the synthesis of S-adenosyl
methionine, which provides propylamine for
polyamine production like spermidine and




2021, Volume 3 Number 1

spermine. The polyamine production is further
regulated strongly by the cell at multiple levels
including transcription, translation, enzyme
activation, and protein depletion. At the
transcriptional level, the expression of the SDC
gene in mammals and plants is regulated by the
expression of uORFs positioned at the levels of
5' UTRs [28]. In N. crassa, the two uORFs are
short peptide coding regions which in some
mRNAs are slightly above the original ORF
(Figure 1C). Such uORF regions are commonly
involved in controlling translational initiation
in adjacent genes [29]. Two uORF sequences
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belonging to the SDC motif of the N. crassa
fungus are located next to two 5 'agreed
binding sites and one 3' site. In another
experiment [16], the function of the SDC motif
in N.crassa was tested and a luciferase reporter
gene was added to the 5'UTR locus (Figure 1C).
The compound was then transferred to the
fungal cell and the results were analyzed by RT-
PCR. The results showed that the new mRNA
body was effectively found periodically in two
major forms of Sp-I containing two uORFs and a
form of Sp-II which had none of these two
uORFs (Figure 1C).

RCOy
A o] ) B AUc
Y 0-3 nt A
sDC  ¢&-¢ N.crassa ~c=g' M3 M4
Consensus Rn-yr SDC A-U[u_ullu-a
- G—-0C
c=-c P1 A A
R=Y M1 M2 A00] [a
R-Y U_URA-UHe=c]- A M5
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0-2 nt 0-1 nt g-g U-=A
5YyYuRcu=y“"Cvreeac sceccuacucu Cceecace
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Figure 1. Structure and gene control function of SDC motif. A) Motif agreement model that
describes the protected sequences of the secondary structure of the SDC RNA motif. B) Sequence
and model show the secondary structure of the SDC motif from N.crassa. The nucleotides shown in
red belong to the conserved nucleotides which are present in the consensus sequence. M1 to M5
which also indicate the nucleotide differences at the sites stand for mutation and are used to assess
the importance of the P1 stem in gene expression. C) It shows the genetic elements present next to
the SDC motif, which include the location of the luciferase reporter gene [16]

4.2. Amd motif

A total of 23 cases of amd motif were
reported among 20 species of fungi. The
sequence agreement and the second building

model which was based on this sequence also
proved that this motif probably adopts a 2-
stranded bifurcation in its sequence, so that the
protected nucleotides are located inside the
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ring and the P1 and P2 sections next to the ring.
In addition, nucleotides upstream of the P1
region and several other segments in the inner
ring which are emerged to encode a short
upstream ORF (Figure 2) suggest that ORF and
the amn RNA overlap structure of the amd
motif may work together to regulate
downstream genes [16].

am
=11 nt
®-o Y
R=Y
I-I—S-pr
— uORF Peptides =
R=Y
G=C
P2 e-e
G=Y
u=A
(9) MPSAVAEL oo
cYCR-U
@ C
Y A
R G
R Y
A uORF stop A
u R
®yce=v
R=U 0-1nt
(14) MAFAEL P1 UG-C
Y I—D-Znt
G=C
uORF start C=-G
5=AUG-—GCcY@'"Areeeev—
0 or6nt

Figure 2. Sequence and agreement structure of
uORF peptide products for amd motif. White,
black, and gray represent the highest to lowest
common amino acids, respectively. The
numbers in parentheses indicate the number of
specific amino acids in the peptide

4.3. Ies6 motif

This type of RNA motif forms a broad hairpin
structure with a short loop and a long inner
loop (Figure 3). Pin rings which also
correspond to a GNRA tetralope are frequently
found in structural RNAs. GNRA tetralope can
cause tertiary interactions with tetralope
receptor structures. These predicted RNA
structures are approximately close to a protein
encoding gene which is similar to the les6
subunit chromatin-modifying complex (Ino80
subunit 6) involved in chromatin splicing,
chromosomal differentiation, and telomere
length regulation[30, 31].

PPCCPAOPOCAOmMN
[
@<
11
" Tn
1
Ccoc=<oaO=<Oa8rOrc

-U
Gccee ucacl

Figure 3. Consensus sequence and second
structure of ies6 RNA motif [16]

4.4. Hexa motif

The second proposed building for this motif
is a long series bracket interrupted by two
inner rings. The hexA motif is found in the 5
'UTR region or intron of annotated genes and
acts as the encoders of hypothetical proteins
(40%) or the Woronin body subunit of the Hex
protein (60%) (Figure 4a). Veronine bodies are
fungal specific organs that during physical
injury, are rapidly inserted into septal nuclei of
cells to prevent cell volume loss [32]. Hex
subunit proteins which are also interconnected
with different forms of mRNA are among the
main and essential components of the veronin
body [32, 33]. On the other hand, a portion of
the constituent sequence to the right of the
HexA motif series pin corresponds closely with
the 3 'agreement binding site. In addition, the 3
'long tail nucleotides show the ability of these
nucleotides in protein encoding. In particular,
the lowest conserved nucleotides in this region
which are located at all three sites may be
related to the wobble site of the codons. These
features suggest the regulatory potential of
hexA motif RNA structure in that part to
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generate a modified ORF sequence for
translation[16].

4.5. SART-1 motif

The SART-1 motif model is based on 12
unique examples from 11 fungal species. The
second structure of this motif potentially
contains at least two Hairpins (Figure 4B). The
hairpin RNA loops in this sequence are involved
in stabilizing the pairing regions [34]. Similarly,
the SART-1 motif is similar to the yeast Snu66
protein. In mammals, the SART-1 gene encodes
separate ORF sequences translated by a (-1
framshifting) mechanism.

4.6. AU rich series brooch motif

Among the only 12 cases of this motif were
reported from 3 species of fungi, 8 are from
Rhizoctonia solani. Two other specimens which
had a remarkable sequence and structural
similarity and were found in the genome of the
bacterium Orientia tsussugamushi were
reported as the members of a mraW class
which belonged to ncRNAs [35]. Only a small
fraction of the agreed sequence for the mraW
RNA motif is similar to the agreed sequence of
the AU nucleotide-rich series motif derived
from the fungal sample (Figure 4C). Yet, the use
of mraW RNA motifs is not known, and on the
other hand, the genetic connections of fungal
specimens vary greatly, so no clues are found
for the biological maps of the AU-rich motif
[16].
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Figure 4. Agreed sequence and model of second structure for predicted RNA motif. A) hexA motif.
B) SART-1 motif. C) AU rich series brooch motif. [16]

5. RNA structural motifs

The RNA molecule is described by its
sequence of actions and structural constraints.
This is a feature of both non-coding RNAs and
other functional RNAs. In other words, all are
characterized by ordered pairwise interactions
that not only organize molecules into motifs
and domains but also provide a framework for
functional reactions. The RNAMotif algorithm is
a program used to identify these motifs and
detect the second and the third structures in

the RNA sequence. These structural motifs
include primary pairs, helix and unpaired
nucleotides in hairpins, and multi-stem loops.
Here, some related motifs are explained.

5.1. Pseudoknots motif

Pseudoknot is a motif in which nucleotides
in a series pin loop along with a complementary
sequence next to the loop can form open pairs
and establish the Stem/Loop regions. These
extra stems together with the hairpin, loop, and
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stem, can also build a mass on top of each other
and participate in the formation to stabilize the
entire RNA structure. Similarly, the Pseudoknot
motif participates in various biological
activities. In some viruses, this motif alters gene
expression through inducing a ribosomal
framework which motivates ribosomal framing
[36]. This type of motif can also be telomerase
[37], self-splicing introns [38] and the catalytic
nucleus of various ribosomes [39]. The
structure (Figure 5) shows a Pseudoknot motif
as a potent inhibitor of the reverse
transcriptase enzyme which acts through
detecting the binding site of this enzyme in
humans and binding to this site (Figure 5). An
example is the human immunodedi function
virus (HIV-1) reverse transcriptase enzyme
[40].

Hairpin
loop

Figure5. Pseudoknot motif. The stem of the
series pin is shown in gray. The pin of the series
is marked with a curved arrow and an extra
stem is shown in yellow [4]

5.2. Hairpins Motif

A series pin is formed as a double helix is
covered by a loop. Pins which act as the most
common secondary structure motif in the RNA
molecule are essential compounds in the
architecture of the third RNA structure and the
formation of binding sites for other molecules.
At least three nucleotides are required to form
a thermodynamically stable series pin
(Trillops). Moreover, 4-nucleotide (four-loop)
series pins are the most abundant of these
motifs which are observed in natural RNA
molecules [41]. Stable three-ring or four-ring

2021, Volume 3 Number 1

motifs are which are usually conserved during
evolution can be easily identified by
phylogenetic analysis.

Three-ring series pin motifs are reported for
7% and 16% of 16s-like rRNA rings in bacteria
and eukaryotes, respectively [42]. In the stable
(thermodynamically) three-loop series pins,
abundant U-rich sequences were observed. In
particular, the uracil U base is located at
positions 1 and 2, and the adenine A base is
located at position 3 [43]. The two
interconnected U bases appear to provide a
detection site for protein binding or further
twisting of the RNA molecule. The three stable
loops are often affected by open pairs which are
in adjacent to the ring (Figure 6).

0 C/'
W)= g/
Figure 6. UUCG tetraloop Hairpin motif [4]

5.3. Bulge - helix - bulge motif

By using an all-protein system, ancient
bacteria can bind some RNA transcripts to form
a special motif called a bulge - helix - bulge.
This motif, in essence, contains a seven-game
internal loop motif (Figure 7). Four bases at the
end of 5, both strings are motifs from a spiral A,
four pairs of motifs, and three bases at the end
of the three primers are all protrusions [44].
The Bulge - helix - bulge motif found at the
intron-exon boundaries of the primary mRNA
in archaea suggests that the primary mRNA
splicing probably depends upon a splicing
system that requires a Bulge - helix - bulge
motif or motifs for the active site of special
processing [45].
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Figure 7. Sequence and structure of Bulge -
helix - bulge motif. The two protrusions are on
top of the two opposite strands (purple). The
central helix is shown in yellow [4]

5.4. G-bulge motif

In this motif, there is a single-game
protruding ring of guanine in double helix A. To
illustrate the G-bulge motif, a compound found
in the sarcin/ricin loop structure of the 28 s
mouse rRNA molecule is used (Figure 8). The G
base in the G-bulge motif which forms two
hydrogen bonds with a phosphate group on the
opposite strand can build a hydrogen bond with
a three-uracil primer base. Studies have shown
that the G-bulge motif has a highly variable
conformation in the collective refining of
structures [46], which may lead to greater
adaptation to binding to target molecules.
Accordingly, this motif is reported to be
essential for packaging and infection of the
human immunodeficiency virus (HIV) [47].

Journal of Agricultural Sciences and Engineering

Figure 8. G-bulge motif building. The guanine
nucleotide involved in the motif is shown in
purple. The hydrogen bond between the
guanine and the helix appears as dark lines [4]

5.5. Ribose zipper motif

When two coils are placed adjacent, ribose
sugar in two opposite strands of two different
coils can form a network of hydrogen bonds at
the point of collision (contact) to establish and
stabilize the order of the two strands [48]. This
ribose sugar hydrogen bonding network is
known as the "zipped ribose ribbon". Proteins
involved in the early stages of ribosomal
assembly and ribosome function are able to
stabilize the interactions of the zipped ribose
motif [49] which is the only structural motif
present to essentially cause strength and
skeleton of the RNA molecule. The structure of
the Ribose zipper motif is shown in Figure 9.

Figure 9. Ribose zipper motif structure. This motif allows two RNAs of two different strands to be
adjacent [4]
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6. Conclusion

In this study, a number of functional and
structural RNA motifs were introduced using
QRNA, RNAz, Cmfinder, and RNAalifold
detection algorithms among which the most
significant is Pseudoknot motif, mainly due to
its ability to participate various biological
activities such as variation in the expression of
pathogenic genes in some viruses and
formation of telomerase and self-truncated
introns which are important breeding factors in
biotechnology. Another important feature of
this motif is inhibition of binding in enzyme
Reverse transcriptase of the acquired
immunodeficiency virus (HIV), which act
effectively and efficiently in treatment of this
deadly disease. The G-bulge motif is also
another important motif, which due to its
infectious nature against HIV, can be used in
modern medicine in the future through genetic
engineering methods. Given the useful and
efficient functions provided in various fields by
RNA motifs, it is suggested to conduct more
extensive research on these motifs to pave the
way for further success in the future, especially
in medical science and other issues related to
human health.
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