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Introduction 

Today, it is evident that RNAs are not just 

intermediates between DNA and proteins. Their 

catalytic and regulating characteristics have been more 

verified since more than a decade ago. It has been 

revealed that there are RNA-based mechanisms which 

regulate gene expression in response to internal or 

external signals.
1-3

 Accordingly, mRNA structure plays 

an essential role in this process and determines the fate 

of the mRNA.
4-7

 As ribosome binds mRNA before 

transcription is completed, most regulatory regions are 

located within the 5' untranslated region (UTR) of 

mRNAs. These regulatory regions contain either cis 

acting binding sites or trans-acting regulators (non-

coding RNAs). 

Riboswitches, usually found within the 5'UTR of 

mRNAs, are cis acting RNA elements. They can adopt 

various conformations in response to environmental 

signals, including stalled ribosomes, uncharged tRNAs, 

elevated temperatures or small molecule ligands.
8
 

These metabolite sensors, which were identified a 

decade ago,
9
 regulate the genes involved in the uptake 

and use of related metabolites without proteins 

interpretation.
1,9

  

An ever-increasing number and variety of riboswitches 

are being identified in bacteria, as well as some 
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Purpose: Riboswitches, as noncoding RNA sequences, control gene expression through 

direct ligand binding. Sporadic reports on the structural relation of riboswitches with 

ribosomal RNAs (rRNA), raises an interest in possible similarity between riboswitches 

and rRNAs evolutionary origins. Since aminoglycoside antibiotics affect microbial cells 

through binding to functional sites of the bacterial rRNA, finding any conformational 

and functional relation between riboswitches/rRNAs is utmost important in both of 

medicinal and basic research.  

Methods: Analysis of the riboswitches structures were carried out using bioinformatics 

and computational tools. The possible functional similarity of riboswitches with rRNAs 

was evaluated based on the affinity of paromomycin antibiotic (targeting “A site” of 16S 

rRNA) to riboswitches via docking method.  

Results: There was high structural similarity between riboswitches and rRNAs, but not 

any particular sequence based similarity between them was found. The building blocks 

including "hairpin loop containing UUU", "peptidyl transferase center conserved hairpin 

A loop"," helix 45" and "S2 (G8) hairpin" as high identical rRNA motifs were detected 

in all kinds of riboswitches. Surprisingly, binding energies of paromomycin with 

different riboswitches are considerably better than the binding energy of paromomycin 

with “16S rRNA A site”. Therefore the high affinity of paromomycin to bind 

riboswitches in comparison with rRNA “A site” suggests a new insight about 

riboswitches as possible targets for aminoglycoside antibiotics.  

Conclusion: These findings are considered as a possible supporting evidence for 

evolutionary origin of riboswitches/rRNAs and also their role in the exertion of 

antibiotics effects to design new drugs based on the concomitant effects via 

rRNA/riboswitches. 
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eukaryotes. For example, as much as 2% of all Bacillus 

subtilis genes are regulated by riboswitches that bind to 

metabolites such as flavin mononucleotide (FMN), 

thiamin pyrophosphate (TPP), S-adenosylmethionine 

(SAM), lysine, and purines. Riboswitches generally 

consist of two parts: the aptamer region, a conserved 

sequence which binds the ligand, and the so-called 

expression platform, which regulates gene expression 

through alternative RNA structures that affect 

transcription or translation.
10,11

 Upon binding of the 

ligand, the riboswitch changes the conformation which 

forms or disrupts transcriptional terminators or 

antiterminators, respectively. Therefore, in order to find 

out their mechanistic details, 2D and 3D structure of 

riboswitches’ aptamers
12

 and their binding 

characteristics
13

 were extensively analyzed 

experimentally or computationally.
14-16

 On the other 

hand, other possible interactions are suggested to 

introduce some molecules as new drugs which exert 

their effects via riboswitches.
17,18

  

RNA structure is basically expressed at the sequence or 

primary structure level, the secondary and tertiary 

levels. Initially, RNA motifs were identified at the 

sequence level as generally existing short sequences in 

functional RNAs, such as transfer RNA (tRNA) or 

ribosomal RNA (rRNA).
19

 Base-pairing or secondary 

structure constitutes both the canonically base-paired 

regions (helices) and non-paired regions (loops). 

Structural studies and comparative sequence analyses 

have suggested that biological RNAs are composed 

primarily of conserved structural building blocks or 

motifs
20

 of secondary and tertiary structures. Forms and 

functions of RNAs in the biological systems which 

connected to their three-dimensional (3D) structures 

lead RNA molecules to perform specific roles. 

However, there are some similarities between various 

motifs in RNAs types with diverse functionalities.  

Barrick and Breaker in 2007 detected some motifs in 

riboswitches, which are close in relation to rRNA 

structures.
21

 In 2008, an artificial riboswitch for the 

aminoglycoside antibiotic, neomycin B, was 

engineered
22

 which partially resembles the ribosomal 

A-site, the natural target for aminoglycoside 

antibiotics.
23

 Based on the previous studies we aimed to 

investigate relation between rRNAs and riboswitches 

structures and their subsequent functions such as 

binding to specific antibiotics. In this path, in current 

study we attempted to survey structural similarity 

including primary, 2D, 3D and motifs as well as 

functional similarity among rRNAs and riboswitch 

elements through bioinformatics and computational 

tools. 

 

Materials and Methods 

Databases and Programs 
Riboswitches data were collected from Rfam database

24
 

and structure information was acquied through PDB 

database (www.pdb.org). Sequences mostly gained 

from NCBI based on Rfam sequences information. 

Multiple sequence alignment was carried out via 

ClustalW implemented in Mega5 program. Needle 

(http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleo

tide.html) and Water 

(http://www.ebi.ac.uk/Tools/psa/emboss_water/nucleot

ide.html) servers were applied in order to accomplish 

optimal pairwise global and local alignment, 

respectively.
25

 Also, functional and structural 

alignments were done by means of SARA server 

(http://structure.biofold.org/sara/)
26

 and R3D Align 

(http://rna.bgsu.edu/R3DAlign) servers,
27

 respectively. 

Eventually, the interactions of an antibiotic with RNA 

structures were carried out via Autodock version 4.2 

program. 

 

Functional and structural riboswitch alignments 
Ten riboswitch classes which have not only the most 

representatives in microorganisms,
28

 but also have 

available PDB structures, were selected. Their PDB 

codes which represent preferably unbound state of 

riboswitches were extracted first from Rfam 

(http://rfam.sanger.ac.uk/) and then PDB 

(http://www.rcsb.org/pdb/home/home.do). They 

included TPP (PDB code: 2gdi), FMN (PDB code: 

2yie), SAM-I (PDB code: 3iqn), lysine (PDB code: 

3d0x), glycine (PDB code: 3ox0), purine (PDB code: 

4fe5), c-di-GMP-I (PDB code: 3iwn), c-di-GMP-II 

(PDB code: 3q3z), preQ1(PDB code: 3fu2), THF (PDB 

code: 3suy) riboswitches. Each code was analyzed via 

SARA server (http://structure.biofold.org/sara/) to 

perform structure based function alignment. Default 

parameters are -7.00 for opening gap, -0.60 for 

extension gap and 3 consecutive vectors (4 atoms) for 

length of the Unit-Vector used to generate the 

comparison matrix. The results were sorted based on 

PSS (percentages of secondary structure identity) and 

top rRNA structures were selected and their sequences 

were acquired. 

 

Sequences alignment  
All rRNA sequences which have high similarity with a 

definite riboswitch sequence were aligned applying 

ClustalW
29

 implemented in Mega5
30

 with the default 

parameters for multiple alignment stages as 15 and 6.66 

for gap opening and gap extension penalties, 

respectively. If necessary, minor adjustments were 

manually made to the alignments. Also, global and 

local pairwise alignments of same rRNAs with the 

riboswitches sequences were conducted through Needle 

and Water server programs. All the parameters were set 

by default as 10 and 0.5 for gap opening and gap 

extension penalties, respectively. 

 

Motifs categorization 
The category (more than 50 percent secondary structure 

identity) for each type of riboswitches was used to 

organize similar rRNA motifs. Afterward, motifs were 

sorted out based on the number of similar riboswitches 

types. Also, average of PSS (percentages of secondary 
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structure identity) level for each type of motifs was 

determined. In addition, according to results, types of 

riboswitches are organized based on each kind of motif 

they could possess.  

 

Docking 

Preparation of the macromolecules 

All crystal structures of 10 riboswitches (PDB IDs: 

2gdi, 2yie, 3iqn, 3d0x, 3ox0, 4fe5, 3iwn, 3q3z, 3fu2, 

3suy) and 16S-rRNA A-site (PDB ID: 1j7t) were 

selected. Water and ligand molecules were eliminated 

by the software program ViewerPro Version 5.0. Also 

non-polar hydrogens and Gasteiger charges were added 

during the preparation of the macromolecule input file 

using the AutoDockTools package. 

 

Preparation of the ligand 

Complex between paromomycin and the 16S-rRNA A-

site (PDB code: 1j7t) was used to provide the three-

dimensional (3D) structure of paromomycin by 

removing other atoms using ViewerPro Version 5. 

Gasteiger charges were added to the obtained structure 

of the ligand and the rotatable bonds were set to 9 by 

using AutoDock Tools. 

 

Preparation of the grid files 

The complex crystal structure of paromomycin 

antibiotic and 16S-rRNA A-site motif (PDB code: 1j7t) 

was selected as a control sample for assessments of the 

results. In order to find out the similar and conserved 

building blocks of the riboswitches with the rRNA, the 

3D structure of 16S-rRNA A-site and 10 different 

riboswitches were structurally aligned via R3D Align. 

The aligned part of each riboswitch with “A site” motif 

of 16S rRNAs was considered to generate Grid maps. 

The interaction of the antibiotic ligand (paromomycin) 

and 16S-rRNA A-site as well as the homologue parts in 

different riboswitches were analyzed. Grid maps were 

generated by AutoGrid 4.2 based on the superimposed 

area of each riboswitch with 16S-rRNA A-site. The 

numbers of points in the grid boxes were 60×56×80; 

84×86×82; 72×86×86; 76×68×100; 100×100×100; 

98×88×88; 108×80×90; 76×98×100; 100×74×86; 

98×74×88; 72×86×86 for 1j7t, 3iwn, 3q3z, 3ox0, 3d0x, 

3fu2, 4fe5, 3iqn, 3suy, 2gdi and 2yie, respectively, with 

a grid spacing of 0.375A°. 

 

Preparation of the docking files 

Molecular docking was carried out by the molecular 

docking software, AutoDock Version 4.2 based on the 

Lamarckian genetic algorithm.
31

 For each complex, 100 

independent docking runs were conducted containing a 

population of 150 randomly positioned individuals. The 

maximum number of energy-evaluation retries and 

generations were 2500000 and 27000, respectively. 

Also, crossover rate of 0.8 and a mutation rate of 0.02 

were set up. The docking results were clustered on the 

results of docking by using a root mean square (RMS) 

tolerance of 2.0 A°. During docking, macromolecules 

were set rigid, whereas all the torsional bonds of 

ligands were set free. The docking results were 

clustered according to a root-mean-square deviation 

(RMSD) tolerance of 0.2 nm. 

The structure of 16S-rRNA A-site (PDB code: 1j7t) 

was taken as the control for docking. First, the ligand 

(paromomycin) was removed from the complex. Then, 

the ligand-free structure of 16S-rRNA A-site was 

docked with ligand for 100 independent runs. At last, 

binding energies obtained from docking of riboswitches 

with paromomycin were compared to control binding 

energy.  

 

Statistical Analyses 
Where needed, results were evaluated by excel (version 

2007) and SPSS (version 16). Statistical analyses were 

performed using one-way analysis of variance 

(ANOVA). Statistical assessment of difference between 

mean values was performed by least significance 

difference (LSD) test at p<0.05 using SPSS (16 

version) software. 

 

Results and Discussion 

Structural riboswitch alignments 
Recent interest in non-coding RNA transcripts has 

culminated in a rapid increase of deposited RNA 

structures in the PDB database. However, functional 

classification and characterization of the RNA structure 

have not completely been addressed. There are many 

bioinformatics tools to investigate 2D and 3D structural 

alignments of DNA and RNA structures.
32-34

 SARA 

(Structure Alignment of Ribonucleic Acids) web server 

(http://sgu.bioinfo.cipf.es/services/SARA)
26

 is a 

promising program for aligning RNA 3D structures via 

PDB files based on unit-vector root mean square 

(URMS). Herein, PDB codes of a total of 10 riboswitch 

types were analyzed by SARA server and all rRNA 

PDB codes were collected. For all PDB codes in each 

group of data achieved from SARA server, primary, 

secondary and tertiary similarity percentages were 

calculated. Also they were sorted by average natural 

logarithm of PID (Percentage of sequence identity), 

PSS (percentages of secondary structure identity  ( and 

PSI (percentages of tertiary structure identity). For 

instance, among similar rRNA PDB codes for lysine 

riboswitch, the highest 2D similarity belongs to “helix 

45” (PDB code: 1wts-chain A) which shares 28.6, 100 

and 92.9 % primary, secondary and tertiary identity 

with this type of riboswitch, respectively. According to 

Figure 1, there is a correlation between tertiary 

structure identity (based on PSI) and secondary 

structure identity (based on PSS) with approximate 

coefficient of determination (R
2
) of 0.8. As a result, the 

observed correlation between the similarity of 2D and 

3D structures demonstrate that both 2D and 3D 

structures could be utilized for similarity studies in 

current study. Besides, those concerned with RNA-

ligand interactions, generally give greater weight to 

secondary structure similarity, as ligand binding sites 
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typically consist of a single type of secondary 

structure.
35

 As a result and due to interaction analysis in 

the subsequent stages of this study, secondary structure 

could be more useful and debatable in our study. 

Hence, in the following steps, sorting in order of PSS 

(based on secondary structure identity) was performed. 
 

 

Figure 1. Correlation of secondary structure identity and 3D structure of rRNAs with the mentioned riboswitches. Vertical and 
horizontal axes are percentage of secondary structure similarity (PSS) and tertiary structure identity (PSI) of rRNAs with the associated 
riboswitches, respectively. There is high correlation between PSS and PSI of rRNAs with 10 different types of riboswitches (R

2
 ~ 0.8). 

 

Motifs categorization 
The Structural Classification of RNA (SCOR) is a 

database designed to provide a comprehensive 

perspective and understanding of RNA motif 

structures, functions, tertiary interactions and their 

relationships (http://scor.berkeley.edu/). It is an 

inclusive, manually created source of RNA structural 

motifs which applies automated tools and literature 

descriptions to assist in the classification of RNA 

secondary and tertiary structure motifs such as Kink 

turns, S-turns, GNRA loops.
36,37

  

All of the rRNA motifs having more than 50 percent 

secondary structure identity (PSS) with similar 

riboswitches were exploited to categorize in similar 

groups. In addition, averages of PSS for each type of 

motifs were calculated. Figure 2 illustrates rRNA 

motifs against the number of similar riboswitches. As it 

is shown these rRNA motifs are in common with 

different kinds of riboswitches structures. Also, there is 

a remarkable high amount of secondary structure 

identity between shown rRNA motifs and riboswitches. 

Table 1 shows the rRNA motifs/ riboswitches 

correlation with more details. Accordingly, glycine and 

THF riboswitches are similar to the most number of 

detected rRNA motifs (18 motifs). However, apart 

from “18S rRNA A site” and "helix 21", all of the 

mentioned ribosomal RNA motifs are similar among 

different 10 types of riboswitches. In this issue, 4 
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motifs including hairpin loop containing UUU, peptidyl 

transferase center conserved hairpin A loop, helix 45 

and S2 (G8) hairpin are common in all kinds of 

riboswitches (see Table 1 and Figure 2). It means these 

motifs are highly similar among different types of 

riboswitches. Already, Winkler et al. figured out that 

the GA motif is a highly conserved structure in both 

TPP and SAM riboswitches and 23S rRNAs. In 

addition, it was observed that UA_handle motif , is 

common within both ribosomal RNAs and 

riboswitches.
38

 Hence, our findings revealed that not 

only the mentioned GA and UA_handle motifs but also 

several other important and highly conserved rRNA 

motifs such as hairpin UUU, A loop, helix 45 and S2 

(G8) hairpin and GNRA tetraloop are found in 

riboswitches with high similarity. GNRA motif 

provides tertiary contacts which are important for 

group I introns, hammerhead ribozymes, and the 

ribosome.
39-41

 It is believed that GNRA has high 

selectivity and specificity in binding to different kinds 

of compounds;
42-44

 a common characteristics for 

riboswitches. GNRA tetaraloop is a common motif in 

some riboswitches including glycine, purine, FMN, 

THF, c-di-GMP I (see Figure 2 and Table 1). The 

structural similarity of this motif with rRNAs is more 

than 75 percent. Consequently, the findings proposed 

that the common motifs in riboswitches structures 

should have common functional properties in similar 

rRNAs such as binding ligand molecules. The ligand 

binding characteristics of 10 riboswitches and RNAs 

which share similar motifs with them were considered 

as well (see section 3.3). Considering these findings, 

common evolutionary aspects of riboswitches and 

rRNAs are confirmed. As a result the resemblance of 

rRNA building blocks and riboswitches domains may 

be resulted either from connecting evolution or the 

dependent byproducts of historical events such as local 

segment duplication and recombination mechanisms 

that cause elevation of structural complexity of natural 

functional molecules. 

 

 

Figure 2. Correlation of ribosomal RNA motifs with 10 different types of riboswitches. Vertical axis demonstrates the number of 
similar riboswitches types which share at least 50% secondary structure identity (PSS>50%) with the shown rRNA motifs (average of 
PSS for each motif is shown above on the relative column). Please note that 4 motifs including "Hairpin loop containing UUU", "Helix 45", 
"Peptidyl transferase center conserved hairpin A loop", and "S2 (G8) Hairpin" are similar with all 10 types of riboswitches having 83, 58, 
78, 93% PSS, respectively. 
 

Sequences alignment  
Multiple sequence alignment is a way of arranging the 

sequences of DNA, RNA, or protein molecules to 

similar regions that may be a consequence of 

functional, structural, or evolutionary origin. Multiple 

alignments are often used in identifying conserved 

sequences across a group of sequences hypothesized to 

be evolutionarily related. Herein, multiple sequence 

alignment of the riboswitches and similar rRNAs with 

more than 50 percent secondary structure identity (PSS, 

discussed above) was carried out. Although, all of the 

sequences were structurally similar to each other 

(PSS>50%) there were not any particular sequence 

similarity results using different programs (ClustalW2 

and M-Coffee, data not shown). In order to do the 

alignment more precisely, pairwise alignment of each 

rRNA with the riboswitches was accomplished by 

Needle and Water servers as global and local alignment 

tools, respectively. Figure 3 illustrates the results 

achieved for each pairwise global alignment between 

every rRNAs and associated riboswitches. Each one of 

10 riboswitches sequences was aligned with related 

rRNAs and an average for every kind of riboswitches 

was represented in Mean ± SEM (Standard Error of the 
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Mean). As it was shown, global identity percentage is 

considerably lower than 25% identity. More 

importantly, based on local alignment there is no 

unique region in rRNA sequences aligned with the 

similar riboswitches (Table S1). As a result, no 

common assembly of nucleotides was recognized in the 

alignments by different programs. Despite this fact that 

aptamer domains of riboswitches are highly conserved 

sequences,
1,9

 no particular conserved element was 

observed in their similar rRNAs. In agreement with our 

findings, it is commonly established that functionally 

important RNA sequences could be less conserved than 

their structures
45

 where maintaining the structure is 

more important than maintaining the sequence.
46

 For 

instance, a study on human and mouse genome 

sequences suggested that there are corresponding non-

coding RNA sequences regions between human and 

mouse with common RNA structures which are not 

alignable in primary sequence.
46

 Therefore, in spite of 

the structurally similarity of riboswitches and rRNAs, 

no particular conserved primary sequence element 

observed in their similar rRNAs using 

pairwise/multiple alignment approach.  

 

 
Table 1. Types of riboswitches which share more than 50% secondary structure identity with ribosomal RNA motifs. The type of 

riboswitch which include a motif is checked under its name. 

Motif* 

Riboswitch 

Glycine Lysine Purine THF FMN TPP preQ1 SAM 
c-di-

GMP I 
c-di-

GMP II 

16S Conserved 690 Hairpin   -     -   

18 rRNA A site  - - - - - - - - - 

18 rRNA A site Complex Parmomycin  - - - - - -   - 

23S rRNA Sarcin/ricin loop     - - - -  - 

23S Ribosomal RNA Hairpin 35     -  -    

28S rRNA Sarcin/ricin loop     -  -   - 

A site   -  - - -  -  

Central domain complex with protein -          

CUCAA Pentaloop           

GNRA tetraloop  -     -    

Hairpin loop containing UUU           

Helix 21 - - - - -  - - - - 

Helix 45           

Helix III  -   - - -    

Loop 83      - -    

Loop E - -         

Peptidyl transferase center conserved 
hairpin A loop 

          

Pre ribosomal RNA     -  -  -  

Ribosomal Protein L5/5D rRNA Complex   -  -  - -  - 

S2 (G8) Hairpin           

UGAA tetraloop  -       - - 

16S Conserved 690 Hairpin   -     -   

Total number 18 14 15 18 10 15 9 16 16 14 

*The name of each motif is extracted from SCOR (Structural Classification of RNA, http://scor.berkeley.edu/). 

 

Functional properties of riboswitches-rRNAs motifs 
Ligand binding is one of the main functions of RNAs for 

structural stabilization, as well as producing signals. 

RNA ligand binding is important for ribozymes, 

riboswitches and splicing functions, along with 

mediating RNA-protein and RNA-RNA intermolecular 

interactions.
47

 The first ribosomal RNA identified as a 

small molecule target was 16S RNA component of the 

prokaryotic ribosome.
48

 Various antibiotics, such as 

aminoglycosides, affect bacterial cells through binding to 

functional sites of the bacterial rRNA which leads to 

miscoding during the translation process. Since 

similarity between riboswitches and different rRNA 

motifs were revealed in previous parts of current study, a 

question was raised that “could binding characteristics of 

these structures be similar too?” Therefore, the binding 

affinity of riboswitches for paromomycin as a functional 

characteristic of these structures was evaluated for a 

common motif in riboswitches-rRNA structures using 

molecular docking approach via Autodock 4.2. 

Paromomycin is a member of aminoglycosides 

antibiotics family that has high functional affinity for “A 

site” motif of 16S rRNAs.
49-51

 The aligned part of each 

riboswitch with “A site” motif of 16S rRNAs (1j7t) was 

considered to evaluate the possibility of functional 

antibiotic binding affinity. Table 2 illustrated the binding 
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energy of docked ligand with riboswitches and 16S 

rRNA structures. According to the docking results, 

except for c-di-GMP I riboswitch, there is a high 

functional affinity of paromomycin to the riboswitches 

in comparison with 16S rRNA. Statistical analysis 

showed that apart from c-di-GMP I, p value for all kinds 

of riboswitches relative to “16S rRNA A site” is  less 

than 0.01. As a result, there is a remarkable significant 

upshift was occurred in binding energy of different 

riboswitches types with paromomycin. The range of 

appropriate binding energies for riboswitches is from -13 

to -22 kcal/mol whereas it is -11.7 kcal/mol for “16S 

rRNA A site” (see Table 2). Seven riboswitches 

including lysine, THF, SAM, c-di-GMP II, purine, 

glycine and TPP riboswitches have 1.5-~2 times higher 

affinity for paromomycin than “A site” motif. Among 

them, lysine, THF, SAM and c-di-GMP II have more 

than 50% of secondary structure similarity with “A site” 

motif (Table 1). However, despite having less similarity 

of purine and TPP riboswitches with “A site” motif, they 

have also considerable low binding energy with 

paromomycin. But only c-di-GMP I riboswitch showed 

completely different functional behavior of quite not 

suitable interaction with the desired ligand. It could be 

possibly due to nucleotide types in defined binding site 

which cause weak electrostatic interaction with 

paromomycin. According to Table 2, maximum and 

minimum binding energy of each type of riboswitches 

demonstrates that the most involved intermolecular 

energy (van der Waals, H bonding, desolvation and 

electrostatic energy) in mentioned interactions is 

electrostatic energy. 

 

Figure 3. Average of global pairwise alignment similarity 
percentage of rRNA sequences with structurally-based 
similar riboswitches via Needle program 

25
. The sequences 

of all structurally similar rRNAs (PSS>50%.) were aligned with 
related riboswitch and the similarity percentages were 
represented in Mean ± SEM for all types of riboswitches (it 
should be noted that the average number of rRNAs for the 
analysis were more than 30 strings for each type of 
riboswitches). Global identity percentages in the range of 14% 
to 26% denote no sequence correlation between riboswitch 
and structurally similar rRNAs (For complete data see Table 
S1). 

 

Table 2. Binding energy of paromomycin interactions with different types of riboswitches and “16S rRNA A site” as receptors. 
Binding energy of each interaction is divided to van der Waals energy, hydrogen bonding energy, desolvation energy and electrostatic energy. 

Receptors* 
Mean binding 
energy ± SD 
(kcal/mol) 

Max binding energy(kcal/mol) Min binding energy(kcal/mol) 

vdW + Hbond + 
desolv Energy 

Electrostatic 
Energy 

Total 
binding 
energy 

vdW + Hbond + 
desolv Energy 

Electrostatic 
Energy 

Total 
binding 
energy 

Lysine (3d0x) -22.75 ± 1.12 -6.87 -20.91 -25.1 -5.5 -17.4 -20.22 

THF (3suy) -20.29 ± 1.47 -5.5 -19.99 -22.8 -3.35 -16.49 -17.15 

SAM (3iqn) -19.05 ± 0.77 -8.32 -15.6 -21.24 -3.66 -16.66 -17.64 

c-di-GMP II 
(3q3z) 

-19.3295 ± 0.61 -5.62 -17.96 -20.9 -3.95 -16.48 -17.75 

Purine (4fe5) -19.17 ± 0.62 -6.02 -17.25 -20.59 -4.81 -15.58 -17.7 

Glycine (3ox0) -18.97 ± 0.90 -6.04 -17.48 -20.83 -2.52 -17.06 -16.89 

TPP (2gdi) -18.52 ± 0.94 -6.32 -16.92 -20.56 -3.1 -15.88 -16.3 

preQ (3fu2) -15.12 ± 1.64 -5.67 -15.33 -18.32 -3.39 -11.47 -12.17 

FMN (2yie) -13.07 ± 0.93 -5.16 -12.74 -15.21 -3.68 -9.65 -10.65 

c-di-GMP I 
(3iwn) 

0.53 ± 0.76 -7.04 2.89 -25.1 -3.47 2.98 2.2 

A site (1j7t)** -11.75 ± 0.79 -5.29 -10.93 -13.54 -3.54 -9.23 -10.08 

*Receptors indicated riboswitches with their PDB codes. ** “A site” refers to “16S rRNA A site” set as a control. 

 

Figure 4 shows RMSD (Root Mean Square Deviation) 

against binding energy for all kinds of riboswitches 

and “16S rRNA A site”. Accordingly, the steadiness 

of all graphs showed that most conformations in 

studied structures have similar behavior to interact 

with receptors. Consequently, it verified the docking 

results and similar condition of docking in all of the 

riboswitches and 16S rRNA A site. Figure 5 

illustrates the schematic interaction of paromomycin 

with “A site” and the riboswitches types. As 

paromomycin and “A site” interaction, the ligand 

binds to minor groove of riboswitches too. However, 

this kind of binding is not observed in c-di-GMP I 

riboswitch which may be the reason for not suitable 

interaction. Apart from c-di-GMP I riboswitch, 

paromomycin is covered in all types of riboswitches 
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which may reduce the access of the molecule with 

around environment. 

These findings support a report which introduced an 

engineered riboswitch for the aminoglycoside 

antibiotic neomycin B.
22

 The resulting neomycin B 

responsive RNA-element partially resembles the 

ribosomal A-site, the natural target for 

aminoglycoside antibiotics.
23

 Furthermore, recently 

Jia et al. discovered an aminoglycoside-binding 

riboswitch that is related to induction of 

aminoglycosides antibiotic resistance.
52

 

The targeting of RNA with small molecules is the 

complementary or even basic of targeting of proteins. 

Through this phenomenon, riboswitches demonstrate 

regulatory mechanisms in which proteins do not take 

part. Furthermore, the importance of RNA-binding 

small molecules such as antibiotics is undeniable. All 

clinically approved drugs which exert their effects by 

binding to RNA are totally recognized as rRNA-

targeting molecules.
35 

Accordingly, it could be 

discussed that some of resulted motifs in this study 

could be alternative binding sites for antibiotics and 

related small molecules in riboswitches. As though, if 

further studies on other motifs and antibiotics verify 

these findings, there is another mechanism for 

antibiotics effects or resistance apart from rRNA 

binding signaling in bacteria. It means these kinds of 

small molecules may bind to same motifs in 

riboswitches to generate their impact leading to 

bacteria’s death or growth repression. However, this 

suggestion needs more computational and 

experimental confirming findings. 
 

 

Figure 4. RMSD vs. binding energy for 10 types of riboswitches and “16S rRNA A site” based on Autodock results. Vertical and 
horizontal axes represented RMSD and binding energy of each docked conformations. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Jia%20X%5BAuthor%5D&cauthor=true&cauthor_uid=23332747
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Figure 5. Docking conformations of paromomycin and RNAs. The ligand Paromomycin was shown stick-line and all of receptors 
were presented charge-space including (A) “16S rRNA A site” (1j7t), (B) SAM riboswitch (3iqn), (C) Glycine riboswitch (3ox0), (D) Purine 
riboswitch (4fe5), (E) Lysine riboswitch (3d0x), (F) THF riboswitch (3suy), (G) c-di-GMP II riboswitch (3q3z), (H) TPP riboswitch (2gdi), (I) 
FMN riboswitch (2yie), (J) c-di-GMP I riboswitch (3iwn), (K) preQ riboswitch (3fu2). The conformation with lowest binding energy was 
selected for each structure. 

 

Conclusion  
In this study, the relation between ribosomal RNAs and 

riboswitches in terms of structural and functional 

similarity was evaluated. Our findings indicated these 

two types of RNAs are structurally similar (secondary 

and tertiary based level) rather than in primary 

sequences. Accordingly, similar secondary structure 

motifs with high identity as Hairpin loop containing 

UUU, Peptidyl transferase center conserved hairpin A 

loop, Helix 45 and S2 (G8) Hairpin were detected 

between riboswitches and rRNAs. Consequently, 

investigation on the connection between binding sites 

of aminoglycosides in rRNAs and riboswitches using 

docking method revealed that riboswitches bind more 

tightly than “16S rRNA A site” to paromomycin. 

Considering other studies suggesting any kind of 

structural, functional or evolutionary similarity of 

ribosomal RNAs and riboswitches, these results could 

verify that these two apparent diverse types of RNAs 

show strong correspondence to each other. 
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