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Abstract

The discovery of noncoding RNAs (ncRNAs) and their importance for gene regulation led us to 

develop bioinformatics tools to pursue the discovery of novel ncRNAs. Finding ncRNAs de novo 
is challenging, first due to the difficulty of retrieving large numbers of sequences for given gene 

activities, and second due to exponential demands on calculation needed for comparative 

genomics on a large scale. Recently, several tools for the prediction of conserved RNA secondary 

structure were developed, but many of them are not designed to uncover new ncRNAs, or are too 

slow for conducting analyses on a large scale. Here we present various approaches using the 

database RiboGap as a primary tool for finding known ncRNAs and for uncovering simple 

sequence motifs with regulatory roles. This database also can be used to easily extract intergenic 

sequences of eubacteria and archaea to find conserved RNA structures upstream of given genes. 

We also show how to extend analysis further to choose the best candidate ncRNAs for 

experimental validation.
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1. Introduction

In the past decade, the availability of a wealth of sequence information was successfully 

exploited with bioinformatics tools for the discovery of noncoding RNAs (ncRNAs) in 

bacteria [1]. Because bacterial genomes are dense in information, using comparative 

genomics to examine intergenic regions (IGRs) has yielded numerous new functional RNA 

structures. IGRs are sequences that bridge gaps between protein-coding sequences or open 

reading frames (ORFs). Sequence elements that regulate bacterial gene expression are 

mostly found in IGRs [2, 3], regardless of whether they are cis or trans-acting [4]. Among 
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the most common ncRNAs known in bacteria are the so-called small RNAs (sRNAs) which 

are independently transcribed and act in trans by binding mRNA targets, typically to repress 

expression [5, 6]. There are also many types of cis-acting elements such as ribosomal protein 

leaders [7], thermoregulators [8] and riboswitches [9, 10].

One way to discover de novo ncRNAs is to look for RNA structures in the IGR upstream of 

genes with similar activity. While most IGR sequences are poorly conserved compared to 

coding sequence, conserved sequence and structure can be observed in IGRs where a cis-

regulatory RNA element is present. Riboswitches are especially well-suited for such 

searches because their ability to specifically recognize metabolites to exert gene regulation 

requires a highly conserved structure.

To embark on a campaign to discover novel ncRNAs by using comparative sequence and 

structure analysis, it is helpful to pool IGRs associated with genes of related functions. 

However, finding and extracting all the intergenic sequences for a specific function from 

general databases like GenBank [11] or Ensembl [12] can be laborious and requires 

programming skills. There is no simple way to extract intergenic sequences without any 

prior knowledge of gene positions. Obtaining IGRs associated with all the genes with similar 

or related annotated activities is even more difficult. Moreover, for large numbers of 

representatives (more than 500 sequences) and variable length IGRs, prediction of secondary 

structure is time-consuming and challenging for most available software packages [13].

Since bacterial IGR sequences have important regulatory elements such as promoters, 

noncoding RNAs and terminators, a tool to easily fetch known information about IGRs 

would be useful. Here we describe how this can be done with RiboGap by simply choosing 

the fields you wish to display and the keywords or parameters corresponding to the query. 

This provides an easy means to look for known RNA structures or sequence motifs 

associated with genes that are grouped by different annotated functions, taxonomic 

ensembles or even phenotypic traits, such as concerted regulation under different growth 

conditions. Moreover, fetching the IGR sequences with RiboGap also facilitate searches for 

ncRNA elements, notably by comparative genomics.

In this report, we describe such a comparative genomic pipeline which uses RiboGap along 

with GraphClust [14], a software package for secondary structure alignment prediction that 

can manage large numbers of sequences. Finally, we describe a method to validate putative 

ncRNAs with an experimental approach for riboswitch validation, in-line probing [15]. The 

proposed methodology also relies on other software packages to improve analysis, mainly 

Infernal, for homology searches, as well as R2R and Emacs (with the Ralee plug-in) for 

RNA structure and alignment visualization, respectively.

2. Materials

2.1 Bioinformatics

2.1.1 RiboGap—RiboGap is a database (http://ribogap.iaf.inrs.ca) which helps find IGRs 

from the 5′-UTRs as well as from the 3′-UTR for one or several genes without any previous 

knowledge of gene positions. RiboGap also provides information on the presence of known 
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noncoding RNAs and Rho-independent transcription terminators [16, 17] in IGRs. 

Moreover, RiboGap uses operon data from the Operon DataBase: ODB [18] including 

known and conserved bacterial operons [19], as well as operon predictions based on adjacent 

genes with the same orientation. RiboGap can carry out keyword searches by using pattern 

matching. It also offers the possibility to use genome coordinates from hits of the RNA 

homology search suite Infernal [20] as an input to look for corresponding operons. A simple 

schematic presentation of RiboGap tables illustrates the potential connections that can be 

made between different types of data (Figure 1). Despite its great flexibility and ability to 

permit the equivalent of complex SQL queries, RiboGap has a simple interface (Figure 2).

2.1.2 GraphClust—GraphClust requires several algorithms to be installed before using it: 

LocARNA version 1.7 or more recent [21], Vienna RNApackage version 2.0 or more recent 

[22], RNAz version 2.1 [23], Infernal version 1.0.2 [24], CMfinder version 0.2 [25], 

RNAshapes version 2.0.6 [26] and BLASTClust from NCBI [27].

2.1.3 Optional software—The text editor Emacs helps visualize the RNA alignment with 

the plugin Ralee [28]. R2R is a program useful for displaying RNA secondary structures by 

summarizing alignment information which can be installed locally [29]. MEME, which can 

be used locally or on a web server, finds conserved motifs among multiple sequences [30].

2.2 Experimental methods

Buffer mixtures for RNA preparation and analysis are detailed below. 5X transcription 

buffer: 400 mM HEPES-KOH (pH 7.5 at 23°C), 120 mM MgCl2, 10 mM spermidine, 200 

mM DTT. 2X in-line probing buffer:100 mM Tris (pH 8.3 at 23°C), 200 mM KCl). 10X 

alkaline solution: 1M Na2CO3 at pH 9.2. 2X RNase T1 digest buffer: sodium citrate 75 mM 

at pH 5.0 and 30% formamide to denature RNA for a more uniform digestion. To stop in-

line probing reactions and also to visualize the migration of RNA by denaturing (8 M urea) 

polyacrylamide gel electrophoresis (PAGE), an equal volume of 2X gel loading buffer (95% 

formamide, 10 mM EDTA [pH 8], 0.05 % (w/v) bromophenol blue, 0.05% (w/v) xylene 

cyanol) was added.

3. Methods and results

3.1 Finding known RNA structures

While most proteins are annotated, only a few genomes have a thorough annotation of 

ncRNAs. Indeed, aside from tRNAs, rRNAs, SRP RNA and tmRNA, RNAs are typically not 

part of standard annotation pipelines. As such, sRNAs and ncRNAs found in UTR regions 

need to be found in other databases such as Rfam, which can be especially cumbersome 

when one wants to search for ncRNAs associated with particular genes. To do this with 

RiboGap, the user simply needs to choose keywords and fields of interest like the 

“description” field in the section “rna_family” and position information from the 

“rna_known” section, combined with “gene product” from the “cds” (coding sequence) 

section, as well as any other information the user wishes to display, such as the species name 

obtained with the “description” field from “fragment” (Figure 2). For example, a user who 

would be interested in the function and regulation of the uca gene could use the keyword 
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“urea carboxylase” in the field “gene product” to look for known RNAs upstream of genes 

related to the same function, but not necessarily associated with uca. The result of this query 

shows an association of ykkC-yxkD leader and mini-ykkC RNAs with genes annotated as 

urea carboxylases (Supplementary Table S1). These RNAs have recently been renamed 

guanidine-I and guanidine-II riboswitches, respectively [31–33]. Interestingly, a few Rho-

independent terminators found in the same UTRs overlap the riboswitch position, providing 

a clear hypothesis for the expression platform for these representatives (Fig. 3A).

Inversely, it is possible to query for genes putatively regulated by given riboswitches. For 

instance, to find the genes that the SAM/SAH riboswitch potentially regulates, we can 

examine the gene located immediately downstream of the motif, or evaluate multiple genes 

if there appears to be an operon [34, 35]. Additional details are available in supplementary 

materials in section S1.1.2 and supplementary table S2.

3.2 Finding sequence motifs

3.2.1 Known sequence motifs—In addition to relatively complex RNA structures, 

leader regions of mRNAs can harbor simple regulatory sequence motifs bound by proteins. 

For instance, the Trp RNA-binding Attenuation Protein (TRAP) [36] represses the synthesis 

pathway of tryptophan when its concentration is high. This repression is achieved when the 

11 units of the undecameric TRAP complex bind as many copies of a three nucleotide-motif 

starting by U or G and followed by A and G. These are separated by two or three 

nucleotides. The complete motif can be represented as ((U/G)AG(N)2-3)11. Such a motif can 

easily be searched for in RiboGap with a regular expression (REGEXP, refer to the help 

page of RiboGap for more information):

[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]

{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}

[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]

Alternatively, to allow for a slight divergence from the known and well-characterized motif, 

we can look for fewer repeats and allow the insertion of a long sequence, which could 

hypothetically be looped out to permit the binding of the TRAP complex with multiple 

copies of the short RNA sequence:

[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]

{2,100}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}[TG]AG[ACGT]{2,3}

[TG]AG[ACGT]

Using this motif to search for TRAP-mediated regulation, we found many of the expected 

instances of known TRAP binding sites, such as the one upstream of trpE in Bacillus 
subtilis. We also found an interesting hit upstream of trpB (encoding a subunit of the 

tryptophan synthase) in the archaea Methanosarcina acetivorans (Fig. 3B). Because the 

distribution of TRAP is almost exclusively limited to firmicutes, this may look like a 

spurious hit. However, the presence of a TRAP analog in the genome of this archaea 

suggests that this example is legitimate and that a horizontal transfer event has occurred. 

There were, however, numerous hits unlikely to be true TRAP binding sites since the 

corresponding genomes do not encode the TRAP protein and because the genes downstream 
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do not encode tryptophan-related functions. The complete set of hits is provided in Table S3 

and highlights other interesting hits not documented before, such as representatives upstream 

of genes encoding chorismate-binding-like protein.

As an additional example, the protein RsmA/CsrA is known to bind two stem-loops with the 

sequence “GGA” in their loops [37, 38]. It was recently shown that both in Escherichia coli 
and Pseudomonas aeruginosa, the protein regulates itself by binding to its own mRNA, 

which also harbors the typical binding motif [39, 40]. We assumed this would be the case for 

more species, and thus we searched upstream of csrA or rsmA for instances of the motif. To 

do so, we allowed appropriate space for two adjacent stem-loops with a “GGA”, with the 

second one overlapping the ribosome binding site:

GGA[ACGT]{4,50}GGA[ACGT]{3,10}[ACGT]$

This search query corresponds to “GGA” followed by 4 to 50 nucleotides and a second 

“GGA” with 4 to 11 nucleotides at the exact end of the IGR (indicated by “$”) and thus 

directly upstream of the start codon. The proportion of csrA/rsmA IGRs that had this motif 

was higher than for any other sets of genes we examined: 51% as opposed to 14% on 

average for other genes (supplementary Table S4). Again, this highlights how simple queries 

in RiboGap can help to quickly test a hypothesis or to generate data that warrants further 

analysis. The complete collection of queries and resulting data are available in 

supplementary materials section S1.2.2 (including an example on how to easily generate a 

query in MySQL language).

The same principle was used to find potential unannotated small ORFs in IGRs. Given that 

the optimal ribosome binding site of all proteobacteria is AGGAGG, we looked for this 

motif followed by a spacer and an AUG start codon, followed by a certain number of 

“codons” and a stop codon. This query was made more complex by the fact that the coding 

sequence needs to be a multiple of three, but this can easily be circumvented by copying 

many times the basic REGEXP pattern:

AGGAGG[ACGT]{6,12}ATG[ACGT]{3}(TAA|TAG|TGA)|

AGGAGG[ACGT]{6,12}ATG[ACGT]{6}(TAA|TAG|TGA)|

AGGAGG[ACGT]{6,12}ATG[ACGT]{9}(TAA|TAG|TGA)|

and so on to 30 nucleotides (10 codons):

|AGGAGG[ACGT]{6,12}ATG[ACGT]{30}(TAA|TAG|TGA)…

Where (TAA|TAG|TGA) corresponds to the three stop codons. This statement thus allowed 

us to find putative small ORFs in so-called 5′ UTRs encoding between 2 and 29 amino 

acids. Over 3,000 hits were found in proteobacteria (Fig. 3C and Supplementary Table S5), 

more details available in supplementary material, section S1.2.3. It has been previously 

described that such mini-ORFs can affect mRNA stability [41, 42] or efficiency of 

translation [43] suggesting that, through diverse mechanisms, many of these ~3,000 hits are 

likely to be involved in regulating expression of the downstream gene. Even if REGEXP 

requires some knowledge of pattern matching for MySQL, the provided examples can be 

used as templates for many types of searches.

Naghdi et al. Page 5

Methods. Author manuscript; available in PMC 2018 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2.2 New sequence motifs—Most regulatory RNAs beyond the simple repeats of a 

TRAP binding motif usually include secondary structural elements. Nevertheless, it is 

possible to search for unknown motifs in sequences with readily available tools such as 

MEME. Extracting IGR sequences from genomes is made particularly easy by the RiboGap 

database. As an example of such a motif search, we conducted a simple query to fetch the 

“5′ gap” sequences of genes for which the “product” (in the cds section) had the word 

“iron”, such as for the gene product “iron-enterobactin transporter subunit”. This was done 

in the E. coli str. K-12 substr. MG1655 genome (Supplementary Fig. S1) and the sequences 

provided by RiboGap were submitted to MEME [44]. We found a conserved motif 

corresponding to the Fur-box (Fig. 3D), which is a 19-base-pair inverted DNA repeat known 

to allow control of gene expression by binding Fur protein according to iron concentration 

[45]. While this is not an RNA motif, this search, which took only a few minutes, still 

yielded an important conserved motif, the Fur-box, from these functionally related 

sequences (Supplementary Fig. S2). Details are available in Supplementary material, 

supplementary section S1.2.4.

3.3. Finding new structures

3.3.1. Obtaining intergenic sequences with RiboGap—To discover new ncRNA 

structures with the pipeline illustrated in Figure 4, the IGR sequences for a chosen gene 

function or collection need to be extracted. For this purpose, RiboGap is a useful database 

(available at: ribogap.iaf.inrs.ca). Two fields of the table cds (coding sequence) should be 

selected: gene and product (Supplementary Fig. S3). Note that more fields can be selected in 

every step as desired. Second, select the DNA fragment and description fields from 

Chromosome information to get the plasmid/chromosome accession numbers and the 

bacteria strain names, respectively. Third, the IGR sequences should be selected from the 

gap5 table (Supplementary Fig. S3), together with all the fields from gap5. Finally, the 

search should be narrowed down by using the conditions section. Any keyword can be used 

for the product or gene fields in the cds sub-section with either “REGEXP” or “find some 
pattern” (Supplementary Fig. S4). The keywords “methyl” and “RNA” are used to find 

genes with functions related to RNA methylation, such as genes encoding “tRNA 

methylases” or “16S rRNA methyltransferases” (Supplementary Fig. S4). The other example 

uses pattern matching with the REGEXP option. This can be useful for searches that require 

more complex keywords, which is the case for cation-related genes, such as magnesium, 

iron or calcium transporters/exporters/efflux pump (Supplementary Fig. S5).

The rationale for our focus on “methyl” and “RNA” was that RNA methylases could 

potentially interact and modify their own mRNA to repress their expression in a classical 

negative feedback loop. Using RiboGap we extracted IGRs in front of genes annotated as 

RNA methylases (e.g., tRNA (mnm(5)s(2)U34-methyltransferase). We retrieved 8150 

sequences and used this dataset with GraphClust.

In general, to search for ncRNAs in IGRs, one additional condition should be added 

(Supplementary Figure S4). In the gap5 sub-section, a size bigger than (>=) 25 should be 

used to filter small IGRs that are unlikely to harbor ncRNAs and otherwise would greatly 

increase the noise and false positives in the search for conserved structured RNAs. Indeed, in 
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many species, the vast majority of IGRs are smaller than 25 nucleotides, while most 

ncRNAs are observed in IGRs of at least 100 nucleotides [46]. A cut-off of 100 nucleotides 

would thus be appropriate, but by being very conservative with a 25-nucleotide lower limit, 

we still eliminate a large number of IGRs, while retaining the possibility of finding a 

particularly small structured RNA in noncoding sequences between genes of the same 

operon. Otherwise, 25 base-pairs are not even enough to accommodate a typical promoter.

3.3.2. Finding conserved elements and predicting RNA secondary structures
—In this critical step, the GraphClust package is used to compare all the sequences of the 

FASTA file generated by the query to group in clusters the sequences that have homology to 

their primary sequence and secondary structure. This package generates many alignments, as 

well as figures and graphs that are used to help discriminate ncRNAs from false positives. To 

predict new structured RNAs, the FASTA file should be provided as input for GraphClust. 

GraphClust uses the BLASTClust [47] package to remove sequences that are too closely 

related. The default filter screens at 90%, which permits it to automatically discard 

sequences that are more than 90% related. This ensures that conservation is due to function, 

rather than close phylogenetic relationship. It also favors alignments with more covariation.

To run GraphClust, some preinstalled software is required, and more information is provided 

with the GraphClust package. Several parameters can be modified, but the default command 

line for GraphClust is:

MASTER_GraphClust.pl --root run_test_1 --fasta my_seqs.fasta --

config config.default_global –verbose

Other default parameters include a window size of 150 nucleotides, minimum sequence 

length of 100 nucleotides and two iterations. These parameters provided excellent ncRNA 

candidates containing secondary structures very well supported by covariation. To verify 

whether the candidate ncRNA may already be known, it is useful to do the same query, but 

with more information from tables such as RNA_family and RNA_known for the query 

(Supplementary Fig. S6) as described in section 3.1. These fields provide information on 

ncRNAs from the Rfam database [48], which is particularly useful for identifying known 

RNAs and avoiding the “discovery” of an already well-known ncRNAs. By selecting both 

the boxes of Known RNA and RNA family sub-sections (Supplementary Fig. S6) all the 

intergenic sequences containing known RNAs will be shown. If no results are returned, it 

means that there is no known RNA assigned to the IGR. For our “RNA” and “methyl” query, 

all the good candidates obtained with the described settings corresponded to known 

ncRNAs: tRNA, RNase P, cobalamin riboswitch and SAM riboswitch (SAM example in 

Supplementary Fig. S8). Indeed, the more widespread a ncRNA is, and the more covariation 

it has, the more it is likely that it has already been found. We thus executed the GraphClust 

command using 97% to filter out only very closely related sequences with BLASTClust and 

using 15 iterations to get more candidates (details on how to use different parameters in 

Supplementary Data section S2).
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3.3.3. How to analyze results

3.3.3.1. Analyzing the structure alignments: By running GraphClust with default 

parameters, 20 clusters of sequences with predicted RNA secondary structures can be 

obtained. Two folders are interesting for analysis, CLUSTER and RESULT. These folders 

contain numerous files, and so we will mention only the most useful files for candidate 

analysis. In the CLUSTER folder, there are three subfolders, but the most important is the 

MODEL subfolder where the sequence alignments and predicted secondary structures can 

be found. MODEL has the clusters with high scores. The RESULT folder contains the final 

refined results from CLUSTER but sometimes omits useful information by discarding 

sequences from other intermediate alignments. For this reason, it can be useful to examine 

the model.tree.aln.ps, model.tree.aln.alirna.ps, best_subtree.aln.ps and 

model.tree.aln.rel_plot .pdf files as well (Supplementary Fig. S8).

To analyze the predicted structure, several criteria should be taken into account: sequence 

alignment quality, sequence conservation, covariation and structure likelihood. Since the 

sequences were aligned based on structure conservation, it is important to look at sequence 

alignments both in predicted models by CMfinder [49] and LocARNA [21]. It is worthwhile 

to visualize alignments with more than 10 sequences with Emacs in Ralee-mode [28] with 

the cmfinder.stk file, this allows easier inspection of base-pairs for which mis-pairs occur in 

a few sequences of the alignment (Supplementary Fig. S9). Indeed, LocARNA settings 

cause mispairs to dim color coding of base-pairs, which can lead to the base-pair not being 

highlighted at all in large and diverse alignments. Note that alignments with at least three 

sequences can be considered as candidates, depending on the criteria met.

The first criterion is sequence conservation. An alignment with too much conservation is not 

ideal because in such cases, apparent structure conservation could result from nearly 

identical sequences from phylogenetically close strains (Supplementary Fig. S10). However, 

some level of sequence conservation is expected (Supplementary Fig. S11), otherwise, 

spurious conserved structures can result from alignments of unrelated stem-loops for 

instance. Depending on the type of ncRNA, double-stranded regions are often more 

conserved because mutations that disrupt structure are not tolerated. However, in the case of 

ncRNAs with a very wide phylogenetic distribution, positions in stems can vary 

considerably and in such cases, critical single stranded regions can have a higher level of 

conservation, which can be a good indicator for quality of sequence alignment.

The second criterion is covariation of sequences. Since RNA structures are conserved 

evolutionarily, then mutations at positions where base-pairing need to be preserved should 

be compensated by a mutation of the opposite nucleotide that restores the base-pairing to 

maintain RNA structure [50]. More covariation in the alignment indicates a higher 

probability of a structured functional RNA. Covariation is the strongest indicator that helps 

support and confirm ncRNA candidates. While more likely to occur by chance, compatible 

variations are often observed in alignments of structured RNAs and also support the model. 

Compatible variations correspond to instances when only one position of the base-pair 

varies, but still permits base-pairing. For example, in the case of an A-U base-pair compared 

to a G-U base-pair, only the purine changes, but the U stays the same while still permitting a 
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base-pair at that position. Several examples are provided to illustrate how to distinguish 

good (Supplementary Fig. S12), ambiguous (Supplementary Fig. S13), partially good 

(Supplementary Fig. S14 and S15), and poor sequence alignments or covariation 

(Supplementary Fig. S16 and 17).

The third criterion is the reliability of structures and alignments. To evaluate this, we use the 

files model.tree.aln.ps, bestsubtree.ps and model.tree.aln.rel_plot.pdf. The latter indicates the 

reliability of the predicted structure at given positions and is generated by LocARNA-P [51]. 

This file shows the degree of reliability of sequence alignment and structure. The more it 

tends towards “1”, the higher the probability of forming the corresponding base-pair at each 

given position. Note that this prediction is made from the model.tree.aln.ps file, which is 

created by LocARNA. (Supplementary Fig S18-S21). The file model.tree.aln.ps is an initial 

model prediction of ncRNA. LocARNA uses this file as a guide for making secondary 

structure predictions for more sequences. The file of bestsubtree.ps groups the best 

sequences for the predicted model. Reliability of the predicted structure for model.tree.aln.ps 
is evaluated by LocARNA-P and presented in the tree.aln.rel_plot.pdf file. This file indicates 

the boundary of ncRNAs as well as the reliability of the structure and sequence alignment. 

The boundaries of the ncRNA are very useful to locate more precisely the ncRNA position 

in the IGR.

As a result of this procedure, we selected the “RNA-methyl-28” (cluster number 28) from 

the RESULTS folder as an example of a potential candidate for further analysis (Fig. 5). The 

alignment has many positions with compatible variation and all the sequences clearly belong 

to the alignment, as illustrated by the highly-conserved stem around position 30 (Fig. 5 and 

Supplementary Fig. S22). Note that RNA-methyl-28 has no hits in Rfam, indicating that this 

putative ncRNA is likely a novel RNA family.

3.3.3.2. Analyzing potential riboswitches: To selectively bind metabolites, riboswitches 

must fold in defined binding pockets which are determined by precise secondary and tertiary 

structures that are very well conserved. As a consequence, riboswitches often have a 

“conservation and structural signature”. Many functional RNAs can have several elements in 

their structure: loops, bulges or multistem junctions. In general, functional RNAs such as 

riboswitches or ribozymes have several of these structural elements with conserved 

nucleotides (examples of a candidate unlikely to be a riboswitch, Supplementary Fig S23; of 

the Mg2+-II riboswitch [Mg-sensor], S24-S27; and of the Mg2+-I riboswitch [ykoK], S28-

S31). When they are phylogenetically widespread, the base-pairing regions often harbor a lot 

of covariation and thus have low sequence conservation. In contrast, nucleotides in single-

stranded regions involved in ligand binding can be highly conserved, and are typically in 

multistem junctions. These features can help to distinguish between different types of 

ncRNAs and to choose candidate clusters more likely to be riboswitches for further analysis.

3.3.3.3. Additional considerations: The proximity of the candidate structure to a potential 

expression platform can also be a good indication that it acts as a regulatory RNA. This can 

easily be evaluated with the positions of the putative ncRNA within the IGR (which are the 

numbers in the name of the sequence in the alignment). Subtracting the end position from 

the size of the IGR gives the number of nucleotides separating the RNA structure from the 
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start codon. Hence, if this number is less than 10, chances are that the structure overlaps the 

Shine-Dalgarno sequence [52, 53] and thus blocks translation, at least in some conditions. 

Additional criteria include whether the structure is already known (see section 3.1.) or if it is 

close to a Rho-independent transcription terminator, which would also suggest a potential 

mode of regulation, through transcription termination in this case. In the case of the 

candidate RNA-methyl-28, we evaluated the distance of the RNA structure from the start 

codon. In all the sequences from the alignment, the short distance separating the ncRNA 

from the start codon (1-2 nucleotides) implies that the Shine-Dalgarno is sequestered in the 

RNA structure. This further supports a regulatory function for this putative RNA 

(Supplementary Fig. S32).

3.3.3.4. Performing a global homology search of candidate motifs by Infernal: Once a 

potential candidate is found, GraphClust does a search for each model to extend from the 

initial “cluster alignment” through all sequences provided as input. However, the aligned 

structures can be used to evaluate the distribution of the motif in the whole bacterial 

genomes as well as in additional databases if desired. To do so, the stockholm file, 

(model.cmfinder.stk) in the CLUSTER/MODEL folder of the candidate should be chosen to 

do a cmbuild for Infernal. The procedure has been described in more detail previously [54]. 

Briefly, the steps to be executed are as follow: cmbuild and cmcalibrate to prepare the 

infernal covariance model, cmsearch to do a homology search in the chosen target database, 

and cmalign to consolidate the hits in a new alignment. If the ncRNA candidate is real, the 

new alignment is likely to provide more support for the conserved structure, with more 

covariation notably. It may also highlight which portions of the initially predicted structure 

are more important, since the other portions might not be present in all sequences of the post 

infernal alignment.

We applied this analysis to the RNA-methyl-28 motif. Using Infernal, we did a global 

homology search to evaluate the distribution of the motif in all bacterial genomes (NCBI 

bacteria genomes version 2015). We found 264 hits in different bacteria (Supplementary 

information and Table S6). We used R2R to draw the RNA-methyl-28 motif based on 

information from all 264 hits found with Infernal, and found that the RNA structure 

consensus derived from the 264 hits is similar to the initial GraphClust structure-alignment 

(Fig. 5). One small stem appears as highly conserved, but not the other stems, which are 

nevertheless supported by additional covariation in this extended alignment, as opposed to 

merely a compatible variation in the initial alignment. Note that these two types of base-pair 

variations are not distinguished by the analyses of GraphClust, but can be observed directly 

in the alignments or with the help of a R2R summarized consensus (Fig. 5). The results from 

any cmsearch can be uploaded with the tabfile format in RiboGap to get information on each 

hit.

4. In-line probing for experimental validation

Once a potential ncRNA candidate is chosen, it has to be experimentally validated to prove 

that it is a genuine ncRNA and to decipher its function. The sequence to be analyzed can be 

chosen by comparing the SCORE of cmsearch, which is indicated in the cluster.all.fa file in 

the RESULT folder. The top score indicates that the sequence fits well with the predicted 
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model. This does not mean that sequences with lower scores are not good. For instance, if 

the motif is already known, the lower scoring sequences could actually represent distal 

variants worth investigating. Indeed, the deoxyguanosine riboswitch was revealed by looking 

at unusual hits for guanine riboswitches [55]. Based on this we also decided to look at 

outliers of Mg2+-II riboswitch alignments (Supplementary data section S4.1).

4.1. PCR to construct the template for RNA production

The first step to start in vitro assays is the preparation of a PCR template. For this purpose, 

the complete intergenic sequence can be selected from RiboGap and positions of the 

candidate ncRNA should be determined within this IGR. About 20 to 50 nucleotides can be 

added to each extremity of the candidate sequence, i.e. the portion of the sequence 

corresponding to the alignment, which is smaller than the full IGR. Alternatively, if the 

transcription start site is known, it can be used to determine the 5′ end. Several PCR 

templates can be constructed for the in vitro assays. If genomic DNA is readily available, 

preparing the transcription template simply requires addition of a T7 RNA polymerase 

promoter to a DNA primer used to amplify the fragment of interest. For RNA-methyl-28, the 

template for transcription could be amplified from E. coli JM109 genomic DNA with the 

following forward 5′-

TTCTAATACGACTCACTATAGGTAAGTTTCGAATGCACAATA-3′ and reverse 5′-

TAAGTTACTCGTCTTACAGG-3′ primers. However, when doing global genomics 

screens, it is common to end up with sequences from species for which assembly PCR is a 

more practical option (example of a Mg2+-II riboswitch in Supplementary material section 

S5.2). Overlapping oligonucleotides can be designed with primerize (https://

primerize.stanford.edu/) [56]. Two or three G nucleotides should be added in 5′ of the 

sequence for efficient RNA transcription. Note that to do assembly PCR, the concentration 

of first and last oligonucleotide should be 1 μM and the other oligonucleotides concentration 

should be 0.1 μM.

4.2. RNA transcription

After producing double-stranded DNA templates, RNA can be transcribed from DNA. There 

are several commercial kits for this purpose. We use 10 μL DNA template (~10 pmoles) with 

10 μL of 5X transcription buffer, 15 μL 10 mM rNTPs, 1 μL 0.1 U/μL pyrophosphatase 

(Roche), 1μL 40 U/μL RNase inhibitor (Roche) and 2 μL T7 RNA polymerase (10 U/μL 

final concentration) in a final volume of 50 μL. After incubating at 37°C for 2 h and 

degrading the template with 1 μL 2 U/μL RQ1 DNase, the RNA product is purified by 

denaturing 6% PAGE for 2 h. RNA is then eluted and dissolved in 21 μL RNase-free water. 

1 μL of this sample is used to determine the concentration of RNA by using a Nanodrop 

spectrophotometer.

4.3. Dephosphorylation and Labeling

Dephosphorylation of RNA is performed by following the manufacturer’s instructions for 

Antarctic phosphatase (NEB). To label RNA, 2 μL radioactive ATP (γ-32-P), 3 to 10 pmoles 

of dephosphorylated RNA, 1 μL of 10 U/μL polynucleotide T4 kinase and PNK buffer 

(NEB) in 20 μL is incubated at 37°C for 1 h. The labeled product is purified on denaturing 

6% PAGE.
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4.4. Determination of candidate RNA structure and potential modulation by in-line probing

To determine the activity of an RNA suspected to be a riboswitch, RNA is incubated in 

conditions favoring a structure-dependent degradation pattern with in-line probing. In these 

conditions, different concentrations of ligand can be assayed to test ligand binding and get 

data necessary for KD calculation. In-line reactions are carried out for 40 h at room 

temperature. Standard in-line reactions are 50mM Tris pH 8.3, 100 mM KCl and 20 mM 

MgCl2, but in the case of metal ion ligands, the in-line reaction can be carried with varying 

concentrations of Mg2+. To be able to determine RNA structure, two types of ladder are 

prepared. Up to three times as much of labeled RNA can be digested by T1 enzyme and 

alkaline digestion. T1 reactions are carried out with the radiolabeled RNA and 1.5 μL of T1 

RNAse 1 U/μL in T1 solution incubated at 56°C for 5 minutes. Alkaline digestion is 

conducted with the RNA being incubated in 20 μL of 1X alkaline solution at 90° C for 1 

minute and 20 seconds. The samples are then run on 10% denaturing PAGE for 

approximately 3 hours at 70 W, exposed with phosphorimaging screens and scanned by a 

Typhoon FL9500. The technique has been described in more detail by Regulski and Breaker 

[57].

In-line probing was carried out on a construct of the IGR upstream of mnmC in E. coli str. 
JM109 to confirm the structure of the RNA. We prepared a control in-line probing reaction 

containing a spontaneous digested RNA without metabolite, a no-reaction sample of 

undigested RNA, RNA subjected to partial digestion by RNase T1, and a partial alkaline 

digestion (Na2CO3). The labeled RNA was incubated for 35 hours and then the pattern of 

RNA degradation was examined by denaturing 10% PAGE (Fig. 6). The small highly 

conserved stem is not supported by the in-line probing data in this construct. This could be 

due to inappropriate structure prediction, especially considering that the stem is not 

supported by covariation. Alternatively, since riboswitches and many types of regulatory 

RNA elements have at least two mutually exclusive structures, in-line probing (Fig. 6B) may 

not represent the conserved RNA motif candidate RNA-methyl-28, but rather an alternative 

structure. An additional example for the Mg2+-II riboswitch is provided (Supplementary 

material section S4.1).

5. Discussion

Targeted comparative genomics, where sequences upstream of homologous proteins are 

aligned to look for conserved RNA structures, have been fruitful in the past [58]. However, 

these studies were undertaken with data extracted from databases such as “NCBI 

Nucleotide” using scripts or homemade programs and could only be performed by someone 

with programming skills. Here we demonstrate the accessibility and usefulness of RiboGap 

in extracting and exploring intergenic sequences for ncRNA. Beyond its ease of use, 

RiboGap extends the types of sequence ensembles the user can make by allowing function-

based queries, rather than protein domain-based queries, providing additional data useful for 

downstream analysis. RiboGap can be used on a regular basis by most genomics researchers 

interested in obtaining results from simple or complex queries. Since RiboGap centralizes 

data from many different databases, it permits users to optimize their research by querying 

the combined data from various original databases. This cuts down on the laborious 
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compilation and parsing of multiple sets of data required prior to analysis, associated with 

drawing information from regular databases.

The extraction of intergenic sequences is an important part of the pipeline which can lead to 

de novo predictions of ncRNAs with GraphClust. Even if the latter is relatively efficient to 

compare sequences on a large scale, comparing all IGRs of all sequenced bacteria and 

archaea would require considerable computing resources, as opposed to targeting limited 

datasets provided by RiboGap. This targeted strategy focuses on sets of genes which have a 

higher likelihood of harboring regulating ncRNAs. Alternatively, the users can choose from 

multiple sets of functions to explore less obvious associations which may link more subtle 

regulatory mechanisms related to the ncRNA candidate structures. In both cases, using 

RiboGap can greatly reduce computing time as well as the number of candidate ncRNAs to 

evaluate, which is even more time consuming. Perhaps even more critical, choosing which 

candidate ncRNA to study from the large number of putative ncRNAs requires the analysis 

of countless alignments and structures, many of which might be interesting, but most of 

which would not be.

While RiboGap is a powerful tool for extracting intergenic sequences associated with chosen 

gene functions, it is limited by gene annotations. Poorly annotated genes can either prevent 

the user from getting a set of sequences corresponding to the chosen function, or lead to the 

prediction of ncRNAs associated with another unrelated function. Here, we show an 

example of the latter. Intergenic sequences associated with genes annotated as “urea 

carboxylases” were searched for the presence of known ncRNAs. As expected, this led us to 

find ykkC and mini-ykkC guanidine riboswitches [31–33]. In this case, the annotation of uca 
is likely wrong due to a lack of knowledge regarding guanidine biology, resulting in 

missannotation of uca as encoding urea decarboxylase enzyme, rather than a guanidine 

decarboxylase.

Our initial screen of magnesium-related genes only identified members of one of the two 

known Mg2+ riboswitches. We thus adjusted parameters of BLASTClust from 90% to 98% 

to find the Mg2+-I (ykoK) riboswitch as we had previously done with our RNA-methyl-28 

search. Analysis of the GraphClust results should be performed with precaution as none of 

the currently available software can comprehensively predict the existing RNA secondary 

structures. Yet, because GraphClust uses both CMfinder and LocARNA, it benefits from 

different covariation model predictions and alignments of secondary structure instead of 

merely sequence. Finally, one should not forget that even though some very powerful tools 

are available for ncRNA prediction, the inspection of the candidate motifs is necessary to 

appropriately evaluate them and decide which ones to prioritize for experimental validation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representation of tables and major applications of RiboGap. (A) Interconnected 

seven main tables which contain information on chromosomes, genes, proteins, ncRNAs, 

intergenic sequences and operons, through which defined queries can be defined. (B) 
Extraction of intergenic sequences from both the 5′-UTR and the 3′-UTR, which is one of 

the major applications of RiboGap. (C) De novo discovery of Rho independent terminator 

positions in specific ncRNAs or terminator evaluation for certain intergenic regions. (D) 
Prediction of genes and operons controlled by specific regulatory elements like riboswitches.
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Figure 2. 
Screenshot of RiboGap interface from the Advanced search page. Some of the empty fields 

have been cropped to show the full query.
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Figure 3. 
Results from RiboGap queries (A) The expression platform of a ykkC-yxkD (guanidine-I) 

riboswitch is observed from the overlap of the Rho-independent terminator (sequence 

underlined in red) and aptamer (partial sequence, underlined in blue). Genetic context, 

sequence overlap of structures is shown in orange. Hypothetical ON and OFF states are 

pictured on the right. (B) Examples of TRAP binding motifs found with the patterns used for 

the search on the left. Top is the canonical pattern, with a hit corresponding to a confirmed 

TRAP-regulatory site. Bottom, the pattern used for the search was less stringent and 

revealed a putative archaeon TRAP-like binding site. Black lines under the sequences 

indicate the putative full TRAP motif. Blue boxes and orange line correspond to binding 

sites found by the search, pale blue to other potential binding sites. Spacers larger than the 

typical 2-3 bases are indicated above the sequence. (C) Examples of mini ORFs found by 

the RiboGap query. Mini-ORF Shine-Dalgarno boxed in blue, start codon in green, stop 

codon in red and other codons in different colors. (D) Conserved “iron-box” found by 

MEME and drawn by sequence logo [59] on the left, Fur-box consensus on the right. 

Positions matching the “iron-box” consensus are in bold.

Naghdi et al. Page 19

Methods. Author manuscript; available in PMC 2018 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Schematic presentation of the pipeline for novel RNA structures discovery.
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Figure 5. 
RNA methylation-related candidate “RNA-methyl-28”. (A) Sequence alignment of predicted 

structure for the candidate. (B) Prediction of secondary structure by GraphClust for the 

candidate. GraphClust uses the RNAalifold [60] option of the ViennaRNA Package [22] for 

motif drawing. (C) Consensus secondary structures for the RNA-methyl-28 candidate drawn 

by R2R [29], a software package that draws consensus motifs and annotations in one figure: 

secondary structure, sequence conservation, covariation and compatible variation. (D) R2R 

structure of the Infernal-extended alignment. (E) Genetic context of RNA-methyl-28.
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Figure 6. 
In-line probing of the RNA-methyl-28 candidate. (A) Secondary structure of the sequence 

used for the in-line probing experiment. (B) In-line probing of the RNA illustrated in B. 

RNA was incubated for 40 h. The colored lines along the gel correspond to regions indicated 

with the same colors on the secondary structure representation.
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