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Abstract

While the notion that RNAs can function as regulators dates back to early molecular studies of 

gene regulation of the lac operon, it is only over the last decade that the ubiquity and diversity of 

regulatory RNAs are being realized. Advancements in high throughput sequencing and the 

adoption of these approaches to rapidly sequence genomes and transcriptomes and to examine 

gene expression and RNA binding protein specificity have revealed an ever-expanding RNA 

world. In this review, we focus on recent studies revealing that RNA fragments cleaved from larger 

coding or noncoding RNAs can have regulatory functions. Additionally, we discuss examples of 

riboswitches that function in trans as mRNA or protein-binding sRNAs, upending the traditional 

thinking that these are exclusively cis-acting elements.

Graphical Abstract

Introduction

sRNAs in bacteria can act by modulating the activity of a particular protein(s) or regulating 

mRNA stability and/or translation by base-pairing with near complementary sequence in the 

targeted message [reviewed in [1]]. Among the most well studied base-pairing sRNAs are 

those in gram-negative bacteria that require the RNA chaperone Hfq for stability and 
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function. Most Hfq-dependent sRNAs identified by empirical and bioinformatic methods are 

primary transcripts, but some are produced from larger transcripts by endoribonucleolytic 

cleavages [2-7]. However, the vast majority of these sRNA fragments have not been well 

characterized. Similarly, regulatory RNA elements that can bind small molecules and/or 

metabolites called riboswitches have mainly been studied when found in mRNA leader 

sequences. However, some riboswitches have been identified antisense to the regulated gene 

and others are completely isolated from the regulated gene, i.e. “marooned” [8].

Several recent studies have revealed that RNA fragments cleaved from larger coding or 

noncoding RNAs indeed have regulatory functions and that RNA regulatory elements such 

as marooned riboswitches can function as independent sRNAs that regulate gene expression 

in trans by base-pairing with mRNAs or titrating RNA binding proteins. In this review, we 

will focus on recent studies examining these two major types of newly unmasked sRNAs - 

RNA fragments and trans-acting riboswitches.

RNA derived fragments

In the early 1970's, it was discovered that stable RNAs (rRNAs and tRNAs) were transcribed 

as larger molecules that were processed to generate the mature RNAs [9-12]. The fact that 

RNA fragments were removed during maturation raised several questions. As stated by 

Altman and Robertson in 1973 [13], “A major question about these molecules is that of the 

function of the “extra” segments”. Another question was how are these precursors processed 

to generate the mature tRNA and rRNA species. Studies over the subsequent four decades 

have primarily focused on the latter question. Over the last several years, transcriptomic 

studies in bacteria [3,14,15], archaea [16], and eukaryotes [17] have detected a plethora of 

fragments derived from tRNA, rRNAs, mRNAs, and riboswitches that have revived the 

important functional question.

tRNA derived fragments

Hints to a role for tRNA derived fragments (tRFs) in regulating RNA stability through base-

pairing with target RNAs came from multiple studies that identified tRNAs among the 

RNAs that bind to the RNA chaperone Hfq in E. coli [3,6]. Hfq is a key player in the 

posttranscriptional regulation of gene expression in many gram-negative and some gram-

positive bacteria [reviewed in [18]]. Hfq binds both base-pairing sRNAs and their target 

mRNAs in random order [19,20] and facilitates their annealing, which in turn alters mRNA 

translation and/or stability. Despite the known role for Hfq in the regulation of gene 

expression by facilitating sRNA/mRNA interactions, the binding of Hfq to tRNAs was 

initially interpreted as Hfq playing a role in tRNA maturation [3,21,22].

In a recent paper, Lalaouna et al. discovered a regulatory function for these Hfq associated 

tRFs in E. coli [23]. These authors sought to identify mRNA targets for the Hfq-binding 

RyhB and RybB sRNAs by specifically immunoprecipitating the MS2-tagged sRNA and 

identifying co-purifying RNAs by high throughput sequencing. Surprisingly, they recovered 

in addition to known and potential mRNA targets, RNA fragments that were excised during 

tRNA maturation. Interestingly, tRFs derived from the leuZ primary transcripts base-paired 

with RyhB leading to a reduction in its levels, and in turn, to up-regulation of its mRNA 
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targets (Figure 1A). Furthermore, additional tRFs were found to bind other sRNAs. The 

ability of tRFs to act as base-pairing sRNAs is not unique to bacteria. Other studies have 

found that specific tRFs in human cells have a regulatory function, i.e., promoting cell 

proliferation [17] and regulating mRNAs by base-pairing [24]. While tRFs have also been 

discovered in archaea, those characterized so far act as stress-induced noncoding RNAs that 

inhibit protein synthesis by binding to the ribosome [25].

mRNA derived fragments

The first global studies examining sRNA content in E. coli by sequencing cloned cDNAs 

from size selected RNAs or detecting Hfq bound RNAs with microarrays identified mRNA 

derived fragments in addition to freestanding sRNAs [2,5,6]. More recent, high throughput 

sequencing of Hfq-bound RNA has revealed a myriad of mRNA-derived fragments bound to 

Hfq [3,4]. A hint at the regulatory function for some of these mRNA-derived sRNAs came 

from work on ChiX, an Hfq-dependent sRNA conserved between E. coli and Salmonella 
enterica. Figuroa-Bossi et al. demonstrated that ChiX downregulates the mRNA encoding 

the chitin porin ChiP, but induction of the decoy chb mRNA leads to degradation of ChiX as 

a consequence of chb-ChiX base-pairing [26], resulting in up-regulation of the chitin porin 

encoding mRNA. Therefore, the chb mRNA acts as sponge that soaks up ChiX leading to 

the accumulation of its negatively regulated mRNA targets (Figure 1B). A subsequent study 

found that the SroC sRNA is a gltIJKL mRNA cleavage product and serves as a sponge for 

the GcvB sRNA, leading to reduced regulation of its target mRNAs [27]. Thus, both mRNAs 

and mRNA-derived sRNAs can act as molecular sponges. Not all of these mRNA-derived 

sRNAs act by this mechanism. Other sRNAs that are transcribed as free standing sRNAs or 

as part of mRNAs regulate in the traditional manner of targeting mRNAs by base-pairing 

[4].

Trans-Acting Riboswitches

Over two decades ago, it was first observed that 5’ untranslated regions (5’ UTRs) of some 

mRNAs can bind ligands, specifically uncharged tRNAs. The cis binding elements were 

termed T-boxes, and their interactions with the tRNAs control whether the downstream 

genes encoding cognate tRNA synthases are expressed [28,29]. While in this case the 

interaction between the uncharged-tRNA and T-box occurs via base-pairing, RNA is also 

capable of forming structures that can bind other types of ligands [30,31], and 5’ UTRs that 

bind other ligands were subsequently discovered and termed riboswitches. A flurry of 

research ensued with the focus on discovering riboswitches, identifying novel ligands, and 

defining their regulatory mechanisms. At present, close to 20 different ligand classes of 

riboswitches have been discovered that bind metabolites such as lysine and glycine, 

coenzymes including adenosyl cobalamine (AdoCbl) and S-adenosylmethionine (SAM) and 

ions such as magnesium and fluoride (reviewed by [32]). Most riboswitches characterized 

thus far reside in the 5’ UTR and regulate in cis the transcription or translation of the 

downstream open reading frames (ORFs). In this classic mode of riboswitch control, ligand 

binding causes a change in the mRNA leader structure that either promotes or inhibits the 

formation of a hairpin that terminates transcription or sequesters the translational start site 
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(reviewed by [32]). Other types of regulatory mechanisms have also been discovered for 

riboswitches. Here, we focus on riboswitches acting within sRNAs.

Riboswitch governed base-pairing RNAs

That riboswitches might regulate gene expression in ways other than in cis regulation of 

downstream ORFs was realized when riboswitches were discovered at the 3’ ends of genes 

[33-35]. Two of these riboswitches were molecularly characterized in detail and found to be 

regulating the expression of the upstream adjacent genes by controlling the generation of an 

antisense RNA (asRNA) [33,36]. The discovery that a riboswitch can control the generation 

an asRNA meant that a riboswitch did not need to be upstream of its cognate gene, but could 

indirectly regulate its expression via an sRNA encoded antisense or even elsewhere in the 

genome.

Indeed, examples of such trans-acting riboswitches were discovered in the form of SAM 

riboswitches, found in Listeria monocytogenes [37]. SAM riboswitches originally identified 

in the 5’ UTRs of operons encoding genes involved in methionine and cysteine transport and 

metabolism. Binding of SAM to its cognate riboswitch typically results in premature 

termination, preventing expression of the downstream ORFs. However, a novel discovery 

showed that some of these terminated RNA fragments have second lives as non-coding 

sRNAs influencing the expression of genes located elsewhere in the genome. Two SAM 

riboswitches, SreA and SreB were found to alter the levels of the prfA transcript, which 

encodes a major virulence regulator. Detailed molecular characterization of the SreA sRNA 

demonstrated that this terminated riboswitch directly binds the 5’UTR of the prfA transcript 

reducing its stability and translation (Figure 2A). By this mechanism, nutrient sensing by 

one class of RNA aptamer can simultaneously regulate both metabolism and virulence. This 

study showed that terminated riboswitch RNAs are not necessarily “junk” RNA, but may 

have secondary functions as transacting sRNAs [37] .

Riboswitch dependent protein binding RNAs

Very recently, a coenzyme B12 (AdoCbl) riboswitch associated with the ethanolamine (EA) 

utilization (eut) loci of Enterococcus faecalis and L. monocytogenes was shown to operate 

primarily as a non-coding, trans-acting RNA. However, rather than binding and down-

regulating mRNAs, this riboswitch-RNA, EutX/Rli55, binds and sequesters a response 

regulator [38-40]. The response regulator, EutV, was previously characterized as RNA-

binding family of AmiR and NasR Transcriptional Antiterminator Regulators (ANTARs) 

[41,42]. Upon sensing EA, the histidine sensor kinase, EutW, autophosphorylates and 

phospho-transfers to EutV, which causes dimerization and RNA-binding activity [43-45]. 

Within the eut locus of E. faecalis and preceding several ORFs are constitutively active 

promoters followed by transcriptional terminators that prevent downstream gene expression 

under non-inducing conditions. When EA is present, active EutV binds to specific sites 

overlapping the terminators thereby preventing terminator formation and promoting read-

through. However, it was noted that induction of the eut genes could not be induced only 

with EA; a co-factor required for EA breakdown, AdoCbl, was also required. A riboswitch, 

that binds AdoCbl, was discovered in an intergenic region of the eut locus [44]. While 

several ideas were proposed for how this riboswitch ensures that gene expression only 
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occurs when AdoCbl is present in addition to EA [44,46], the actual mechanism was only 

revealed when a potential EutV binding site, not associated with a terminator, was located 

downstream of the riboswitch aptamer. Studies carried out in both E. faecalis and in L. 
monocytogenes demonstrated that this binding site and the riboswitch comprise a non-

coding RNA, EutX/Rli55, that binds and sequesters active EutV when EA is available, but 

not AdoCbl (Figure 2B). When AdoCbl is also present, it binds to the riboswitch and causes 

termination, resulting in a truncated RNA lacking the EutV sequestering site [38-40].

Other examples of riboswitches controlling access to protein binding sites have been 

identified recently. Instead of regulating a Rho-independent terminator, one Mg2+ riboswitch 

controls access to a Rho-dependent binding site [47,48]. Both a lysine and a Mg2+ 

riboswitch have been characterized as controlling access to RNase E cleavage sites, thereby 

promoting or protecting a transcript from degradation [49-51].

Conclusions

These recent studies highlight the notion that very little goes to waste in cells. RNA 

segments generated from spacers excised during tRNA processing, mRNA cleavage 

products, and terminated riboswitches have second lives as regulatory RNAs. Furthermore, 

the riboswitches observed to be marooned, i.e., not located close to the loci they regulate [8] 

are unlikely to be junk waiting to be mutated into nonexistence, but may control the 

expression of sRNAs that regulate the relevant genes in trans. In other instances, these 

riboswitch-containing non-coding RNAs may function to titrate RNA binding proteins that 

regulate the expression of these ORFs. Altogether, these findings suggest that many other 

RNA cleavage products, terminated transcripts, and pseudogenes may be important 

regulatory molecules hiding in plain sight.
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Highlights

• small noncoding RNAs (sRNAs) are an important class of regulators in bacteria.

• Several new classes of sRNAs were revealed by recent studies.

• tRNA, mRNA, and riboswitch derived fragments have a second life as sRNA 

regulators.

• Marooned riboswitches have a life on their own as modulators of gene 

expression.
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Figure 1. Mechanisms of post-transcriptional regulation of gene expression by tRNA and mRNA 
derived fragments
(A) Upper panel: an sRNA base-pairs with near complementary sequence in the target 

mRNA leading to coupled degradation of the sRNA and mRNA. Lower panel: the primary 

tRNA transcript is processed by ribonucleases to generate the mature tRNAs. Fragments 

excised by endoribonucleases (tRFs) from the tRNA base-pair with an sRNA, preventing it 

from binding and regulating its target mRNA. In the absence of sRNA-mediated regulation, 

the mRNA is efficiently translated. (B) Upper panel: an sRNA base-pairs with a target 

mRNA resulting in decay of the mRNA, and the sRNA then proceeds to regulate additional 

targets. Lower panel: an mRNA or mRNA derived fragment (decoy RNA) base-pairs with 

the sRNA blocking it from binding its target mRNA, which is then efficiently translated.
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Figure 2. Mechanisms of post-transcriptional regulation of gene expression by trans-acting 
riboswitches
(A) Upper panel: In the absence of the riboswitch ligand (SAM), gene expression of the 

downstream genes occurs as well as expression of prfA at an independent locus. Lower 
panel: In the presence of the riboswitch ligand, termination occurs preventing downstream 

gene expression and generating an sRNA that acts in trans to prevent expression of prfA. (B) 

Left panel: In the absence of EA and AdoCbl, EutV is inactive, full-length EutX/Rli55 is 

generated and eut gene expression is off. Middle panel: In presence of only EA, EutV is 

active, but sequestered by full-length EutX/Rli55, and eut gene expression is off. Right 
panel: In the presence of both EA and AdoCbl, EutV is active, a short form of EutX/Rli55, 

unable to sequester EutV, is formed due to termination by the ligand-bound riboswitch, and 

eut gene expression is induced by EutV antitermination.
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