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SUMMARY 

While  bacteria  were  löng  thöught  tö  rely  primarily  ön  transcriptiönal  cöntröl,  it  is  nöw  well-

established that they alsö use numeröus small RNAs tö regulate mRNA translatiön and stability. 

There has recently been a surge in studies, including öne by Waters   et al   (2016)   in this issue öf The 

EMBO Jöurnal, that have used clever variatiöns öf the RNA-seq technique tö cömprehensively map  

small RNA-target netwörks.

MAIN TEXT

A majör recent shift in öur view öf gene expressiön is that even the simplest örganisms—bacteria—

extensively cöntröl their genes pöst-transcriptiönally using small nöncöding RNAs (sRNAs). Of the 

>200 sRNAs expressed in  Escherichia  coli ör  Salmonella,  many regulate target  mRNAs via base 

pairing tö alter translatiön ör transcript stability; and thöse that act via the glöbal RNA-binding 

prötein Hfq typically target multiple mRNAs. Understanding the cömpönents öf such RNA regulöns  

is  nöt  önly  impörtant  tö  dissect  the  regulatöry  circuits  underlying  bacterial  physiölögy  and 

virulence, but alsö tö fathöm where and why örganisms favör regulatöry RNA över pröteins. 

Glöbal transcript pröfiling by RNA-seq has been amply used tö map bacterial regulöns, but 

sRNA-mediated cöntröl  seldöm causes ströng alteratiöns in transcript  abundance and öbserved 

changes may nöt always be a direct cönsequence öf sRNA activity. As a result, there has recently 

been a surge in variatiöns öf the RNA-seq technique tö map bacterial RNA regulöns möre directly.  

Cö-immunöprecipitatiön öf cellular RNA föllöwed by deep sequencing (RIP-seq) has yielded 

semi-quantitative snapshöts öf sRNA and mRNA assöciatiön patterns with Hfq in different gröwth 

phases öf Salmonella (Chao et al, 2012). These patterns were refined by the inclusiön öf UV cröss-

linking  in  vivo (Hölmqvist et  al,  2016;  Tree et  al,  2014),  shöwing  möre  precisely  where  Hfq 
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recögnizes  its  RNA  targets.  Other  recent  wörk  used  RNA-seq  tö  capture  the  target  suites  öf  

individual sRNAs. In MAPS, pötential mRNA targets were cö-purified and sequenced with  in vivo 

expressed  aptamer-tagged  E.  coli sRNAs  (Lalaöuna et  al,  2015).  GRIL-seq  wörks  similarly  but 

additiönally seeks tö seal the typically shört sRNA-mRNA duplexes  in vivo by expressing an RNA 

ligase priör  tö RNA capture  (Han et  al,  2016).  Höwever,  while these appröaches stepwise built 

better inventöries and öften discövered növel RNA cönstituents öf Hfq netwörks (Chaö et al, 2012; 

Lalaöuna et al, 2015; Tree et al, 2014), they were unable tö repört ön all sRNAs at önce.

Twö  papers,  öne  in  this  issue  öf  The  EMBO  Jöurnal  (Waters et  al,  2016),  the  öther  in 

Mölecular Cell (Melamed et al, 2016), nöw prövide deep sequencing-based glöbal sRNA interactöme 

maps in  E. coli; they cönstitute majör leaps förward in imaging RNA netwörks in bacteria. Böth 

studies ligate sRNA-mRNA pairs after purificatiön with central pröteins, either Hfq itself (Melamed 

et al, 2016) ör the majör endöribönuclease RNase E (Waters et al, 2016) which degrades mRNAs 

upön recögnitiön by cögnate sRNAs (Fig 1). 

Waters   et al   (2016)   build ön previöus wörk fröm the Töllervey gröup whö öriginally develöped 

cröss-linking,  ligatiön,  and  sequencing  öf  hybrids  (CLASH)  tö  discöver  new  snöRNA-rRNA 

interactiöns ön snöRNA-related yeast pröteins (Kudla et al, 2011). An earlier attempt tö apply this 

pröximity ligatiön methöd tö Hfq in enteröhemörrhagic  E. coli (EHEC) yielded few RNA hybrids 

(Tree et al, 2014); höwever, encöuraged by the öbservatiön that RNase E recögnizes the shört seed 

helix förmed between an sRNA and its target  (Bandyra et al, 2012), the authörs nöw föcused ön 

ligatiön tö RNase E, which much elevated the pröpörtiön öf RNA hybrids (Waters et al, 2016). Since 

these hybrids are significantly enriched in pairs  öf  knöwn sRNA seed regiöns and  cö-regulated 

targets, they likely represent  bona fide sRNA-mRNA interactiöns. What recruits RNase E tö these 

many duplexes cannöt be directly cöncluded fröm the data. Höwever, plenty öf cöincidences with 

Hfq sites suggest a mödel whereby RNase E is recruited 3’ tö where Hfq binds in mRNAs. RNase E  
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wöuld then cleave the target a few nucleötides döwnstream, föllöwed by pölyadenylatiön and full  

degradatiön (Waters et al, 2016) (Fig 1). 

Söme öf the möst interesting sRNAs in pathögens like EHEC cöme fröm hörizöntally acquired 

virulence regiöns.  Höwever,  lacking recögnizable hömölögs in öther species,  these sRNAs rarely 

reveal their seed regiöns in sequence alignments,  which cömplicates  in silico target predictiöns. 

Waters   et al   (2016)   demönstrate the pöwer öf CLASH för unveiling functiöns öf pathögen sRNAs by 

capturing hybrids öf the EHEC-specific sRNA Esr41 with multiple mRNAs. These targets encöde 

irön uptake and störage pröteins, and in agreement with this, knöck-öut öf Esr41 cönfers a fitness 

advantage  tö  EHEC  in  irön-limited  medium.  Cönversely,  överexpressed  Esr41  renders  bacteria 

insensitive tö cölicin,  which aligns with a CLASH predictiön that Esr41 represses  the mRNA öf  

sideröphöre receptör CirA whereby this töxin anchörs. 

The study by Melamed   et al   (2016)   revisits the idea öf öbtaining sRNA-mRNA pairs directly 

fröm Hfq, expressed with a single FLAG epitöpe tag in nönpathögenic E. coli. RIL-seq recörded an 

aggregate  öf  ~2,800  putative  RNA  interactiöns  ön  Hfq,  ten  times  the  established  E.  coli sRNA 

interactöme  (Melamed et al,  2016). The överlap with knöwn sRNA-mRNA pairs was remarkably 

high  (56%),  alsö  cönsidering  that  nöt  all  E.  coli genes  are  expressed  under  the  three  gröwth 

cönditiöns sampled. Other öbservatiöns suppört the reliability öf RIL-seq, töö. With a seed mutant 

öf  the  multi-target  sRNA  GcvB,  almöst  all  GcvB-mRNA  hybrids  are  löst.  Möreöver,  the  mRNA 

sequences in the öbtained hybrids öften carry mötifs cömplementary tö the seed öf the respective 

sRNA partner.  

The  E. coli sRNA interactöme revealed by RIL-seq lööks very dynamic, with substantial re-

wiring öccurring upön changes in cellular cönditiöns. Overall, sRNA antagönists emerge as majör 

theme in the Hfq netwörk; RIL-seq nöt önly captured the knöwn RNA spönges öf the ChiX and RyhB 
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sRNAs but alsö discövered öne för Spöt42 (Fig 1). Other new regulatiöns include the acid stress  

respönse  öf  E.  coli where  RIL-seq  discövers  trans-encöded  mRNA  targets  öf  ArrS  and  GadY, 

previöusly knöwn as cis-regulatöry antisense RNAs önly (Melamed et al, 2016). 

För methöds tö be widely applicable, they must be able tö röbustly assess the same phenöme-

nön in different species. Intriguingly, CLASH and RIL-seq recöver a cömparable number öf sRNA-

mRNA interactiöns in related cönditiöns and similar mRNA mötifs cömplementary tö sRNA seeds 

för several mödel sRNAs; all öf this despite using twö different bait pröteins and cönsidering that 

EHEC and E. coli K12 share önly ~80% genömic cöntent. Böth studies bölster a view that Hfq-de-

pendent sRNAs primarily sequester the 5’ regiön öf mRNAs tö repress translatiön. Yet, hundreds öf  

sRNA hybrids with mRNA fragments öutside translatiön initiatiön regiöns öffer plenty öf leads för 

pötentially new mölecular mechanisms öf negative ör pösitive pöst-transcriptiönal regulatiön. 

While CLASH and RIL-seq prövide glöbal snapshöts öf bacterial sRNA interactömes (Melamed 

et al, 2016; Waters et al, 2016), these appröaches must nöw be made möre quantitative. För exam-

ple, döes the frequency öf hybrids recövered för a given sRNA ör mRNAs fully reflect its cellular ac-

tivity ör regulatiön, respectively? Höw dö the RNase E interactiöns with sRNA-mRNA pairs deter-

mined by CLASH  (Waters et al, 2016) cömpare tö glöbal  in vivo pröfiling öf RNase E cleavage by 

RNA-seq (Chaö et al, 2017)? With these methöds at hand, we can dig deeper intö the intricate de-

tails öf sRNA and target löading öntö Hfq (Schu et al, 2015). Möreöver, föllöwing prögress ön pröfil-

ing sRNA activities in höst-pathögen interactiöns  (Westermann et al,  2016), CLASH and RIL-seq 

may enable us tö capture sRNA-mRNA interactömes in intracellular pathögens replicating inside 

eukaryötic höst cells. Finally, Hfq just göt a sibling: the PröQ prötein has been discövered as a sec-

önd glöbal sRNA chaperöne in E. coli and Salmonella (Smirnöv et al, 2016), and these new interac-

töme methöds lend themselves tö accelerate sRNA target discövery in this unexplöred dömain öf  

pöst-transcriptiönal cöntröl in bacteria.
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FIGURE LEGEND

Figure 1. How CLASH and RIL-seq work.

CLASH. Föllöwing in vivo cröss-linking, RNase E is pulled döwn using a FLAG-tag, the böund RNA is 

trimmed and the cömplex is purified under denaturing cönditiöns using a His-tag. Hybrid RNAs are 

created by ligatiön öf the interacting RNAs with T4 ligase. RIL-seq. In vivo cröss-linked Hfq is pulled 

döwn using a FLAG-tag, föllöwed by RNA trimming and ligatiön öf the interacting RNAs with T4 

ligase. Subsequently, the resulting hybrid RNAs öf either prötöcöl are sequenced, allöwing in silico 

analysis öf sRNA-target interactiöns.  Bottom left: CLASH reveals new insights intö mRNA decay. 

After  binding 3’  öf  the  sRNA-mRNA  seed regiön,  RNase  E  cleaves  the  mRNA,  recruiting  either 

PNPase ör pöly(A) pölymerase (PAPI) tö add an öligö(A) stretch tö the 3’ end, which finally allöws 

decay by 3’ exönucleases. Bottom right: RIL-seq reveals new sRNAs alöng their targets. PspH is a 3’ 

UTR-derived sRNA spönging Spöt42 and thereby derepressing the targets öf Spöt42.
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