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RNA molecules have the tendency to fold into complex structures or to associate with
complementary RNAs that exoribonucleases have difficulties processing or degrading.
Therefore, degradosomes in bacteria and organelles as well as exosomes in eukaryotes
have teamed-up with RNA helicases. Whereas bacterial degradosomes are associated
with RNA helicases from the DEAD-box family, the exosomes and mitochondrial degra-
dosome use the help of Ski2-like and Suv3 RNA helicases.

Introduction

All living cells encounter situations where they need to adapt gene expression to changing environ-
mental conditions. The synthesis of new mRNAs to be used for translation and the release of seques-
tered or translational inactive mRNAs allow the cells to express new proteins. On the other hand,
processing and degradation of RNAs not only helps to recycle essential components, but also to shut
down expression of genes that are no longer required or would even be detrimental for living under a
new condition. Moreover, remnants of processed or aberrant transcripts must rapidly be degraded to
avoid the production of useless or even toxic peptides and proteins. Eubacteria, Archaea, and eukar-
yotes have developed dedicated pathways and complexes to process RNA, check the accuracy of RNAs
(surveillance), and feed undesired RNA into exoribonucleases that degrade RNA in a 3'-5" or 5'-3
direction. In addition to the ribonucleases, these complexes often contain adaptor proteins such as
Hfq (an RNA chaperone), RraA (a regulator of RNase E and DEAD-box helicases), poly(A) polymer-
ase (to render 3’-ends accessible to the 3'-5' PNPase), or others [1,2]. It is interesting to note that the
different RNA degradation machineries all harbour RNA helicases and have been suggested to be
invented several times during evolution [3].

RNA helicases are large families of proteins that share up to 12 motifs involved in nucleotide-
triphosphate binding, interaction with RNA, and intramolecular contacts [4]. According to differences
in their sequence motifs, they can be attributed to various families [5]. In this review, we will describe
the interaction of DEAD-box helicases with bacterial degradosomes, RNase R, an RNase carrying an
additional helicase activity, the interaction of Ski2-like RNA helicases with eukaryotic exosomes, and
the interaction of the Suv3 RNA helicase with the mitochondrial degradosome.

DEAD-box RNA helicases assist bacterial
degradosomes

Helicases are subdivided in several superfamilies, with superfamily 2 containing most of the RNA heli-
cases, including the DEAD-box family. DEAD-box proteins can clearly be distinguished from the
other RNA helicases based on the conserved motifs that are involved in ATP binding, RNA binding,
and intramolecular interactions [4]. These proteins are ATP-dependent RNA-binding proteins that
hydrolyse the ATP once bound to RNA. Upon release of P;, the helicase will have reduced affinity for
RNA and dissociate again. The binding to RNA induces a bending of the substrate that is incompat-
ible with a double-stranded RNA and therefore induces a local, non-processive, unwinding [6-8]. The
freed single-stranded RNA can then anneal with a complementary nucleic acid or be bound (or
digested) by a protein. Although the core domain, containing the conserved motifs, may confer some
specificity to these highly conserved proteins, as in the case of the short DEAD-box protein elF4A
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[9], the specificity of most DEAD-box RNA helicases is given by the N- and/or C-terminal extensions. In add-
ition to the expected local unwinding activity, DEAD-box proteins can also dissociate proteins from RNA or
even anneal two complementary molecules and thereby be involved in strand exchange reactions [10,11].

Many DEAD-box proteins were described for bacteria, although the number of different RNA helicases in
bacteria is clearly smaller than in eukaryotic cells and, in general, they are not essential under laboratory
growth conditions [12]. Indeed, even the deletion of all DEAD-box protein genes from Escherichia coli (five
genes) or Bacillus subtilis (four genes) are viable and do not show drastic synthetic enhancements at 37°C
[13,14], indicating that they do not perform redundant functions. However, at low temperature (16°C), the
quadruple mutant in B. subtilis was unable to grow [13]. So far, bacterial RNA helicases of the DEAD-box
protein family were found to be involved in translation initiation, ribosome biogenesis, and RNA decay
(for review, see ref. [15]). The involvement of RNA helicases in the degradation of RNAs has been
intensively studied over the years and much is known about their requirement and the interaction with other
proteins [16].

The E. coli degradosome was the first RNA degradative complex discovered [17]. Its major components are
RNase E (the essential endoribonuclease), PNPase (a 3'-5" exoribonuclease), enolase (a glycolytic enzyme), and
RhIB (a DEAD-box RNA helicase) [17,18] (Figure 1). The assembly of the four components relies on strong
interactions with the unstructured C-terminal end of RNase E, whereas its N-terminal domain bears its cata-
Iytic activity. RNase E is involved in maturation of stable RNAs and mRNAs, but also plays a major role in
mRNA decay and sSRNA-mediated regulation.

In the initial discovery of the RNA degradosome that identified RNase E and PNPase, the authors have
shown that in vitro degradation of a structured RNA required the presence of ATP, which was later shown to
be used by RhIB [18]. A minimal degradosome composed of RNase E, the PNPase, and the RhIB helicase was
shown to be able to degrade structured RNA if the PNPase and the RNA helicase are associated together
through the RNase E scaffolding domain [19]. In vitro RhIB requires its interaction with RNase E to be stimu-
lated in its ATPase activity [20]. Thus, activity of RhIB is controlled by RNase E and involved in stimulation of
the PNPase. Moreover, in vivo work showed that RhIB does, indeed, facilitate the degradation of highly struc-
tured intermediates by the PNPase, although the situation become less stringent than in vitro, since the 3’ poly-
adenylation of RNAs by poly(A) polymerase PAP allows the PNPase to have several attempts to degrade the
structured substrate [21]. In a pioneering work, Bernstein et al. [22] have shown that all components of the
degradosome are important for decay, but that the rhIB and eno mutants significantly affect specific RNAs such
as operons involved in the utilisation of diverse carbon sources in an enolase mutant, or the nuo operon
(NADH dehydrogenase subunits) and the sdh operon (succinate dehydrogenase) in an rhIB mutant. However,
the bulk of RNAs was only slightly affected, with median half-lives increasing from 3.7 to 4.0 min in the rhiB
and eno mutants when compared with wild type.

Although RhIB is considered the main RNA helicase in the E. coli degradosome, it has been reported that
the RNA helicase CsdA can associate with the degradosome at low temperatures. Moreover, in a csdA mutant,
a reporter mRNA is stabilised at 22°C, but not at 37°C, indicating that this DEAD-box protein functions in a
‘cold-shock’ degradosome [23]. Similarly, it was shown that in a minimal degradosome, RhIE can functionally
replace RhIB [24] (Table 1). In this context, it is interesting to note that some environmental bacteria, such as
Vibrio or Shewanella, have multiple genes that resemble rhlE [15].

Whereas the RNase E-dependent degradosome is present in many bacteria, some bacteria do not encode
RNase E, but nevertheless have similar RNA-degrading machines. The Firmicutes B. subtilis and Staphylococcus
aureus have a degradosome composed of RNase J (a 5'-3' exo- and endonuclease), RNase Y (endonuclease),
the PNPase (3'-5" exoribonuclease), the enolase, the phosphofructokinase, and last but not least CshA (an
RNA helicase) [25-27]. Although the different Firmicute degradosomes are similar, the reported interactions
between components may slightly differ, which could be attributed to species or methodological differences.
Moreover, the interaction between the various components of the firmicute degradosome seems not to be as
strong as in E. coli, and it is not clear yet whether these interactions are essential to co-ordinate their activities.
Nevertheless, we could show that in S. aureus, some mRNAs are stabilised in the absence of CshA, as, for
example, the agrBDCA mRNA encoding the quorum sensing system resulting in increased levels of RNA III, a
readout of the agr system [27,28]. RNAIII is a highly structured small RNA that binds certain mRNAs and
thereby occludes ribosome-binding sites (RBS) by complementary to the RBS, or liberates RBS by opening sec-
ondary structures. This results in decreased surface protein and increased secreted protein expression, leading
to decreased biofilm formation and increased haemolysis [28-30]
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Figure 1. The bacterial degradosomes.

RNA degradosomes from different bacteria use similar mechanisms to degrade RNA. In E. coli, degradation of most RNAs
begins by an endoribonucleotytic cleavage, followed by the fast removal of intermediates by 3'-5" exoribonucleases, which
may be assisted by RNA helicases to remove secondary structures, inhibitory for PNPase. The initiating endoribonucleolytic
cleavage step is favoured by RppH removing the 5’ triphosphate to stimulate RNase E activity. The general mRNA degradation
pathway is thought to be similar in Gram-positive bacteria, but is achieved by a different set of enzymes as for example the
5'-3" exoribonuclease RNase J and the endoribonuclease RNase Y. These enzymes, along with the RNA helicase, have been
proposed to associate into a degradosome.

Bacterial degradosomes associate with the membrane and
ribosomes

The E. coli degradosome was found to be associated with ribosomes and polysomes [31], which may account
for either a co-translational mRNA degradation activity, the salvage of stalled ribosome, or required for
sRNA-mediated regulation leading to the coupling of translation inhibition and RNA degradation.
Interestingly, the Helicobacter pylori degradosome, which is only composed of an RNase J and an RNA heli-
case, was also found associated with polysomes [32] and, in B. subtilis, it was shown that CshA interacts with
ribosomal proteins [13]. Moreover, RNase ] was originally found to be associated with ribosomes [33], although
a bona fide interaction of the Firmicute degradosome awaits confirmation. Overall, the association with ribo-
somes may be a general feature to rapidly degrade faulty or sSRNA-targeted mRNAs.
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Table 1 Bacterial degradosomes as described in the literature

Organism Helicase Endo 5'-3 3-5'

Escherichia coli RhiB RNase E PNPase Enolase [18]
CsdA (in cold) RNase E PNPase Enolase [23]
RhIE (in vitro) RNase E PNPase Enolase [24]

Streptomyces coelicolor RNase E PNPase [73]

Pseudomonas syringae RhIE RNase E RNase R [74]

Lz4W

Vibrio angustum S14 RhiB RNase E PNPase Enolase [75]

Caulobacter crescentus RhiB RNase E PNPase, Aconitase [76,77]
RhIE RNase D

Pseudoalteromonas RhiB RNase E PNPase [78]

haloplanktis

Anabaena PCC7120 RNase E PNPase [79]

Synechocystis PCC6803 CrhR RNase E RNase J PNPase [37,79]

Yersinia RhiB RNase E PNPase Enolase [80]

pseudotuberculosis

Rhodobacter capsulatus ORF 1970 RNase E [81]
ORF 4133

Helicobacter pylori RhpA RNase J [32]

Bacillus subtilis CshA RNase Y RNase J PNPase Enolase [25]

Staphylococcus aureus CshA RNase Y RNase J PNPasse Enolase [26,27]

Another manner to regulate RNA decay could be a subcellular localisation within a cell. In E. coli, micros-
copy analysis of the degradosome has shown that it is mainly associated with the cytoplasmic membrane of the
bacterium. The interaction with the membrane occurs through a membrane-targeting sequence, MTS, an
amphipathic a-helix in RNase E [34]. Interestingly, it was shown that deletion of the MTS affects growth [34],
and that the formation of degradosome foci on the membrane becomes more diffuse when the cells were
treated with rifampicin to block transcription [35]. In a recent transcriptome analysis, it was shown that
mRNAs encoding proteins that are cotranslationally targeted to the membrane are less stable than others as a
consequence of the localisation of the degradosme at the membrane [36]. This membrane association is also
found in other bacteria, such as in cyanobacteria, where CrhR helicase is localised to the cytoplasmic and thyla-
koid membranes [37], and in Firmicutes, where RNase Y has a membrane-spanning domain. Thus, this mem-
brane anchoring is presumably part of a regulatory mechanism to avoid uncontrolled RNA degradation as
suggested in S. aureus, where the deletion of this domain is able to compensate partially for a reduced degrado-
some activity in the absence of CshA [38].

All in one: RNase R

RNase R is, like the PNPase and RNase II, a 3'-5 exoribonuclease, but whereas the two latter are inhibited by
secondary structures or dsRNA, RNase R possesses a helicase activity that allows the degradation of double-
stranded RNA that presents a 3 single-stranded extension [39]. In accordance with this proposition, the gene
encoding RNase R was isolated as a multicopy suppressor of a cold-sensitive csdA mutant [40]. Interestingly,
mutations that abolish RNase activity, but not the helicase activity, are still able to complement the absence of
CsdA at low temperatures [41]. Biochemical analyses have shown that RNase R possesses an NTP-dependent
RNA helicase activity, and sequence analysis revealed Walker A (GKT) and B (VVPDD) motifs for NTP
hydrolysis, but otherwise this protein does not share the other motifs typically found in RNA helicases of the
DEAD-box family [42]. Moreover, the two motifs are present at unorthodox locations: the Walker A motif is
located in the C-terminal region (P-loop 730-737), whereas the Walker B motif is located in the N-terminal
region (164-169) of the protein. Nevertheless, mutational analysis showed that these motifs are important for
helicase activity, and the motifs are conserved in 88% mesophilic bacteria, but not in thermophilic bacteria.
The helicase activity does not require the hydrolytic exoribonuclease activity; however, the nuclease activity on
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double-stranded RNA requires the helicase activity [43]. Importantly, the helicase activity is required in vivo
especially at low temperature [44].

It is therefore not surprising that in E. coli, a rnr(vacB), pnp double mutant is not viable, since RNase R with
its 3’-5" hydrolytic exonuclease and helicase activities can fulfil a similar role, as the phosphorylase PNPase
coupled with the RNA helicase RhIB in the degradosome [45].

Ski2-like RNA helicases are cofactors of the eukaryotic

exosomes

The Ski2-like RNA helicases represent a distinct family of proteins highly conserved in eukaryotes. Like the
proteins of other RNA helicase families, they have a similar basic structure of the helicase core with motifs
resembling those of other families, but are nevertheless clearly distinguishable from other families based on the
conserved sequence motifs [5]. The Ski2-like helicase family has several representatives in one species, includ-
ing, for example in yeast, the splicing factor Brr2, the Ski2 and Mtr4 proteins associated with exosome activ-
ities, and the ribosome-associated Ski2-like helicase 1, Slhl. These proteins are RNA-dependent ATPases that
unwind duplex RNA in 3'-5" direction with loading on a 3’ single-stranded extension [46]. The unwinding
activity of Mtr4, a nuclear protein involved in RNA processing and degradation, is further stimulated if this
helicase is present in the TRAMP (Trf4/Air2/Mtr4 polyadenylation) complex [47]. The Mtr4 helicase contains
a ratchet domain that is highly conserved among Ski2-like RNA helicases and mutations within this domain
abolish unwinding [48]. Recent single-molecule analysis of Mtr4 has shown that it is a 3'-5' translocase that
loads on a single-strand extension, senses the double-stranded RNA, and can perform several rounds of trans-
location and unwinding [49]. Interestingly, the unwound RNA does not snap-back to a dsRNA, and it has
been suggested that the enzymes remains on the substrate and stops translocating once it can no longer sense a
duplex ahead.

Eucaryotic exosomes mtEXO
nuclear cytoplasmic
5[
skiz]-Ski complex
3 ss1
bar éé suv3

Figure 2. The exosome requires Ski2-like RNA helicases.

The exosome barrel is composed of six subunit homologous to phosphorolytic nucleases, but without enzymatic activity in
eukaryotes. This barrel forms a channel that can only accomodate ssRNA. The cap is composed of three proteins that contain
RNA-binding domains. Rrp44 that bears the nucleolytic activity is at the exit of the channel. In the nucleus, the Mtr4 RNA
helicase can alone unwind the RNA substrate or be associated with the polyadenylation complex TRAMP, NEXT, or PAXT. The
nuclear exosome is also associated with a second exoribonuclease, Rrp6. In the cytoplasm, the exosome, which contains only
Rrp44, is assisted by the Ski complex that contains the RNA helicase Ski2. Variations in the exosome and its cofactors have
arisen in the course of evolution. As an example, archeal barrel of the exosome is composed of two subunits forming three
identical heterodimers that show an overall similar organisation than the one observed in eukaryotes. But in contrast with the
eukaryotic exosome barrel, the subunits bear catalytic activity in Archaea. In mitochondria, the Dss1-Suv3 proteins form the
mtEXO degradosome that highlights the importance of the coordination between ribonucleases and helicases, as the activities
of both proteins depend strongly on their interactions.
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In addition to be involved in pre-mRNA splicing, proteins of the Ski2 family were found to be associated
with RNA degradation. The Ski2 encoding gene from the yeast Saccharomyces cerevisiae was first described to
have a superkiller phenotype if mutated, because in the absence of the Ski proteins, the double-stranded RNAs
of killer strains is more abundant resulting in increased toxin production [50,51]. Later, we identified Mtr4, the
nuclear homologue of Ski2, to be involved in pre-rRNA processing [52], and the Tartakoff laboratory identified
the same gene in a screen for mutants accumulating poly(A)* RNA in the nucleus [53]. A role in RNA degrad-
ation of Mtr4 was shown by the Tollervey laboratory who reported an association of Mtr4 with the polyadeny-
lation complex (TRAMP), which stimulates RNA degradation by the exosome in vitro and in vivo [54].
Similarly, the cytoplasmic Ski2 is part of the Ski complex, composed of Ski2, Ski3, and Ski8 [55]. This complex
involved in the mRNA surveillance process to assess the quality of transcripts is associated with the cytoplasmic
exosome for RNA degradation [56,57]. Interestingly, as its bacterial counterpart, the cytoplasmic exosome can
associate with the ribosome [58].

Eukaryotic cells have both a nuclear and a cytoplasmic exosome, which have the same basic structure, but
are associated with different cofactors. The exosome is a large 9-subunit complex of a barrel-like structure com-
posed of six subunits that show structural similarity to the bacterial PNPase and a cap composed of three pro-
teins (Figure 2) [59]. This Ex09 complex is associated with the exoribonuclease Rrp44 (Ex010*") and in
addition in the nuclear version with the exoribonuclease Rrp6 (Exo11**®), which have hydrolytic 3'-5' exo-
nuclease activity [60]. The RNA to be degraded is introduced in a single-stranded form into the exosome
channel. Cap proteins and the helicase protein sit at the top of the exosome barrel. The nuclear exosome is
involved in processing of pre-rRNA, snoRNA, and snRNAs [61] and in the degradation of cryptic unstable
transcripts [62]. Recently, Nop53 and Utpl8 were identified as adapter proteins that interact with the arch
domain of Mtr4 and provide specificity for the RNAs to be degraded by the exosome [63]. RNAs are also tar-
geted to the exosome by the NEXT (nuclear exosome targeting complex, [64]) and PAXT (poly(A) tail
exosome targeting, [65]) complexes. Although both cytoplasmic and nuclear exosomes contain Ski2-like heli-
cases, the helicases used to feed the RNA into the channel of the barrel structure are not the same in the two
compartments, as it was first shown in yeast with Ski2 in the cytoplasm and Mtr4 in the nucleus [54,56].

It is interesting to note that certain Archaea also possess an exosome with a similar structure to the eukary-
otic complex [66,67]. In this complex, three heterodimers of the barrel structure contribute to the 3'-5" exo-
nuclease activity. Since the structure presents like in eukaryotes, a narrow channel for introducing the target
RNA, it is likely that RNA helicases are required. Some Archaea also possess proteins similar to RNase J,
opening the possibility that they also possess degradosome-like complexes [68,69].

The nuclear-encoded Suv3 RNA helicase is required for
mitochondrial RNA turnover

RNA turnover and the degradation of RNA fragments or splicing products are also important in mitochondria
and chloroplasts. Several RNA helicases from the DEAD-box protein family and Suv3, an RNA helicase
forming its own family most closely related to the Ski2-like RNA helicases in eukaryotes and purple bacteria
[70], are required for gene expression in mitochondria. It was shown that yeast Suv3 associates with the Dssl
exoribonuclease to form a mitochondrial degradosome [71]. By in vitro reconstitution assays, it has been
shown that Suv3 has a 3'-5' helicase activity requiring a short 3’ single-stranded tail and that this helicase activ-
ity was dependent on the presence of Dssl, whereas the exonuclease showed basal activity alone that could be
greatly stimulated by Suv3.

So far, little is known about RNA degradation and turnover in chloroplasts. These organelles contain RNase
E and RNase ] homologues, but so far no degradosome as such has been described. RNase E purified from
Arabidopsis chloroplasts revealed an RNA-binding protein with similarity to transcription termination factor
Rho, which is an RNA translocase [72] and may serve the purpose of RNA unwinding.

Conclusion and perspectives

RNA turnover is crucial to maintain faithful gene expression and to allow cells to adapt to changing growth
conditions, and in many instances, the inactivation of RNases causes strong growth defects. The structures of
bacterial PNPases or eukaryotic exosomes require the insertion of single-stranded RNA into the complex,
explaining the presence of RNA helicases to unwind inhibitory structures or to remove bound proteins. A
crucial point in RNA turnover is the specificity that insures that a given RNA is degraded if necessary, but left
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alone if still useful to the cell. Although several adaptor proteins have been described for the different systems,
the specificity of RNA turnover remains an important open question. Moreover, bacterial degradosomes are
often associated with metabolic enzymes, but how they regulate degradosome activity is not known. In general,
RNA helicases are not (very) substrate-specific; nevertheless, exchange of RNA helicases in bacterial degrado-
somes has been observed under different growth conditions. Future work will show why and how these RNA
helicases are exchanged and function together with the RNA decay machineries.

An intriguing difference in the degradation of RNAs in bacterial and eukaryotic machineries is the differ-
ences in the RNA helicases. DEAD-box proteins, used in the bacterial degradosome, are non-processive RNA
helicases that unwind locally secondary structures. In case of RhIB, the helicase is bound and stimulated by
RNase E, which holds it on the substrate and will provide a certain artificial processivity. The role of Mtr4, and
by analogy Ski2, may be more active in the process, since it has been shown that the RNA helicase translocates
on the substrate to unwind the RNA. Thus, it remains to be seen to what extent the RNA helicases contribute
to the active RNA degradation and the specificity of the decay complexes.

Abbreviations

MTS, membrane-targeting sequence; PAXT, poly(A) tail exosome targeting; RBS, ribosome-binding sites;

TRAMP, Trf4/Air2/Mtr4 polyadenylation.

Funding

Work in our laboratory is supported by the University of Geneva, the Swiss National Science Foundation, the

fondation Ernst Boninci, and the fondation Coromandel.

Acknowledgements

We thank J. Armitano and M. Valentini for helpful comments on the manuscript. We are grateful to the very

constructive comments from the reviewers.

Competing Interests

The Authors declare that there are no competing interests associated with the manuscript.

References

1 Mohanty, B.K. and Kushner, S.R. (2016) Regulation of mRNA decay in bacteria. Annu. Rev. Micrabiol. 70, 25-44 https://doi.org/10.1146/
annurev-micro-091014-104515

2 Kaberdin, V.R. and Lin-Chao, S. (2009) Unraveling new roles for minor components of the £. coli RNA degradosome. RNA Biol. 6, 402—405 https://doi.
0rg/10.4161/rna.6.4.9320

3 Ait-Bara, S., Carpousis, A.J. and Quentin, Y. (2015) RNase E in the y-Proteobacteria: conservation of intrinsically disordered noncatalytic region and
molecular evolution of microdomains. Mol. Genet. Genomics 290, 847862 https://doi.org/10.1007/s00438-014-0959-5

4 Linder, P. and Jankowsky, E. (2011) From unwinding to clamping — the DEAD box RNA helicase family. Nat. Rev. Mol. Cell Biol. 12, 505-516
https://doi.org/10.1038/nrm3154

5 Fairman-Williams, M.E., Guenther, U.-P. and Jankowsky, E. (2010) SF1 and SF2 helicases: family matters. Curr. Opin. Struct. Biol. 20, 313-324
https://doi.org/10.1016/j.bi.2010.03.011

6 Sengoku, T., Nureki, O., Nakamura, A., Kobayashi, S. and Yokoyama, S. (2006) Structural basis for RNA unwinding by the DEAD-box protein Drosophila
Vasa. Cell 125, 287-300 https://doi.org/10.1016/).cell.2006.01.054

7 Mallam, A.L., Del Campo, M., Gilman, B., Sidote, D.J. and Lambowitz, A.M. (2012) Structural basis for RNA-duplex recognition and unwinding by the
DEAD-box helicase Mss116p. Nature 490, 121-125 https://doi.org/10.1038/nature11402

8 Liu, F., Putnam, A. and Jankowsky, E. (2008) ATP hydrolysis is required for DEAD-box protein recycling but not for duplex unwinding. Proc. Nat! Acad.
Sei. U.S.A. 105, 20209-20214 https://doi.org/10.1073/pnas.0811115106

9 Oberer, M., Marintchev, A. and Wagner, G. (2005) Structural basis for the enhancement of elF4A helicase activity by elF4G. Genes Dev. 19,
22122223 https://doi.org/10.1101/gad. 1335305

10  Jankowsky, E., Gross, C.H., Shumann, S. and Pyle, A.M. (2001) Active disruption of an RNA-protein interaction by a DExH/D RNA helicase. Science
291, 121-125 https://doi.org/10.1126/science.291.5501.121

11 Chamot, D., Colvin, K.R., Kujat-Choy, S.L. and Owttrim, G.W. (2005) RNA structural rearrangement via unwinding and annealing by the cyanobacterial
RNA helicase, CrhR. J. Biol. Chem. 280, 2036—2044 https://doi.org/10.1074/jbc.M409700200

12  lost, I., Bizebard, T. and Dreyfus, M. (2013) Functions of DEAD-box proteins in bacteria: current knowledge and pending questions. Biochim. Biophys.
Acta, Gene Regul. Mech. 1829, 866—877 https://doi.org/10.1016/j.bbagrm.2013.01.012

13 Lehnik-Habrink, M., Rempeters, L., Kovacs, A.T., Wrede, C., Baierlein, C., Krebber, H. et al. (2013) DEAD-Box RNA helicases in Bacillus subtilis have
multiple functions and act independently from each other. J. Bacteriol. 195, 534-544 https://doi.org/10.1128/JB.01475-12

14 Jagessar, K.L. and Jain, C. (2010) Functional and molecular analysis of Escherichia coli strains lacking multiple DEAD-box helicases. RVA 16,
1386-1392 https://doi.org/10.1261/ra.2015610

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1 69


https://doi.org/10.1146/annurev-micro-091014-104515
https://doi.org/10.1146/annurev-micro-091014-104515
https://doi.org/10.1146/annurev-micro-091014-104515
https://doi.org/10.1146/annurev-micro-091014-104515
https://doi.org/10.1146/annurev-micro-091014-104515
https://doi.org/10.4161/rna.6.4.9320
https://doi.org/10.4161/rna.6.4.9320
https://doi.org/10.1007/s00438-014-0959-5
https://doi.org/10.1007/s00438-014-0959-5
https://doi.org/10.1007/s00438-014-0959-5
https://doi.org/10.1007/s00438-014-0959-5
https://doi.org/10.1038/nrm3154
https://doi.org/10.1016/j.sbi.2010.03.011
https://doi.org/10.1016/j.cell.2006.01.054
https://doi.org/10.1038/nature11402
https://doi.org/10.1073/pnas.0811115106
https://doi.org/10.1101/gad.1335305
https://doi.org/10.1126/science.291.5501.121
https://doi.org/10.1074/jbc.M409700200
https://doi.org/10.1016/j.bbagrm.2013.01.012
https://doi.org/10.1128/JB.01475-12
https://doi.org/10.1128/JB.01475-12
https://doi.org/10.1261/rna.2015610
https://creativecommons.org/licenses/by/4.0/

o6 ponTLaND
15
16
17
18
19
20
21
22

23

24
25
26

27

28
29

30

31
32
33
34
35
36

37

38
39
40
41
42
43

44

Biochemical Society Transactions (2018) 46 163-172
https://doi.org/10.1042/BST20170052

Redder, P., Hausmann, S., Knhemici, V., Yasrebi, H. and Linder, P. (2015) Bacterial versatility requires DEAD-box RNA helicases. FEMS Microbiol. Rev.
39, 392—412 https://doi.org/10.1093/femsre/fuv011

Bandyra, K.J., Bouvier, M., Carpousis, A.J. and Luisi, B.F. (2013) The social fabric of the RNA degradosome. Biochim. Biophys. Acta, Gene Regul.
Mech. 1829, 514-522 https://doi.org/10.1016/j.bbagrm.2013.02.011

Carpousis, A.J., Van Houwe, G., Ehretsmann, C. and Krisch, H.M. (1994) Copurification of £. coli RNAase E and PNPase: evidence for a specific
association between two enzymes important in RNA processing and degradation. Cell 76, 889-900 https://doi.org/10.1016/0092-8674(94)90363-8
Py, B., Higgins, C.F., Krisch, H.M. and Carpousis, A.J. (1996) A DEAD-box RNA helicase in the Escherichia coli RNA degradosome. Nature 381,
169-172 https://doi.org/10.1038/381169a0

Coburn, G.A., Miao, X., Briant, D.J. and Mackie, G.A. (1999) Reconstitution of a minimal RNA degradosome demonstrates functional coordination
between a 3" exonuclease and a DEAD-box RNA helicase. Genes Dev. 13, 2594—2603 https://doi.org/10.1101/gad.13.19.2594

Vanzo, N.F,, Li, Y.S., Py, B., Blum, E., Higgins, C.F., Raynal, L.C. et al. (1998) Ribonuclease E organizes the protein interactions in the Escherichia coli
RNA degradosome. Genes Dev. 12, 2770-2781 https://doi.org/10.1101/gad.12.17.2770

Khemici, V. and Carpousis, A.J. (2004) The RNA degradosome and poly(A) polymerase of Escherichia coli are required in vivo for the degradation of
small mRNA decay intermediates containing REP-stabilizers. Mol. Microbiol. 51, 777—790 https://doi.org/10.1046/).1365-2958.2003.03862.x
Bernstein, J.A., Lin, P.-H., Cohen, S.N. and Lin-Chao, S. (2004) Global analysis of Escherichia coli RNA degradosome function using DNA microarrays.
Proc. Natl Acad. Sci. U.S.A. 101, 2758-2763 https://doi.org/10.1073/pnas.0308747101

Prud’homme-Généreux, A., Beran, R.K,, lost, I., Ramey, C.S., Mackie, G.A. and Simons, R.W. (2004) Physical and functional interactions among RNase
E, polynucleotide phosphorylase and the cold-shock protein, CsdA: evidence for a ‘cold shock degradosome’. Mol. Microbiol. 54, 14091421
https://doi.org/10.1111/j.1365-2958.2004.04360.x

Khemici, V., Toesca, I., Poljak, L., Vanzo, N.F. and Carpousis, A.J. (2004) The RNase E of Escherichia coli has at least two binding sites for DEAD-box
RNA helicases: functional replacement of RhiB by RhIE. Mol. Microbiol. 54, 1422—1430 https://doi.org/10.1111/j.1365-2958.2004.04361.x
Lehnik-Habrink, M., Pfortner, H., Rempeters, L., Pietack, N., Herzberg, C. and Stulke, J. (2010) The RNA degradosome in Bacillus subtilis: identification
of CshA as the major RNA helicase in the multiprotein complex. Mol. Microbiol. 77, 958-971 https://doi.org/10.1111/).1365-2958.2010.07264.x
Roux, C.M., Demuth, J.P. and Dunman, P.M. (2011) Characterization of components of the Staphylococcus aureus mRNA degradosome holoenzyme-like
complex. J. Bacteriol. 193, 5520-5526 https://doi.org/10.1128/JB.05485-11

Giraud, C., Hausmann, S., Lemeille, S., Prados, J., Redder, P. and Linder, P. (2015) The C-terminal region of the RNA helicase CshA is required for the
interaction with the degradosome and turnover of bulk RNA in the opportunistic pathogen Staphylococcus aureus. RNA Biol. 12, 658—674 https://doi.
0rg/10.1080/15476286.2015.1035505

Oun, S., Redder, P., Didier, J.-P., Frangois, P., Corvaglia, A.-R., Buttazzoni, E. et al. (2013) The CshA DEAD-box RNA helicase is important for quorum
sensing control in Staphylococcus aureus. RNA Biol. 10, 157—165 https://doi.org/10.4161/rma.22899

Novick, R.P. (2003) Autoinduction and signal transduction in the regulation of staphylococcal virulence. Mol. Microbiol. 48, 1429—1449 https://doi.org/
10.1046/j.1365-2958.2003.03526 .

Bronesky, D., Wu, Z., Marz, S., Walter, P., Geissmann, T., Moreau, K. et al. (2016) Staphylococcus aureus RNAIIl and its regulon link quorum sensing,
stress responses, metabolic adaptation, and regulation of virulence gene expression. Annu. Rev. Microbiol. 70, 299-316 https://doi.org/10.1146/
annurev-micro-102215-095708

Tsai, Y.-C., Du, D., Dominguez-Malfavon, L., Dimastrogiovanni, D., Cross, J., Callaghan, A.J. et al. (2012) Recognition of the 70S ribosome and
polysome by the RNA degradosome in Escherichia coli. Nucleic Acids Res. 40, 10417-10431 https://doi.org/10.1093/nar/gks739

Redko, Y., Aubert, S., Stachowicz, A., Lenormand, P., Namane, A., Darfeuille, F. et al. (2013) A minimal bacterial RNase J-based degradosome is
associated with translating ribosomes. Nucleic Acids Res. 41, 288—301 https://doi.org/10.1093/nar/gks945

Even, S., Pellegrini, 0., Zig, L., Labas, V., Vinh, J., Brechemmier-Baey, D. et al. (2005) Ribonucleases J1 and J2: two novel endoribonucleases in B.
subtilis with functional homology to £. coli RNase E. Nucleic Acids Res. 33, 2141-2152 https://doi.org/10.1093/nar/gki505

Khemici, V., Poljak, L., Luisi, B.F. and Carpousis, A.J. (2008) The RNase E of Escherichia coli is a membrane-binding protein. Mol. Microbiol. 70,
799-813 https://doi.org/10.1111/).1365-2958.2008.06454 x

Strahl, H., Turlan, C., Khalid, S., Bond, P.J., Kebalo, J.-M., Peyron, P. et al. (2015) Membrane recognition and dynamics of the RNA degradosome.
PLoS Genet. 11, €1004961 https://doi.org/10.1371/journal.pgen. 1004961

Moffitt, J.R., Pandey, S., Boettiger, A.N., Wang, S. and Zhuang, X. (2016) Spatial organization shapes the turnover of a bacterial transcriptome. eLife 5,
€13065 https://doi.org/10.7554/eLife. 13065

Rosana, A.R., Whitford, D.S., Fahiman, R.P. and Owttrim, G.W. (2016) Cyanobacterial RNA helicase CrhR localizes to the thylakoid membrane region
and cosediments with degradosome and polysome complexes in Synechocystis sp. strain PCC 6803. J. Bacteriol. 198, 20892099 https://doi.org/10.
1128/JB.00267-16

Khemici, V., Prados, J., Linder, P. and Redder, P. (2015) Decay-initiating endoribonucleolytic cleavage by RNase Y is kept under tight control via
sequence preference and sub-cellular localisation. PLoS Genet. 11, e1005577 https://doi.org/10.1371/journal.pgen. 1005577

Cheng, Z.-F. and Deutscher, M.P. (2005) An important role for RNase R in mRNA decay. Mol. Cell 17, 313-318 https://doi.org/10.1016/j.molcel.2004.
11.048

Awano, N., Xu, C., Ke, H., Inoue, K., Inouye, M. and Phadtare, S. (2007) Complementation analysis of the cold-sensitive phenotype of the Escherichia
coli csdA deletion strain. J. Bacteriol. 189, 5808-5815 https://doi.org/10.1128/JB.00655-07

Awano, N., Rajagopal, V., Arbing, M., Patel, S., Hunt, J., Inouye, M. et al. (2010) Escherichia coli RNase R has dual activities, helicase and RNase.

J. Bacteriol. 192, 1344—1352 https://doi.org/10.1128/JB.01368-09

Hossain, S.T., Malhotra, A. and Deutscher, M.P. (2015) The helicase activity of ribonuclease R is essential for efficient nuclease activity. J. Biol. Chem.
290, 15697-156706 https://doi.org/10.1074/jbc.M115.650176

Hossain, S.T., Malhotra, A. and Deutscher, M.P. (2016) How RNase R degrades structured RNA: role of the helicase activity and the S1 domain. J. Biol.
Chem. 291, 7877-7887 https://doi.org/10.1074/jbc.M116.717991

Hossain, S.T. and Deutscher, M.P. (2016) Helicase activity plays a crucial role for RNase R function in vivo and for RNA metabolism. J. Biol. Chem.
291, 9438-9443 https://doi.org/10.1074/jbc.C116.726091

1 70 © 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1093/femsre/fuv011
https://doi.org/10.1016/j.bbagrm.2013.02.011
https://doi.org/10.1016/0092-8674(94)90363-8
https://doi.org/10.1016/0092-8674(94)90363-8
https://doi.org/10.1016/0092-8674(94)90363-8
https://doi.org/10.1038/381169a0
https://doi.org/10.1101/gad.13.19.2594
https://doi.org/10.1101/gad.12.17.2770
https://doi.org/10.1046/j.1365-2958.2003.03862.x
https://doi.org/10.1046/j.1365-2958.2003.03862.x
https://doi.org/10.1073/pnas.0308747101
https://doi.org/10.1111/j.1365-2958.2004.04360.x
https://doi.org/10.1111/j.1365-2958.2004.04360.x
https://doi.org/10.1111/j.1365-2958.2004.04361.x
https://doi.org/10.1111/j.1365-2958.2004.04361.x
https://doi.org/10.1111/j.1365-2958.2010.07264.x
https://doi.org/10.1111/j.1365-2958.2010.07264.x
https://doi.org/10.1128/JB.05485-11
https://doi.org/10.1128/JB.05485-11
https://doi.org/10.1080/15476286.2015.1035505
https://doi.org/10.1080/15476286.2015.1035505
https://doi.org/10.4161/rna.22899
https://doi.org/10.1046/j.1365-2958.2003.03526.x
https://doi.org/10.1046/j.1365-2958.2003.03526.x
https://doi.org/10.1046/j.1365-2958.2003.03526.x
https://doi.org/10.1146/annurev-micro-102215-095708
https://doi.org/10.1146/annurev-micro-102215-095708
https://doi.org/10.1146/annurev-micro-102215-095708
https://doi.org/10.1146/annurev-micro-102215-095708
https://doi.org/10.1146/annurev-micro-102215-095708
https://doi.org/10.1093/nar/gks739
https://doi.org/10.1093/nar/gks945
https://doi.org/10.1093/nar/gki505
https://doi.org/10.1111/j.1365-2958.2008.06454.x
https://doi.org/10.1111/j.1365-2958.2008.06454.x
https://doi.org/10.1371/journal.pgen.1004961
https://doi.org/10.7554/eLife.13065
https://doi.org/10.1128/JB.00267-16
https://doi.org/10.1128/JB.00267-16
https://doi.org/10.1128/JB.00267-16
https://doi.org/10.1371/journal.pgen.1005577
https://doi.org/10.1016/j.molcel.2004.11.048
https://doi.org/10.1016/j.molcel.2004.11.048
https://doi.org/10.1128/JB.00655-07
https://doi.org/10.1128/JB.00655-07
https://doi.org/10.1128/JB.01368-09
https://doi.org/10.1128/JB.01368-09
https://doi.org/10.1074/jbc.M115.650176
https://doi.org/10.1074/jbc.M116.717991
https://doi.org/10.1074/jbc.C116.726091
https://creativecommons.org/licenses/by/4.0/

Biochemical Society Transactions (2018) 46 163-172 ° PORTLAND
https://doi.org/10.1042/BST20170052 ... PRESS

45  Cheng, Z.-F., Zuo, Y., Li, Z., Rudd, K.E. and Deutscher, M.P. (1998) The vacB gene required for virulence in Shigella flexneri and Escherichia coli
encodes the exoribonuclease RNase R. J. Biol. Chem. 273, 14077-14080 https://doi.org/10.1074/jbc.273.23.14077

46  Bernstein, J., Patterson, D.N., Wilson, G.M. and Toth, E.A. (2008) Characterization of the essential activities of Saccharomyces cerevisiae Mtr4p, a
35’ helicase partner of the nuclear exosome. J. Biol. Chem. 283, 4930-4942 https://doi.org/10.1074/jbc.M706677200

47 Jia, H., Wang, X., Anderson, J.T. and Jankowsky, E. (2012) RNA unwinding by the Trf4/Air2/Mtr4 polyadenylation (TRAMP) complex. Proc. Natl Acad.
Sci. U.S.A. 109, 7292—7297 https://doi.org/10.1073/pnas.1201085109

48  Taylor, L.L., Jackson, R.N., Rexhepaj, M., King, A.K., Lott, LK., van Hoof, A. et al. (2014) The Mtr4 ratchet helix and arch domain both function to
promote RNA unwinding. Nucleic Acids Res. 42, 13861-13872 https://doi.org/10.1093/nar/gku1208

49  Patrick, E.M., Srinivasan, S., Jankowsky, E. and Comstock, M.J. (2017) The RNA helicase Mtrdp is a duplex-sensing translocase. Nat. Chem. Biol. 13,
99-104 https://doi.org/10.1038/nchembio.2234

50 Toh, E.A. and Wickner, R.B. (1979) A mutant killer plasmid whose replication depends on a chromosomal ‘superkiller’ mutation. Genetics 91, 673-682
PMID:17248905

51  Ridley, S.P., Sommer, S.S. and Wickner, R.B. (1984) Superkiller mutations in Saccharomyces cerevisiae suppress exclusion of M2 double-stranded RNA
by L-A-HN and confer cold sensitivity in the presence of M and L-A-HN. Mol. Cell. Biol. 4, 761-770 https://doi.org/10.1128/MCB.4.4.761

52  de la Cruz, J., Kressler, D., Tollervey, D. and Linder, P. (1998) Dob1p (Mtr4p) is a putative ATP-dependent RNA helicase required for the 3’ end
formation of 5.8S rRNA in Saccharomyces cerevisiae. EMBO J. 17, 1128-1140 https://doi.org/10.1093/emboj/17.4.1128

53  Liang, S., Hitomi, M., Hu, Y.H., Liu, Y. and Tartakoff, A.M. (1996) A DEAD-box-family protein is required for nucleocytoplasmic transport of yeast mRNA.
Mol. Cell. Biol. 16, 5139-5146 https://doi.org/10.1128/MCB.16.9.5139

54  LaCava, J., Houseley, J., Saveanu, C., Petfalski, E., Thompson, E., Jacquier, A. et al. (2005) RNA degradation by the exosome is promoted by a nuclear
polyadenylation complex. Cell 121, 713—724 https://doi.org/10.1016/j.cell.2005.04.029

55 Brown, J.T., Bai, X. and Johnson, A.W. (2000) The yeast antiviral proteins Ski2p, Ski3p, and Ski8p exist as a complex in vivo. RNA 6, 449-457
https://doi.org/10.1017/S1355838200991787

56  Anderson, J.S.J. and Parker, R.P. (1998) The 3’ to 5’ degradation of yeast mRNAs is a general mechanism for mRNA turnover that requires the SKI2
DEVH box protein and 3’ to 5" exonucleases of the exosome complex. EMBO J. 17, 1497-1506 https://doi.org/10.1093/emboj/17.5.1497

57  Siwaszek, A., Ukleja, M. and Dziembowski, A. (2014) Proteins involved in the degradation of cytoplasmic mRNA in the major eukaryotic model systems.
RNA Biol. 11, 1122-1136 https://doi.org/10.4161/rna.34406

58  Schmidt, C., Kowalinski, E., Shanmuganathan, V., Defenouillére, Q., Braunger, K., Heuer, A. et al. (2016) The cryo-EM structure of a ribosome—
Ski2-Ski3-Ski8 helicase complex. Science 354, 14311433 https://doi.org/10.1126/science.aaf7520

59  Zinder, J.C., Wasmuth, E.V. and Lima, C.D. (2016) Nuclear RNA exosome at 3.1 A reveals substrate specificities, RNA paths, and allosteric inhibition of
Rrp44/Dis3. Mol. Cell 64, 734-745 https://doi.org/10.1016/j.molcel.2016.09.038

60  Makino, D.L., Baumgértner, M. and Conti, E. (2013) Crystal structure of an RNA-bound 11-subunit eukaryotic exosome complex. Nature 495, 70-75
https://doi.org/10.1038/nature11870

61  Allmang, C., Kufel, J., Chanfreau, G., Mitchell, P., Petfalski, E. and Tollervey, D. (1999) Functions of the exosome in rRNA, snoRNA and snRNA
synthesis. EMBO J. 18, 5399-5410 https://doi.org/10.1093/emboj/18.19.5399

62  Wyers, F., Rougemaille, M., Badis, G., Rousselle, J.-C., Dufour, M.-E., Boulay, J. et al. (2005) Cryptic pol Il transcripts are degraded by a nuclear quality
control pathway involving a new poly(A) polymerase. Cell 121, 725-737 https://doi.org/10.1016/j.cell.2005.04.030

63  Thoms, M., Thomson, E., BaBler, J., Gnddig, M., Griesel, S. and Hurt, E. (2015) The exosome is recruited to RNA substrates through specific adaptor
proteins. Cell 162, 1029-1038 https://doi.org/10.1016/.cell.2015.07.060

64  Lubas, M., Christensen, M.S., Kristiansen, M.S., Domanski, M., Falkenby, L.G., Lykke-Andersen, S. et al. (2011) Interaction profiling identifies the
human nuclear exosome targeting complex. Mol. Cell 43, 624—637 https://doi.org/10.1016/j.molcel.2011.06.028

65 Meola, N., Domanski, M., Karadoulama, E., Chen, Y., Gentil, C., Pultz, D. et al. (2016) Identification of a nuclear exosome decay pathway for processed
transcripts. Mol. Cell 64, 520-533 https://doi.org/10.1016/j.molcel.2016.09.025

66  Evguenieva-Hackenberg, E., Walter, P., Hochleitner, E., Lottspeich, F. and Klug, G. (2003) An exosome-like complex in Sulfolobus solfataricus. EMBO
Rep. 4, 889-893 https://doi.org/10.1038/sj.embor.embor929

67  Lorentzen, E., Walter, P., Fribourg, S., Evguenieva-Hackenberg, E., Klug, G. and Conti, E. (2005) The archaeal exosome core is a hexameric ring
structure with three catalytic subunits. Nat. Struct. Mol. Biol. 12, 575-581 https://doi.org/10.1038/nsmb952

68  Dominski, Z., Carpousis, A.J. and Clouet-d’Orval, B. (2013) Emergence of the B-CASP ribonucleases: highly conserved and ubiquitous metallo-enzymes
involved in messenger RNA maturation and degradation. Biochim. Biophys. Acta, Gene Regul. Mech. 1829, 532-551 https://doi.org/10.1016/j.bbagrm.
2013.01.010

69  Clouet-d’Orval, B., Rinaldi, D., Quentin, Y. and Carpousis, A.J. (2010) Euryarchaeal B-CASP proteins with homology to bacterial RNase J have 5'- to
3'-exoribonuclease activity. J. Biol. Chem. 285, 17574-17583 https://doi.org/10.1074/jbc.M109.095117

70  Jedrzejczak, R., Wang, J., Dauter, M., Szczesny, R.J., Stepien, P.P. and Dauter, Z. (2011) Human Suv3 protein reveals unique features among SF2
helicases. Acta Crystallogr. D Biol. Crystallogr. 67, 988—996 https://doi.org/10.1107/50907444911040248

71 Dziembowski, A., Piwowarski, J., Hoser, R., Minczuk, M., Dmochowska, A., Siep, M. et al. (2003) The yeast mitochondrial degradosome. Its
composition, interplay between RNA helicase and RNase activities and the role in mitochondrial RNA metabolism. J. Biol. Chem. 278, 1603—1611
https://doi.org/10.1074/jbc.M208287200

72 Stoppel, R., Manavski, N., Schein, A., Schuster, G., Teubner, M., Schmitz-Linneweber, C. et al. (2012) RHON1 is a novel ribonucleic acid-binding
protein that supports RNase E function in the Arabidopsis chloroplast. Nucleic Acids Res. 40, 8593-8606 https://doi.org/10.1093/nar/gks613

73 Lee, K. and Cohen, S.N. (2003) A Streptomyces coelicolor functional orthologue of Escherichia coli RNase E shows shuffling of catalytic and
PNPase-binding domains. Mol. Microbiol. 48, 349-360 https://doi.org/10.1046/j.1365-2958.2003.03435.x

74 Purusharth, R.l., Klein, F., Sulthana, S., Jéager, S., Jagannadham, M.V., Evguenieva-Hackenberg, E. et al. (2005) Exoribonuclease R interacts with
endoribonuclease E and an RNA helicase in the psychrotrophic bacterium Pseudomonas syringae Lz4W. J. Biol. Chem. 280, 14572—14578 https://doi.
org/10.1074/jbc.M413507200

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1 71


https://doi.org/10.1074/jbc.273.23.14077
https://doi.org/10.1074/jbc.M706677200
https://doi.org/10.1073/pnas.1201085109
https://doi.org/10.1093/nar/gku1208
https://doi.org/10.1038/nchembio.2234
http://www.ncbi.nlm.nih.gov/pubmed/17248905
https://doi.org/10.1128/MCB.4.4.761
https://doi.org/10.1093/emboj/17.4.1128
https://doi.org/10.1128/MCB.16.9.5139
https://doi.org/10.1016/j.cell.2005.04.029
https://doi.org/10.1017/S1355838200991787
https://doi.org/10.1093/emboj/17.5.1497
https://doi.org/10.4161/rna.34406
https://doi.org/10.1126/science.aaf7520
https://doi.org/10.1016/j.molcel.2016.09.038
https://doi.org/10.1038/nature11870
https://doi.org/10.1093/emboj/18.19.5399
https://doi.org/10.1016/j.cell.2005.04.030
https://doi.org/10.1016/j.cell.2015.07.060
https://doi.org/10.1016/j.molcel.2011.06.028
https://doi.org/10.1016/j.molcel.2016.09.025
https://doi.org/10.1038/sj.embor.embor929
https://doi.org/10.1038/nsmb952
https://doi.org/10.1016/j.bbagrm.2013.01.010
https://doi.org/10.1016/j.bbagrm.2013.01.010
https://doi.org/10.1074/jbc.M109.095117
https://doi.org/10.1107/S0907444911040248
https://doi.org/10.1074/jbc.M208287200
https://doi.org/10.1093/nar/gks613
https://doi.org/10.1046/j.1365-2958.2003.03435.x
https://doi.org/10.1046/j.1365-2958.2003.03435.x
https://doi.org/10.1074/jbc.M413507200
https://doi.org/10.1074/jbc.M413507200
https://creativecommons.org/licenses/by/4.0/

<. = PORTLAND Biochemical Society Transactions (2018) 46 163-172
Q.. PRESS https://doi.org/10.1042/BST20170052

75  Erce, MA., Low, J.KK. and Wilkins, M.R. (2010) Analysis of the RNA degradosome complex in Vibrio angustum S14. FEBS J. 277, 5161-5173
https://doi.org/10.1111/j.1742-4658.2010.07934 x

76  Hardwick, S.W., Chan, V.S.Y., Broadhurst, R.W. and Luisi, B.F. (2011) An RNA degradosome assembly in Caulobacter crescentus. Nucleic Acids Res.
39, 14491459 https://doi.org/10.1093/nar/gkq928

77 Voss, J.E., Luisi, B.F. and Hardwick, S.W. (2014) Molecular recognition of RhiB and RNase D in the Caulobacter crescentus RNA degradosome. Nucleic
Acids Res. 42, 13294-13305 https://doi.org/10.1093/nar/gku1134

78  Ait-Bara, S. and Carpousis, A.J. (2010) Characterization of the RNA degradosome of Pseudoalteromonas haloplanktis. conservation of the RNase E-RhiB
interaction in the gammaproteobacteria. J. Bacteriol. 192, 5413-5423 https://doi.org/10.1128/JB.00592-10

79  Zhang, J.-Y., Deng, X.-M., Li, F.-P., Wang, L., Huang, Q.-Y., Zhang, C.-C. et al. (2014) RNase E forms a complex with polynucleotide phosphorylase in
cyanobacteria via a cyanobacterial-specific nonapeptide in the noncatalytic region. ANA 20, 568-579 https://doi.org/10.1261/ma.043513.113

80  Henry, A., Shanks, J., van Hoof, A. and Rosenzweig, J.A. (2012) The Yersinia pseudotuberculosis degradosome is required for oxidative stress, while its
PNPase subunit plays a degradosome-independent role in cold growth. FEMS Microbiol. Lett. 336, 139—147 https://doi.org/10.1111/j.1574-6968.
12000.x

81  Jdger, S., Hebermehl, M., Schiltz, E. and Klug, G. (2004) Composition and activity of the Rhodobacter capsulatus degradosome vary under different
oxygen concentrations. J. Mol. Microbiol. Biotechnol. 7, 148—154 https://doi.org/10.1159/000078658

1 72 © 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).


https://doi.org/10.1111/j.1742-4658.2010.07934.x
https://doi.org/10.1111/j.1742-4658.2010.07934.x
https://doi.org/10.1093/nar/gkq928
https://doi.org/10.1093/nar/gku1134
https://doi.org/10.1128/JB.00592-10
https://doi.org/10.1128/JB.00592-10
https://doi.org/10.1261/rna.043513.113
https://doi.org/10.1111/j.1574-6968.12000.x
https://doi.org/10.1111/j.1574-6968.12000.x
https://doi.org/10.1111/j.1574-6968.12000.x
https://doi.org/10.1159/000078658
https://creativecommons.org/licenses/by/4.0/

	RNA helicases in RNA decay
	Abstract
	Introduction
	DEAD-box RNA helicases assist bacterial degradosomes
	Bacterial degradosomes associate with the membrane and ribosomes
	All in one: RNase R
	Ski2-like RNA helicases are cofactors of the eukaryotic exosomes
	The nuclear-encoded Suv3 RNA helicase is required for mitochondrial RNA turnover
	Conclusion and perspectives
	Funding
	Competing Interests
	References


