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Abstract

The Escherichia coli RNA degradosome is a multienzyme assembly that functions in transcript 

turnover and maturation of structured RNA precursors. We have developed a procedure to 

reconstitute the RNA degradosome from recombinant components using modular coexpression 

vectors. The reconstituted assembly can be purified on a scale that has enabled biochemical and 

biophysical analyses, and we compare the properties of recombinant and cell-extracted RNA 

degradosomes. We present evidence that auxiliary protein components can be recruited to the 

‘superprotomer’ core of the assembly through a dynamic equilibrium involving RNA 

intermediaries. We discuss the implications for the regulation of RNA degradosome function in 
vivo.
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Introduction

The multienzyme RNA degradosome of Escherichia coli contributes to the steady-state 

profile of transcripts.1 Each mRNA species has an intrinsic sensitivity to ribonuclease 

activity that affects response to transcription rate changes.2 In addition to its degradative 

role, the degradosome also helps to mature precursors of structured RNAs into their active 

forms. The substrates processed by the degradosome include the precursors of transfer RNA, 

5S ribosomal RNA, 6S RNA (which modulates sigma factor function), and transfer-

messenger RNA (which rescues stalled ribosomes).1

The RNA degradosome is composed of four main components: the hydrolytic 

endoribonuclease E (RNase E), the phosphorolytic exoribonuclease polynucleotide 

phosphorylase (PNPase; EC 2.7.7.8), the ATP-dependent RNA helicase B (RhlB; EC 3.6.1), 
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and the glycolytic enzyme enolase (EC 4.2.1.11).3–5 The organizing scaffold for the 

degradosome is provided by RNase E, which is a large protein of 1061 amino acids (118 

kDa). The N-terminal half of RNase E encompasses an endoribonuclease domain,6 and this 

has extensive sequence similarity with its paralogue, RNase G.7 The N-terminal half of 

RNase E forms a homotetramer,8,9 and the quaternary organization is likely to be 

functionally important, since disruption of the oligomeric state compromises organism 

fitness.10 While the N-terminal half has a globular structure, the C-terminal half of RNase E 

is natively unfolded in isolation11 but provides the recruitment sites for other degradosome 

components through small recognition motifs,12 as summarized schematically in Fig. 1. The 

C-terminal half of RNase E also contains two RNA-binding regions that can interact with 

substrates, such as the 9S precursor for 5S ribosomal RNA, to which it binds avidly with 

dissociation constants in the nanomolar range.11,13

RNase E has cutting preferences for RNA with a 5’-terminal monophosphate;14–16 in E. 
coli, some of these substrates are generated from nascent transcripts by the activity of a 

specialized phosphatase that removes pyrophosphate from the triphosphate terminus.17,18 

Turnover of the mRNA follows from cleavage at internal sites by RNase E, which produces 

a new 5′ terminus with a monophosphate that can be subsequently cleaved. The fragments 

can also be digested in a 3′-to-5′ direction by exoribonucleases such as PNPase (77 kDa). 

Although RNase E and PNPase can function independently, their association within the 

RNA degradosome may enable the degradation process to be coordinated.19

The RhlB helicase (50 kDa) of the degradosome is a family member of the DEAD box motif 

ATPases, which include enzymes with demonstrated unwinding, translocase, or remodeling 

activities.20–24 In the context of RNA turnover, RNA helicases can remove secondary 

structure in RNAs that would otherwise hinder ribonuclease activity. Hence, the association 

of RhlB with the ribonucleases of the degradosome facilitates degradation of structured 

substrates.12,13 Other DEAD box helicases (SrmB, RhlE, and CsdA) can associate with 

RNase E,25 and these may bind to sites outside the RhlB recognition region.26

The remaining canonical degradosome component, enolase (45 kDa), is a glycolytic 

enzyme. Although its role in the degradosome is unknown presently, degradosome-bound 

enolase has been implicated in controlling the stability of mRNA that encodes a 

transmembrane component of the glucose transporter.27 The rate of degradation of the 

transcript by RNase E is increased when the glycolytic pathway is blocked by the 

accumulation of glucose-6-phosphate or its analogue.27

Other proteins are present in substoichiometric amounts from isolated degradosomes, 

including polyphosphate kinase, poly(A) polymerase, ribosomal proteins, and the molecular 

chaperones DnaK and GroEL.4,28,29 In addition to these minor variations, the composition 

of the degradosome can also undergo larger changes in response to environmental 

conditions. At 15 °C, E. coli cells produce a set of cold shock proteins, including the DEAD 

box helicase CsdA, that can associate with the degradosome.30 PNPase expression is also 

increased in response to cold shock.31 The compositional changes of the degradosome 

following cold exposure may account, in part, for changes in mRNA stability associated 

with cold shock response.32 Degradosome composition and function may also be modulated 
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through its interactions with the proteins RraA (regulator of ribonuclease activity A) and 

RraB (regulator of ribonuclease activity B), which inhibit the nucleolytic activity of RNase 

E.25 Another potential interaction may occur between the degradosome and the cytoskeleton 

protein MinD, which may account for the apparent association of the degradosome with the 

cytoskeleton.33

The ribonucleolytic activity of the degradosome can be directed by the RNA chaperone Hfq 

(host factor I for phage Qβ), an abundant 11.2-kDa RNA-binding protein of the highly 

conserved Sm-like family.34 In E. coli, Hfq recruits certain small regulatory RNAs (sRNAs) 

to RNase E for directed destruction of both target mRNAs and sRNAs, enabling rapid 

responses to environmental changes.29,35,36 Hfq can also function with other sRNAs to 

stabilize transcripts and to promote translation,37 but these functions probably are not 

degradosome-mediated.

The emerging view is that the degradosome is a dynamic complex with variable components 

that modulate its activity under different environmental conditions. An evaluation of these 

and other properties of the degradosome could be made possible if recombinant materials 

were available on a large scale. Protocols have been established to reconstitute a minimal 

RNA degradosome that lacks the catalytic domain of RNase E and the enolase component.
38,39 Here, we describe the preparation of the complete recombinant degradosome and the 

evaluation of its physical and functional properties. Our observations suggest that RNA itself 

may be a key modulator of degradosome composition and function by influencing a 

dynamic equilibrium with auxiliary protein components.

Results

Preparation of recombinant degradosome assemblies using modular coexpression 
vectors

We designed coexpression vectors that are schematically outlined in Fig. 2a. RNase E and 

RhlB were coexpressed in one culture, and PNPase and enolase were coexpressed in a 

separate culture (see Supplementary Information for further details). The combined lysate 

was applied to a Ni2+-affinity column, and an apparent complex was eluted with a gradient 

of imidazole. This complex remained intact by size-exclusion chromatography using a 

preparative S500 column (Fig. 2b). The complex eluted broadly from the S500 column 

without a clear maximum, and the strong absorbance at 254 nm compared to 280 nm 

indicated that the material coeluted with nucleic acid (Fig. 2b). Much of this copurifying 

nucleic acid could be removed at the Ni2+-affinity matrix step by including 1.0 M NaCl and 

0.5 M urea in the washing buffer. The material eluted from the sizing column with the high-

salt/urea treatment gave a maximum with a broad Gaussian-shaped profile (Fig. 2b). The 

broad elution profiles indicated that the complex is likely to be heterogeneous in size or 

nucleic acid content. Evaluation of these specimens by electron microscopy revealed discrete 

particles (data not shown). The estimated mass of the high-salt/urea purified recombinant 

degradosome from S500 size-exclusion chromatography is in excess of 50 MDa, but this 

may indicate an ‘open’ structure1 rather than a self-closing assembly.40 The average size 

estimated by dynamic light scattering varied between 400 and 1000 Å. However, each 

fraction from size-exclusion chromatography exhibited a low polydispersity index, 
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indicating that the samples are monodisperse within each fraction. The size variation 

between fractions was likely to be due, in part, to copurification of large RNA species (see 

below).

Using pRSF_rnerhlB, we prepared truncated hexahistidine-tagged RNase E constructs that 

encompass the RhlB recognition site and its flanking RNA-binding regions [RNase E(1–

762), a segment of RNase E corresponding to residues 1–762, encompassing the catalytic N-

terminal domain and the helicase binding site; RNase E(1–825), a segment of RNase E 

containing residues 1–825, encompassing the catalytic N-terminal domain and the helicase 

binding site] but lacked the C-terminal portion that engages enolase and PNPase. The 

truncated RNase E coexpression constructs gave good yields, and the complex could be 

purified readily. SDS-PAGE analysis of the post-S500 fractions showed that RNase E (1–

762 or 1–825) and RhlB were present in an approximate protomer stoichiometry of 1:1 (Fig. 

2c, lanes 1–4).

Comparison of recombinant and endogenously expressed degradosomes

To examine whether the recombinant complex was similar to the in vivo degradosome, we 

isolated the full-length RNase E from an E. coli strain in which the genomically encoded 

enzyme has a C-terminally fused FLAG, an octapeptide epitope tag with the amino acid 

sequence DYKDDDDK.29 As the rne-FLAG gene was under the control of the endogenous 

promoter, complexes containing RNase E were likely to have the same subunit composition 

as in wild-type cells. Comparison of the recombinant material and anti-FLAG 

immunoprecipitate by denaturing gel electrophoresis indicated a similar composition of 

subunits, which run at the same apparent molecular masses as the recombinant proteins and 

were confirmed as RNase E, PNPase, enolase, and RhlB by matrix-assisted laser deso-

rption/ionization time-of-flight mass spectrometry of protease-generated fragments (Fig. 3a). 

The immunoprecipitate also contained components of the pyruvate dehydrogenase (PDH) 

complex, as reported earlier.29 Precipitation of PDH is caused by cross-reactivity of the anti-

FLAG antibody with a FLAG-like sequence in the E1 subunit. We found that recombinant 

degradosome also contains sub-stoichiometric amounts of the outer membrane protein 

OmpF (Fig. 2b). The protein was not seen in the cell-extracted degradosome, suggesting that 

its association with the recombinant degradosome is an artifact. Nonetheless, the similarity 

of the immunoprecipitate and recombinant-based assemblies indicated that the reconstitution 

procedure successfully generates a degradosome assembly.

The cell-extracted and recombinant degradosome samples were compared by native gel 

electrophoresis. The cell-extracted samples ran with faster mobility than the recombinant 

material (Fig. 3b), and the UV absorbance spectra indicated that they contained different 

amounts of nucleic acid. The nucleic acid was most likely to be RNA, since the 

electrophoretic mobility of the degradosome was substantially shifted on treatment with 

RNase A. Recombinant and cell-extracted degradosome migrated more closely after 

ribonuclease treatment (Fig. 3b). Electrophoretic analysis of nucleic acid extracted from the 

low-salt purified recombinant degradosome revealed multiple RNA species, with the most 

abundant resembling ribosomal RNAs in size (e.g., Fig. 4b). These findings are consistent 
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with earlier reports that cell-extracted degradosome contains a number of RNA species, 

including ribosomal RNA.42

Processing of ribosomal RNA precursor 9S RNA by the degradosome

One well-established activity assay for RNase E in vitro is the processing of 9S RNA, which 

is a precursor of 5S ribosomal RNA.43 Recombinant degradosome and truncated RNase E/

RhlB were incubated with purified 9S RNA transcribed in vitro. This substrate was 

processed into the products expected from cuts at the three RNase E cleavage sites (Fig. 4a), 

and the pattern of digest products was similar to those reported earlier for preparations of 

cell-isolated degradosomes.3 The presence of ethylenediaminetetraacetic acid (EDTA) 

prevents RNA degradation, consistent with the expectation that the activity of RNase E is 

magnesium-dependent (Fig. 4c, lane 1).

The degradosome used in initial assays was the RNase E N305D mutant, which has been 

shown to decrease catalytic activity in the context of the isolated catalytic domain for 13-nt 

single-stranded RNA substrates.9 We observed that this RNase E mutant still retains 

processing capabilities for a large structured RNA in the context of the full-length protein 

and RNase E(1–762) (lanes 3–10 and 5–6 in Fig. 4b and c, respectively), but not as great as 

for the degradosome reconstituted with wild-type RNase E (not shown). The activity could 

be favored by interaction with the arginine-rich domain of RNase E;44 in the assays used 

here, an excess of enzyme was used so that even weakened activity would still result in 

processing. 9S RNA processing was also observed for the degradosome subassembly 

comprising RNase E N305D(1–762) and RhlB (Fig. 4c, lanes 5 and 6).

In the presence of phosphate, which is required for the nucleolytic activity of PNPase, the 9S 

processing reaction was slightly more effective, probably because the competing 

degradosome-bound RNA was partially degraded by the phosphorolytic activity of PNPase 

(Fig. 4b, lanes 5 and 6). Addition of ATP and Mg2+ was expected to stimulate the helicase 

activity of RhlB, but this resulted in the generation of a distinct ladder of polynucleotides 

(apparent as smear in lanes 7 and 8 in Fig. 4b). This ladder was likely due to the reverse 

(polymerization) activity of PNPase from ADP. However, in the presence of both phosphate 

and ATP, the equilibrium was expected to be driven in the direction of degradation by 

PNPase; indeed, the processing of 9S RNA and degradation of the background RNA were 

most efficient when these additives were present (Fig. 4b, lanes 9 and 10). Helicase ATPase 

activity and PNPase-catalyzed ribonucleotide polymerization may be linked in a cycle that 

enhances the overall rates of exoribonucleolytic degradation.

Composition of the degradosome varies with physiological conditions and RNA content

The subunit stoichiometry of the degradosome preparations was determined by SDS-PAGE 

and densitometry (Fig. 5 and Supplementary Fig. S1). The ratio of components varied 

according to extraction conditions of the recombinant material or physiological conditions of 

the cell-extracted FLAG-tagged degradosome. However, the simplest stoichiometry 

observed was a 1:1 complex of RNase E/PNPase protomers in the high-salt/urea-extracted 

degradosome (Fig. 5a). A similar ratio was observed for the FLAG-tagged degradosome 

under regular growth conditions (Fig. 5c).
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The degradosome composition was found to be very sensitive to nucleic acid content. The 

low-salt procedure generated recombinant degradosome that was enriched in both RNA and 

PNPase components, in comparison with the complex derived from the high-salt/urea 

procedure. Correspondingly, the addition of exogenous RNA during the purification 

procedure resulted in the enrichment of PNPase in the recombinant degradosome eluted 

from the sizing column (Fig. 5b). This indicates that exogenous RNA may have aided in the 

recruitment of additional PNPase to the degradosome.

Stress conditions may influence the degradosome composition in vivo. E. coli carrying the 

rne-FLAG gene was subjected to either cold shock (16 °C) or phosphosugar stress 

(Supplementary Information). The glucose analogue α-D-methylglucoside accumulates in 

the cells as α-methylglucoside 6-phosphate, which induces phosphosugar stress.27 

Densitometry analysis of immunoprecipitates indicates that, under these stress conditions, 

the amount of PNPase associated with the degradosome increases. The value for the ratio 

was roughly two PNPase monomers per RNase E monomer in our preparations (Fig. 5c).

The stoichiometry was also estimated for immunoprecipitates prepared from an aceE/aceF 
(E1 subunit of PDH/E2 subunit of PDH)-null strain of E. coli that lacks the PDH E1 and E3 

subunits that were the contaminants in rne-FLAG preparations. Immunoprecipitates from 

aceE/aceF-null cells gave a purer degradosome; however, the PNPase component is nearly 

three times that estimated from the tagged degradosome from wild-type control cells (Fig. 

5a). PNPase enrichment in the aceE/aceF-null cells was perhaps in response to stress arising 

from metabolic perturbation in the absence of PDH.

Interactions of RNase E with Hfq

Hfq is an RNA chaperone required for RNase-E-mediated degradation of ptsG mRNA.36 

When E. coli is subjected to phosphosugar stress, an sRNA (SgrS) which binds Hfq is 

induced, which in turn associates with RNase E in the degradosome.29,45 In agreement with 

earlier findings, Hfq was observed by immunoblotting to be preferentially enriched in 

FLAG-tagged RNase E immunoprecipitates under phosphosugar stress conditions compared 

with cells grown in normal media (data not shown).

The coimmunoprecipitation with Hfq was dependent on the C-terminal 360 residues of 

RNase E,29 suggesting that the interaction involves this scaffold region, which includes the 

binding sites for RhlB, enolase, and PNPase (Fig. 6a). The Hfq/RNase E interaction was 

probed using purified recombinant Hfq and two RNase E constructs spanning this region 

(Fig. 6a). RNase E(628–843) (a segment of RNase E containing residues 628–843 of the C-

terminal domain, encompassing the two RNA-binding regions and the helicase recognition 

site) included the RhlB recognition motif and an RNA-binding region. The CTD (a hexa-

histidine-tagged C-terminal domain of RNase E comprising residues 1–26 fused to residues 

498–1061) construct contained the binding sites for all degradosome components and the 

two RNA-binding regions. Protein-protein interactions were tested with the cross-linker 

dimethyl suberimidate (DMS) and analyzed by SDS-PAGE and immunoblotting. Highly 

purified Hfq failed to interact with either RNase E(628–843) or CTD; however, in positive 

controls, RNase E(628–843) formed a cross-linked species with RhlB (Supplementary Fig. 
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S2). An interaction between CTD and Hfq was tested by isothermal titration calorimetry, but 

no heat change was observed (results not shown).

Hfq samples that were not purified with a butyl Sepharose column were found to contain 

avidly bound RNA that originated from the E. coli expression host. This E. coli RNA/Hfq 

complex readily formed cross-links in the presence of glutaraldehyde with RNase E(628–

843) and CTD (Supplementary Fig. S3). This interaction was further explored using RNA-

free Hfq in the presence of bulk yeast RNA. Denaturing PAGE revealed a supershifted 

species, which becomes more intense with addition of more RNA (Fig. 6b). A supershifted 

species was also observed in an immunoblot using an anti-His antibody to detect the His-

tagged RNase E CTD (Fig. 6c). Similarly, a supershifted species of Hfq and RNase E (628–

843) was visualized by anti-Hfq immunoblotting in the presence of bulk RNA (Fig. 6d). Hfq 

has also been reported to coimmunoprecipitate with PNPase.46 We found that this 

interaction was also RNA-mediated (Supplementary Fig. S4). These results indicate that Hfq 

may be recruited to the degradosome through a mediating RNA.

Discussion

We have described here a method for preparing RNA degradosome from recombinant 

components. Using this material, we have explored the subunit composition of the 

fundamental unit of the degradosome, which we refer to as the “superprotomer” in view of 

its complexity and its likelihood to associate into a higher-order quaternary structure. Our 

analyses indicate that RNase E and PNPase are present in equimolar ratio in ‘resting-state’ 

preparations with minimal copurifying RNA. An equimolar ratio is consistent with earlier 

findings for the stoichiometry of PNPase with the isolated recognition site from RNase E,11 

and with recent crystallographic analysis of the E. coli PNPase/RNase E complex (Salima 

Nurmohamed, personal communication). It agrees with the observed stoichiometry of 

RNase E/PNPase from isolated cellular degradosome, but we must emphasize that this ratio 

is for normal growth conditions. We will return to this point below in discussions of the 

changes occurring during stress conditions. For enolase and RhlB, crystallographic and 

biophysical measurements indicate that one enolase dimer and one helicase protomer 

interact with their respective isolated recognition sites within RNase E.13,47,48 However, for 

the recombinant and cell-extracted degradosomes, the stoichiometries vary with RNA 

content.

The RNase E/PNPase/enolase/RhlB “superprotomer” is likely to associate into a higher-

order assembly, since the scaffolding component (namely, RNase E) is itself a tetramer. 

Additionally, PNPase is a stable trimer49 and could bridge RNase E tetramers in a higher-

order organization. In principle, three RNase E tetramers and four PNPase trimers could 

form a self-closing assembly composed of 12 protomers, which would satisfy all possible 

binding sites. The ideal composition of such an assembly is 12:12:24:12 RNase E/PNPase/

enolase/RhlB.40 Our experimentally determined stoichiometries are consistent with this 

model for RNase E and PNPase in an unstressed physiological state, but the RhlB and 

enolase components can vary and may be more dynamic elements of the degradosome. The 

idealized assembly would have a mass in excess of 4 MDa, but our S500 results indicate that 

the complex is much larger still. We cannot rule out the possibility of an extended 
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nonglobular shape and some aggregation that might result in the nonideal behavior on the 

size-exclusion column.

A recent study indicates that the degradosome can be found in superhelical assemblies that 

are associated with the cytoskeleton,33 and an earlier microscopy study revealed it to be 

localized near the cytoplasmic membrane.50 It is not clear whether the degradosome 

spontaneously forms a helical network in these cellular bodies, but our electron microscopy 

images suggest that purified degradosome is not a filamentous oligomer. The helical bodies 

observed in vivo may arise from interactions of the degradosome with components of the 

cytoskeleton.

Our findings show that the PNPase content of the degradosome can change with 

physiological conditions, and this is most likely due to ancillary RNA. The PNPase content 

in immunoprecipitated degradosome changes in response to phosphosugar stress, 

temperature shock, and perhaps metabolic adjustment associated with the loss of the PDH 

complex. Cellular PNPase levels may be environment-sensitive; for example, cold shock can 

boost PNPase expression,32 and the cellular ratio of total PNPase to RNase E can vary with 

growth stage.50 In the recombinant degradosome preparations, we observe that the PNPase 

stoichiometry increases with the content of copurifying RNA. PNPase itself could be the 

source of the copurifying RNA: recombinant PNPase avidly binds RNA, and we observe 

that it copurifies with ribosomal RNA fragments (Górna et al., unpublished results). It is 

possible that accessory protein/RNA complexes could be recruited to the degradosome in a 

dynamic equilibrium that changes the composition and directs the function of the 

degradosome. One possible function of this additional recruitment might be to assist PNPase 

in its capacity to perform quality control checks for ribosomal RNA.51,52

We also explored interactions of RNase E with the Hfq protein, which mediates the function 

of some sRNAs in E. coli. Under conditions of sRNA expression, Hfq coimmunoprecipitates 

with FLAG-tagged RNase E,29 potentially explaining how the sRNA targets its 

complementary mRNA for degradation. In our study, no evidence for direct interaction 

between RNase E and Hfq could be identified, but the addition of RNA was sufficient to 

induce an interaction, suggesting that an sRNA (or sRNA/mRNA complex) may be 

responsible for the coimmunoprecipitation of these proteins under stress conditions. Morita 

et al. observed that Hfq remained bound to RNase E even after incubation with micrococcal 

nuclease, suggesting that the proteins interact directly.29 However, none of the techniques 

used here (e.g., cross-linking, nondenaturing PAGE, and isothermal titration calorimetry) 

was able to detect a direct interaction between the purified proteins. This prompts an 

alternative explanation that micrococcal nuclease was unable to digest a tightly bound RNA 

that maintained an indirect RNase E/Hfq interaction. There are, of course, other explanations 

for the absence of an Hfq/RNase E interaction in vitro. Posttranslational modification of one 

or either protein may be required, perhaps in an environmental-stimulusdependent manner. 

However, our finding of avidly bound RNA in both FLAG-tagged RNase E 

immunoprecipitate and recombinant RNase E preparations, as well as during Hfq 

purification, supports the hypothesis that the interaction of Hfq and RNase E is RNA-

mediated. Our hypothesis may serve to explain how Hfq is recruited to RNase E under 

conditions of sRNA expression.29
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It has been observed that the composition of the cellular degradosome can be altered by the 

regulators RraA and RraB.25 These observations lead to a picture of a dynamic nature of the 

degradosome, whose composition and function are modulated by regulators. Our data 

suggest that RNA may affect the protein composition of the degradosome. In the case of 

PNPase, the RNA is likely to be a structured molecule and, for Hfq, its ternary complex with 

transcript/sRNA is likely to form a transient interaction with the degradosome prior to 

RNase-E-mediated cleavage (Fig. 7). We thus envisage that defined RNA species, perhaps 

recognized by their specific folds, may be modulators of the degradosome, through 

corecruitment of accessory factors in dynamic equilibria that modify its function.

Materials and Methods

Construction, expression, and purification of recombinant degradosome

Coexpression vectors for the expression of recombinant components of the degradosome 

assembly in E. coli were constructed using pRSFDuet-1 (Kanr) and pETDuet-1 (Ampr) 

plasmids (Novagen) (see Fig. 2a). The genes encoding the individual degradosome 

components were amplified by polymerase chain reaction (PCR) from pET11a vectors 

(provided by A. J. Carpousis). PCR primers included restriction enzyme sites for facile 

cloning of the products into the multiple cloning sites of the coexpression vectors. The 

N305D mutation in the catalytic domain was generated by introducing a single nucleotide 

change in the RNase E gene (AAC-to-GAC) using a procedure based on the Stratagene 

Quikchange mutagenesis kit. The clones were sequenced to corroborate the vector 

construction and insertion of the intended mutation.

E. coli BL21(DE3) cells were transformed with pRSF_ rnerhlB or pETD_pnpeno, and a 

number of transformants were transferred to 5 ml of 2xYT medium supplemented with 50 

μg/ml kanamycin or 100 μg/ml carbenicillin, respectively, and incubated at 37 °C. Five 

milliliters of the liquid precultures was used to separately inoculate 2-l Erlenmeyer flasks 

containing 500 ml of 2xYT and either 50 μg/ml kanamycin or 100 μg/ml carbenicillin, with 

incubation continued at 37 °C until an OD600 nm of 0.5 had been reached, at which point 

expression of the recombinant genes in both cultures was induced with 1 mM IPTG. The 

temperature of the pETD_pnpeno cultures was decreased to 25 °C. After 3 h, the 

pETD_pnpeno and pRSF_rnerhlB cultures were mixed, and the cells were harvested and 

resuspended in buffer A [50 mM Tris–HCl pH 7.8,100 mM NaCl, 50 mM KCl, 5 mM 

imidazole, 5 mM MgSO4, and 5% (vol/vol) glycerol]. Cells were lysed by passing several 

times through an EmulsiFlex-05 cell disruptor (Avestin) until the lysate was free flowing. 

The lysate was clarified by centrifugation (37,500g, 30 min, 4 °C), and the soluble fraction 

was loaded onto a Ni-NTA HiTrap column (GE Healthcare). Extensive washing with either 

low-salt or high-salt/urea was followed by an isocratic elution with buffer A supplemented 

with 0.5 M imidazole. Fractions containing RNase E, RhlB, enolase, and PNPase (assessed 

by SDS-PAGE) were pooled and concentrated with 100-kDa cutoff Centricon units 

(Vivascience) and loaded onto an S500 size-exclusion column (GE Healthcare) equilibrated 

with buffer C [50 mM Tris–HCl pH 7.8, 150 mM NaCl, 100 mM KCl, 5 mM MgSO4, and 

5% (vol/vol) glycerol]. Samples were evaluated by SDS-PAGE and subjected to trypsin 

digestion, followed by matrix-assisted laser desorption/ioniza-tion time-of-flight mass 
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spectrometry analysis of the peptide fragments. Analysis of the change in degrado-some 

stoichiometry upon addition of extra RNA was performed for high-salt/urea purified 

degradosome with hexa-histidine tags on both RNase E and PNPase. For that purpose, a 

sample containing roughly 40 mg of concentrated degradosome purified by metal-affinity 

chromatography was divided into two, and one of the aliquots was supplemented with 2 mg 

of yeast ribonucleic acid (Sigma) and incubated for 30 min at 25 °C, then both samples were 

purified by size-exclusion chromatography under identical conditions.

Preparation of individual degradosome components and RNase E constructs

RhlB, PNPase, and enolase were overexpressed as previously described by Callaghan et al. 
11 The full-length N-terminal histidine-tagged RNase E N305D was expressed in 

BL21(DE3) cells at 37 °C, with cells harvested 3 h after induction with IPTG. The cell 

lysate was extracted and purified in buffers containing 6 M urea. The C-terminal RNase E 

constructs consisting of either residues 628–843 or the entire CTD were purified as 

previously described.11

Preparation of Hfq

E. coli BL21(DE3) cells transformed with pEH-10-(hfq) were a kind gift of Dr. Isabella 

Moll (Max Perutz Laboratory, Vienna). Isolation and purification were performed as 

described by Vassillieva et al.53 Purified Hfq was dialyzed against 50 mM sodium phosphate 

(pH 8.0) and 150 mM NaCl.

Isolation of degradosome assemblies from cells

E. coli K12 strain TM522 has the genotype W3110mlc rne-FLAG, where the C-terminal 

FLAG-tagged RNase E replaces the endogenous RNase E.29 Details of experimental 

procedures are provided in Supplementary Information.

Preparation of 9S RNA

A 263-bp template encoding E. coli 9S RNA was produced from the pKK233-2 plasmid54 

(kindly provided by A. J. Carpousis and L. Poljak, Centre National de la Recherche 

Scientifique, Toulouse) using two rounds of PCR. The first, using primers 5’-

GAGCGTTCACCGACAAAC-3’ and 5’-GGAGCTGTTTTGGCGGATGAGAGAAG-3’, 

introduced an A-to-G substitution (underlined). The second, using primers 5′-
CGAAAGGCCCAGTCTTTCGACTG-3′ and 5′-
GTAATACGACTCACTATAGGAGCTGTTTTGGCGGAT-GAGAG-3’, introduced a T7 

RNA polymerase consensus (underlined). The second PCR product was used as a template 

in a standard in vitro transcription reaction.

Degradosome activity assays

To assay the RNA processing activity of the recombinant degradosome, reactions were set 

up with 1 or 2 pmol of 9S RNA and 25–28 pmol of RNase E monomer (assuming 1:1:1:1 

stoichiometry for the four degradosome components and using the Christian-Warburg 

method to correct for nucleic acid contamination55). For low-salt purified recombinant 

degradosome containing RNase E N305D mutant, 30-μl reactions were set up in buffer C 
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supplemented with 0.1 U/μl RNaseOUT™ (Invitrogen), 1 mM DTT, and, where indicated, 1 

mM ATP and 1 mM MgCl2 or 10 mM potassium phosphate. Samples were assembled on ice 

without RNA and preincubated (37 °C, 20 min), then 1 μl of 1 μM 9S RNAwas added, and 

the reaction mixture was incubated for 5 min at 25 °C. Reactions were quenched with 5 μl of 

10 mg/ml Tritirachium album Proteinase K (Sigma-Aldrich) and 50 μl of 2× Proteinase K 

buffer [200 mM Tris–HCl pH 7.5, 25 mM EDTA, 300 mM NaCl, and 2% (wt/vol) SDS]. 

Samples were incubated (37 °C, 30 min) then RNA-purified by phenol extraction and 

ethanol precipitation. For wild-type RNase E recombinant degradosome and N305D RNase 

E(1–762)/RhlB, 4 μl of 6.3 μM RNase E construct in buffer C was incubated with 2 μl of 1 

μM 9S RNA in deionized water and either 1 μl of 50 mM Mops (pH 7.4) and 50 mM NaCl 

or 1 μl of 70 mM EDTA. The reaction was assembled on ice without RNA, then RNAwas 

added and the reaction was incubated for 30 or 60 min at 37 °C. Reactions were quenched 

by adding 1 vol of 2× Proteinase K buffer with 0.2 mg/ml Proteinase K and incubating for 

30 min at 50 °C. After the addition of formamide/urea loading dye,56 the samples were 

analyzed on an 8% polyacrylamide gel containing 7 M urea. Nucleic acids were detected 

using SYBR® Gold stain (Invitrogen). TotalLab (Nonlinear Dynamics) was used to estimate 

the molecular weight of the cleavage products.

Electrophoretic mobility shift assays

Samples of FLAG-tagged degradosome (5 μl) in immunoprecipitation buffer (20 mM Tris-

Cl pH 8.0, 0.1M KCl, 5 mM Mg sulfate, 10% v/v glycerol, 0.1% v/v Tween 20,1 tablet/50 

ml of EDTA-free protease inhibitor (Roche)) buffer or recombinant high-salt/urea purified 

degrado-some in buffer C were treated with 2 μl of 10 mg/ml RNase A, where indicated, 

analyzed on 0.5% (wt/vol) agarose gel, and transferred to PVDF P-immobilon membrane 

(Millipore). The membrane was probed for RNase E using rabbit polyclonal anti-RNase E 

primary antibody (a gift of A. J. Carpousis). For the RNase E(628–843)/Hfq binding assay, 5 

μl of 150 μM protein solutions was mixed, where indicated, with yeast ribonucleic acid 

(Sigma), incubated for 30 min on ice, and analyzed on 0.5% (wt/vol) agarose gel in 0.5× 

Tris-borate-EDTA buffer. Proteins were electrotransferred onto PVDF and incubated with 

rabbit anti-Hfq antibody (kindly provided by Isabella Moll, Max Perutz Laboratory). PVDF 

membranes were next incubated with horseradish-peroxidase-conjugated goat antirabbit 

secondary antibody (Sigma) and visualized using enhanced chemiluminescence (GE 

Healthcare).

Densitometry of protein gels

Samples of degradosome were analyzed on a 4–12% bisTris gel (Invitrogen) and stained 

with SimplyBlue SafeStain (Invitrogen), and the intensities of protein bands were quantified 

using GeneTools software (Syngene). To avoid the problem of nonlinearity in the 

relationship between integrated intensities and protein quantity, the internal ratios of band 

intensities within each lane were used for comparison between the lanes. A 1:1:1:1 mixture 

of purified recombinant His6-RNase E, PNPase, RhlB, and enolase was prepared as a 

standard sample and loaded in a concentration range onto a gel to calculate a theoretical 

internal ratio of each component to RNase E. Errors were estimated by running each 

degradosome sample on the gel in triplicate.
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Chemical cross-linking

RNase E(628–843) was exchanged into cross-linking buffer (50 mM Mops pH 7.4 and 50 

mM NaCl) using a PD-10 column (GE Healthcare), and Hfq and RNase E CTD were 

prepared as described above. Chemical cross-linking was performed using a 70-mM stock of 

DMS (Pierce) freshly prepared in 0.5 M sodium borate (pH 9.2). Cross-linking reactions 

(volume, 10 μl) contained 115 pmol of RNase E(628–843), 708 pmol of Hfq, and yeast RNA 

(Sigma) at an indicated concentration in 10 mM DMS, 40 mM Mops, and 100 mM sodium 

borate (pH 8.7). For immunoblotting, cross-linking reactions were prepared with 12 pmol of 

RNase E CTD, 70 pmol of Hfq, 2 mg/ml yeast RNA, 10 mM DMS, 70 mM sodium borate, 

10 mM potassium phosphate, 20 mM NaCl, and 20 mM Mops (pH 8.5). Reactions were 

incubated for 45 min at 25 °C. For results described in Supplementary Information, proteins 

were cross-linked at a concentration of 0.4–0.7 mg/ml in a buffer of 50 mM sodium 

phosphate (pH 8.0), 150 mM NaCl, 2 mM DTT, and 1 mg/ml DMS for 30 min at 25 °C. All 

reactions were quenched by addition of 50 mM Tris–HCl (pH 8.0) and analyzed by SDS-

PAGE. For immunoblotting, the proteins were transferred to PVDF P-immobilon membrane, 

followed by incubation with alkaline-phosphatase-conjugated mouse anti-His6 antibody 

(Sigma) and detection by colorimetric reaction with FAST BCIP/NBP (Sigma).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RhlB RNA helicase B

sRNA small regulatory RNA
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DMS dimethyl suberimidate
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Fig. 1. Organization of the E. coli RNA degradosome assembly.3–13 

The endonuclease RNase E has a structured catalytic domain (residues 1–529) and an 

unstructured scaffold region (residues 530-1061). The latter possesses ‘microdomains’ that 

contain the binding sites for the DEAD box RNA helicase RhlB, the glycolytic enzyme 

enolase, and the 3’-exoribonuclease PNPase. Two RNA-binding regions flanking the RhlB 

binding site are also located within the scaffold region.

Worrall et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2021 June 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 2. Schematic of the cloning strategy and purification results of recombinant degradosome 
assemblies.
(a) DNAs encoding for RNase E and RhlB were inserted into the vector pRSFDuet-1; C-

terminal histidine-tagged PNPase, together with enolase, were inserted into a pETDuet-1 

vector. (b) The elution profile from a preparative S500 size-exclusion column, comparing 

samples from low-salt or high-salt/urea washes at the Ni2+-affinity matrix step. SDS-PAGE 

shows an example of a concentrated pre-S500 fraction and of fractions collected at certain 

elution volumes for the different S500 runs: (a and b) low-salt wash, 4–12% polyacrylamide 

bis-Tris gel (lanes 1–5, 50–54 ml; lanes 6–7, 75 and 80 ml); (c) high-salt/urea wash, 10% 
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polyacrylamide bis-Tris (lanes 1–5,65–77 ml). In the portions of the chromatogram labelled 

“a” and “b” excess PNPase is clearly visible, and the portion “d” contains mainly free 

PNPase. The faint band migrating below enolase is the outer membrane protein OmpF. 

Molecular weight markers are indicated in kilodaltons. (c) The S500 elution profile of the C-

terminally truncated RNase E 1–762/RhlB subassembly previously subjected to a wash step 

on a Ni2+-affinity column with high-salt/urea buffer. The sharp peak eluting at ~45 ml 

contains protein aggregates. The broad peak labelled “e” with a low A254/280 nm ratio was 

analyzed by SDS-PAGE (lanes 1–4 fractions eluting at 68–71 ml) and was found to contain 

the degradosome subassembly (cartoon insert).
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Fig. 3. Comparison of recombinant and cell-extracted degradosome.
(a) SDS-PAGE analysis. Lane 1, the cell-extracted FLAG-tagged pull-down degradosome 

assembly grown at 37 °C; lane 2, recombinant assembly purified using high-salt/urea; lane 

3, recombinant low-salt preparation. The change in the electrophoretic mobility of PNPase 

in lanes 2 and 3 is due to the presence of a hexahistidine tag. Molecular weight markers (in 

kDa) are indicated. (b) Native gel electrophoresis of degradosome samples. Lane 1, 

recombinant assembly; lane 2, FLAG-tagged degradosome. Bands were detected by 

immunoblotting with anti-RNase-E antibodies. After treatment with RNase A, the 

recombinant and cell-extracted degradosomes migrate at similar positions (right).
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Fig. 4. Processing of 9S RNA.
(a) Sequence and predicted secondary structural elements of 9S RNA. The in-vitro-

transcribed 9S RNA used in this work has a G at positions +1 and + 2. The locations of the 

two major cleavage sites (indicated by the letters a and b in the schematic) and the minor 

cleavage site (c in the schematic) are indicated with downward arrows. (b and c) Denaturing 

PAGE gels stained with SYBR Gold reveal the processed products of 9S RNA by the 

recombinant degradosome and RNase E(1–762)/RhlB subassembly. Lane 1 in (b) represents 

RNA size markers, and lane 2 represents in-vitro-transcribed 9S RNA. 9S RNA processing 
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was tested in the absence (lanes 3–4) and in the presence (lanes 5–10) of additives. The band 

at 126 nt corresponds to p5S, a precursor of the mature 120-nt 5S rRNA. In (c), the addition 

of EDTA is seen to inhibit 9S RNA processing by wild-type (wt) RNase E in the 

recombinant degradosome assembly (lane 1) and in the RNase E(1–762) RhlB subassembly 

(lane 4). In the absence of EDTA, processing occurs (lanes 2, 3, 5, and 6). The 9S secondary 

structure schematic was adopted from Cormack and Mackie.41
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Fig. 5. Stoichiometry of the RNA degradosome.
Band intensities obtained from gel densitometry were used to calculate internal ratios of 

PNPase, RhlB, and enolase to RNase E. (a) Internal ratios for high-salt/urea-treated 

recombinant degradosome and for FLAG-tagged degradosome purified from aceE/aceF-null 

cells to avoid crossreaction of the PDH with the FLAG antibody. The ratios were normalized 

using 1:1:1:1 standards prepared from purified recombinant components (see Supplementary 

Fig. S1). The RNase E level is set to unity. (b) An example of the change in internal ratios 

for components of the recombinant degradosome. Ratios for low-salt-extracted degradosome 
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were divided by ratios of high-salt/urea-extracted degradosome. High-salt/urea degradosome 

was also purified with the addition of extra RNA, and the internal ratios were divided by 

ratios for the unmodified sample. Samples were taken from fractions at the same elution 

volume from size-exclusion chromatography. (c) PNPase/RNase E ratio determined for 

FLAG-tagged degradosomes purified from cells subjected to different growth conditions. 

αMG cells are cells grown in the presence of α-D-methylglucoside. Error bars are standard 

deviations that account for loading errors and background subtraction, and were estimated 

by running the samples in triplicate on SDS-PAGE.
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Fig. 6. The interaction between Hfq and RNase E is RNA-mediated.
(a) Schematic cartoon depicting the RNase E constructs used to investigate RNase E/Hfq 

interactions. Hfq (green) is reported to bind RNase E in the 701–1061 region.29 (b) SDS-

PAGE analysis of Hfq and RNase E samples treated with the cross-linking reagent DMS. 

With increasing amounts of RNA, a new band (indicated by a box) attributed to a Hfq/

RNase E(628–843)/RNA interaction appeared. Distribution of higher-molecular-weight 

species, which can be seen in the smeared pattern was also formed; this diminished with 

higher concentrations of RNA. Molecular weight markers (in kDa) are indicated. (c) 
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Immunoblot against His-tagged RNase E CTD. Mixtures of RNase E CTD, Hfq, and bulk 

yeast RNA were treated with DMS and resolved by SDS-PAGE, followed by 

immunoblotting. A band is detected (*) when RNase E CTD is incubated with Hfq and 

RNA, but is not present if either Hfq or RNA is omitted, suggesting the formation of a 

ternary complex. (d) Immunoblot against Hfq, following native electrophoresis of mixtures 

of RNase E(628–843), Hfq, and bulk yeast RNA. In the presence of RNase E (628–843), the 

mobility of the Hfq/RNA complex is retarded (lane 4), suggesting an interaction between 

these components. The Hfq antibody cross-reacts weakly with the RNase E(628–843)/RNA 

complex, causing background labeling. Hfq does not enter the gel in the absence of RNA.
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Fig. 7. Schematic summary of a hypothetical model of canonical degradosome superprotomer 
core and its compositional variation by binding protein/RNA complexes.
The recruitment of additional proteins is proposed to be mediated through RNA species that 

form binding interactions with two different proteins. The arrows indicate the recruitment of 

the auxiliary RNA/protein complexes that may be engaged at the RNA-binding sites of the 

RNase E C-terminal domain.
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