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The degradosome is a multienzyme complex involved in mRNA degradation in Escherichia coli. The essential
endoribonuclease RNase E contains a large noncatalytic region necessary for protein-protein interactions with
other components of the RNA degradosome. Interacting proteins include the DEAD-box RNA helicase RhlB,
the glycolytic enzyme enolase, and the exoribonuclease PNPase. Pseudoalteromonas haloplanktis, a psychrotol-
erant gammaproteobacterium distantly related to E. coli, encodes homologs of each component of the RNA
degradosome. In P. haloplanktis, RNase E associates with RhlB and PNPase but not enolase. Plasmids
expressing P. haloplanktis RNase E (Ph-RNase E) can complement E. coli strains lacking E. coli RNase E
(Ec-RNase E). Ph-RNase E, however, does not confer a growth advantage to E. coli at low temperature.
Ph-RNase E has a heterologous protein-protein interaction with Ec-RhlB but not with Ec-enolase or Ec-
PNPase. The Ph-RNase E binding sites for RhlB and PNPase were mapped by deletion analysis. The PNPase
binding site is located at the C-terminal end of Ph-RNase E at the same position as that in Ec-RNase E, but
the sequence of the site is not conserved. The sequence of the RhlB binding site in Ph-RNase E is related to
the sequence in Ec-RNase E. Together with the heterologous interaction between Ph-RNase E and Ec-RhlB, our
results suggest that the underlying structural motif for the RNase E-RhlB interaction is conserved. Since the
activity of Ec-RhlB requires its physical interaction with Ec-RNase E, conservation of the underlying structural
motif over a large evolutionary distance could be due to constraints involved in the control of RhlB activity.

In the model Gram-negative bacterium Escherichia coli,
RNase E is an essential RNase involved in RNA processing
and mRNA degradation (6, 14, 28). RNase E is a large 1,061-
residue protein. Residues 1 to 529 of RNase E correspond to
the catalytic domain, which associates to form a tetrameric
holoenzyme (3). In E. coli, RNase G is a paralog of RNase E,
which is 497 residues in length (34, 52, 54). There is a high
degree of sequence conservation between the catalytic do-
mains of RNase E and RNase G, and these enzymes have
similar catalytic properties. Both enzymes are 5�-end-depen-
dent endoribonucleases with specificity for AU-rich single-
strand cleavage sites. The 5�-end dependence involves a site in
the catalytic domain that binds 5� monophosphate ends (3, 36).
Together, RNase E and RNase G are the founders of a family
of bacterial ribonucleases conserved in many, but not all, bac-
teria (4, 13, 23, 30). A major difference between RNase E and
RNase G is the large C-terminal extension of RNase E, which
is equal in length to the region corresponding to the catalytic
domain.

The noncatalytic region of RNase E, residues 530 to 1061, is
mostly natively unstructured (2). However, it contains short
regions involved in interactions with phospholipid membranes,
RNA, or protein. In some cases, these regions have been
shown to form secondary structures involved in the interaction,

and the term “microdomain” has been used to describe these
structures (37). “Segment A” of E. coli RNase E, correspond-
ing to residues 568 to 582, has recently been shown to form a
short amphipathic �-helix that binds to phospholipid mem-
branes in vitro and that is necessary for the localization of
RNase E to the inner cytoplasmic membrane in vivo (25).
Residues 604 to 683, known as the arginine-rich RNA binding
domain (AR-RBD), binds RNA in vitro (38, 51), and it is
believed to enhance the activity of RNase E in vivo (35, 44). A
second short arginine-rich segment (residues 796 to 819),
known as AR2 (arginine-rich region 2), is also involved in
RNA binding (32). Residues 701 to 1061 form a scaffold for
protein-protein interactions with RNA helicase B (RhlB), eno-
lase, and polynucleotide phosphorylase (PNPase) (23, 53). The
multienzyme complex comprised of RNase E, RhlB, enolase,
and PNPase is known as the RNA degradosome (7, 41, 47).
RhlB is a DEAD-box RNA helicase involved in mRNA deg-
radation (24, 47, 53). Enolase is a glycolytic enzyme whose role
in RNA metabolism is unclear, although it has been suggested
that it might link the mRNA degradation machinery to the
control of central intermediary metabolism. PNPase is an
exoribonuclease involved in RNA processing and mRNA deg-
radation (12, 19). In the case of enolase and PNPase, the
microdomains in the scaffold that are responsible for the pro-
tein-protein interactions have been characterized at atomic
resolution by X-ray crystallography (8, 43). The microdomain
involved in RhlB binding has been localized to a specific region
in the scaffold by deletion and point mutation analysis, but its
structure has not been elucidated (9, 27, 53).

In addition to the canonical RNA degradosome, a different
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complex containing RNase E, Hfq, and SgrS, a small regula-
tory RNA, is formed under conditions of phosphosugar stress
(42, 55). The formation of the complex with Hfq and SgrS
requires the same region of RNase E that is necessary for the
formation of the RNA degradosome, and evidence suggests
that the degradosome is remodeled because of the new inter-
action. RraA and RraB, protein factors that downregulate
RNase E activity, are also believed to remodel the RNA de-
gradosome, and there is evidence that RNase E can form a
“cold shock” RNA degradosome in which CsdA, another
DEAD-box RNA helicase, is recruited to the complex (18, 27,
31, 45, 48). The noncatalytic region of RNase E can therefore
be viewed as an interaction hub involved in a variety of protein-
protein interactions. It has been suggested that remodeling the
canonical RNA degradosome in response to environmental
changes facilitates the rapid adjustment of the program of gene
expression by a posttranscriptional mechanism involving
mRNA stability (37).

Authentic homologs of RNase E are found in many bacteria,
and in the limited cases studied, these homologs have been
found to interact with other enzymes to make RNA degrado-
some-like complexes (13, 37). The RNase E of the actinobac-
terium Streptomyces coelicolor has been shown to interact with
PNPase (30). The RNase E of the photosynthetic alphapro-
teobacterium Rhodobacter capsulatus has been shown to inter-
act with two DEAD-box RNA helicases and the transcription
termination factor Rho (20, 21). The RNase E of gammapro-
teobacterium Pseudomonas syringae Lz4W has been shown to
interact with a DEAD-box RNA helicase and the exoribo-
nuclease RNase R (46). The composition of the RNase E-
based complex thus varies with species, suggesting a special-
ized role for the RNA degradosome in molecular evolution
(37). The variability in composition of the RNA degradosome
likely involves changes in the sequences and structure of mi-
crodomains in the noncatalytic region of RNase E, although
this idea awaits experimental validation.

Pseudoalteromonas haloplanktis TAC125 is a psychrotoler-
ant gammaproteobacterium that was isolated from the Antarc-
tic Ocean (1). Although described as a psychrophilic bacte-
rium, we prefer the term psychrotolerant since it can grow at
temperatures ranging from 4°C to 30°C. The genome of P.
haloplanktis has been completely sequenced (39). Phylogenetic
analysis shows that P. haloplanktis is a member of the Altero-
monadales, an order that is separated from the Enterobacteria-
les (E. coli) by the Vibrionales, Aeromonadales, and Pasteurel-
lales (17). Interest in P. haloplanktis is 2-fold, as follows:
industrial applications involving psychrotolerant enzymes and
environmental studies involving that adaptation of bacteria to
a cold marine niche. Here we have identified and characterized
the RNA degradosome of P. haloplanktis, showing that it is
comprised of RNase E, RhlB, and PNPase but not enolase.
The sites in RNase E for protein-protein interactions with
RhlB and PNPase were mapped by deletion analysis. Together
with a recently published two-hybrid analysis of protein-pro-
tein interactions in the RNA degradosome of Vibrio angustum
S14 (16), this is the first work in which microdomains of RNase
E involved in protein-protein interactions have been identified
and characterized in a bacterium other than E. coli.

MATERIALS AND METHODS

Strains. Strains used in this work are listed in Table 1. P. haloplanktis TAC125
was grown at 15°C in TYP broth (16 g/liter yeast extract, 16 g/liter Bacto
tryptone, and 15 g/liter NaCl) supplemented with 50 �g/ml ampicillin when
necessary.

Plasmids. Plasmids used in this work are listed in Table 1. pSAB11 was
constructed by deleting the lactose promoter and operator of pAM238. The gene
encoding FLAG-tagged P. haloplanktis RNase E (Ph-RNase E) under its own
expression signals was constructed by PCR and inserted into pSAB11 to create
pSAB15. In pSAB18, the coding sequence of Ph-RNase E was fused at AUG to
the E. coli RNase E (Ec-RNase E) expression signals. pSAB29 was derived from
pSAB18 by deleting the region corresponding to the putative RhlB binding site
by inverse PCR.

Conjugation. The shuttle vector pIB3 and E. coli strain S17.1 (kindly provided
by M. Dreyfus) were used for transconjugation. pIB3 and pSAB17 were mobi-
lized from E. coli S17.1 into P. haloplanktis TAC125 by conjugation. Aliquots (1
ml) of cultures in logarithmic growth phase were mixed and spotted onto a TYP
plate. After 16 h at room temperature, the cells were suspended in 300 �l of TYP
broth. Transconjugants were selected at 4°C by plating on TYP plates containing
100 �g/ml ampicillin.

Whole-cell extracts and immunopurification. FLAG-tagged RNase E was
immunopurified by a modification of a protocol described previously (42). Cells
were grown in 200-ml cultures of LB (E. coli) or TYP (P. haloplanktis) to an
optical density at 600 nm (OD600) of 0.6. The cultures were chilled on ice, and
all subsequent steps were performed in the cold. The cells were harvested by
centrifugation and washed in 10 ml of 50 mM Tris-HCl at pH 8.0 and 5 mM
EDTA, except that EDTA was omitted for P. haloplanktis since the cells lysed
prematurely in its presence. The cell pellets were suspended in 5 ml of IP buffer
(20 mM Tris-HCl at pH 8.0, 0.1 M KCl, 5 mM MgCl2, 10% glycerol, 0.1% Tween
20, 1� Roche EDTA-free protease inhibitor cocktail, 150 �g/ml lysozyme). The
cell suspension was subjected to three freeze-thaw steps, sonicated, and centri-
fuged at 10,000 � g for 1 h at 4°C. The supernatant (1 ml) was incubated with 50
�l of anti-FLAG M2-agarose suspension (Sigma) for 2 h at 4°C with gentle
agitation. The mixture was filtered by using a mini-chromatography column
(Bio-Rad). The bound proteins were eluted with 50 �l of TBS (50 mM Tris-HCl
at pH 7.5 and 0.15 M NaCl) containing 5 �g of FLAG peptide (Sigma). The
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (7.5%). Western blotting was performed using peroxidase
conjugated anti-FLAG antibody (Sigma) and an ECL kit (GE Healthcare).

Purification of RNase E CTH polypeptide and incubation with P. haloplanktis
cell extracts. The His-tagged RNase E C-terminal half (CTH) polypeptide was
expressed using pET15b (Novagen). Briefly, pSAB1 was constructed by ligating
the Ph-RNase E coding sequence into pET15b. pSAB20 was constructed by
deleting the region corresponding to residues 11 to 528. Thus, the Ph-RNase E
CTH polypeptide contains the His tag from pET15b and residues 1 to 10 of
Ph-RNase E fused to residues 529 to 1071 of Ph-RNase E. pSAB33, pSAB34,
and pSAB35 were derived from pSAB20 by deleting the region corresponding to
the last 231, 76, and 37 residues of Ph-RNase E CTH, respectively.

BL21(DE3) was transformed with pSAB20, pSAB33, pSAB34, and pSAB35.
Cultures were grown at 30°C and induced at an OD600 of 0.4 to 0.5 with 1 mM
IPTG (isopropyl-�-D-thiogalactopyranoside). Cells were harvested 3 h after in-
duction by centrifugation at 6,000 rpm at 4°C for 15 min and washed with ice-cold
50 mM Tris-HCl, pH 7.5. The following steps, which were done under denaturing
conditions in 8 M urea, were performed at room temperature. A cleared lysate
was prepared in buffer B according to the manufacturer’s instructions (Qiagen).
Approximately 100 �g of overexpressed protein was diluted in buffer B and
incubated with 200 �l of Talon metal affinity resin (cobalt; Clontech). The beads
were collected in a mini-chromatography column (Bio-Rad) and washed with 1
ml buffer C (Qiagen). The urea was removed by washing with buffer EQ (20 mM
Tris-HCl at pH 7.5, 0.1 M KCl, 5 mM MgCl2, 10% glycerol, 0.1% Tween 20, 0.1
mg/ml bovine serum albumin [BSA], and 1� Roche EDTA-free protease inhib-
itor cocktail). The column was transferred to 4°C and washed again with cold
buffer EQ. Subsequent steps were performed at 4°C. Whole-cell extract (1 ml)
from P. haloplanktis was added and incubated for 2 h. The column was washed
twice with buffer 1 (buffer EQ containing 20 mM imidazole without BSA).
Elutions were performed with buffer 2 (buffer 1 containing 300 mM imidazole).

Mass spectrometry. Proteins that copurified with FLAG-tagged Ph-RNase E
were identified by mass spectrometry. Bands from SDS-PAGE were excised and
sent to the proteomics service of the University of Bordeaux for analysis (Plate-
forme de Génomique Fonctionnelle Bordeaux, Université Victor Segalen). Cov-
erage ranged from 47% for PNPase to 20% for RhlB.
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PONDR and ClustalW. The P. haloplanktis RNase E protein sequence was
analyzed by the Predictor of Naturally Disordered Regions (PONDR) (Molec-
ular Kinetics, Inc., Indianapolis, IN) (33). Protein sequence alignments were
performed on the EMBL-EBI website (http://www.ebi.ac.uk/Tools/clustalw2
/index.html) using CLUSTALW (10) and the Jalview editor (11).

RESULTS

Prediction of microdomains in the noncatalytic region of
Ph-RNase E. The genome of P. haloplanktis encodes orthologs
of E. coli RNase E, RhlB, enolase, and PNPase that are con-
served with overall sequence identities ranging from 52% for
RNase E to 78% for enolase (data not shown). The score for
the N-terminal catalytic domain (residues 1 to 529) of RNase
E is 78% identity. No significant sequence conservation was
detected between the C-terminal noncatalytic region of P.
haloplanktis RNase E (Ph-RNase E) and E. coli RNase E
(Ec-RNase E), a result consistent with previous work demon-
strating a high degree of sequence variability in the noncata-
lytic region, even in closely related bacteria. Experimental
work with E. coli RNase E has revealed six segments in the non-
catalytic region that are involved in interactions with the phos-
pholipid membrane, RNA, or protein (Fig. 1A). The mem-
brane-targeting sequence (MTS) has been shown to interact
with phospholipid membranes (25). The arginine-rich RNA
binding domain (AR-RBD) and a second arginine-rich region
(AR2) have been shown to bind RNA. The helicase binding
site (HBS), enolase-binding site (EBS), and PNPase binding

site (PBS) have been shown to bind RhlB, enolase, and PN-
Pase, respectively. Three of these segments overlap with or
correspond to regions that have been predicted by PONDR to
have the propensity to form secondary structures (Fig. 1A,
segments A, C, and D), and experimental results have con-
firmed these predictions (2, 8, 25, 43). Segment B, which over-
laps the AR-RBD, is predicted to have the propensity to form
a coiled-coil structure, although there is no experimental evi-
dence supporting this prediction.

We analyzed the protein sequence of Ph-RNase E by
PONDR, and the profile shown in Fig. 1B is similar to that
shown in results previously obtained with the RNase E of E.
coli and Vibrio angustum S14 (2, 16). For comparison, the
profile for Ec-RNase E is shown in Fig. 1A.The conserved
N-terminal catalytic domain of Ph-RNase E is predicted to be
mostly structured. Segment A in the noncatalytic region, which
corresponds to the MTS, is clearly predicted to be structured,
consistent with previous work showing that this microdomain is
conserved throughout the gammaproteobacteria (25). Three
other short segments of predicted structure were detected in
the noncatalytic region of Ph-RNase E (Fig. 1B, regions 1 to
3), but by visual inspection and sequence alignment, there is no
obvious correspondence to any of the microdomains identified
in Ec-RNase E. The only other clearly discernible elements in
the noncatalytic region of the Ph-RNase E are the AR-RBD
and AR2, which were detected by visual inspection and align-
ment of the Ec-RNase E and Ph-RNase sequences. In sum-

TABLE 1. Strains and plasmids

Strain/plasmid Descriptiona Reference/
source

Strains
P. haloplanktis TAC125 Wild type 1
KSL2000 rne::cat recA::Tn10 31
AC21 MC1061 zce-726::Tn10 8
AC27 MC1061 zce-726::Tn10 rne131 34
SVK438 KSL2000 recA� V. Khemici
SVK446 KSL2000 recA� �rhlb V. Khemici
S17.1 RP4 2-Tc::Mu-Km::Tn7 pro res mod1 52
BL21(DE3) F� ompT hsdSB(rB

� mB
�) dcm gal 	(DE3) 53

Plasmids
pAM238 pGB2-derived plasmid 12
pAM-rne Chromosomal PstI fragment containing the rne gene cloned into pAM238 (pSC101ori,

spectinomycin resistance)
56

pVK200 pAM238, Ec-RNase E, C-terminal FLAG V. Khemici
pET15b-RneCTH T7 expression of the RNase E CTH with an N-terminal His tag 29
pJB3 Broad-host-range cloning vector, RK2 derivative plasmid 2
pIB3 (shuttle vector) Fragment 1914 to 2786 of the resident plasmid pMtBL of P. haloplanktis containing the origin of

replication was cloned into pJB3
Ivona Bagdiul

pSAB1 pET15b, Ph-rne CDS under the control of T7 expression signals This work
pSAB11 pAM238, lactose expression signals deleted This work
pSAB12 pSAB11, Ph-rne This work
pSAB13 pSAB11, E. coli expression signals fused to Ph-rne CDS This work
pSAB15 pSAB11, Ph-rne, C-terminal FLAG This work
pSAB17 pIB3, Ph-rne, C-terminal FLAG This work
pSAB18 pSAB15, E. coli expression signals fused to Ph-rne CDS This work
pSAB29 pSAB18, Ph-rne (deletion of HBS) This work
pSAB20 pSAB1, Ph-rne (deletion of residues 11–528) This work
pSAB33 pSAB20, Ph-rne CTH (deletion of residues 841–1071) This work
pSAB34 pSAB20, Ph-rne CTH (deletion of residues 996–1071) This work
pSAB35 pSAB20, Ph-rne CTH (deletion of residues 1035–1071) This work

a CDS, coding sequence.
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mary, by structure prediction and sequence analysis, we de-
tected segments in the noncatalytic region of Ph-RNase E that
correspond to the MTS, AR-RBD, and AR2 of Ec-RNase E.
For AR2, a sequence alignment of RNase E homologs from
Enterobacteriales and Alteromonadales is shown in Fig. 1C,
demonstrating a common core of 18 residues with 13 positions
that are strictly conserved. By sequence alignment, we were
unable to detect microdomains corresponding to the binding
sites for RhlB, enolase, or PNPase. By structure prediction, the
position of region 3 of Ph-RNase E corresponds to segment D
of Ec-RNase E, which is the PNPase binding site.

RNA degradosome of P. haloplanktis. To test whether Ph-
RNase E forms an RNA degradosome and to identify partner
proteins, we employed pIB3, which is a shuttle vector permit-
ting the transfer by conjugation of plasmids from E. coli to P.
haloplanktis. A genomic fragment of Ph-rne, including flanking
sequences necessary for expression, was cloned into the shuttle
vector. The Ph-rne gene was modified to express Ph-RNase E
with a C-terminal FLAG tag, creating the plasmid pSAB17
(Table 1). This plasmid was conjugated into P. haloplanktis.
The expression of the FLAG-tagged Ph-RNase E was verified
by Western blotting (data not shown). To detect proteins that
interact with Ph-RNase E, whole-cell extracts were prepared,
and the FLAG-tagged RNase E was affinity purified using
anti-FLAG agarose beads. The FLAG-tagged Ph-RNase E was
eluted with a competitor FLAG peptide and analyzed by SDS-
PAGE (Fig. 2). Lane 1 of Fig. 2 shows the result of using a
background control with an extract prepared from P. halo-
planktis conjugated with the empty shuttle vector; lane 2 shows
the result of using pSAB17. Five proteins, clearly visible in the
eluate of the FLAG construct but absent in the background
control, were identified by mass spectrometry. As indicated,
the largest protein, migrating at about 180 kDa, is the full-
length FLAG-tagged Ph-RNase E. Two smaller proteins (Fig.
2, asterisks) were identified as fragments of Ph-RNase E. Since
these fragments were not detected by Western blotting when
total protein was prepared by directly lysing the cells with SDS
and heat, we believe that the fragments are due to proteolysis
that occurs during the preparation of the whole-cell extract.
Ec-RNase E is known to be exceptionally sensitive to proteol-
ysis, and we observed previously that there is significant pro-
teolysis of Ph-RNase E in native extracts prepared from P.
haloplanktis, even in the presence of a cocktail of protease
inhibitors (5).

Two other proteins detected and shown in Fig. 2 were iden-
tified as Ph-PNPase and Ph-RhlB. These proteins migrate at
the expected sizes of 80 and 50 kDa, respectively. Enolase,
which is expected to migrate at 48 kDa, was not detected by
mass spectrometry nor was it detected by Western blotting
using polyclonal rabbit serum raised against Ec-enolase (data

FIG. 1. Primary structure of P. haloplanktis RNase E. (A, B)
PONDR analysis for prediction of RISPs (regions of increased struc-
tural propensity) and schematic representation of Ec-RNase E (A) and
Ph-RNase E (B). RISPs correspond to regions with a score of less than
0.5. The analysis of Ec-RNase E, which has appeared previously (2), is
presented to permit direct comparison with Ph-RNase E. In the sche-
matic, the N-terminal catalytic domain is represented as a black box,
and the noncatalytic C-terminal region is represented as a line. The
noncatalytic region of Ec-RNase E contains six microdomains involved
in membrane, RNA, and protein interactions. MTS, membrane tar-
geting sequence; AR-RDB, arginine-rich RNA binding domain; HBS,
helicase binding site; AR2, arginine-rich region 2; EBS, enolase bind-
ing site; PBS, PNPase binding site. Segments A, C, and D (red) cor-
respond to regions predicted to form secondary structures by PONDR.
Segment B (yellow), which overlaps with the AR-RBD, was predicted
to form a coiled-coil structure (see reference 2). Two other microdo-
mains (green) are known to make interactions but do not correspond
to regions of predicted secondary structure. (C) Sequence alignment of
the AR2 segments of RNase E homologs from the Alteromonadales
and Enterobacteriales. The asterisks indicate strictly conserved resi-

dues; the dots indicate residues that are similar. The homologs used in
this alignment correspond to Shewanella sp. ANA-3 (1), Shewanella
amazonensis SB2B (2), Shewanella sp. PV-4 (3), Colwellia psychreryth-
raea 34H (4), Pseudoalteromonas haloplanktis TAC125 (5), Pseudoaltero-
monas tunicata D2 (6), Escherichia coli (7), Shigella boydii Sb227 (8),
Salmonella enterica subsp. enterica (9), Yersinia pestis Antiqua (10),
Yersinia pseudotuberculosis IP 31758 (11), and Erwinia carotovora
subsp. atroseptica SCRI1043 (12).
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not shown). Enolase is a highly conserved enzyme, and control
experiments showed that our antiserum readily detects Ph-
enolase in P. haloplanktis whole-cell extracts (data not shown).
Taken together, these results show that the Ph-RNase E forms
an RNA degradosome containing Ph-PNPase and Ph-RhlB
and suggest that Ph-enolase is not tightly associated with Ph-
RNase E (see below).

Complementation of E. coli strains lacking Ec-RNase E by
Ph-RNase E. We wanted to test whether Ph-RNase E could
replace the function of Ec-RNase E in E. coli and whether the
substitution of a mesophilic RNase E by a psychrotolerant
RNase E affects the growth of E. coli in the cold. We used the
KSL2000 strain of E. coli, in which the gene encoding RNase
E on the chromosome is disrupted (29). Since RNase E is
essential, it is supplied in trans by pBAD-rne, which is a low-
copy-number plasmid with the Ec-RNase E coding sequence
under the control of the arabinose promoter. We transferred
the Ph-rne gene with the FLAG tag from pSAB17 to pSAB11
to create pSAB15. Both pBAD-rne and pSAB15 have the same
origin of DNA replication (pSC101) but different antibiotic
resistance markers. By transforming the KSL2000 strain with
pSAB15 and selecting for spectinomycin, it was possible to
displace the pBAD-rne plasmid and complement the deletion
of Ec-RNase E on the chromosome with Ph-rne on the plas-
mid. However, this strain formed only visible colonies after 6
days of growth at 25°C compared to the control strain comple-
mented with Ec-rne (pVK200), which formed visible colonies
after 2 days (Fig. 3A). A control experiment using Ph-RNase E
without FLAG gave the same result (data not shown). Quan-

titative Western blotting (Fig. 3B), in which a cell extract from
the Ec-rne control was serial diluted, showed that the amount
of Ph-RNase E in the strain complemented with pSAB15 was
at least 32-fold lower than the amount of Ec-RNase E in the
strain complemented with pVK200 (Fig. 3B, compare lane 7,
undiluted Ph-RNase E, to lane 6, 32-fold-diluted Ec-RNase
E). Note that in Fig. 3B, the image corresponding to lanes 3
to 7 was the result of a 4-min exposure to permit detection
of Ph-RNase E, whereas the panel corresponding to lanes 1
and 2 was the result of a 30-s exposure. We therefore hy-
pothesized that the weak complementation of the KSL2000
strain by pSAB15 might be due to low levels of expression of
Ph-RNase E.

Promoters of transcription in P. haloplanktis have essentially
the same consensus sequence as those in E. coli and are there-
fore expected to act as promoters in E. coli (15). The genomic
region containing the Ph-rne gene used in our experiments
contains approximately 700 bp of DNA upstream of the rne
coding sequence. This region, which includes a 400-bp inter-
genic spacer and part of an upstream coding sequence, con-
tains signals for transcription and translation, as evidenced by
expression of FLAG-tagged Ph-RNase E when the gene car-
ried by pSAB17 was introduced into P. haloplanktis by conju-
gation (Fig. 2). The control of the expression of Ec-RNase E
involves a complex system of posttranscriptional autoregula-
tion in which a 361-nucleotide (nt)-long 5� untranslated region

FIG. 2. RNA degradosome of P. haloplanktis. SDS-PAGE stained
with Sypro orange. Whole-cell extracts were prepared from P. halo-
planktis conjugated with the empty shuttle vector (pIB3) or the vector
encoding FLAG-tagged Ph-RNase E (pSAB17). After absorption to
the anti-FLAG agarose beads and being washed, Ph-RNase E was
eluted with FLAG peptide. Lane 1, pIB3 (background control); lane 2,
pSAB17 (FLAG-tagged Ph-RNase E). M, molecular mass markers.
The proteins shown in lane 2 were identified by mass spectrometry.
The asterisks indicate proteolytic products of Ph-RNase E.

FIG. 3. Complementation of KSL2000 and expression of Ph-
RNase E in E. coli. (A) Complementation of the KSL2000 strain
(disruption of the chromosomal gene encoding Ec-RNase E) by plas-
mids expressing FLAG-tagged Ec-RNase E (pVK200) or FLAG-
tagged Ph-RNase E (pSAB15). Serial dilutions (10-fold) were spotted
on LB plates and grown at 25°C for 6 days. (B) SDS-PAGE stained
with Sypro orange and Western blotting using anti-FLAG antibodies.
Lane 1, pAM-rne (Ec-RNase E without FLAG); lane 2, pVK200; and
lane 7, pSAB15. M, molecular mass markers. The protein loaded in
lane 2 was diluted 4-fold (lane 3), 8-fold (lane 4), 16-fold (lane 5), and
32-fold (lane 6). In the panel showing lanes 1 and 2, the blot was
exposed for 30 s, whereas in the panel showing lanes 3 to 7, the blot was
exposed for 4 min to permit detection of Ph-RNase E.
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is targeted by RNase E to destabilize the mRNA (22). Taken
together, our results suggest that low-level expression is due to
a dysfunction in either the transcriptional or posttranscrip-
tional control of the Ph-rne gene in E. coli.

To express Ph-RNase E at levels comparable to those of
Ec-RNase E in the KSL2000 strain, we constructed a hybrid
rne gene in which the 5� noncoding region of Ec-rne was fused
to the coding sequence of Ph-RNase E. pSAB18, harboring the
rne fusion, transformed into KSL2000 exhibited robust
complementation at temperatures ranging from 25 to 37°C
(Fig. 4A). Western blotting showed that the amount of Ph-
RNase E in the strain complemented by pSAB18 is about 50%
of the amount of Ec-RNase E in the strain complemented by
pVK200 (Fig. 4B and quantification not shown). Taken to-
gether, these results suggest that the weak complementation by
pSAB15 is due to low levels of expression of Ph-RNase E in E.
coli when the coding sequence is under the control of the
homologous P. haloplanktis expression signals. In Fig. 4A, Ph-
RNase E failed to complement at 42°C, which is likely due to
the thermolability of Ph-RNase E.

It is notable that complementation by Ph-RNase E at 15°C is
weak (Fig. 4A). The amount of Ph-RNase E does not change
between 30 and 15°C, as shown by Western blotting (Fig. 4B).
Therefore, the growth defect at 15°C is not due to small
amounts of Ph-RNase E. Since the endoribonuclease activity
of Ph-RNase E is expected to be robust at 15°C, relatively poor
growth at this temperature suggests that Ph-RNase E fails to
provide a noncatalytic function that is necessary for growth in
the cold. Moreover, the E. coli MC1061 strain harboring the
rne131 mutant lacking the last 477 residues of Ec-RNase E (32)
grows slower than the wild-type strain at 15°C, whereas at
30°C, no growth defect was observed (Fig. 4C). Thus, the
noncatalytic region of Ec-RNase E appears to have a function
at low temperature that is not provided by Ph-RNase E.

Heterologous interaction between Ph-RNase E and Ec-
RhlB. Since we were able to complement the KSL2000 strain
with FLAG-tagged Ph-RNase E, we decided to check for het-
erologous interactions with E. coli proteins. By following the
same strategy described above for the characterization of the
RNA degradosome in P. haloplanktis, FLAG-tagged Ph-
RNase E was purified from E. coli whole-cell extracts using
anti-FLAG agarose beads. In Fig. 5A, lane 1 contains a nega-
tive control showing KSL2000 complemented with pAM-rne
(harboring Ec-RNase E without FLAG). The three proteins
marked with the asterisks are subunits of pyruvate dehydroge-
nase, an E. coli enzyme that adventitiously reacts with the
FLAG agarose beads (42). Lane 2 contains a control showing
the results from the KSL2000 strain complemented with
pVK200 (FLAG-tagged Ec-RNase E). As expected, Ec-PNPase,
Ec-RhlB, and Ec-enolase copurify with Ec-RNase E. Lane 3
shows the results from the KSL2000 strain complemented with
pSAB18 (FLAG-tagged Ph-RNase E). We detected neither
Ec-PNPase nor Ec-enolase. This result was confirmed by West-
ern blotting, which should have been sensitive enough to detect
trace amounts of PNPase or enolase (data not shown). The
failure to detect enolase in lane 3 of Fig. 5A corroborates the
results in Fig. 2, adding support to the suggestion that Ph-
RNase E does not tightly associate with enolase. There was,
however, in Fig. 2, a protein associated with Ph-RNase E that
migrated at 50 kDa with mobility identical to that of Ec-RhlB.

This protein was identified as Ec-RhlB by Western blotting
(data not shown) and by repeating the experiment using a
strain of E. coli (SVK446) in which the gene encoding RhlB
was disrupted (Fig. 5B). The absence of the band correspond-
ing to Ec-RhlB in lane 2 (Ec-RNase E) and lane 3 (Ph-RNase

FIG. 4. Complementation of KSL2000, expression of Ph-RNase E
at 30 and 15°C, and growth of the MC1061 rne131 strain at 15°C.
(A) Complementation of the KSL2000 strain (the chromosomal gene
encoding Ec-RNase E was disrupted) by a plasmid expressing FLAG-
tagged Ph-RNase E (pSAB18). Serial dilutions (10-fold) were spotted
on LB plates and grown at the indicated temperatures for times rang-
ing from 1 day (37 and 42°C) to 10 days (15°C). (B) SDS-PAGE
stained with Sypro orange and Western blotting using anti-FLAG
antibodies. Lane 1, KSL2000 complemented with pAM-rne (Ec-RNase
E without FLAG); lane 2, pVK200 (Ec-RNase E with FLAG); and
lane 3, pSAB18 (Ph-RNase E with FLAG). M, molecular mass mark-
ers. (C) Growth of MC1061 (wild type [wt], AC21) and the rne131
derivative (AC27) at 30 and 15°C (10-fold serial dilutions).
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E) confirms that the protein associated with Ph-RNase E is
Ec-RhlB. Taken together, these results show that Ph-RNase E
makes a heterologous interaction with Ec-RhlB but not Ec-
PNPase or Ec-enolase.

Identification of the RhlB binding site in Ph-RNase E. In
order to identify the helicase binding site (HBS) in Ph-RNase
E, we aligned the sequences of RNase E homologs from the
Alteromonadales, the order of bacteria that includes P. halo-
planktis. We identified a motif located in the same region as
the HBS of RNase E homologs from the Enterobacteriales that
is related by sequence (Fig. 6A). These motifs have in common
a core of 13 residues, with 5 positions that are strictly con-
served. To test if the motif identified in Ph-RNase E is neces-
sary for RhlB binding, we deleted the corresponding region in
pSAB18 to create pSAB29. The deletion corresponds to the
boxed sequence in Fig. 6A. Figure 6B shows that the deletion
results in the loss of the immunopurification of RhlB with
Ph-RNase E (compare lanes 1 and 2). From this result, we
conclude that the sequence motif identified in Fig. 5A cor-
responds to the microdomain necessary for the heterologous pro-
tein-protein interaction between Ec-RhlB and Ph-RNase E.

Identification of the PNPase binding site in Ph-RNase E.
Using the same approach that led to the identification of the
HBS, we failed to identify a sequence motif in the RNase E
homologs of the Alteromonadales that was related to the PNPase
binding site (PBS) of Ec-RNase E. Since the PBS is located in
the C-terminal region of Ec-RNase E and since this region in
Ph-RNase E is predicted to have the propensity to form sec-
ondary structure (Fig. 1B, region 3), we decided to construct a
series of nested deletions extending from the C-terminal end
into the protein. The protein interaction was tested in vitro

using an N-terminal His-tagged derivative corresponding to
the noncatalytic C-terminal half (CTH) of Ph-RNase E (Fig.
7A). We showed previously that the Ec-CTH interacts with
Ec-PNPase in vitro to form a complex that can be purified using
a His tag (27). In the experiment performed here, the Ph-CTH
was overexpressed in E. coli and purified by affinity chroma-
tography. The resin with the bound Ph-CTH was then incu-
bated with a whole-cell extract prepared from P. haloplanktis,

FIG. 5. Ph-RNase E expressed in E. coli interacts with Ec-RhlB.
SDS-PAGE stained with Sypro orange. (A) Immunopurifications were
performed as shown in Fig. 2. Lane 1, KSL2000 complemented with
pAM-rne (Ec-RNase E without FLAG); lane 2, pVK200 (Ec-RNase E
with FLAG); and lane 3, pSAB18 (Ph-RNase E with FLAG). M,
molecular mass markers. The asterisks indicate subunits of pyruvate
dehydrogenase, which interacts adventitiously with the FLAG anti-
body. (B) The experiment shown in panel A was repeated using a
strain (SVK446) in which the gene encoding RhlB was disrupted.

FIG. 6. Identification of the RhlB binding site of Ph-RNase E.
(A) Sequence alignment of the HBSs in homologs from the Enterobac-
teriales (top) and the corresponding regions in homologs from the
Alteromonadales (bottom). The asterisks indicate residues that are
conserved; the dots indicate residues that are similar. The homologs
used in these alignments correspond to Escherichia coli (1), Shigella
boydii Sb227 (2), Salmonella enterica subsp. enterica (3), Yersinia
pseudotuberculosis IP 31758 (4), Erwinia carotovora subsp. atroseptica
SCRI1043 (5), Yersinia pestis Antiqua (6), Shewanella sp. ANA-3 (7),
Shewanella amazonensis SB2B (8), Shewanella sp. PV-4 (9), Colwellia
psychrerythraea 34H (10), Pseudoalteromonas tunicata D2 (11), and
Pseudoalteromonas haloplanktis TAC125 (12). The deletion of the re-
gion corresponding to the motif identified in Ph-RNase E in pSAB18
to create pSAB29 corresponds to the boxed sequence. (B) SDS-PAGE
stained with Sypro orange. Immunopurifications were performed as
shown in Fig. 2. Lane 1, pSAB18 (Ph-RNase E with FLAG); lane 2,
pSAB29, which expresses a variant of Ph-RNase E deleted from resi-
dues 684 to 716 (boxed in panel A, last line). M, molecular mass
markers. The asterisks correspond to the subunits of pyruvate dehy-
drogenase, which interacts adventitiously with the FLAG antibody.

VOL. 192, 2010 DEGRADOSOME OF P. HALOPLANKTIS 5419



washed, and eluted with imidazole. Figure 7B shows SDS-
PAGE of the eluates. Lane 1 shows a negative control with a
mock reaction that did not contain the CTH, lane 2 shows the
result using the Ec-CTH, and lane 6 shows the result using the
Ph-CTH. In lane 6, a protein of about 80 kDa copurified with
Ph-CTH (indicated by the arrow). Western blotting identified
the protein in lane 6 of Fig. 7B as Ph-PNPase (Fig. 7C). In this
Western blot, trace amounts of Ph-PNPase were detected in
lanes 2 and 3, but this result, which is not reproducible, is likely
due to incomplete removal during the wash step. Taken to-
gether, these results suggest that the interaction of PNPase and
RNase E is species specific. This conclusion is supported by the
in vivo results shown in Fig. 5, in which we failed to detect an
interaction between Ec-PNPase and Ph-RNase E. Each of the
deletions (Fig. 7B, lanes 3 to 5) failed to interact with Ph-
PNPase, demonstrating that residues 1035 to 1071 of Ph-
RNase E are necessary for the interaction with Ph-PNPase. In
subsequent work, we overexpressed Ph-PNPase at 25°C in an
E. coli strain in which the gene encoding Ec-PNPase was dis-
rupted, and we prepared a highly enriched fraction of Ph-
PNPase by high-speed centrifugation and ammonium sulfate
precipitation. For unknown reasons, we have not been able to
demonstrate specific binding to the Ph-CTH using purified
Ph-PNPase. Our results therefore need to be interpreted with
caution, since we lack proof that Ph-PNPase by itself is suffi-
cient for the interaction with Ph-RNase E.

DISCUSSION

We report here the identification of the RNA degradosome
of P. haloplanktis and the characterization of microdomains in
Ph-RNase E involved in the protein-protein interactions. We
have also shown that Ph-RNase E can restore the viability of E.
coli strains lacking Ec-RNase E. The introduction of the Ph-rne

gene on a low-copy-number plasmid (pSAB15) into E. coli in
which the chromosomal Ec-rne gene was disrupted resulted in
weak complementation, with detectable colony formation only
after 6 days at 25°C. Analysis of Ph-RNase E in this strain
showed that the amount was at least 32-fold lower than the
normal amount of Ec-RNase E. Thus, the Ph-rne gene under
endogenous expression signals is poorly expressed in E. coli.
To improve expression of Ph-RNase E in E. coli, we con-
structed a hybrid gene in which the 5� expression signals of the
Ec-rne gene were fused to the coding sequence of Ph-rne. The
resulting fusion on a low-copy-number plasmid (pSAB18)
complemented E. coli at temperatures ranging from 15 to
37°C. The amount of Ph-RNase E in this strain is about 50%
of the normal amount of Ec-RNase E. Taken together, these
results show that the poor complementation with the Ph-rne
gene is due to the low level of Ph-RNase E expression in E.
coli.

Since Ph-RNase E is obtained from a psychrotolerant bac-
terium, we were surprised to observe that complementation in
E. coli at 15°C is weak compared to that of the Ec-RNase E
control. We have presented experimental evidence that the
amount of Ph-RNase E detected at 15°C is comparable to the
amount detected at 30°C. Since the endoribonuclease activity
of Ph-RNase E is expected to be comparable to or higher than
the activity of Ec-RNase E at 15°C, this result suggests that
Ph-RNase E fails to supply a noncatalytic function necessary
for growth in the cold. In addition, we have shown that the E.
coli MC1061 strain harboring the rne131 allele, expressing Ec-
RNase E lacking the noncatalytic region (32), grows slower
than the parental MC1061 strain at 15°C. These results suggest
that the noncatalytic region of Ec-RNase E provides a function
that facilitates growth at low temperature. This function could,
for example, involve the interaction between Ec-RNase E and
a protein component of the RNA degradosome.

FIG. 7. Interaction between Ph-RNase E and Ph-PNPase. (A) Schematic diagram of His-tagged polypeptides corresponding to the CTH of
Ph-RNase E (pSAB20) and a nested set of deletions extending from the C-terminal end (pSAB35, pSAB34, and pSAB33). (B) SDS-PAGE stained
with Sypro orange of proteins that copurify with the His-tagged CTH peptides. Lane 1, negative control without His-tagged polypeptide; lane 2,
control using the His-tagged CTH of Ec-RNase E; lanes 3 to 6, pSAB33, pSAB34, pSAB35, and pSAB20, respectively; lanes 7 and 8, controls
showing P. haloplanktis and E. coli whole-cell extracts, respectively. M, molecular mass markers. The black dots in lanes 2 to 6 indicate the positions
of the His-tagged polypeptides. The arrow to the right of the panel indicates the position of a protein in lane 6 that copurifies with the CTH of
Ph-RNase E and migrates at a position corresponding to the molecular mass of Ph-PNPase. (C) Western blot. A gel comparable to the gel shown
in panel B was blotted and probed with antibodies against Ec-PNPase. The major signal detected in lane 8 corresponds to Ec-PNPase, which runs
as a slightly larger protein than Ph-PNPase (lanes 6 and 7).
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The noncatalytic region of Ec-RNase E contains two well-
characterized microdomains that are involved in protein-pro-
tein interactions with enolase and PNPase. The structures of
these microdomains complexed with their partner proteins
have been elucidated by X-ray crystallography. The microdo-
main involved in enolase binding forms an �-helix that makes
an extensive network of hydrogen-bonding interactions at the
enolase dimer interface (8). The sequence motif corresponding
to the microdomain involved in enolase binding is conserved
throughout the Enterobacteriales. A recent analysis of Vibrio
angustum S14, a member of the Vibrionales, involving sequence
comparisons and two hybrid tests has demonstrated the con-
servation of the EBS in RNase E homologs of these bacteria
(16). Taken together with our results, we can predict that the
EBS is conserved in RNase E homologs of the Enterobacteria-
les, Pasteurellales, and Vibrionales but absent in the Aero-
monadales, Alteromonadales, and more distantly related Gam-
maproteobacteria (Fig. 8). These observations suggest that the
interaction with enolase was acquired during the evolution of
the Gammaproteobacteria. The association of enolase with
RNase E in the Enterobacteriales could link the mRNA degra-
dation machinery to the control of central intermediary me-
tabolism. P. haloplanktis inhabits a marine environment that is
poor in sources of carbon, nitrogen, and phosphorus. It notably
lacks the cyclic AMP-catabolite gene activator protein (cAMP-
CAP) system responsible for catabolite repression and the
phosphotransferase system (PTS) required for the transport of

glucose (39). The association of enolase with RNase E in E.
coli might therefore be an adaptation to a niche such as the
animal gut, where nutrient levels vary dramatically and rapid
adjustments in the control of nutrient uptake and utilization
give a competitive advantage.

The microdomain of Ec-RNase E involved in the protein-
protein interaction with Ec-PNPase extends a preexisting
�-sheet on the surface of PNPase (43). �-sheet extension has
been suggested as a potentially common element in protein-
protein interactions (49). The RNase E-PNPase interaction
appears to be widespread in the Proteobacteria. Our results,
however, suggest that the interaction is species specific. That is,
Ec-RNase E binds Ec-PNPase but not Ph-PNPase, and Ph-
RNase E binds Ph-PNPase but not Ec-PNPase. Our results,
together with the recent two-hybrid analysis of the RNase
E-PNPase interaction between Vibrio angustum S14 homologs
(16), shows that this interaction does not correspond to a
sequence motif conserved among the Alteromonadales or the
Vibrionales. Since the interaction is species specific, one possi-
bility is that the underlying structural motif for the interaction
is different in different bacteria, although this seems unlikely.
Another possibility is that the secondary structure involved in
�-sheet extension is conserved but that the constraint on pro-
tein sequence of the RNase E microdomains involved in
�-sheet extension is low. These considerations suggest that the
species-specific RNase E-PNPase interaction could involve a
conserved �-sheet extension that imposes minimal constrains
on the protein sequence.

PNPase is a phosphate-dependent exoribonuclease. Al-
though PNPase has been found to be associated with RNase E
in several different bacteria, this is not always the case. Nota-
bly, RNase E of the psychrophilic gammaproteobacterium
Pseudomonas syringae Lz4W has been shown to be associated
with RNase R, which is a hydrolytic exoribonuclease (46).
Exoribonucleases related to PNPase and RNase R are widely
distributed in bacteria, plants, and animals (13, 40). These
enzymes represent two distinct families of exoribonucleases.
Like P. haloplanktis, Pseudomonas syringae Lz4W is a cold-
adapted marine gammaproteobacterium (50). Since both of
these bacteria inhabit similar environmental niches, the forma-
tion of an RNA degradosome with a phosphorolytic rather
than hydrolytic exoribonuclease does not appear to correlate
with the conditions of growth in a cold marine environment.

Our results show that the Ph-RhlB interacts with Ph-RNase
E as a component of the RNA degradosome of P. haloplanktis.
In Ec-RNase E, the minimal binding site for RhlB has been
mapped to the region comprising residues 698 to 762 (9), and
a sequence motif within the region is well conserved in the
Enterobacteriales (Fig. 6A). The substitution of a highly con-
served arginine residue in this motif for alanine (R730A) abol-
ishes RhlB binding (27). Ph-RNase E contains a related se-
quence motif in the same region, which includes a conserved
arginine residue corresponding to R730. We have shown that
deletion of the region corresponding to the motif abolishes the
interaction between Ph-RNase E and Ec-RhlB. In Fig. 1C,
region 1, corresponding to residues 747 to 758 of Ph-RNase E,
is predicted to have the capacity to form secondary structure.
We mapped the Ph-HBS to residues 683 to 716. Thus, the
region predicted to have the capacity to form secondary struc-
ture and the region necessary for binding to RhlB are distinct.

FIG. 8. Primary structure of RNase E homologs in the Enterobac-
teriales, Pasteurellales, Aeromonadales, Vibrionales, and Alteromonad-
ales. The tree on the left shows in outline form the relationship of five
orders of the Gammaproteobacteria (17). The schematic diagrams on
the right summarize our understanding of the primary structures of the
RNase E homologs of each of these orders. The N-terminal catalytic
domain is represented as a black box; the C-terminal noncatalytic
region is represented as a line. Microdomains are represented as
colored boxes following the scheme described in the legend to Fig. 1.
The RNase E homologs of the Aeromonadales have a PNPase binding
site similar to the homologs from the Enterobacteriales and Pasteurel-
lales but lack identifiable enolase binding sites based on sequence
comparisons. For the RNase E homologs of the Vibrionales and Al-
teromonadales, the light and dark blue boxes, respectively, represent
PNPase binding sites that are unrelated by sequence to each other or
to the corresponding sites in homologs from the Enterobacteriales and
Pasteurellales.
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Like other DEAD-box RNA helicases, the catalytic core of
RhlB is comprised of two structurally related domains. The
second domain of RhlB has been shown to be necessary and
sufficient for the interaction with RNase E (9). The surface of
RhlB involved in this interaction and the structure of the
microdomain corresponding to the binding site in RNase E
have not yet been elucidated (see reference 56). The heterol-
ogous interaction of Ec-RhlB with Ph-RNase E suggests that
the underlying structural motif for the protein-protein interac-
tion is conserved over a large evolutionary distance. Experi-
mental evidence has shown that RhlB needs to interact with
RNase E as part of the RNA degradosome to have biological
activity (24, 26). The interaction with RNase E activates the
ATPase and RNA unwinding activities of RhlB (9, 27, 53, 56).
These considerations suggest that the conservation of the RhlB
binding site over a large evolutionary distance could be due to
structural constraints involved in the control of RhlB activity.

Figure 8 shows a simplified phylogenetic tree of the Entero-
bacteriales, Pasteurellales, Aeromonadales, Vibrionales, and Al-
teromonadales (17) and summarizes our understanding of the
primary structure of the RNase E homologs in these orders of
the Gammaproteobacteria. The identification of the RNA de-
gradosome of P. haloplanktis has revealed two widely con-
served interactions with RNase E homologs of the Gamma-
proteobacteria. Although the interaction is conserved, the
PNPase binding site (PBS) does not correspond to a conserved
sequence motif. The light and dark blue boxes for the RNase
E homologs of the Vibrionales and the Alteromonadales, re-
spectively, indicate that the protein sequences of the PBSs are
distinct from the sequences in the homologs of the Enterobac-
teriales, Pasteurellales, and Aeromonadales. The binding site for
RhlB (HBS) corresponds to a conserved sequence motif. De-
spite the lack of overall sequence conservation of the CTH of
the RNase E homologs, our result suggests that there is nev-
ertheless a conserved “module” composed of the MTS, AR-
RBD, HBS, and AR2. Based on experimental results, we sug-
gested previously that the AR-RBD and AR2 cooperate in the
RNA unwinding activity of RhlB (9). The conservation of the
MTS/AR-RBD/HBS/AR2 module over a relatively large evo-
lutionary distance suggests an important conserved function,
which for example, could be the control of the activity or
specificity of RhlB within the RNA degradosome.
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