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The RNA degradosome is a multiprotein complex required for the degradation of highly structured RNAs. We
have developed a method for reconstituting a minimal degradosome from purified proteins. Our results
demonstrate that a degradosome-like complex containing RNase E, PNPase, and RhIB can form spontaneously
in vitro in the absence of all other cellular components. Moreover, ATP-dependent degradation of the malEF
REP RNA by the reconstituted, minimal degradosome is indistinguishable from that of degradosomes isolated

from whole cells. The Rne protein serves as an essential scaffold in the reconstitution process; however,
RNase E activity is not required. Rather, Rne coordinates the activation of RhIB dependent on a 3’
single-stranded extension on RNA substrates. A model for degradosome-mediated degradation of structured
RNA is presented with its implications for mRNA decay in Escherichia coli.
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Many important cellular processes, including DNA rep-
lication, RNA biogenesis, and protein synthesis, are car-
ried out by large macromolecular complexes or ma-
chines (Alberts 1998). To date, RNA decay and process-
ing machines have been isolated from bacteria
(Carpousis et al. 1994), plants (Hayes et al. 1996), and
yeast (Margossian et al. 1996; Mitchell et al. 1997) and
are inferred in mammalian cells (Mitchell et al. 1997).
These findings suggest that multiple ribonucleases and
other RNA modifying enzymes could act coordinately
and/or simultaneously against a single RNA and may
explain the concerted ‘all or none’ nature of mRNA de-
cay exhibited by most mRNAs (for review, see Coburn
and Mackie 1999).

The RNA degradosome from Escherichia coli is a high-
molecular-weight complex of four major and three minor
protein components. The major components include
Rne/Ams, the major endoribonuclease, and polynucleo-
tide phosphorylase (PNPase), a 3’ exonuclease involved
in the terminal stages of mRNA decay (Carpousis et al.
1994; Py et al. 1994). The degradosome also contains
stoichiometric amounts of RhlB, a putative DEAD-box
RNA helicase, and enolase, a glycolytic enzyme with no
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known significance in mRNA decay (Carpousis et al.
1994; Py et al. 1994, 1996; Miczak et al. 1996). RhlB,
enolase, and PNPase interact with distinct, discrete re-
gions in the carboxy-terminal third of the Rne protein
(Vanzo et al. 1998). It is unknown whether Rne, RhIB,
PNPase, and enolase cycle between free and complexed
forms. However, only 5%-10% of the total cellular
enolase appears to copurify with the degradosome (Py
et al. 1996). Substoichiometric components of the de-
gradosome include GroEL, DnaK, and polyphosphate ki-
nase (Miczak et al. 1996; Blum et al. 1997). Although the
two former proteins may play a role in the assembly of
the degradosome complex in vivo, neither RNase E nor
PNPase requires GroEL or DnaK for activity (Cormack et
al. 1993; Coburn and Mackie 1998). The function of poly-
phosphate kinase in mRNA decay, if any, remains un-
clear (Blum et al. 1997).

Members of the superfamily of proteins that contain
the signature DEAD-box motif (Asp-Glu-Ala-Asp) are in-
volved in pre-tRNA processing, pre-mRNA splicing,
translation, and ribosomal biogenesis (Schmid and
Linder 1992). The association of a putative RNA helicase
with the degradosome is particularly exciting because
both RNase E and PNPase are specific for single-stranded
RNA and are impeded by RNA secondary structure. In-
terestingly, two putative DEVH-box RNA helicases,
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Ski2p and Mtrdp/Doblp (Anderson and Parker 1998; de nates the activation of RhlB dependent on a single-

la Cruz et al. 1998), functionally interact with the yeast stranded 3’ extension on RNA substrates, independently
exosome complex demonstrating a conserved role for of the endoribonucleolytic activity of the Rne protein.
RNA helicase proteins in mRNA degradation and pro-

cessing machines. One model to rationalize the role of Results

RhIB in the RNA degradosome suggests that Rh1B would
unwind secondary structure to permit access by RNase E
to cleavage sites that are normally occluded (Miczak et

Physical reconstitution of a minimal
RNA degradosome

al. 1996). Alternatively, RhlB would alleviate structural Although many proteins copurify with degradosomes
impediments to PNPase, a model supported by a require- (Carpousis et al. 1994; Py et al. 1994, 1996; Miczak et al.
ment for ATP by the degradosome in the degradation of 1996; Blum et al. 1997), we elected to reconstitute these
REP (repetitive extragenic palindrome) stem-loop struc- particles from the Rne, RhlB, and Pnp proteins whose
tures [Py et al. 1996). Moreover, antibodies raised against functional importance in vitro has been demonstrated
the RhIB protein inhibit PNPase-mediated degradation (Xu and Cohen 1995; Py et al. 1996; Coburn and Mackie
through the malEF REP stem-loop structure (Py et al. 1998). (Rne, Pnp, and RhIB refer to the respective prod-
1996). Unfortunately, there is no definitive assay for ucts of the rne, pnp, and rhiB genes.) We have purified
RhIB, and strains containing a deletion of the rhIB gene Rne, RhiB, and Pnp from overexpressing strains (Fig. 1A,
are apparently inviable (cited in Py et al. 1996). Further- lanes 4,6,8) and have assayed whether these proteins
more, polyadenylation of bacterial mRNAs complicates would associate in vitro, using coimmunoprecipitation
understanding the role of RhlB within the degradosome. experiments (see Materials and Methods). The presence
In particular, polyadenylation of RNA1 or the rpsT of the Rne, Pnp and RhIB proteins in complexes was
mRNA promotes the degradation of highly structured 3’ detected by Western blotting.
termini by PNPase, independent of the action of RhiB or, After incubation in reconstitution conditions, Rne,
indeed, the presence of the degradosome (Xu and Cohen Pnp, and RhIB can be coimmunopurified by antibodies
1995; Coburn and Mackie 1998). raised against the Rne protein (Fig. 1B, lane 3). This re-
We have developed a method for reconstituting a mini- sult shows that the purified recombinant proteins are
mal degradosome from purified proteins that is active able to reassociate into a degradosome-like complex. The
against well-defined RNA substrates, including the three proteins were not detected in ‘mock’ immunopre-
malFEF intercistronic region and the 3’ end of the rpsT cipitates with preimmune serum (Fig. 1B, lane 2) dem-
mRNA. Our data prompt a model in which Rne coordi- onstrating that the precipitation of the complex was de-
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Figure 1. Physical reconstitution of a minimal RNA degradosome. (A) Purified degradosome complexes and recombinant proteins
used throughout this study. The following samples were denatured, separated through SDS-PAGE, and stained with Coomassie
brilliant blue: (lane 1) protein molecular weight markers (Bio-Rad); (lane 2) wild-type degradosomes isolated from a wild-type strain (15
pg); (lane 3) pnp-7 degradosomes isolated from a strain containing the pnp-7 allele (12 pg); (lane 4) Rne protein (1.5 ng); (lane 5)
RneAN208 protein (1.5 pg); (lane 6) Pnp protein (1.5 pg); (lane 7) Rnb protein (1.5 pg); (lane 8) RhiB protein (1.5 pg). (B) Combinations
of purified Rne, Pnp, and RhIB proteins (1 pg each) were incubated in a 40-ul volume for 20 min at 30°C. Complex formation was
assayed by coimmunoprecipitation with anti-Rne, anti-Pnp, or preimmune antisera and detection by Western blotting with the
appropriate antibodies as described in Materials and Methods. (Lane 1) Recombinant protein markers (100-200 ng); (lane 2) mock
immunoprecipitation of the Rne/Pnp/RhIB complex with preimmune sera; (lane 3) coimmunoprecipitation of the Rne/Pnp/RhIB
complex with anti-Rne antibodies; (lane 4) coimmunoprecipitation of an Rne/Pnp subcomplex with anti-Rne antibodies; (lane 5)
coimmunoprecipitation of an Rne/RhIB subcomplex with anti-Rne antibodies; (lanes 6,7) a mixture of RhlB and Pnp proteins was
subjected to immunoprecipitation with anti-Rne or anti-Pnp antibodies, respectively. The stoichiometry of Rne, Pnp, and RhiB in the
degradosome was estimated from Coomassie blue-stained SDS-polyacrylamide gels using known amounts of each of the three
components to generate standard curves. This estimation is not consistently reflected by Western analysis due to differences in the
transfer efficiency of each protein, antibody titer, and exposure times.
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pendent on the anti-Rne antibodies. Formation of Rne/
Pnp and Rne/RhIB subcomplexes in vitro was also
assessed by coimmunoprecipitation with anti-Rne anti-
bodies and Western blotting as described above. Subcom-
plexes between the Rne protein and Pnp or between Rne
and RhiIB can form in the absence of any of the other
components of the degradosome (Fig. 1B, lanes 4,5).
These results clearly indicate that each of the degrado-
some components can assemble onto the Rne scaffold
spontaneously in the absence of any of the other compo-
nents in agreement with data obtained in vivo (Kido et
al. 1996; Vanzo et al. 1998). Based on Coomassie-blue
staining of SDS—polyacrylamide gels, we have estimated
the relative molar ratio of the Rne/Pnp/RhIB proteins in
purified degradosomes to be 1:1.5:1. Taking into account
the differing titers of the antibodies and efficiency of
detection (see the legend to Fig. 1B), the ratio of Rne:Pn-
p:RhIB in immunoprecipitated complexes is in good
agreement with this estimate.

To determine whether the Rne protein is required for
formation of minimal degradosome complexes, we at-
tempted reconstitution experiments in its absence. The
products formed in such incubations were assayed by co-
immunoprecipitation with antibodies raised against either
the Rne or Pnp protein. The RhIB antiserum cross-reacts
with PNPase (A.]. Carpousis, pers. comm.) and was of in-
sufficient titer to perform immunoprecipitations. Only
Pnp can be recovered from a partial reconstitution contain-
ing Pnp and RhIB using anti-Pnp antibodies (Fig. 1B, lane 7).

Figure 2. Secondary structure of the
malEF REP RNA. The 375-nucleotide
malEF  intragenic spacer region was
folded with RNAdraw (http:///rnadraw.
base8.se). The first 207 nucleotides of the
malEF RNA are depicted with a line. The
large REP stem-loop structure spans resi-
dues 211-298. Previously characterized in-

There was no detectable nonspecific binding of either Rh1B
or Pnp to anti-Rne antibodies (Fig. 1B, lane 6).

Functional reconstitution of a minimal
RNA degradosome

To assess the activity of complexes formed in vitro, we
assayed their ability to degrade structured RNA sub-
strates using either a fragment spanning the REP se-
quence of the malEF intercistronic region (Fig. 2) or the
3" end of the rpsT mRNA (see below). Initially, we tested
the ATP dependence of the complex formed in a total
reconstitution performed with Rne, Pnp, and RhIB. The
375-nucleotide malEF RNA was incubated with a recon-
stituted complex containing purified Rne, Pnp, and Rh1B
proteins (see Fig. 1B, lane 3) in the absence of ATP (Fig.
3A). The malEF RNA was rapidly digested to generate a
previously characterized intermediate ([(BO5 nucleo-
tides), referred to as the RSR (REP stabilized RNA)
(McLaren et al. 1991; see Fig. 2). This intermediate is
stable and remains fully resistant to digestion for 60 min
(Fig. 3A). A second, faint intermediate ([(B40 nucleo-
tides), denoted by an asterisk (*) in Py et al. (1996), also
appears transiently within the first 5 min of the assay (Fig.
3A). Although the structure of the malEF RNA has yet to
be determined empirically, the formation of the two deg-
radative intermediates is presumed to be the result of PN-
Pase stalling at the base of stable stem-loop structures as
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termediates generated by the stalling of exo-
nucleases 3’ to the base of stable stem-loop
structures are denoted by the asterisk (*) and
RSR (McLaren et al. 1991; Py et al. 1996).
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Figure 3. Functional reconstitution of a
minimal RNA degradosome. The 375-
nucleotide malEF RNA substrate (see Fig.
2) was incubated with reconstituted com-
plexes containing recombinant Rne (750
ng/ml), Pnp (1.5 pg/ml), and/or RhIB (750
ng/ml) as indicated above each panel. As
described in Materials and Methods, all in-
cubations were performed at 30°C in the
presence of 10 mm sodium phosphate and
3 mMm ATP unless otherwise specified (see
margins above each panel). Aliquots were
removed at the times indicated (in min-
utes). The positions of the malEF substrate
and the two major intermediates, * and
RSR, are indicated with arrowheads in the
margin at right of each panel. (A-C) The
complex reconstituted with Rne, RhIB,

0 15 30 60 (min)

malEF
.’! & . !mTEF ® L 3 54 Sas s * and Pnp was incubated with the malEF
RSR RSR RNA alone in the absence of ATP (A) or in
the presence of ATP (B) or in the presence
of 3 mm ATP~S (C). (D) The reconstituted
C G complex was incubated with the malEF
+Rne +Pnp +RhIB +ATPYS +Pnp +RhIB +ATP RNA in the absence of exogenous phos-
0 1 2 51020 30 4560 (min) 0 12 510 20304560 (min) phate. (E-G) Subcomplexes of Rne and
RhIB (E) or Rne and Pnp (F) were incubated
with the malEF RNA in the presence of
L2 E im‘fEF La ! - - - m:’EF ATP. A mixture of RhIB and Pnp was in-
B A RSR resLes RSR cubated with the malEF RNA substrate in

shown in Figure 2. This behavior fully mimics that of na-
tive degradosomes (Py et al. 1996; see Fig. 5A, below).

In an otherwise identical assay containing ATP, the
malEF RNA was initially digested to generate the * and
RSR intermediates as before (Fig. 3B). However, diges-
tion continued in the presence of ATP resulting in com-
plete degradation of the RSR intermediate by the recon-
stituted degradosome after 20 min (cf. the 60- and 30-
min time points in Fig. 3, A and B, respectively).
Furthermore, in the presence of the nonhydrolyzable ATP
analog, ATP~S, the RSR intermediate remained largely in-
tact and resistant to degradation over 60 min of incubation
(Fig. 3C). Thus, ATPyS cannot substitute for ATP in the
decay of the RSR intermediate catalyzed by the reconsti-
tuted complex. In this respect, the ATP requirement of the
reconstituted complex is identical to that of native degra-
dosomes for degradation of the malEF REP sequence (Py et
al. 1996). Moreover, these results indicate that decay of the
malEF RNA can be functionally reconstituted by a mini-
mal number of degradosome components. In particular,
the Rne, Pnp, and RhIB proteins alone are necessary and
sufficient for complete decay of the REP sequence. We
term this complex formed during reconstitution with these
proteins a ‘minimal degradosome.’

To assess the interdependence of one enzyme on an-
other in reconstituted minimal degradosomes, partial re-
constitution experiments were performed with various
combinations of the Rne, Pnp, and RhIB proteins. The
essential role of PNPase in the degradation of the REP
sequences was confirmed in two ways. First, a complete

the presence of ATP (G).

reconstitution was performed and the activity of the
complex was assayed with the 375-nucleotide malEF
RNA substrate in the absence of exogenous phosphate.
Under such conditions, the full-length malEF RNA is
fully resistant to degradation and is stable for at least 60
min (Fig. 3D). Second, the malEF RNA is also resistant to
degradation during a 60-min incubation with a complex
reconstituted with the Rne and RhlB proteins alone (Fig.
3E). These results demonstrate that formation of the RSR
intermediate and its subsequent ATP-activated degrada-
tion depends directly on the presence of PNPase in the
reconstitution and on its activity in the subsequent assay.
To test a requirement for the RhIB protein, the 375-
nucleotide substrate was incubated with a reconstituted
complex formed from the Rne and Pnp proteins alone
(Fig. 3F). The full-length RNA is rapidly converted into
the RSR intermediate. This intermediate remains largely
resistant to further digestion as no more than 50% of the
RSR is degraded over 60 min. When the RhIB and Pnp
proteins were incubated together under conditions favor-
ing reconstitution and assayed with the full-length
malEF RNA in the presence of ATP, the malEF RNA was
shortened by PNPase to generate the RSR intermediate
as before (Fig. 3G). This intermediate remained stable for
at least 60 min despite the presence of ATP and RhIB.
These results demonstrate that PNPase alone or com-
plexed to Rne can initiate exonucleolytic attack on the
malEF substrate to generate the RSR intermediate but
that RhIB and Rne are essential for the subsequent ATP-
activated degradation of the RSR intermediate.
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RNase E activity is not required for RhlB-activated
decay of the malEF REP sequence by PNPase

The endonucleolytic activity of RNase E resides in the
amino-terminal half of the Rne protein (Taraseviciene et
al. 1995; McDowall and Cohen 1996). The RneAN208
and RneAN408 proteins, which initiate at codons 208
and 408, respectively, lack the putative SI RNA-binding
domain (residues 35-125) and exhibit greatly reduced en-
donuclease activity. RneAN208 cleaves the 9S RNA pre-
cursor >100-fold slower than the full-length Rne protein,
whereas RneAN408 is catalytically inactive against the
9S RNA substrate (X. Miao et al., unpubl.).
Amino-terminally truncated Rne proteins were substi-
tuted for the full-length Rne protein in reconstitution
experiments. Portions of each mixture were assayed for
complex formation by coimmunoprecipitation (data not
shown) and for activity against the malEF RNA substrate
(see below). In assays containing the RneAN208, Pnp,
and RhIB proteins in the absence of ATP, the full-length
malEF REP RNA is rapidly digested to generate the RSR
intermediate as observed previously for minimal degra-
dosomes containing the full-length Rne protein (cf. Figs.
3A and 4A). This intermediate remains fully intact and
resistant to degradation after 60 min of digestion (Fig.
4A). In otherwise identical assays containing ATP, the
RSR intermediate is rapidly degraded once formed (Fig.
4B). Similar results were obtained in reconstitutions con-
taining the RneAN408, RhiB, and Pnp proteins (Fig. 4C).
In both cases, the kinetics of formation and disappear-
ance of the RSR were similar to those observed with
reconstituted complexes containing the full-length Rne

+Rne/AN208 +Pnp +RhiIB -ATP +RneAN208 +Pnp +RhIB +ATP
0 15 30 60 (min) 01 2 5 10 20 30 45 60 (min)
malEF
® =« « . g malEF ."2- 1 .
& & & 4 RSR e - < RSR

C

+Rne/AN408 +Pnp +RhIB +ATP
01 2 5 10 20 30 45 60 (min)

malEF
832 1

*

RSR

Figure 4. RNase E activity is not required for ATP-activated
degradation of the malEF RNA. The 375-nucleotide malEF
RNA substrate was incubated with a reconstituted complex
containing recombinant RneAN208 (750 ng/ml), Pnp (1.5 ng/
ml), and RhIB (750 ng/ml) in the absence of ATP (A) or in the
presence of ATP (B). A reconstituted complex containing
RneAN408 (750 ng/ml), Pnp (1.5 pg/ml), and RhIB (750 ng/ml)
was incubated with the malEF RNA in the presence of ATP (C).
The products of the reaction were analyzed as described in the
legend to Fig. 3. The positions of the malEF substrate and the
two major intermediates, * and RSR, are indicated with arrow-
heads in the margin at right of each panel.
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protein (cf. Fig. 4B,C with Fig. 3B). These results demon-
strate that neither the putative SI domain nor RNase E
activity are required for the ATP-dependent 3’ degrada-
tion of the RSR intermediate.

3" exonucleases cannot function in trans
with the RhIB helicase

Because PNPase exhibits 3’ exonuclease activity inde-
pendent of the degradosome, we have tested whether it
or another 3’ exonuclease, RNase II, can function in
RhIB-dependent degradation of the malEF REP sequence
without being physically associated with the degrado-
some. Degradosomes prepared from a strain harboring
the pnp-7 allele that abolishes the 3’ exonucleolytic ac-
tivity of the Pnp protein (Reiner 1969) display no differ-
ence in the quality, composition, or protein stoichiom-
etry from wild-type degradosomes as judged by Coo-
massie-blue staining of SDS-polyacrylamide gels (Fig.
1A; cf. lanes 2 and 3). In particular, there is a full comple-
ment of the mutant Pnp-7 protein in the pnp-7 degrado-
somes. Although their RNase E activity is normal (data
not shown), pnp-7 degradosomes are unable to digest the
full-length 375-nucleotide malEF RNA substrate that re-
mains unaltered after 60 min of incubation in the pres-
ence of ATP (Fig. 5B). Wild-type degradosomes assayed in
parallel behaved as expected (Fig. 5A).

Assays using pnp-7 degradosomes were supplemented
with purified recombinant Pnp protein at the same con-
centrations used in reconstitution experiments. This
amount of Pnp alone can degrade the malEF RNA rap-
idly, within the first 5 min, to generate the RSR inter-
mediate (Fig. 5C). Likewise, purified Pnp, in the presence
of pnp-7 degradosomes, catalyzed the rapid formation of
the RSR intermediate (Fig. 5D). The RSR intermediate so
formed remained relatively resistant to digestion as no
more than 55% of this intermediate was completely de-
graded after 60 min of incubation. This result clearly
contrasts with that obtained for the wild-type RNA de-
gradosome (Fig. 5A) or that obtained for the reconsti-
tuted minimal degradosome (Fig. 3B). In their simplest
interpretation, these results suggest that PNPase cannot
function efficiently in trans with the Rne/RhlB complex
and that PNPase does not readily cycle between a free
and complexed form. Alternatively, the pnp-7 form of
PNPase may either be unable to respond to RhIB or dis-
sociate from the degradosome, in agreement with our
data. A novel pnp allele (G507D) behaves as if its binding
to the degradosome is tighter than wild type, consistent
with the latter explanation (Garcia-Mena et al. 1999).

In a second experiment, the unfractionated products of
a reconstitution performed with purified Rne, RhiB, and
RNase II were assayed against the full-length malEF
RNA in the presence of ATP. After 60 min of digestion,
(0% of the 375-nucleotide substrate was digested by
RNase II to generate the * intermediate that remained
completely stable throughout the assay (Fig. 5E). Only
very small amounts of the RSR intermediate were gen-
erated by RNase II (Fig. 5E). Thus, RNase II cannot sub-
stitute for PNPase under conditions in which the Rne/
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Figure 5. 3’ exonucleases must function
in cis with the Rne/RhIB RNA helicase.
Degradosomes purified from a wild-type
strain (wt degradosomes) or from a strain
containing the pnp-7 allele of the gene en-
coding PNPase (pnp-7 degradosomes) were
assayed in the presence of ATP against the
malEF RNA substrate at 30°C as described
in Materials and Methods. The products of
the reaction were analyzed as described in
the legend to Fig. 3. The positions of the
malEF substrate and the two major inter-
mediates, * and RSR, are indicated with
arrowheads in the margin at right of each
panel. (A) Kinetics of digestion of the
malEF RNA by the wild-type degrado-
somes (5 pg/ml). (B) Kinetics of digestion
of the malEF RNA by the pnp-7 degrado

somes (5 pg/ml). (C) Digestion of themalEF RNA by purified PNPase (1.5 pg/ml). (D) Digestion of the malEF RNA by pnp-7
degradosomes (5 pg/ml) supplemented with recombinant PNPase (1.5 pg/ml). (E) Digestion of the malEF RNA by a partially recon-
stituted complex containing Rne (750 ng/ml) and RhIB (750 ng/ml) supplemented with recombinant RNase II (Rnb; 750 ng/ml).

RhIB ATPase would be functionally active, suggesting
that once a substrate is activated by RhlB, it must be
passed in cis to PNPase.

RhiIB-activated degradation is dependent
on a single-stranded 3’ end

The major product of RNase E cleavage of the rpsT
mRNA encoding ribosomal protein S20 releases a 147-
nucleotide fragment coterminal with the 3’ end of the
molecule (Mackie 1991). The decay of this fragment re-
quires PNPase and poly(A) polymerase I both in vivo and
in vitro (Mackie 1989; Coburn and Mackie 1996b, 1998).
In this regard it differs from the malEF REP RNA that
contains a largely single-stranded 3’ terminus (Fig. 2) and
whose degradation is independent of polyadenylation in
vitro. We have investigated whether both polyadenyla-
tion and RhIB activity are required for complete degra-
dation of the 3’ end of the rpsT mRNA by a minimal
degradosome under the assay conditions used by Blum et
al. (1999).

The substrate rpsT(268-447) mimics the 147-nucleo-
tide fragment generated by RNase E (Mackie et al. 1997;
Coburn and Mackie 1998). We incubated this substrate
with the minimal reconstituted degradosome (Rne,
RhIB, and Pnp) in the presence of ATP. The rpsT(268-
447) RNA substrate remains largely resistant to degrada-
tion, as 50% of the starting material is intact after 60
min of digestion (Fig. 6A). To test the effect of polyade-
nylation, we added a single 30-nucleotide poly(A) tail to
the 3’ end of the substrate to form rpsT[268-447-
poly(A)sp]. In the absence of ATP, the reconstituted
minimal RNA degradosome rapidly removes this poly(A)
tail from the substrate to generate a relatively stable in-
termediate that terminates 3' to the base of the rpsT
terminator stem-loop (Fig. 6B). At least 50% of the in-
termediate persists after 60 min of incubation (Fig. 6B).
In contrast, the rpsT[268-447—-poly(A);o] RNA is rapidly
digested in assays containing the reconstituted minimal

RNA degradosome supplemented with ATP (Fig. 6C). In
this case, however, almost no intermediate is formed and
almost all the substrate is completely degraded within
20 min of incubation (Fig. 6, cf. the 20-min time points
in C with those in B). These results show that efficient
degradation of the rpsT mRNA by PNPase requires both
polyadenylation of the substrate and activation by RhIB
and ATP. Moreover, the requirement for polyadenyla-
tion (Fig. 6, cf. A with C) demonstrates that RhlB-acti-
vated degradation of structured RNA is dependent on a
single-stranded 3’ end.

Discussion

Reconstitution of a minimal RNA
degradosome complex

Our work demonstrates that a physical complex contain-
ing the Rne, RhIB, and Pnp proteins can form spontane-
ously in vitro. This complex, which we term the mini-
mal RNA degradosome, assembles and is active in the
absence of any other cellular cofactors including enolase
and the minor components of the degradosome: poly-
phosphate kinase, DnaK, and GroEL. The minimal re-
constituted degradosome is fully functional as the ATP-
dependent degradation of the malEF REP sequence by
the reconstituted minimal degradosome is indistinguish-
able from that of degradosomes isolated from whole
cells. These results clearly demonstrate that a degrado-
some-like complex containing Rne, Rh1B, and Pnp alone
is necessary and sufficient for the ATP-activated degra-
dation of the malEF REP sequence. The Rne protein is an
essential scaffold in the reconstitution process, but its
activity is not required. Reconstitution shows that the
Rne protein is bifunctional (as an endonuclease and an
organizing platform for 3’ decay), a finding fully consis-
tent with other data (Taraseviciene et al. 1995; Kido et al.
1996; McDowall and Cohen 1996; Lopez et al. 1999). The
development of a simple method of reconstitution as de-
scribed here should open the way to systematic struc-
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Figure 6. A single-stranded 3’ end stimulates significantly the
action of the minimal reconstituted degradosome. Derivatives
of the rpsT mRNA were incubated with a reconstituted com-
plex containing Rne (750 ng/ml), Pnp (575 ng/ml), and RhIB
(750 ng/ml) in the presence of 3 mm ATP and 10 mm sodium
phosphate as described in Materials and Methods. The products
of the reaction were analyzed as described in the legend to Fig.
3. The positions of the RNA substrates and an intermediate
corresponding to the removal of the poly(A),, tail are indicated
with arrowheads in the margin at right of each panel. A sche-
matic diagram of the substrates and intermediates is also shown
in the margin at right of each panel. (A) Kinetics of digestion in
the absence of a poly(A) tail. The substrate, rpsT(268-447), en-
compasses residues 268-447 of the rpsT mRNA terminating
with a flush stem-loop structure at the natural Rho-indepen-
dent terminator (see text). (B) Kinetics of digestion of a polyad-
enylated substrate, rpsT(268-447)-poly(A);, in the absence of
ATP. The rpsT(268-447) substrate contains an additional 30 ad-
enylate residues at its 3’ end as described in Materials and
Methods. (C) Kinetics of digestion of a polyadenylated substrate
in the presence of ATP. The substrate is identical to that in B.

ture-function investigations of the essential components
of this macromolecular complex. Additionally, the re-
constituted system provides a basis to assess the poten-
tial role of auxiliary proteins that may regulate the ac-
tivity of the degradosome.

RhiB-activated RNA degradation by PNPase

The presence of a putative RNA helicase is a common
feature of macromolecular complexes for RNA process-
ing and decay. Extensive kinetic and structural investi-
gations of DNA helicases provide an excellent frame-
work for modelling the mechanism of action of RhlB-
mediated RNA degradation by the degradosome (shown
in Fig. 7). Both models below predict that ATP binding
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and hydrolysis drive conformational changes within the
RhIB helicase that result in differential affinities for
single-stranded and double-stranded RNA.

One model, prompted by the active, rolling model for
DNA unwinding and translocation by the E. coli Rep
DNA helicase (Wong and Lohman 1992; Korolev et al.
1997), implies that RhIB is present as a dimer or higher
oligomer in the degradosome (Fig. 7A). Single-stranded 3’
ends, generated either by endonucleolytic cleavage
downstream of a stem-loop or by the addition of a
poly(A) tail, provide a platform for subunit I (shown in
green) of the non-nucleotide bound form of RhiIB to load
onto an RNA substrate. During translocation, ATP bind-
ing permits subunit II of RhIB (purple) to bind to the
RNA duplex. Hydrolysis of ATP accompanies the break-
age of several hydrogen bonds within the stem, resulting
in an overall weakening of the stem-loop. In the ADP-
bound form, both subunits I and II remain bound to
single-stranded RNA. Release of ADP permits subunit I
to pass single-stranded RNA directly to the PNPase
(shown in red) for its degradation. If the stability of the
stem-loop structure has been weakened below a specific
threshold, PNPase may proceed through the remaining
stem-loop structure. If, however, the stem-loop remains
resistant to degradation, then additional rounds of ATP-
activated RNA unwinding may be required.

A second model is based on the inchworm mechanism
for DNA unwinding (Yarranton and Gefter 1979) re-
cently proposed for the PcrA DNA helicase (Velanker et
al. 1999). As in the active, rolling model, ATP binding
permits RhiIB to bind to the RNA duplex, whereas ATP
hydrolysis results in destabilization of the stem-loop
(Fig. 7B). RNA degradation takes place during the trans-
location cycle as RhIB ‘inches’ ahead of the 3’ exonucle-
ase exposing new single-stranded RNA. In contrast to
the former model that predicts cooperativity between
two subunits of a dimeric protein, the inchworm mecha-
nism suggests that each RhlB monomer can interact
with single-stranded and double-stranded RNA simulta-
neously. Nonetheless, the inchworm mechanism is also
consistent with an oligomeric enzyme structure. Con-
ceivably, RNA-binding domains within Rne or Pnp may
contribute to the RNA-unwinding mechanism.

Alternative models can be imagined in which RhIB
plays a more subtle role in RNA degradation by mediat-
ing global RNA structural changes or by disrupting pro-
tein-RNA and/or protein-protein interactions within
the degradosome. Rearrangements within the degrado-
some-RNA complex mediated by RhlB and ATP hydro-
lysis may be required for recycling the degradosome or in
switching the activity of the degradosome from a 5'-de-
pendent endonuclease (Mackie 1998) to a highly proces-
sive 3’ dependent exonuclease.

RNA unwinding and polyadenylation

Degradation of the highly structured 3’ end of the rpsT
mRNA shows a strong dependence on polyadenylation
in vivo (Coburn and Mackie 1998). Moreover, the action
of PAP I and PNPase alone is necessary and sufficient for
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tivated degradation of structured RNA by the de-
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complete degradation of the 3’ 147-nucleotide fragment
generated by RNase E. Under our previous assay condi-
tions, RhlB was not required for degradation of the 3’ end
of the rpsT mRNA (Coburn and Mackie 1998). Subse-
quently, Blum et al. (1999) have shown that addition of a
single poly(A) tail to RNA substrates can significantly
enhance the action of the degradosome.

These results can be reconciled readily. The condi-
tions chosen by Blum et al. (1999) promote RhIB depen-
dence by retaining stalled PNPase-RNA enzyme-sub-
strate complexes for sufficient times for RhIB to act
(data not shown). The higher ionic strengths in our pre-
vious assay conditions result in the rapid dissociation of
PNPase at stem-loop barriers and readenylation of the
substrate to permit reassociation of PNPase. In vivo, we
believe that both RhlB activity and polyadenylation of 3’
ends are required for efficient degradation of the most
structured mRNA fragments. Polyadenylation facilitates
loading of degradative enzymes (Xu and Cohen 1995; Co-
burn and Mackie 1998; Blum et al. 1999), whereas RhIB
increases the processivity of PNPase, thereby minimiz-
ing the number of adenylation/deadenylation cycles and
conserving ATP. The machinery required for 3'-end deg-
radation, including an RNA helicase, one or more exo-
nucleases, an organizing platform, and, in some cases,
polyadenylation, is unexpectedly dynamic. Nonetheless,
the paradigm of the degradosome is reflected by compa-
rable molecular machines in chloroplasts (Hayes et al.
1996), yeasts (Margossian et al. 1996; Mitchell et al.
1997), and higher eukaryotes (Mitchell et al. 1997).

Materials and methods

Bacterial strains and plasmids

The E. coli strain CF881 [F~ lac argA trp recB1009 (xthA—pnc)
Arna] was obtained from Dr. M. Cashel, strain RD100 (lacZ met
pnp-7 relA1 rna trpD9778) from Dr. M. Pearson, strain MV1190
[(Alac—pro) thi supE A(srl-recA)306:Tnl10 (tet®) (F' traD36

O
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1992; Korolev et al. 1997). The Rne protein (beige

oval) serves as a scaffold to coordinate the action of

i the RhIB helicase (subunit I, green oval; subunit II,

purple oval) with PNPase (red circles). This allows

single-stranded RNA generated by the RNA heli-

1 case to be passed directly to the 3’ exonuclease

PNPase (see text). The nucleotide-bound state of

RhIB would result in a cycle of conformational and

RNA affinity changes that result in translocation,

RNA unwinding, and strand release/exonucleo-

lytic degradation. (B) A second model based on the

inchworm mechanism proposed for the PcrA DNA

=" helicase (Velanker et al. 1999). In this case, RhIB

acts as a monomeric protein (shown in green) that

can bind both single- and double-stranded RNA.

Degradation of single-stranded RNA by PNPase (red
circles) takes place during the translocation step.

proAB lacI?ZAMI15)] from Bio-Rad, whereas plasmids pET-11
and pET-24b and the host strain BL21(DE3) were obtained from
Novagen. Plasmid pCH77 (McLaren et al. 1991) containing the
intergenic spacer region of the malE-malF mRNA under the
control of a T7 promoter was provided by Dr. C.F. Higgins.
Plasmid pGM102, containing the ams/rne/hmp-1 gene (Cor-
mack et al. 1993); pJG175, encompassing residues 268-447 of
the rpsT gene; and plasmid pJG175p(A), a derivative of pJG175
that contains a 30-bp poly(A)-poly(T) tract located immediately
3’ to the base of the Rho-independent rpsT terminator have been
described previously (Mackie and Genereaux 1993; Mackie et
al. 1997; Coburn and Mackie 1998).

Construction of overexpressing strains

The following oligonucleotide primers were synthesized based
on the previously published sequence of the rhIB gene (acces-
sion no. X56310; Kalman et al. 1991): F(rhIB), 5'-GGCGCGG-
ATCCAGGAGGTCCACACTATGAGCAAAACACAT-3' and
R(rhiB), 5'-GGCGCGGATCCTTAACCTGAACGACGACGA-
TT-3'. The forward primer F(rhIB) contains a Shine-Dalgarno
sequence 5’ to the rhiIB start codon such that the rhiIB gene
could be subsequently overexpressed using the T7 RNA poly-
merase encoded by BL21(DE3) (Studier et al. 1990). The pre-
dicted coding sequence (nucleotides 233-1378) of the rhIB gene
(mmrA) from E. coli was amplified from the genomic DNA of
strain MV1190 by the polymerase chain reaction (Sambrook et
al. 1989). The amplified products were cleaved with the restric-
tion enzyme BamHI (underlined above) and ligated into the
unique BamHI site of pET-11 to generate plasmid pGC300. The
orientation of the 1.1-kb fragment in the recombinant plasmid
was verified by restriction mapping and DNA sequencing. Plas-
mid pGC300 was used to transform BL21(DE3) to yield strain
GC300.

Purification of the recombinant RhIB protein

Cultures of GC300 were grown in 500 ml of LB media (Sam-
brook et al. 1989) at 30°C with good aeration. Induction, har-
vest, and cell lysis were performed as described previously for
PNPase (Coburn and Mackie 1998). The cell lysate was clarified
by centrifugation at 30,000g¢ to generate the S-30 fraction. The
overexpressed protein was largely insoluble in low salt at pH

GENES & DEVELOPMENT 2601



Coburn et al.

7.5, presumably due to isoelectric precipitation (calculated
pl = 7.5). Thus, purification of the recombinant protein was per-
formed at pH =8.5. Approximately 60 mg of the S-30 fraction
was loaded onto a 0.75 x 10-cm column of Affi-Gel blue agarose
(Bio-Rad) equilibrated with five column volumes of buffer A (25
mm Tris-HCl at pH 8.5, 5% glycerol, 0.1 mM EDTA, 1 mm DTT)
containing 100 mm NaCl. After the column had been washed
with five column volumes of Buffer A, RhlB was eluted from the
column with a 30-ml gradient of KCI (0-3 m KCl) at (1.7 m KCL.
Pooled fractions containing RhlB were concentrated. A portion
was subjected to gel filtration on a 1 x 48-cm column of Bio-Gel
A (0.5 M; Bio-Rad) in buffer A containing 50 mm NaCl. Pooled
fractions containing RhlB were concentrated and loaded onto a
0.75 x 10-cm column of Affi-Gel heparin (Bio-Rad) equilibrated
with five column volumes of buffer A containing 50 mm NaCl.
After the column had been washed with five volumes of starting
buffer, RhIB was eluted with a 30-ml gradient of NaCl (0-1 m
NaCl) at 500 mm NaCl. Fractions containing RhlB were pooled
and concentrated before being loaded at 1 ml/min onto a 1-ml
Resource-Q column (Amersham-Pharmacia) equilibrated with
several volumes of starting buffer. RhIB was eluted from the
column with a 30-ml gradient of NaCl (50-500 mm NaCl) at
120-150 mm NaCl. Fractions containing RhIB were pooled and
stored at -70°C. The presence of RhIB in various fractions was
monitored qualitatively by SDS-polyacrylamide gels.

Other enzymes

The Rne, RneAN208, and RneAN408 proteins were purified by
preparative gel electrophoresis followed by electroelution as de-
scribed previously with slight modifications (Cormack et al.
1993). Following renaturation from 6 M guanidine-HCI, pro-
teins were dialyzed extensively into 25 mm HEPES-NaOH (pH
7.6), 100 mm NaCl, 1 mm EDTA, and 1 mm DTT and concen-
trated with an Ultra-Free centrifugal filter device (Millipore).
Protein concentrations were estimated by comparison with a
BSA standard on a Coomassie blue-stained SDS—polyacrylamide
gel.

The recombinant RNase II and Pnp (PNPase) proteins were
purified by conventional chromatographic techniques as de-
scribed previously (Coburn and Mackie 1996a, 1998). The re-
combinant proteins were [P5% homogeneous, with only some
minor contaminating bands, as judged by Coomassie blue-
stained SDS-polyacrylamide gels. Degradosomes were prepared
from strain CF881 (wild-type degradosomes) or from strain
RD100 (pnp-7 degradosomes) as described previously (Coburn
and Mackie 1998). Protein concentrations were determined by
the Bradford protein assay (Bio-Rad) using BSA as a standard.

Preparation of RNA substrates and enzyme assays

The 375-nucleotide malEF REP RNA was synthesized from
pCH?77 linearized with EcoRI. Synthesis of two RNA substrates
derived from the 3’ end of the rpsT mRNA, rpsT(268-447) RNA
and rpsT|(268-447-poly(A);, RNA], was directed from pJG175
or pJG175p(A) that had been linearized previously with Dral or
Xbal, respectively. Transcription was performed with T7 RNA
polymerase in the presence of [a->**P]CTP as described (Cormack
and Mackie 1992; Mackie and Genereaux 1993).

Assays were assembled in a 40-ul reaction containing 0.8
pmoles (20 nm) of RNA in a buffer containing 20 mm Tris-HCl
(pH 7.5), 1.5 mm DTT, 1 mm MgCl,, 20 mm KCI, and 10 mm
sodium phosphate as described previously (Py et al. 1994). ATP
was added to a final concentration of 3 mm. The purified recom-
binant Rne, Pnp, and RhIB proteins were added last to final
concentrations specified in the figure legends, and the reactions
were performed at 30°C. Samples were withdrawn at various
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times and quenched with three volumes of loading buffer con-
taining 90% formamide, 22 mm Tris, 22 mM boric acid, 0.5 mm
EDTA, 0.1% xylene cyanol FF, and 0.1% bromophenol blue.
The reaction products were separated electrophoretically
through 6% polyacrylamide gels containing 8 M urea and visu-
alized by autoradiography or with a Molecular Dynamics Phos-
phorlmager system.

Immunoprecipitations and protein blotting

Immunoprecipitation experiments were performed essentially
as described (Vanzo et al. 1998). Anti-Rne or anti-Pnp rabbit
polyclonal antisera (1 ul) were cross-linked to protein A beads
(GIBCO BRL) in CLB buffer (20 mm Na,HPO,, 5 mm NaH,PO,,
0.2 M NaCl, 0.5 mm EDTA) containing 1% glutaraldehyde. The
cross-linked beads were washed three times with 10 volumes of
CLB and an additional three times with IP buffer (100 mm Tris-
HCI at pH 8.5, 0.25 m NaCl, 0.05% genapol X-080, 0.1 mm
EDTA).

Various combinations of the purified Rne, RhIB, and Pnp pro-
teins (1 pg each) were incubated in a 40-ul volume at 30°C under
the assay conditions described above. After, 20 min, half of the
reaction was diluted 10-fold into IP buffer and incubated with
anti-Rne or anti-Pnp beads for 2 hr at 4°C. The beads were
washed three times with IP buffer, and the immunopurified
complexes were released by heating at 55°C for 15 min in SDS
sample buffer (120 mm Tris-HCI, 3% SDS, 10% glycerol) lack-
ing DTT. The eluted proteins were subsequently boiled in SDS
sample buffer containing 50 mm DTT for 5 min and were sub-
jected to analysis by Western blotting as described previously
(Rouleau et al. 1994). Blotted proteins were detected with rabbit
polyclonal anti-Rne antibodies (1:20,000), anti-Pnp (1:10,000),
or anti-RhIB antibodies (1:1000). Visualization of the primary
antibody was performed with goat anti-rabbit antibodies conju-
gated to horseradish peroxidase (GIBCO BRL) using the ECL
Plus detection system (Amersham-Pharmacia) and exposure to
Kodak X-Omat AR film.
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