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The Escherichia coli RNA degradosome proteins are organized into a helical cytoskeletal-like structure within
the cell. Here we describe the ATP-dependent assembly of the RhIB component of the degradosome into
polymeric filamentous structures in vitro, which suggests that extended polymers of RhIB are likely to comprise
a basic core element of the degradosome cytoskeletal structures.

The RNA degradosome plays an essential role in normal
RNA processing and degradation. Within the cell, the degra-
dosome proteins (RNA helicase B [RhiB], RNase E, polynu-
cleotide phosphorylase [PNPase], and enolase) (4, 13, 15, 16)
are organized into coiled structures that resemble the pole-to-
pole helical structures of the MreB and MinCDE bacterial
cytoskeletal systems (4, 12, 13). However, the degradosomal
structures are also present in cells that lack the MreB and
MinCDE cytoskeletal elements, suggesting that the degrado-
somal structures may be part of an independent class of pro-
karyotic cytoskeletal elements (19-21).

One of the degradosomal proteins, RhIB, is organized into
similar helical cellular structures in cells that lack the other
degradosome proteins (Fig. 1A). In addition, RhIB recruits
PNPase to the helical framework in the absence of other de-
gradosome proteins, suggesting that the RhIB structures are
core elements of the degradosomal cytoskeletal-like elements
of the cell (Fig. 1B) (20). The cellular RhIB structures could be
generated in two ways: (i) individual RhIB molecules may bind
to an as-yet-undefined underlying track, or (ii) RhIB may
polymerize to form the filamentous helical structures indepen-
dent of any underlying template.

Here we report that RhIB can self-assemble into extended
polymeric structures in vitro in a process that requires ATP
binding but not ATP hydrolysis. It is likely that extended RhIB
polymers such as those described here are the basic compo-
nents of the RhIB filamentous helical elements that comprise
the core of the degradosomal cytoskeletal structures of the
Escherichia coli cell.
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Evidence that RhIB can self-assemble into filamentous poly-
meric structures came from electron microscopic studies of
purified His-tagged RhIB negatively stained with 2% uranyl
acetate. This staining showed large numbers of long uniform
filamentous structures when the purified protein was incubated
in the presence of ATP and Ca*" (Fig. 1C). The filaments were
25 = 1.8 nm wide (n = 91; mean * standard deviation) and
were generally more than 10 um long. Some wider sheets were
also observed (Fig. 1D). Optimal assembly of the RhIB fila-
mentous structures required ATP and Ca®*, as shown by the
observation that only occasional single structures were present
when the polymerization reaction was carried out in the ab-
sence of Ca®>" (Fig. 1E) or ATP (Fig. 1F). The polymeric
RhIB-His structures were observed with approximately similar
frequencies when ATP was replaced by the nonhydrolyzable
ATP analog adenosine 5'-(y-thiotriphosphate) (ATPvyS) or
AMP-PNP (Fig. 1G and H).

Cellular localization studies showed that the presence of the
His tag did not interfere with the ability of RhIB to form the
helical cellular structures. Thus, RhIB-His was present in ex-
tended helical filamentous structures that were indistinguish-
able from those formed by untagged RhIB (20, 21). Similarly,
the RhIB-His structures recruited PNPase to the helical frame-
work in a manner similar to untagged RhiB (20) (see Fig. S1 in
the supplemental material).

Immunogold staining showed that the filaments and sheets
were decorated with gold particles when stained with mouse
anti-His tag antibody and gold-labeled secondary antibody
(Fig. 2A to C), confirming that the structures were composed
of RhIB. In contrast, the structures were not decorated with
gold particles in the absence of the primary antibody or when
mouse anti-His tag antibody was replaced by nonimmune
mouse IgG (Fig. 2D and E). The polymeric structures were
observed with C-terminally His-tagged RhIB, which is func-
tional in terms of helicase activity (8), but not when the tag was
present at the amino terminus of the protein, where the His tag
may interfere with RhiIB self-assembly.
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FIG. 1. The RhIB filamentous cytoskeletal-like structures. (A) Cellular organization of RhIB based on immunofluorescence microscopy using
purified anti-RhIB antibody in the absence of RNase E filamentous elements in ATS cells (rne’~*’”), which fail to generate RNase E coiled
structures because of the absence of the RNase E cytoskeletal localization domain (20). (B) Proposed model for the cytoskeletal-like organization
of the RNA degradosome (modified from reference 20). Arcs depict the RNase E (blue) and RhIB (red) helical strands. It is not known whether
the RNase E helical strand is formed by RNase E polymerization or by the association of RNase E with an unknown underlying cytoskeletal
structure. Enolase (Eno) and PNPase are shown in gray. Molecular dimensions and stoichiometry of the proteins were arbitrarily chosen to simplify
the figure. (C to H) Electron micrographs of uranyl acetate-stained RhiIB filaments (C, E, and H) and RhIB sheets (D). Unless otherwise indicated,
the sample contained 9 pM RhiIB, 2 mM ATP, 5 mM MgCl,, and 5 mM CaCl,. (E) Calcium was omitted. (F) ATP was omitted. (G and H) ATP
was replaced by ATPyS (G) or AMP-PNP (H). Samples were loaded on glow-discharged 300-mesh carbon-coated copper grids and then stained.
Images were taken with a JEOL 100CX transmission electron microscope. Magnification, X 10,000 to 50,000.

Changes in light scattering were used to follow the course of
polymerization and to compare polymerization conditions in a
more quantitative way than is possible by electron microscopy.
The initial rate of increase in scattering was used to estimate
polymerization rate (see Table S1 in the supplemental mate-
rial). Significant rates of polymerization were observed in the
presence of ATP and Ca”*, whereas there was very little in-
crease in light scattering in the absence of nucleotide and/or
Ca®" (Fig. 3A). ADP was less effective than ATP, whereas
AMP and cyclic AMP (cAMP) were inactive (Fig. 3B). In the

presence of Ca®", the extent and rate of RhIB polymerization
varied as a function of ATP concentration (Fig. 3C). Millimo-
lar concentrations of Ca®>" were required to produce a mea-
surable rate of polymerization in the light scattering assay (Fig.
3A). It is not known how these relatively high concentrations of
Ca®" promote the in vitro polymerization of RhIB and other
cytoskeletal proteins, such as MreB and FtsZ (1, 11, 12, 14, 23).

The nonhydrolyzable ATP analogs ATPyS and AMP-PNP
were approximately equivalent to ATP in promoting polymer-
ization as monitored by the light scattering assay (Fig. 3B) as
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FIG. 2. Immunogold electron microscopy of RhIB structures. Sam-
ples were prepared as describe for Fig. 1C, except that the grids were
stained with 2% uranyl acetate after exposure to primary and/or sec-
ondary antibodies as indicated. (A to C) RhIB structures decorated
with 10-nm gold particles in samples stained with mouse anti-His tag
monoclonal antibody and gold-labeled secondary antibody. (A) single
filaments; (B) clustered filaments; (C) a single RhIB filament and RhI1B
sheet. Arrows indicate gold particles. (D) The primary mouse anti-His
tag antibody was replaced by mouse IgG. (E) The primary antibody
was omitted.
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well as in the electron microscopic studies. This suggests that
nucleotide binding, but not hydrolysis, is required to promote
RhIB polymerization. In this regard, RhIB resembles a number
of other proteins, including F-actin, MreB, and MinD, where
polymerization is induced by nucleotide binding (2, 5, 6, 18,
22). In these systems, subsequent ATP hydrolysis induces de-
polymerization, providing the basis for the dynamic behavior
of the polymers within the cell. RhIB is an RNA-dependent
ATPase (7), but it is not yet known whether ATP hydrolysis is
associated with depolymerization in the RhIB system.

Similar results were obtained when the extent of polymer-
ization was monitored by a sedimentation assay, measuring the
proportion of RhIB in the pellet fraction after centrifugation at
278,000 X g for 10 min (Table 1; Fig. 3D). Essentially all of the
protein was sedimentable at pH 8 in the presence of Ca*>* and
ATP. RhIB sedimentation returned to background levels when
EGTA or EDTA was added to the reaction mixture (Table 1),
confirming the Ca®>" requirement for RhIB polymerization in
the electron microscopic and light scattering analyses. ATPyS
was equivalent to ATP in the sedimentation assay, confirming
the results described above. The relatively high background of
RhIB sedimentation was not affected by prespinning the sam-
ples prior to addition of nucleotides and/or Ca*".

The ability of RhIB to self-assemble in vitro into polymeric
structures is of special interest because RhIB also assembles
into extended filamentous structures in vivo, where the fila-
ments are organized as pole-to-pole helical cytoskeletal-like
elements. This occurs in the absence of RNase E helical struc-
tures (Fig. 1A) and in the absence of the other degradosomal
proteins or of known cytoskeletal proteins that might provide
nucleation sites or tracks for filament assembly (20). We sug-
gest that extended RhIB filamentous homopolymers such as
those seen in the in vitro system are likely to be fundamental
elements of the filamentous degradosome cytoskeletal-like
structures of the cell. RhiB-RhIB interactions that could par-
ticipate in RhIB self-assembly into polymeric structures have
been observed in bacterial two-hybrid and BIAcore surface
plasmon resonance studies (9).

The number of RhIB molecules per E. coli cell (approxi-
mately 1,350 [see Fig. SI1E in the supplemental material])
would be sufficient to form a single 8- to 10-pwm-long polymer
that winds around the length of a 2-pm cell as a three- to
four-turn helical structure, assuming that the dimensions of the
RhIB monomer are similar to those of the RNA helicase of
Methanococcus jannaschii (=70 A) (17). Therefore, the cellu-
lar cytoskeletal-like structure conceivably could be composed
of a single RhIB homopolymer. Alternatively, the cellular
structure could be composed of a number of shorter parallel
RhIB polymers, held together by a linking protein(s) or by
direct side-to-side interactions near the ends of the polymeric
protofilaments.

If the present interpretations are correct, RhiB plays two
roles in the cell, acting both as an RNA unwinding enzyme and
as an organizing element of the cytoskeletal-like degradosome
structures. Within these structures RhlB cooperates with other
degradosome proteins by catalyzing the unwinding of double-
stranded RNA regions as part of the pathway of degradation of
cellular RNAs by the RNase E and PNPase components of the
RNA degradosome (reviewed in reference 3). Might there be
any role for RhIB polymerization other than to help organize
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FIG. 3. RhIB polymerization. (A and B) RhIB polymerization as shown by 90° light scattering is indicated in arbitrary units (a.u.). RhiB
polymerization was followed at room temperature in a 1-cm light path quartz cuvette using a Hitachi fluorometer (FL-2500) set to 400 V
with excitation and emission wavelengths set at 455 nm and a slit width of 10 nm. The reaction (100 pl volume) was performed in a
polymerization buffer (50 mM Tris, 50 mM KCI, 5 mM MgCl,; pH 8) as indicated. (A) The sample contained 9 uM RhIB-His, 1 mM ATP,
and either 10 mM CacCl,, 7.5 mM CaCl,, or no CaCl, (squares). In the lower three curves the samples lacked ATP or CaCl,, as indicated.
(B) The sample contained 9 pM RhIB-His, 7.5 mM CaCl,, and 1 mM adenosine nucleotides: ATP, ADP, AMP, cAMP, AMP-PNP, and
ATP~S. (C) The sample contained 9 wM RhIB-His, 7.5 mM CacCl,, and ATP as indicated (1 mM, 0.75 mM, 0.5 mM, 0.25 mM, or 0.1 mM
ATP). (D) Effects of Ca®" concentration on RhIB sedimentation in the presence of 2 mM ATP. RhiB in the pellet, expressed as a percentage
of total RhIB present in the polymerization reaction mixture, was plotted against calcium concentration. The insert shows an example of a
Coomassie blue-stained gel of supernatant (S) and pellet (P) fractions from the sedimentation assay in the presence of ATP and Ca®" (see

results for ATP in Table 1).

TABLE 1. Sedimentation assay for RhIB polymerization

% Sedimented

Nucleotide added RhIB*

ATP + EDTA 22

ATP + EGTA ..o 20

“ RhIB present in the pellet is expressed as the percentage of total RhiB
present in the polymerization reaction mixture. The polymerization reaction
mixture contained, unless otherwise indicated, 9 uM RhIB, 5 mM MgCl,, 7.5
mM CaCl,, 2 mM nucleotide and, when present, 7.5 mM EDTA or EGTA.

® The reaction was performed in the absence of nucleotides, MgCl,, and
CaCl,.

¢ Similar results were obtained when the RhIB concentration was varied be-
tween 0.4 and 18 pM (data not shown).

the degradosome structure? The mechanism of RNA duplex
unwinding by RhIB is not known, but it is conceivable that
dynamic RhIB polymerization between the RNA strands of a
structured RNA substrate could provide the driving force for
RNA unwinding. In this context, it has recently been reported
that RNA unwinding by other DEAD box RNA helicases does
not require ATP hydrolysis but does require ATP binding (10),
thereby mimicking the requirements for RhIB polymerization
reported here.
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