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ABSTRACT. RNase E is an essential endoribonuclease that plays a central role in the processing and
degradation of RNA irEscherichia coliand other bacteria. Most endoribonucleases have been shown to
act distributively; however, Fengt al. [(2002) Proc. Natl. Acad. Sci. U.S.A. 994746-14751] have
recently found that RNase E acts via a scanning mechanism. A structural explanation for the processivity
of RNase E is provided here, with our finding that the conserved catalytic domdin afli RNase E

forms a homotetramer. Nondissociating nanoflow-electrospray mass spectrometry suggests that the tetramer
binds up to four molecules of a specific substrate RNA analogue. The tetrameric assembly of the N-terminal
domain of RNase E is consistent with crystallographic analyses, which indicate that the tetramer possesses
approximateD, dihedral symmetry. Using X-ray solution scattering data and symmetry restraints, a solution
shape is calculated for the tetramer. This shape, together with limited proteolysis data, suggests that the
S1-RNA binding domains of RNase E lie on the periphery of the tetramer. These observations have
implications for the structure and function of the RNase E/RNase G ribonuclease family and for the
assembly of thée. coli RNA degradosome, in which RNase E is the central component.

The degradation of messenger RNAHscherichia coli dependent”, in that the enzyme will efficiently cut substrates
is initiated principally through the hydrolytic activity of the having a monophosphate group at the eénd, but not
essential endoribonuclease, RNasel 2J. But in addition transcripts that have a’-Fiphosphate group or lack an
to its role in RNA degradation, RNase E also processes accessible 5end (7, 18).

SpecifiC RNA molecules to create fUnCtiona”y active fOfmS, The RNase E gene encodes one of the |argest po|ypept|des
including precursors of ribosomal RNR<{5), transfer RNA iy E. coli (1061 residues). The N-terminal domain of RNase
(6), the RNA component of RNase P (M1 RNA), and E (residues +529) possesses the site of catalytic activity
10Sa RNA @), which is the tmRNA that rescues those (19), and mutants that express this domain alone are viable.
ribosomes stalled by aberrant termination. Such mutants can process ribosomal RNA satisfactorily,
With limited sequence specificity, RNase E tends to cut ajthough they degrade bulk RNA more slowly and are
transcripts within single-stranded segme®s11) that are  outgrown by cells expressing the full-length wild-type RNase
rich in A/U nucleotides :(2) One well-studied substrate of E (20_22), Suggesting that the C-terminal domain (residues
RNase E is RNAI 13), which is the antisense regulator of 530-1061) confers a selective advantage.
the replication of ColE1-type plasmids. Like many mRNAS, 16 ¢ terminal domain c. coli RNase E functions as a

ENAUS qleavedfby %NSST?E CIOSE to theend ilé]la@-f scaffold in the assembly of an ATP-dependent RNA helicase
ertain sites preferred by RNase E, €.g., near 0 (RhIB), a phosphate-dependeriteXonuclease [polynucle-
RNAI, can be cleaved as .short oligonucleotides, whereasOtide phosphorylase (PNPalelnd a glycolytic enzyme
others, such as.the b site in the 95 precursor of 55 TRNA, (enolase); the association of these (and other) proteins forms
appear to require the presence of qdd|t|onal, but as yety complex known as the RNA degradosord8<26). It is
ulrg:h?racterlzed, strus[:;]urall elements |r|1?’t\lhe R';AI s%strate”kely that the selective advantage provided by the full-length
(16). In many cases, the cleavage by RNase E Isefdl- protein, in comparison with the shorter N-terminal domain,

o _ is related to the coordination of RNA degrading and
-T-h'stwfo rkfwlfs Sl#’p?md tﬁy tF?e VYeS"Cqmte Trust. K.J.M. s the processing activities within the degradosor2&27)
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Ficure 1. Schematic of thé&. coli RNase E sequence showing subdomalie conserved regions in the N-terminal domain are shown

as colored boxes with residue numbers indicated forBheoli RNase E RNA binding S1 domain (green), a central Arg-rich domain

(blue), and a conserved Cys motif (yellow). Isolated sequence motifs also occur in the C-terminal region but are not shown. The multiple-
sequence alignments are from Clustal®8)(alignments of bacterial RNases E wih coli RNase E and RNase G, but for simplicity, only

the last two sequences are shown (top and bottom sequences labeled E and G, respectively, and numbered appropriately). The sequence:
are formatted with ESPrip6{) and grouped into RNases E and G separately. Blue boxes represent regions of global similarity between
the E and G representatives [Riesler substitution masTx {ith a similarity score of better than 60%], while red highlighted residues are
identical among all the representatives. Residues shown with red text are considered similar throughout the RNase E examples alone
(Riesler matrix but 70% threshold). Conserved Cys positions, likely to be Zn ligands, are highlighted in black within the consensus sequence
of the Cys motif. Sequences in alignments but not shown here wereSadmonella typhiHaemophilus influenzadleisseria meningitidis
Pseudomonas aerugingsgylella fastidiosaXanthomonas axonopodligersinia pestisPasteurella multocidaVibrio cholerag andBuchinera

aphidicola
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function in RNA binding (6, 19). This C-terminal domain Within the conserved N-terminal domain of RNase E and/
is generally found in RNase E homologues from the or RNase G, there is an S1-like subdomain, which is a highly
enterobacteriaceae and related Gram-negative bacteria, aldistributed and ancient single-stranded RNA-binding motif
though it varies in length, composition, and the arrangement [E. coli RNase E residues 38.25; Figure 1 40)]. The S1

of defined sequence motifs (Pfam release 28}. The domain is required for RNA cleavage by RNasedf)( Also
C-terminal domain is punctuated with regions that have low present is an arginine-rich region (residues-2890; Figure
levels of sequence complexity, which suggests it has little 1) that may contact the RNA3(). A conserved cysteine
secondary structure, and some of the conserved motifs aremotif [residues 404411 (CPxCxGxG); Figure 1] is located
highly Pro/Gly-rich, which indicates they may have an near the arginine-rich regior3®), and these motifs are
extended conformation (J. Aurikko, personal communica- observed to coordinate zinc in the chaperone DnaJ (PDB
tion). For most bacterial species, it is not yet known if these entry 1EXK). We have found that RNase E binds zinc (A.
motifs recruit components to form an assembly analogousJ. Callaghan, J. G. Grossmann, L. Murphy, and E. Garman,

to the E. coli degradosome. In the RNase E fr@trepto- unpublished observations), and it seems likely that the
myces coelicolgrthe domain organization is permuted so cysteine motif could form a metal-sharing dimerization
that the segment corresponding to the C-terminus.afoli interface or an RNA recognition surface.

precedes, rather than follows, the catalytic doma).(Like Here, we show using a variety of biophysical and
the E. coli C-terminal domain, the permuted domain of functional techniques that the N-terminal domairEofcoli
Streptomyceslso binds PNPase. RNase E forms a tetramer, and that this is catalytically active.

Homologues of thé&. coli RNase E N-terminal catalytic ~ W& Propose a model for the quaternary structure based on
domain have been identified in other bacterial species andthe findings of crystallography and X-ray solution scattering.
in archae, plastid genomes, and the nuclear genomes OfThe_ quaternary stru_cture may occur throgghout the wider
several higher plants3(—34). E. coli itself contains a  [amily of the bacterial, archeal, and plastid RNase E and
paralogue of RNase E, known as RNase G (the product of RNase G proteins. Finally, we discuss the implications of
thecafAgene) which is closely homologous to the RNase E the_ RNase E quaternary structure for the assembly and
N-terminal domain (Figure 1). RNase G appears to overlap activity of the RNA degradosome.
funct_ional_ly somewhat with RNase 55—37). Sequencing MATERIALS AND METHODS
has identified RNase G-type enzymes in almost all known
bacteria, with some organisms additionally possessing an Expression Vector®lasmid pRne529-N for the production
RNase E-type enzyme?2, 38, 39). of the RNase E N-terminal domain (residues5P9) with
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an oligohistidine tag at the N-terminus was provided by V. 500 mM NaCl] and calibrated using a Molecular Weight
Kaberdin (Vienna Biocenter, Vienna, Austria). The construct Marker Kit for gel filtration chromatography (Sigma).
was based on pET16b (Novagen). The primers that were used Circular Dichroism. Spectra of the N-terminal domain
were 3-GGAATTCCATATGAAAAGAATGTTAATCAACG [1 mg/mL; 50 mM sodium potassium phosphate buffer
(start codon in italics andNdd site underlined) and '5 (pH 7.5)] were collected with an Aviv CD 215 spectrometer
CGGGATCCITACAGCGCAGGTTGTTCCG  (antistop (1 mm path length cuvette, 2%, 260-195 nm).
codon in bold andanH]| site underlined). The integrity of Nanoflow-Electrospray Mass Spectromeffe N-termi-
the clone was confirmed by DNA sequencing. nal domain and N-terminal domaitRNA complexes were
Expression and PurificationThe N-terminal domain  buffer exchanged iot1 M ammonium acetate (Micro Bio-
protein was purified from cultures &. coli BL21(DE3) cells Spin chromatography columns, Bio-Rad). Mass spectra of
harboring the pRne529-N plasmid, using modifications of protein (3ug/uL) and the proteirrRNA complex (3ug/uL,
the immobilized metal affinity chromatography system used 2-fold stoichiometric excess of3-20-RNA10-FAM) were
previously @2). Cell pellets were resuspended in binding collected on a modified Q-ToF2 mass spectrometds) (
buffer [20 mM Tris-HCI (pH 7.9), 5 mM imidazole, 0.5 M equipped with a nanoflow Z-spray source (Micromass,
NaCl, and Complete EDTA-free protease inhibitors (Roche)]. Manchester, U.K.). Nano-ES capillaries were prepared in-
Protein fractions were buffer exchanged into binding buffer house from borosilicate glass tubes [1 mm outside diameter
containing 10 mM DTT, 10 mM MgG| 0.5 mM EDTA, and 0.78 mm inside diameter (Harvard Apparatus, Holliston,
and 5% (v/v) glycerol, and this sample was further purified MA)] and coated with gold [SEM sputter coater (Polaron,
by gel filtration chromatography (Superdex 200 column, Newhaven, U.K.)]. Capillary tips had inner diameters o5l
Amersham Biosciences). The purified protein was homoge- um. Pressures and accelerating potentials in the mass
neous as determined by SBBAGE and amino-terminal  spectrometer were adjusted to preserve noncovalent interac-
sequencing and had no detectable nucleic acid by UV tions (positive ion mode), in addition to the following
absorption. settings: capillary voltage of 1.7 kV, cone gas of 100 L/h,
Oligonucleotide Synthesishe RNA decamer'®-RNA10- sample cone of 96200 V, extractor cone of 010 V,
FAM [ACAGUtAUUUG sequence (cleavage site indicated hexapole ion-guide stage pressure of &.0072 mbar, and
with an arrow), 5>monophosphate,’3luorescein (FAM)] ToF analyzer pressure of 4.0 107 mbar. Stripping of
was based on the cleavage site at therfsl of pBR322 RNAI nonspecific adducts was achieved by accelerating ions
(19, 42, 43) and was synthesized by C. Adams (University through the collision cell with the collision energy set at
of Leeds). RNA decamer'B-20-RNA10-FAM (5-mono- 100-200 V. External calibration was with cesium iodide,

phosphate, '3FAM) was synthesized with protectiveé-©- and calibration, acquisition, and processing were carried out
methyl groups at all positions by C. Hill (University of using MassLynx software (Micromass).
Cambridge). Analytical UltracentrifugationSedimentation velocity data

Enzyme Actiity Assay Reactions were initiated by mixing  of the N-terminal domain (3 mg/mL) were obtained using a
the N-terminal domain with'®-RNA10-FAM in 25 mM Bis- Beckman Optima XL-I analytical ultracentrifuge (Beckman
Tris-Propane-HCI (pH 8.3), 100 mM NacCl, 15 mM Mggl Coulter) with an interference optical system. Epon double-
0.1% (v/v) Triton X-100, and 1 mM DTT. Final substrate sector centerpieces containing 400 of protein solution
and enzyme concentrations were 100 and 1 nM, respectively.and 41QuL of sample buffer were centrifuged at 52 000 rpm
Aliquots of reaction mixtures (incubated at 3T) were and 20°C and data acquired at 5 min intervals with a radial
removed at time intervals and the reactions quenched byincrement of 0.002 cm. Data analysis was performed with
mixing the aliquots 1:1 with 20 mM EDTA, and the reaction Sedfit @6). Buffer viscosity (0.01059 cp), density (1.02
products were then analyzed by ion-pair reverse phaseg/cn?), protein partial specific volumes (0.736 g/cm), and
chromatography using a Dionex HPLC system with an in- the degree of hydration (0.43 g/g) were estimated using the
line fluorescence detector and automated sample injectorprogram Sednterp4{).

(44). The column was calibrated using a one-nucleotide  X-ray Solution ScatteringData were collected at Station
ladder generated by incubating the 10-mer substrate with S12.1, Synchrotron Radiation Source, Daresbury Laboratory,
nuclease as described previousi)( using a two-dimensional multiwire proportional counter at

Chemical Cross-Linking and Limited ProteolysiShe sample-to-detector distances of 1.25 and 4.25 m. Data from
N-terminal domain was cross-linked with dimethyl suber- matching buffers were collected and subtracted from the
imidate (Pierce), and the reaction products were analyzedprotein profiles. The radius of gyratidR, and intraparticle
by SDS-PAGE. Limited proteolysis was carried out with  distance distribution functiorp[r)] were calculated from the
0.1% (w/w) chymotrypsin (Pierce), 50 mM Tris-HCI (pH scattering data using the indirect Fourier transform method
8.0), and 1 mM CaGl Reactions (25C) were quenched program GNOM 48). This also allowed estimation of the
[aliquots boiled in SDS loading buffer (NuPage)], and the maximum particle dimensioBPmax«. Molecular shapes were
mixtures were analyzed by SB®AGE (NuPage, Invitro-  reconstructed from the scattering profile (after merging high-
gen), electroblotting onto PVDF membranes (Bio-Rad) and and low-resolution data) using thab initio procedure of
amino-terminal sequencing (PNAC Facility, University of simulating annealing with clustered spheres representing
Cambridge). amino acid residueg@) (gasbor versions 1.7, 1.8, and 2.0).

Analytical Size Exclusion ChromatograpHyamples of This results in a three-dimensional (3D) arrangement of
the purified N-terminal domain (typically 1 mg/mL) were scattering centers (spheres 3.5 A in diameter) that reproduce
run on an analytical size exclusion column (Superdex 200 the one-dimensional (1D) scattering curve in accordance with
HR 10/30, Amerhsam, Pharmacia). The column was equili- the experimental data. These are displayed using the space
brated with running buffer [20 mM Tris-HCI (pH 7.9) and fill option to produce the overall molecular shape.
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Table 1: Statistics of Crystallographic Data H M+ -

space group P1 e 2 te"a“:'ﬂ g | Crosslinked

unit cell dimensions a= 73.24§ g e ¥ e monomer
b= 7557 Sk pip

— [*] 0w

g_:]é(z)lgg? A é & void volume Ak B
f=102.03 Jd &
y =91.76 - _ G

no. of reflections (unique) 358 196 (29 382) A Elution Volume (mL)

resolution range (A) 563.4

completeness (%) (3.52.40 A shell) 97.6 (94.5) 300 .

Rmerg (%) (3.52-3.40 A shell) 8.8 (32.9)

I/ (3.52-3.40 A shell) 125 (2.8)

Matthew’s coefficient (Da/A) 2.38

(four molecules assumed)
solvent content (%) 47.9

(four molecules assumed)

aData at a wavelength of 1.28 A (100 K) collected on station 5.0.2,
Advanced Light Source, Lawrence Berkeley National Laboratory
(Berkeley, CA).> Data processed with the HKL2000 SUif&). © Rmerge C Time (min} .
= Yhadi(lli — D)/ ) wherel; is the individual measurement of e 2 —
the intensity of a reflection with a mean intensiifqCJand the sum FIGURE 2: Size exclusion chromatography, cross-linking, and
Shu is over allh, k, and| Miller indices. catalytic activity of the tetrameric N-terminal domaif®) Size
exclusion chromatography profile of the RNase E N-terminal
L . o domain. The elution of the protein at $23 mL on an analytical

Crystallization and Data CollectiorCrystallization (vapor HR10/30 Superdex 200 column (Amersham Pharmacia Biotech)
diffusion) was carried out by mixing protein (7 mg/mL) 1:1 corresponds to a species with an apparent molecular mass of
with 0.18 M Li;SQj, 0.09 M Tris-HCI (pH 8.5), 27% (w/v) approximately 290 kDa (equation of best fit calibration curve is

. log(MW) = —0.211v + 5.11, where MW is the molecular mass in
0,
polyethylene glycol 4000, and 10% (v/v) glycerol. A single kilodaltons andV is the elution volume in milliliters. (B) Chemical

crystal (30Qum x 100um x 50 um) with added 30% (V/V)  ¢ross-linking reaction. Lane M corresponds to the marker track,
polyethylene glycol 200 was immediately frozen at 100 K. and lanes+ and — correspond to the N-terminal domain in the
Statistics of collected data are given in Table 1. A self- presence and absence of the DMS chemical cross-linker, respec-
rotation function was calculated with POLARRFN, AMORE, tively. The monomeric form of the N-terminal domain-a6 kDa

. is labeled, as are the cross-linked species. Oligomers corresponding
and other programs from the CCP4 sui®)( The crystal to a dimer (at>97 kDa), trimer (at~220 kDa), and tetramer (at

contained the intact N-terminal domain as determined by >220 kDa) are seen. (C) Cleavage of a decanucleotide substrate
N-terminal sequencing and mass spectrometry analysis (L.by the N-terminal domain. The pentanucleotide product was
Packman, University of Cambridge). separated from the substrate using ion-pair reverse phase chroma-
tography and the column calibrated as described previoddy (

(D) Time course showing the rate of product release by the
endonucleolytic cleavage of 3-RNA10-FAM by the N-terminal
domain. The assay conditions are described in Materials and
Methods. The straight line is a best fit to all the data.

RESULTS

The recombinant N-terminal domain &f coli RNase E
(residues +529) was purified to homogeneity. A circular
dichroism spectrum of the purified sample indicated a mixed mglecular mass of 300 kDa (Figure 3). Analyses at lower
o/ff composition (data not shown), which is consistent with protein concentrations gave the same results (data not
a folded conformation and with predictions of the secondary shown).
structure based. on the sequences of the wider RNase Nanof|ow_e|ectrospray mass Spectrometry of the N-ter-
E/RNase G family. minal domain and its RNA complex was carried out under

Earlier studies of RNase E using yeast two-hybrid analysesconditions in which noncovalent interactions were main-
indicated a propensity for self-associati@8). In agreement  tained, allowing preservation of oligomers and association
with thesein vivo data, we observe that the N-terminal with ligands 61). The spectrum for the N-terminal domain
domain elutes at the expected size for a tetramer from size(Figure 4A) showed a series of charge states, which are
exclusion chromatography (Figure 2A). Treatment with the centered around 7200vz, and that represent one stable
cross-linking reagent dimethyl suberimidate gave a pattern species. Each monomer of the N-terminal domain has a
on SDS-PAGE gels consistent with a tetrameric species theoretical mass of 61 884 Da. The measured mass of
(Figure 2B). The purified domain cleave$sSRNA10-FAM, 248 281+ 31 Da corresponds to a tetramer (theoretical mass
a 3-fluorescein-labeled version of a decanucleotide substrateof 247 537 Da) with additional mass that can be attributed
derived from the major cleavage site in pBR322 RNAI to the binding of water and ions, which is normally observed
(Figure 2C,D). These observations, made with the N- in intact noncovalent complexes. The tetramer was the only
terminally tagged protein, are consistent with the activity and species observed. However, the tetrameric complex could
oligomerization state of the purified domain containing a be dissociated in the collision cell, which revealed that

C-terminal histidine tag44), indicating that the presence
and position of the tag do not affect the protein function.
Evaluation of the N-terminal domain by sedimentation
velocity analytical ultracentrifugation revealed that the of RNase E will bind specifically to '20-methylated
protein is predominantly tetrameric, having an apparent substrates, derived from RNAI and related to the RNA 10-
sedimentation coefficient of 7.88 S and an approximate mer ligands we have used in this study. They also found

essentially all monomers were intact and without modifica-
tion.
Fenget al. (52) have reported that the N-terminal domain
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Ficure 4: Nanoflow-ESI mass spectra of the N-terminal domain

(A) ESI mass spectrum of the N-terminal domain under nondis-
sociating conditions. Individual charged species of the tetrameric
form are resolved by the mass/charge ratitzf, and five abundant
Fharged states are labeled. Ordinate axis is the percent abundance
relative to the maximum peak height 85 species). (B) The top
spectrum (black line) is shown vertically offset from zero for clarity
and corresponds to an expansion franfz 6300-9000 of the

Ficure 3: Analytical ultracentrifugation analysis of the N-terminal
domain. The top panel shows the raw sedimentation velocity data,
obtained at 52 000 rpm and at 5 min intervals (3 mg/mL). The
data are presented as fringe displacements (which is proportional
to the protein concentration) plotted against the distance from the
axis of rotation. Each measurement is separately colored. The cente
panel shows the residuals after fitting to a continuous concentration
vs molecular masg; (M), model. The rmsd for the fit was 0.012,

and the sedimentation coefficient was 7.88 S. The bottom panel spectrum in panel A. The charge states are labeled as serieS7 (

shoyvs the_ distribut!on of molecular Masses obtained fror_n the to +34). The bottom spectrum (red line) was recorded for a solution
sedimentation velocity data. Data analysis was performed using theof the N-terminal domain after addition of%2O-RNALO-FAM.

program Sedfit 46). This spectrum has equivalent charge states at higher masses because
of the RNA bound to the tetramer (series-B34 to+32 labeled).
that the modification does not affect specific cleavage at
nonmodified bonds. To test RNA binding, a synthetic protomers of the N-terminal domain with 48% solvent
oligoribonucleotide with a Ssmonophosphate (B-20- content, which is a value typical for macromolecular crystals.
RNA10-FAM) was added in a slight stoichiometric excess The self-rotation function of the native crystal data indicates
over the protein, and at concentrations exceeding thethat the N-terminal domain molecules may be related by
estimated dissociation constant. Figure 4B shows the superimperfectD; (222 point) symmetry (Figure 5A). Three dyad
position of the spectra for the N-terminal domain in the axes are observed that are mutually perpendicular and are
absence (trace A, black) and presence (trace B, red) of RNA.thus likely to be intersecting. There are two such sets, and
The latter spectrum shows additional peaks correspondingWwithin both sets, the three mutually perpendicular dyad axes
to the binding of RNA to the protein. By comparison of the are at different strengths. These features may indicate that
acquired spectra with simulations of the possible complexes, the subunits of the tetramer comprise two or more domains
populations of one, two, three, and four bound RNA thatare organized around slightly misaligned tetrameric axes.
molecules were observed [these are observed in the fine For further structural analysis of the shape of the tetramer,
structure of the peaks in series B (red), Figure 4B]. For the N-terminal domain was analyzed by X-ray solution
example, one of the shifts of the34 state is 34Tz units, scattering (Figure 5B). The solution scattering profiles were
corresponding to a mass difference of 11 798 Da. This used to estimate the radius of gyratid & 51.0+ 0.3 A)
particular shift may be attributed to the binding of three RNA and the maximum particle dimensioDax = 160+ 5 A);
molecules. Other shifts can be attributed to one, two, or four these are consistent with the proposed tetrameric state of the
bound RNA molecules. These data are consistent with aprotein.
tetramer being able to bind up to four molecules of RNA.  Although the scattering profiles can provide a shape for
That a distribution of bound species is observed reflects the RNase E, they cannot provide information about the molec-
binding equilibrium and possible loss of RNA during the ular symmetry; however, molecular shapes can be calculated
mass spectrometry analysis; it also suggests that bindingwith the constraint that they hai& symmetry, as inferred
might be independent (i.e., noncooperative). Finally, we note from the crystallographic observations. These calculations
that the presence of RNA does not appear to affect the ability produce a 3D arrangement of spherical scattering centers that
of the N-terminal domain to remain a tetramer. are in accordance with the experimental 1D scattering curve.
Crystals of the native N-terminal domain were obtained, The smooth line in Figure 5B represents the scattering profile
but heavy atom derivatives are not yet in hand. However, obtained from the shape reconstruction of a tetramer with
the potential molecular symmetry of the N-terminal domain D, symmetry. The corresponding molecular shape is shown
can be derived from the diffraction pattern of the native in Figure 5C; here the scattering spheres are displayed using
crystals. The volume of the unit cell can accommodate four a space filling representation to produce the overall molecular
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Ficure 5: Molecular symmetry and shape of the N-terminal domé) Self-rotation function of data from N-terminal domain native
crystals. The self-rotation function of tid crystal data (Table 1) is represented as a polar stereographic plot @rls80° (corresponding

to dyad axes) as a function of the other pair of polar geometry rotation angles (but restricted to one hemisphere; POLARRFN). The contours
show peaks representing the angular position of possible noncrystallographic dyad axes. These 2-fold symmetry axes form mutually orthogonal
sets that are denoted with the letters A and B. The 2-fold axes within a set (A or B) are likely to be intersecting; however, the three 2-fold
axes are at different heights, so the tetramer may have imp&festmmetry. Sets A and B may be related by imperfect symmetry of the
pseudo-monoclinic lattice. Contours are set at 70% of the maximal peak height. (B) The X-ray scattering profiles are shown for the N-terminal
domain. The smooth line represents the scattering profile of the tetramebwiymmetry (see panel C). The probability distribution for

the distances between scattering centers within the molecule is shown in the inset. The arpé&)wdsrscaled to unity. (C) A stereoscopic

view (crossed-eye version) of a possible solution for the N-terminal domain molecular envelope (a, shown blue to green) based on the
solution scattering profile anB, symmetry constraint. The residues of the tetramer are modeled as identical spheres (shoavd Vit
diameter) and colored with a blue-to-green gradient, corresponding to low-to-high radius from the center of the model. Also shown for
comparison is a space filling model of the Rho helicase S1 domain (residugdl86green, b) and a stick model of a bound RNA 6-mer

(Cs, red, c) (PDB entry 2A8V). Panel C was produced with Molscri){ the gradient was colored with the pdb_depth program. (D)
Proteolytic cleavage pattern for the N-terminal domain partially digested with chymotrypsin. Lane M corresponds to the marker track, and
lanes+ and — correspond to samples of the N-terminal domain in the presence and absence of chymotrypsin, respectively. Digestion was
initiated by addition of the protease and the sample incubated for 1.5 h prior to BRSE analysis. Amino-terminal sequencing revealed

that the larger digest fragments start at the sequence partway through or after the S1 domain, as labeled.

shape. This shape was the most frequently recurring andexcellent agreement with the radius calculated from the
physically plausible among more than 30 independent sedimentation velocity data (66 A).

restoration calculations, and the constraintDaf particle Protease digestion patterns (Figure 5D) indicate that the
symmetry reduces considerably the number of possible shapes1 RNA-binding subdomains are readily liberated, either in
models that are in accord with the experimental data. A part or completely, while the remainder of the protein is
striking feature of the restored shapes is the appearance otomparatively more resistant to protease. This suggests that
four small and clearly identifiable lobes in the periphery of the S1 domains are exposed and linked flexibly to the core
the main protein core. However, from the shape reconstruc-of the protein. For this reason, we propose that they must
tions, it is not possible to tell whether these lobes are lie exposed on the periphery of the tetrameric assembly where
separated by deep clefts or smaller crevices from the corethey may contact the RNA. This is represented pictorially
domain. In any case, our protease digestion experiments,n Figure 5C, where a model S1 domain (in green, molecule
described below, favor an easily accessible domain which b) is compared with the N-terminal domain tetramer (colored
prompted our choice of the model shown in Figure 5C. The with a blue-green gradient, corresponding to short to long
radius of the model is approximately 70 A, which is in radius from the center of the model). It can be seen that the
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peripheral portions of the tetramer, in green, could in  Various homologues of thE. coli RNase E N-terminal
principle accommodate the S1 domains. This hypothesisdomain have been identified, including those of the RNase
awaits further testing. G family. The finding that thée. coli RNase E N-terminal
domain adopts a tetrameric arrangement as its active form
DISCUSSION suggests that the same quaternary structure might also occur
Using a number of techniques, we have shown that the in other members of the RNase E/RNase G family. Rott
62 kDa N-terminal domain d&. coliRNase E forms a homo-  al. (54) have reported that the RNase E fr@ynechocystis
tetramer both in solution and, apparently, in the crystalline elutes from an S200 column with an apparent molecular mass
state, and confirm that the tetramer is catalytically active. of 250—300 kDa, which is consistent with our proposal that
Nanoflow-electrospray mass spectrometry has been usecdRNase E homologues are also likely to form tetramers.
to characterize the N-terminal domain under conditions that RNase E is the central component of the degradosome,
maintained noncovalent intermolecular interactions. This and its C-terminal domain is the scaffold for the assembly
permitted the direct observation of the tetrameric species of of the remaining components of the complex. We suggest
the N-terminal domain and its stable complex with an RNA that these other components will be organized around a
substrate analogue stabilized with@methyl groups (Figure  tetrameric RNase E core. Reports vary with regard to the
4). These data are consistent with the binding of one compositional stoichiometry of the degradosorhe?d), and
oligonucleotide per protomer of the tetrameric assembly. it is possible that the assembly around the RNase E tetramer
A combination of X-ray solution scattering data abe is heterogeneous so that each C-terminal domain may not
symmetry constraints has allowed us to develop a physically have the same number of components bound.
plausible shape reconstruction for the N-terminal domain  The tetrameric organization of the RNase E N-terminal
tetramer in solution (Figure 5C). There is a central volume domain suggests that longer RNA substrates could be bound
(Figure 5C, blue residues) in which regions of the different simultaneously to neighboring protomers, while smaller RNA
protomers cannot be distinguished. The subdomains apparenspecies, like the 10-mer studied here, might be bound
at the periphery in the reconstruction (Figure 5C, green independently. Recently, Ferg al. (52) provided the first
residues) are more likely to each derive from the protomers evidence of RNase E acting via a scanning mechanism.
individually and not from any interface between them. Itis Previously, Coburn and Mackiel) had proposed that a
these peripheral subdomains that would be expected to behypothetical dimeric organization of RNase E could permit
the most susceptible to proteolytic attack. Proteolysis of the the interplay of binding and catalytic sites to affect a
N-terminal domain was shown to produce N-terminally processive mode of substrate cutting. In their model, the
truncated products with partial or complete removal of the binding of the 5 end of RNA (namely, the 'Smonophos-
S1 domains (Figure 5D), and it is therefore likely that the phate) could occur at one protomer, with cleavage of the
S1 domains are located here in these peripheral subdomaingethered substrate proceeding at the neighboring protomer.
Figure 5C (parts a and b) illustrates that a typical S1 domain, This tethered, processive model was supported by evidence
derived from a crystal structure, could be physically accom- that segments of RNase E N- and C-terminal domains are
modated in each peripheral subdomain of the N-terminal sites of self-interaction28). It is now clear, however, that
domain reconstruction. the tetrameric assembly of the N-terminal domain would also
Previous studies have suggested that RNase E N-terminafacilitate this processive activity.
domain contains a binding pocket that can discriminate
between triphosphate and monophosphatéefnini. The ACKNOWLEDGMENT
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site (63). Recent studies on the cleavage of oligonucleotide Chris Adams (University of Leeds) for careful synthesis of
substrates (in fact, the same one as studied here) havdhe RNA and Len Packman and Mike Weldon (PNAC
revealed that the distance from the active site to the Facility, University of Cambridge) for protein analyses and
5'-phosphate binding site is no greater than the length advice. Vladimir Kaberdin kindly provided expression plas-
Spanned by five nuc|e0tideg2, 43, 52) Figure 5C shows mids and helpful suggestions. We thank the staff of the
the S1-like domain with a bound 6-mer oligonucleotide (24 Advanced Light Source, particularly Thomas Earnest and
Along), of which two nucleotides lie within the binding site  Gerry McDermott, for use of facilities and Keith Henderson
and a further four protrude in & 8irection [Figure 5C (part ~ for advice during crystallographic data collection and
c); PDB entry 2A8V]. As discussed earlier, an S1 domain Processing. We thank Kenji Mizuguchi and Jukka Aurikko
of this type could be accommodated in the periphera| for invaluable discussions and Carmen San Martin for the
subdomain regions of the N-terminal domain reconstruction. Pdb_depth program.
The 3 end of the protruding oligonucleotide illustrates an
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