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ABSTRACT: The cleavage of double-stranded (ds) RNA by ribonuclease 111 is a conserved early step in bacterial
rRNA maturation. Studies on the mechanism of dsRNA cleavage by RNase I1I have focused mainly on the
enzymes from mesophiles such as Escherichia coli. In contrast, neither the catalytic properties of extremophile
RNases III nor the structures and reactivities of their cognate substrates have been described. The biochemical
behavior of RNase 111 of the hyperthermophilic bacterium Thermotoga maritima was analyzed using purified
recombinant enzyme. T. maritima (Tm) RNase III catalytic activity exhibits a broad optimal temperature range
of ~40—70 °C, with significant activity at 95 °C. Tm-RNase III cleavage of substrate is optimally supported
by Mg>" at >1 mM concentrations. Mn>*, Co®*, and Ni*" also support activity but with reduced efficiencies.
The enzyme functions optimally at pH 8 and ~50—80 mM salt concentrations. Small RNA hairpins that
incorporate the 16S and 23S pre-rRNA stem sequences are efficiently cleaved by Tm-RNase III at sites that are
consistent with production in vivo of the immediate precursors to the mature rRNAs. Analysis of pre-23S
substrate variants reveals a dependence of reactivity on the base-pair (bp) sequence in the proximal box (pb),
a site of protein contact that functions as a positive recognition determinant for Escherichia coli (Ec) RNase 111
substrates. The dependence of reactivity on the pb sequence is similar to that observed with Ec-RNase 111
substrates. In fact, Tm-RNase III cleaves an Ec-RNase I11 substrate with identical specificity and is inhibited by
antideterminant bp that also inhibit Ec-RNase I1I. These results indicate the conservation, across a broad
phylogenetic distance, of positive and negative determinants of reactivity of bacterial RNase III substrates.

The maturation and degradation of bacterial RNAs involve the
coordinated action of endoribonucleases, 3'—35" exoribonucleases,
and 5—3' exoribonucleases (reviewed in refs / and 2). The current
understanding of bacterial RNA processing and decay pathways
is based primarily on studies using a relatively limited set of meso-
philes that includes Escherichia coli and Bacillus subtilis. In con-
trast, comparatively little is known of the RNA processing path-
ways and associated ribonucleases of bacterial extremophiles.
Ongoing biochemical and structural studies of proteins of the
hyperthermophilic bacterium Thermotoga maritima (3—6) are
providing essential insight on the origins of biomolecular thermo-
stability (7, 8). The T. maritima (Tm)" genome encodes a relatively
limited set of ribonucleases (3, 9), several of which have been
characterized. Tm-RNase P has been purified and shown to accu-
rately cleave pre-tRNA substrates in vitro, and the protein subunit
can confer thermostability on the E. coli RNA subunit in vitro (10).
Structural studies reveal that the protein subunit is dimeric (/1)
and that the RNA subunit exhibits conserved domains and speci-
fic RNA—RNA interactions important for substrate binding and
cleavage (12). Structural and biochemical studies of Tm-tRNase Z
(RNase Z) have (i) established a dimeric protein structure with
a metallo-f-lactamase fold (73), (ii) identified specific residues
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essential for phosphodiesterase activity (/4), and (iii) established a
novel pathway for tRNA 3'-end formation involving cleavage at a
site directly downstream of the encoded CCA sequence (15).
Ribonuclease I11is a double strand-specific endonuclease that is
highly conserved in bacteria and participates in diverse RNA
maturation and decay pathways (reviewed in refs (16—22)). RNase
IIT controls antibiotic production in the Streptomyces (23—26),
regulates virulence factor expression in Staphylococcus (27), parti-
cipates in bacteriophage strategies of infection (28, 29), and func-
tions in antisense RNA-mediated gene regulation (30, 31). RNase
III has a conserved role in bacterial rRNA maturation that in-
volves the site-specific cleavage of double-helical structures asso-
ciated with the termini of the 16S and 23S rRNAs (32—34). The
RNase III catalytic mechanism involves activation of water that
cleaves each strand at a double-helical target site, affording pro-
ducts with 5'-phosphate, 3'-hydroxyl termini. RNase I1I requires a
divalent metal ion for activity, and structural (33, 36), kinetic (37),
and inhibitor (37) studies support a two-metal-ion catalytic
mechanism. Bacterial RNase 111 polypeptides are ~220 amino
acids in length and exhibit an N-terminal domain containing
conserved carboxylic acid residues essential for catalytic activity
and a C-terminal dsSRNA-binding domain (dsRBD) containing a
single copy of the conserved dsSRNA-binding motif (dssRBM)
(Figure 1B). The bacterial RNase III holoenzyme is formed by
dimerization of the nuclease domain and therefore contains two
functionally independent catalytic sites and two dsRBDs, with
both copies of the latter domain required for optimal catalytic
activity in vitro (38, 39). A recently characterized RNase I1I
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FIGURE 1: T. maritima RNase III gene and protein features. (A) The T. maritima RNase I1I gene and its genetic neighborhood. Arrows indicate
the proposed directions of transcription. The noncanonical UUG translation initiation codon for Tm-RNase 11 is indicated and is 8 nt upstream
of the UGA stop codon of the open reading frame (ORF) for the proposed calcineurin-like phosphoesterase gene. The putative ribosome binding
site (RBS) is 9 nt upstream of the start codon. The proposed UGA stop codon for Tm-RNase I11 overlaps the AUG start codon for the ORF of the
proposed elongator protein 3. A potential promoter (not shown) is present within the proposed calcineurin-like phosphoesterase gene, and a
potential terminator (not shown) is downstream of the proposed elongator protein 3 gene, suggesting coupled transcription and translation of the
RNase 11 and elongator protein 3 genes. (B) Domain structure of the Tm-RNase III polypeptide. The N-terminal nuclease domain (NucD)
encompasses 161 amino acids and is connected by a 7-residue linker to the C-terminal dsSRNA-binding domain (dsRBD) (72 amino acids). (C)
Comparison of Tm-RNase III amino acid sequence with those of A. acolicus, M. tuberculosis, and E. coli. Shown are the positions of the NucD,

linker, dSRBD, RBM1, and RBM4.

family member (“Mini-III"") from B. subtilis lacks the dSRBD
and participates in 23S rRNA maturation with the assistance of
ribosomal protein L3 (40, 41).

Essential insight on the RNase III mechanism of action has
been provided by structural analyses of the Aquifex aeolicus
enzyme, which was crystallized in the presence of various divalent
metal ions or with short dsSRNAs or RNA hairpins (35, 42—45).
These studies revealed the symmetric positioning of the two
catalytic sites across the subunit interface and demonstrated the
positional mobility of the dsSRBD. A crystallographic study of

Mycobacterium tuberculosis RNase III also revealed dsRBD
mobility and identified an additional binding site for divalent
metal ion (Ca®") that is close to the two catalytic metal sites (46).
A crystallographic study of Dicer from Giardia intestinalis
revealed an essentially identical arrangement of catalytic sites
in the nuclease domain that possesses an intramolecular pseudo-
dimeric structure and the conservation of carboxylic acid residues
involved in binding the catalytic metals (36).

A 2.0 A structure of T maritima (Tm) RNase I1I was reported
by the Joint Center for Structural Genomics (PDB entry 100w),
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which reveals, among other features, the two dsRBDs in ex-
tended symmetric positions with respect to the nuclease domain.
This structure, along with the A. aeolicus RNase I1I structures,
provided the basis for a proposed pathway of dsSRNA recognition
and cleavage by bacterial RNases III (35). However, the bio-
chemical properties of Tm-RNase III have not been reported,
and a characterization of the structures and reactivities of cog-
nate substrates is lacking. This information would provide the
basis for the functional description, referenced to a known
structure, of the elementary steps in the RNase I1I mechanism
of dsSRNA processing and also could assess the possible con-
servation of reactivity epitopes of bacterial RNase I1I substrates.
We present here a study of the biochemical properties of purified
recombinant Tm-RNase III and an analysis of sequence-depen-
dent processing reactivities of small RNA hairpins based on the
Thermotoga 16S and 23S pre-rRNAs.

EXPERIMENTAL PROCEDURES

Materials. Water was deionized and distilled. Chemicals and
reagents were of molecular biology grade and were purchased
either from Sigma-Aldrich or Fisher Scientific. Standardized | M
solutions of MgCl, and MnCl, were obtained from Sigma-
Aldrich. Ribonucleoside 5'-triphosphates were obtained from
Roche Molecular Biochemicals. [y-*PJATP (3000 Ci/mmol),
[0-**PJUTP (3000 Ci/mmol), and [-**P]pCp (3000 Ci/mmol)
were purchased from Perkin-Elmer. E. coli bulk stripped tRNA
was purchased from Sigma-Aldrich and was further purified by
repeated phenol extraction followed by ethanol precipitation. The
gene for Tm-RNase IIT (Figure 1A) was amplified from a sample
of T. maritima DNA (a generous gift of Francis Jenney, Uni-
versity of Georgia) and cloned into plasmid pET-15b (Novagen)
as described (47). Production of recombinant Tm-RNase I1I used
the E. coli expression strain, BL21(DE3)rnc105recA, that carries
an inactivating mutation (rnc05) of the chromosomal RNase I11
gene (48). Cell cultures were grown at 37 °C, and protein exp-
ression was induced by IPTG addition as described (47, 48). The
protein was purified from the soluble portion of sonicated cell
extracts (previously clarified by centrifugation) using Ni*" affinity
chromatography (47, 48). E. coli RNase 111 was purified as des-
cribed previously (47). The experiments presented in this study
used Tm-RNase I1I that retained the (His), tag.

RNA Synthesis. Oligodeoxynucleotides used as transcrip-
tion templates were synthesized by Invitrogen and provided in
deprotected form. The DNAs were purified by denaturing poly-
acrylamide gel electrophoresis and stored at —20 °C in 10 mM
Tris-HCl and 1 mM EDTA (pH 8) (48). Bacteriophage T7 RNA
polymerase was purified as described (49). Internally **P-labeled
RNAs were synthesized and purified by gel electrophoresis as
described (48, 50, 51). The specific activity of the UTP in the
transcription reactions (100 uL volume) was 150 Ci/mol. RNA
was 5'-?P-labeled using T4 polynucleotide kinase (New England
Biolabs) and [y-**PJATP, followed by gel electrophoretic pur-
ification (48). Prior to labeling, the RNA was treated with shrimp
alkaline phosphatase (Roche Biochemicals). Alternatively, RNA
was **P-labeled at the 3'-end using [5'-*P]pCp (3000 Ci/mmol)
and T4 RNA ligase (New England Biolabs) as described (52) and
purified by gel electrophoresis.

RNA Cleavage Assay. Substrate cleavage assays were
performed using purified Tm-RNase III and **P-labeled RNA.
Prior to use, RNA was heated in TE buffer at 100 °C for 30 s and
then placed on ice. The standard assay was performed at 45 °C in
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a buffer consisting of 50 mM NaCl, 1| mM MgCl,, and 30 mM
Tris-HCI (pH 8) (see also Results). Either divalent metal ion or
RNA was added to initiate the reaction, as specified in the rele-
vant figure legends. Additional assay conditions, including Tm-
RNase IIT and RNA concentrations, are also provided in the
relevant figure legends. Reactions were stopped by adding an
equal volume of a gel loading/stop solution containing 20 mM
EDTA, 7 M urea, 30% glycerol (v/v), and bromophenol blue
(0.04%) in TBE buffer (48). Aliquots were analyzed by electro-
phoresis in 15% polyacrylamide gels containing 7 M urea and
TBE buffer. Reactions were visualized by phosphorimaging
(Typhoon 9400 system) and analyzed by ImageQuant software.

Gel Mobility Shift Assay. Gel mobility shift assays were
performed using 5'-**P-labeled RNA essentially as described (48).
To dissociate any intermolecular RNA complexes formed upon
storage at —20 °C, **P-labeled RNA (10* cpm) was heated in TE
buffer (pH 8) at 100 °C for 1 min and then placed on ice. The
binding reaction buffer consisted of 250 mM potassium gluta-
mate, 30 mM Tris-HCI (pH 8.0), 5 mM NaCl, 5 mM spermidine,
1 mM DTT, 1 mM EDTA, and 5% (v/v) glycerol. Five milli-
molar CaCl, was included in the reaction and electrophoresis
buffers. The reaction mixture was incubated at 37 °C for 10 min
and then placed on ice for 20 min, tRNA (500 ng/uL final con-
centration) was then added to the reaction, and aliquots were
directly loaded onto an 8% polyacrylamide gel (80:1 acrylamide:
N,N'-methylenebisacrylamide) containing 0.5x TBE buffer
and 5 mM CaCl,. Electrophoresis was performed at ~5—6 °C
at 100 V. Binding reactions were visualized by phosphorimaging,
and the nonequilibrium dissociation constants (K'p, values) were
determined using ImageQuant software as described (ref 53; see
Supporting Information Figure 2).

RESULTS

Divalent Metal Ion Dependence of Tm-RNase III Cat-
alytic Activity. We examined different divalent metal ions for
their ability to support Tm-RNase III catalytic activity. The
substrate used was Tm-23S[hp] RNA, a small RNA hairpin that
is based on the Thermotoga pre-23S rRNA processing stem. This
RNA is characterized in more detail below. Tm-RNase III
cleavage of internally **P-labeled Tm-23S[hp] RNA was mea-
sured as a function of metal ion concentration, with short reac-
tion times applied to limit the extent of cleavage. Figure 2A shows
that Mg*" supports cleavage of the RNA, with maximal acti-
vity achieved at ~1 mM Mg*". Mn>" also supports substrate
cleavage, with an optimal concentration of ~2 mM, but with a
lower maximal activity compared to Mg*" (Figure 2B). Co*"
supports activity with an apparent optimal concentration of
~(0.5 mM but also inhibits cleavage at higher concentrations
(Figure 2B). Ni*" supports only negligible levels of activity
(Figure 2B), and Ca" is inactive over the range of examined con-
centrations (data not shown). Based on these results, Mg>"
(1 mM) was incorporated in the standard cleavage assay buffer.

Salt and pH Dependence of Tm-RNase III Catalytic
Activity. The dependence of Tm-RNase I1I catalytic activity on
salt type and concentration was assessed using internally *2P-
labeled Tm-23S[hp] RNA. The salt (Nat, K*, or NH, ", with CI~
as anion) concentration ranged between 30 and 330 mM. Clea-
vage assay results are graphically summarized in Figure 3A,
where it is seen that Tm-RNase III is most active within the
~50—80 mM concentration range for each cation. Tm-RNase I11
exhibits a modest preference in the order NH,© > K™ > Na®
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FIGURE 2: Divalent metal ion dependence of Tm-RNase ITI catalytic activity. (A) Mg>+ dependence of Tm-RNase ITI catalytic activity. The assay
used internally 3*P-labeled Tm-23S[hp] RNA (see Figure 5C) (10* dpm) and Tm-RNase I1I (25 nM). The reaction buffer contained Mg>* (as the
chloride salt) at the concentrations given at the top of the image and also contained 50 mM NaCl and 30 mM Tris-HCI (pH 8.0). Reactions were
initiated by addition of RNA, incubated at 45 °C for 1 min, and then stopped by addition of gel loading solution containing 20 mM EDTA (see
Experimental Procedures). Aliquots were electrophoresed in a 15% polyacrylamide gel containing 7 M urea in TBE buffer. The fraction of
substrate cleaved was determined by ImageQuant analysis. The control experiment (C) in lane 1 consisted of incubating RNA and protein in the
absence of Mg>". The figures on the left of the image indicate the positions of the substrate and the three cleavage products. The additional
cleavage product seen in lane 4, which is directly underneath the substrate, is probably a product of cleavage of one of the two scissile

phosphodiesters. (B) Graphic display of dependence of Tm-RNase I1I catalytic activity on the tyge and concentration of divalent metal ion. Points
represent the average of duplicate assays. Key: diamonds, Mg>"; squares, Mn?*; triangles, Co>"; circles, Ni**.

(Figure 3A). The pH dependence of Tm-RNase III activity was
determined using Tm-23S[hp] RNA as substrate and employing
HEPES buffer with the pH ranging between 6.4 and 9.0. The
results (Figure 3B) reveal that optimal catalytic activity is
attained at a pH ~8, with the shape of the curve in the transition
region suggesting the involvement one or more ionizable groups
with an apparent pK, of ~7.5 and with the conjugate base form
exhibiting greater activity. Based on these results, the standard
reaction buffer included NaCl at 50 mM and a pH of 8, with Na™
chosen to avoid NH," ion volatility or potential interfering
K*—RNA interactions.

Thermostability of Tm-RNase III Catalytic Activity.
The temperature dependence of Tm-RNase I1I catalytic activity

was assessed and compared with that of E. coli (Ec) RNase III.
Tm-23S[hp] RNA was used in both assays to avoid differential
effects of temperature on substrate structure. The Mg®" and Na™
concentrations were 1 and 50 mM, respectively, and HEPES
buffer (pH 8) was employed in order to minimize temperature-
dependent pH changes. Reactions that were otherwise complete
except for substrate were brought to the specified temperature,
and RNA was added to initiate the reaction, followed by
incubation for 1 min. Reactions were quenched with excess
EDTA and aliquots analyzed by gel electrophoresis. Panels A
and B of Figure 4 show representative cleavage assays using Tm-
RNase 111 and Ec-RNase 111, respectively. Figure 4C displays the
fraction of substrate cleaved by each enzyme as a function of
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FiGure 3: Salt and pH dependence of Tm-RNase III catalytic activity. (A) Monovalent cation type and concentration dependencies. Cleavage
reactions involved 128 nM (10* dpm) internally 3*P-labeled Tm-23S[hp] RNA (Figure 5C), 25 nM Tm-RNase ITT, | mM MgCl,, and 30 mM Tris-
HCI, pH 8. The chloride salts of Na" (triangles), K* (diamonds), and NH4" (squares) were examined at the specified concentrations. The initial
salt concentration (NaCl) that accompanied the enzyme was 30 mM in the three experiments. Reactions were performed and analyzed as described
above and in Experimental Procedures. (B) pH dependence. Cleavage assays involved internally *?P-labeled Tm-23S[hp] RNA (10* dpm, 128 nM)
and 25 nM Tm-RNase I11. The reaction buffer contained 50 mM NaCl, | mM MgCl,, and 30 mM HEPES adjusted to the specified pH values
between 6.4 and 9.0. Reactions were performed at 45 °C for 1 min and analyzed as described above. The points represent the average of two

experiments, with the maximum error indicated by the bars.

temperature. The results show that Tm-RNase III catalytic
activity exhibits a broad optimum of ~40—70 °C and is sustained
up to ~95 °C, albeit at a lower level (Figure 4A,C). In contrast,
Ec-RNase III catalytic activity exhibits a lower temperature
range of ~20—50 °C, with essentially no activity observed above
~55 °C (Figure 4B,C). We conclude that Tm-RNase I1I exhibits
substantial thermostability, and based on these results an experi-
mentally convenient temperature of 45 °C was used as a standard
assay condition.

Site-Specific Cleavage of RNA Hairpins Based on the
Thermotoga 16S and 23S rRNA Processing Stems. The
T. maritima chromosome contains a single locus that encodes the
three rRNAs in the standard order of 16S-23S-5S and also
encodes three tRNAs (Figure 5A) (3). While the promoter and
terminator have not been identified, transcription of this locus
would produce an ~5000 nt RNA in which the 16S and 23S

rRNA sequences are topologically demarked by pairing of the '
and 3 flanking sequences (Figure 5A). Such base-paired stem
structures are conserved in the bacteria (32) and have been shown
in other species to be targets of site-specific cleavage by RNase I11
as an initial step in the maturation pathway (33, 34). Panels B
and C of Figure 5 show the sequences and proposed secondary
structures of the Tm 16S and 23S processing stems. The two
stems are similar in length (~32 and ~28 bp of uninterrupted
base pairs, respectively) and exhibit central regions of high
sequence similarity. Two RNA hairpins, Tm-16S[hp] RNA and
Tm-23S[hp] RNA (panels B and C of Figure 5, respectively), were
prepared that incorporated the central portions of the respective
processing stems. A time course for cleavage of each RNA in
internally **P-labeled form is shown in Figures 6A,B (Tm-RNase
Il cleavage of Tm-23S[hp] RNA as a function of Mg*"
concentration is shown in Figure 2A). Both Tm-16S[hp] RNA
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FIGURE 4: Thermostable catalytic activity of Tm-RNase III. (A) Tm-RNase III cleavage of Tm-23S[hp] RNA as a function of temperature.
Reactions included 5'-3*P-labeled Tm-23S[hp] RNA (77 pM, 5 x 10* dpm) and Tm-RNase I1T (25 nM) in a buffer consisting of 50 mM NaCl, 1
mM MgCl,, and 30 mM HEPES (pH 8.0). Prior to use, RNA was heated in TE buffer at 100 °C for 1 min and then placed on ice. The enzyme was
incubated at the specified temperature for 1 min in reaction buffer containing Mg>", and the reaction was started by addition of RNA. Reactions
were incubated for 1 min and then quenched by excess EDTA, and aliquots were electrophoresed in a 15% polyacrylamide gel containing 7 M urea
in TBE buffer (see also Experimental Procedures). The fraction of substrate cleaved was determined by phosphorimaging and ImageQuant
analysis. The positions of the substrate and the two 5'-*?P-labeled products of cleavage are indicated on the left side of the phosphorimage. (B) Ec-
RNase I1I cleavage of 5'-*?P-labeled Tm-23S[hp] RNA as a function of temperature. Reactions were performed as described above, except that Ec-
RNase I1I (25 nM) was substituted for Tm-RNase III. The positions of the substrate and the 5'-end-containing cleavage product are shown on the
left of the phosphorimage. Compared to the Tm-RNase III experiment in (A), there was no product that resulted from cleavage of the
phosphodiester on the target site 3'-side. (C) Graphic comparison of Tm-RNase IIT and Ec-RNase III catalytic activity as a function of
temperature, as measured by fraction of substrate cleaved. Points represent the average of two experiments. Key: diamonds, Tm-RNase I1I;
squares, Ec-RNase I11.

and Tm-23S[hp] RNA are cleaved to form three specific pro- nucleotides by T7 RNA polymerase during transcription, as has
ducts, indicating the selective hydrolysis of two phosphodiesters been noted elsewhere (50, 51). The cleavage sites were mapped by
within each RNA. The 3-end-containing cleavage products comparing the gel electrophoretic mobilities of the products of

exhibit size heterogeneity (Figure 6A,B), which most likely Tm-RNase III cleavage of 5'-**P-labeled or 3'-**P-labeled Tm-
reflects the nontemplated addition of one or two additional 16S[hp] RNA and Tm-23S[hp] RNA with the corresponding
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FIGURE 5: Sequences and structures of hairpin substrates based on the 7. maritima 16S and 23S pre-rRNA stem structures. (A) Schematic
structure of the proposed primary transcript of the single rRNA operon of T. maritima (estimated length ~5000 nt). The figure is not drawn to
scale but highlights the base-paired stems associated with the 16S and 23S rRNA sequences, as well as the positions of the three tRNAs and 5S
rRNA. (B) Sequence and proposed secondary structure of the 16S pre-rRNA processing stem (left) and the corresponding hairpin substrate, Tm-
16S[hp] RNA (right). The positions of the 5" and 3’ termini of mature 16S rRNA are indicated by gray highlighting, and the brackets indicate the
ends of the double-helical segment incorporated into Tm-16S[hp] RNA. The mapped RNase 111 cleavage sites in Tm-16S[hp] RNA (see Results)
are indicated by arrows. (C) Sequence and proposed secondary structure of the 23S pre-rRNA processing stem (left) and the corresponding
hairpin substrate, Tm-23S[hp] RNA (right). Indicated by gray highlighting are the positions of the mature 5" and 3’ termini of the 23S rRNA, and
the brackets indicate the ends of the double-helical segment incorporated into Tm-23S[hp] RNA. The mapped RNase 111 cleavage sites in Tm-
23S[hp] RNA (see Results) are indicated by arrowheads on the right.

products of cleavage by P1 nuclease at pH 9 (G,A-specific), The affinity of Tm-RNase III for Tm-16S[hp] RNA and Tm-
RNase T1 (G-specific), and alkaline pH (Supporting Information 23S[hp] RNA was determined by gel mobility shift assays. The
Figure 1). The mapped cleavage sites are shown by arrows in binding reactions included Ca*", which enhances substrate

Figure 5B,C and reveal that Tm-RNase III cleaves Tm-16S[hp] binding to Ec-RNase III but does not support catalysis (54)
RNA and Tm-23S[hp] RNA at similar positions. The two sites do (see also above). 5/-**P-labeled RNA was incubated with in-
not correspond to the mature rRNA 5 and 3’ termini (Figure 5B,C). creasing amounts of Tm-RNase III, and the reactions were
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concentration was 109 nM, and the Tm-RNase III concentration was 25 nM. Lanes 2—5 represent reaction times of 1, 2.5, 5, and 10 min,
respectively. Lane 1 represents incubation of substrate with enzyme for 10 min in the absence of Mg>". The figures on the left side of the
phosphorimage represent (from top to bottom) substrate, shortened hairpin product, 5'-end-containing product, and 3'-end-containing product.
(B) Time course for cleavage of internally **P-labeled Tm-23S[hp] RNA by Tm-RNase III. The RNA concentration was 128 nM, and the Tm-
RNase III concentration was 25 nM. Lanes 2—5 represent reaction times of 1, 2.5, 5, and 10 min, respectively. Lane 1 represents incubation of
substrate with enzyme for 10 min in the absence of Mg>". See (A) for explanation of the figures on the left side of the phosphorimage. (C) Tm-
RNase 11T binding to 5'->?P-labeled Tm-16S[hp] RNA. Gel shift assays were performed as described in Experimental Procedures. 5'->2P-labeled
RNA (2 x 10*dpm; 3 fmol) was incubated with the specified amount of Tm-RNase ITI in binding buffer and then electrophoresed at 100 V for 3—4
h at ~5 °C in an 8% nondenaturing polyacrylamide gel containing TBE buffer. Reactions were visualized by phosphorimaging. Enzyme
concentrations are provided on top of the gel image. The positions of the free and protein-bound RNAs are indicated on the left, along with the
position of the wells. (D) Tm-RNase I binding to 5'->*P-labeled 23S[hp] RNA. The experiment was performed as described above. The positions
of'the free and protein-bound RNAs are indicated on the left, along with the position of the wells. The asterisk on the right indicates the position of
the additional complex observed at higher protein concentrations.
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electrophoresed in a nondenaturing polyacrylamide gel. Repre-
sentative assays for each RNA are shown in Figure 6C,D. In each
case, a single major complex is observed in the presence of Tm-
RNase III, which is consistent with a single target site for clea-
vage in each RNA. Determination of the apparent dissociation
constant (K 4) for each complex yields values of 16 and 120 nM
for the complexes involving Tm-16S[hp] RNA and Tm-23S[hp]
RNA, respectively (Supporting Information Figure 2). For Tm-
23S[hp] RNA, a second complex of slower mobility is observed at
the higher Tm-RNase I1I concentrations (Figure 6D), indicating
the presence of an additional, weaker binding site for Tm-RNase
III (see also Discussion).

The Proximal Box Is a Primary Reactivity Epitope for
Tm-23S[hp] RNA. Ec-RNase III cleavage sites are determined
by two double-helical sequence elements termed the proximal
box (pb) and distal box (db) (55, 56). Crystallographic studies of
A. aeolicus RNase III bound to dsRNA reveal the pb and db as
sites of protein contact (35, 45). We thus sought to determine
whether the pb and the db also are functional elements in Tm-
RNase I11 substrates. A set of variants of Tm-23S[hp] RNA were
prepared that contained single bp substitutions at each of the 14
positions spanning the target site and the terminal tetraloop,
including the pb and db positions (Figure 7A). In addition, the
GCAA tetraloop sequence was altered to UUUU to assess
potential sequence requirements for this structure. Time course
cleavage assays were performed using internally **P-labeled
RNA under multiple-turnover (substrate excess) conditions.
Short reaction times were used to limit cleavage of substrate to
<~20%, and the relative reactivity of each variant was deter-
mined as the ratio of its initial rate of cleavage to that of Tm-
23S[hp] RNA. Representative assays are shown in Figure 7B, and
the relative reactivities of all of the variants are provided in
Figure 7A. A relative reactivity <~0.5 was regarded as reflecting
a significant effect of a given bp substitution. The data reveal that
the majority of the bp substitutions have minor effects on
reactivity and that there is no strict tetraloop sequence require-
ment. Significantly, substitutions in the distal box position have
relatively minor effects on reactivity, with even the structurally
disruptive GG mismatch at db position 2 causing only a modest
reduction in reactivity (Figure 7A).

Substitutions at pb positions 2 and 4 have significant effects
on cleavage reactivity (panels B and C of Figure 7, respectively).
Thus, a CG or GC bp substitution at pb position 2 reduces the
relative reactivity to 0.1 and 0.3, respectively, while a CG or GC
substitution at pb position 4 provides a relative reactivity of 0.1 or
0.4, respectively. At pb position 3, only the AU bp substitution
causes a significant drop in relative reactivity (0.3), while none of
the bp substitutions at pb position 1 has a significant effect. We
conclude that the pb is the primary element in Tm-23S[hp] RNA
that controls reactivity, with positions 2, 3, and 4 the most sensi-
tive to specific bp substitution. The inset in Figure 7A summarizes
the preferred sequences in the pb. A loss of reactivity may reflect
either an inhibition of enzyme binding or an inhibition of the
cleavage step. In the former case, the inhibitory bp functions as a
recognition antideterminant, while in the latter case it acts as a
catalytic antideterminant (56). To determine the mode of bp
inhibition, a gel shift assay was performed on the two minimally
reactive Tm-23S[hp] RNA variants. The data in Figure § reveal
that a GC bp substitution at pb position 2 (Figure 8A) or position
4 (Figure 8B) does not significantly affect binding of Tm-RNase
IIT to the RNA. These results indicate that the CG bp at pb
positions 2 or 4 functions as a catalytic antideterminant.

Nathania and Nicholson

Tm-RNase III Accurately Cleaves a Substrate of a
Phylogenetically Distant RNase I11. T. maritima occupies a
deeply branching portion of the bacterial phylogenetic tree that is
distant from the lineage that includes E. coli (3, 4). The similarity
of the consensus pb sequence for Ec- and Aa-RNase III sub-
strates (see Figure 7 inset) prompted the question whether Tm-
RNase III can cleave an Ec-RNase III substrate in a similar
manner. R1.1 RNA and R1.1[WC-R] RNA (Figure 9A,B) were
selected as representative Ec-RNase I1I substrates. R1.1 RNA is
based on the R1.1 processing signal in the T7 coliphage early
region (57) and contains a single scissile bond within the asym-
metric internal loop (57, 58). R1.1[WC-R] RNA is a synthetic
variant of R1.1 RNA that has a regular double-helical structure,
and two phosphodiesters are cleaved at the target site (59). A time
course assay (Figure 9C) shows that Tm-RNase III cleaves
RI.I[WC-R] RNA with the same specificity as Ec-RNase III.
The reciprocal experiment shows that Ec-RNase I1I cleaves Tm-
23S[hp] RNA and Tm-16S[hp] RNA at the Tm-RNase III clea-
vage sites (Figure 9E,F), but several additional sites are cleaved as
well, suggesting a less stringent specificity of Ec-RNase III with
respect to target site selection. The essentially identical cleavage
patterns for R1.1[WC] RNA show that Tm-RNase III recognizes
Ec-RNase III substrate reactivity epitopes. The inability of Tm-
RNase III to cleave R1.1 RNA (Figure 9D), however, suggests
that Tm-RNase III substrates may be limited to regular double-
helical structures.

DISCUSSION

This study has characterized the biochemical properties of
RNase I from T. maritima and demonstrated the conservation
of substrate reactivity epitopes over a broad phylogenetic dis-
tance. Mg>" best supports catalytic activity, which is consistent
with the emerging consensus that Mg " is the physiologically rele-
vant cofactor for RNase III family members (60, 67). Mn*" ion
also supports activity, albeit to a lesser extent, but in contrast to
Ec-RNase I1I (62, 63), higher Mn>" concentrations are not inhi-
bitory. However, Co*" inhibits as well as supports Tm-RNase I1I
catalytic activity in a manner similar that seen with Mn>" and
Ec-RNase I1I (62, 63). One possibility is that Co®" at higher con-
centrations can occupy a binding site on the enzyme, as proposed
for Ec-RNase I11 (62, 63), and cause inhibition. However, a direct
interaction of Co*" with RNA cannot be ruled out. Tm-RNase
IITis most active at salt concentrations in the ~50—80 mM range,
with higher concentrations causing inhibition. Ec-RNase III is
most active at salt concentrations >~150 mM, with lower con-
centrations promoting cleavage of additional (secondary) sites,
which are not recognized in vivo (58, 60). In contrast, neither
Thermotoga substrate was cleaved at sites other than the primary
sites over the examined salt concentrations. Tm-RNase III exhi-
bits a transition to greater activity between pH 7 and pH 8, with
the midpoint of the transition indicating ionization of one or more
groups with an apparent pK, of ~7.5. This behavior could reflect
conversion of the metal-bound water nucleophile to the more
reactive form (64). However, since it was shown for Ec-RNase I11
that product release, rather than the chemical step, is rate-limiting
in the steady state (64), a more likely possibility is that the higher
pH facilitates product release. One interpretation is that an in-
crease in negative charge on the protein surface destabilizes the
binding of the (anionic) cleavage products.

Tm-RNase III exhibits optimal activity at temperatures from
~40) to 70 °C, with significant activity retained at 95 °C. It is
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possible that the drop in activity at temperatures > 90 °C reflects
denaturation of RNA rather than protein. A correlation has been
noted between protein thermostability and the charged versus
polar (CvP) bias, which is the difference between the percentage
of charged residues (Asp, Glu, Lys, Arg) and polar residues (Asn,
Gln, Thr, Ser) in a polypeptide (63, 66). A higher CvP-bias value
reflects an increase in the number of salt bridges that contribute
to thermostability and an avoidance of thermolabile Asn and Gln
residues (65, 66). The CvP bias for Tm-RNase I1 is 19.17, which
is significantly higher than the value of 5.75 for Ec-RNase III.
These values also can be compared to the average CvP bias values
of 13.23 and 2.63 for T. maritima and E. coli proteins, respec-
tively (66). In addition, through pairwise comparisons of the
structures of T. maritima proteins with their mesophile counter-
parts, a direct correlation was noted between thermostability and
contact order (CO) (7, §). We used the 2.0 A Tm-RNase I1I
structure (PDB entry 100W) and the 2.1 A structure of RNase
III of the mesophile M. tuberculosis (Mt) (PDB entry 2A11) to

calculate the respective CO values. The relative CO for Tm-
RNase IIT (normalized to chain length) is 0.057, which is lower
than the Mt-RNase III value of 0.093, indicating that contact
order does not contribute to Tm-RNase I1I thermostabilty.
The site-specific action of Tm-RNase III was demonstrated
using RNA hairpins based on the Thermotoga 16S and 23S pre-
rRNA processing stems. The target sites are consistent with the
observation of a single RNA—protein complex in a nondenatur-
ing polyacrylamide gel and support a role for RNase III in
providing the immediate precursors to the mature rRNAs. The
functional relevance, if any, of the second complex observed with
Tm-23S[hp] RNA is not known. The Ky values differ for the
complexes involving Tm-16S[hp] RNA and Tm-23S[hp] RNA,
with the Tm-RNase III—-Tm-16S[hp] RNA complex exhibiting a
significantly lower K'y. The greater stability of this complex may
reflect the longer stem length of Tm-16S[hp] RNA that would
maximize the number of protein—RNA contacts. Although
Tm-16S[hp] RNA is bound more tightly by Tm-RNase III than
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Tm-RNase 111 (10 nM) and Ec-RNase I11 (10 nM), respectively. Lanes 1 and 7 represent control reactions where RNA was incubated in buffer for
1 min in the absence of enzyme. (C) Tm-RNase I1I does not cleave R1.1 RNA. Reactions were performed using internally **P-labeled R1.1 RNA
(96 nM), using the standard reaction buffer as described in Experimental Procedures. Lanes 2—6 and lanes 8 —12 represent reaction times of 1, 2.5,
5,10, and 30 min with Tm-RNase I11 (10 nM) and Ec-RNase I1I (10 nM), respectively. Lanes 1 and 7 represent control reactions where RNA was
incubated with enzyme for 1 min in the absence of enzyme. (D) Ec-RNase ITI cleavage of internally **P-labeled Tm-16S[hp] RNA (109 nM). Lanes
2—6 and lanes 8—12 represent 1, 2.5, 5, 10, and 30 min reaction times with Tm-RNase (10 nM) and Ec-RNase 111 (10 nM), respectively. Lanes 1
and 8 represent control reactions where RNA was incubated in buffer for 1 min in the absence of enzyme. The asterisk on the right indicates the Ec-
RNase III cleavage product with identical gel electrophoretic mobility as a Tm-RNase 11 reaction product. (E) Ec-RNase III cleavage of
internally **P-labeled Tm-23S[hp] RNA (128 nM). Lanes 2—6 and lanes 8—12 represent 1, 25, 5, 10, and 30 min reaction times with Tm-RNase I1I
(10 nM) and Ec-RNase 111 (10 nM), respectively. Lanes 1 and 7 show control reactions where RNA was incubated for 1 min in buffer in the
absence of enzyme. Asterisks on the right indicate Ec-RNase I1I cleavage products with identical gel electrophoretic mobilities as products in the
Tm-RNase III reaction. It is important to note that the denaturing gels used in these analyses are able to detect single nt differences in
electrophoretic mobilities of RNAs in this size range (55, 56).
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Tm-23S[hp] RNA, it is cleaved more slowly. We note that a
longer stem length also reduced the reactivity of an Ec-RNase I11
substrate (56). Since the cleavage assays were performed using
conditions of substrate excess, a slower product release step for
Tm-16S[hp] cleavage, which would also be reflected in a higher
affinity for substrate, would provide a slower overall rate. A
similar behavior has been noted with Ec-RNase III cleavage of
the two cognate substrates, R1.1 RNA and R1.1[WC] RNA (54).
Whether the differing reactivities are maintained in vivo is not
known, but it is likely that other cellular factors contribute to in
vivo reactivity.

Reactivity epitopes for Ec-RNase III substrates include struc-
tural features such as internal loops, which restrict cleavage to
one strand (67), and a double-helical length requirement of >11
bp (56). However, Tm-RNase III does not efficiently cleave
an internal loop-containing substrate of Ec-RNase III nor cog-
nate RNA hairpins with stem lengths less than ~21 bp. In both
cases the lack of reactivity is due to a loss of binding affinity
(L. Nathania and A. W. Nicholson, unpublished experiments).
Tm-RNase III substrates may require two turns of a regular
double helix in order for both dsRBDs and the nuclease domain
to engage substrate. However, the length requirement is not a
consequence of protein thermostability per se, since the compar-
ably thermostable 4. aeolicus RNase III can cleave substrates
with short (~11 bp) stems (Z. Shi, R. H. Nicholson, R. Jaggi, and
A. W. Nicholson, submitted).

The proximal box is a key functional element in Tm-R Nase I11
substrates and exhibits a consensus sequence that is similar to
that of the pb for Ec-RNase III substrates (see Figure 7 inset).
Such a consensus pb would specify a cleavage site every ~5 bp in
arandom sequence dsSRNA. However, this degeneracy would not
necessarily compromise attainment of the necessary specificity if
the pb occurs within a limited-length double-helical segment. Tm-
RNase I11, like Ec-RNase 111, is sensitive to bp antideterminants,
which have been proposed to protect functionally important
double-helical RNA structures from unwanted cleavage (55). For
Tm-RNase 111, a GC or CG bp substitution at pb position 2 or 4
inhibits reactivity in a manner similar to that observed with the
same substitutions at the same positions in an Ec-RNase 111
substrate (56). For Tm-RNase III, these substitutions inhibit
cleavage without blocking enzyme binding and therefore act as
catalytic antideterminants (56). Crystal structures of A. aeolicus
RNase III bound to dsRNA reveal that the pb interacts with the
N-terminal a-helix of the dsRBD, termed RBM1, and which
contains several highly conserved residues whose side chains
contact the pb minor groove (35, 45). Mutational analyses under-
way should enable definition of the energetic contribution of the
conserved side chains to substrate binding and also gain further
insight on modes of antideterminant action. The distal box is a
2 bp element that was first identified in Ec-RNase III sub-
strates (55, 56) and was shown in Aa-RNase [1I-dsRNA cocrystal
structures to interact with a nonconserved region in the nuclease
domain, termed RBM4 (Figure 1C) (35, 45). In contrast to Ec-
RNase 11T substrates, bp substitutions in the db of Tm-23S[hp]
RNA do not significantly affect reactivity. The absence of a db
sequence effect on reactivity may be related to the variability in
RBM4 sequence and length. Thus, while the db-RBM4 interac-
tion is conserved, it may be largely limited to bp-sequence-
independent interactions with the sugar—phosphate backbone.
In turn, this would support a primary role for the db in substrate
recognition that is sensitive to dsSRNA length [as also noted
elsewhere (35)] rather than bp sequence.

Nathania and Nicholson

The other ribonucleases involved in Thermotoga 16S and 23S
rRNA maturation have not been identified but may include
RNase E/G and the 3'—5 exonucleases RNase R and/or
PNPase (9, 33, 34). RNase E/G action may also provide the
mature 5S rRNA, and the three tRNAs could be matured in two
endonucleolytic steps, involving 5-end formation by RNase
P (10) and 3'-end formation by tRNase Z, acting at a site directly
downstream of the encoded CCA sequence (15). Since in vitro
reactions using purified bacterial RNases IIT and model substrates
accurately reflect in vivo processing behavior (16, 19, 57, 60, 61),
and since the pre-rRNA stems are conserved targets for bacterial
RNases III, the approach described in this paper provides a
general method to characterize RNase III processing of other
bacterial rRNA precursors and to identify additional cellular
substrates. While T. maritima is not an especially accessible orga-
nism for genetic and physiological studies, the Thermotoga pro-
tein database has been used in a recent analysis of the structural
basis for central metabolic network function (68). It can be
anticipated that structural and biochemical studies of purified
Thermotoga ribonucleases and their substrates may provide a
similar, integrated structure—function understanding of bacterial
RNA processing and decay networks.
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