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ABSTRACT
During ribosome biogenesis in the hyperthermophilic archaeon Sulfolobus acidocaldarius, at least three

separate precursor endonucleolytic cleavages occur within the 144-nucleotide-long 59 external transcribed
spacer (59 ETS) region of the rRNA operon primary transcript. The 59 ETS sequence contains three
regions of very stable helical structure. One cleavage (59 to position 298) is in the single-stranded region
between the 59 and the central helical domains; a second cleavage (59 to position 231) is in the single-
stranded region between the central and the 39 helical domains; and a third cleavage is at the 59 ETS-
16S junction (59 to position 11). The three sites share a common consensus sequence around the position
of cleavage. We have used an in vitro pre-RNA processing assay to define some of the sequence and
structural recognition elements necessary for the two precursor cleavages 59 to positions 298 and 231.
Surprisingly, none of the three predominant helical domains are required for recognition or targeting
of the cleavages, although their removal reduces the rate of cleavage site utilization. We show that the
sequence AAG ↓ (CA)UU encompassing each site contains at least some of the essential features for
recognition and efficient targeting of the cleavages. Cleavage depends on the presence of a purine 59 and
a uracil two nucleotides 39 to the scissile phosphodiester bond. Mutations to other bases at these critical
positions are either not cleaved or cleaved very poorly. Finally, on the basis of intermediates that are
produced during a processing reaction, we can conclude that the cleavages at positions 98 and 31 are
not ordered in vitro.

THE processing, folding, and maturation of precur- phosphorylase and RNase PH have been indirectly im-
plicated in 39 end trimming (Zhou and Deutscher 1997).sor (pre) rRNA and the assembly of small and large

ribosomal subunits are complex and highly regulated To date, only two endoribonucleases have been de-
scribed from Archaea. The first is RNase P, the RNA-processes. In almost all organisms, small and large sub-

unit rRNAs are cotranscribed and generated by complex containing enzyme that carries out maturation at the
59 end of tRNA, and the second is the bulge-helix-bulgeprocessing of a long primary transcript. The bacterial

and archaeal pre-rRNA transcripts generally contain in- (BHB) endonuclease, the enzyme that excises introns
from the transcripts of intron-containing rRNA andverted repeats surrounding the 16S and 23S RNA se-

quences that form extended helical structures and con- tRNA genes (Thompson and Daniels 1988; Kjems et
al. 1989; Thompson et al. 1989; La Grandeur et al.tain the sites for the initial endonucleolytic cleavage

and excision of pre-16S and pre 23S from the primary 1993). The BHB enzyme from Haloferax volcanii has
been extensively characterized and shown to have atranscript (Dunn and Studier 1973; Young and Steitz

1978; Gegenheimer and Apirion 1981; Chant and stringent substrate requirement consisting of two 3-base
bulges on opposite strands of an extended helix andDennis 1986; Dennis 1991; Garrett et al. 1991; Duro-

vic and Dennis 1994). In Escherichia coli (and pre- separated by 4 bp (Thompson et al. 1989; Kleman-
Leyer et al. 1997). Both a crystal structure of the homol-sumably other eubacteria), the normal excision en-

donuclease is the helix-specific RNase III (Court 1993; ogous enzyme from Methanococcus jannaschii and an
NMR structure of a BHB substrate have been deter-Nicholson 1996). This enzyme cleaves z11 bp from

the base of a helix, generally cleaves on both strands in mined (Diener and Moore 1998; Li et al. 1998). The
a coordinate manner, and exhibits only weak sequence BHB motif has also been observed within most of the
and structural specificity at or near the cleavage sites. repeat sequences that surround 16S and 23S genes in
Maturation at the 59 and 39 ends of 16S and 23S rRNA archaeal rRNA operons (Hui and Dennis 1985; Dennis
has not been studied in detail, although polynucleotide 1991; Garrett et al. 1991). In vivo analysis of rRNA-

processing intermediates indicates that these BHB mo-
tifs, when present, are used for the excision of pre-
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single-copy S. acidocaldarius rrn operon (Figure 1) in the vectorcessing and ribosomal subunit assembly occur in a spe-
pGEM3Zf(1). In vivo, the site of pre-rRNA transcription initia-cialized compartment, the nucleolus (reviewed by Gerbi
tion is residue 2144. This construct has an SP6 RNA polymer-

1995; Maxwell and Fournier 1995). The pre-rRNAs lack ase promoter followed by polylinker sites for HindIII and SphI,
the extended processing helices found in typical bacte- the remnant of a PstI restriction site, and an insert segment

ending with an SmaI site that is followed by an EcoRI siterial and archaeal transcripts and utilize ribonucleo-
(see Figure 1). The SphI-SmaI fragment from pPD1157a wasprotein (RNP) complexes containing a large collection
recloned between the SphI and HincII sites of pGEM3Zf(1)of small nucleolar (sno) RNAs to cleave, modify, fold,
to create pPD1157b. The 59 deletion substrate 59D-61 was

and assemble rRNAs into mature ribosomal subunits generated by more extensive unidirectional exonuclease III
(Venema and Tollervey 1995; Kiss-László et al. 1996; digestion of the progenitor to pPD1157a (Durovic and Den-
Ni et al. 1997). Many of the sno-RNAs associate with nis 1994). It differs from pPD1157a only in lacking nucleo-

tides between positions 2149 and 262. The 39 deletions ofthe essential and abundant nucleolar protein fibrillarin
plasmid pPD1157b (39D-16 and 39D-67) were created by unidi-(Balakin et al. 1996). Interestingly, archaea possess a
rectional exonuclease III digestion from the BamHI site andfibrillarin-like protein (Amiri 1994) but its role in arch- use of the KpnI site for protection according to the protocol

aeal ribosome biogenesis has not yet been established. as specified in Promega’s Erase-a-Base system (Promega, Madi-
The genome of the hyperthermophilic archaeon Sulfo- son, WI). All 59 deletion mutants that remove 59 ETS sequence

to position 2101 were generated by excising the HindIII-lobus acidocaldarius contains a single, eucaryotic-like 16S-
HindIII fragment (2162 to 2102) either from pPD1157a or23S rRNA operon that lacks spacer tRNAs genes; the
from pPD1157b 39 deletion derivatives. The 39 deletion sub-5S rRNA gene is unlinked and separately transcribed strates ending at position 16 were generated by SP6 transcrip-

(Olsen et al. 1985; Durovic and Dennis 1994; Durovic tion of plasmids linearized with MspI, which cleaves at position
et al. 1994). Both the 16S and 23S genes are flanked by 6 within the 16S RNA sequence.

Site-specific nucleotide substitutions were generated fromlong inverted repeats, which, through long-range interac-
construct pPD1157g. This was created by cloning an SphI-tions, are capable of forming helical stems within the
EcoRI fragment from pPD1157b into the same restriction sitesprimary rRNA transcript. The 23S stem contains the stan-
in pSELECT-1. This maintained identical 59 and 39 multiple-

dard BHB motif and appears to be a substrate for the cloning-site sequences flanking the insert. Promega’s Altered
archaeal-specific BHB endonuclease; cleavages on oppo- Sites system was employed to create the substitutions using
site strands within the bulge regions liberate pre-23S rRNA degenerate mutagenic oligonucleotides at positions (2101),

(2100), (299) (298), (297), (296), (232), and (232 andfrom the primary transcript and allow subsequent matu-
231). The four-nucleotide internal duplication around site 1ration and assembly into 50S subunits. The 16S processing
was generated by cloning an SphI-SacI fragment fromstem contains an aberrant BHB motif (Figure 1C) that pPD1157b between the same sites in pGEM5Zf(1), which

is not expected to be recognized by the BHB endonuclease lacks a multiple cloning HindIII restriction site. This construct
(on the basis of the biochemical characterization of the was then linearized with HindIII, filled in with Klenow Enzyme,

and religated. An SphI-SacI fragment from this construct wasH. volcanii enzyme; Thompson et al. 1989). In a previous
recloned between the same sites in pGEM3Zf(1) to createstudy, we detected two in vivo cleavages within the 59 ETS
pPD1157b(ins4).region at positions 298 (site 1) and 231 (site 2) of the S. The in vitro transcripts were synthesized from DNA tem-

acidocaldarius rRNA operon primary transcript (Durovic plates linearized with EcoRI for pPD1157a and BamHI for
and Dennis 1994; Potter et al. 1995). To elucidate pPD1157b and for all site-specific nucleotide substitutions

generated in pPD1157g. To generate 39 deletion substratesthe role of these cleavages in 16S rRNA processing, we
ending at position 16 within the 16S rRNA, the templatedeveloped an in vitro processing system that utilized cell-
plasmids were linearized with MspI. All template DNAs con-free extract to cleave a 59 ETS-containing substrate at
taining other 39 deletions were linearized with EcoRI. Run-

the two positions (Potter et al. 1995). Both cleavages off transcripts were then made using SP6 RNA polymerase
appear to be mediated by a novel archaeal endonuclease (according to the protocol in Promega’s Protocols and Applica-
that has been extensively purified (A. G. Russell and tions Guide, Ed. 2) with [a-32P]CTP for uniformly radiolabeled

substrates or CTP for nonradiolabeled substrates for NorthernP. P. Dennis, unpublished results). Precursor cleavages
hybridization or primer-extension analysis (Mackie 1986;are important in ribosome biogenesis. In this study, we
Potter et al. 1995). Transcripts were extracted with phenol/have analyzed various deletions and single nucleotide chloroform and precipitated with ethanol before use in the

(nt) substitutions within the 59 ETS substrate RNA in pre-rRNA processing assay. Transcripts produced by SP6 RNA
order to define the substrate features that are recog- polymerase often contain a nontemplate nucleotide at the 39

end. This can be visualized as a doublet in the 39 distal productsnized by this pre-rRNA processing activity. Our results
in some of the processing reactions. In some experiments ashow that the primary sequence around the cleavage
nonspecific 219-nt-long control RNA was used. The RNA wassite is required for efficient and accurate cleavage; three transcribed with SP6 RNA polymerase from a plasmid linear-

domains of secondary structure within the 59 ETS sub- ized with BamHI. The plasmid contains a 178-nt-long insert
strate are not required for cleavage but their presence into the polylinker HindIII site of pSP72; 168 nt of the insert

are derived from the E. coli S20 ribosomal protein gene. Theenhances the rate of cleavage.
transcript, containing two internal HindIII sites, is antisense
with respect to the S20 coding region.

In vitro processing of normal and mutant pre-rRNA sub-MATERIALS AND METHODS
strates: Midlog phase cultures of S. acidocaldarius grown at
788–808, pH 3.7 (Brock et al. 1972), were rapidly cooled toSubstrate RNAs: The plasmid pPD1157a contains an insert

extending from position 2149 to 172 in the 16S gene of the 08 and harvested by centrifugation. Cell pellets were resus-
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pended in one-tenth volume of buffer (50 mm TRIS, pH 8.0, RESULTS
15 mm MgCl2, 1 mm EDTA, 1 mm DTT) and disrupted by two

The standard substrate used for in vitro processingbursts of 30-sec sonication using a Heat Systems-Ultrasonics
contains the entire 144-nt-long 59 ETS and the first 69model W185D Sonifier cell disruptor with an ultramicrotip.

Cell debris was removed by centrifugation and ammonium or 72 nt of 16S RNA sandwiched between short 59 and
sulfate was added to the supernatant to 35% w/v. The pellet 39 flanking vector sequences (Figure 1B). When mixed
obtained after centrifugation was redissolved in 50% glycerol with cell-free processing activity, the substrate is cleavedand used as the source of processing activity. A typical 35%

efficiently at sites 1 and 2 and less efficiently at site 4ammonium sulfate fraction contained z0.06 mg RNA and
within the 59 ETS as determined previously by primer0.65 mg protein per ml. In some experiments, a more highly

purified preparation of the activity was used, prepared by extension and S1 nuclease analysis (Potter et al. 1995).
successive glycerol gradient centrifugations followed by ion A more informative and sensitive in vitro assay used
exchange chromatography; details of the purification and a uniformly radiolabeled substrate but the pattern of
characterization of the endonuclease activity will be described

intermediates and products generated during the reac-elsewhere.
tion was complex and difficult to interpret. To identifyAssays were performed by mixing 1 ml of 35% ammonium

sulfate fraction (or in some cases more highly purified mate- and characterize these intermediates and products
rial), 4 ml of reaction buffer (100 mm Tris acetate, pH 7.5, more thoroughly, Northern blot analysis was used. Two
100 mm magnesium acetate, 500 mm potassium acetate), and reactions, one utilizing radiolabeled substrate and the
13 ml of H2O and equilibrating the mixture at 758 for 5 min. other utilizing unlabeled substrate, were performed inThe reaction was initiated by the addition of 2 ml (z50 ng)

parallel. After electrophoretic separation and transferof radiolabeled substrate RNA. Incubation was continued for
of the reaction products to a nylon membrane, thevarious time intervals before the addition of 80 ml of an ice-

cold stop solution (0.1 m EDTA, pH 8.0, 2.5 m ammonium nonradioactive lanes were probed with four separate
acetate; 6.0 mg/ml yeast RNA). Processing products were then oligonucleotides complementary to the regions be-
extracted with phenol/chloroform, precipitated with ethanol, tween the cleavage sites in the substrate RNA. Bandsand separated on an 8% denaturing polyacrylamide-urea gel.

appearing in the Northern hybridization were thenThe products were visualized by autoradiography. A molecular
identified and correlated to the seven predominantlength size standard generated by end-labeling the MspI frag-

ments of pBR322 with the Klenow fragment of DNA polymer- bands generated in the processing reaction with radiola-
ase was routinely used as a length marker when separating beled substrate RNA as follows (Figure 2). Band I, hy-
processing products on the gels. bridizing to all four oligonucleotide probes, is the un-

Northern hybridization: Both radiolabeled and nonradiola-
processed transcript. Band II of z180 nt in length wasbeled processing intermediates and products generated from
identified as the site 1 to 39 intermediate because of itspPD1157a transcripts were separated on an 8% denaturing
ability to hybridize to oligonucleotide probes B, C, andpolyacrylamide-urea gel and electrophoretically transferred

to a Hybond N hybridization membrane using the Bio-Rad D and its failure to hybridize to probe A. Band III of
(Richmond, CA) mini-transblot device. The membrane was z150 nt in length was identified as the 59 to site 2
then subdivided into several parts, each containing a radiola- product because of its ability to hybridize to probes Abeled pBR322 MspI size marker, unprocessed substrate RNA,

and B and its failure to hybridize to probes C and D.and substrate RNA that was processed for 5 min. The nonla-
Bands IV, V, VI, and VII were similarly identified. Thebeled substrate parts were then individually probed, using

hybridization mixes as described previously (Mackie 1986), detection of both a 59-site 2 intermediate (band III) and
with either of the following: oAR7, 59 CGGGGCGGGAGGGC a site 1-39 intermediate (band II) clearly indicates that
TTTTCA 39 (complementary to positions 220 to 21 of the there is no concerted or temporal ordering to the sitesubstrate); oAR8, 59 GGAATGAGACTTCTGAGGTT 39 (com-

1 and site 2 in vitro cleavage events.plementary to 263 to 244); oAR9, 59 ATCCCCCCGCGCG
The identity of many of the intermediates and prod-GTTTTTG 39 (complementary to 2122 to 2103); or oSP10,

59 CTCCCATGGCTTATCCCTACCCC 39 (complementary to uct bands was further substantiated by primer extension
135 to 157 of the 16S gene). Blots were hybridized overnight analysis using the A, C, and D oligonucleotides as prim-
at 388 in the presence of 50% v/v formamide. The blots were ers and by 59 end labeling of the substrate RNA. This
then washed twice for 1 hr at 638 with 23 SSPE and 0.1%

analysis revealed that a previously uncharacterized cleav-SDS. The bands were visualized using a Molecular Dynamics
age event was occurring in the substrate RNA, 59 to(Sunnyvale, CA) PhosphorImager and aligned using the size
cleavage site 1. The position of this cleavage within themarker present on each blot. This allowed creation of the

composite Figure 2 in which only the 5-min processing lane RNA substrate was mapped by primer extension analysis
from each blot has been shown. with primer A (data not shown) to position 2159 within

Primer extension: Primer extensions were carried out as the HindIII site in the 59 vector sequence and was desig-described previously (Potter et al. 1995) to detect and map
nated * site. Band IV, 110 nt in length, was clearly59 ends generated by partial endonuclease processing of unla-
identified here as the site 2–39 product on the basis ofbeled substrate RNAs. Primers oAR7 and oSP10 were used to

detect cleavages at sites 1 and 2, and primer oAR9 was used Northern hybridization to probes C and D. Previously,
to detect cleavages at the * site. In our experiments, the primer this band was misidentified as the site 4-39 product (Pot-
extension assay was of limited usefulness for two reasons. First, ter et al. 1995). The Northern analysis also demon-
hybridization of the oAR7, 8, and 9 primers to the substrate

strated that little or no site 4 cleavage was occurringRNA was inefficient, presumably because of higher order struc-
under the conditions employed because no clear orture in the substrate RNA. Second, in limited reactions only

the 59 end closest to the primer binding site is detectable. reproducible hybridization signal of the expected size
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Figure 1.—Plasmid structure and sequences of the 59 ETS containing substrate RNAs. (A) Plasmid pPD1157a contains 221
nt derived from the single-copy rRNA operon of S. acidocaldarius and inserted into the polylinker site of pGEM3Zf(1). The
insert consists of 5 nt of 59 flanking sequence, the entire 144-nt-long 59 ETS, and the first 72 nt of the 16S rRNA gene. Plasmid
pPD1157b is essentially the same except that it contains only the first 69 nt of the 16S gene and has additional restriction sites
located distal to the insert. (See materials and methods for details.) (B) The 59 ETS containing substrates for in vitro processing
are generated by SP6 transcription of plasmid pPD1157a linearized at the EcoRI (GAATTC) site or plasmid pPD1157b or
pPD1157g linearized at the BamHI (GCATCC) or EcoRI (GAATTC) sites (↓). Vector polylinker sequences are in lowercase; 59
ETS and 16S rRNA sequences are in uppercase. Nucleotide numbering is relative to position 11, the 59 A nucleotide of 16S
rRNA. Regions of stable secondary structure predicted by the RNA-fold program are illustrated. The potential sites for endonucleo-
lytic cleavage within the 59 ETS occur 39 to G residues located at positions 299, 232, and 21 and are indicated as sites 1, 2,
and 4, respectively. An additional cleavage site within the polylinker sequence at the 59 end of the transcript occurs 39 to the G
residue at position 2160 (* site) and removes an 11-nt fragment from the 59 end of the substrate. (C) In vivo pre-rRNA contains
an inverted repeat surrounding the 16S rRNA sequence that is predicted to form a stable helical structure containing an aberrant
BHB motif. The ascending helical strand derived from the 59 ETS (nucleotides 242 to 24) sequesters processing site 2; the
descending helical strand is derived from the ITS. We recently mapped the 39 end of the 16S rRNA to position 1493; in an
earlier publication, this end was incorrectly mapped to position 1555 at the base of the processing stem (Durovic and Dennis 1994).

with probe D was detected. This maturation cleavage bands are indicated. To examine the importance of
sequence and structural features in the 59 ETS on thesite was therefore not examined further in this study

(see discussion). recognition and cleavage at sites 1 and 2, 59 deletions
were introduced into the substrate RNA (Figure 3A).59 and 39 deletions of the substrate RNA: A high-

resolution gel illustrating the separation of intermedi- The first of these deletions, 59D-102 (substrate b), re-
moved the very stable 59 hairpin to nucleotide positionates and products generated by processing the standard

pPD1157a substrate used in Figure 2 is illustrated in 2102. The second, 59D61 (substrate c), removed the 59
hairpin, cleavage site 1, and the descending portion ofFigure 3A (substrate a). Intermediate and product
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Figure 2.—Characteriza-
tion of processing intermedi-
ates and products by North-
ern hybridization. Substrate
RNA was transcribed from
plasmid pPD1157a linear-
ized with EcoRI in the pres-
ence or absence of [a-32P]-
CTP. The first three lanes
illustrate a molecular length
marker (MLM; only some of
the fragment lengths are
indicated on the left), un-
processed radiolabeled sub-
strate RNA, and radiolabeled
substrate RNA processed for
5 min under standard con-
ditions. Seven bands (I and
VII) are indicated. In a par-
allel reaction, nonradioac-
tive substrate RNA was pro-
cessed and divided into four

parts. All samples were run on an 8% polyacrylamide urea gel and blotted to a nylon membrane. The four nonradioactive lanes
were cut out and probed separately with oligonucleotide oAR9(A), oAR8(B), oAR7(C), and oSP10(D). A cartoon of the substrate
RNA is depicted at the top right. The stippled, open, and solid regions correspond to vector, 59 ETS, and 16S sequences,
respectively. The positions of cleavage sites *, 1, 2, and 4 and the location of the oligonucleotide hybridization sites are indicated.
Various intermediates and products derived from processing of the substrates and their correspondence to radioactive products
or Northern hybridization signals are indicated. The precise 59 end of band III is uncertain; primer extension analysis indicates
that it is likely a mixture of authentic and * site 59 ends. Three bands, designated o, in the A-probe Northern hybridization,
have not been identified.

the central hairpin to nucleotide position 261. Surpris- 1-site 2 product) and the band of z67 nt in length (59-
site 1 product). This indicates that sequences beyondingly, 59 removal of these sequences and the accompa-

nying structural features had no apparent effect on pro- the 59 ETS-16S junction are not required for 59 ETS
processing. Two additional 39 deletion substrates werecessing at sites 1 and 2 as long as the sites themselves

remained intact. Over the course of a 15-min processing examined. The first, 39D-16 (substrate e), removes all se-
quences distal to position 216 and thereby prevents for-reaction using substrate b, all of the expected intermedi-

ates and products resulting from cleavage at sites 1 and 2 mation of the 39 hairpin. This transcript was processed
efficiently at sites 1 and 2 as shown again most clearly bywere observed. For example, the band of z70 nt in

length and representing the site 1-site 2 product was the presence of the 70- and 67-nt-long products. This
indicated that the 39 hairpin (positions 226 to 23) wasclearly evident. Because of the 59 deletion in substrate b,

the *-site 2 intermediate observed with wild-type RNA also not required for recognition and cleavage at sites
1 and 2. The second, 39D-67 (substrate f), removes thesubstrate a was replaced by a new 80-nt-long intermedi-

ate designated 59(D-102)-site 2. The 180-nt-long site 1-39 39 hairpin, processing site 2, and the ascending portion
of the central helix (positions 287 to 243). This sub-intermediate was clearly evident, whereas the 11-nt-long

59-site 1 fragment (resulting from cleavage at site 1 in strate was cleaved at site 1 as evidenced most clearly by
the detection of the 67-nt-long 59-site 1 product.substrate b) was too short to be recovered in the gel

system employed. (Note: This 11-nt-long fragment is Evidence that the lower band of z60 nt in length
from substrate f contains both the *-site 1 and the siteidentical to the 59-* site fragment generated by cleavage

at the * site in the wild-type substrate RNA.) Using 1-39 products comes from the following. First, with sub-
strate f the intensity of the band was equal to or greatersubstrate c, the site 2-39 product of z110 nt in length

was clearly evident, substantiating normal cleavage at than the intensity of the 67-nt-long 59-site 1 band. With
other substrates such as a9, d, and e, where this bandsite 2 in the absence of site 1. The smaller products

originating 59 to the site 2 cleavage migrate further contains only the single *-site 1 product, its intensity
was less than that of the 59-site 1 band. Second, the 60-down the gel and are not shown in Figure 3A.

A series of 39 deletions in the substrate RNA was nt-long fragment (*-site 1) generated from substrate f
comigrates with the identical *-site 1 fragment gener-also examined (Figure 3B). Deletion 39D16 (Figure 3B,

substrate d) removed all but the first six nucleotides of ated from substrates a9, d, and e (Figure 3B). Third,
the unique 60-nt-long product of substrate f (site 1-39D-the 16S sequence. This substrate was processed with

normal efficiency at sites 1 and 2 as shown most clearly 67 product) was also generated with substrate h (see
below); processing of substrate h does not produce theby the presence of the band of z70 nt in length (site
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Figure 3.—Processing of sub-
strates containing 59 deletions
in the 59 ETS. Radiolabeled sub-
strate RNAs were transcribed
from plasmids with SP6 RNA
polymerase and designated as
follows: a, wild type from pPD-
1157a; b, from pPD1157a59D-
102; c, from pPD1157a59D-61;
a9, wild type from pPD1157b
linearized with BamHI; d, from
pPD1157b linearized with MspI
at position 16 within the 16S
rRNA gene, 39D16; e, from pPD-
1157b 39D-16; f, from pPD1157b
39D-67; g, from pPD1157b 59D-
102, 39D-16; and h, from pPD-
1157b 59D-102, 39D-67. Unless
otherwise indicated, plasmids
were linearized for transcrip-
tion with EcoRI. Transcripts
were employed in standard re-
actions and samples removed
for analysis at 1, 5, and 15 min
or 1 and 10 min on an 8% poly-
acrylamide urea gel and visual-
ized by autoradiography. Lanes
indicated as MLM are molecu-
lar length markers derived by
digestion of pBR322 with MspI;
not all band lengths are indi-
cated. (A) Substrates contain-
ing 59 deletions. (B) Substrates
containing 39 deletions. (C)
Substrates containing both 59
and 39 deletions. The structures
of the respective transcript sub-
strates are indicated above and
their mobility position is indi-
cated by T on the right. The
mobility locations and, in most
instances, the structures of the
various intermediates and prod-
ucts are also illustrated on the
right. The position of the band
resulting from * site cleavage
to shorten the full-length tran-
scripts (a, c, a9, d, e, and f) is
indicated (*). The b, h, and g
transcripts were generated by
deleting sequences between
two HindIII sites (positions
2162 and 2101; see Figure 1);
this removes the * site while
preserving the site 1 sequence.

overlapping *-site 1 product. Taken together, these re- band representing the site 1-site 2 product. Finally, sub-
strate h is incapable of forming any obvious, stable sec-sults demonstrate that the central helix (positions 287

to 243) is not required for processing as site 1. ondary structure and contains only processing site 1. It
was cleaved at site 1 as evidenced by the accumulationFinally, the processing of two substrates containing

both 59 and 39 deletions was examined (Figure 3C). of the expected site1-39 end product of z60 nt in length.
Although none of the three stable helical structuresThe deletions present in substrate g (59D-102, 39D-16)

prevent the formation of both the 59 and 39 helices. present in the wild-type 59 ETS appears to be required
for cleavage at sites 1 and 2, the absence of these struc-Nonetheless, this substrate was cleaved at both sites 1

and 2 as evidenced by the appearance of a 70-nt-long tures affects the efficiency of cleavage. This was particu-
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Figure 3.—Continued.

larly evident with substrates f and h and to a lesser extent with cleavage occurring 39 to the G residues at positions
2160, 299, and 232 in the substrate RNA. (The 59with substrate g. In these instances, a substantial portion

of the input transcript remained uncleaved after 10 min ETS-16S rRNA junction shares a similar sequence,
G↓AUU, but is not efficiently cleaved under the reactionof incubation with processing activity whereas wild-type

transcript was fully consumed after 10 min (compare a9 conditions employed for site 1 and 2 cleavage; see dis-
cussion.) To determine the importance of flankingin Figure 3B with f, g, and h in Figure 3, B and C).

Nucleotide substitutions in the substrate RNA: Re- residues in cleavage site recognition and utilization, site-
specific mutagenesis was carried out to create nucleo-gions surrounding sites 1 and 2 as well as the fortuitous

* site in the 59 polylinker region of the substrate share tide substitutions in the substrate RNA at positions
2101, 2100, 299, 298, 297, and 296 around site 1a high degree of sequence similarity (AAG↓(C/A)UU)
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Figure 3.—Continued.

and at positions 232 and 231 around site 2. Mutant cleavage site. Substitution with A, C, or G at position
97 in place of U also blocks cleavage at site 1. Theand control wild-type RNAs were used in standard pro-

cessing reactions and the accumulation of cleavage in- properties of all the site 1 substitutions that have been
examined are summarized in Table 1.termediates and products was compared.

Of the six positions examined around site 1, only To further characterize the sequence requirements
for cleavage at site 1, we constructed a duplication ofsubstitutions at positions G-99 and U-97 affect site 1

utilization (Figure 4). Substitutions with C or U at posi- four nucleotides by Klenow filling of the HindIII restric-
tion site (AAGCUU→AAGCUAGCUU). This constructtion 299 in place of G completely blocked cleavage as

evidenced by the failure to detect any of the anticipated now contains a tandem duplication of the core of the
site 1 recognition element. We predict that the modifiedproducts resulting from site 1 cleavage, whereas substitu-

tion with A at this position exhibited the normal pattern substrate should be cut at two positions within the dupli-
cation to produce site 1 intermediates or products thatof cleavage. These results indicate that the processing

activity at site 1 requires a G or A nucleotide 59 to the are both identical in size and four nucleotides longer
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Figure 4.—Analysis of 59 ETS
substrates containing site-specific
nucleotide substitutions around
site 1. Site-directed mutagenesis
was used to obtain nucleotide sub-
stitutions at positions 2101, 2100,
299, 298, and 297 around site 1
within the 59 ETS region on plas-
mid pPD1157g. The altered tem-
plates were transcribed with SP6
RNA polymerase following linear-
ization with BamHI and utilized
in a standard processing reaction.
For each transcript, the 0- and
5-min samples (left and right lanes
in each pair, respectively) were
loaded onto an 8% polyacryl-
amide urea gel and visualized by
autoradiography. The wild-type
transcript is designated WT. Mu-
tant transcripts are designated by
the wild-type base, the position of
substitutions, and the replace-
ment base (i.e., A 2101 G). Inter-
mediates and products produced
during the processing reactions
are identified and illustrated on
the left. The cleavage activity at
site 1 was deduced from the rela-
tive intensities of intermediates
and products for the wild-type and
mutant substrates and is summa-
rized at the bottom: 11, normal
cleavage; 1, reduced cleavage; 2,
little or no cleavage. The sequence
around the wild-type site 1 is
shown at the bottom left.

than those generated with the wild-type substrate. This doublets, with one band migrating at or near the same
position as the wild-type product and the other bandprediction was confirmed (Figure 5). In the processing

reaction using this mutant, site 1 products appeared as migrating about four nucleotides longer than the wild-
type product. For the site 1 to 39 product, this interpreta-
tion was independently confirmed by primer extension

TABLE 1
analysis (data not shown). It is also evident that the rate

Endonuclease activity on substrates containing single of cleavage at site 1 in the duplication substrate was
nucleotide substitutions around site 1 reduced by severalfold compared to the rate of cleavage

of site 1 in the wild-type substrate. This suggests that
Nucleotide substitutions efficient recognition of the cleavage site must require

features beyond the AGCU core tetranucleotide.Nucleotide Position G A U C
A number of other substitutions were made at posi-

A-101 11 WT NA NA tions 232 and 231 surrounding cleavage site 2 (FigureA-100 11 WT 11 11
6). Deletion or substitution with U or C at positionG-99 WT 11 2 2
232 in place of G (either alone or in combination withC-98 11 11 11 WT
changes at position 231) blocked cleavage as evidencedU-97 2 2 WT 2

U-96 NA NA WT 11 by the failure to detect appreciable amounts of the antic-
ipated intermediate and products. Substitution with ACleavage efficiency at site 1 is indicated as 11, wild-type;
at position 232 reduced the rate of utilization about2, aberrant cleavage, little or no cleavage; NA, not analyzed;

WT, the wild-type nucleotide at this position. three- to fourfold as evidenced by the lower level of
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Figure 5.—Processing of a
59 ETS transcript containing a
four-nucleotide duplication at
processing site 1. Plasmid
pPD1157b(ins4) contains a
four-nucleotide duplication of
the AGCU sequence overlap-
ping processing site 1. Radiola-
beled substrates were tran-
scribed for in vitro processing
from the parent plasmids
pPD1157b and the insertion
plasmid pPD1157b(ins4) lin-
earized with BamHI. The (A)
wild-type and (B) mutant tran-
scripts were processed in a stan-
dard reaction and samples were
removed at 1 and 5 min for
analysis. The intermediate re-
sulting from * site cleavage of
the primary transcript is identi-
fied (*) on the autoradiogram.
Other intermediates and prod-
ucts accumulating in the two
reactions are also identified.
Four doublet bands that differ
in length by four nucleotides be-
cause of the duplication within
site 1 are indicated on the right
by double-headed arrows; the
structures of these and other
intermediates and products
are indicated on the left.

accumulation of the site 2 intermediate and products. linker region from pGEM7Zf(1) but not recognized or
cleaved in the complementary T7 transcript from theThis contrasts with the G-to-A substitution at position

299, which had no apparent effect on site 1 recognition same plasmid (data not shown). These results confirm
the presence of additional features outside of the hexa-and cleavage by the endonuclease (see Figure 4). The

detrimental effect of the A-to-G substitution at position nucleotide sequence that contribute to recognition and
cleavage by the endonuclease.232 was suppressed by a second A-to-U substitution at

position 231. These results confirm the importance of
a purine 59 to the scissile phosphodiester bond and

DISCUSSIONfurther highlight the complexity of site recognition and
utilization by the endonuclease. In most bacteria and archaea, the catalytic activities

The fortuitous * site cleavage in the RNA substrate responsible for the initial cleavages in pre-rRNA tran-
occurs within the sequence derived from the polylinker scripts are the bacterial RNaseIII and the archaeal bulge-
HindIII site of the vector used to transcribe substrate helix-bulge endonucleases. Both activities cleave within
RNAs. The sequence, AAGCUU, is exactly the same as long duplex structures that surround 16S and 23S rRNA
that surrounding the normal cleavage site 1. The ability sequences and release pre-16S and pre-23S rRNAs from
to cleave at the * site was further investigated in RNAs the primary transcript (Dennis 1991; Garrett et al.
that lacked S. acidocaldarius 59 ETS and 16S rRNA se- 1991; Court 1993; Nicholson 1996). As in most other
quences. The site was recognized and cleaved between archaea, the S. acidocaldarius 16S and 23S sequences

within the pre-rRNA transcript are surrounded by heli-the G and C residues in an SP6 transcript of the poly-
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of the rRNA operon and presumably requires re-
arrangements in RNA secondary structure. As the RNA
polymerase transcribes through the 59 ETS and into the
16S gene, the 59 ETS is predicted to form three regions
of localized secondary structure as depicted in Figure
1B. At this point, the novel cleavage sites 1 and 2 are
exposed and accessible to endonuclease cleavage. As
the polymerase exits the 16S gene and transcribes
through the 16S-23S intergenic space, the 59 ETS,
whether still intact or already cleaved at sites 1 and/or
2, is predicted to rearrange to form the very stable 16S
processing stem. If cleavage has occurred at site 2, the
stem will be shortened by only 8 bp (Figure 1C). The
presence of the 16S-23S intergenic spacer sequence in
the in vitro reaction strongly favors formation of the 16S
processing helix and effectively blocks endonucleolytic
cleavage at site 2 (A. G. Russell and P. P. Dennis,
unpublished results). Moreover, the endonuclease activ-
ity that we have purified and characterized is unable to
cleave at site 3 in either the presence or absence of the
complementary 16S-23S intergenic sequence.

The archaeal BHB enzyme is homologous to the two
excision subunits of the tetrameric eukaryotic tRNA in-
tron endonuclease (Kleman-Leyer et al. 1997; Trotta
et al. 1997). The eukaryotic enzyme, unlike its halophile
counterpart, identifies cleavage sites by a ruler mecha-
nism and is relatively insensitive to cleavage site geome-
try. If the S. acidocaldarius enzyme shares this eucaryotic
feature, cleavage could occur at the aberrant site within
the 16S processing stem of pre-rRNA and release the
pre-16S from the primary transcript. There is some indi-Figure 6.—Analysis of 59 ETS substrates containing site-
cation that endonucleolytic cleavage may occur in vivospecific nucleotide substitutions around site 2. Site-directed

mutagenesis was used to obtain single and double substitutions at site 3 (i.e., the BHB motif) within the 59 ETS but so
at positions 232 and 231. Other details are as described in far no indication of cleavage on the opposite strand
the legend to Figure 4. within the intergenic spacer. This may be a technical

problem of detection by S1 nuclease analysis or may
indicate that the intermediates are short-lived and rap-

cal structures. The 23S helix contains the canonical BHB idly trimmed to the mature 39 end of 16S rRNA. The
motif and excision of pre-23S rRNA has been shown to retention of the 16S processing stem in the S. acidocaldar-
occur by cleavage within this motif (Durovic and Den- ius rRNA operon implies that it continues to play an
nis 1994). However, the 16S helix contains an aberrant important or essential role in 16S rRNA processing or
motif that lacks a critical nucleotide from the loop on 30S subunit assembly.
the ascending strand (Figure 1C) and the mechanism Cleavage site consensus sequence: The novel endonu-
for pre-16S excision remains unclear. If the S. acidocal- clease that cleaves in the 59 ETS region of pre-rRNA
darius BHB endonuclease exhibits the same substrate has been characterized in vitro using a radiolabeled sub-
specificity as the well-characterized halophile enzyme strate RNA. The substrate was cleaved efficiently at site
(Thompson et al. 1989; Kleman-Leyer et al. 1997), the 1 (between positions 299 and 298) and site 2 (between
aberrant 16S motif should not be a substrate for cleavage positions 232 and 231) within the 59 ETS and at a
(but see below). third fortuitous * site (between positions 2160 and 159)

In our studies, we have detected two novel cleavages within the 59 polylinker sequence. Comparison of the
that occur in the 59 ETS upstream of the BHB motif. sequences surrounding these sites revealed a hexa-
These novel cleavages have been reproduced in vitro. nucleotide consensus of AAG(A/G)UU. The G residue
However, the role of these cleavages and their relation- 59 and the U residue two nucleotides 39 to the scissile
ship to formation of the 16S helix and the excision and phosphodiester bond have been shown to be important
maturation of 16S rRNA remain to be established. The in recognition and cleavage by the endonuclease. Sev-
pathway for processing and maturation of 16S rRNA is eral experiments indicate that more than the consensus

sequence is required for efficient recognition and cleav-necessarily constrained by the directional transcription
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age. First, removal of secondary structural elements The sequence at the 59 ETS-16S junction (site 4)
shares sequence similarity to sites 1 and 2 (i.e., GAUUfrom the 59 ETS, while not blocking the cleavage reac-

tions, significantly reduces the rate of the reactions. vs. AAG(A/C)UU) and suggests that the endonuclease
that we are characterizing may be responsible for matu-Second, an SP6 RNA transcript derived from the poly-

linker region of plasmid pGEM7Z1 was cleaved at the ration at the 59 end of 16S rRNA. In vitro, we have
detected a low level of cleavage at this position withsingle AAGCUU sequence, whereas the complementary

T7 transcript also containing the AAGCUU sequence our purified activity (A G. Russell and P. P. Dennis,
unpublished results). The significance of this is unclearwas not cleaved. Third, an antisense E. coli S20 transcript

used as a control in several experiments contains two and efforts to enhance the endonuclease cleavage at
site 4 have not yet been successful. We suspect that thecopies of the AAGCUU hexanucleotide; neither ap-

peared to be efficiently recognized and cleaved by the 59 end maturation of 16S rRNA is complex and that
efficient maturation may require (i) more extensive 16Sendonuclease activity (data not shown). Fourth, exami-

nation of the substrate RNA revealed a number of other sequence, (ii) the presence of ribosomal proteins, (iii)
a rearrangement in the structure of the substrate RNAsequences that show a high degree of similarity to the

hexanucleotide consensus and conserve a G at position 3. in order to expose the cleavage site, and (iv) involve-
ment of the 16S processing helix. On the basis of sub-The best match, AAGCUG, occurs at position 277 and

a second match, AAGUCU, occurs at position 255. Nei- strate specificity, the novel endonuclease characterized
here remains a candidate for the activity that generatesther of these sites appeared to be cleaved. Both of these

match sites may be partially obstructed by RNA second- the mature 59 end of 16S rRNA.
ary structure in the wild-type substrate but are respec- We thank Peter Durovic for constructing some of the plasmids used
tively exposed in the two deletion substrates 59D-61 and in this study and George Mackie for his advice and encouragement.

This work was supported by a grant from the Medical Research Council39D-67. Neither of the deletion substrates appears to be
of Canada (MT6340) to P.P.D. and a University of British Columbiacleaved at these positions. Moreover, the second match
Graduate Fellowship to A.G.R.at position 255 has a C residue at position 12 relative

to the expected site of cleavage; at site 1, a U-to-C substi-
tution at the corresponding position abolishes cleavage
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