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ABSTRACT

Protein B23 is an abundant nucleolar protein and a
putative ribosome assembly factor which possesses
an intrinsic ribonuclease activity. In the current work,
the effects of RNA sequence and secondary structure
on the cleavage preference by protein B23 were studied.
Protein B23 ribonuclease preferentially cleaved the
single-stranded homopolymers poly(A), poly(U) and
poly(C). However, double-stranded co-polymers and
poly(G) were resistant to cleavage. No base specificity
was observed with an oligoribonucleotide substrate.
The action of protein B23 ribonuclease on different
regions of pre-rRNA was studied using transcripts
synthesized in vitro from cloned rDNA segments.
Although no specific cleavages were detected in
transcripts containing sequences from the 5
transcribed spacer or the first internal transcribed
spacer, the enzyme preferentially cleaved the second
internal transcribed spacer (ITS2)
fromthe 3 '-end of 5.8S rRNA. Preferential cleavage was
retained when the transcript was extended by 100 nt at
the 3'-end, but abolished in a transcript lacking this
cleavage site. Furthermore, this site was not susceptible

to cleavage by RNase A or RNase T 1. These results, in

conjunction with the sub-nucleolar localization of the
protein with elements of the processing machinery,
suggest that the protein B23 endoribonuclease could
play a role in pre-rRNA processing in ITS2.

INTRODUCTION

" external

250 nt downstream

or processing of 47S pre-rRNA1(12) results in translocation of
protein B23 from the nucleolus to the nucleoplasm, suggesting
that it selectively interacts with the processing machinery.
Collectively, these data have implicated protein B23 as a factor in
pre-rRNA processing and/or ribosome assembly.

Protein B23 exists as two isoforms arising from alternative
splicing of a primary transcript of a single geried)( The
predominant nucleolar isoform, B23.1, binds nucleic adidps (
with a preference for single-stranded nucleic acids. It binds them
in a cooperative manner and destabilizes the RNA hellégs (
The presence of a C-terminal 37 amino acid segment unique to
protein B23.1 is essential for its binding to nucleic acids and
probably for its localization to the nucleoldsy. In contrast, the
minor isoform of the protein, B23.2, lacks the C-terminal tail,
does not bind nucleic acids and is localized to the nucleoplasm
and the cytoplasmi{).

47S pre-rRNA is synthesized in the nucleolus as a 13.9 kb
precursor and processed into mature 18S, 5.8S and 28S RNAs by
a complex series of cleavagés) The initial cleavages within
the transcribed spacers are effected by several endoribonuclease:s
(19-21) which appear to be phosphodiesteraggs Formation
of the mature Bterminus of 18S rRNA involves an initial
endonucleolytic cleavage in thé éxternal transcribed spacer
(ETS), upstream of the mature erigi3,¢4), followed by an
exonucleolytic trimming proces2%). In contrast, the mature
3'-terminus of 18S rRNA is generated by endonucleolytic
cleavage alone2g,27).

The 5.8S and 28S rRNAs are released from the transcript by a
similar process. Generation of the matuteBninus of 5.8S rRNA
involves cleavage in internal transcribed spacer (ITS) 1 followed by
exonucleolytic timming48). Similarly, the mature'3erminus
of 5.8S rRNA is formed by endonucleolytic cleavages at several

Assembly of ribosomes in the nucleolus is achieved with theites in ITS2 followed by the action of exonucleases. The
assistance of several non-ribosomal proteipsgne of the latter immediate precursor to 5.8S rRNA is 8S RN29,80), which

is an abundant phosphoprotein called protein B23 (also calledntains the 5.8S rRNA and an additional 118 nt downstream of
nucleophosmin, numatrin or NO38). Using biochemical method#ts 3-end @31). Similar processing intermediates are found in
this protein was found to be associated with maturing pre-ribosomgast, i.e. 7S pre-rRNA which contains 5.8S rRNA with' a 3
RNP particles 2-5). Immunofluorescence techniques have als@xtension of1140 nt inSaccharomyces cerevisié®) and1100
localized protein B23 to the peripheral regions of the dendeases irSchizosaccharomyces pon(B8). An essential 39 kDa
fibrillar component (DFC) and the granular component (GC) ofrotein exhibiting an exoribonucleolytic activityvitro has been
the nucleolus §8), which contain pre-ribosomal precursor shown to be responsible for generation of the matueBinus
particles in various stages of maturati®h Selective treatment in S.cerevisia€34). The presence of highly conserved homologs
of cells with inhibitors of synthesis of nascent 47S pre-rRND\ (  of this exonuclease B.pomb&nd humans strongly suggests that
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the exonucleolytic cleavage mechanism of 5.8S rRN&rfinus  performed using a bacteriophage RNA polymera8g Unlabeled
formation is conserved throughout eukaryotes. Thus, the processtranscripts synthesizéul vitro were first dephosphorylated using
machinery requires two classes of ribonucleases: endoribonucleasal intestinal alkaline phosphatase and then labeled at the
that introduce specific cleavages and exoribonucleases that geneBatierminus usingyF32PJATP (ICN) and T4 polynucleotide kinase
the mature rRNAs and mononucleotides for recyclingdetoovo  (39). Transcripts uniformly labeled wifP were synthesized with
RNA synthesis. the addition of 50uCi [0-32PJUTP (New England Nuclear).
Recent studies by Herreed al (35) demonstrated that both Transcripts synthesizeid vitro were treated with DNase | and
isoforms of protein B23 possess an intrinsic ribonuclease activitglectrophoretically purified from 5% polyacrylamide—7 M urea
Interestingly, the activity of the nucleolar isoform[i5-fold  gels. Bands containing full-length transcripts were located by
greater than that of the non-nucleolar isoform. Mechanisticallgutoradiography and excised from the gel. The transcripts were
the enzyme is classified as a phosphodiesterase, the clafigted from the excised gel slices in 5@0buffer containing
responsible for introducing endonucleolytic cleavages in pre-rRNA.5 M sodium acetate (pH 6.5), 10 mM magnesium acetate, 0.1%
(22). Although several indirect results are suggestive of th8DS and 1 mM EDTA. After incubation at25for 2 h, the eluate
association of protein B23 with pre-rRNA in the late stages afias extracted once with a mixture of phenol:chloroform:isoamyl
processing, there has been no direct evidence demonstrating tilabhol (25:24:1) and ethanol precipitated at>0lranscripts
protein B23 ribonuclease is capable of cleaving pre-rRNA atere washed twice with ice-cold 70% ethanol, dried under
specific sites. In the present study, we examine the effect of RNAacuum and resuspended in 10 mM Tris—HCI (pH 7.5).
secondary structure on the cleavage pattern by protein B23
ribonuclease and the possible base preference exhibited by thétein B23 ribonuclease assays and digestions
protein. The action of the protein on different regions of , i i .
pre-rRNA has been studied using transcripts syntheisiaétio Protein B23 _rll_JonucIease reactions were performed°a 8vYa
from cloned rDNA segments comprising sequences of matufdffer containing 50 mM Tris-HCI (pH 7.5), 50 mM NaCl,
rRNAs and the transcribed spacers. Our results indicate tH&P MM MgCh and RNasin at a final concentration of 0.5lU/
protein B23 ribonuclease preferentially cleaves pre-rRNA at Reactions were initiated by addition of protein B23 ribonuclease.

specific site in the ITS2 region but not in tHeEF'S nor ITS1. One unit of nuclease activity is defined as the amount of protein
which results in an increase indyof 1.0 above the blank sample

incubated in the absence of proteis)(
MATERIALS AND METHODS The perchloric acid (PCA) precipitation assay was modified from
Proteins and nucleic acids the method described by Eichler and Eal&3). (Briefly, 50ul
reaction mixtures containing 100 nmol nucleotides of either the
The synthetic homopolymers and co-polymers were purchassphgle-stranded polymer or double-stranded co-polymer substrates
from Sigma Chemical Co. The 20 base oligoribonucleotide washd 1 U protein B23 ribonuclease were incubated &€C.37
synthesized by Cybersyn. All restriction endonucleases, caffeactions were terminated at various time intervals by chilling on
intestinal alkaline phosphatase and T4 polynucleotide kinasee followed by addition of perchloric acid and uranyl acetate to final
were purchased from New England Biolabs. Recombinamjoncentrations of 5 and 0.05%, respectively. The reactions were
protein B23 expressedirscherichia colfrom a rat cDNA clone  placed on ice for 20 min and then centrifuged at 13 000 r.p.m. in a
was purified by a procedure described previoushy. (After the  microcentrifuge for 5 min. Aliquots of the supernatant were
final HPLC purification step, only one band was visible bywithdrawn and the absorbance of the non-precipitable nucleotides

SDS-PAGE followed by Coomassie blue staining. was measured at 260 nm.
For determination of base specificity, a synthetic oligoribo-
Recombinant rat rDNA plasmids nucleotide 20mer with the sequent€& CCGAUUAGCGGU-

. . _ CAACUG-3 (41) was labeled at itsBerminus usingy-32P]JATP
5'ETS plasmida 4.7 kbHindllI-BarHl insert (0DF15)£6,37),  and T4 polynucleotide kinase. Reaction mixturegi{s€ontaining
comprising all but 58 bp of the BTS from the transcription start 1 25 ig oligonucleotide substrate and 0.08 U protein B23
site (A+58) and[B600 bp of the Sregion of the 18S rRNA rihonucleaselg substrate (20mer) were incubated af@7
sequence, was digested withd andKpnl and subcloned into - aliquots (5ul) of the mixtures were withdrawn at various times
pBluescript SK (Stratagene). The resultant rDNA plasmidand added to equal volumes of stop buffer (95% deionized
(PXKDF15) contained 1.3 kb of the’ &TS sequence with formamide, 0.025% bromophenol blue, 0.025% xylene cyanol,
postions +638 to +1880 from the transcription start site. 0.5 mM EDTA, 0.025% SDS). The products of digestion were

ITS1-5.85-ITS2 plasmldA 6.2 kb Hindlll-EcadRl insert ana|yzed on a 20% p0|yacry|amide_7 M urea ge|
(pDF4) 86,37), containing the 3end of 18S rRNA sequence, the  For in vitro transcript digestions, reaction mixtures (&)
entire ITS1, 5.8S rRNA and ITS2 sequence and allb00 bp  containing[11.25 g transcript RNA and 0.008 U protein B23
of the DNA coding for 28S rRNA was digested whd and  riponucleaselg substrate were incubated at @7Aliquots (8.511)
BarHI and subcloned into pBluescript SBetween thXba and  of the mixture were withdrawn at various times and the reactions
BanH sites. The resultant rDNA plasmid (pNBDF4) containedyere terminated by ethanol precipitation. The precipitated RNA
107 bp from the '2end of the 5.8S rRNA sequence, the entirgyas resuspended in [1095% formamide—dye mix and analyzed

ITS2 and 1.3 kb of the/ 5egion of 28S rRNA. on a 5% po|yacry|amide_7 M urea ge|
In vitro transcription of rat rDNA plasmids S1 nuclease protection analyses and DNA sequencing

Plasmids pXKDF15, pDF4 and pNBDF4 were linearized by &his assay was performed as described previodg)yA 335 bp
restriction endonuclease aim vitro transcription of these was uniquely 3-end-labeled DNA probesfu—Miul) complementary
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to a segment overlapping theehd of 5.8S rRNA and #nd of A ' ’ :
the ITS2 region was generated from pNBDF4. Supercoiled
plasmid pNBDF4 linearized Ifu was labeled at the-Berminus 3l -
using 10QuCi [a-32P]dCTP (New England Nuclear) and Sequenase
v.2.0 (US Biochemical Amersham). Théedd-labeled plasmid
was then digested witidlul to generate the 335 bp DNA probe.
Radiolabeled probes were electrophoretically purified from 5%
polyacrylamide gels. Probes, located by autoradiography, were
eluted from the excised gel slices, ethanol precipitated and
dissolved in DEPC-treated water. Hybridization reaction mixtures
(20ul) were heated at 8& for 15 min to completely denature the
probe. Hybridizations were performed at°60for 3 h. The
reactions were diluted 10-fold in S1 digestion buffer (50 mM
sodium acetate, pH 4.5, 300 mM NaCl and 4.5 mM 2nCl
containing S1 nuclease at a final concentration of O.2. S
nuclease digestions were performed at@7or 30 min. The
S1-resistant hybrids were recovered by ethanol precipitation and
resuspended in 1@ 95% formamide—dye mix and analyzed on

a 7% polyacrylamide—7 M urea gel adjacent to the chemical time(min.)
sequencing reactions. Chemical sequencing of tae3labeled

335 bp Sfu-Mlul DNA probe was performed as described

previously ¢3).

n mols of nucleotides released

RESULTS

Protein B23 ribonuclease preferentially cleaves
single-stranded RNA

The action of a ribonuclease can be affected by the conformation
of the macromolecule substrate. The effect of secondary structure
on the action of protein B23 ribonuclease was studied by
comparing the rates of digestion of synthetic single-stranded and
double-stranded polymeric substrates. When single-stranded
poly(A) or poly(U) alone was used as the substrate, the amount
of non-precipitable nucleotides released increased during the
course of the reaction (FiglA). Furthermore, the rates of
cleavage of poly(A) and poly(U) by ribonuclease B23 were
similar. However, when the double-stranded co-polymer time(min.)

poly(A):poly(U) was used as the substrate, the amount of

non-precipitable nucleotides released was essentially negligible.

In control experiments, the co-polymer served as an excellemigure 1. Digestion of single-stranded RNA versus double-stranded RNA by
substrate for the double-strand-specific ribonucleasé¥, data protein B23 ribonucleaseA] Reaction mixtures (5(f) containing 100 nmol
not shown). Thus protein B23 ribonuclease could cleave singléin Nt of either single-stranded poly(ADj or poly(U) (]) or double-stranded

. . ly(A):poly(U) () and 1 U protein B23 ribonuclease were incubated at
stranded poly(A) and poly(U) but did not digest the double-strande °C. Reactions were terminated at various times by addition of perchloric acid

form, suggesting that it is a single-strand-specific nuclease. and uranyl acetate to final concentrations of 5 and 0.05%, respectively. The
To confirm the single-stranded specificity, the PCA precipitationreactions were placed on ice for 20 min and centrifuged at 13 000 r.p.m. in a

assays were performed on the poly(A) and poly(U) Counterpartggcrogentrifug? fﬁr 5 min. Aqu_uqtsbcIJf the slupe_:jnatant were withdrgwn azr%%the

6. poly(G) and poly(C). When single-stranded poly(C) aloneip=cbeice o e roniechiane uclotdes wae meceured ot 260 nm

he substrate, the acid-soluble nucleotides increa g) . i

was used as t , i é (G) (©) or double-stranded poly(G):poly(CHlijf and 1 U protein B23

during the course of the reaction (Fi@). Furthermore, the rate ribonuclease were incubated and processed as described in (A).

of digestion of poly(C) was similar to that obtained with poly(A) or

poly(U). Surprisingly, when poly(G) was incubated with B23

ribonuclease, the release of nucleotides was essentially undetectqgg | n o :

' ) X , ificity of cleav rotein B2

indicating that B23 ribonuclease did not digest poly(G). Thgii%nﬁﬁza%ebase specificity of cleavage by prote 3

double-stranded co-polymer poly(C):poly(G) was also resistant

to cleavage by protein B23. Thus, B23 ribonuclease appearedTo determine if protein B23 ribonuclease exhibited a similar base

be a single-strand-specific nuclease with an apparent negateference on a mixed arrangement of nucleotides, a synthetic oligo-

base specificity, whereby it readily cleaved poly(A), poly(U) andibonucleotide containing all possible dinucleotide borations

poly(C) but it did not digest poly(G). (42) was labeled at itsBerminus and digested with protein B23

n mols of nucleotides released
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preference for single-stranded RNA. Eukaryotic rRNA is known
to possess a high degree of secondary structtyeStructural
motifs have been shown to play a significant role in recognition

| Buf|BSA [ & P

=0122000 1224102 4 6 810 1220 xc

3 ~ by several endonucleases involved in pre-rRNA processing
= events {46,47). To determine whether nucleolar protein B23
A ribonuclease cleaved at specific sites in pre-rRNA, transcripts
2 comprising various regions of pre-rRNA were synthesired
5 vitro using bacteriophage polymerases and used as substrates fol
o digestion by nucleolar protein B23 ribonuclease.

G

c 8 There are no preferential cleavage sites by protein B23

¢ 8 A ribonuclease in the 5ETS or ITS1 RNAs

A Initial studies were performed with transcripts from th&5S
i region spanning the primary processing site (+790 in4&twhich

were uniformly labeled witi?2P. Ribonuclease B23 at a low
u enzyme:substrate ratio of 0.008 U protein B23 ribonuclegse/
transcript was unable to cleave the transcript containing’'the 5

>

teemeres ETS region of the pre-rRNA (data not shown). An increase in the
G @8 enzyme:substrate ratio resulted in non-specific cleavage in the
c e transcript (data not shown).
c . -ns To detect cleavage in the 18S—-TS1 region of pre-rRNA,

uniformly 32P-labeled transcripts were subjected to limited digestion
with protein B23 ribonuclease at the same enzyme:substrate ratio
(0.008 U protein B23 ribonucleapg/ transcript). Under these
conditions, ribonuclease B23 was unable to cleave these transcripts,
although higher concentrations of protein resulted in non-specific

_ S _ _ cleavages (data not shown).
Figure 2. Cleavage of a synthetic oligoribonucleotide by protein B23

ribonuclease. The synthetic 20mer oligoribonucleotide (41) was labeled at itﬁo . . . -
5'-terminus usingyf32PJATP and T4 polynucleotide kinase. Reaction mixtures P rOteIN B23 ribonuclease preferentially cleaves at a specific

(50 pl) containing 1.25.g oligonucleotide substrate and 0.08 U protein B23 sSite in ITS2 RNA

ribonucleasglg substrate were incubated at°@7 Aliquots (5pl) were o .

withdrawn at various times (indicated at the top in min) and added to equalAS indicated above, at the low enzyme:substrate ratio (0.008 U
volumes of stop buffer (95% deionized formamide, 0.025% bromophenol que,enzqu[lg transcript), protein B23 was unable to introduce any
giogg’:i/gnxxggeag{a’?g‘(’e'a 2;1561”;2/(')/5%&(:0-'2%5;‘:@ 87an)qu§€ eﬁ’fz?;"tzn?;cleavages either in the BTS or the 18S-ITS1 RNA transcripts.

(0] — . , . . . ..
h)?drolysate of the o)lligonucleotide p%rfzrmrgd in 50 MM sodiur% bicarbgnate,Howeven this was not the case with a transcript containing the
pH 9.2, at 85C for 14 min; Buf, buffer; BSA, bovine serum albumin; XC and 3 -€Nnd of the 5.8S rRNA and thérggion of ITS2. A uniformly
BB, migration positions of the tracking dyes. 32p-labeled 528 nSad-PpuMl transcript was subjected to

limited digestion at the same enzyme:substrate ratio used with the

previous two transcripts. This transcript was comprised of 107 nt
ribonuclease. The 20 base oligonucleotide had a predigtefi ~ at the 3-end of 5.8S rRNA and 377 nt at theehd of ITS2 and
12°C and existed in a single-stranded form at the reactiofé nt of the polylinker. As seen in FiguBeafter incubation with
temperature. As seen in Figu when a digest of the protein B23 ribonuclease, several distinct RNA fragments >200 nt
oligonucleotide was performed at a relatively high enzyme:substrdtelength were seen. The most prominent product of the partial
ratio, there was cleavage at phosphodiester bonds betwedigest was a fragmefii00 nt in length. Thus, under conditions
nucleotides containing all the bases, with the major products 6f limited digestion, metastable products were formed which
digestion being mono-, tetra- and pentanucleotides. Interestingiere relatively resistant to further cleavage. However, the major
the G-N and N-G bonds were also cleaved, indicating that the labRnd appeared to reach a steady-state level &ft@rmin
of cleavage of poly(G) was not due to the presence of a guaniéigestion, suggesting that this fragment underwent further
residue itself. The fact that cleavage occurred at nearly alleavage. In experiments using high percentage gels, there was
phosphodiester bonds indicated that the enzyme did not exhiBlgo an accumulation of products ranging from 20 to 100 nt in
any base specificity. However, the presence of prominent bantgsigth, most of which did not appear as discrete bands (not
with the digest indicated that although there was no absolute ba®wn). There was little or no increase in acid-soluble material
specificity, the enzyme was sensitive to some conformation@ver the time of digestion, indicating that the products were not
aspects of the RNA molecule or to certain sequences whigteaved to very small fragments. These cleavages accounted for

,Cw ~eo0®0e®

resulted in the non-random cleavage pattern. the progressive loss of radioactivity from the parent band.
Although the uniformly labeled transcript permitted detection
Cleavage of pre-rRNA by protein B23 ribonuclease of preferential cleavage patterns, it did not reveal the location of

the cleavages relative to th'e &r the 3-end of the transcript. To
The above results indicated that although protein B23 endoribdetermine this, th8ad—PpuMI transcript, labeled at its-ferminus,
nuclease did not exhibit any nucleotide preference, it wasas subjected to limited digestion with ribonuclease B23. As seen
sensitive to the structure of the macromolecule, with a markead Figure4, the prominent product of the partial digest was the
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Figure 3. Detection of cleavages introduced in the 5.85-ITS2 region of

pre-rRNA by protein B23 ribonuclease. An vitro synthesized 528 nt Figure 4. Location of cleavages in the 5.8S-ITS2 region of pre-rRNA by
Sad—PpuMI transcript comprising 44 nt of the polylinker, 107 nt of the protein B23 ribonuclease. Am vitro synthesized '532P-labeled 528 nt
3'-region of the 5.8S rRNA and 377 nt of ITS2 uniformly labeled #Ehwas Sad—PpuMI transcript was subjected to limited digestion with protein B23
subjected to limited digestion with protein B23 ribonuclease. Reaction mixtures ribonuclease. Reaction mixtures containing ii@%ranscript RNA and 0.008 U
(80 ul) containing 1.25ug transcript RNA and 0.008 U protein B23  protein B23 ribonucleageg substrate were incubated and processed as
ribonucleasglg substrate were incubated at°@7 Aliquots (8.5ul) were described in the legend to Figure 3. Ctrl, no enzyme control-R#PSlabeled
withdrawn at various times (indicated at the top in min) and the reactions wereDNA markers as described in Figure 3. The arrowhead denotes the preferential
terminated by ethanol precipitation. The precipitated RNA was resuspended incleavage site by protein B23.

10 ul 95% formamide—dye mix and analyzed on a 5% polyacrylamide-7 M

urea gel. Ctrl, no enzyme control; M;33P-labeled denatured 100 bp DNA

ladder + Hadll digested @X174RF DNA. The arrowhead denotes the

preferential cleavage site by protein B23. performed using the unlabeled 528&att—PpuMl transcript and a
335 bpSfu-Milul probe labeled at thé-&rminus. The preferential

400 nt fragment. Some smaller RNA products were also seen, i§igavage 250 nt into ITS2 would result in a protected fragment
their intensities were much weaker in comparison with the 400 fB0O nt in length. Precise determination of the cleavage site was
fragment. The presence of the 400 nt fragment mapped tofither achieved by electrophoretic separation of the S1 products
distinct cleavage sitéR50 nt into the ITS2 region of the N lanes adjacent to the_ Ianes of sequencing reactions obtained
unprocessed pre-5.8S rRNA. Secondary structure predictions ¥th the probe. As seen in Figusethe multiple bands arise from
Michot et al (49) suggest that this region exists as a singlethiree cleavages that are introduced 244-246 nt front-tresf
stranded loop. However, this region is only one of severdhe mature 5.8S rRNA at GpCpT phosphodiester bonds. The
single-stranded regions within ITS2. With the transcript beindfagments resulting from the S1 nuclease digestion do not
5'-end-labeled, a cleavage 400 nt from therfl should not have Co-migrate exactly with the chemical sequencing reactions but
masked any preferential cleavages in the upstream regions of i€ offset by 1.5 nt. This is expected, since the chemical
pre-5.8S transcript. Figuré shows that minor cleavages alsoSequencing reactions leave'gpBosphate group, with loss of a
occurred in the ITS2 region, upstream of the preferential cleavafjiicleotide, whereas S1 nuclease leavesigdsoxyl group $0).

site. Interestingly, no cleavages were detected in the 5.8S region

of the pre-5.8S transcript. Thus the cleavage 250 ntinto the IT$2eferential cleavage is retained on a 2xtended

region of pre-5.8S rRNA is the preferential cleavage site fosre-5.8S rRNA transcript

protein B23 ribonuclease. ) ) )
To determine whether protein B23 ribonuclease preference for

that specific site was retained in a longer transcript, a 635 nt
Sad—Rsd transcript was used as the substrate. THend-labeled

transcript was subjected to limited digestion with nucleolar
To precisely locate the preferential cleavage site in the ITS2 regidibonuclease B23. Cleavage of this transcript at the specific site
by protein B23 ribonuclease, a S1 nuclease protection assay wasulted in a 400 nt fragment (data not shown). Thus the

Precise location of the cleavage site using S1 nuclease
protection analyses and DNA sequencing
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e OUENCE: Figure 6. Detection of specific cleavages by bovine pancreatic RNase A and
RAT rDNA SEQ B - RNase T in the ITS2 region of the pre-5.8S rRNA transcript. irvitro
‘tecacaercosccacTecodctcccaToeTeaceea synthesized '5*2P-labeled 528 rad-PpuMI transcript comprising 44 nt of
the polylinker, 107 nt of the'#&nd of 5.8S rRNA and 377 nt of ITS2 was
subjected to limited digestion with either pancreatic RNase A, RNase T
) . . protein B23 ribonuclease. Reaction mixtures containing fi@%ranscript
Figure 5.S1 nuclease protection analyses and the nucleotide sequence aroungyna and 0.008 U either bovine pancreatic RNase A, RNgseffrotein B23
the preferential cleavage site in the pre-5.8S rRNA transcript. An unlabeled 528j,4n cleaseig substrate were incubated af @7 Aliquots were withdrawn
nt Sad-PpuMl transcript was subjected to limited digestion with protein B23 - ater 20 min and the reactions terminated by ethanol precipitation. The
nbonqclease._ Reaction mixtures contamlng_ Li@%ranscript RNA and 0.008 U precipitated RNA was resuspended inpl5% formamide—dye mix and
protein B23 ribonucleaged substrate were incubated at @7 Reactions were analyzed on a 5% polyacrylamide—7 M urea gel. Ctrl, no enzyme control; A,

terminated at various times (in min) and an aliquqtl6vas hybridized to a pancreatic RNase A: T RNase T: M, 5-32P-labeled DNA markers as

3-end-labeled 335 bBfu-Miul DNA probe. Hybridizations were performed  gegcribed in Figure 3. The arrowhead denotes the specific cleavage site
at60°C for 3 h as described in Materials and Methods. Hybridization reactions jniroduced by protein B23 ribonuclease.

were diluted 10-fold in S1 digestion buffer containing S1 nuclease at a

concentration of 0.2 W. Sl-resistant hybrids recovered after ethanol

precipitation were resuspended in iD 95% formamide—dye mix. The

products of digestion were electrophoretically separated in lanes adjacent to the

lanes of the sequencing reactions on a 7% polyacrylamide-7 M urea getranscript was used to detect cleavages introduced by ribonuclease

Nucleotide sequence analyses of thergi-labeled 335 bfu—Miul DNA B23 in the upstream regions of ITS2. The transcript, comprised

probe was performed using the G, G+A, C+T and C reactions as describe ;
previously (43). Ctrl, no enzyme control; M;33P-labeled DNA markers as Bf 44 nt of the polylinker, the 304 nt of the 5.8S rRNA but only

described in Figure 3. The arrowheads denote the protected fragments after $2€ 3154 nt of ITS2, lacked the pref_erentlal Clea\_/_age site for th_e

nuclease digestion. The rat rDNA sequence of the ITS2 region from positiorprotein. The pre-5.8S transcript lacking the specific cleavage site

+1674 to +1710 (64) along with the cleavage sites are shown below. did not serve as a substrate for protein B23 at the low
enzyme:substrate ratio, indicating that no sites sensitive to
ribonuclease B23 existed in the ITS2 region abutting the 5.8S
rRNA (data not shown). This confirms the idea that protein B23

specificity exhibited by the protein for the site was not affected bgfbonuclease exhibits preferential cleavage in a short segment of

the addition of 107 nt in the ITS2 region at therd] of the 528 nt  ITS2 RNA.

transcript. Although additional cleavages of weaker intensities

were present upstream of the primary site, no cleavages w . .

introduced in either the 5.8S region or in the ITS2 regio%%}g:]rlbonucleases do not preferentially cleave the ITS2

immediately downstream of the 5.8S rRNA. Evidently, the 9

conformation of the RNA is maintained in the extended transcriffy test whether the specific cleavage introduced in the ITS2
and the protein has the ability to recognize and introduce specifiggion was the result of a site accessible to any single-stranded

cleavage at this site. nuclease, the "®nd-labeled pre-5.85 RNA transcript was
subjected to limited dige_stion by bovine p_ancreatic RNase A and

Protein B23 ribonuclease does not cleave atBuncated RNase . As seen in Figuré, the two single-strand-specific

pre-5.8S rRNA transcript ribonucleases at the same unit concentration did not introduce any

cleavages at the site cleaved by ribonuclease B23. However, the
To test whether the protein could recognize a substrate lacking tfweo ribonucleases introduced minor cleavages far upstream of
cleavage site, a transcript truncated at then8 was subjected to this site. Thus, the cleavage introduced by protein B23 ribonuclease
limited digestion using the same enzyme:substrate ratio asthe site in ITS2 was not merely a result of accessibility of the
described above. A uniformi§?P-labeled 305 nBad-Avall nuclease to that region of the RNA.
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DISCUSSION transcript contains two distinct segments, one that functions as a
substrate and a second one that does not. A short transcript lacking
. . ._the cleavage site in the pre-5.8S transcript is resistant to cleavage,

The current study shows that protein B23 ribonuclease exhibifg,ereas the two longer transcripts containing the preferential
a feature common to several ribonucleases, i.e. preferentighy,,aqe site exhibit similar cleavage patterns. This suggests that

cleavage due to the three-dimensional structure of the substraig, is'a strong tendency for the RNA to maintain its structure in

The first aspect of this sensitivity to structure is the marke P : ; ;
i e vicinity of the cleavage site even when given an opportunity
preference for single-stranded over double-stranded RNA. Tl?g fold differently. It is also interesting that there were no

re_sistance of double-stranded RNA to cleavage was not only SetﬁBavages in the ETS and the 18S—ITS1 transcripts under the
with the co-polymers poly(A):poly(U) and poly(C):paly(G) but aISOsame conditions. This further supports the idea that a segment of

with poly(G) alone. The inability of protein B23 ribonuclease 132 is specifically recognized by protein B23 ribonuclease.

cleave poly(G) may be attributed to the monovalent Catiqn'induc‘?—(liowever the precise features recognized are not known at this
secondary structure of the homopolym®&d,%2). The intra- '

. . . ; time. Other ribonucleases have also been shown to be sensitive to
molecular folding of single G_-r_lch strands in the presence bf the secondary and tertiary structure of RMA$8,59) and the
ions to form G-quartets minimizes the proportion of single;. !

stranded regions of the polymer and occludes phosphodieslé(g?'ted digestion or preferential cleavage in the RNA substrate is

linkages, thereby preventing access to the cleavage sit e to resistance of large segments to cleavage by the enzymes.

AR ) i LS he demonstration that protein B23 ribonuclease preferentially
Attempts to inhibit the formation of G-quartets by the elimination leaves within a short segment of ITS2 raises the question of the

of Na" ions from the medium resulted in a major decrease i

enzymatic activity. Thus it was not possible to determine WhethQPySi()logiCaI relevance of this finding, i.e. Is there any significant

protein B23 ribonuclease was capable of digesting singlé(—)l.e for thg glnzymi n pre-rRNBAégr.ocessing? %ev_e[]alhpieces of
; ) ence indicate that protein is associated with this region
stranded poly(G). The apparent resistance to G-quartet structu?i he pre-rRNA transcript. Biochemical studies by Prestayko

is a feature characteristic of other single-strand nucleas .
(53-55). A similar effect was observed with bovine pancreatica -(2), Ols_onet al (3)’ Yunget al (4). and Zirwest al (5) sho_wed
RNase A towards poly(CB€) and spleen acid RNase towardsthat protein B23 is assomatgd with maturing 55S pre-ribosomal
poly(A) (57), which also possess higher ordered structures in tffg\P Particles which contain ITS2 as a part of 32S pre-rRNA
PH range between 5 and 6. Thus, the resistance of poly(G) 0). Inhibition of rRNA synthe§|s by actinomycin D in cultured
cleavage by protein B23 ribonuclease is probably due to ikells causes translocation of this protelnfro_m the n_ucleolus to the
sensitivity towards the secondary structure of the polynucleotid/cleoplasmi0). Other components associated with pre-rRNA
and is not indicative of base specificity. processing are al_so. t_r_anslocated from the n.ucleoll.Js to Fhe
Secondly, although there was no apparent base specificity, thicleoplasm upon inhibition of rRNA synthesus using actinomycin
cleavage pattern seen with the 20mer oligoribonucleotide indicateti(61)- More importantly, the translocation effect of protein B23
that cleavage of this single-stranded substrate was not randdf?aISo observed upon treatment of cells with an inhibitor of 47S
This suggests that the B23 ribonuclease recognizes subBEeTRNA processing, toyocamyciil(12). Thus, the mere
conformational features or possibly even certain sequencd¥esence of nascent 47S pre-rRNA is not sufficient for nucleolar
resulting in preferred cleavage sites in a substrate that exists in ffé&ntion of the protein but it appears to be dependent on the
single-stranded form. presence of associated pre-rRNA processing complexes. Interaction
Finally, the studies with the pre-rRNA transcripts demonstrat@f protein B23 ribonuclease with the ITS2 region of the pre-rRNA
that protein B23 ribonuclease preferentially cleaves at a limitelfensScript could explain the translocation induced by the drugs. The
number of sites in these RNAs. Protein B23 ribonucleag®ost probable mechanism is that as the processing intermediates
selectively introduces cleavages after each nucleotide in raigrate through the different compartments of the nucleolus in a
specific pGpCpU sequence in the ITS2 region of pre-5.8S rRNA€ctorial fashion, the 36S pre-rRNA intermediate which is
The GCU sequence is contained in one of the four CGCuctermed in the dense fibrillar component of the nucleof® (
sequences in the vicinity of the cleavage site; no cleavage wigsTuits protein B23. The absence of either 47S pre-rRNA or the
observed in any of the other sequences. This suggests that prof@eessing intermediates in the presence of the drugs would lead
B23 ribonuclease is recognizing features other than the sequeife@ loss of the binding site for the protein, causing it to translocate
itself. Furthermore, although there are multiple single-strandeféPm the nucleolus to the nucleoplasm. It is also interesting that
regions present in the ITS2 regiatd), this site is the only one protein B23 is associated with components of the pre-rRNA
cleaved by protein B23 ribonuclease. This site is not susceptiliieocessing machinery in nucleolus-derived foci during mit68js (
to cleavage by other single-strand-specific endoribonucleasesEarlier studies mapped cleavages in the rat ITS2 at sites 118 nt
Thus, three-dimensional structural features in the transcript ffownstream of the'®nd of mature 5.8S rRNA{) and at 50-65
addition to secondary structure contribute to recognition of thand 4-20 nt upstream of thieid of mature 28S rRN/&E). The
site by protein B23 ribonuclease. 5-end of 28S and the'-8nd of 5.8S5 rRNAs appear to be
The fact that the cleavage sites are only found downstreamg@gnerated by exonucleas@g)( The preferential cleavage sites
the 3-end of the 5.8S rRNA sequence suggests that the IT$bserved in the current study are found approximately in the
region is particularly sensitive to protein B23 ribonuclease. Theenter of ITS2, between the previously mapped sites. The sites
introduction of cleavages in the ITS2 region may be attributed tdeaved by protein B23 have not been obseirveivo, however,
the fact that this region, which is the spacer to be excised aitdt likely that this region of ITS2 is rapidly degraded and that the
discarded, serves as the natural substrate for nuclease activityramsiently formed intermediates are difficult to detect. It is also
general. In contrast, the 5.8S region of the transcript appears togassible that protein B23 participates in this degradation through
resistant to the action of ribonuclease B23. Thus, the pre-5.8S endonuclease activity.
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