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ABSTRACT

RNase P is a ribonucleoprotein endoribonuclease
responsible for the 5 ' maturation of precursor tRNAs in
all organisms. While analyzing mutations in conserved
positions of the yeast nuclear RNase P RNA subunit,
significant accumulation of an aberrant RNA of (193
nucleotides was observed. This abundant RNA was
identified as a 3 ' extended form of the 5.8S rRNA. This
strain also displays a slightly elevated level of other
rRNA processing intermediates with 5 '-ends at
processing site A2 in the internal transcribed spacer 1
(ITS1) region of the rRNA primary transcript. To test
whether pre-rRNA in the region of ITS1/5.8S/ITS2 is a
substrate for RNase P in vitro , nuclear RNase P was
partially purified to remove contaminating nucleases.
Cleavage assays were performed using an rRNA
substrate transcribed in vitro which includes the 5.8S
region and its surrounding processing sites in ITS1 and
ITS2. Discrete cleavages of this rRNA substrate were
coincident with the peak fractions of nuclear RNase P,
but not with fractions corresponding to mitochondrial
RNase P or ribonuclease MRP RNA. The cleavage
activity is sensitive to treatment with micrococcal
nuclease, also consistent with an activity attributable to
RNase P. The strong RNase P cleavage sites were
mapped and their possible relationships to steps in the
rRNA processing pathway are considered. These
observations suggest an intimate relationship between
the processes of tRNA and rRNA maturation in the
eukaryotic nucleus.

INTRODUCTION

is catalyticin vitro in the absence of proteifhl). RNase P from
Bacteria, Archaea and Eucarya contains a similar sized RNA
(C300-400 nt), but, unlike the bacterial enzymes, the RNA
subunits from Archaea and Eucarya are not active without protein
(12,13). The RNA subunits from different phyla show only small
patches of sequence conservation, but retain similar structural
features 14,15). Only two protein subunits have been purified to
homogeneity from the eukaryotes, $ieerevisiaenitochondrial

(105 kDa) 16) and thes.pombeauclear (100 kDa)l(/) proteins.

The eukaryotic proteins are of a significantly greater molecular
weight compared to the 14 kBacoli C5 protein {8). Although

the 369 nt RNase P RNA fro.cerevisiaenuclei has been
extensively characterized, the protein content of the holoenzyme
remains to be determinetiy19-21).

E.coliRNase P is able to recognize a number of different RNA
substrates in addition to pre-tRNAs. Examination of temperature
sensitive mutants revealed accumulation of precursor RNAs
including 4.5S RNAZ6,27), 10Sa 28,29) and the polycistronic
MRNA from the histidine operor3@). In all instances the
substrate resembles a pre-tRNA and is consistent with the
proposed minimal structure requirement for an RNase P substrate
(31). A recent study 32) suggests that bacterial RNase P
holoenzyme has a greater substrate range than the RNA subunit
alone, implicating the subunit in recognizing substrates other than
pre-tRNAs.

The eukaryotic RNase P that processes cytoplasmic pre-tRNAs
is thought to function in the nucleus ardafd 3 processing
precede splicing2@,23). Since yeast mutants that fail to splice
tRNAs accumulate end-matured tRNAs in the nucl2d2¥),
RNase P cleavage (an earlier event) is probably occurring in the
nucleus.

Eukaryotic nuclear RNase P is closely related to ribonuclease
MRP ribonucleoprotein, an endonuclease known to be involved
in rRNA processing33-37). In humans, RNase P appears to

RNase P is one of a growing list of ribonucleoproteins (RNPshare Th antigen association with RNase MER40). A 100.5
found to be involved in a wide variety of biosynthetic pathwaykDa polypeptide has been shown to associate with both enzymes
in eukaryotes. Essential RNPs and their functions include tlieyeast and may be analogous to the Th antigen. A temperature

small nuclear RNPs (snRNPs) in mRNA spliciigP), ribo-

sensitive mutation in this yeast protein, Pop1, results in defects in

somes in translation3{5), telomerase in chromosome endrRNA processing and tRNA processing, as might be anticipated
formation 6,7), small nucleolar RNPs (snoRNPs) in rRNAfor a protein playing a functional role in both enzym&s.(In
processing &9), and RNase P in precursor tRNA (pre-tRNA)addition to the common protein association, the RNA compo-
5'-end maturation1(0). Of these, only RNase P is considered anents of RNase P and RNase MRP possess some sequence an

ribozyme, following demonstration that tBecoli RNA subunit

structural similarity {4,42,43), leading to suggestion that the two

* To whom correspondence should be addressed
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Figure 1.Growth phenotypes of &PRImutant. RNase P RNA secondary structure shown was proposed on the basis of phylogenetic analysis and solution structure prot
(15). Blackened circles with nucleotides indicated in white represent strictly conserved positions that were randomized for generation of a gene library from which the n
originated. The growth phenotype of tRBRImutant (B15AT307) is shown at 25C and 37C relative to an otherwise isogenic strain carrying a wild-type cdpi?ieil
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eukaryotic enzymes are derived from a common progenitanaintained in selective medium lacking histidine and leucine at

These observations, in additioninositu localization of at least 25°C for isolation of RNA.

some RNase P RNA to the perinucleolar compartment with RPRImutation B15AT3g7was derived by sequence randomiz-

RNase MRP 44,45), has led to further speculation that thereation at highly conserved positions in RER1RNA (Fig. 1).

might be undiscovered similarities in the substrates recognized bgtailed characterization is described elsewl&)eucleotide

the two enzymesi3,46,47). T3isrepresents an A to T transversion and a single nucleotide
In the process of characterizing mutants with defects in thdeletion is found at position 306 or 307. DNA sequencing

S.cerevisiaauclear RNase P RNA subunit, the appearance of aavealed no other mutations in the plasmid-iRiPR1gene £0).

anomalous RNA prompted us to investigate whether RNase P

was involved in the maturation of rRNA, as well as tRNA. Pulse-labeling of RNA

RNA was labeled by addition of 5QCi [32P]orthophosphate to
MATERIALS AND METHODS 1 ml of cells at Olgyg of 1.0 for 5 min. RNA was prepared as
Yeast strains and growth conditions previously describeds(). Samples were subjected to electro-

] N ~ phoresis on an 8% denaturing acrylamide gel and exposed on a
For construction of the temperature sensitive mutant used in th@glecular Dynamics Phosphorimager 445 SI.

studies,S.cerevisiaestrain JLY-1 (9) containing aprl::HIS3
disruption in strain W3031A MATa ade2-1 his3-11,15
leu2-3,112 trp1-1 ura3-1 canl-10and plasmid YCp5&®PR1
with wild-type copy of theRPR1gene were used. JLY-1 was Oligonucleotides used for PCR, primer extension and northern
transformed with plasmid pRS315HU marker) containing hybridization are designated P1-P5. P1 and P5 were used as PCF
either theRPR1mature coding sequence or the mut®®@iR1 primers in construction of the rDNA template (see RNase P
coding sequence inserted between wild-tiRRgR15 and 3  reactions). P1 included a T7 promoter. Oligonucleotides P2, P3
flanking gene sequences; the wild-tigféR 1containing plasmid and P4 were end-labeled with T4 polynucleotide kinase (Gibco-
(URA3marker) was eliminated by growth on 5-fluorooritic acidBRL) and [-32P]JATP (New England Nuclear) and purified by
(48). Protease-deficient strain PP1002ATa ade2 leu2-3,112 15% denaturing polyacrylamide gel electrophoresigofucleo-
pep4-3 rna3 rna8p(gift of P. Piper & Kerstin Straby) was used tide sequences are as follows:

as the source of RNase P holoenzya®® Media were prepared P1, 3-TAATACGACTCACTATAGGCCAAACGGTGAGAGA-

as described.). Growth of the temperature sensititgg fnutant TTTCTGTGC-3;

used in these studies and its isogenic wild-type strain w2, 3-TCCAGTTACGAAAATTCTTGTTTT-3;

Primers and probes
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P3, B-CGCATTTCGCTGCGTTCTTCATCG-3 yeast extract was ammonium sulfate precipitated and
P4, 3-ACAGAATGTTTGAGAAGGAAATG-3'; and resuspended in buffer HGMDN (20 mM HEPES pH 7.9, 10%
P5, B-ACTTTAAGAACATTGTTCGCCT-3. glycerol, 10 mM Mgd, 1 mM DTT, 0.5% Nonidet P-40),

A primer which anneals to positions +24 through +40 of thadjusted to 0.15 M KClI, and applied in a final volume of 300 ml
yeast alcohol dehydrogenaseADH1) RNA (52) was added to  (with addition of HGMDN + 0.15 M KCI) to 120 ml SP Sepharose.
control for primer extension reactions. An oligonucleotide whicliExtensive washing was followed with single-step elution with
anneals to positions +62 through +88 of the U6 SnRNA was uselsMDN + 0.4 M KC1. Approximate protein peak concentrations
for total RNA blot quantitation53,54). were assessed by Coomassie brilliant blue staining. The peak

The RPR1probe was the complement of the coding regiomrotein fractions were pooled, adjusted to 0.2 M KCI with
cloned into plasmid pGEM-322(0,55) and transcribed using HGMDN, and applied to a 40 ml column of DEAE cellulose.
[a-32PJUTP. The ribonuclease MRP RNA (RNase MRP) codinqRNase P was eluted in a single step with HGMDN buffer
region antisense probe was synthesized from the RNase MRP geostaining 0.4 M KCI.

(NME21or PPR3 in pBluescript Il K (gift of D. Tollervey). The pooled RNase P activity was applied to a Mono Q H/R 5/5
(2 ml) column in HGMDN + 0.275 M KCI. A 20 ml gradient of
Northern blot analysis 0.0275-0.625 M KCI was used for elution, and 0.5 ml fractions

) . were collected and tested for RNase P activity, protein content,
Total RNA was prepared from yeast carrying wild-type olnd the presence of specific RNAs by northern analysis. In
T315AT307RPR1genes. Twqug of each RNA was subjected to addition to the activity peaks observed with fractions 28 and
electrophoresis on 8% denaturing polyacrylamide gels amgb/33 (0.47 and 0.49 M KCI) (Fi§), another peak of RNase P
transferred to Maximum Strength Nytran (Schleicher & SchuelBctivity was found in fractions 37 and 38 (0.52—-0.53 M KCI). This
using a Genie Electrophoretic Blotter (Idea Scientific). Fogoincided with a peak of mitochondrial RNase P, as analyzed by
analysis of both large and small RNASQ g of WT and mutant northern blot hybridization to an oligonucleotide probe comple-

RNAs was added to denaturing RNA loading buffer (95%mentary to mitochondrial RNase P RNA@GGACTCCTGCG-
formamide, 0.1% SDS, 5 mM EDTA, 0.1% bromophenol blugsGGTCCGCCCGCG!J16).

and xylene cyanol), incubated for 10 min at®%nd separated

on a 1.2% native agarose gel. A denaturing agarose gel was 3i§@ase P reactions

run with these samples and confirmed the results obtained from o ) ]

northern analysis of the non-denaturing gel for the large rRNARNase P activity from chromatographic separation was assayed

For these analyses, RNA was capillary blotted to Nytsah (  Using @ mitochondrial pre-tRMAP substrateq8), [a-32PJUMP-

Hybridizations with P3 and P4 were done atG&nd 50C, labeled as described for tRiPR1as probe. The substrate was

respectively, for blots of denaturing polyacrylamide gels. Fapurified and assayed describ&d)( _ _

quantitation of total RNA loaded, the radioactive U6 probe was RNase P activity was assayed as previously described for RNase

used in a separate hybridization &@0The northern blot of the MRP (34) using a yeast pre-rRNA substrate and Oj#-df the

1.2% agarose ge| was probed with P4 and the ADH1 probe Mpno Q fractions. This pre-rRNA substrate _|S defined by the PCR

40°C. Following hybridization, membranes were exposed fopfimers P1 and PS5 (see FigB and8) which were used to

Phosphorimager analysis. synthesize this region by PCR ampilification from the yeast rDNA
For detecting specific RNAs in RNase P purification'epeat from plasmid pRibH7 (contains the 2. Hidullll fragment

chromatography, 1l from Mono Q fractionation was treated in PBR322, gift of H. Federoff & J. Warner). This template was

with stop mix (0.25 mg/ml proteinase K, 0.5% SDS, 25 mmranscribed from the T7 promoter included in primer P1 and

EDTA) extracted, and precipitated. Samples were separated Rifified. Thein vitro transcribed pre-rRNA was-8nd labeled by

6% denaturing acrylamide gels, electroblotted, and hybridized @@dition of [3-32P]cytidine 3 5-bis(phosphate) with RNA ligase

55°C to32P-labeled antiseng@PR1or NME1RNA. (60). Electrophoretic separations of all assay products were
visualized using a Phosphorlmager.
Primer extensions . . .
Micrococcal nuclease digestions
Primer annealing and extension used SuperScript Il (Gibco) at .. . . L
45°C as recomgmended by the manufagturer. FI):’I’OdEJCtS V\ai%nsmvny of RNase P to micrococcal nuclease digestion was tested

; ; bining 0.511 of the peak fraction from FPLC Mono Q
separated on 8% denaturing polyacrylamide gels. Gels were drfdg COMoIN! e | .
and exposed to film or phosphor screen. Positions of primé?p?rat'on |_nha'|5| regctyon W|Egz4fmh/150a(§hr}d2u m|crococh:laI
extension stops were determined by comparison with adjac geaf/le W£G+r1ACU at'ﬁnl at ?r H;mn. nsorznelcaseﬁp
chain termination sequencing reactions performed using identicaf™ ™"\ _(ethylene  glycol-bifaminotheyl ~ether)-
primers on the rDNA template used for synthesis of the rRN ,N,N,N'-tetraacetic acid) was first added specifically to inhibit

substrate. Primer extension of the aberrant rRNA @@y.was micrococca_l nu_clease before RNase P addition. Micrococcal
done following elution of this RNA from 8% denaturing poly- NUclease digestion was stopped by addipg2D0 mM EGTA to
acrylamide gel. those reactions to which it had not been previously added. RNase P

reactions were then performed using the pre-rRNA substrate.
Isolation of RNase P RESULTS

Extracts were prepared froBaccharomyces cerevisiaérain
PP1002 as describedl’j. RNase P activity was purified from the
extracts using SP Sepharose (Pharmacia), DEAE celluloSeir laboratory has examined the effects of simultaneous
(Whatman DE52), and FPLC Mono Q H/R 5/5 (Pharmacia). Thautations at highly conserved positionsSicerevisiaauclear

Characterization of an RNase P Mutant
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. . ) Figure 3. (A) The yeast rRNA transcription unit. An enlargement of the internal
Figure 2. (A) Precursor accumulation of tRNA from RER Imutated strain. transcribed spacer regions (ITS1 and ITS2) and the 5.8S rRNA sequence is shown
Precursors of the tRNAY2 isoacceptor were identified in comparison 10 pejow the drawing of the full transcription unit. The locations of the primers and
previous analysis by northern blot hybridization (19). RNAs are detected of theprobes used in this study are indicated. Previously charactenzemjprocessing
appropriate size for the primary transcript (pre-tRRHS), an end-processed  gjtes are shown below (47). The location of thendl of the aberrant rRNA is

species with its intron (+IVS), a transcript that has been spliced ofy3}5 marked as “?'.B) Processing of rRNA iB.cerevisiaePrecursors are identified by

and fully processed tRNAUS (B) Ethidium stained denaturing polyacryl-  sjze at left and right. The 18S, 5.85 and 25S mature rRNAs are shown below.
amide gel of the small RNAs from the wild-type angshTao7 mutant. An Nomenclature for processing sites is the same as in (A).
unusual accumulated RNA species larger than 5@ theRPRtmutated

strain is indicated with a question mark (€). RNA from the same strairiéP
pulse-labeled for 5 min. The aberrant RNA is designated as ‘?".

with 5- and 3-ends) and a spliced tRN®!3carrying its Sleader

and 3 trailing sequences. This lack dtéhd processing in an
RNase P RNA. Filled circles on the secondary structure modelBNase P mutant has been observed previoliS)yahd may be
the RNA in Figurel highlight one region of conserved due to extensive pairing between thdeader and '3trailing
nucleotides that was targeted for randomization of the sole copgquences. The appearance of pre-tFfeNAwhich is spliced, but
of theRPR1gene, encoding the RNA component of yeast nuclearot end-matured, suggests that maturation of termini before
RNase P. One of these variants,siT3g7(Fig. 1), was found to  splicing is not obligatoryl(9).
accumulate a previously unidentified RNA. Growth of the mutant When wild-type and mutafi®NAs were subjected to electro-
is reduced at 2% as well as 37C, allowing analysis of phoresis in a denaturing polyacrylamide gel and stained with
non-lethal RNA processing defects at°@5 To confirm the ethidium bromide, a novel RNA (denoted “?’ in &), slightly
presence of a nuclear RNase P functional defect, a northern Béger than 5.8S, accumulated in the mutant. In repeated experi-
prepared with total RNA from both the mutant and wild-typements, the total tRNA population was only slightly shifted to larger
strains was hybridized with a probe to tRN (Fig. 2A). sizes, consistent with a modest defect in RNase P function. To
Examination of this single tRNA population revealed defects imisualize more clearly short-lived RNAs in this size range, newly
the tRNA-U3 steady-state population consistent with results frorsynthesized RNA was pulse-labeled for 5 min ## Pulse-la-
a previously characterized RNase P mutast6(,62). RNA  beled RNAs from the mutant included an unknown RNA the same
isolated from both the wild-type and mutant strains showesize as the novel band observed on ethidium-stained geBQJig.
products corresponding in size to the pre-tRNA containing The abundance of the new ‘?’ RNA, as well as its size relative
only its intron and the fully-processed, mature tR&¥A In the  to5.8S rRNA, suggested that this might be an aberrant processing
RNA from the mutant, the probe identified additional RNAsproduct of the ribosomal RNA genes. To test this hypothesis, a
consistent with an accumulation of the primary transcript (intronorthern blot of RNA from both the mutant and wild-type strains
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C D . approximate length of additional sequence beyond the mature
ECa® w1 fm 3'-end of 5.8 was 35 nt£4 nt) (indicated on the sequence in
" Figs8 and3A).
- a-zTh To examine the larger precursor rRNAs (pre-RNAs) for changes
! T in the mutant, northern blot analysis was performed using the
8% -aesom mutant and wild-type total RNA on a 1.2% agarose gel with probe
'- ik P4 (Fig4D). The strongest hybridizing and fastest migrating RNA
—r is the aberrant species that was also observed in Biyaved B.
= ‘*—? A modest increase in 7S precursor varied from 1.3 to 5 times the
= level of wild-type in the mutant RNA in different experiments. No
significant difference was seen in the level of the 27S precursor
(27Sa and 27Sb) in the mutant compared with the wild-type RNA
Figure 4. (A) Northern blot hybridization identifying small rRNAs containing (Fig. 4D) or in the level of 35S precursor when levels were
5.8S sequences using probe P3 (see Fig. BAN@rthern blot analysis of the  normalized to ADH1 mRNA levels. Attempts to identify other
A & e oot ot ted 7 A o wetheason o Processing products, with an adltonal 52 oligonucleotice
5-end L.Jsing primer P3Dj Northegrn analysis of pre-rRNAs after agarose gel probe 115 nt downstream qf the 5.85 rRNA sequence, did nOt
electrophoresis to visualize large rRNAs. The probe is P4. reveal detectable accumulation of a novel pre-25S rRNA species
with ITS2 sequences that might arise from cleavage at the ‘?’
position (not shown).
24

il
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£

Quantitation of pre-rRNAs with their 5'-ends at site A2

-

i Although the path to production of the major aberrant RNA is
- unclear, we tested whether the RNase P defect might cause more
. subtle problems in maturation of the 5.8S/d after the A2
- cleavage (Fig3B). Primer extension was performed using primer
I P2 (Fig. 3A) for quantitation of the relative levels of the

- precursors with 'sends at A2 and A3. ADH1 mRNA was used
E for normalization of signals. Levels of transient pre-rRNAs with
- 5'-ends at A3 appear unchanged while the pre-rRNAs with their
-- R DHY 5'-ends at A2 are increased 5-fold in the mutant (BjigThe
A""i product seen below site A2 is attributable to a primer extension

1l

- pause site as seen on longer exposure of the wild-type reaction.
= Lt Increase in the levels of pre-rRNA withdénds at A2 suggests
that the mutant may be partially deficient in its ability to convert
E the precursors cleaved at A2 to those with mature 5.8S termini.
It is unclear why this difference in rRNAs withénds at A2 is
not manifest when the pre-rRNA is quantitated in a northern
Figure 5. Quantitation of relative levels of rRNA precursors from l¥Bilivo analysis (see above; F#D). Itis possible that only the level of

by primer extension. The rRNA processing sites, A2 and A3, are indicated at rigrfhe re'fitiVeW minor 27Sa intermediate’-¢hd at A2) is
as compared to primer extension sequencing using primer P2 shown in Figure 3facreasing and the level of the more abundant 27Sn(5 at

Blsand B1) is not changing. Alternatively, the RNAs that give

rise to the increase in'-Bnds at site A2 might have quite

was probed with an oligonucleotide, P3, complementary 10 5.§aterogeneous’-8nds and be spread over multiple bands in
RNA (Fig.3A). The 5.8S hybridization signal in wild-type RNA Figure4D that are not visible individually.

corresponded to the sizes of the two major forms of the mature

5.8S rRNA, 5.8gand 5.8§, that differ by an additional 7 nt at . PO

their 5 termini (Fig4A) (63). An additional RNA was identified | 2 ual purification of RNase P
by this probe only in the RNA isolated from the mutant. Thi§o test whether nuclear RNase P was capable of cleavingirRNA
novel RNA appeared larger than the 5.8BNA by [B0 nt, vitro, we partially purified the RNase P holoenzyme from wild-type
corresponding to the size of the “?” RNA. Mapping of thisand mutant yeast. The results from RNase P assays using a
previously uncharacterized RNA used antisense oligonucleotidese-tRNAASP substrate and the most highly purified FPLC Mono
annealing 5and 3 to the 5.8S coding sequences to determin® fractions of wild-type enzyme are shown in Figo#e The

which end of the 5.8S rRNA included additional nucleotidesRNase P activity produced two peaks centered in fractions 28 and
Hybridization to probe P4 (Fi§A) revealed a'®xtension of the  32/33. To determine the location of the RNA subunit of RNase P,
5.8S rRNA in the aberrant RNA (FigB). To map the 5end samples were deproteinized and separated on a denaturing
more precisely, the aberrant RNA was isolated from a denaturipglyacrylamide gel (FighB). Two species of RNA were detected
polyacrylamide gel and used in primer extension. Thertls with anRPR1probe: the 369 nt fully processR@R1RNA and

were shown to be the same as the matteads of the 5.8and  the previously characterizéd53—-483 nt precursoi9). The

5.8§ rRNAs (Fig.4C). This 5 heterogeneity could account for strongest hybridization signal, corresponding to the size of the
the apparent size heterogeneity of the aberrant RNAZEid#®A 369 nt maturékPR1RNA, was seen in fraction 28. Fraction 32
and B), although multiple '3termini might also exist. The RNA showed another peak of hybridization with both the mature
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A B BSP oGP SR APt was hybridized to the same northern blot (BR). RNase MRP

. - — RNA was detected mainly in fractions 20-26, eluting at a lower salt
concentration than most of the RNase P RNA. A fractionation
scheme derived from these observations has also been used by
others to reproduce this separation for analysis of RNase MRP in
5 imadei— the absence of RNase(PB7). The physical separation of these
enzymes indicates that the eukaryotic nuclear RNase P enzyme doe:
not require an association of both RNAs in a complex for activity
in vitro.

I e — i e

R0 L Gl R o i
praflme P PR — -

TR - Assay for cleavage of an rRNA substrati vitro
To determine if RNase MRP was able to cleave a pre-rRNA
substrate, a 603 pre-rRNA substrate was transcribed from a
PCR template (primers P1 and P5 shown in BA&gand 8). The
substrate spanned much of ITS1, 5.8S, and all of ITS2. In assays

Figure 6. Mono Q chromatographic isolation of nuclear RNas& PRNase using this 3end labeled pre-rRNA substrate we were unable to

P activity of wild-type holoenzyme from Mono Q gradient fractions was fing any evidence of endonucleolytic cleavage with fractions

assayed by pre-tRN)P cleavage, liberating the Bader from the primary .

transcript. Mono Q fraction numbers are indicated above each lane of the ge@.orr?Spond'ng to the RNase MRP RNA (IHB) I_nStead’ a set .

(B) Northern blot analysis of RNA isolated from the Mono Q fractions by Of discrete cleavage products were detected in those fractions

sequential hybridization with RNase P and RNase MRP specific probescoinciding with nuclear RNase P (Fgand7A). However, this

‘preRNase P RNA indicates the pOSitiOﬂ of a previously characterizeddoes not discount the pOSS|b|||ty Of an undescribed activity as

precursor (19) of the mature RNase P RNA. responsible for these rRNA cleavages. No similar activity
corresponding to the mitochondrial RNase P was detected using

RPR1RNA and its precursor. The first peak of RNase P activitthe pre-rRNA substrate. In a further effort to identify RNase MRP

corresponds to the first peak of maRRRIRNA and the second activity in these fractions, a previously characterireditro

activity peak corresponds to tHRPR1 precursor-containing substrate for yeast RNase MRP was used in a cleavage assay (no

fractions. A third peak of pre-tRNA cleavage activity was seen ishown) ©4). Little activity was detected in any MRP fractions,

fractions 37 and 38, which was found to contain intact mitochoisuggesting activity did not survive well under these purification

drial RNase P RNA by hybridization with a mitochondrial RNasenethods, although full-length RNase MRP RNA could be

P RNA probe (not shown). detected as separate from the RNase P RNA peak$@fig.

To investigate the possibility that the related rRNA processing To provide additional evidence that the activity responsible for
enzyme, RNase MRP, was present in our Mono Q fractions anlbavage of the pre-rRNA substrate is dependent on an RNA
separated from RNase P2R-labeled antisense RNase MRP RNAcomponent, a test for sensitivity to micrococcal nuclease

A £ BERD Sk PP B o e e g B s
=+ 4 + + FramP
—W‘J i R e B
—_— —_—
[P L . 28, <
.|-—-——.. s add al insa E
v { S 3844
¥ 344
W Mr.T
171
L 182

Figure 7. (A) Cleavage assay of &énd labeled rRNA substrate spanning ITS1, 5.8S and ITS2 sequences in the presence of enzyme from the Mono Q fractio
The extent of the substrate is defined by the primers P1 and P5, shown in Figures 3 and 8. The Mono Q fractions used in assays are shown above each lane
the same ones used in Figure 6. Cleavage products are labeled at the center with Roman numerals. The size of each product is indicated at right according to
from the 3-end as mapped by primer extension and comparison to the T1 nuclease digestion pattern (last 2 lanes). Assay of column input activity is indicated ac
(B) Micrococcal nuclease (MNase) sensitivity of the activity responsible for rRNA substrate cleavage. A ‘+' indicates addition of MNase, RNase P and EGTA t
pre-incubation step prior to the cleavage reaction. EGTA was added to all samples before addition of substrate.
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Figure 8. Cleavage sites in the rRNA substrate mapped relative to characterized rRNA procesiniyvsit€he cleavage sites are indicated by the roman numeral
assigned in Figure 7A. The sequence shown includes the region surrounding 5.8S rRNgedherte of 183); all of ITS1 (J); 5.8S @); ITS2 (J); and the

5 sequence of 25S rRN/AN). PCR primer P1 (including a T7 promoter) and primer P5 delineate the extent of the rRNA substrate used in the cleavage assays.
asterisk indicates the first nucleotide in ITS1, 5.8S, ITS2 and 25S sequences. ‘?’ represents the approximate lingitglaffttiee&berrant rRNA identified in the
RPR1mutant strain.

(MNase) inactivation was performed. RNase P Mono Q fractioBl-extended 5.8S rRNA seen in Figu2emd4. Possible indirect

28 was pre-incubated with MNase either in the presence mutes for accumulation of this rRNA are explored in the
absence of EGTA (FigrB). RNase P is sensitive to MNase Discussion.

treatment in a pre-tRNA cleavage reacti@d) (and MNase

pre-digestion also renders the RNase P fraction unable to clegyecyssion

the pre-rRNA substrate. In a control reaction, it was shown that

addition of EGTA to inhibit the micrococcal nuclease beforeA\n RNase P mutant accumulates an aberrant rRNA

RNase P is added prevents the MNase from inactivating the o _

pre-rRNA cleavage activity. These results suggest involvement éfaddition to alterations in the population of the tRNA precursors
an RNA moiety in the activity responsible for pre-rRNAINayeastnuclear RNase P RNA mutant, there was an accumulation
cleavage; reducing the chance that a minor contaminatifij @ novel, abundant RNA slightly larger than 5.8S rRNA. The
nuclease was responsible for the activity. 5-end of the aberrant RNA was shown to correspond to the mature
5'-ends of the 5.8§Sand 5.8§rRNAs, but the 3end extended

35 nt beyond the'&nd of the mature 5.88NA into ITS2. The
accumulation of this novel species of rRNA suggests that the
Sites of cleavage of the pre-rRNA substrate were mapped mdrdlase P holoenzyme is required either directly or indirectly for
precisely by primer extension of the unlabeled substrate treataper formation of the mature 5.8S rRNAe8d.

with fraction 28 RNase P (data not shown). The cleavage sites ar@nother strain with a mutation in the RNA subunit of RNase
indicated relative to the rDNA sequence in Figliead relative MRP also accumulates an rRNA species containing 5.8S sequences
to the region in FigurgA. One of the prominent cleavages mapsHowever, in that strain the aberrant 5.8S rRNA has a nofaadl3

2 nt downstream of the A3 site (Fi8) which is near the butthe 5end is extended by 149 B(36). The accumulation of
postulated site of action of RNase MR#%)( Another major this 5-extended 5.8S species along with a dramatic shift in the ratio
cleavage site maps between sites A3 and B1 of ITS1. Sites tfthe mature forms toward the 5.88rm, led to the conclusion that

are less favored (FigA), are located at Bland BE(the mature RNase MRP is involved in proper 58%-end maturation. Also
5'-ends of 5.85and 5.8§), within the 5.8S sequences, andaccumulated in the conditional RNase MRP mutant is the proposed
within ITS2. None of thesa vitro cleavage sites map immediate- precursor to 5.88whose 5end lies at A2 in ITS1 (Fig3B),

ly downstream of 5.8S rRNA, where failure to cleave in thesupporting a direct precursor to product relationship for RNase MRP
RNase P mutant might lead directly to accumulation of theaturation of the '5end of 5.8§ rRNA (65). The data presented

Mapping sites of rRNA cleavage
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here suggest that RNase P may affect maturation of the 5.8S rRiiteins, the non-physiological folding conditions, and other
in a way that is different from the proposed role for RNase MRP imissing components of rRNA biogenesis are all potential
5.8% 5 processing. problems.

Another yeast enzyme involved ih[@ocessing of 5.8S has
been reported recently to be’a 3" exonuclease activity, Rrp4p |nvolvement of RNase P in rRNA processing
(66). A strain carrying the mutant allefgp4-1, accumulates 5.8S i . .
rRNAs with 3 extensions. One of the species characterized f# iS quite possible that RNase P does not directly cleave
rrp4-1 and wild-type RRP4 is the approximate length of thére-rRNAs at alln vivo, but rather that RNase P mutations affect
3-extended form of the 5.8S rRNA described here, suggestifgNA processing indirectly. RNase P might be part of an rRNA
that this pre-rRNA may be a previously undescribed rRNARTOcessing structure known as the ‘processoiie’ g large
precursor resulting from the characterized processing pathway@@mplex in the nucleolus composed of snoRNPs and other
from an alternative pathway. It remains possible that the aberr@#sociated proteins. Association of RNase P RNA with at least
RNA that accumulates in the mutant is a cleavage product deriv@@e Protein that also associates with RNase MRP RNA was

from the larger 27S pre-rRNAs earlier in the processing pathwa}}own by co-immunoprecipitation of the RNA subunits of both
rather than from the 7S precursors. enzymes by antibodies to a Protein A—Popl protein. RNase P

RNA may influence the structure of a complex containing RNase
L . ) MRP and the shared Pop1 protein, thereby interfering with proper
Alteration in pre-rRNA processing following cleavage at A2 5 85 3.end processing through misassembly or disruption of the

Examination of large rRNA precursors of wild-type and mutan‘fomplex' Alternatively, some other cleavage product of RNase P,
RNase P RNAs did not reveal large changes in the normaliz& ch as a snoRNA, might be required for proper folding or

levels of the 27S (FigiD) and 35S (not shown) rRNAs, nor was ©'€23VaJ€ ofthe Pre-rRNA. . :
there an appeargngle )of any algerrant rRlzl As other than théA‘n evolutionary and functional relationship between RNase P

3'-extended 5.8S species. However, a more careful examinati d RNase MRP has been su_ggested to explain a C'ea.“’?‘ge atsit
(Fig.5) of the levels of the 27Sa major precursor to 5.8S and 2 f?r Rﬁatse :\ARPL(?){RIIQ At\hls.tﬁcenano, RNglse F.’t.OF'gg‘ia"{h
rRNA (Fig. 3) by primer extension analysis revealed an increasgctioned 1o cleave a with a conserved positioned in the
in the levels of precursor with-Bnds at processing site A2 in the equwallent 165/23S spacer region of the (RNA operons from both
RNase P mutant. RNase P appears to exert at least some opfsteria and Archaea to ensure separation of the rRNAs. It was
influence after A2 cleavage, possibly participating in an unchag:stulated that RNase MRP evolved from RNase P in eukaryotes

acterized pathway that, if interrupted, leads to the accumulatidf Cleave this region whose tRNA was subsequently lost during
of the observed rRNA with additional €2quence. e course of evolution. While RNase P continues to process

pre-tRNAs, it is possible that RNase P also remained a member
of this complex retaining a functional role in rRNA maturation,
Activity of wild-type RNase P toward anin vitro rRNA but a role that is now distinct from RNase MRP.

substrate
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