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Ribonuclease P (RNase P) is a ribonucleoprotein enzyme that cleaves precursor tRNA transcripts to give
mature 5’ ends. RNase P in eubacteria has a large, catalytic RNA subunit and a small protein subunit that are
required for precursor tRNA cleavage in vivo. Although the eukaryotic holoenzymes have similar, large RNA
subunits, previous work in a number of systems has suggested that the eukaryotic enzymes require a greater
protein content. We have purified the Saccharomyces cerevisiae nuclear RNase P to apparent homogeneity,
allowing the first comprehensive analysis of an unexpectedly complex subunit composition. Peptide
sequencing by ion trap mass spectrometry identifies nine proteins that copurify with the nuclear RNase P
RNA subunit, totaling 20-fold more protein than in the bacterial enzyme. All of these proteins are encoded by
genes essential for RNase P activity and for cell viability. Previous genetic studies suggested that four proteins
might be subunits of both RNase P and RNase MRP, the related rRNA processing enzyme. We demonstrate
that all four of these proteins, Poplp, Pop3p, Pop4p, and Rpplp, are integral subunits of RNase P. In addition,
four of the five newly identified protein subunits, Pop5p, Pop6p, Pop7p, and Pop8p, also appear to be shared
between RNase P and RNase MRP. Only one polypeptide, Rpr2p, is unique to the RNase P holoenzyme by
genetic depletion and immunoprecipitation studies. The large increase in the number of protein subunits over
eubacterial RNase P is consistent with an increase in functional complexity in eukaryotes. The degree of
structural similarity between nuclear RNase P and RNase MRP suggests that some aspects of their functions
in pre-tRNA and pre-rRNA processing pathways might overlap or be coordinated.
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Precursor tRNAs (pre-tRNASs) are processed at their 5’
and 3’ ends to yield mature tRNAs. Ribonuclease P
(RNase P) is the enzyme responsible for the 5’ endonu-
cleolytic cleavage in eubacteria, archaea, and eukaryotes
(Altman et al. 1995; Pace and Brown 1995; Chamberlain
et al. 1996b). In most instances the enzyme is composed
of both RNA and protein, but it is the RNA subunit of
the eubacterial RNase P that is capable of both recogniz-
ing and cleaving substrates efficiently and accurately
(Guerrier-Takada et al. 1983). The protein component
serves as a cofactor and is absolutely required in vivo
(Reich et al. 1988). Although the eubacterial RNAs are
divergent in primary sequence, characterization of the
RNA structure has resulted in proposed tertiary models
of the RNase P RNA subunit (Westhof and Altman 1994;
Harris et al. 1997). Experimental conditions that would
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allow catalysis by the archaeal and eukaryotic RNase P
RNAs have not been defined, although the archaeal and
eukaryotic RNAs appear to fold in a secondary structure
resembling the eubacterial RNA subunit (Forster and
Altman 1990; Tranguch et al. 1994; Chen and Pace
1997). The eubacterial RNA subunit (350-410 nucleo-
tides) is similar in size to the eukaryotic nuclear RNA
(280-380 nucleotides), but the protein content of the eu-
karyotic enzyme is much greater, estimated to be 50%—
70% of the eukaryotic holoenzyme as compared to 10%
of the eubacterial enzyme (Lawrence et al. 1987; Doria et
al. 1991; Jayanthi and Van Tuyle 1992). The increase in
protein in the eukaryotic enzyme suggests that the eu-
karyotic RNase P may represent a transition from an
early RNA enzyme, still maintained in bacteria, to an
enzyme dependent on protein for activity. The large in-
crease in the protein complexity might also be necessary
for function in the increased organizational complexity
of the eukaryotic cell.
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RNase P activities are found in the nuclei (Bartkiewicz
et al. 1989; Lee and Engelke 1989; Doria et al. 1991),
mitochondria (Doersen et al. 1985; Hollingsworth and
Martin 1986; Y. Lee et al. 1996), and chloroplasts (Thom-
as et al. 1995) of eukaryotes. Purifications of Saccharo-
myces cerevisiae mitochondrial and Schizosaccharomy-
ces pombe nuclear RNase P identified single proteins of
(1100 kD that cofractionated with RNase P activity (Mo-
rales et al. 1992; Zimmerly et al. 1993). The nuclear gene
encoding the S. cerevisiae mitochondrial protein subunit
RPM2 has been found essential and necessary for mito-
chondrial pre-tRNA processing (Dang and Martin 1993).
Other mitochondrial enzymes might have higher protein
content, however. The mitochondrial enzyme from As-
pergillus nidulans appears to have several proteins that
cofractionate with activity (Y.C. Lee et al. 1996).

Several polypeptides have been implicated in S. cerevi-
siae nuclear RNase P function by direct and indirect ex-
periments. Three of these proteins were first identified
by genetic methods that were intended to identify pro-
teins associated with the activity of a related ribonucleo-
protein enzyme, RNase mitochondrial RNA processing
(RNase MRP). RNase MRP has an essential RNA sub-
unit that is evolutionarily related to RNase P (Gold et al.
1989; Morrissey and Tollervey 1995) and of similar size.
This enzyme, however, cleaves rRNA precursors found
in nucleoli (Shuai and Warner 1991; Schmitt and Clay-
ton 1993; Chu et al. 1994; Lygerou et al. 1996) and has
also been implicated in mitochondrial replication (Stohl
and Clayton 1992). The three genes originally identified
as affecting RNase MRP function, POP1, POP3, and
POP4 (Lygerou et al. 1994; Chu et al. 1997; Dichtl and
Tollervey 1997) encode proteins that are also required for
RNase P activity in vivo. Immunoprecipitation of these
Pop proteins shows that they are physically associated
with both RNase P and RNase MRP RNAs. Another can-
didate protein subunit, Rpplp, recently has been identi-
fied in yeast by its homology with a human protein,
Rpp30, that cofractionates with HelLa cell RNase P along
with a number of other polypeptides (Eder et al. 1997).
Like the Pop proteins, depletion and immunoprecipita-
tion studies suggest that Rpplp is a subunit of both
RNase P and RNase MRP (Stolc and Altman 1997). None
of these subunits has obvious homology with either the
14-kD bacterial RNase P subunit C5 (Hansen et al. 1985)
or the 105-kD mitochondrial RNase P subunit Rpm2p
(Dang and Martin 1993). Only one protein, Snmlp, has
been identified that is physically associated with only
RNase MRP (Schmitt and Clayton 1994).

Confirmation of the Pop proteins as integral compo-
nents of the RNase P holoenzyme has been difficult.
Both enzymes might be part of a large complex in vivo
such that mutations in subunits of either enzyme could
indirectly affect the activity of the other. If the two en-
zymes are associated, it would be expected that they co-
localize in cells, but in situ hybridization with probes
specific for RNase P or RNase MRP probes has given
conflicting results. The established cellular location of
RNase MRP is primarily nucleolar, where it functions in
pre-rRNA processing (Jacobson et al. 1995; Matera et al.
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1995). There is disagreement in reports as to whether
mammalian RNase P RNA is primarily nucleoplasmic
after transient nucleolar association (Jacobson et al.
1997) or is mostly found in focused loci at the edges of
nucleoli (Matera et al. 1995; B. Lee et al. 1996). Nuclear
RNase P and RNase MRP have been shown to have simi-
lar chromatographic properties but can be well separated
by high-resolution anion exchange chromatography
(Chamberlain et al. 1996a; Lygerou et al. 1996). It has not
been previously clear from these biochemical separa-
tions which subunits are integral to the RNase P holo-
enzyme.

Given the complexity of candidates for RNase P and
RNase MRP subunits and limited information regarding
the structure and function of the nucleolar processing
enzymes, we have undertaken the purification of nuclear
RNase P from S. cerevisiae. Partial purification previ-
ously identified the RNA subunit of nuclear RNase P,
separated RNase P from RNase MRP, and suggested a
link between RNase P and pre-rRNA processing (Lee and
Engelke 1989; Lee et al. 1991; Chamberlain et al. 1996a).
In this report we present the purification of RNase P to
apparent homogeneity. We identify nine proteins that
copurify with activity, confirm their functional associa-
tion with RNase P, and determine which newly identi-
fied RNase P proteins are associated with RNase MRP
activity.

Results
Ten subunits copurify with nuclear RNase P activity

The early steps in the purification of nuclear RNase P
followed essentially those described previously (Cham-
berlain et al. 1996a). Cellular extract was prepared from
100 liters of yeast culture and high-salt extraction was
performed on the particulate fractions that included the
nuclei. lon exchange chromatography was initiated by
step elution from SP-Sepharose and DEAE-cellulose be-
fore attempting high-resolution chromatography by
FPLC. Linear salt gradient elution was used with Mono
Q that resulted in a peak of RNase P activity between 0.4
and 0.5 m KCI. The activity from Mono Q was subjected
to high-resolution Mono S chromatography. RNase P en-
zymatic activity eluted between 0.2 and 0.3 m KCl in a
linear salt gradient. The last step in the purification was
velocity sedimentation in 15%-25% glycerol. RNase P
migrated as a large complex and was well separated from
contaminants that formed the majority of the input ma-
terial of the glycerol gradients.

Table 1 summarizes the steps for purification of
RNase P activity. The specific activity was increased
[4000-fold over the starting yeast extract by completion
of the Mono S chromatography step. Beyond this stage
protein concentrations were too dilute for reliable spec-
trophotometric measure, and protein concentration in
the glycerol gradient peak fractions had to be estimated
based on quantitation of the RNA subunit. Known quan-
tities of RNase P RNA synthesized in vitro were loaded
in parallel with RNA from glycerol gradient peak frac-
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Table 1. Isolation and enrichment of RNase P

Total units Total protein Sp. Act. Enrichment
Fraction Volume (ml) (10%? (mag) (U/mg) (fold)
Yeast extract 498 411 23,700 1.74 1
SP—Sepharose 775 53.9 852 63.3 36
DE52 94 16.4 167 97.9 56
Resource Q 105 8.1 11.7 693 400
Resource S 2.9 2.3 0.3 6760 3900
Glycerol gradient peak 16 0.65 [0.001]° [650,000]° [370,000]°

a1 Unit = relative RNase P activity required to convert 10% of 1.0 pmole of pre-tRNA”SF in 15 min under standard assay conditions.
PQuantity of total protein in glycerol gradient peak estimated on the basis of total RNA (see Materials and Methods).

tions on a denaturing polyacrylamide gel and were ana-
lyzed by Northern blot using an antisense RNase P RNA
probe. Although we cannot be sure on the basis of these
data that each protein subunit is present in a molar ratio
of 1, if we assume a 1:1 molar ratio of RNA to protein
subunits, the final total protein content is [l pg. The
100-fold purification resulting from velocity sedimenta-
tion is an estimate but is consistent with protein abun-
dance by both silver and by Coomassie brilliant blue
staining (see below).

The peak of RNase P activity from the final glycerol
gradient fractions (Fig. 1A) coincided exactly with the
peak of RNase P RNA (RPR1 RNA) detected by Northern
blots (Fig. 1B). A single form of the RPR1 RNA was ob-
served (Fig. 1B), corresponding to the mature 369-nucleo-

Figure 1. RNase P activity and RPR1 L . S PR T L

RNA comigrate with a defined set of pro-

tide form generated by 5’ and 3’ processing (Lee and En-
gelke 1989). The pre-RPR1 form, removed by the earlier
Mono Q separation (Chamberlain et al. 1996a), appeared
to be assembled into a ribonucleoprotein complex, as
judged by its copurification with the mature form
through most chromatographic steps. As expected in this
final glycerol gradient, we were unable to detect pre-
RPR1, the RNase MRP RNA subunit, or the mitochon-
drial RNase P RNA subunit.

Analysis of the same glycerol gradient fractions by
SDS-PAGE (Fig. 1C) showed one RNA (upper band) and 6
bands of protein coincident with the peak of RNase P
activity and with RPR1-containing fractions (lanes 5-
10). The intact, large RNA appeared as an orange-brown
color predicted for silver staining of nucleic acid. This
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teins in glycerol gradient velocity sedimen-
tation. Contents of individual fractions
from the final purification step, glycerol
gradient sedimentation, were analyzed to
locate RNase P activity and the RNA sub-
unit, and to determine the profile of pro-
teins that coincide with the enzyme. (A)
RNase P activity was assayed by cleaving
32p_labeled pre-tRNA”P to give tRNAP B
and the 5’ leader sequence. RNA products
were separated electrophoretically through
12% denaturing polyacrylamide and ana-
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was separated on 8% denaturing polyacryl-

amide gels, blotted to nylon membranes, and probed with 32P-labeled RPR1 antisense RNA to detect the RNase P RNA subunit.
Amounts of RNA were estimated by quantitative comparison of the signal strength to known quantities of RPR1 sense-strand RNA
prepared by in vitro transcription and blotted in parallel (not shown). (C) Protein and nucleic acid contents of fractions were visualized
by denaturing PAGE in the presence of SDS and staining with silver. (Lane M) contains protein size markers with molecular mass (in
kD) at right. The largest band comigrates with RPR1 RNA and does not stain with Coomassie brilliant blue in preparative gels,
suggesting that it contains only the RNA subunit. The identities of proteins in lower regions of the gel were determined by excision
of Coomassie-staining bands from a preparative-scale gel and exhaustive peptide analysis by ion trap mass spectrometry as described
in Materials and Methods. Two bands migrating at [1L00 and 80 kD contained only Poplp protein. The region of the two lowest visible
bands contained six distinct RNase P subunits. The positions of the confirmed protein subunits relative to the polypeptide pattern are
indicated at left; nomenclature is explained in the text and in Table 1.
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band did not appear with Coomassie brilliant blue stain- The largest protein, estimated by SDS-PAGE to be 100
ing of subsequent preparative polyacrylamide gels, and kD, was Pop1p. This protein previously was shown to be
its identity as the RNase P RNA also was confirmed by associated with both RNase P and RNase MRP from a
blotting and hybridization of an antisense RPR1 RNA functional genetic screen (Lygerou et al. 1994). The 80-
probe (data not shown). In addition to the RNA, multiple kD protein band also contained only Poplp, and the re-
protein bands appeared as 100, 80, 32, 30, 20, and 18 kD covered tryptic peptides were consistent with this pro-
relative to protein standards. It appeared likely that all of tein missing the carboxy-terminal 20 kD found in full-
these polypeptides are associated with a single large length Poplp. It is not possible from current samples to
complex because of their comigration at this position of determine whether this 80-kD form is an artifact pro-
high apparent molecular mass in the gradient. No addi- duced by proteolysis during purification or an alternative
tional, prominent protein bands overlap the peak of the product of the POP1 gene incorporated as a subunit. This
RNase P complex, although many proteins are clearly question will be addressed once antibodies to Poplp can
visible in higher numbered fractions (Fig 1C, lanes 12— be obtained and used to probe the subunit prior to puri-
26) corresponding to lighter gradient fractions. fication. The protein with an apparent migration at a

molecular mass corresponding to 32 kD was identified as
the RNase P protein Rpplp and has a predicted mass of

Protein sequence determination by ion trap mass 32.2 kD (Stolc and Altman 1997). This protein has been

spectrometry characterized as an RNase P and RNase MRP subunit
Because the protein sample was limiting (4 pmoles), from its similarity with a human protein that comigrates
amino acid sequence determination of protein subunits with RNase P activity, Rpp30 (Eder et al. 1997), and from
excised from preparative SDS-PAGE gels was accom- functional studies in yeast that reveal pre-tRNA and pre-
plished by electrospray ionization ion trap mass spec- rRNA processing defects in cells depleted of Rpplp. The
trometry (see Materials and Methods). Exhaustive analy- protein migrating slightly more slowly than Rpplp was
sis of peptide fragments in gel slices identified a total of yet another protein found to be functionally and physi-
9 proteins in the sample that were confirmed to be cally associated with both RNase P and RNase MRP,
RNase P subunits by genetic depletion studies. All of Pop4p (Chu et al. 1997).

the polypeptides were identified within the S. cerevisiae The two bands smaller than 20 kD actually contained
genome database (SGD) (Cherry et al. 1996; Goffeau et six proteins (Fig. 1C; Table 2). Pop3p was suggested pre-
al. 1996) using Sequest and FASTA algorithms (Lip- viously to be a subunit of both RNase P and RNase MRP
man and Pearson 1985; Pearson and Lipman 1988; Eng et (Dichtl and Tollervey 1997), but the remaining five pro-
al. 1994). Previously unidentified subunits were named teins were predicted products of hypothetical open read-
according to whether they were shown by depletion ing frames (ORFs) of unknown functions. Only the pro-
and immunoprecipitation (see below) to be specific to tein of an estimated 19.6 kD, a product of the FUN53
RNase P (Rpr2p) or also necessary for function of RNase gene on chromosome |, had been shown to be essential
MRP (Pop5p, Pop6p, Pop7p, and Pop8p). The SDS-PAGE (Harris et al. 1992). All but one of these five polypeptides
migrations of the RNase P subunits are labeled in Fig- were found in further analyses (Table 1; Figs. 3 and 4, see
ure 1C, and a summary of all subunits is shown in Ta- below) to affect both RNase P and RNase MRP activities
ble 2. and given Pop designations (Pop5p-Pop8p). A single pro-

Table 2. Composition of the purified RNase P holoenzyme and summary of functional analysis of each protein subunit

. Processing defect Reduction of RNA Immunoprecipitated
. Estlr_nated with subunit depletion with subunit depletion RNA
Subunit size
Gene type (kd) pre-tRNA  pre-rRNA  pre-P P MRP pre-P P MRP Reference®
RPR1 RNA 120 — — — — — — — — Lee et al. (1991)
POP1 protein 100.5 Y Y Yb Y Y Y Y Y Lygerou et al. (1994)
POP4 protein 32.9 Y Y N Y Y Y Y Y Chu et al. (1997)
RPP1 protein 32.2 Y Y N Y Y Y Y Y Stolc and Altman (1997)
POP3 protein 22.6 Y Y N N N Y Y Y Dicht and Tollervey (1997)
POP5 protein 19.6 Y Y N Y Y Y Y Y this report
POP6 protein 18.2 Y Y N Y Y N N N this report
RPR2 protein 16.4 Y N N Y N Y Y N this report
POP7 protein 15.8 Y Y N Y Y Y N Y this report
POP8 protein 155 Y N N Y Y Y Y Y this report

(Y) Yes; (N) no; (pre) precursor.

2Information for Poplp, Pop3p, Pop4p, and Rpplp are derived from the references cited. The information reported for the remaining
protein subunits is shown in Figs. 3 and 4.

A popl temperature-sensitive strain was examined at a nonpermissive temperature for RNA reduction. Relative to the mature RNase
P RNA the precursor RNase P RNA levels declined less rapidly, and it is unclear whether this depletion is a result of the general decline
of functional RNA levels under this condition.
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tein was specific for RNase P and the gene is named
RPR2 (RNase P ribonucleoprotein-2) according to our
original nomenclature for yeast nuclear RNase P sub-
units.

The RNase P subunit gene products are essential
for spore viability

To determine whether the five previously uncharacter-
ized polypeptides were essential cellular components,
the genes encoding the candidate RNase P proteins were
disrupted with a kan" gene in diploid S. cerevisiae (Fig.
2A). The kan" gene was generated as a PCR fragment
with 50 bp of flanking homologous sequences to the gene
candidate for disruption. Transformation of diploids and
subsequent homologous recombination resulted in a dip-
loid strain with only one functional copy of the gene of
interest. Sporulation and tetrad analysis of resultant hap-
loid spores revealed a 2:2 segregation of spore viability
with kanamycin resistance in all cases, indicating that
all protein products were essential (Fig. 2B).

Depletion of RNase P candidate proteins indicates
they are necessary for RNase P activity in vivo

To test for function of the candidate RNase P subunits as
components of RNase P and RNase MRP activities in the
cell, their expression was placed under the control of the
GAL1 promoter (Fig. 2A). The ORFs to be expressed were

Figure 2. All of the newly identified protein sub-
unit candidates are encoded by essential genes. Four
of the proteins that copurify with RNase P activity
(Poplp, Rpplp, Pop4p, and Pop3p) had been identi-
fied previously as candidate RNase P subunits, and
their genes had been shown to be essential. The
genes for the remaining five subunits (Pop5p, Pop6p, A
Rpr2p, Pop7p, and Pop8p) were tested to determine
whether they were essential for viability and if
depletion of their gene products affected RNase P or
RNase MRP function. (A) The experimental design
for deleting the coding regions and substituting a
gene under the regulation of a GAL1 promoter is
shown schematically. Homologous recombination
was used to replace one copy of each coding region
in diploids with a gene for kanamycin resistance.
The resulting heterodiploids were first sporulated
and tested for spore viability. B shows that all tet-
rads segregated as two viable and two nonviable
spores, the result expected for essential genes. The
diagram also shows a schematic for creation of a
haploid strain in which the genomic copy of the
gene of interest is disrupted, and production of the
gene product from a plasmid is placed under Gal
control for the depletion studies shown in Fig. 3.
These recombinant gene products were also all
made in two versions, both of which conferred vi-
ability. One version, used for the RNA blot analyses
in Fig. 3, contains only the coding region for the
gene. A second version, used in the immunoprecipi-
tation experiments in Fig. 4, also contains the 8-
amino-acid Flag epitope at the carboxyl terminus.

Substitutive
transformation

ORF or ORF-FLAG

GALP\/CYC1:

inserted in a plasmid with the GAL1 promoter upstream
and the CYC1 terminator placed downstream. Transfor-
mation of the disrupted diploid, followed by sporulation
and tetrad analysis of the resultant spores, yielded a hap-
loid yeast strain containing the sole copy of the gene of
interest under GAL promoter control of expression. Shift
of cultures to glucose medium depleted the protein gene
products, with maximum effect on growth and RNA lev-
els reached by 12 hr.

RNA biogenesis and processing defects resulting from
depletion of these proteins were assessed by Northern
blot analysis of RNA recovered from each strain at 0 and
28 hr after the shift to glucose-containing media (Fig. 3).
The signal recognition particle RNA (scR1) was probed
as a normalization control. The nucleolytic processing
intermediates expected for the pre-tRNA-®“ and 5.8S
pre-rRNA region in either wild-type or RNase P-defi-
cient cells are represented in the schematic shown in
Figure 3A. The wild-type strain does not accumulate sig-
nificant levels of pre-tRNA" either before or after the
shift to glucose. In contrast, the control placing the pre-
viously characterized Rpplp subunit in the Gal-driven
expression vectors does show a low-level pre-tRNA ac-
cumulation even when grown in galactose, with a sig-
nificant increase in pre-tRNAs after depletion of Rpplp
in glucose. This result was typical of pre-tRNA accumu-
lation for all of the newly identified subunits as well.
Despite minor accumulation of tRNA precursors in
strains where subunits were expressed from the GAL
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Figure 3. Depletion of the newly identi-
fied protein subunits shows that all are
essential for RNase P activity, and several
are essential for RNase MRP activity. The
constructs described in Fig. 2 were used to
deplete Pop5p, Pop6p, Rpr2p, Pop7p, and
Pop8p by shifting to growth in glucose,
which impairs growth by 6 hr and reaches
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5.88(VL) Aanﬂ::ﬁ’;pby ent haploid strain and depletion of the pre-

-%—3,_- ¢ & processing ¢ ¢¢ viously identified Rpplp subunit were
used as controls. Steady-state levels of

\ LI J«vs 1 several different RNA types were deter-
\ /IVS Splicing 5.85(L) / A3 Big mined at 0 and 28 hr after the shift to glu-
L] cose. Strain names (GAL::gene name) in-

[ mature tRNA__] tRNA 5.85(8) dicate the subunit that is under Gal con-
trol in the strain. (A) The expected
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defects lead to an increase in intron re-

P pre-RMA moval prior to terminal processing (+5',
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_——— = = == &= hpue . for processing of 5.85 rRNA are shown for

a strain with normal participation by

. — — —— 5.S{VL) RNase MRP or a deficiency in RNase

MRP. Mutations cause accumulation of

58S(L) very long (VL) and long (L) forms of 5.8S at

-m- 585(S) the expense of the short (S) form. (B)

Whole cell RNA samples were prepared at

— - - e - B oreANA 0 or 28 hr after shifting to glucose to de-

== £ plete the indicated subunits. RNAs were

i separated by electrophoresis though dena-

B - N turing polyacrylamide gels, electroblotted

— to nylon membranes, and probed to detect

the indicated RNAs. Panels are taken
from a single blot exposed to the following

32p.labeled probes (from the top): scR1 detects signal recognition particle RNA that should not be affected by either RNase P or RNase
MRP defects; RNase P RNA detects both mature and precursor forms; RNase MRP RNA that detects a single form of the RNA; 5.8S
rRNA detects the S, L, and VL forms; and tRNA"® detects the mature and all precursr forms. Depletion of all putative subunits
strongly affects pre-tRNA processing. Effects on levels of RNase P RNA, RNase MRP RNA, and 5.8S rRNA-containing intermediates
are variable with different subunit depletions and are discussed in the text.

promoter at 0 time points, depletion of the candidate
RNase P subunits for glucose resulted in increased accu-
mulation of pre-tRNA-®" typical of an RNase P mutant
(Lee et al. 1991). A pre-tRNA"-*" probe showed accumu-
lation of the primary transcript (“pre-tRNA’") and spliced
but not end-processed pre-tRNA-®" (+5', +3’). As noted
previously, end processing normally precedes splicing in
the pre-tRNA maturation pathway, but accumulation of
the +5’, +3' intervening sequence (IVS) intermediate in
RNase P mutants suggests that the processing order is
not obligatory.

RNase P protein subunit depletions differentially
affect the endogenous levels of RNase P and RNase
MRP RNAs

The Northern blot described above was also probed for

RNase P and RNase MRP RNA subunits (Fig. 3B). As
observed previously upon depletion of Poplp, Pop4p, and
Rpplp proteins (Lygerou et al. 1994; Chu et al. 1997;
Stolc and Altman 1997), a decrease in the levels of both
mature RNase P and RNase MRP RNAs was observed for
four of the five newly identified RNase P proteins:
Pop5p, Pop6p, Pop7p, and Pop8p. Depletion of a single
subunit, Rpr2p, resulted in almost complete loss of the
RNase P RNA, but a relatively small reduction of RNase
MRP RNA (twofold) with no detectable effect on RNase
MRP function. Depletion of Pop8p protein also led to an
RNase MRP RNA reduction, but only 4-fold, compared
with a 7- to 13-fold loss of RNase MRP RNA observed
with the other Pop protein and Rpplp depletions. Persis-
tence of the RNase P RNA precursor band in all the
depletions could reflect continuing synthesis of the pre-
cursor but failure of the holoenzyme to assemble and
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mature properly. The chromatographic behavior of the
ribonucleoprotein containing the RPR1 RNA precursor
previously caused us to speculate that it was assembled
into an RNP similar to the mature enzyme before termi-
nal processing. Lack of accumulation of mature RNAs is
consistent with the inability of the precursor to as-
semble into an RNP complex in the depleted strains.

Defects in 5.8S rRNA precursor accumulation are
detectable upon depletion of Pop5p, Pop6p, and Pop7p

The characterized precursors of the 5.85S rRNA mature
forms containing internal transcribed spacer (ITS1) se-
guences are depicted in Figure 3A. In wild-type strains a
ratio of [110:1 exists between the 5.8S(S) (short) and
5.8S(L) (long) mature rRNAs. RNase MRP mutations
typically result in a shift in the ratios of the short and
long forms to approximately 1:1. In addition, a 5’-ex-
tended form of the 5.8S rRNA with additional ITS1 se-
qguences, 5.8S(VL) (very long), accumulates in RNase
MRP mutants (Lygerou et al. 1994; Chu et al. 1997;
Dichtl and Tollervey 1997). Depletion of three of the five
uncharacterized candidate RNase P subunits, Pop5p,
Pop6p, and Pop7p, in addition to the previously charac-
terized Rpplp, shows a clear shift in the ratio of the
5.85(S) to 5.8S(L) rRNAs and accumulation of the very
long form of the 5.8S rRNA intermediate, 5.8S(VL), rela-
tive to the wild-type strain (Fig. 3B). Neither GAL::rpr2
nor GAL::pop8 strains show a 5.8(S):5.8(L) shift, suggest-
ing the depleted proteins might be RNase P-specific sub-
units. However, further immunoprecipitation experi-
ments showed that Pop8p, but not Rpr2p, was physically
associated with both RNase P and RNase MRP RNA
subunits. From these data it appears that the moderate
lowering of the RNase MRP RNA level seen with Pop8p
depletion is not sufficient to cause RNase MRP cleavage
to become rate-limiting and lead to the accumulation of
alternately processed 5.8S forms.

Figure 4. Immunoprecipitations of pro-
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Epitope-tagged Rpr2p immunoprecipitated
in association with only RNase P RNA

To characterize further the association of the large num-
ber of protein subunits shared between RNase P and
RNase MRP, each of the carboxyl termini of the newly
identified subunits was tagged with a Flag epitope.
Soluble cell extracts were prepared from each of the hap-
loid yeast strains harboring an epitope-tagged RNase P
protein as the sole source of that subunit. The immuno-
precipitates obtained from the extracts using anti-Flag
antibody were analyzed by Northern blot using probes to
RNase P and RNase MRP RNAs (Fig. 4). Both Pop5p and
Pop8p were precipitated in association with RNase P and
RNase MRP RNAs, indicating that these proteins are
subunits of both complexes. Even though Pop8p deple-
tion had little observable effect on RNase MRP function,
it has been tentatively designated a Pop protein on the
basis of physical association with both RNase P and
RNase MRP RNAs, in addition to the partial RNase
MRP RNA reduction seen with Pop8p depletion. Pop7p
was found in a complex with the precursor to RNase P
RNA (pre-P RNA) and RNase MRP RNA, but little or no
mature RNase P RNA coprecipitated. Although this
might indicate an association with only the pre-RNase P
RNA, the purification of Pop7p with mature RNase P
holoenzyme supports the likelihood that the Flag epit-
ope is not exposed in the mature RNase P complex.
Rpr2p immunoprecipitated with only RNase P RNAs,
mature and precursor forms, consistent with the obser-
vation that its depletion affects RNase P activity in pre-
tRNA processing, but not RNase MRP activity in pre-
rRNA processing. Of the newly identified yeast sub-
units, only the Pop6p Flag tag could not be used to
precipitate either RNase P or RNase MRP RNAs. These
data, and the purification of these subunits with RNase
P alone, are not consistent with a higher-order complex
between RNase P and RNase MRP in cell extracts. In
particular, immunoprecipitation results with tagged

o

tein subunits selectively coprecipitate P o E: o E: c;q... qqc- ..*? 3 .
RNase P and RNase MRP RNA subunits. A, - - 1]
As shown schematically in Fig. 2, Rpplp, & {E\b {‘Mﬁ A {5& "?3’ ""*fi ‘?} {?? ‘?:} ‘?& {‘5@
Pop5p, Pop6p, Rpr2p, Pop7p, and Pop8p — — — 5cR1 —

were each expressed from plasmid gene — pre-P —

copies in a strain where the chromosomal .

copy of that gene had been deleted. Re- — — P— - —
combinant proteins contained Flag epitope —_— — MRP — —

at the carboxyl termini. Soluble extracts

were made from actively growing cultures
of each strain and the parental wild type
(WT) strain. Immunoprecipitation with
highly specific monoclonal antibodies

Inputs

Precipitates

against the Flag epitope was followed by Northern blot analysis for the abundance of precursor and mature RNase P RNA (pre-P RNA
and P RNA) and RNase MRP RNA (MRP RNA). Signal recognition particle RNA (scR1) was used as a control for an RNA that was not
expected to precipitate with any of the Flag-tagged proteins. (Left) The RNA content of the input fractions; (right) RNAs found in the
precipitates. RNase P and RNase MRP RNAs were not precipitated in the wild-type (WT) strain or with the Flag tag on Pop6p. All three
RNAs (pre-P, P, and MRP) were precipitated with the Flag tag on Pop5p or Pop8p. Rpr2p and Pop7p gave differential coprecipitation
of the RNAs. Rpr2p coprecipitated only RNase P RNAs (pre-P and P). Pop7p coprecipitated with MRP and pre-P preferentially, bringing

down relatively low levels of mature RNase P RNA.
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Rpr2p and Pop7p suggest that the two enzymes can be
immunoprecipitated independently.

Amino acid sequence of Pop5p-Pop8p and Rpr2p does
not show significant similarity to any known proteins
or RNA-binding motifs

All of the newly identified RNase P subunits were ana-
lyzed for homology by pairwise alignment to the eubac-
terial RNase P proteins, their signature sequence
(Bairoch et al. 1995), and the previously identified
nuclear and mitochondrial RNase P protein subunits. In
addition, pairwise alignment was attempted between a
variety of known tRNA processing enzymes and nucleo-
lar antigens, including the genetically identified Snm1p
subunit of RNase MRP. None of the BLAST searches
(Altschul et al. 1990) of the SGD, the SWISS-PROT da-
tabase (Rodriguez-Tome et al. 1996), and PIR databases
(Sidman et al. 1988) yielded significant matches, and
only one pairwise alignment between Pop7p and nucleo-
lar antigen Rrp7p (Baudin-Baillieu et al. 1997) showed
regions of significant similarity. Even in this case, how-
ever, no motif in the alignment could be identified (not
shown).

A search for known motifs and sequence patterns has
yielded limited information. No known RNA-binding
motifs could be identified (Burd and Dreyfuss 1994), but
most subunits possess regions rich in basic amino acids.
The lysines and arginines in the newly identified RNase
P subunit sequences are underlined in the sequences
shown in Figure 5. Of the RNase P proteins only Pop8p
is acidic overall with a pl of 4.8; the remaining basic
subunits have an average pl of 9.5. Every RNase P protein
subunit, except Rpplp, contains a pattern of two con-
tiguous lysine residues preceded or followed by an addi-
tional lysine at a distance of 3-8 intervening residues.
The lysines that conform to this pattern are indicated by
bold lettering in Figure 5. Pop6p, Rpr2p, and Pop7p con-
tain three of these regions. This lysine pattern can be
found in a number of ribosomal proteins with some in
highly conserved regions of S8, S7, S21, and L25 (Burton
et al. 1983; Rutgers et al. 1991, Salazar et al. 1993; En-
gemann et al. 1995). These residues might be involved in
protein-RNA association, as proposed for positively
charged residues conserved in the Escherichia coli C5
protein subunit (Gopalan et al. 1997). Alternatively, the
charged regions could be sites of protein—protein inter-
actions or nuclear localization signals (Garcia-Bustos et
al. 1991; Dingwall and Laskey 1992). The proposed ly-
sine motif can also be found in Poplp at amino acids
616-623 (Lygerou et al. 1994), Pop3p at positions 10-20
and 183-192 (Dichtl and Tollervey 1997), and Pop4p as
two overlapping occurrences at positions 97-111 (Chu et
al. 1997).

Discussion

We have isolated eukaryotic nuclear RNase P to resolve
the question of what components are associated with
and necessary for function of the isolated RNase P en-

Composition of yeast nuclear RNase P

Pop5p

1 MVRLKSRYIL FEIIFPPTDT NVEESVSKAD ILLSHHRASP ADVSIKSILQ EIRRSLSLNL §0

8l GDYGSAKCNS LLQLKYFSNK TSTGIIRCHR EDCDLVIMAL MLMSKIGDVD GLIVNEVEVS 120
1 GTIEKIEQFA MRRNSKILNI IKCSQSSHLS DNDFIINDFK KIGRENENEN EDD 173

Pop6p
1 MINGVYYNEI SRDLDISSST QCLRFLKETV IPSLANNGNN STSIQYHGIS KNDNIEKSVN 80
§1 KLDKQINMAD RSLGLOQVVC IFSYGPHIQK MLSILEIFKE GYIKNNKKIY QWNKLTSEDI 120
121 KREGRNELQE ERLKVPILVT LVSDSEIIDL NLHSFTKQ 158

Rpr2p
1 MGRKAHGGKM KPEIDENGTL LVPPPRTIAN OQDHFHRLNYL YQISAYQTRA RQKARTDAHT fi
6! PLARNYTKSM DLISEKTKTS LLPTIKRTIC EECHRLLWTP KKLEITSDGA LSVMCGCGTYV 120
121 KRFNIGADPN YRTYSEREGN LLNS 144

Pop7p
1 MALKRNTHNE STKRVTKHPS LKTLTHKQIH TTIFVKSTTP YVSALKRINK FLDSVHKOGS 80
61 SYVAVLGMGK AVEKTLALGC HFQDQKNKEI EVYTKTIEVL DEVITEGQAD IDMESDVEDD 120
121 DKETQLKKRA VSGVELRIYV 140

Pop8p
1 MGEXTFREWQ YFRLSITSFD QDVDDAHAID QMTWRQOWLNN ALKRSYGIFG EGVEYSFLHV 6
&1 DDKLAYIRVN HADKDTFSSS ISTYISTDEL VGSPLTVSIL QESSSLRLLE VTDDDRLWLK 120
121 KVMEEEEQDC KCI 133

Figure 5. Sequences of the protein subunits have little simi-
larity to bacterial or mitochondrial RNase P proteins. The
amino acid sequences of the five newly identified subunits are
shown, as derived from the SGD (http://genome-www.stan-
ford.edu/Saccharomyces/). Of the five ORFs, only POP8 con-
tains a predicted intron, composed of 75 bp between the first
and second base pair of the sixteenth codon of the ORF. PCR
analyses using primers flanking the intron with genomic DNA
and cDNA library confirm that the POP8 cDNA gives a smaller
PCR product by the expected amount. As discussed in the text,
these sequences do not display strong similarities to other gene
sequences in current databases and do not display notable simi-
larities when aligned pairwise with each other or with other
identified RNase P or RNase MRP proteins. Sequence features
that are discussed in the text are indicated by underlining (ly-
sines and arginines) or boldface type (lysine residues that form a
short pattern in all RNase P subunits except Rpplp).

zyme. The candidate polypeptides from previous work
included Poplp, Pop3p, Pop4p, and Rpplp (Chu et al.
1997; Dichtl and Tollervey 1997; Stolc and Altman
1997). All four of these proteins were found in the puri-
fied fractions. Poplp, Pop3p, and Pop4p had been identi-
fied first in genetic screens, and Rpplp had been identi-
fied by similarity to a human RNase P-associated pro-
tein, Rpp30. It has been reported that Poplp did not
appear to be a member of the RNase P complex from a
purification of the human enzyme (Eder et al. 1997; Stolc
and Altman 1997). The data presented in this report
demonstrate that Poplp is part of the yeast nuclear
RNase P holoenzyme.

In addition to Poplp, Pop3p, Pop4p, and Rpplp, five
new protein subunits were identified with peptide se-
guences obtained by ion trap spectrometric analysis. The
protein sequences of the corresponding ORFs were used
to search databases but revealed no significant homology
to any known proteins from other organisms. In an at-
tempt to reveal potential functional domains, pairwise
alignments were performed with proteins associated
with other RNase P enzymes and RNase MRP, including
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Snmilp (yeast RNase MRP-specific protein), Rpm2p
(yeast mitochondrial protein), and the C5 protein (E. coli
RNase P protein subunit), as well as the sequence con-
sensus for the bacterial RNase P proteins (Gopalan et al.
1997). None of these pairwise alignments revealed re-
gions of obvious similarity to the RNase P protein sub-
units.

Because one or more of the subunits must interact
with the RNA subunit and could interact with the RNA
substrate, a concerted attempt was made to identify
RNA binding domains in the RNase P proteins. None of
the reported RNA-binding domains were present. How-
ever, most of the proteins are very basic, and it was noted
that eight of the nine RNase P protein components con-
tain a pattern of a lysine doublet with a third lysine
spaced 3-8 residues away. This region has charged resi-
dues in addition to lysine in a number of these proteins.
A pattern search (Chervitz et al. 1997) revealed the pres-
ence of clustered lysine residues in conserved regions of
several ribosomal proteins. The eubacterial RNase P pro-
tein does not contain the lysine doublet pattern but does
contain a conserved sequence between the single pro-
teins of the different enzymes. The eubacterial consen-
sus sequence is composed of positively charged residues
thought to be involved in protein-RNA contact (Gopalan
et al. 1997). Only one nucleolar yeast protein, Rrp7p
(Baudin-Baillieu et al. 1997) was found to possess regions
of notable homology to one of the eukaryotic subunits,
Pop7p. Rrp7p is involved in production of the 18S rRNA
and is thought to be required for correct assembly of the
ribosomal protein S27 into the preribosomal particle. In
a pairwise alignment amino acids 10-34 of Pop7p
showed 33% identity with positions 10-36 in Rrp7p,
with a gap of 2 amino acids at positions 17-18 in the
Pop7p sequence. Another region, amino acids 106-121 of
Pop7p, was 44% identical to the Rrp7p sequence span-
ning amino acids 195-210. These regions of identity do
not contain the lysine doublet motif or other notable
functional motifs.

The protein products of the newly identified RNase P
subunit ORFs, Pop5p-Pop8p and Rpr2p, were shown to
be essential for cell survival (Fig. 2). Depletion of these
proteins from the cell resulted in the same pre-tRNA
processing defects seen with mutation or depletion of
previously proposed components, Poplp, Pop3p, Pop4p,
and Rpplp (Fig. 3). Depletion of Pop5p-Pop7p of the
newly identified subunits is also concomitant with the
defect in pre-rRNA processing at site A3 by RNase MRP.
This observation is consistent with cleavage defects ob-
served at A3 with the depletion of Poplp, Pop3p, Pop4p,
and Rpplp (Lygerou et al. 1994; Chu et al. 1997; Dichtl
and Tollervey 1997; Stolc and Altman 1997). Depletion
of Pop8p did not give the characteristic ratio change of
5.8S(L) to 5.85(S) as a result of a defect in processing at
A3 but did cause a four-fold reduction of the RNase MRP
RNA level upon extended depletion of Pop8p. The re-
duction in endogenous RNA levels from protein subunit
depletion might not have reached a threshold level re-
quired for the 5.8S precursor processing defect or Pop8p
might not be necessary for the 5.8S precursor processing
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function of RNase MRP. Because RNase P and RNase
MRP RNAs also coimmunoprecipitate with epitope-
tagged Pop8p, we have tentatively assigned Pop8p as a
subunit of both enzymes.

Only one protein, Rpr2p, gave results entirely consis-
tent with an RNase P subunit but not an RNase MRP
subunit. Depletion of Rpr2p did not give defects in
RNase MRP RNA levels or pre-rRNA processing but did
deplete mature RNase P RNA, and caused expected pre-
tRNA accumulations. Also, Rpr2p was found in associa-
tion with precursor and mature RNase P RNA, but not
RNase MRP RNA, by immunoprecipitation of epitope-
tagged Rpr2p. Therefore, Rpr2p is the only protein spe-
cific to RNase P. Similarly, there has been a report of one
yeast protein specific to RNase MRP, Snm1p (Schmitt
and Clayton 1994), suggesting that the two enzymes
might differ only in their divergent RNA subunit and
one protein subunit with eight proteins held in common.
Physical isolation of RNase MRP will be necessary to
determine its composition.

A profile of the purified nuclear RNase P holoenzyme
and subsequent characterization of the protein subunits
resolves the question of what proteins are biologically
relevant to the function of this enzyme. However, there
is remaining uncertainty as to whether RNases P and
MRP are separate enzymes with many identical protein
subunits or whether the enzymes share some subunits in
vivo as part of a larger complex. From the data presented
in this report it does not appear that subunits are shared
on the basis of a common complex that is required for
RNase P activity against pre-rRNA. Similarly, it appears
from the work of others (Lygerou et al. 1996) that active
RNase MRP can be separated from the majority of RNase
P. Immunoprecipitation results with Flag-tagged Rpr2p
and Pop7p suggest that the two enzymes are distinct
complexes and can be precipitated independently.

The precise cellular location of nuclear RNase P is not
clear at present. RNase MRP is a nucleolar enzyme (Ja-
cobson et al. 1995; Matera et al. 1995), but there are
reports that most of the mammalian RNase P is either
nucleoplasmic (Jacobson et al. 1997) or at the periphery
of nucleoli (Matera et al. 1995; B. Lee et al. 1996). Several
observations would be consistent with nucleolar RNase
P localization. It was shown previously that a yeast
RNase P RNA subunit mutation causes a pre-rRNA pro-
cessing defect (Chamberlain et al. 1996a). Although this
could be an indirect effect, the existence of eight proteins
common to both RNase P and RNase MRP suggests that
at least some of the two enzymes might colocalize by
virtue of signals in the proteins. Nucleolar localization
of RNase P would suggest that some aspects of pre-tRNA
processing occur at the nucleolus.

Although the eukaryotic RNase P activity requires a
greater contribution from protein than is provided by the
single, small eubacterial protein subunit, it seems un-
likely that nine protein subunits totaling 275 kD com-
pared with the 14-kD subunit in the eubacterial enzyme
are all necessary for this activity. The complex subunit
composition suggests that some of the protein subunits
are important for functions other than pre-tRNA cleav-



age and might be necessary to promote structural integ-
rity or direct substrate interaction in compensation for
loss of catalytic competence in the RNA subunit. In ad-
dition, the protein subunits could be responsible for
broadening the RNA substrate specificity. The bacterial
RNase P cleaves a number of substrates including other
functional RNAs (Bothwell et al. 1976; Brown et al.
1990; Komine et al. 1994), a pre-mRNA (Alifano et al.
1994), and certain viral RNAs (Green et al. 1988; Kikuchi
et al. 1990; Mans et al. 1990). This substrate range ap-
pears to be dependent on its protein subunit (Liu and
Altman 1994). Although yeast nuclear RNase P cleaves
at several positions in the ITS regions of pre-rRNA in
vitro, it is not clear that the minor effects RNase P mu-
tations can have on 5.8S rRNA maturation are directly
related to those cleavage sites (Chamberlain et al. 1996a).
We have not yet been able to demonstrate that RNase P
mutations specifically affect maturation or turnover of
any additional small RNA or pre-mRNA substrates.

The additional protein subunits in the nuclear RNase
P might also have other functions including signaling,
non-nucleolytic enzymatic activities, and subcellular lo-
calization. The identification of the protein subunits and
the corresponding genes will facilitate a detailed inves-
tigation of the functions of the eukaryotic RNase P ho-
loenzyme.

Materials and methods
RNase P purification

The protease-deficient strain PP1002 (MATa ade2 leu2-3,112
pep4-3 rna3 rna82) was used as a source of RNase P (Lee and
Engelke 1989). Extracts were prepared from 100 liters of satu-
rated yeast culture in batches of 6 or 12 liters as described pre-
viously (Evans and Engelke 1990). The ammonium sulfate pre-
cipitate from the last step of the extraction protocol was dis-
solved in 25 ml of HGMND (20 mm HEPES at pH 7.9, 10 mm
MgCl,, 10% glycerol, 0.5% NP-40, 1 mm DTT), diluted to a
conductivity equivalent to 0.15 m KCI, and applied to 8 ml of
SP-Sepharose (Pharmacia) per original liter of cell culture. The
resin was washed with HGMND containing 0.15 m KCI and
eluted in a single step with HGMND containing 0.4 m KCI. The
peak protein fractions were pooled, adjusted to 0.1 m KCI, and
applied to a 300 ml DEAE cellulose (Whatman DE52) column
and eluted with 0.45 m KCI-HGMND in a single step. RNase P
activity was assayed as described below starting at this stage.
Fractions containing RNase P activity were pooled, diluted to
0.28 m KCI and half was applied to each of two 6 ml Mono Q
columns (Pharmacia). Following extensive washing with 0.28 m
KCI-HGMND, an 80-ml linear gradient of 0.28-0.85 m KCI was
used for elution. Fractions of 1 ml were collected and analyzed
for activity, protein, and RNA content. The RNase P activity
eluted between 0.38 and 0.5 m KCI. Fractions containing the
peak of RNase P activity from the two Mono Q columns were
applied to a 1-ml Mono S column in HGMND containing 0.12
M KCI. After washing with 0.12 m KCI-HGMND, a 25-ml linear
gradient of 0.12-0.9 m KCI resulted in elution of RNase P ac-
tivity between 0.2 and 0.3 m KCI. Fractions of 0.5 ml were
collected and analyzed. The Mono S fractions with RNase P
activity were applied to four 34-ml glycerol gradients of 15%-
25% in HGMND (DTT at 0.1 mm). The first half and second
half of the Mono S activity peak fractions were layered on top of
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different glycerol gradients because protein gels showed that the
two halves of the Mono S peak had different contaminants. The
same protein bands were observed in the glycerol gradient peak
activity fractions in both cases. Gradients were spun at 96,5009
(27,000 rpm) for 30 hr at 4°C in a SW28 rotor (Beckman). Frac-
tions of 1 ml were collected by puncture of the Ultraclear ul-
tracentrifuge tubes near the bottom with a 12-gauge hypoder-
mic needle.

RNase P activity assay

An internally 32P-labeled pre-tRNA”P substrate (Hollingsworth
and Martin 1987) was prepared, and RNase P activity assays
were conducted as described (Chamberlain et al. 1996a). Spe-
cific activity determinations were obtained by electrophoretic
separation of the substrate and products on 12% denaturing
polyacrylamide gels (Sequegel) and analysis of products by Phos-
phorlmager (Molecular Dynamics). One unit of activity was de-
fined as the amount of RNase P activity necessary to cleave
10% of 1 pmole of the substrate under standard assay condi-
tions.

Protein quantitation and analysis

Quantitation of yeast extract and column fractions was per-
formed using the Micro BCA protein quantitation kit with a
range of sensitivity of 0.5-20 pg (Pierce). Estimates for final total
protein from the glycerol gradient were made based on silver
stain showing approximately equimolar levels of putative pro-
tein subunits and quantitation of the RNase P RNA subunit by
Northern blot (see RNA analysis). All fractions from two glyc-
erol gradients were analyzed by SDS-PAGE to assess the level of
purification and to approximate the size of candidate subunits.
The gel shown in Figure 2C was a Ready Gel (Bio-Rad) with
gradient acrylamide concentration of 10%-20%. A sample size
of 20 pl or 2% of each fraction was applied to each well of
multiple gels. No protein was detected in the first five fractions
from the bottom of the gradient and their analyses are not
shown in Figure 2. The proteins and RNA were visualized using
the Silver Stain Plus kit (Bio-Rad). Silver-stained electrophoretic
protein standards (6.5-180 kD) were run in parallel (Sigma).

RNA analysis

For detection of RNase P RNA in the glycerol gradient fractions
an aliquot of each fraction was prepared and analyzed by North-
ern blot as described (Chamberlain et al. 1996a). Hybridization
probes included 3?P-labeled antisense RPR1 RNA (RNase P
RNA) and NME1 RNA (RNase MRP RNA), and an oligodeoxy-
nucleotide probe complementary to S. cerevisiae mitochondrial
RNase P RNA. The absolute concentration of RNase P RNA in
various fractions was determined by including, on the same
blot, a titration of known concentrations of pure RPR1 RNA
produced by T7 RNA polymerase in vitro using cRPR1-pGB
plasmid. This plasmid construct contained an EcoRI-Smal frag-
ment of the RPR1 gene cloned into pGEM-3Z (Promega) (Lee
and Engelke 1989). Oligodeoxynucleotide probes used for detec-
tion of 5.8 rRNA and scR1 RNA (Felici et al. 1989) were 5'-32P-
CGCATTTCGCTGCGTTCTTCATCG-3' and 5'-*?P-GGCGT-
GCAATCCGTGTCT-3', respectively.

Protein sequence and analysis

In preparation for SDS-PAGE separation, 10 ml of fractions 6-8
of the glycerol gradients were precipitated with a defined
methanol/chloroform/water mixture (Wessel and Fligge 1984)
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and resuspended in 30 pl of 2% SDS. Following separation by
SDS-PAGE (12%), proteins were stained with Coomassie blue
and excised as individual band(s). After in gel reduction and
S-carboxyamidomethylation, the band(s) were subjected to in
gel tryptic digestion (Promega) and a single 10% or 20% aliquot
from each was analyzed as follows. Sequence information was
determined by microcapillary (75 um x 10-cm column, packed
in-house) reverse-phase chromatography coupled to the electro-
spray ionization (ESI) source of a quadrupole ion trap mass spec-
trometer (Finnigan LCQ, San Jose, CA) as in Nash et al. (1996).
The instrument was programmed to acquire successive sets of
three scan modes consisting of full scan mass spectrometry (MS)
over the mass-to-charge ratio range 395-1200 atomic mass
units; followed by two data-dependent scans on the most abun-
dant ion in that full scan. These data-dependent scans allowed
the automatic acquisition of a high-resolution (zoom) scan to
determine charge state and exact mass and collisionally induced
dissociation (CID) spectra for peptide sequence information. In-
terpretation of the resulting MS/MS spectra of the peptides was
facilitated by searching the yeast protein database with the al-
gorithm SEQUEST (Eng et al. 1994). Base peak zoom scan ion
intensities corresponded to a load of 25-200 fmoles by compari-
son with the average ion abundance of a standard peptide mix-
ture analyzed under identical conditions. Pairwise sequence
alignments of proteins identified in the SGD (Cherry et al. 1996)
were performed using the computer program Lasergene.

Gene disruption and epitope tagging of proteins

PCR-based gene disruptions were carried out as described pre-
viously in Wach et al. (1994). Gene sequence for candidate pro-
teins from the SGD were disrupted by replacing their entire
OREFs with the kanMx2 module. Previous identifications of the
ORFs for the newly identified subunits in the SGD were
YALO33W (Pop5p), YGRO30C (Pop6p), YIRO15W (Rpr2p),
YBR167C (Pop7p), and YBLO18C (Pop8p). The kan" gene was
inserted at the indicated loci in diploid W303 (Lee et al. 1991) by
homologous recombination using DNA fragment termini iden-
tical to the 50 bp immediately upstream and downstream of the
OREF. Correct disruption of alleles was verified by yeast colony
PCR using oligonucleotides within the kan" gene to oligo-
nucleotides outside the deleted ORFs. Tetrads were dissected
from sporulated heterozygous diploids to test viability.

The PCR fragments for indicated gene ORFs were subcloned
into the Xmal and Sall site of yeast expression vector, p413GAL
(gift of D. Thiele, University of Michigan, Ann Arbor) contain-
ing the GAL1 promoter and CYC1 terminator. RNA was iso-
lated from these constructed strains (Rose et al. 1990). Two
versions of each ORF were expressed, either precise reproduc-
tion of the endogenous sequence or with the Flag epitope tag
(N-DYKDDDDK-C) added precisely to the carboxyl terminus.
Both versions conferred viability for all ORFs tested. p413GAL
was constructed from p413GPD (Mumberg et al. 1995) by re-
placing the Sacl-BamHI GPD promoter fragment with EcoRl
(end-filled)-BamHI GAL1 promoter fragment. The expression
constructs were transformed into appropriate heterozygous dis-
rupted diploids. Haploid spores carrying the disrupted genomic
allele and the corresponding functional plasmid copy with the
GALL1 promoter were identified by selecting spores resistant to
G418 and unable to grow on selective media containing glucose.
Whole-cell yeast protein extraction and immunoprecipitation
of the Flag-tagged proteins were performed as described in Chu
et al. (1997) and Schmitt and Clayton (1994), with minor modi-
fications. A 10-ml culture was grown in SD-his to ODgyo
nm = 0.7 and washed with water and buffer A (50 mm Tris-HCI
at pH 7.4, 150 mm NaCl, 5 mm EDTA, 0.1% Triton X-100, 10%
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glycerol, 1 mm DTT, 1 mm PMSF). Cells were opened and
treated as described in Chu et al. (1997) and Schmitt and Clay-
ton (1994). Anti-Flag M2 affinity gel (Kodak) (50 ul) was prepared
according to the manufacturers recommendations. Whole-cell
extract (40 ul) was applied and treated as described in Chu et al.
(1997) and Schmitt and Clayton (1994) to obtain RNA from the
bound complexes.
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