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In the yeast Saccharomyces cerevisiae, RNase mito-
chondrial RNA processing (MRP) is an essential endori-
bonuclease that consists of one RNA component and at
least nine protein components. Characterization of the
complex is complicated by the fact that eight of the
known protein components are shared with a related
endoribonuclease, RNase P. To fully characterize the
RNase MRP complex, we purified it to apparent homo-
geneity in a highly active state using tandem affinity
purification. In addition to the nine known protein com-
ponents, both Rpr2 and a protein encoded by the essen-
tial gene YLR145w were present in our preparations of
RNase MRP. Precipitation of a tagged version of
Ylr145w brought with it the RNase MRP RNA, but not
the RNase P RNA. A temperature-sensitive ylr145w mu-
tant was generated and found to exhibit a rRNA proc-
essing defect identical to that seen in other RNase MRP
mutants, whereas no defect in tRNA processing was ob-
served. Homologues of the Ylr145w protein were found
in most yeasts, fungi, and Arabidopsis. Based on this
evidence, we propose that YLR145w encodes a novel
protein component of RNase MRP, but not RNase P. We
recommend that this gene be designated RMPI1, for
RNase MRP protein 1.

RNase MRP! is a highly conserved and essential ribonucle-
oprotein endoribonuclease that cleaves substrates in at least
two intracellular compartments. Most RNase MRP is localized
to the nucleolus (1), where a role in processing of rRNA pre-
cursors has been identified (2). RNase MRP-mediated cleavage
at the A; site of pre-rRNA ultimately leads to the generation of
5.8S(S) rRNA (3-5). A fraction of RNase MRP RNA finds its
way to the mitochondrion (6, 7). Mitochondrial RNase MRP
processes RNA transcripts, which serve as primers for the
leading strand of mitochondrial DNA replication (8, 9). Recent
data also support a role for RNase MRP mRNA degradation,
whereby cleavage of the 5’-untranslated region (UTR) of CLB2
mRNA, which encodes a B-type cyclin, leads to its rapid deg-
radation and aids cell cycle progression (10).
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In Saccharomyces cerevisiae, all the known components of
RNase MRP are essential for viability. To date, a single RNA
component and at least nine protein components of nuclear
RNase MRP have been identified. The subunit composition of
RNase MRP closely resembles that of a related ribonucleopro-
tein endoribonuclease, RNase P, which processes tRNA precur-
sors to generate mature 5’ termini. Eight of the proteins asso-
ciated with RNase MRP (Pop1, Pop3, Pop4, Pop5, Pop6, Pop7,
Pop8, and Rppl) are also components of RNase P (11-14). An
RNA-binding protein, encoded by the gene SNM1, is the only
known protein component that associates with RNase MRP
RNA but not RNase P RNA (15). Similarly, Rpr2p has been
identified as a unique protein component of the RNase P com-
plex (14).

The similarities between RNase MRP and RNase P extend
beyond that of shared protein components. The RNA subunits
of RNase MRP and RNase P are evolutionarily and structurally
related (16, 17). They share only weak sequence homology, but
they fold into similar cage-like secondary structures (16). In
addition to subunit composition, both RNase MRP and RNase
P localize to the nucleolus and the mitochondria and have been
shown to cleave common substrates (14, 18).

Despite their similarities, RNase MRP and RNase P appear
to assemble into separate catalytic complexes. Nuclear RNase
P, purified to homogeneity by high-resolution anion exchange
chromatography, retains tRNA processing activity independ-
ently of RNase MRP (5, 14). In this study, we outline a method
for purifying nuclear RNase MRP in S. cerevisiae to apparent
homogeneity using a tandem affinity purification system (19).
Characterization of the purified complex confirms that the
MRP RNA and nine previously identified proteins are compo-
nents of the RNase MRP complex. In addition, we found the
protein encoded by the essential gene YLRI145w and the gene
RPR?2 in preparations of purified and active RNase MRP. We
demonstrate that the Ylr145w protein is indeed a protein com-
ponent of RNase MRP essential for its activity but is not a
component of RNase P. This will be the second unique protein
component of RNase MRP. We recommend the new name for
this gene be designated RMP1, for RNase MRP protein 1.

MATERIALS AND METHODS

Strains and Media—Yeast media and genetic manipulations have
been described previously (10, 20). The Escherichia coli strain used for
cloning, DH5a, has the genotype $680dlacZAM15 endAl recAl hsdR17
(r, mj) supE44 thi-1 A\~ gyrA96 relAl1 A(lacIZYA-argF)U169 F~. Basic
molecular techniques were performed as described previously (21). To
purify RNase MRP, the YSW1 strain, which has the genotype MATa
POP4::TAPTAG::TRP1ks pep4:LEU2 nucl::LEU2 sepl::URA3 trp-
1his3-11,15 can-100 ura3-1 leu2-3,112, was used (10). This strain was
constructed by using PCR to amplify the TAP fusion cassette from
pBS1479 (a gift from Bertrand Séraphin) and then using PCR-based
genomic TAP tagging to integrate the tag into the carboxyl-terminal
codon of the POP4 gene (19). LSY389-34A, which has the genotype
MATa sep 1::URAS3 pep4:LEU2 nucl::LEUZ2 ade2-1 trp1-1 his3-11,15
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canl-100 ura3-1 leu2-3,112, was used as the wild-type control strain in
PCR, Western blot, and immunoprecipitation analysis. The heterozy-
gous YLRI45w yeast knock-out strain KLS115 (MATa/x his3-Al1/
his3-Al leu2-A0/leu2-A0 ura3-A0/ura3-A0 metl5-A0/MET15 LYS2/
lys2-A0 YLR145w/YLR145w::KanMX4) and the TAP-tagged YLRI145w
strain KLS116 (MATa YLRI45w:TAPTAG::HIS3 his3A1 leu2A0
met15A0 ura3A0) were obtained from Open Biosystems (Huntsville,
AL) unless noted yeast were grown on YPD (1% yeast extract, 2%
peptone, 2% dextrose).

Whole-cell Western Blot Analysis—Whole-cell yeast protein extracts
were prepared as described previously (20). Samples were denatured in
2% (w/v) SDS and 5% (v/v) 2-mercaptoethanol for 5 min at 95 °C and
resolved on a 12% polyacrylamide gel (21). Separated proteins were
electrophoretically transferred to a BA-S NC-supported nitrocellulose
membrane (Schleicher & Schuell, Inc., Keene, NH) by use of a Bio-Rad
semi-dry transfer cell. The membrane was stained for 4 min with
Ponceau S solution (0.1% Ponceau S, 5% acetic acid) and washed with
double distilled H,O to ensure proper transfer. The membrane was
blocked with 5% (w/v) milk-TBST (20 mm Tris/Cl (pH 7.6), 150 mMm
NaCl, and 0.1% Tween 20) for 1 h at 24 °C, incubated with primary
antibody for 2 h, and washed with TBST three times for 10 min each.
The washed blot was then incubated with a peroxidase-conjugated
secondary antibody (IgG-POD) for 1 h and washed with TBST four
times for 15 min each. The IgG-POD was detected with a Roche Applied
Science chemiluminescence Western blotting kit and exposed to film for
30 min and then exposed to film again overnight. Goat anti-protein A
antibody was used at a 1:500 dilution (Polysciences, Warrington, PA).
Peroxidase-conjugated anti-goat antibody was used at 1:1000 dilution
(Roche Applied Science).

Precipitation of TAP-tagged Protein—Forty ul of rabbit IgG agarose
(Sigma), which was equilibrated in ice-cold buffer A (20 mMm Tris/Cl (pH
8.0), 150 mm KCI, 5 mm EDTA, 0.1% Triton X-100, 10% glycerol, 1 mm
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride), was incubated
with 40 ul of whole-cell yeast extract on ice for 1 h. The samples were
washed three times with 0.5 ml of buffer A. The volume of each sample
was brought up to 100 ul with buffer A. The samples were made 2%
(w/v) SDS and 5% (v/v) 2-mercaptoethanol and heated at 95 °C for 5
min. After the beads were removed by centrifugation at 16,000 X g for
5 min, the RNA was extracted with phenol/chloroform equilibrated to
pH 5.3, precipitated with ethanol, and examined by Northern analysis.

Purification of Nuclear RNase MRP Using Tandem Affinity Purifi-
cation—RNase MRP was purified from strain YSW1 as described in
detail previously (10). Several individual preparations were pooled for
further analysis.

Western Blot Analysis of RNase MRP Protein Components—For each
antibody tested, 2 pg of purified nuclear RNase MRP was denatured as
described above, resolved on a 15% polyacrylamide gel, and transferred
to a BA-S NC-supported nitrocellulose membrane (Schleicher &
Schuell, Inc.). Each membrane was blocked in 5% (w/v) milk-phosphate-
buffered saline (pH 7.4; 137 mM NaCl, 2.7 mm KCl, 10 mm Na,PO,, and
2 mm KH,PO,) and 1 mm EDTA for 1 h at room temperature; incubated
with a primary antibody for 2 h; washed with 5% (w/v) milk-phosphate-
buffered saline, 0.1% (v/v) Triton X-100, 0.02% (w/v) SDS, and 1 mMm
EDTA for one quick wash and three 10-min washes; blotted with an
anti-rabbit IgG-POD (1:1000 dilution; Roche Applied Science) for 1 h;
and washed with 10 mm NaPO, (pH 7.4), 0.5 M NaCl, 0.1% Triton X-100,
and 0.02% SDS for one quick wash followed by four washes for 15 min
each. The anti-rabbit IgG-POD was detected with a Roche Applied
Science chemiluminescence Western blotting kit and exposed to film for
10 s, 30 s, and 5 min. The following primary rabbit antibodies were
used: anti-Snm1 (1:2500; Ref. 15); anti-Pop1 (1:1000; Ref. 22); anti-Pop3
(1:500; Ref. 22); anti-Pop4 (1:1000; Ref. 22); and anti-Rpp1 (1:2000;
Ref. 22).

MALDI-TOF Mass Spectrometry Analysis of Purified Nuclear RNase
MRP—Three hundred pg of purified RNase MRP was run on a 15%
SDS-PAGE gel and stained with SYPRO Ruby (Bio-Rad). Individual
protein components were excised from the gel using a fresh razor blade.
Each gel slice was cut into 1 X 1-mm cubes and placed in a 0.65-ml
siliconized microcentrifuge tube (PGC Scientific, Frederick, MD) The
gel pieces were washed with double distilled H,O and then destained
twice at 37 °C with 100 mM ammonium bicarbonate and 50% (v/v)
acetonitrile. The gel pieces were dehydrated in 100% acetonitrile and
dried under vacuum. The gel pieces were then reduced at 56 °C for 30
min in 10 mM dithiothreitol/100 mm ammonium bicarbonate. The pieces
were dehydrated with 100% acetonitrile and then alkylated by 55 mm
iodoacetamide/100 mM ammonium bicarbonate for 30 min in the dark at
room temperature. After washing with 100 mM ammonium bicarbonate,
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the gel pieces were dehydrated in 100% acetonitrile and dried under
vacuum. The pieces were re-swollen in 50 mM ammonium bicarbonate
containing sequencing-grade modified trypsin (Promega) at a final con-
centration of 12.5 ng/ml and placed on ice for 1 h. Excess buffer was
removed, and then the gel pieces were resuspended in 50 mM ammo-
nium bicarbonate. The gel pieces were digested overnight at 37 °C.

The digested peptides were mixed vigorously for 10 min and ex-
tracted from the gel pieces with double distilled H,O. The digested
products were extracted twice for 1 h with 50% (v/v) acetonitrile/5%
(v/v) formic acid. The extracts were pooled together, spun at 16,000 X g
for 5 min to remove contaminating gel pieces, and then dried under a
vacuum. Each sample was resuspended in 8 ml of 0.1% trifluoroacetic
acid and passed through a C18 microzip tip (Millipore, Bedford, MA)
before MALDI-TOF mass spectrometry analysis.

Mass spectrometry data were collected at the Proteomics Core Facil-
ity at State University of New York Upstate Medical University using
a TOF Spec 2E mass spectrometer (Waters Corp., Beverly, MA.) All
samples were analyzed under identical parameters in reflectron mode.
The protein mass spectra generated were analyzed using Pro Found
(http://prowl.rockefeller.edu/profound_bin/WebProFound.exe).

PCR Mutagenesis of YLRI145w—Plasmid pKLS108 (URA3 CEN
YLR145w) was used as a template for PCR mutagenesis (23). The
oligonucleotides YLR145wFOR (5'-GTGAGCGGATAACAATTTCACA-
CAGGAAACAGCTATGACCATGATTACGCCAAGCTTCACCTGCCA-
CCCTATTTTC-3') and YLR145wREV (5'-CCAGTCACGACGTTGTAA-
AACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCTACT-
TGGGCAGACAAGGTC-3') were used to amplify a 1.1-kb gene product
that contained the YLRI145w gene. Error-prone Deep Vent (exo-)
polymerase (New England Biolabs) was used to increase the mutation
rate.

The plasmid YCplacl1ll (LEU2 CEN) contains unique HindIII and
BamHI restriction sites that were used to remove a 30-bp region sur-
rounding the multiple cloning site (24). Purified mutagenized YLR 145w
PCR product and the gapped YCplacl11 plasmid were co-transformed
into the haploid strain KLS111 (MAT« his3-A1 leu2-A0 ura3-A0
ylri45w::KanMX4 pKLS108 [URA3 CEN YLR145w)) to achieve in vivo
gap repair of YCplac111. Leu™ transformants were transferred to plates
containing 0.2% (w/v) 5-fluoroorotic acid (25). Transformants were
passed a second time on 5-fluoroorotic acid medium to ensure that the
URA3-containing plasmid was lost. Mutants that exhibited a temper-
ature-conditional growth phenotype were selected for further analysis.
The YCplacl11 plasmid was recovered from the mutant yeast strain via
transformation of E. coli with yeast cell lysates (20). The isolated
plasmid was re-transformed into KI.S111 to ensure that the mutations
were linked to the plasmid. The entire YLRI45w gene was sequenced
using M13 forward and reverse primers to identify mutations.

Analysis of Yeast RNA—Analysis of yeast RNA by Northern analysis
was performed as described previously (26, 27). Probes used for Northern
analysis were RNase MRP RNA (1,088-bp EcoRI fragment of pMES140
(LEU2 CEN NME1) encompassing the NME1 gene (28), RNase P RNA
(450-bp fragment stretching from —22 to +428 of the RPRI gene), and
tRNA,,, (178-bp fragment from —71 to +107 of the tR(ACG)L gene).
Probes were radiolabeled for hybridization with [«-*?P]dCTP using the
Prime-It Kit (Stratagene, La Jolla, CA). Radioactive blots were analyzed
on an Amersham Biosciences PhosphorImager.

RESULTS

The RNase MRP Complex Was Purified using TAP-tagged
Pop4—Purification of RNase MRP has been recalcitrant to
standard techniques due to sensitivity of the RNA component
of the enzyme to contaminating RNases and to low yields.
Previous research aimed at characterization of the complex
has relied upon fractionation techniques to purify RNase
MRP-containing extracts or mutational and/or genetic anal-
yses of known RNA or protein components (2, 14, 15, 28). We
have generated a yeast strain (YSW1) with a modified POP4
locus from which RNase MRP can be purified to homogeneity.
To alleviate problems associated with nuclease digestion, the
strain contains deletions in two of the major cellular nucle-
ases, NUC1 and XRN1 (29). To simplify the purification and
to optimize yields, we utilized a TAP methodology (19), with
minor modifications. The cassette consists of a calmodulin-
binding domain, a TEV protease cleavage site, the IGG-bind-
ing domain of protein A from Staphylococcus aureus, and a
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Fic. 1. Construction of a yeast strain expressing TAP-tagged Pop4. A, targeting of the TAP fusion cassette to the POP4 locus. The TAP
fusion tag, which consists of protein A from S. aureus, a TEV protease cleavage site, a calmodulin-binding domain, and a TRPI marker, was
amplified by PCR from pBS1479 and targeted to the carboxyl terminus of the POP4 locus (19). B, PCR analysis of the POP4 locus. Genomic DNA
from a wild-type strain and the transformed Pop4 fusion strain was used to amplify the POP4 locus by PCR. Products were run on an agarose gel
and stained with ethidium bromide. The fusion-tagged strain exhibits a 1700-bp shift, consistent with the size of the TAP cassette. C, Western blot
analysis of the Pop4 fusion strain. Whole-cell protein extracts were run on 12% SDS-PAGE and transferred to nitrocellulose. The blot was
incubated with anti-protein A antibody and then probed with a secondary peroxidase-conjugated anti-goat antibody and visualized with the Roche
Applied Science chemiluminescence kit. Popl tagged with protein A was used as a positive control. D, co-immunoprecipitation of MRP RNA from
the Pop4 fusion strain. Whole-cell extracts were incubated with IgG beads for 60 min and washed several times. RNA was extracted from bound
(P) and unbound (S) fractions using phenol/chloroform and precipitated. RNA was run on a 6% acrylamide-7 M urea gel, transferred to nylon, and
detected by hybridization with a *>P-labeled probe corresponding to the 1088-bp EcoRI fragment containing the NMEI and SNR66 genes.

yeast TRPI marker. This cassette was integrated into the
carboxyl-terminal codon of the POP4 gene at its chromosomal
locus (Fig. 1A). PCR amplification of the POP4 gene in the
resulting YSW1 strain was done to confirm proper integra-
tion of the TAP cassette (Fig. 1B). YSW1 grew at rates com-
parable to wild type at all temperatures tested and main-
tained normal rRNA processing. The modified Pop4 was
examined in whole-cell extracts to ensure that it was not
rapidly degraded with addition of the tag or that the tag was
being rapidly removed (Fig. 1C). In the YSW1 strain, a 54.3-
kDa band is clearly visible, which corresponds to the expected
size of the Pop4-TAP tag fusion protein. Immunoprecipitation
of the Pop4 tag using rabbit IgG was also performed to
confirm association of the modified Pop4 with the MRP RNA.
As shown in the Northern analysis of the co-immunoprecipi-
tation experiment (Fig. 1D), the wild-type control strain does
not precipitate MRP RNA. However, the TAP fusion strain
precipitated MRP RNA, indicating that the TAP tag effec-
tively isolates RNA molecules associated with Pop4.

After confirming that the modified Pop4 protein was func-
tioning comparable to the wild-type protein, we were able to
purify the nuclear RNase MRP complex using tandem affinity
purification. Because the Pop4 protein is also a component of
the RNase P complex, we modified the standard purification
procedure to maximize yields of RNase MRP while minimizing
co-purification of RNase P. This was accomplished mainly by
breaking and extracting cells in a low to moderate salt concen-

tration. RNase MRP was readily released under these condi-
tions, whereas a majority of the RNase P was retained in the
cells. In addition, the RNase P complex was found to bind
poorly to the calmodulin beads in the final stage of the purifi-
cation. Samples were collected throughout the purification
process, and both total RNA and protein were analyzed (Fig. 2).
In the protein A elution, small amounts of the RNase P RNA
were detected; however, this RNA was <1% of the total RNA
after the final calmodulin step, as measured by fluorescence
intensity of the ethidium bromide-stained RNA. The final elu-
tion from the calmodulin beads resulted in a single band con-
sistent in size with NME1, the 340-nucleotide component of
RNase MRP (Fig. 24). The identity of this band was confirmed
by Northern analysis (Fig. 2B). Indeed, very little breakdown
product of the MRP RNA was detected, indicating the complex
is whole. The enzyme complex was found to be highly active on
both the rRNA A3 substrate and CLB2-5'-UTR substrate, in-
dicating that all of the components required for RNase MRP
function are present (10).

The complex was analyzed on a 15-30% glycerol gradient
(37) to ensure it was a single complex. As can be seen in Fig. 34,
a single peak was present that contained all of the RNase MRP
proteins. Spreading of a trace amount of the Pop4 protein and
the Rppl protein indicates that a very small amount of a
partial complex of these two proteins may be co-purifying with
the complex. This may represent an intermediate during
RNase MRP and RNase P assembly or may simply be a break-
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Fic. 2. Tandem affinity purification profile of nuclear RNase MRP. Aliquots of yeast extracts from the YSW1 strain were isolated from
the final TAP fraction (Cal-Elution), the IgG affinity purification step (Prot A-Elution), unbound extracts (Prot A FT and Cal-FT), and tightly bound
extracts (Prot A-SDS and Cal-SDS) for step-by-step analysis of the TAP purification process. A, analysis of RNA collected from extracts. RNA was
extracted from aliquots using phenol/chloroform and precipitated. Total RNA from the indicated aliquots was separated on a 6% acyrlamide-7 M
urea gel and examined by staining with ethidium bromide. B, Northern analysis of the RNA purified from the Pop4-TAP fusion strain. RNA from
whole-cell extracts was run on a 6% acrylamide-7 M urea gel and transferred to a nylon membrane. The MRP RNA was visualized by hybridization
with a ®?P-labeled probe containing the NMEI gene. C, analysis of proteins purified. Proteins isolated from aliquots were separated on 12%
SDS-PAGE gel and visualized using silver stain. Standards are the Invitrogen Mark12 protein standard. The sizes of these standards are provided

in Fig. 4. nt, nucleotides

down product. Negative staining electron microscopy of the
purified complex indicated homogeneous size particles of be-
tween 25 and 30 nm across.2

Identification of Purifying Proteins—Proteins isolated from
many separate purifications were analyzed by SDS-PAGE.
Consistently, there were at least 9-10 protein bands that sep-
arated between ~12 and 100 kDa, consistent with the size and
number of proteins believed to be in the RNase MRP complex
(Fig. 2). To identify which bands corresponded to known com-
plex components, we took advantage of available antibodies.
Western analyses were performed using antibodies for five of
the established protein components of nuclear RNase MRP,
namely, Snm1, Pop1, Pop3, Pop4, and Rpp1 (Fig. 3B). Proteins
isolated from the final product of the TAP purification were run
on SDS-PAGE and transferred to nitrocellulose. Each blot was
incubated with an antibody corresponding to one of the indi-
vidual protein components, probed with a secondary peroxi-
dase-conjugated antibody, and visualized by chemilumines-
cence. In each case, the RNase MRP proteins were found in the
final purified product, assisting in identifying the appropriate
bands (Fig. 4). Antibodies against Popl identified a minor
amount of breakdown product of this protein. These bands
were absent in fresh preparations and increased in older prep-
arations after several rounds of freezing and thawing. Antibod-
ies to Snm1 also detected multiple bands near the same molec-
ular mass. This is consistent with what is seen with these
antibodies in whole-cell extracts (15). The multiple forms may

2 M. E. Schmitt and D. R. Mitchell, unpublished observations.

be the result of proteolytic digestion or secondary modifica-
tions. We looked expressly for potential phosphorylation of this
protein, but none was detected (data not shown).

Because antibodies are not available for all the known pro-
tein components of RNase MRP, we sought to identify the
remaining components by mass spectrometry. Protein bands
were excised from SDS-PAGE, digested with trypsin, and iden-
tified using MALDI-TOF mass spectroscopy (Table I). This
identified with high confidence Popl, Pop4 + tag, Rpp1, Snm1l,
Ylr145w, Pop3, Pop7, Pop5, Rpr2, Pop6, and Pop8 in the puri-
fied preparations of nuclear RNase MRP. All of these proteins
were identified with a high degree of confidence in separate
purifications. As a result, all the known protein components of
RNase MRP, as well as Rpr2, a protein thought to be unique to
the RNase P complex, were detected. Previous research sug-
gested that RNase MRP contained only nine protein compo-
nents. However, our analysis identified two additional proteins
in the complex. Ylr145w is an essential gene that was recently
identified in a genomic analysis as being part of the RNase P
enzyme complex (30). Our data indicate that Rpr2p may also
associate with RNase MRP. A summary of the MALDI-TOF
mass spectroscopy data is shown in Table I.

Determination of the Stoichiometry of the RNase MRP Com-
plex—In order to quantitate the relative amount of each of the
proteins in the RNase MRP complex, we utilized the protein
dye SPYRO Ruby. This fluorescent dye binds most proteins in
a linear fashion independent of their amino acid composition.
SDS-PAGE gels were stained with SPYRO Ruby and scanned
using a Bio-Rad FluorS imager. Utilizing this approach we
quantitated each of the identified bands relative to Popl, which
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Fic. 3. Identification of protein
components in purified nuclear
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&F o < mass spectroscopy. These data are summarized in Table 1.
_-__1153‘@8 Yiri45w Is a Component of RNase MRP, but Not RNase
' — Pop1 P—Our MALDI-TOF mass spectroscopy data indicate that the
Pop1 (1005 kDa)— wme S ——97.4kDa protein encoded by the uncharacterized open reading frame
S ——66.3 kDa YLRI45w may be a component of nuclear RNase MRP. In an
W ——55.4Da attempt to confirm that this gene product associates with
——Pop4+tag RNase MRP and P, we tried to precipitate the corresponding
- —— — Rpp1 RNAs with a tagged version of the Ylrl45w protein. The
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pfpﬁ (18.2 kDa) @ HE— Pop8 RNA. However, a Ylr145w::TAP tag specifically co-immunopre-
Pop8 (15.5 kDa) ’ cipitates the RNase MRP RNA but not the RNase P RNA. This
p
suggests that the protein encoded by YLRI45w is only associ-
j —6kDa ated with the RNase MRP complex, and not the RNase P
» . complex. For this reason, the gene was named RMPI, for
12% :

Fic. 4. Purified RNase MRP proteins as identified by MALDI-
TOF analysis. Three pg of purified RNase MRP protein was separated
by SDS-PAGE through either a 12% or 15-20% polyacrylamide gradi-
ent gel and visualized using silver staining (36). Individual bands were
excised from gels, digested with trypsin, and identified using MALDI-
TOF mass spectroscopy. The positions of RNase MRP protein compo-
nents as identified by the MALDI-TOF data are indicated.

RNase MRP protein 1.

Homologues of the YLR145w Gene—Nearly all of the RNase
MRP components are highly conserved throughout eukaryotes.
We examined whether this was also true of the Ylr145w pro-
tein. We did a BLAST search in an attempt to identify homo-
logues of the Ylr145w protein. As shown in Fig. 6, we discov-
ered that proteins in a wide variety of yeast and fungi species
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TABLE 1
Summary of nuclear RNase MRP proteins identified by MALDI-TOF analysis

The number of peptides identified in the analysis is given. Stoichiometry was determined from scans of gels stained with SPYRO-Ruby and is
relative to the Popl protein (see “Materials and Methods”), which is given a value of 1.

No. of peptides >500

Theoretical no. of peptides Total mass

Component Mass/subunit Da identified between 500 Da and 4 kDa coverage Stoichiometry
kDa % Rounded (actual)
Popl 100.4 56 71 57 1
Pop4-+tag 38.8 23 35 52 3(2.95)
Rppl 32.2 11 22 28 3(3.33)
Rmpl 23.6 5 14 18 2(1.73)
Snm1 22.5 11 15 27 2(2.38)
Pop3 22.6 3 14 19 2 (1.90)
Pop5 19.6 7 15 28 4(4.26)
Pop6 18.2 4 11 19 4(3.92)
Rpr2 16.4 4 12 31 2(2.20)
Pop7 15.8 2 12 14 4(3.84)
Pop8 155 4 10 32 4(4.21)
NME1 RNA 109.7 1?
@6 /\VO /\VO /\Vo suggests that the mutation affects the function of the RNase
l/\vQ ,\§ 6\‘9 _,\§ @2 <8 MRP complex. Mutations in components of the complex, includ-
Oer.' @Q\é"« OQ&: @Q\éo« ing nmel, popl, and snml, have been shown to result in a
¢ < ¢« < defect in the processing of 5.8S rRNA (2, 11, 15). Two species of
' 5.8S rRNA exist in yeast; they differ in length by only 7 nucle-
Pre-P RNA — otides and are generated through independent processing path-
PRNA — s ways. The smaller species, which is generated in a MRP-de-
— MRP RNA

-—

Fic. 5. Immunoprecipitation of RNase MRP RNA by TAP-
tagged Rmpl. Whole-cell extracts from a wild-type strain (No TapTag)
and a RMPI1:TAP-tagged strain were incubated with IgG beads for 60
min and then washed several times. RNA was extracted from the beads.
The TAP-tagged Pop4 strain was used as a positive control. Equal
amounts of RNA were separated on 6% acrylamide-7 M urea gels and
analyzed by Northern analysis. Left panel, RNase P RNA visualized by
hybridization with a *?P-labeled probe corresponding to a 450-bp frag-
ment containing the RPR1 gene. Right panel, RNase MRP RNA visu-
alized by hybridization with a *?P-labeled probe corresponding to a
471-bp fragment containing the NME1 gene (15).

share similarity within three regions of the Ylr145w protein.
Regions of similarity were concentrated in the amino terminus,
a central domain, and the carboxyl terminus. The discovery of
putative homologues to Ylrl45w in a wide variety of fungi
indicates that this is a conserved component of the RNase MRP
complex. Utilizing a conserved consensus, we were able to
detect a homologue in the Arabidopsis genome (locus B96546).
Homologues were not detected in any metazoans. The homolo-
gous sequences do not correspond to any known protein
domains.

Isolation of a Temperature-conditional Mutant of rmpI—In
an effort to further characterize Rmplp, we created a temper-
ature-sensitive rmpl mutant. Random PCR mutagenesis of the
RMP1 gene was performed. Potential mutants were screened
for cold and temperature sensitivity at 25 °C and 37 °C. One
strain in particular exhibited a strong temperature-sensitive
growth phenotype (Fig. 7). The rmpl-6 strain grows well at
25 °C but grows only very slowly at 37 °C.

We confirmed that the growth phenotype of the rmpl-6
strain we observed was due to the presence of the mutagenized
rmpl gene. A single point mutation was identified in the rmp1
gene. This mutation changes cysteine 103 to an arginine (Fig.
6). The mutation sits within the conserved central domain of
Rmpl, which may explain why this mutant exhibits a temper-
ature-sensitive growth phenotype.

Processing of 5.85 rRNA in the rmpl1-6 Mutant—The tem-
perature-sensitive growth phenotype of the rmpl-6 mutant

pendent manner, is ~8-10-fold more abundant than the larger
species. Loss of function of components of the RNase MRP
complex results in decreased processing of the smaller 5.85
rRNA and an increase in the larger RNase MRP-independent
species. The rmp1-6 strain was grown at 30 °C until it reached
exponential phase and then shifted to non-permissive temper-
ature for 4 h. Total RNA was isolated from cells before and
after the shift. As shown in Fig. 8, a defect in 5.8S rRNA
processing was observed in the rmpl-6 mutant at both the
permissive and non-permissive temperatures. This change in
the ratio of 5.8S rRNA species correlates well with the pheno-
type seen in other RNase MRP mutants (2, 11, 20, 31). These
results demonstrate that Rmplp is required for the function of
the RNase MRP enzyme in rRNA processing.

The Stability of RNase MRP RNA in the rmpl-6 Mutant—
The RNA product of the NME1 gene is essential and is required
for the function of the RNase MRP complex. If Rmpl is asso-
ciated with the RNase MRP complex, then mutations in Rmplp
could compromise the stability of the RNase MRP RNA, leading
to a defect in rRNA processing. To test this possibility, North-
ern analyses were performed on RNA isolated from the rmp1-6
mutant at permissive and non-permissive temperatures. As
shown in Fig. 8, MRP RNA was stable in the rmp1-6 strain
under all conditions. This result is similar to what is seen in
mutations in the RNase MRP-specific protein Snm1 (20). It also
indicates that Rmp1l is probably not a core protein subunit of
the complex such as Popl that loses stability of the RNA
rapidly upon depletion or mutation (11). In addition, the RNase
P RNA was found to be stable in the rmpl-6 mutant strain
(Fig. 8).

The Processing of tRNA in the rmp1-6 Mutant—The RNase P
complex is involved in the processing of the 5’ ends of tRNAs.
Analysis of total steady-state levels of tRNAs indicated that
there were no gross changes in the levels of tRNAs, as would be
expected in an RNase P mutant (Fig. 8) (11). We also performed
Northern analyses on RNA isolated from the rmp1-6 mutant to
identify low abundant tRNA precursors. Blots were probed for
the presence of a pre-tRNA,, .. As shown in Fig. 8, only mature
pre-tRNA,,, is seen in the rmp1-6 mutant strain at both the
permissive and non-permissive temperatures. There is no ac-
cumulation of tRNA precursors, as would be expected in an
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Amino-Terminal Domain
Yir145w 1 MDEMDNVIRS| EQEYRLILLLNHRNKNOHRAASKYGSFNEMKENCGQIITLFSSRRLQAKRLKDVEWVK
C. albicans 26 MDKSTFKQLTNEYDILYLIYHRSKNOHRQQIAFKYLNMMISNLRKILKLLQIDINRIRTTTTTTTTTTTT-
A. nidulans 1 MEEDEVFRIYSMLHLIFHANANOHGRTKAWKWLS-TI! Ki' AVWN_ AMSLSSSKQGDFRTSA
S. pombe 1 MQE! QYDVVL!QKIVYHRNANOHHELSVAWRHVRMLL “RLKQS' DGNE
M. grissea 1  MDTETSSSTSKLAEAAAL! VPAQE! ! EKFNYKHXNOHARLSKAWAGFD-#1 “RHTAKFYRDELRLALDALTKRSSMPQSSKKK-
D. hansenii > | MEDFVTSDHKDQ! KHEYG! | HL | YHHN“MNOHHVLIMWKYLN-ITHANIRKILKLL IDLELIKNSQKIRQKKQQI
G. zeae 1 MTTPPDTALLTSTSES! APLLP! | DGFAHRHXMIHSSSHMSSFS-IFHSLRK! DQDLVVARRKKKTKSSSNNATSDNHP
N. crassa 61  SPSSNPSDPTTPSSLLPII TPALE! | SRFHHHNKMUHHLSKMAEAD-M “HHLRK! IEAANEWCDKEPEREGKRRKEEAR -
Y. lipolytica 21  ELQKTTENAGLGLQVSEF! -SEAE! IHSLYYHYRMAHHCAENFRPFS -4 HERVSQVANWIVDLHKATKKRAPRLITA
Consensus L-=-=- IL--IYHRNKNQHR---WW----- MLRR----L
Central Domain
rmpi1-6 R
Yir145w LHRLLQRAL FRQLKRWYWQ" NGVIALLOFVT! CCTIVTLI ANVRALYMRLWEINETEFIRCGCLIKNLPRTKAKSVVNDV
C. albicans QIIQYSNKILKLMKSS YWNYNSILVLCOYIT! (1 GLIGS! SKITHLIINGINGVQKRGINRDSFINKMNNDRQRVDG-
A. nidulans ENYKQYLADRVLPRCYLA" SVWIADV(FSA! CAVI FAT! AQLSKSTGIAEEFKLPSPVETNHNSLASY -
S. pombe KAKIAILEQLPKSYFY* TNLIAHLOYPAL GLVLL CI1 ARVWFVMGGIEYEAKIQSEIVFSQKEQKKLELQSQDDIDT-
D. hansenii LDIIKYLIKRKVFTKAYYESNGVIALGOFITLGLALL GNLSKIYCILRSFKGYDMICKPNIIDEAPYIYSEQSGNDDL -
M. grissea AVAKAKWMDDYLIPKAYTAITQLAADNOF APLGLLLL GV AQVHSAVSLLLPLDSAEQESEVTAAAEGKEIDMGVAVP-
G. zeae ALVRAKWMMRHIVPGA VA" SQLAADNJHAPL(LLLL SVI ASTHTLLSHLVPSENEHESPSTDVINAASTASDTPGPLTST-
N. crassa VRLRAEYLRGKLGPRAYFA" SQLSADROF AHL LML VL AQVDKAL SAFASVPIDENDDAAADEAAEDRGPNLNATVMGQ-
Y. lipolytica IKISIQKIQTRYLQPAFWSTYSVLALGOYVTVGFALL CTVARIASLLAQVHPIPRTVGKVLDAAVKKGAEVMSDDIGE-
Consensus AY--F----A-GQF--LGL-LLG-LA
Carboxy-Terminal Domain
Yir1i45w EELGEIIDEDIGNNVQENELVITSIPKPLTENCK® KX KRKKKN-------- KSAIDGIFG 201
C. albicans KTKTKTKTKTKTKTFDNKKLKKKDTTTKPLKKIKEKKK - - - m e oo o SAIDDIF 375
A. nidulans DFQLQQPVKPVLAVSNKSSASQTLNVTEPEKKME < K« K QKEKGSET* KRRKENATDOLFDGL 214
S. pombe FLKNQDESLFLSSSPITVSQGTKRKSKNSNSTVK KX KRARK-------~ GRDEIDDIFG 211
D. hansenii IFSTKKMKTKSKKKIGHADPMDDIFKDLKYSEDK« k¥ KKKKH---------- NEIDDIFSF 239
M. grissea DLSAKSRSADEEKPRRKSKTARTELDVEPTEKPK* KX KRKK---------~ GDEFDODLFSSLM 317
G. zeae PSKDTQVKERKPKTVKTDAPKRL SKDDTKDKPKK K KXK === === mm e GGDALSSLFGSL 251
N. crassa FASLEKPKKKKTKVKKTDDLDDIFASFDKPKTKK KKK - - -~~~ AGAGAGADEFDDIFGLG 524
Y. lipolytica ESKDKKKKNPASLDDSLEPPKKKKKILDSTDGMY ¥ K x KKSKK---------- NAIDDIFG 325
Consensus KKKKK=-====mmmemmmeaem AIDDIFG

Fic. 6. Alignment of YIR145w with identified homologues. A NCBI BLAST search was conducted in an attempt to identify potential
YIR145w homologues. Three putative domains of homology in the amino terminus, the central region, and the carboxyl terminus were identified
in all of the proteins found. The position of the single amino acid change in the rmp1-6 mutation is indicated. Sequences are from NCBI (accession
no.): Debaryomyces hansenii (XP 460019); Candida albicans (EAL03521); Aspergillus nidulans (AN6495); Schizosaccharomyces pombe (NP
594378); Yarrowia lipolytica (XP 503555); Magnaporthe grisea (EAA46485); Gibberella zeae (EAA67234); and Neurospora crassa (XP 326059).

37°C

25°C

Fic. 7. Growth phenotype of the rmpl-6 mutant. Yeast strain
carrying a wild-type RMPI1 on a URA3/CEN plasmid and a yeast strain
carrying the rmpI-6 mutation on a LEU2/CEN plasmid were plated

at the indicated temperature onto YPD plates and photographed after
1 day.

RNase P mutant. These results confirm that Rmpl is not a
component of the RNase P complex.

DISCUSSION

We were able to purify RNase MRP to apparent homogeneity
using tandem affinity purification of Pop4 and its associated
proteins. The POP4 locus is an ideal candidate for integration
of the TAP tag because Pop4 is an integral component of the
RNase MRP complex. Depletion of Pop4p results in the loss of
RNase MRP RNA. Not only does Pop4p interact with most of
the shared protein components of RNase MRP and RNase P,

but it has also been shown to interact with the only unique
protein component of RNase MRP identified so far, Snm1p (15).
In addition, Pop4 is a relatively stable protein. Although Poplp
is another integral protein component of the RNase MRP com-
plex that could be considered a potential target for the TAP
cassette, Poplp is relatively unstable, and Western analysis
using an anti-Pop1l antibody confirms that multiple breakdown
products are present (14, 32, our study). In addition, carboxyl-
terminal fusions to the Poplp have been found to be lethal (11).

Judging by RNA analysis of the purified RNase MRP, the
intact complex was contaminated with <1% of RNase P. The
use of mild salt conditions to obtain whole-cell yeast extracts
creates an environment more favorable for the isolation of
RNase MRP than RNase P. Previous work aimed at isolating
RNase P has shown that high salt conditions are amenable for
purification and extraction of this complex (14). Although it
appears that some RNase P RNA co-purifies through the first
column, the use of a second affinity purification matrix, cal-
modulin, eliminates detectable RNase P RNA. Purified RNase
MRP is probably altered very little from its natural state. Pop4
isolated from the final TAP fraction only retains the calmodu-
lin-binding portion of the TAP cassette. Previous studies using
the TAP fusion cassette suggest that the calmodulin-binding
domain does not affect the structure or function of most puri-
fied products (19). Indeed, our purified RNase MRP is fully
active in cleaving in vitro the A3 site in a yeast rRNA and the
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Fic. 8. RNA analysis of the rmp1-6 mutant. Yeast strains were
grown to Agy, = 0.4 at 30 °C in YPD and then shifted to 37 °C for 4 h or
maintained at 30 °C as indicated. Cells were collected, and total RNA
was isolated before and after the shift. Left panel, equal amounts of
RNA were separated on a 6% acrylamide-7 M urea gel and stained with
ethidium bromide. The locations of 5.85(S), 5.8S(L), and 5S rRNA, as
well as tRNA species, are shown. Right panels, RNA was separated on
6% acrylamide-7 M urea gels and transferred to nylon membranes. Top
right panel, pre-RNase P and RNase P RNA were visualized by hybrid-
ization with a *?P-labeled 460-bp probe containing the RPR1 gene.
Middle right panel, RNase MRP RNA was visualized using a 3?P-
labeled probe corresponding to the coding region for NME1. Bottom
right panel, tRNA,,, was visualized by hybridization with a 32P-labeled
189-bp probe that encompasses the tR(ACG)L precursor.

5'-UTR of CLB2 substrate (10). This evidence suggests that the
purified RNase MRP is an active, intact complex.

Based on our analysis of purified RNase MRP, most protein
components associate at more than one copy per complex,
whereas the MRP RNA and Poplp may be present in only a
single copy. Previous examination of the stoichiometry of the
RNase P complex suggests that RNase P RNA is also present in
a single copy per complex (33). However, no other stoichiomet-
ric analysis of RNase P or MRP has been performed. Reason
would dictate that the RNase P complex that shares 10 pro-
teins with the RNase MRP complex would contain similar
stoichiometry of the shared subunits. Differences may be in the
numbers of unique protein subunits, Rmpl, Snm1, and Rpr2.
Many of the proteins have been shown to interact with them-
selves in both yeast and humans, consistent with them being
present at more than one copy per complex (32, 34, 35). We
have been able to estimate the relative stoichiometry of each of
the protein subunits to each other. However, these estimations
do not preclude the complex from being a dimer, trimer, or
more, with multiple copies of the MRP RNA present.

Rpr2p was identified by MALDI-TOF mass spectrometry to
be in our purified RNase MRP complex. However, Rpr2p is
considered to be a unique protein component of RNase P, based
on immunoprecipitation and depletion experiments. Rpr2 has
been shown to precipitate only RNase P RNA and not RNase
MRP RNA (14). In addition, depletion of Rpr2p results in
preferential loss of RNase P RNA (14). Based on our data,
Rpr2p is present in purified preparations of RNase MRP at
greater levels than can be explained by contamination alone. In
part, Rpr2p may be co-purified because it has been shown to
interact strongly with Pop4p (32).

We propose that Rpr2p serves an analogous and overlapping
function with Snm1p in the RNase MRP complex. Both Rpr2p
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and Snmlp have been shown to interact strongly with them-
selves and with Pop4p, suggesting that they might associate as
dimers (32). The two proteins share sequence similarity and
are probably evolutionarily derived from the same gene. In
addition, depletion of Rpr2p does result in a 2-fold reduction in
RNase MRP RNA levels (14). The presence of Rpr2p in our
purified RNase MRP could be explained by the existence of
Snm1p-Rpr2p dimers. Based on the subunit quantitation,
Snm1 is present in equal concentrations to Rpr2, and the two
could form Snml1p-Rpr2p dimers that do not compromise the
function of the RNase MRP complex. In the absence of Rpr2,
the Snm1 protein can functionally replace the Rpr2 protein.
Indeed, Rpr2 may be able to partially replace Snm1 because
mutations in the SNM1 gene that produce very little protein
are still viable (20).

We also provide evidence that a protein encoded by the
uncharacterized open reading frame YLRI145w is present in
purified RNase MRP. MALDI-TOF mass spectrometry analysis
of purified protein components revealed the new potential pro-
tein component. The fact that a TAP-tagged version of
YIR145w precipitates RNase MRP RNA, but not RNase P RNA,
suggests that this protein is unique to RNase MRP. In support,
the rmp1-6 mutation confers a 5.8S rRNA processing defect,
but not a tRNA processing defect. Previous research aimed at
identifying the function of uncharacterized open reading
frames showed that TAP-tagged YIR145w precipitated most of
the shared protein components of the RNase MRP and RNase
P, but no further analysis was performed (30). Based on our
evidence, we believe that YLRI145w encodes a new unique
protein component of RNase MRP, Rmp1p.

We have uncovered putative homologues of Ylrl45w.
Nearly all of the MRP components including the RNA have
conserved homologues in higher eukaryotes (38). More re-
search will be required to further characterize the association
of Rmplp with the RNase MRP complex. Rmplp is required
for proper rRNA processing, but we have yet to determine
whether Rmpl is also required for other functions of RNase
MRP. Indeed, the requirement of RNase MRP to perform
multiple processing events may require specialized proteins
for substrate recognition or regulation. RNase P may also
contain other yet to be identified proteins that are required
for its specific cellular processes.

The availability of large amounts of highly purified RNase
MRP will open the door to structural analysis of this complex.
The purification level is high enough to allow for both cryo-
electron microscopy and crystallization of the complex for x-ray
diffraction studies. In addition, it will allow for easy analysis of
other potential substrates of the complex and for identification
of post-translational modifications that may regulate the activ-
ity of RNase MRP.
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