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We have isolated and characterized Mpp10p, a novel protein component of the U3 small nucleolar ribonu-
cleoprotein (snoRNP) from the yeast Saccharomyces cerevisiae. The MPP10 protein was first identified in
human cells by its reactivity with an antibody that recognizes specific sites of mitotic phosphorylation. To study
the functional role of MPP10 in pre-rRNA processing, we identified the yeast protein by performing a GenBank
search. The yeast Mpp10p homolog is 30% identical to the human protein over its length. Antibodies to the
purified yeast protein recognize a 110-kDa polypeptide in yeast extracts and immunoprecipitate the U3
snoRNA, indicating that Mpp10p is a specific protein component of the U3 snoRNP in yeast. As a first step in
the genetic analysis of Mppl0p function, diploid S. cerevisiae cells were transformed with a null allele.
Sporulation and tetrad analysis indicate that MPP10 is an essential gene. A strain was constructed where
Mpp10p is expressed from a galactose-inducible, glucose- repressible promoter. After depletion of Mpp10p by
growth in glucose, cell growth is arrested and levels of 18S and its 20S precursor are reduced or absent while
the 23S and 35S precursors accumulate. This pattern of accumulation of rRNA precursors suggests that
Mpp10p is required for cleavage at sites A0, Al, and A2. Pulse-chase analysis of newly synthesized pre-rRNAs
in Mpp10p-depleted yeast confirms that little mature 18S rRNA formed. These results reveal a novel protein

essential for ribosome biogenesis and further elucidate the composition of the U3 snoRNP.

In all eukaryotes, rRNA is transcribed as a single long tran-
script and processed by cleavages, nucleotide modification, and
exonucleolytic degradation to generate the mature rRNAs. In
the yeast Saccharomyces cerevisiae, these reactions result in the
production of the mature 18S, 5.8S, and 25S rRNAs, which are
assembled with the 5S ribonucleoprotein (RNP) and ribosomal
proteins to form mature ribosomes. These events take place in
the cell nucleolus. A number of small nucleolar ribonucleopro-
teins (snoRNPs) are required for many of these processing
steps (25, 27, 40, 45).

Because it was readily identified in both vertebrate and yeast
cells, the U3 snoRNP has been studied in a number of different
organisms. Functional studies on the role of the U3 snoRNP in
pre-rRNA processing have been carried out with cell extracts
from mouse cells and Xenopus oocytes and in vivo in Xenopus
laevis oocytes and in S. cerevisiae (4, 6, 18, 22, 30, 34). Collec-
tively, the results from these experiments point to an obligate
role for the U3 snoRNP in the cleavages in the 5’ external
transcribed spacer (ETS) and in internal transcribed spacer 1
(ITS1) that generate the 18S rRNA (A0, Al, and A2 in Fig. 6).

The 5’-most U3-dependent cleavage site (A0) in yeast also
requires the presence of the RNase III homolog, the Rntl
protein (10). In fact, in vitro yeast RNase III will cleave at this
site in the absence of any other factors. This suggests that
RNase III is catalytic for this processing step and that the
requirement for the U3 snoRNP may be to assist in the correct
folding and orientation of the pre-rRNA. Therefore, the U3
snoRNP may function as a pre-rRNA chaperone.

The role that the U3 snoRNA itself plays in pre-rRNA
processing has been studied in detail in yeast. The U3 snoRNA
is essential and is required for processing at three sites that
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generate the 18S rRNA (18). The U3 snoRNA can be cross-
linked to the 5" ETS (6), and base pairing is required for its
function (4, 5). Surprisingly, these sites of interaction of the U3
snoRNA with the nascent transcript are distant from the cleav-
age sites, further suggesting that the U3 snoRNP is acting as a
chaperone. Recent experiments suggest that an additional in-
teraction occurs in a sequence of the pre-18S rRNA that can
form a pseudoknot (17). This suggests that the U3 snoRNP
may play multiple roles, perhaps sequentially, in presenting or
folding precursors to the 18S rRNA.

The RNA component of the U3 snoRNP is about 200 to 300
nucleotides in length and is found in a wide variety of species
from humans to trypanosomes. The U3 snoRNA is bound to
several proteins, including the mammalian autoantigen fibril-
larin. The fibrillarin protein also binds to a number of other
snoRNAs and is not unique to the U3 snoRNP (14, 20, 35, 41,
42). Little is known about the other protein components of the
U3 snoRNP and whether they are specific for it. Only one has
been identified so far: Soflp (56 kDa). It was isolated as a
suppressor of a temperature-sensitive fibrillarin protein and is
essential for viability and for pre-rRNA processing in yeast
(19).

We have identified, cloned, and studied another yeast U3
snoRNP component, which we call Mpp10p. This protein was
discovered by homology to the human MPP10 protein (47).
Screening of a HeLa cell expression library with an antibody
that recognizes proteins that are phosphorylated during mito-
sis yielded the 120-kDa MPP10 protein (26, 47). Antibodies to
this protein immunoprecipitate the U3 snoRNA, indicating
that it is a component of the human U3 snoRNP (47a).

We were interested in whether MPP10 was required for
pre-rRNA processing, and we sought to approach this prob-
lem by exploiting the genetics and biochemical tools avail-
able in yeast. We report here that the yeast Mpp10p ho-
molog is 30% identical to the human protein and runs at 110
kDa in sodium dodecyl sulfate-polyacrylamide gel electro-
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phoresis (SDS-PAGE). Antibodies to it immunoprecipitate
the U3 snoRNA, indicating that in yeast, as in humans,
Mpp10p is a U3 snoRNP component. By targeted disruption of
the MPPI0 gene, we show that it is essential for viability.
Analysis of rRNA processing indicates that MpplOp is re-
quired for processing at the three U3-dependent sites in the 5’
ETS and ITS1. In the absence of Mpp10p, 18S rRNA is not
produced. Collectively, these results suggest that Mpp10p is a
protein component of the U3 snoRNP that is required for
pre-18S rRNA processing.

MATERIALS AND METHODS

Microbiological medium. S. cerevisiae cells were grown in the following media,
where specified: YPD (1% yeast extract, 2% peptone, 2% glucose, YPG (1%
yeast extract, 2% peptone, 2% galactose), SD (0.17% yeast nitrogen base, 0.5%
ammonium sulfate, 2% glucose), SG (same as SD but with galactose instead of
glucose), and His dropout medium (SD and a dropout supplement lacking
histidine [Clontech]). The SD and SG media were supplemented with the fol-
lowing nutrients: adenine (40 wg/ml), histidine (20 wg/ml), leucine (60 pg/ml),
lysine (30 wg/ml), and uracil (20 wg/ml).

Yeast strains. YPH260 (MATa/o ura3-52/ura3-52 lys2-801°¢"[lys2-8014mbe"
ade2-101°°""*/ade2-101°°"" his3-A200/his3-A200 leu2-Al/leu2-Al) was derived by
mating YPH258 (MATa ura3-52 lys2-801°%" ade2-101°"" his3-A200 leu2-A)
and YPH259 (MATa ura3-52 lys2-8019%" ade2-101°"" his3-A200 leu2-A) (36).

Computer analysis. The amino acid sequence of the human MPP10 protein
was used to search the S. cerevisiae database with the BLAST algorithm. Se-
quence alignments of the human, mouse, and yeast homologs were performed
with Megalign in the DNASTAR program.

Cloning of the mouse and yeast homologs. The mouse homolog of the human
MPPI0 cDNA (accession no. X98494) was obtained by screening a mouse my-
eloid leukemia cDNA library (LTR6) cloned in NZap (Stratagene) with a ran-
dom-primed human MPPI0 probe. This library was obtained from Hui Zhang,
Yale University. An Ncol fragment of the human MPPI0 gene was random
primed in the presence of [**P]dCTP as specified by the manufacturer (Amer-
sham). Hybridization was carried out in 10% formamide at 52°C, and washes
were performed at 52°C by standard methods (33). Automated DNA sequencing
of the insert was carried out on an Applied Biosystems 373 Stretch sequencer by
primer walking of both strands.

To make a probe to clone the yeast MPP10, two oligonucleotides were de-
signed complementary to MPP10 sequences. The sequences are 5'TTCTCACAA
TCTCTCTCGATGGTAGCACCCT (ympp10.1) and 5'CCAATTGTTCTATC
TGTTTTCTAATCTCTATTTGT (ympp10.2). They were used as primers for
PCR with total yeast genomic DNA as a template. The approximately 600-
nucleotide (nt) PCR product was cloned into pGEM-3Zf (Promega Biotech). A
random-primed EcoRI-PstI fragment containing MPPI10 sequences was used to
probe a A library of the yeast genome. A library that is available as an array on
a filter was screened (ATCC 77284 from S. cerevisiae AB972). Hybridization was
carried out in 50% formamide at 42°C. The cosmid corresponding to our positive
clone was obtained from the American Type Culture Collection (ATCC). An
EcoRV fragment containing the entire MPPI( gene was subcloned into the Smal
site of pGEM-3Zf. The clone was confirmed by restriction digestion and by
automated DNA sequencing on an Applied Biosystems 373 Stretch sequencer.

Expression and purification of the yeast Mpp10 protein in E. coli. The yeast
MPPI10 gene was cloned into the pET-28a expression vector (Novagen) for
expression in Escherichia coli. This places 6 histidines in frame with the MPP10
protein-coding sequences to facilitate purification. Two oligonucleotides were
designed for PCR of yeast genomic DNA. The 5’ oligonucleotide includes the
initiation codon and an upstream BamHI site (5CCGCGGATCCATGTCA
GAACTCTTTGGAGTATTGAAATC; ympp10.3), and the 3’ oligonucleotide
includes the stop codon and a downstream NotI site (5'GCATAGTTTAGCG
GCCGCTGTTCAAAGTTTTATATTTGTGCTATC; ymppl0.4). Following
PCR, the DNA fragment was digested with BarnHI and NotI and cloned into the
BamHI and Notl sites of pET28a. This plasmid was transformed into E. coli
BL21 (DE3) for expression. Induction of expression and analysis of solubility
were carried out as specified by the manufacturer, except that induction was
carried out overnight. Expression was evaluated by analysis of E. coli lysates on
SDS-10% polyacrylamide gels.

Since Mpp10p was found primarily in inclusion bodies, purification was carried
out under denaturing conditions by metal chelation affinity chromotography. We
used a procedure that includes solid-state renaturation (16). Protein concentra-
tions were quantitated by the method of Bradford, as specified by the manufac-
turer (Bio-Rad).

Antibodies and Western blots. The anti-fibrillarin antibody, 17C12, was ob-
tained from Konstantin Konstantinov and Michael Pollard, Scripps Research
Institute, and studied in yeast (2). The anti-trimethylguanosine (TMG) cap
antibody was obtained from Oncogene Science. Antibodies to the purified
Mpp10p were obtained by injection into rabbits, carried out at the Division of
Animal Care at Yale University. Antibody production was monitored by Western
blotting (Enhanced Chemiluminescence; Amersham) of yeast lysates (1).
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Immunoprecipitations and RNA analysis. For inmunoprecipitations analyzed
by Northern blotting, antibodies were bound to 2.5 mg of protein A-Sepharose
CL-4B (Pharmacia) as follows. Anti-Mpp10 (50 wl of rabbit serum), anti-fibril-
larin (100 pl of culture supernatant), and preimmune rabbit serum (100 wl) were
incubated with yeast cell lysates (see below) for 16 h at 4°C with rotation. A mock
immunoprecipitation with no added antibody (PAS CL-4B alone) was also done.
The same amounts of antibody were used for immunoprecipitations analyzed by
3'-end labelling, except that 10 pl of rabbit anti-Mpp10 and 10 pl of anti-TMG
cap antibody were used. For the anti-TMG immunoprecipitation, 10 ul of a
secondary antibody, rabbit anti-mouse antibody, was also used. The bound an-
tibody was washed three times with NET-2 buffer (20 mM Tris-Cl [pH 7.5], 150
mM NaCl, 0.05% Nonidet P-40). All immunoprecipitations and washing of the
immunoprecipitates were performed in NET-2 buffer.

For preparation of yeast cell lysates, exponentially growing cells were har-
vested at an optical density at 600 nm (ODgq) of 1 to 2, washed, and resus-
pended in NET-2 buffer. Protease inhibitors (2 pg of aprotinin per ml, 1 pg of
leupeptin per ml, 1 ug of pepstatin A per ml) were included in the lysates used
for Northern blots. The cells were lysed by vigorous vortexing (five times for 45 s)
with 0.45- 0.5-mm-diameter glass beads. The lysate was cleared by centrifugation
for 10 min at 13,000 X g. Immunoprecipitation was performed for 1 h at 4°C with
lysate prepared from the equivalent of 5 ODyg units of cells. RNA was recov-
ered by extraction with phenol-chloroform-isoamyl alcohol (25:24:1) and ethanol
precipitated. For Northern blotting, the recovered RNA was separated on 8%
denaturing polyacrylamide gels and analyzed by Northern blotting with antisense
RNA probes (see below). For 3’-end- labelling, the recovered RNA was labelled
with [*?P]pCp and T4 RNA ligase (11) and separated on 8% denaturing poly-
acrylamide gels.

Northern blotting with Zeta-Probe membrane (Bio-Rad Laboratories) was
performed by the method of Kass et al. (22). The blots were probed with
full-length antisense snoRNAs complementary to the indicated RNAs. The se-
quences of the U3, snR190, snR10, and U14 snoRNAs were amplified by PCR
with primers which insert EcoRI and Stul sites outside the 5’ and 3’ ends of the
RNA, respectively, and cloned into pGEM-3Zf. Antisense RNAs were tran-
scribed with SP6 RNA polymerase by the method of Melton et al. (29) with 1 pg
of DNA template.

Disruption of the MPP10 gene. Disruption of one allele of the gene encoding
Mppl0p was carried out by homologous recombination via a PCR-based ap-
proach (3). Two oligonucleotides that have 50 nt complementary to the 5'- and
3'-flanking sequences of MPPI0 and 20 nt complementary to HIS3 were de-
signed. The sequences of the oligonucleotides are 5’ TGAAGAAACAGTGTTT
TGTTATGAATAAATGATGTGTGCACGAAAGACCCAAGCCTTGGCCC
TCCTCTAG (ympp10.5) and 5’ATGAAGAAATAATTTTTTACCTAAATA
CAAACTAAGTCTTCTTCAGGCGTCGTTCAGAATGACACG (ympp10.6).
PCR was performed on a plasmid containing a clone of HIS3 (pAD11) to
generate a fragment of DNA that contains MPP10-flanking sequences and the
HIS3 gene. pAD11 (ADE2 HIS3 CEN6 ARSH4), obtained from R. Padmanabha
and M. Snyder, Yale University, contains the ADE2 gene cloned into pRS313
(36). By lithium acetate transformation (13), this fragment was transformed into
the diploid strain, YPH260. Selection on histidine dropout medium allowed us to
select colonies that have incorporated the DNA fragment. Verification that
homologous recombination occurred at the MPPI10 locus was performed by
Southern blot analysis on yeast genomic DNA (1). His™ transformants heterozy-
gous at the MPPI0 locus were sporulated, and tetrads were dissected. In each of
the nine tetrads analyzed, only two spores were viable.

Cloning of MPP10 under an inducible promoter and restoration of viability. A
BamHI-Notl fragment of the MPP10 gene from the pET-28a E. coli expression
plasmid was cloned into the BamHI-Not1 sites of the yeast expression plasmid
pGAD3. pGAD3 was obtained from R. Padmanabha and M. Snyder and is a
centromere-based plasmid with the GALI-10 promoters and URA3 and ADE2
markers (described as plasmid p269 in reference 38). pGAL1::MPP10 designates
this plasmid (GALI0/GALI1::MPP10 ADE2 URA3 CEN6 ARSH4).

The pGALI1::MPPI0 plasmid was transformed into the heterozygous disrup-
tion strain, and colonies were selected on uracil dropout medium. Diploids were
sporulated, and tetrads were dissected on plates containing galactose. The strains
from the resulting spores were streaked onto 5-fluoroorotic acid (5-FOA) to
verify growth dependence on the presence of the pGAL1::MPP10 plasmid. We
will refer to this strain as mppl0::HIS3 pGAL1::MPPI0.

Analysis of pre-rRNA processing. For Northern analysis, the mpp10::HIS3
pGALI::MPPI0 cells were grown in YPG medium to an ODy, of 1.0 and diluted
into fresh YPD medium. At 0, 24, and 48 h after transfer to glucose-containing
medium, total RNA was isolated and compared to total RNA isolated from the
haploid strain YPH258 grown in YPD medium. Total RNA was isolated by the
hot-phenol technique (1), 4.5 wg of total RNA was resolved on a 1% formalde-
hyde-agarose gel, and the RNA was transferred to Zeta-probe membrane.

The oligonucleotides used to probe for the rRNAs and their precursors were
described by Berges et al. (8) and are depicted as bars in Fig. SB. A 100-ng
portion of each was labeled with 150 p.Ci of y-ATP (5,000 Ci/mmol) and purified
with the Qiaquick nucleotide removal kit (Qiagen). The blots were hybridized to
10° cpm of 5’-end-labeled oligonucleotide(s) per ml in 5x SSPE (1x SSPE is
0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7])-0.1% SDS at 37°C.
The blots were washed twice in 5X SSPE-0.1% SDS at 37°C for 15 min each and
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FIG. 1. Amino acid sequence of the MPP10 proteins from humans, mice, and the yeast S. cerevisiae. The white-on-black residues indicate sequence identity.

once in 1X SSPE-0.1% SDS at 37°C for 5 min. They were then exposed to X-ray
film.

For pulse-chase analysis, YPH258 or mpp10::HIS3 pGALI1::MPPI0 cells were
grown in SG (with supplements but without methionine) medium to an OD of
1.0. The cells were then washed in SD (with supplements but without methio-
nine) medium and diluted into fresh SD medium. They were grown for 2 days,
and then 30 ml was pelleted and resuspended in 3 ml of SD medium. The cells
were pulsed with 60 wCi of [methyl-*H]methionine per ml (75 Ci/mmol) at room
temperature for 2.5 min. The cells were then chased with 500 pg of cold methi-
onine per ml. Samples were taken at 0, 3, and 12 min after the chase, pelleted,
washed, repelleted, and quick-frozen on dry ice-ethanol. Total RNA was isolated
from cells by the hot-phenol technique (1). For each sample, 20,000 cpm of
labeled RNA was resolved on a 1% formaldehyde-agarose gel. After transfer of
labeled RNAs to Zeta-Probe membrane, the membrane was sprayed with
EN’HANCE (New England Nuclear) and then exposed to X-ray film.

RESULTS

Cloning of the mouse and yeast homologs of the human
MPPI0 gene. To learn which sequences of the MPP10 protein
play a functionally important role, we compared the human
and mouse amino acid sequences (Fig. 1). We obtained a
mouse cDNA by screening a mouse myeloid leukemia cDNA
library with the human MPP10 sequence. The mouse MPP10
protein is 680 amino acids long and has an overall identity of
83% (similarity of 92%) to the human protein. Interestingly,
the extent of homology is not constant across the entire length

of the protein. The two sequences are most similar over the last
300 amino acids (91% identity from amino acid 350 of the
mouse sequence to the end), whereas the amino-terminal half
of the protein is much less highly conserved. This sequence
conservation suggests an important functional role for the car-
boxy-terminal half of the molecule. Also conserved are the
predicted mitotic phosphorylation sites recognized by the
MPM?2 antibody (9) by which the human clone was originally
detected (26).

A BLAST search of the translated GenBank database with
the human MPP10 protein sequence yielded the S. cerevisiae
homolog (Fig. 1). This was initially designated an open reading
frame of unknown function on chromosome X (YJRO02W,
YJRS83.5, J1411). The yeast Mpp10p is a protein of 593 amino
acids, with an isoelectric point of 4.5 and a predicted molecular
mass of 67 kDa. The human and yeast Mpp10p sequences are
30% identical and 50% similar over their length.

Although the mammalian and yeast proteins are only 30%
identical, computer analysis indicates that they may share
other important features. A search for motifs in the Mpp10p
conserved among the three species yielded several predicted
casein kinase II sites of protein phosphorylation, pointing to
their potential functional significance. We have identified six
sites that are conserved (SSGE, TSAE, SDDE, SSFE, SLAE,
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FIG. 2. Production of anti-yeast Mpp10p antibodies in rabbits. (A) Expres-
sion and purification of the yeast Mpp10 protein in E. coli. Lanes 1 and 2 contain
lysates from E. coli before and after induction of expression of Mppl0Op with
isopropyl-B-p-thiogalactopyranoside (IPTG). Lanes 3 and 4 contain highly en-
riched Mpp10 protein resulting from metal chelation affinity chromatography.
(B) Western blot of yeast lysates with either preimmune or anti-Mpp10p rabbit
serum. The sera were used at a 1:20,000 dilution. The lower band is an Mpp10p
breakdown product that appears in some preparations of yeast lysates.

and SMED). Furthermore, the predicted structure and charge
distribution of the mammalian and yeast proteins is also very
similar. All three are predicted to be largely alpha-helical and
to have a similar distribution of acidic and basic amino acids.
No known RNA binding motifs are present in any of the
MPP10 proteins identified so far.

By using internal primers for the yeast MPP10 gene, a 600-nt
fragment was generated by PCR on yeast genomic DNA. This
probe was radioactively labeled and used to probe a filter
displaying a A\ library of a robotic array of the yeast genome
available from the ATCC. Two positives were obtained (data
not shown). Subsequent computer analysis with the database
available at the ATCC indicated that these two clones were
overlapping fragments of chromosome X near the centromere,
as predicted. Again using the ATCC database, we identified a
cosmid clone that was likely to contain the MPP10 gene. This
cosmid was obtained from the ATCC, and an EcoRV fragment
containing the entire MPP10 sequence was subcloned into the
Smal site of pGEM-3Zf.

Mpp10p expression in E. coli and production of antibodies.
To investigate whether Mpp10p is a component of an RNP in
yeast, we expressed it in E. coli, purified the fusion protein, and
produced antibodies to it in rabbits. Primers were made to the
5’ (beginning at the AUG) and 3’ ends (including the stop
codon) of the MPP10 sequence. An in-frame BamHI site was
included at the 5’ end of the 5’ primer, and a NorI site was
included at the 3’ end of the 3’ primer. PCR was performed on
yeast genomic DNA, and a single band was obtained (data not
shown). Following digestion by BamHI and Notl, the fragment
was cloned into the BamHI and Notl sites of the pET-28a
vector. This construct permits the expression of Mpp10p as a
fusion protein with an amino-terminal six-histidine tag. SDS-
PAGE analysis of the proteins produced in the induced and
uninduced cells indicated the presence of high levels of expres-
sion of an approximately 110-kDa protein in the induced cells
(Fig. 2A, lanes 1 and 2). The protein was purified by metal
chelation affinity chromatography under denaturing conditions
and obtained in soluble form following solid-state renaturation
(lanes 3 and 4). A yield of at least 2 mg was obtained from 100
ml of induced E. coli.

The purified Mpp10p was injected into rabbits for the pro-
duction of antibodies. The presence of antibodies was detected
by Western blotting of yeast lysates with the rabbit antiserum.
When preimmune rabbit serum was used, no cross-reactivity
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with yeast proteins was observed (Fig. 2B). However, when
serum from an immune rabbit was used, a single band of
approximately 110 kDa was observed in the yeast lysate (Fig.
2B), indicating that the antibodies recognize MpplOp. The
same results were obtained with the rabbit anti-Mpp10p serum
at dilutions between 1:1,000 and 1:20,000, indicating a high
titer.

Both the Mpp10p purified from E. coli and the Mpp10p in
yeast lysates run at about 110-kDa in SDS-PAGE, which is
considerably larger than the predicted molecular weight of 67
kDa. This aberrant migration on SDS gels has been noted
previously for nucleolar proteins and is thought to result from
either alternating positive and negative charges or heavily
charged regions (7, 28).

Mpp10p is a U3 snoRNP component. The anti-Mpp10p an-
tibody was used to investigate whether the Mpp10p protein is
a component of the U3 snoRNP in yeast. Immunoprecipita-
tions were performed on yeast extract with the rabbit anti-
Mppl0p serum. RNA was extracted from the pellets and su-
pernatants and analyzed by gel electrophoresis and Northern
blots. For comparison, immunoprecipitations with anti-fibril-
larin antibody were also performed. Antisense RNA probes for
U3, U14, and snR190 were used. The results are shown in Fig.
3A. The anti-Mppl0p antibodies immunoprecipitate the U3
snRNA but not U14 or snR190 (lanes 3 and 7). In contrast, the
anti-fibrillarin antibodies immunoprecipitate U3, U14, and
snR190 (lane 4). Serum from the rabbit prior to injection
(preimmune) does not immunoprecipitate U3 or any other of
the snoRNAs. These results indicate that in yeast, as in hu-
mans, Mppl0p is likely to be a protein component specific to
the U3 snoRNP.

Similar results were obtained following direct labeling of the
snoRNAs after immunoprecipitation (Fig. 3B). U3 and many
other snoRNAs are apparent in the anti-fibrillarin and anti-
TMG immunoprecipitations (lanes 3 and 4). Only a few of
these snoRNAs can be identified by size alone and are indi-
cated. In the anti-MPP10p immunoprecipitation, the U3
snoRNA is greatly enriched over the other Box C/D snoRNAs
(lane 5). Other RNAs, including the 5S and 5.8S rRNAs, are
also present in this lane, but at levels comparable to that found
when preimmune rabbit serum or beads alone are used (lanes
1 and 2). These results support our Northern blot results, again
suggesting that Mpp10p is a component of the U3 snoRNP.

MPPI10 is an essential gene. The MPP10 gene was disrupted
by transformation of a PCR fragment into the diploid yeast,
YPH260. The PCR fragment was generated with primers de-
signed to place the HIS3 gene in the context of MPPI0 5'- and
3’-flanking sequences, as depicted in Fig. 4A. This fragment
replaces the entire coding sequence of MPPI10. The diploid
yeast cells were transformed with this PCR product and plated
on histidine dropout medium to select for the presence of the
HIS3 marker. Genomic DNA was isolated from three of the
resulting strains and the parent strain, and the presence of the
disrupted MPPI0 allele was confirmed by Southern blot anal-
ysis. A 1.8-kb PstI fragment which includes the gene and 3'-
flanking sequences was used as a probe (Fig. 4A). EcoRV
digestion of the intact MPPI0 followed by blotting with an
MPP10 probe yields a fragment of 2.9 kb, while the disrupted
gene yields a fragment of 2.1 kb (Fig. 4B). These findings
provide evidence that one allele of MPPI10 is disrupted in all
three diploid strains (strains 5, 7, and 9). One heterozygous
disruption strain was sporulated and tetrads were dissected to
assess whether MPP10 is essential for growth in yeast. Figure
4C shows that growth segregates 2:0 among the four spores,
and the HIS3 gene was not found in the surviving spores,
indicating that MPPI0 is essential.
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FIG. 3. Mppl0p is a U3 snoRNP component. (A) Immunoprecipitations were performed with either protein A-Sepharose CL 4B beads alone (lanes 1 and 6),
preimmune (lanes 2 and 7) or anti-Mpp10p rabbit serum (lanes 3 and 8), or anti-fibrillarin antibody (17C12) (lanes 4 and 9). RNA was isolated from the pellets and
supernatants from each immunoprecipitation and analyzed by electrophoresis on 8% denaturing polyacrylamide gels followed by Northern blotting. Antisense RNA
probes were used to detect the yeast snoRNAs U3, snR190, and U14. The lower band in the U3 hybridization is a stable U3 snoRNA breakdown product. (B)
Immunoprecipitations were performed with protein A-Sepharose CL 4B beads alone (lane 1), preimmune rabbit serum (lane 2), anti-TMG antibody (lane 3),
anti-fibrillarin antibody (17C12) (lane 4), and anti-Mpp10 antibody (lane 5). The RNAs were directly labelled with [*?P]pCp and T4 RNA ligase and analyzed on an
8% denaturing polyacrylamide gel. The sizes of the labelled pBR322-Mspl markers are indicated.

Expression of MPP10 from a conditional promoter. To dem-
onstrate that cell viability is dependent on an intact copy of
MPP10, we restored growth to a strain carrying mppl0::HIS3
by expression of MpplOp from a plasmid. We cloned the
MPPI0 gene into a plasmid with a galactose-inducible pro-
moter and a URA3 gene and have called it pGALI1::MPPI0.
When the heterozygous disruption strain bearing the
PGALI::MPP10 plasmid was sporulated and tetrads were dis-
sected on medium containing galactose, three or four spores
grew from each tetrad (data not shown). These spores were
tested for their dependence on the presence of the plasmid by

streaking onto 5-FOA-containing medium. Some of the spores
were inviable on 5-FOA, indicating that their growth was de-
pendent on the presence of the pGALI::MPPI0 plasmid.
Therefore, growth can be restored to a strain with a disrupted
MPPI10 gene by supplying Mpp10p.

Depletion of Mpp10p affects pre-18S rRNA processing. We
hypothesized that the critical role played by Mpp10Op in cell
viability was in pre-rRNA processing. We tested this by deple-
tion of Mpp10p by using the haploid strain with a disrupted
chromosomal copy of MPP10 (mppl0::HIS3) that maintains
the pGALI1::MPP10 plasmid. Mpp10p is expressed when this
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FIG. 4. MPPI0 is an essential gene in yeast. (A) Scheme for disruption of
MPP10. Disruption was accomplished with a PCR product containing the HIS3
gene and short 5’ and 3’ sequences identical to MPPI0 flanking sequences. (B)
Disruption of MPPI10. DNA was isolated either from three yeast strains (strains
5, 7, and 9) transformed with the PCR product in panel A or from the parent
diploid strain, YPH260. Following digestion with EcoRV, the DNA was analyzed
by agarose gel electrophoresis and Southern blotting for the presence of the
disrupted MPPI0. A random-primed PstI fragment was used as a probe. The
intact MPPI0 yields a fragment of 2.9 kb, while the disrupted MPPI0 yields a
fragment of 2.1 kb. (C) MPPI0 is essential for viability. One heterozygous
disruption strain from panel B was sporulated, and tetrads were dissected. The
results from nine dissections are indicated.

strain is grown in galactose but not when it is grown in glucose.
We assessed growth of the mpp10::HIS3 pGALI1::MPPI0 strain
after transfer to glucose compared to growth of the otherwise
isogenic MPP10 strain (YPH258) in glucose and observed that
growth continues for several hours after the switch to glucose
but then slows and by 48 h is markedly impaired (Fig. SA). At
both 24 and 48 h after growth in glucose, little Mpp10p is
detectable by Western blot analysis (data not shown). The
Mpp10p that is still present is most probably due to incomplete
repression of the GAL promoter in glucose (19, 23).

To investigate whether depletion of Mppl0p affects pre-
rRNA processing, we extracted total RNA from the
mppl0::HIS3 pGALI1::MPPI10 strain at 0, 24, and 48 h after
growth in glucose and compared it to RNA from the strain that
is isogenic except at the MPP10 locus (YPH258). The presence
of the mature 18S and 25S rRNAs and their precursors was
assessed by Northern blot analysis with the specific oligonucle-
otides depicted in Fig. 5B. When oligonucleotides a and g were
used to identify the mature 18S and 25S rRNAs, it is clear that
18S rRNA levels were reduced after depletion of Mppl0p
whereas the 25S rRNA levels remained constant (lanes 1 to 4).
The difference in intensities of the 18S and 258 signals is due
to the oligonucleotides used and has been observed by others
(8). When oligonucleotide b was used to detect precursors to
the 18S rRNA, normal levels of the 20S precursor were present
before the switch to glucose but absent after growth in glucose
(lanes 5 to 8). In addition, the levels of 23S, a precursor that is
normally present at low levels during normal pre-rRNA pro-
cessing were increased, as were the levels of the 35S precursor
(Fig. 6A shows the processing pathways, and Fig. 6B shows the
Mpp10p-depleted processing pathway). The 23S precursor re-
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sults from lack of cleavage at sites A0, Al, and A2 (15). Hy-
bridization with an oligonucleotide that recognizes the 27SA2
precursor to 25S (oligonucleotide c¢) indicates that this precur-
sor is absent after growth in glucose, again resulting from lack
of cleavage at site A2 (lanes 9 to 12). An increase in the level
of the 35S precursor after growth in glucose could also be seen
after hybridization with this oligonucleotide. However, 25S
synthesis proceeds in the Mpp10p depleted cells because the
27SB precursor is present (oligonucleotide e) from cleavage at
site A3 or directly at B1 (lanes 13 to 16). This suggests that
depletion of Mppl0p interferes with processing of pre-18S
precursors and production of the mature 18S rRNA. Similar
results were observed upon depletion of the U3 snoRNA (4-6,
17, 18).

The low 18S rRNA levels and absence of the 20S precursor
seen in Fig. 5B could result from either decreased synthesis or
increased lability of these RNAs. We used pulse-chase labeling
of the rRNAs and their precursors to verify that the decrease
we observed is due to decreased synthesis. We used [methyl-
3H]methionine to label the methyl groups of the newly synthe-
sized TRNA in the isogenic strain (YPH258) and in the
mppl10::HIS3 pGALI1::MPPI0 strain after 48 h in glucose. The
results, shown in Fig. 7, demonstrate that the defect is in
pre-18S rRNA processing. Little or no 18S rRNA was pro-
duced in the mpp10::HIS3 pGALI1::MPP10 strain when grown
in glucose (lanes 1 to 3), whereas even at time zero, 18S rRNA
was detectable in appreciable amounts in the MPPI0 strain
(lanes 4 to 6). The small amounts of mature 18S rRNA syn-
thesized are due to the persistence of low levels of Mpp10p
produced from an incompletely repressed GAL promoter (19,
23). The 35S precursor was also labeled at time zero in the
Mpp10p-depleted strain (lane 1). In contrast, 25S rRNA was
present at all time points in both strains.

Since depletion of the U3 snoRNA itself interferes with
pre-18S rRNA processing (4-6, 17, 18), a defect in processing
of 18S precursors following depletion of Mpp10p could occur
because the levels of the U3 snoRNA are affected. To test this,
RNA was isolated from the mppl0::HIS3 pGALI1::MPPI0
strain before and 24 and 48 h after the switch to glucose and
analyzed for the presence of the U3 (snR17A), snR10, and
U14 snoRNAs. As shown in Fig. 8, no change was seen in the
levels of U3 compared to the other snoRNAs during this pe-
riod (lanes 1 to 3). Therefore, accumulation of the U3
snoRNA was not affected by depletion of Mpp10p.

DISCUSSION

We have identified, cloned, and characterized the functional
role of Mpp10p, a protein component of the yeast U3 snoRNP.
The yeast homolog of the human Mppl10p was identified by
database searching and is 30% identical to the mammalian
MPP10 proteins. MPP10 was cloned and expressed as a fusion
protein in E. coli, purified, and injected into rabbits for pro-
duction of antibodies. The antibodies recognize a protein of
approximately 110 kDa on Western blots and selectively im-
munoprecipitate the U3 snoRNA, indicating that Mpp10p is a
U3 snoRNP-specific component. Disruption of the MPPI0
gene followed by sporulation and tetrad analysis indicates that
MPPI0 is essential. Depletion of Mpp10p with a conditional
promoter indicates that, like the U3 snoRNA, it is required for
processing of 18S rRNA precursors at sites A0, Al, and A2.
Since the U3 snoRNA is stable after Mpp10p depletion, the
observed effect on pre-rRNA processing is not due to an indi-
rect effect of MpplOp depletion on accumulation of the U3
snoRNA.

We also cloned the mouse MPP10 cDNA by screening a
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FIG. 5. Depletion of Mpp10p affects the growth of yeast cells and maturation

1000 of their 18S rRNA precursors. (A) Growth following depletion of Mpp10p. Solid
squares, growth of the mppl0::HIS3 pGALI::MPPI0 strain in glucose; open
squares, growth of an otherwise isogenic strain, YPH258, in glucose. (B) Deple-
tion of Mpp10p affects the production of 18S rRNA. RNA was isolated from the
mppl0::HIS3 pGALI::MPPI10 strain after growth in galactose (0 h) or 24 and 48 h

b 100 after growth in glucose. RNA was also isolated from an otherwise isogenic strain,
8 YPH258, after growth in glucose. The RNAs were run on a 1% formaldehyde—
= agarose gel and blotted onto Zeta-Probe membrane. Northern blot analyses were
8 performed with the indicated 3?P-labelled oligonucleotides.
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mouse myeloid leukemia ¢cDNA library. The mouse MPP10
protein has an 83% overall identity to the human protein but
exhibits greater identity at the carboxy terminus. The mouse
cDNA can now be used to overexpress and purify the protein
for production of antibodies in rabbits. This will facilitate study
of the role of MPP10 in vitro in mouse cell extracts (21, 22).

The 30% identity between the human and yeast MPP10
proteins is not extraordinarily low for a human-yeast protein
pair. Other human-yeast pairs of RNPs or proteins involved in
RNA processing with 30% or less identity include the La pro-
tein (48), the AAUAAA binding subunit of the cleavage and
polyadenylation specificity factor (CFT1) (39), the Ul snRNP
70,000-molecular-weight (70K) protein (37), and the splicing
factor SAP 145 (Cusl) (46).

The predicted structure and charge distribution of the hu-
man and yeast MPP10 proteins are very similar. Of note are
the several predicted casein kinase II phosphorylation sites

that are conserved among species. It is unknown whether they
are phosphorylated in vivo and whether phosphorylation at
these residues is essential for the function of the protein. The
human protein was identified by an antibody, MPM2, that
recognizes certain sites of mitotic phosphorylation (26, 47).
The function of mitotic phosphorylation in the human protein
is not yet understood. The predicted MPM2 epitopes are con-
served between mouse and human, but not yeast.

In spite of sequence and structural similarities among the
MPPI10 proteins, neither the human nor the mouse MPPI0
genes can complement the disrupted mppl0::HIS3 gene (data
not shown). We tested the vertebrate genes on both centro-
mere-based and multicopy plasmids by using a highly express-
ing yeast promoter (31). In both cases, protein is produced but
the yeast cells are inviable. Therefore, the mammalian MPP10
proteins cannot substitute for the yeast proteins.

The identification of Mpp10p in S. cerevisiae by homology to
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FIG. 6. Processing of pre-rRNA in S. cerevisiae and in Mpp10p-depleted yeast. The processing pathway is derived from reference 44 and includes only the relevant
precursors and mature rRNAs. The 35S precursor, which contains the sequences destined to be the mature 18S, 5.8S, and 25S rRNAs is processed at A0 to yield the
33S precursor, at Al to yield the 32S precursor, and at A2 to yield the 20S and 27SA2 precursors. The 20S precursor is processed to the mature small-subunit rRNA,
18S. The 27SA3 precursor is derived from cleavage at A3. The 27SB precursor arises from exonucleolytic degradation of 27SA3 to B1 or by direct cleavage at B1. The
27SB precursor is processed in a number of steps to generate the mature large-subunit rRNAs, 5.8S and 28S. (B) Processing pathways in Mpp10p-depleted yeast. Levels
of the 35S precursor are increased. Accumulation of a 23S processing product that results from cleavage at A3 is apparent, indicating a lack of cleavage at A0, Al, and
A2. Few or no 20S or 18S rRNAs are produced. Cleavage at A3 yields 27SA3 rRNA, which is not detectable by Northern blot analysis (23), and is processed to the
27SB pre-rRNA. The 27SB rRNA can also be generated by direct cleavage at B1. The 5.8S and 25S rRNAs are generated from this precursor.

the human protein is a direct result of the yeast genome se-
quencing project. The amino acid sequence of the human
MPP10 protein was used in a database search to identify the
yeast sequence. It is unlikely that experimental methods would

have succeeded, since the human cDNA does not cross-hybrid-
ize with yeast DNA, even at low stringency (data not shown).

The yeast U3 snoRNP has a mobility of 10S to 12S in
glycerol gradients (12). This predicts that there are roughly 10
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FIG. 7. Growth defect following Mppl0p depletion is due to a defect in
processing of pre-18S rRNA precursors. The mpp10::HIS3 pGALI1::MPPI10
strain was grown in glucose for 48 h, labeled with [methyl-*H]methionine, and
chased with cold methionine for the indicated times. For comparison, similar
labeling of the YPH258 strain grown in glucose was carried out. RNA was
isolated, run on a 1% formaldehyde gel, and blotted to Zeta-Probe membrane.
The membrane was sprayed with En*Hance and exposed for autoradiography for
2 weeks.

proteins complexed with the U3 snoRNA in yeast. Only two
other protein components of the yeast U3 snoRNP have been
identified. These are the fibrillarin (Nop1l) and Sofl proteins
(14, 19, 20, 35, 41, 42). The 34-kDa fibrillarin protein is a
component of many other snoRNPs, including the snoRNPs
involved in ribose methylation (2). Because of the salt-sensitive
association of fibrillarin with the U3 snoRNA, it is thought that
fibrillarin is not a core component of the U3 snoRNP (24, 32,
35, 43).

Soflp, isolated in a screen for suppressors of a temperature-
sensitive fibrillarin, is a 56-kDa protein with similarities to
PRP4 and GB domains (19). Like Mpp10p, immunoprecipita-
tion of an epitope-tagged Soflp reveals association with the U3
snoRNA, with little or no association with other snoRNAs.
Since anti-MpplOp antibodies immunoprecipitate the U3
snoRNA, it is possible that Mpp10p and Soflp coexist in the
same RNP. However, since neither protein has a recognizable
RNA binding motif, it is not clear that either of them binds the
RNA directly. Both the SOF1 and MPP10 genes are essential,
and both proteins are required for pre-18S rRNA processing at
sites A0, Al, and A2 in the pre-rRNA. Mpp10p is therefore
likely to be the second U3 snoRNP-specific component to be
identified in yeast and the first described in both yeast and
humans.

The RNase III homolog of yeast, Rntlp, is required for
cleavage at the 5'-most U3 cleavage site, A0 (Fig. 6), in vivo
and cleaves at this site in the absence of any other factors in
vitro (10). However, cleavage at site A0 in vivo requires base
pairing of the “hinge” region of the U3 snoRNA with the
pre-rRNA (5). Therefore, the requirement for the U3 snoRNP
at this cleavage site is likely to be in folding or presentation of
the pre-rRNA to RNase III, perhaps as a chaperone. RNase
III is not involved in cleavage at site Al, and this cleavage
reaction appears to be endonucleolytic (44). Mutations in the
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FIG. 8. Levels of the U3 snoRNA are not affected by Mpp10p depletion.
RNA was isolated from the mpp10::HIS3 pGAL1::MPPI0 strain after growth in
galactose (0 h) or 24 and 48 h after growth in glucose. The RNA was run on an
8% denaturing polyacrylamide gel, blotted to Zeta-Probe membrane, and
probed with antisense RNA probes to the U3, snR10, snR190, and U14 snoR-
NAs.

conserved 5’ sequences that include the Box A sequence in the
U3 snoRNA have been isolated that affect cleavage at A1/A2,
but not A0 (17). It will be interesting to investigate whether
mutations that separate the two functions of the U3 snoRNP,
the requirement for cleavage at A0 and at A1/A2, can be made
in Mpp10p.
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