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The function of the U3 small nucleolar ribonucleoprotein (snoRNP) is central to the events surrounding pre-
rRNA processing, as evidenced by the severe defects in cleavage of pre-18S rRNA precursors observed upon
depletion of the U3 RNA and its unique protein components. Although the precise function of each component
remains unclear, since U3 snoRNA levels remain unchanged upon genetic depletion of these proteins, it is like-
ly that the proteins themselves have significant roles in the cleavage reactions. Here we report the identification
of two previously undescribed protein components of the U3 snoRNP, representing the first snoRNP compo-
nents identified by using the two-hybrid methodology. By screening for proteins that physically associate with
the U3 snoRNP-specific protein, Mpp10p, we have identified Imp3p (22 kDa) and Imp4p (34 kDa) (named for
interacting with Mpp10p). The genes encoding both proteins are essential in yeast. Genetic depletion reveals
that both proteins are critical for U3 snoRNP function in pre-18S rRNA processing at the A0, A1, and A2 sites
in the pre-rRNA. Both Imp proteins associate with Mpp10p in vivo, and both are complexed only with the U3
snoRNA. Conservation of RNA binding domains between Imp3p and the S4 family of ribosomal proteins
suggests that it might associate with RNA directly. However, as with other U3 snoRNP-specific proteins,
neither Imp3p nor Imp4p is required for maintenance of U3 snoRNA integrity. Imp3p and Imp4p are therefore

novel protein components specific to the U3 snoRNP with critical roles in pre-rRNA cleavage events.

Eukaryotic ribosomes are large ribonucleoproteins (RNPs)
composed of four rRNAs and dozens of ribosomal proteins.
Three of the four RNA components are processed from a
single polycistronic transcript, undergo extensive nucleotide
modification, and assemble with the appropriate proteins in
the cell nucleolus. In the yeast Saccharomyces cerevisiae, the
small-subunit (SSU) rRNA (18S) and the large-subunit (LSU)
rRNAs (5.8S and 25S) are processed from the nascent 35S
transcript via a series of cleavage steps (Fig. 1A). Successive
cleavages at the 5’ end of the precursor rRNA yield the 33S
and 32S transcripts, while subsequent cleavage at the A2 site
separates the precursors of the SSU rRNA from those of the
LSU rRNA. The 20S pre-rRNA is matured to 18S rRNA,
while the LSU precursors are terminally processed to the 5.8S
and 25S rRNA:s.

Several small nucleolar RNPs (snoRNPs) are required for
the cleavage steps that generate the mature 18S rRNA (re-
viewed in reference 35). Of these, the most widely studied is
the U3 snoRNP. In yeast, genetic depletion of the U3 snoRNA
results in a deficiency in processing at the A0, Al, and A2 sites,
causing a sharp decrease in 20S and 18S rRNA levels and an
apparent increase in the presence of the 23S precursor and the
35S nascent transcript (Fig. 1B). A role for the U3 snoRNP in
pre-rRNA cleavage events has also been observed in metazo-
ans. Oligonucleotide-mediated depletion of the U3 snoRNA in
vivo in Xenopus laevis oocytes and in vitro in mouse cell ex-
tracts results in a loss of cleavage events that lead to release of
the 18S rRNA (21, 28). The conservation of the requirement
for an intact U3 snoRNP in pre-rRNA processing in a wide
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variety of organisms is a powerful argument that this is an
essential function of this RNP.

The U3 snoRNA, whose RNA component was first de-
scribed for human cells (37), has since been sequenced from a
number of different organisms. The size of the U3 snoRNA
ranges from 144 nucleotides in the protozoan parasite Trypano-
soma brucei to about 330 nucleotides in the yeast S. cerevisiae
(14, 19). The U3 snoRNA harbors the consensus box C and
box D motifs that classify it with the box C/D family of
snoRNAs. Consistent with the other box C/D snoRNAs, the
U3 RNA associates with the nucleolar protein fibrillarin
(Noplp in yeast) as well as Nop56p and NopS5p/Nop58p, two
new box C/D snoRNP common proteins recently identified in
yeast (16, 23, 23a, 29, 39). Although U3 shares protein com-
ponents with the other box C/D snoRNPs, it is functionally
distinct from the overwhelming majority that effect 2'-O-ribose
methylation of rRNA, as it is required for cleavage events in
the pre-rRNA. Consistent with its unique role, it is noteworthy
that so far, the U3 snoRNP is the only box C/D snoRNP for
which specific components have been identified. Coimmuno-
precipitation has demonstrated that Soflp, Mpp10p, and
Lcp5p associate specifically with the U3 snoRNA and not with
any other small RNAs (10, 20, 38).

Thus far, all of the genes encoding the six U3 proteins in
yeast have proven to be essential for viability, facilitating the
use of genetic depletion to probe, in vivo, their roles in pre-
rRNA processing. These studies have demonstrated that the
functional consequences of depleting any of the specific com-
ponents (Soflp, Mpp10p, and Lcp5p) as well as any one of two
common components (Noplp and NopSp/Nop58p) are identi-
cal to those of U3 snoRNA depletion, that is, loss of pre-18S
rRNA processing due to defective cleavage at the A0, Al, and
A2 sites (10, 18, 20, 23, 34, 38, 39). Presumably, this common
depletion phenotype results from effects on the overall orga-
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FIG. 1. (A) Pre-rRNA processing in the yeast S. cerevisiae. The nascent 35S transcript is cleaved in three U3 snoRNP-dependent reactions at A0, Al, and A2 to

separate the precursors to the SSU (18S) rRNA from those to the LSU (5.8S and 25S)

rRNAs. (B) Pre-rRNA processing pathway in yeast depleted of the U3 snoRNA.

Genetic depletion of the U3 snoRNA causes an apparent increase in the levels of the nascent 35S precursor and accumulation of the 23S precursor resulting from lack
of cleavage at A0, Al, and A2. As a result, decreased levels of the 20S and 18S rRNAs occur. Processing of the LSU pre-rRNA occurs via the 27S precursor (18).

nization of the U3 RNP particle. Depletion of NopS5p/Nop58p
leads to underaccumulation of the U3 snoRNA, as well as
other box C/D snoRNAs, indicating a function in maintenance
of snoRNA stability (23). In contrast, steady-state levels of the
U3 snoRNA remain unaffected upon depletion of the U3-
specific proteins, indicating a more direct role for these com-
ponents in pre-rRNA cleavage events (10, 20, 38).

Despite the fact that the effector molecule(s) in processing is

unknown, it has been possible to define the placement of the
U3 snoRNP on the pre-rRNA for the required cleavage steps
in SSU rRNA synthesis. Mutational analysis guided by cross-
linking results has suggested that a base-pairing interaction
between the U3 snoRNA and the 5’ external transcribed
spacer of the pre-rRNA is crucial to generate cleavages at the
A0, Al, and A2 sites (4-6). Perhaps this region of complemen-
tarity is key in determining proper alignment of the U3
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snoRNP on the pre-rRNA. A second base-pairing interaction
may occur between box A of the U3 snoRNA and sequences
adjacent to the 5’ boundary of the 18S rRNA. Mutational
studies have intimated the importance of residues in and prox-
imal to the conserved box A sequence for efficient cleavage
only at the Al and A2 sites (17). These mutations had no effect
on cleavage efficiency at the AO site, however, indicating that
the A0 and A1-A2 cleavages are functionally separable.

Interestingly, carboxy-terminal truncation of the U3-specific
Mpp10 protein mimics the processing defect caused by the U3
snoRNA with the box A mutations, suggesting that these two
mutations may target the same step in processing (24). Fur-
thermore, the Mpp10p truncation work allows preliminary as-
signment of at least a portion of this protein in mediating the
Al and A2 cleavages, and thus Mpp10p is the only U3 protein
component that can be placed in any mechanistic context.
Therefore, although we do not yet know which enzyme or
components carry out the cleavage reactions, we do know that
mutations in a protein subunit can disrupt them. This suggests
that some cleavage reactions are, at least in part, mediated by
protein components of the U3 snoRNP and reveals the neces-
sity of elucidating and scrutinizing all of the protein compo-
nents of the U3 snoRNP to better understand how this RNP
functions in pre-rRNA processing.

We report here two new U3 snoRNP-specific proteins
that were isolated by using the two-hybrid methodology. We
searched for proteins that physically interact with Mpp10p,
reasoning that we might find new U3 snoRNP components
or U3 snoRNP-associated factors or be able to better de-
fine Mpp10 interactions with other previously identified U3
snoRNP components. Our screen isolated two previously un-
identified proteins that we have named Imp3p and Imp4p (for
interacting with Mpp10p). Imp3p has a predicted molecular
mass of 22 kDa and has homology to the yeast ribosomal S9
proteins (Escherichia coli S4); Imp4p has a predicted migration
of 34 kDa and no similarity to any known protein. We have
confirmed that both proteins interact with MpplOp under
physiological conditions and that, like previously described U3
snoRNP-specific components, they are essential for viability
and are associated exclusively with the U3 snoRNA. Consis-
tent with their role as U3 snoRNP components, genetic deple-
tion of the Imp proteins results in reduced production of 18S
rRNA and accumulation of SSU precursors due to the absence
of cleavage at sites A0, Al, and A2. However, as in depletion
of the other U3 snoRNP-specific components, U3 snoRNA
levels are not affected, suggesting that the Imp proteins are not
required for maintenance of RNA integrity but may instead
play a more direct role in pre-TRNA cleavage events.

MATERIALS AND METHODS

Yeast strains and media. All two-hybrid manipulations were carried out with
strain MaV103 (MATa) (36). HIS3 and lacZ (encoding beta-galactosidase) serve
as reporter genes for this system. Subsequent functional studies were performed
with the diploid strain YPH260 (MATa/a ura3-52/ura3-52 lys2-801°<" lys2-
8019 ade2-101°""/ade2-101°°"" his3-A200/his3-A200 leu2-Al/leu2-Al) or its
derivatives YPH258 (MATa ura3-52 lys2-801°"""" ade2-101°""¢ his3-A200 leu2-
A7) and YPH259 (MATa ura3-52 lys2-8019%" ade2-101°"" his3-A200 leu2-Al).
Yeast was grown in rich medium YPD (1% yeast extract, 2% peptone, 2%
dextrose or glucose) or YPG (1% yeast extract, 2% peptone, 2% galactose).
When the omission of a certain nutrient(s) was required to maintain plasmid
selection, cells were grown in synthetic medium SD (0.17% yeast nitrogen base,
0.5% ammonium sulfate, 2% glucose) and supplemented with only the appro-
priate nutrients. SD was prepared according to the specifications outlined by
Clontech. Medium in culture plates included 2% Bacto Agar.

Yeast two-hybrid screen. A two-hybrid screen was carried out with the yeast
Mppl0 protein as bait. A fragment, amplified by PCR, containing the intact
MPPI0 gene was inserted into the Smal/Xmal and Sall sites of pAS2-1 (TRPI
selectable marker; Clontech), creating an in-frame, N-terminal fusion to the
GAL4 DNA binding domain. Because the full-length Mpp10 fusion protein
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activated the reporter genes (HIS3 and lacZ) in the absence of the prey plasmid
(fusion with the GAL4 activation domain), a 95-amino-acid (aa)-carboxy-trun-
cated MPPI0 gene (aa 1 to 498; mppl0-5) was cloned into the same sites of
pAS2-1. The mppl0-5 fragment was amplified by using ympp10.27 (5'-TCCCC
CCGGGCATGTCAGAACTCTTTGGA-3'; Smal/Xmal site) and ympp10.9a
(5'-CCCGCTCGAGTCAGACATTGTATATCTCTTGAGG-3'; stop codon
and Xhol site) for the 5’ and 3’ ends, respectively. The fragment was restriction
digested with Xmal and Xhol, purified, and then ligated into pAS2-1 that had
been sequentially cut with Sa/l and Xmal. This construct did not autoactivate the
reporter genes. The clone was sequenced on an Applied Biosystems 373 Stretch
Sequencer at the W.M. Keck sequencing facility through the GAL4 binding
domain-mpp10 fusion to confirm the maintenance of the correct reading frame
by using oligonucleotide pAS2-1.1 (5'-GACTGTATCGCCGGTATTGC-3").

mppl0-5 was used as bait to carry out the two-hybrid screen. Initially, pAS2-
1-mpp10-5 was introduced into strain MaV103 by lithium acetate transformation
(13). A yeast cDNA library (10® transformants), obtained from Stephen Elledge,
cloned into pACT2 (LEU2 gene) and fused to a GAL4 activation domain was
used as prey to find MpplOp-interacting proteins. The library was transformed
into the MaV103 strain with the mppl0-5 bait plasmid. Transformants were
selected on SD containing His, Leu, Trp and 50 mM 3-aminotriazole. Of the
estimated 513,000 colonies studied, approximately 43,000 were positive for HIS3
expression in the screen. These transformants were then assayed for lacZ acti-
vation as described previously (3), with the exception that the amount of X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) used in the detection buffer
was doubled. Twenty beta-galactosidase-positive colonies were obtained, each
bearing prey proteins that interact with the Mpp10p bait.

To verify that the prey proteins selected by the mpp10-5 bait required inter-
action with Mpp10p for reporter gene activation, the positive yeast strains ob-
tained in the two-hybrid screen were selected for loss of the mppl0-5 bait
plasmid. This was accomplished by repetitive streaking of the positive strains
onto SD-Leu plates and then onto YPD plus cycloheximide (2 wg/ml). These
yeast strains, which bear only the prey plasmids, were then assayed for beta-
galactosidase activity. Of the 20 positive strains, 3 activated lacZ in the absence
of the Mpp10p bait. These were false positives.

The identities of the genes encoding the Mppl0Op-interacting proteins in the
remaining 17 true positives were determined by sequencing PCR-amplified in-
serts from bait plasmids. Plasmid DNA was extracted from the positive yeast
strains by preparing Hirt lysates (2). Insert sequences were amplified with oli-
gonucleotides (provided by X. Sun and D. Stern, Yale University) pACT2.1
(5'-CGCGTTTGGAATCACTACAGG-3') and pACT2.2 (5'-GAGATGGTGC
ACGATGCACAGTTG-3"), which recognize the regions that flank the insert in
the pACT2 plasmid. The PCR products from some of the positives were se-
quenced at the W.M. Keck facility, and the obtained sequences were analyzed by
using the BLAST search algorithm via the National Center for Biotechnology
Information (26a). Sequences representing two different open reading frames
(ORFs), YHR148w and YNLO75w, were obtained. We have named these IMP3
and IMP4 (for interacting with Mpp10p), respectively. Probes to IMP3 and IMP4
were used for Southern blot analysis of the remaining PCR products to identify
and classify all of the 17 positive strains (data not shown).

Other Mpp10p constructs were made for use in a directed two-hybrid screen
with the interacting proteins that we identified with Mpp10-5p. Only the plasmid
bearing mpp10-6, representing aa 242 to 593, did not activate the reporter genes
in the absence of an interacting partner. This construct was made by using PCR
and oligonucleotides complementary to the desired 5’ and 3’ ends. The mpp10-6
mutant was cloned with primers ympp10.24 (5'-CCGCAGGCCTCATGAAAG
AACCTGTGAAGAAG-3'; Stul site) and ympp10.9a (5'-CCCGCTCGAGTCA
GACATTGTATATCTCTTGAGG-3'; stop codon and Xhol site). The amplifi-
cation product was digested with the indicated enzymes, purified, and ligated into
pAS2-1 (sequentially cut with Smal and Sall). The bait constructs that autoac-
tivated the lacZ reporter gene included Mppl0 proteins representing aa 47 to
498 and 47 to 593.

Disruption of IMP3 and IMP4. One allele of the IMP3 or IMP4 gene was fully
disrupted in YPH260 by homologous recombination with the PCR-based strat-
egy described previously (10). Oligonucleotides used to perform the IMP3 dis-
ruption were hr148.1 (5'-ATATAGAACGTTCTAAATAGATAAACCACCAG
GCATAATCACAACCAATACTCTTGGCCTCCTCTAG-3") and hr148.2 (5'-
GAAGATGATAAATCGAGTATTGATACAGAAAACGTAAGTTTGTAGT
CAATTCGTTCAGAATGACACG-3"). nl075.1 (5'-TTTATCATTGATTCAA
GTGTTCCCATAAATAATAAAACAGTTAAATCGAACTCTTGGCCTCCT
CTAG-3') and nl075.2 (5'-TAAGGCCTCATCGGCCTTCTATTTTAACCTTT
ACAAATCTATAAAAAAATTCGTTCAGAATGACACG-3") were used to
disrupt IMP4.

Expression of Imp3 and Imp4 proteins from a conditional promoter. /MP3
and IMP4 were put under the control of the GALI-10 promoter by cloning the
genes into the BamHI and Notl sites of pGAD3 (ADE2 HIS3 CEN6 ARSH4)
(31). The promoter is active when yeast is grown in galactose medium but
repressed when yeast is grown in glucose medium. Fragments of IMP3 and IMP4
were generated by PCR from 25 ng of yeast genomic DNA per reaction. The
primers used to amplify JMP3 were hr148.3 (5'-CCGCGGATCCATGGTTAG
AAAACTAAAG-3"; BamHI site) and hr148.4 (5'-GCATAGTTTAGCGGCCG
CTTATGAAAAATCAAAATCGTC-3'; stop codon and Notl site); the primers
used to amplify IMP4 were nl075.3 (5'-CCGGAATTCATGCTAAGAAGACA
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AGCC-3'; Bglll site) and nl075.4 (5'-GCA TAGTTTAGCGGCCGCTGACAA
ATAGTCTTTTTTATTGGC-3'; stop codon and NortI site). These constructs
were transformed into the appropriate diploid strain lacking an allele of either
IMP3 or IMP4. These strains were sporulated, and tetrads were dissected. Hap-
loid segregants were selected by streaking onto the appropriate media to identify
the disrupted chromosomal /MP gene and the presence of the plasmid carrying
a conditionally expressed allele of IMP3 or IMP4. These strains, pGAL1::IMP3
(YPH259 Aimp3::HIS3 pGAL1::IMP3) and pGALI1::IMP4 (YPH258 Aimp4::
HIS3 pGALIL::IMP4) were used for experiments requiring depletion of Imp3p or
Impdp.

Depletion of the Imp proteins. pGAL1::IMP3 and pGAL1::IMP4 were grown
in YPG to an optical density at 600 nm (ODg,) of 0.7 to 0.8. Cultures were
subsequently diluted 1:500 in YPD (for depletion) or YPG. At the indicated time
points, the absorbance at 600 nm was recorded.

Northern analysis of pre-rRNA processing. pPGAL1::IMP3 and pGALI1::IMP4
were grown in YPG to an ODg of 1.0, and total RNA was isolated from 10 OD
units of cells by the hot-phenol method (2). This represented the zero time point
after the switch to glucose. These cultures were then diluted 1:500 into YPD and
grown for 24 h before harvest of total RNA for the 24-h point. RNA was also
extracted from YPH259 grown to an OD of 1.0 in YPG. Equal amounts of RNA
(4.5 pg) were resolved on a 1% agarose—formaldehyde gel. The blotting and
oligonucleotide hybridization protocols were as described previously (10). Oli-
gonucleotides a, b, ¢, and e are described in reference 6, oligonucleotide z is
referred to as oligonucleotide c in reference 22, and oligonucleotide y is 5'-GC
CCGTTCCCTTGGCTGTG.

Pulse-chase labelling. All strains were grown in synthetic medium (SD or
SG) supplemented with only adenine (40 pg/ml), histidine (20 pg/ml), leucine
(60 wg/ml), lysine (30 pg/ml), and uracil (20 wg/ml). pGAL1::IMP3 and pGALL1::
IMP4 were grown in SG to an ODg, of 1.0. Cells were washed and diluted 1:100
in SD. After 48 h of depletion, 20 to 30 OD units of cells was collected for pulse
labelling with [methyl-*H]methionine as described previously (10). Thirty OD
units of YPH259 (grown directly in SD to an ODy of 1.0) was similarly handled.
Total RNA was prepared by hot-phenol extraction (2). Labelled RNAs (8,500
cpm) were resolved on a 1% agarose-formaldehyde gel and detected as de-
scribed previously (10).

Epitope tagging of Imp3p and Imp4p. Imp3p and Imp4p were tagged on their
C termini with triple-MYC or triple-HA. PCR fragments of either gene lacking
stop codons were inserted directly upstream of epitope sequences in tag cassette
vectors derived from p415GPD (26). To create these cassette vectors, a PCR
fragment of the triple-MYC or triple-HA epitope was amplified from pMPY-
3xMYC and pMPY-3xHA, respectively (obtained from Bruce Futcher) (30). The
MYC fragment was generated with C-myc.1 (5'-CCCAAGCTTGTCGACTCT
AGAGGTGAACAAAAG-3'"; HindIII and Sall sites) and C-myc.2 (5'-CCGCT
CGAGTCAAGAAGATCCGTTCAAGTC-3'; stop codon and Xhol site); the
hemagglutinin (HA) fragment was produced with oligonucleotides C-HA.1
(5'-CCCAAGCTTGTCGACTACCCATACGATGTTCCT-3'; HindIII and Sall
sites) and C-HA.2 (5'-CCGCTCGAGTCAAGCGTAATCTGGAACGTCAT
ATGGATAAGATCC-3'; stop codon and Xhol site). Amplified products were
digested with HindIII and Xhol, gel purified, and ligated into the HindIII and
Xhol sites of p415GPD (Amp" LEU2 CEN/ARS). The inserted tags were verified
by automated sequencing with p415GPD.1 (5'-GGTTGAAACCAGTTCCCTG-
3"). IMP3 was amplified with hr148.3 and hr148.12 4 (5'-CCCGCTCGAGT
GAAAAATCAAAATCGTC-3'; Xhol site); the IMP4 fragment was created
by nl075.6 (5'-AGTTCAATGCTAAGAAGACAAGCC-3'; Spel site) and
nl075.12 (5'-CTCGAGCAAATAGTCTTTTTTATTGGC-3'; Xhol site). The
fragments were digested with either BamHI or Spel and Xhol and ligated into the
tag cassette vectors cut with BamHI/Spel and Sall.

Western blotting. Yeast whole-cell extracts were prepared by glass bead dis-
ruption in NET-2 buffer (40 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.1% Nonidet
P-40) containing protease inhibitors (aprotinin [2 pg/ml], leupeptin [1 pg/ml],
and pepstatin A [1 wg/ml]). After vigorous vortexing (six times for 45 s each),
lysates were cleared by centrifugation (10 min at 13,000 rpm in a microcentri-
fuge). Five microliters of extract was separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose
membrane. Blots were incubated with one of the primary antibodies anti-
Mppl10p (rabbit polyclonal serum, 1:10,000), anti-MYC (mouse monoclonal,
ascites, 1:500), and anti-HA (12CA5 mouse monoclonal, culture supernatant,
1:1,000) and the corresponding secondary antibody (Pierce; 1:100,000). The
Mppl0p antibody was characterized previously (10). Antibody detection was
achieved with a Pierce SuperSignal ULTRA Western Blotting Kit.

Immunoprecipitations. Three milligrams of protein A-Sepharose CL-4B
(Pharmacia) was bound to anti-Mpp10p (50 wl of rabbit serum (10), antifibril-
larin (100 pl of culture supernatant 17C12 [Michael Pollard, Scripps]), anti-
MYC (100 pl of purified ascites), or anti-HA (100 pl of culture supernatant) by
incubation in a total volume of 500 pl with NET-2 (40 mM Tris [pH 7.5], 150 mM
NaCl, 0.1% Nonidet P-40) at 4°C for 16 h with rotation. In parallel, a mock
immunoprecipitation with protein A-Sepharose CL-4B alone (no added anti-
body) was done. Antibody-bound beads were washed three times in NET-2 and
subsequently incubated with whole-cell yeast extract (representative of 5 ODgq
units from cells harvested at an ODg, of 0.5) at 4°C for 1 h.

Following incubation, beads were washed five or six times with NET-2. RNA
was recovered via phenol-chloroform-isoamyl alcohol (25:24:1) extraction and
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ethanol precipitation; protein was recovered by boiling the beads at 90°C for 4
min in SDS sample buffer (40 mM Tris [pH 6.8], 7.5% glycerol, 1% SDS, 25 mM
dithiothreitol, 1% bromophenol blue). Northern blotting procedures and 3’ end
labelling of all immunoprecipitated RNAs were done as described previously
(10). Western blotting protocols are detailed above.

RESULTS

Two novel proteins interact with Mppl0p. A screen for
proteins that physically interact with Mpp10p was carried out
by using the two-hybrid methodology (11). Because the full-
length MPPI0 cloned into the pAS2-1 bait plasmid activated
transcription of the reporter genes in the MaV103 strain with-
out the presence of an interacting partner, a 95-aa-carboxy-
truncated version of the gene (aa 1 to 498; mpp10-5) was used
as bait. This plasmid did not autoactivate the reporter genes.
Mpp10-5p will complement a null mppI0 allele; however, it
confers cold sensitivity and is deficient in cleavage at the Al
and A2 sites, with a phenotype identical to that of a similarly
truncated Mpp10Op (unpublished results and reference 24). A
yeast prey cDNA library, cloned into pACT-2, was trans-
formed into the strain bearing the mppl0-5 bait plasmid. Five
hundred thousand transformants were screened for activation
of the HIS3 and beta-galactosidase genes. Transformants were
first screened for the activation of the HIS3 gene by growth on
medium lacking histidine in the presence of 3-aminotriazole.
These colonies, in turn, were screened for beta-galactosidase
activity (blue color) in the presence of the indicator X-Gal. Of
the 20 positive blue colonies, 3 were false positives whose prey
plasmids activated the reporter genes in the absence of a bait
plasmid. The inserts carried by the prey library plasmids in the
remaining 17 strains were enriched by PCR with flanking oli-
gonucleotides, and some were directly sequenced. Computer
analysis indicated that two unidentified ORFs were represent-
ed: YHR148w and YNLO75w. We have named them IMP3
(YHR148w) and IMP4 (YNLO75w), for interacting with
Mpp10p. Subsequent Southern blot analysis of all of the pos-
itive PCR products from the two-hybrid screen indicated that
7 were IMP3 and 10 were IMP4.

Figure 2 shows the Mppl10p-Imp protein interactions in the
two-hybrid screen. The screen was carried out with the Mpp10-
5p (aa 1 to 498) fusion protein as bait, and one each (Imp3p
and Imp4p) of the original beta-galactosidase-positive blue
strains is shown. These strains were cured of the mppl0-5 bait
plasmid and then retransformed with the mppl0-6 bait plas-
mid, which is truncated to aa 242 at the amino terminus (aa 242
to 498). This truncated Mpp10 protein also interacts with both
Imp3p and Imp4p in the two-hybrid screen. Taken together,
these results demonstrate that aa 242 to 498 of Mppl0Op are
sufficient for interaction with the Imp proteins. Neither an
empty bait vector alone nor an irrelevant bait interacts with the
Imp proteins and activates the reporter genes (white strains).

To verify that the products of these ORFs interact with
Mpp10p, the full-length sequences for genes encoding Imp3p
and Imp4p were cloned into the pAS2-1 bait plasmid and
tested for interaction with MPPI0 cloned into the pACT-2 prey
plasmid. In both cases, the reporter genes were activated (data
not shown), demonstrating that Mpp10p interacts with Imp3p
or Imp4p when either is bait or prey.

IMP3 and IMP4 are both uncharacterized ORFs in the yeast
genome. Imp3p is a protein with a predicted molecular mass of
22 kDa and a calculated isoelectric point of 9.9. It has 20%
identity and 33% similarity with the yeast ribosomal S9 pro-
teins (S4 ribosomal protein family) over its full length (Fig. 3)
and 26% identity over the amino acid residues that include the
predicted S4 RNA binding domain (aa 36 to 164 of Imp3p) (1).
It is clearly a member of the S4 family of proteins, as a BLAST
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FIG. 2. Imp3p and Imp4p interact with Mpp10p in a two-hybrid screen. Interactions were assayed by activation of the beta-galactosidase gene, which, if positive,
yields a dark blue color. Two different Mpp10p bait constructs, mppl0-5 and mpp10-6, were tested for interaction with the Imp3p and Imp4p prey.

search yields significantly low random expectation values when
compared with a wide variety of known S4 ribosomal proteins
(e.g., 3e-12, 1le-10, and 6e-08 for the Archeoglobus fulgidus,
Methanobacterium thermoautotrophicum, and Sulfolobus acido-
caldarius S4 ribosomal proteins, respectively). Imp4p is a pro-
tein with a predicted molecular mass of 34 kDa and a calcu-
lated isoelectric point of 9.2, with no significant homology to
any known protein. Other than the S4 RNA binding domain in
Imp3p, no conserved motifs in either protein were detected by
using Prosite (Swiss-Prot). Importantly, expressed sequence
tags (ESTs) representing likely homologs can be identified in
mice and humans, suggesting that these proteins and their
function are highly conserved.

Imp3p and Imp4p are required for processing of rRNA
precursors. Since both Imp proteins were identified by their
interaction with Mpp10p, and because Mpp10p is required for
processing of rRNA precursors, we reasoned that the Imp
proteins may also be required for pre-rRNA processing. Dis-
section of tetrads from the heterozygous disruption IMP strains
indicated that both genes were essential genes in yeast (data
not shown). We cloned each full-length ORF under the control
of a galactose-inducible, glucose-repressible promoter (GALI-
10); this plasmid can complement a null allele when strains
are grown in galactose (data not shown). Strains designated
pGALI1:IMP3 and pGAL1::IMP4 were constructed so that the
only Imp3 or Imp4 protein in the cell is that encoded from the
glucose-repressible plasmid. To investigate whether either of
these proteins is required for pre-rRNA processing, we de-
pleted protein levels by transferring the cells from growth in
galactose to growth in glucose. Consistent with previous ob-
servations of protein components required for pre-rRNA pro-
cessing (10, 20), cell growth slows beginning at 12 to 15 h
following transfer to glucose (data not shown).

The levels of mature and precursor rRNAs were assessed by
Northern blot analysis at 24 h after the shift to glucose. Upon
depletion of Imp3p and Imp4p, we observed a large decrease
in 185 rRNA levels compared to 25S rRNA levels (Fig. 4,
oligonucleotides a and y, lanes 3 and 5), suggesting that both

proteins are required for biogenesis of the 18S rRNA. Blotting
with oligonucleotides that allowed visualization of the precur-
sor TRNAs indicated that when the Imp proteins were de-
pleted, the levels of the direct precursor to 18S rRNA, the 20S
rRNA, were significantly reduced and the levels of the 23S
precursor were increased (Fig. 4, oligonucleotide b, lanes 8 and
10). Because the 20S precursor results from cleavage at the A0,
Al, and A2 sites and the 23S precursor results from lack of
cleavage at the A0, Al, and A2 sites, these observations indi-
cate that the Imp proteins are required for cleavage at these
three sites in the pre-rRNA. To verify that cleavage at the A2
site was affected, we hybridized the blot with oligonucleotide ¢
and observed lack of the 27SA2 precursor to the LSU rRNAs
in the Imp protein-depleted strains (Fig. 4, lanes 13 and 15).
However, the LSU RNAs are produced because cleavage can
occur at A3, as shown in the Northern blot probed with oligo-
nucleotide e, where the levels of the 27SB precursor were the
same under all conditions (lanes 18 and 20). Similarly, the
levels of the 7S precursor to 5.8S rRNA remained the same
even in the depleted strains. Hybridization with oligonucleo-
tides b, ¢, and e also revealed an apparent increase in the

Imp3p 1 WRKLKHﬁEQKLLKKvDFLEWKQDQGHRDTQV'MRTYH IQNREDYHKYNRI 50
FI FE FRNEIN I S N N
RpsSAp 1 ..MPRAPRTYSKTYSTPKRPYESSRLDAELKLAGEFGLKNKKEIYRISFQ 48

Imp3p 51 CGDIRRLANKLSLLPPTDPFRRKHEQLLLDKLYAMGVLTTKSKISDLENK 100
R (| [ B N [
Rps9Ap 49 LSKIRRAARDLLTRDEKDPKRLFEGNALIRRLVRVGVLSEDKKKLDYVLA 98

Imp3p 101 VTVSAICéRRLPVIMHRLKMAETIQDAVKFIEQGHVRVC PNLINDPAYLV 150
L I REEY SR B [ N R B |
Rps92p 99 LKVEDFLERRLQTQVYKLGLAKSVHHARVLITQRHIAVGKQIVNIPSFMV 148

Imp3p 151 TRNMEDYVTWVDNSKI...KKTLLRYRNQIDDEDFS............. 183
N R | : .o B
Rps9%Ap 149 RLDSEKHIDFAPTSPFGGARPGRVARRNAARKAEASGEAADEADEADEE 197

FIG. 3. Imp3p has a high similarity with ribosomal protein S9 (Rps9; E. coli
S4). Shown is the GAP (Genetics Computer Group) sequence comparison be-
tween Imp3p and Rsp9Ap, one of the two ribosomal protein S9s in yeast. The
lines indicate identity, and the dots indicate similarity. The predicted S4 RNA
binding domain of Rps9 occurs from aa 107 to aa 170 (1).
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FIG. 4. Imp3p and Imp4p are essential for cleavage at A0, Al, and A2 in the pre-rRNA. Strains bearing Imp3p or Imp4p expressed from a galactose-inducible,
glucose-repressible promoter were constructed and designated pGAL1::IMP3 and pGALI1::IMP4. RNA was extracted from these strains either prior to transfer from
galactose to glucose (time zero) or 24 h after transfer to glucose. As a control, RNA was also extracted from an otherwise isogenic strain, YPH259. RNA was analyzed
by formaldeyde gel electrophoresis followed by Northern blotting with oligonucleotides complementary to the mature 18S and 25S rRNAs (a and y), to ITS1 (b and
¢), and to ITS2 (e). The asterisk indicates a precursor that we observe in the nondepleted strains and in the control strain but that we have not observed previously
(10). Blotting with oligonucleotide z, complementary to sequences between A0 and Al, suggests that it probably extends from site Al to A3 (data not shown).

nascent 35S precursor when either Imp protein was depleted
(Fig. 4, lanes 8, 10, 13, 15, 18, and 20). As seen with other
components of the U3 snoRNP, these Northern results argue
that Imp3p and Imp4p are required for cleavage of 18S rRNA
precursors at the A0, Al, and A2 sites.

To verify that the depletion of the Imp proteins affects pre-
rRNA processing, we performed a pulse-chase labelling of the
pre-rRNA with [methyl->H]methionine. The pulse-chase ex-
periments were performed with strains depleted of Imp pro-
teins for 48 h and compared to those with an otherwise iso-
genic haploid strain, YPH259. The precursor and mature
rRNAs were analyzed by formaldehyde gel electrophoresis,
transfer of the gel to a Zeta-Probe membrane, and fluorogra-
phy. Figure 5 indicates that depletion of Imp3p and Imp4p
causes defects in pre-rRNA processing. When precursor and
mature rRNAs in the nondepleted strain were examined, the
358, 278, and 20S precursors visualized at the beginning of the
chase were all processed into mature 18S and 25S rRNAs by
the end of the chase (Fig. 5; compare lanes 1 and 3). In
contrast, for both Imp3p- and Imp4p-depleted strains only the
35S precursor was apparent at the beginning of the chase (Fig.
5, lanes 4 and 7). Midway through the chase, the 27S precur-
sors were detectable (Fig. 5, lanes 5 and 8), but 20S precursors
were not. At the end of the chase, while mature 25S rRNA was
present, 18S rRNA was not (lanes 6 and 9). A band represent-
ing the 23S precursor (resulting from a lack of cleavage at A0,
Al, and A2) could also be seen in the depleted strains during
the chase (Fig. 5, lanes 5, 6, 8, and 9). These results conclu-

YPH259 pGALI::IMP3 pGALI::IMP4
minutes: 0 3 12 0 3 12 0 3 12
35 -me ..
5 el i
27 M B o
waf W &% 23S
208 il
188 3“
1 2 3 4 56 7 8 9

FIG. 5. Imp3p and Imp4p are required for pre-rRNA processing. pGALI1::
IMP3 and pGAL1::IMP4 were grown in glucose for 48 h and then labelled with
[methyl->H]methionine for 2.5 min. A chase was performed with unlabelled
methionine, and samples were removed for RNA analysis immediately after
addition of the unlabelled methionine (time zero) or 3 or 12 min postaddition.
An otherwise isogenic strain, YPH259, was similarly treated. The RNA was
analyzed by agarose-formaldehyde gel electrophoresis followed by transfer to a
Zeta-Probe membrane which was subsequently treated with En*Hance (NEN).
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sively implicate the Imp proteins in the cleavage events that
process precursor TRNAs to 18S rRNA.

Furthermore, it is also clear that depletion of the Imp pro-
teins affects the overall kinetics of pre-rRNA processing. At
the beginning of the chase (0 min), the nascent 35S precursor
is accumulated compared to that in the YPH259 strain (Fig. 5,
lanes 4 and 7). Three minutes into the chase, 35S rRNA levels
remained unchanged, whereas mature rRNAs are already vi-
sualized in the nondepleted strain. Even at the end of the chase
(12 min), the 35S nascent transcript is still present (Fig. 5, lanes
6 and 9). This differs from the pulse-chase profile following
Mpp10p depletion, where the kinetics of processing the 25S
precursors were not so strongly affected (10). Growth curve
comparisons reveal that Imp protein depletion affects growth
more dramatically than depletion of Mpp10p (data not shown).
Whether the results obtained for the kinetics of pre-rRNA
processing are due to this difference is not known. However,
we have observed that pulse-chase analysis at shorter times
after the switch to glucose (18 h) gives identical results.

Epitope-tagged Imp proteins complement the null allele.
Both Imp proteins were tagged with triple-MYC and triple-HA
epitopes at their carboxy termini, cloned into the yeast expres-
sion vector p415GPD (26), and shuffled into the appropriate
pGAL:IMP strain. In these strains, designated IMP3-MYC,
IMP3-HA, IMP4-MYC, and IMP4-HA, the only Imp3 or Imp4
protein is that which is tagged and expressed from the plasmid.
These plasmids were tested for their ability to support growth
of yeast at 30°C. Figure 6A shows that addition of either
epitope tag to either Imp protein did not affect growth under
these conditions.

Expression of the epitope-tagged Imp proteins was analyzed
by Western blotting of cell lysates with anti-HA or anti-MYC
antibodies. When anti-HA antibodies were reacted with lysates
from cells which express HA-tagged Imp4p, two pronounced
bands corresponding to the HA-tagged Imp4 protein were
visualized at about 43 kDa (Fig. 6B, lane 2). The anti-HA
antibodies did not react with these same bands from lysates
that contained only the MYC-tagged Imp4p (Fig. 6B, lane 1).
When anti-HA antibodies were reacted with lysates from cells
which express HA-tagged Imp3p, a band of about 35 kDa,
corresponding to the HA-tagged Imp3 protein, was detected
(Fig. 6B, lane 4). A band of this intensity was not present in the
strains in which Imp3p is tagged with MYC (Fig. 6B, lane 3).
Likewise, when anti-MYC epitope antibodies were reacted on
Western blots of lysates from Imp4 strains tagged with MYC
(IMP4-MYC), two pronounced bands were visualized at about
43 kDa (Fig. 6C, lane 1). These bands were not present in
lysates in which Imp4p is tagged with HA (IMP4-HA) (Fig. 6C,
lane 2). The anti-MYC antibodies also highlighted a band at 35
kDa in the strain in which Imp3p is tagged with MYC (IMP3-
MYC) (Fig. 6C, lane 3) that was not present in the strain in
which Imp3 is tagged with HA (IMP3-HA) (Fig. 6C, lane 4).
These results indicate that both HA- and MYC-tagged Imp3p
and Impdp are expressed and can be detected by Western
blotting. By SDS-PAGE, the tagged Imp4 protein runs as two
bands at about 43 kDa (the predicted untagged molecular mass
is 34 kDa); we do not know if this results from proteolysis or if
there are different forms of Imp4p in this strain. The tagged
Imp3 protein runs at 35 kDa on SDS-PAGE (the predicted
untagged molecular mass is 22 kDa).

The Imp proteins are complexed with Mpp10p in vivo. To
investigate whether the Mpp10 and Imp proteins were associ-
ated in vivo, we performed the following coimmunoprecipita-
tion experiments. Anti-MYC antibodies were used to immu-
noprecipitate the Imp3 and Imp4 proteins from cell lysates
from strains in which the proteins are MYC tagged. Immuno-
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FIG. 6. (A) Epitope-tagged Imp3 and Imp4 proteins complement their re-
spective null alleles. Either a triple-MYC or a triple-HA tag was placed at the 3’
end of an IMP3 or an IMP4 gene and cloned into the expression plasmid
p415GPD. Strains were constructed so that the only expressed Imp3 or Imp4
protein is that with the indicated epitope tag. Growth on YPD of the epitope-
tagged Imp protein strains was compared to that of a similarly constructed strain
that expresses Mpp10p from p415GPD (24). (B) Western blotting with anti-HA
epitope antibodies. Total protein was isolated from strains expressing HA-tagged
Imp proteins and analyzed by SDS-PAGE and Western blotting. As a control,
protein was isolated from strains expressing MYC-tagged protein. (C) Western
blotting with anti-MYC epitope antibodies. Total protein was isolated from
strains expressing MYC-tagged Imp proteins and analyzed by SDS-PAGE and
Western blotting. As a control, protein was isolated from strains expressing
HA-tagged protein.

precipitations were also performed with the anti-MYC anti-
bodies on lysates from strains in which the Imp proteins are
HA tagged. The resulting immunoprecipitated proteins were
analyzed by Western blotting with anti-MYC antibodies. Both
Imp3p and Imp4p were visualized when immunoprecipitations
were performed from strains in which they are MYC tagged
(Fig. 7A, lanes 1 and 3). As in Fig. 6B and C, Imp4p runs as two
bands. The bands visible in the lanes from strains in which the
Imp proteins are HA tagged are the immunoglobulin G heavy
and light chains (Fig. 7A, lanes 2 and 4). To assess whether
Mpp10p and the Imp proteins are found in a stable complex,
immunoprecipitations were performed with anti-Mpp10p
antibodies and lysates from strains expressing either MYC-
tagged Imp3p or Imp4p and analyzed by Western blotting with
anti-MYC antibodies. Both Imp3p and Imp4p were detected
(Fig. 7A, lanes 5 and 6), indicating that Mpp10p and the Imp
proteins are stably associated in yeast cells.

Curiously, only the larger of the two Imp4p bands is associ-
ated with Mpp10p. If the smaller band results from proteolysis,
it is likely to possess a shortened amino terminus, since proteo-
lysis at the carboxy terminus would render this carboxy-tagged
protein undetectable. If so, this hints that sequences at the ami-
no terminus of Imp4p may be required for Mpp10p association.

To confirm that Mpp10p and the Imp proteins are associ-
ated in vivo, immunoprecipitations were analyzed by Western
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FIG. 7. The Imp3 and Imp4 proteins are complexed with Mpp10p in vivo. (A) Immunoprecipitation (IP) followed by Western blotting with anti-MYC epitope
antibodies. Immunoprecipitations were performed with lysates and the indicated antibody, and the resulting bound proteins were analyzed by SDS-PAGE and Western
blotting with anti-MYC epitope antibodies. (B) Immunoprecipitation followed by Western blotting with anti-Mppl0p antibodies. Immunoprecipitations were
performed with lysates and the indicated antibody, and the resulting bound proteins were analyzed by SDS-PAGE and Western blotting with anti-Mpp10p antibodies.

blotting with anti-Mpp10p antibodies. In strains in which one
of the Imp proteins is tagged with MYC, coimmunoprecipita-
tion of MpplOp was observed (Fig. 7B, lanes 1 and 3). The
bands present in the lanes where coimmunoprecipitations were
performed on lysates from strains without MYC-tagged Imp
proteins represent immunoglobulin G heavy chain (Fig. 7B,
lanes 5 and 6). These additional results bolster the argument
that Mpp10p is complexed with the Imp proteins in yeast cells.

Both Imp proteins are components of the U3 snoRNP. Sev-
eral experiments were performed to determine whether the
Imp3 and Imp4 proteins were components of an RNP particle.
Compelling evidence would be coimmunoprecipitation of a
snoRNA via the Imp proteins. Since both proteins were iden-
tified through their interaction with Mpp10p, a specific com-
ponent of the U3 snoRNP, we first asked whether they were
also components of that snoRNP. Immunoprecipitations were
performed with extracts from the IMP3-HA and IMP4-HA
strains with anti-HA epitope antibodies. As a control, immu-
noprecipitations were also performed with the IMP3-MYC
and IMP4-MYC strains with the anti-HA antibodies. An anti-
fibrillarin and an anti-Mpp10p immunoprecipitation were in-
cluded for comparison. RNA was isolated from each pellet,
and the presence of the U3 snoRNA, snR10 (a box H/ACA
snoRNA), and Ul4 (a box C/D snoRNA) were assessed by

Northern blot analysis. Anti-HA epitope antibodies immuno-
precipitated the U3 snoRNA in both the IMP3-HA and
IMP4-HA strains (Fig. 8A, lanes 6 and 8), indicating that both
Imp proteins are components of the U3 snoRNP. The level of
nonspecific background U3 snoRNA binding can be assessed
by performing the anti-HA immunoprecipitations with extracts
that are not expressing the HA-tagged Imp proteins, that is, by
using the MYC-tagged strains. The results of this control im-
munoprecipitation (Fig. 8A, lanes 7 and 9) strongly support
our finding that Imp3p and Imp4p are U3 snoRNP compo-
nents. As expected, antifibrillarin antibodies immunoprecipi-
tated the U3 and U14 snoRNAs, but not snR10, because both
of these snoRNAs are associated with fibrillarin (Fig. 8A, lane
5). Similarly, anti-Mpp10p antibodies immunoprecipitated the
U3 snoRNA (Fig. 8A, lane 10). Total RNA for each strain
used for the immunoprecipitations was also analyzed for the
presence of the U3, snR10, and U14 snoRNAs by Northern
blot analysis. All three snoRNAs were present in approximately
equivalent amounts in each strain (Fig. 8A, lanes 1 to 4).
These results demonstrate that the Imp proteins are com-
ponents of the U3 snoRNP but do not prove that they are
associated only with the U3 snoRNA. To do this, we per-
formed an additional set of immunoprecipitations with the
IMP3-HA and IMP4-HA strains and the anti-HA antibodies



VoL. 19, 1999

£ &
3 =
A E 5 2
[ ] .‘é * 's
Antibody: g 8 E

SRS Q o Q

> >
o, SIE3EEZES
train: © ¥ O Y Mmoo T Y
AR A A A AR AN
SESSES558§8

u3 - =

snR10

U4 “‘; " U4

12345678910

and analyzed the associated small RNAs by labelling them di-
rectly. This allowed us to survey for other small RNAs associ-
ated with the Imp proteins. When immunoprecipitations were
performed with the IMP3-HA and IMP4-HA strains with the
anti-HA antibody, the only specific RNA obtained was the U3
snoRNA (Fig. 8B, lanes 4 and 5). The RNAs present in lanes
3 and 6 are the small RNAs bound nonspecifically to the anti-
HA antibody and the protein A-Sepharose beads, since they
were apparent in immunoprecipitations with extracts from the
IMP3-MYC and IMP4-MYC strains with the anti-HA anti-
body. For comparison, an antifibrillarin immunoprecipitation
was included (Fig. 8B, lane 2). This indicated, as expected, that
fibrillarin was complexed with the U3 snoRNA and many other

U3 snoRNP COMPONENTS Imp3p AND Impd4p 5449

-]
@ b=t
e
o=
SE T
(] " wu 1
Antibody: E'*'I'- g
as S
[SISRS) 8]
e, B2055 ¢
RREH
EE §. ~~~ E =~
527
U3 snoRNA - ®w
307
238, 242
217
201
- 190
180
5.8S ’ ! 160
147
S8 123
110

123456 7 8

FIG. 8. (A) Imp3p and Imp4p are protein components of the U3 snoRNP. Immunoprecipitations were performed with lysates from the epitope-tagged strains and
the indicated antibodies. The RNA from bound RNPs was extracted and analyzed by denaturing gel electrophoresis followed by Northern blotting. Probes were used
to detect the U3 and U14 box C/D snoRNAs and snR10, a box H/ACA snoRNA. Lanes 1 to 4 represent total RNA extracted from the same amount of lysate used
for immunoprecipitation. (B) Imp3p and Imp4p are specific protein components of the U3 snoRNP. Immunoprecipitations were performed with the indicated
antibodies and lysates from the indicated strains. RNAs from the resulting bound RNPs was isolated and analyzed by labelling with [5'-3*P]cytidine 3',5'-bis phosphate
and T4 RNA ligase, followed by denaturing gel electrophoresis.

box C/D snoRNAs. Taken together, these results forcefully ar-
gue that both Imp proteins are specific components of the U3
snoRNP.

Although we are confident that the Imp proteins associate
specifically with the U3 snoRNA, we cannot assert that every
U3 snoRNA is associated with the Imp proteins. As shown in
Fig. 8A, only a small portion of the U3 snoRNA is immuno-
precipitable in the Imp-tagged strains with the anti-HA anti-
bodies, even though all immunoprecipitations were performed
with an antibody excess. We do not known if this means that
only some of the U3 snoRNA is associated with the Imp
proteins or if the HA epitope is masked in a fraction of the
cellular U3 snoRNP. It is possible that Imp3p and Imp4p may
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FIG. 9. Depletion of the Imp proteins does not affect U3 snoRNA levels.
RNA was isolated from pGALI1:IMP3 and pGALI1::IMP4 at the switch from
galactose to glucose (time zero) and 24 h after the switch to glucose. As a control,
RNA was also isolated from an otherwise isogenic strain, YPH259. Equal amounts
of RNA were run on a denaturing polyacrylamide gel, blotted, and hybridized
with probes complementary to the U3, snR10, snR190, and U14 snoRNAs.

be associated only with the portion of the U3 snoRNA that is
actively involved in RNA cleavage if, for example, the Imp
proteins play a regulatory role in pre-rRNA processing.

The U3 snoRNA is stable after depletion of the Imp pro-
teins. The U3 snoRNA itself is required for cleavage at the A0,
Al, and A2 sites in the pre-rRNA. Since both Imp proteins are
components of the U3 snoRNP and are also required for
cleavage at these three sites, one possible explanation is that
the amount of U3 snoRNA is reduced following their deple-
tion. The resulting effects on pre-rRNA cleavage would then
be attributable to a lack of the U3 snoRNA. To investigate this
possibility, total RNA was isolated from strains depleted of
Imp3p and Imp4p for 24 h and analyzed by Northern blotting
for the U3, snR10, snR190, and U14 snoRNAs. Levels of these
RNAs were compared to those in the nondepleted strains and
in an otherwise isogenic strain, YPH259. As shown in Fig. 9 (lanes
3 and 5), the levels of each of the snoRNAs, when compared to
each other, remain approximately the same following deple-
tion of either Imp protein. This demonstrates that depletion of
the Imp proteins does not affect U3 snoRNA levels.

DISCUSSION

In one approach to identify factors involved in pre-rRNA
processing, we used the yeast U3 snoRNP-specific protein,
Mpp10p, as bait in a two-hybrid screen to search for interacting
proteins. Two proteins representing previously uncharacter-
ized ORFs were recovered multiple times and designated
Imp3p and Imp4p, for interacting with Mpp10p. Imp3p (22
kDa) bears some similarity to the yeast ribosomal S9 proteins;
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in contrast, Imp4p (34 kDa) has no similarity to any charac-
terized protein. The genes encoding both proteins are essential
genes in yeast. Both proteins are required for cleavage reac-
tions in the pre-rRNA at sites leading to production of the
mature 18S rRNA (A0, Al, and A2). As expected based on the
methodology used to identify them, Imp3p and Impdp are
complexed with Mpp10p in vivo. Coimmunoprecipitation anal-
ysis suggests that they are both protein components specific to
the U3 snoRNP. However, the U3 snoRNA remains stable
upon depletion of the Imp proteins, suggesting that they are
not required to maintain RNA integrity.

A number of snoRNAs and protein components are re-
quired for the A0, Al, and A2 cleavage reactions in the 5S'ETS
and in ITS1 that lead to the production of the 18S rRNA.
Among these are the U3 snoRNA and the proteins tightly
associated with it, i.e., Soflp, Mpp10p, and Lcp5p (10, 20, 38).
Other U3 RNP protein components that are required for pre-
18S rRNA processing are common to the box C/D snoRNAs
and include Noplp (fibrillarin), Nop56p, and Nop5p (12, 23,
34, 39). The role of the Imp proteins in pre-rRNA processing,
then, is similar to that described for the other components of
the U3 snoRNP.

The similarity of Imp3p to proteins of known function gives
us additional clues regarding its specific function in pre-rRNA
processing. Imp3p has significant similarity to the eukaryotic
ribosomal S9 proteins (prokaryotic S4) over the portion of the
sequence that includes the putative S4 RNA binding domain
(aa 107 to 170 in Rps9) (1). The S4 ribosomal proteins of
prokaryotes have been extensively studied, and the crystal and
solution structures of Bacillus stearothermophilus S4 have re-
cently been solved (9, 25). The S4 ribosomal protein is one of
the first to bind to the rRNA as it is being assembled into
mature ribosomes and therefore is a primary rRNA binding
protein (15). It directly recognizes the base of a multiheaded
helix of the SSU rRNA to facilitate correct RNA folding and
assembly with the other SSU proteins (27, 33). It also directly
associates with a pseudoknot structure in the regulatory se-
quences of the mRNA of its own operon, thereby modulating
expression of itself and other ribosomal proteins (32). The S4
ribosomal protein, therefore, is a protein that binds directly to
two distinct RNAs of diverse sequence and structure with
remarkable versatility. Because S4 binds directly to two differ-
ent RNA sequences and structures, and because Imp3p is a
member of the S4 family of proteins, we speculate that Imp3p
may bind directly to the U3 snoRNA, perhaps facilitating fold-
ing of the 5'-most sequences for interaction with the pre-
rRNA. Alternatively, Imp3p may bind to both the U3 snoRNA
and the pre-rRNA sequences simultaneously to stabilize that
interaction for subsequent cleavage of the pre-rRNA. The latter
possibility is particularly intriguing, as it has been proposed that
the U3 snoRNP may guide correct folding of a pseudoknot in
the mature SSU RNA (17).

Imp3p is likely to be another member of a growing class of
trans-acting nucleolar factors exapted from ribosomal proteins
but required for pre-rRNA processing. A second factor, Rrp5p,
which is required for processing of precursors to the mature
18S and 5.8S rRNAs, bears 12 repeats of the S1 ribosomal
protein RNA binding motif (8, 34a). Since ribosomal proteins
were among the first proteins, it is striking that as these diverse
pre-rRNA processing factors evolved they borrowed sequences
directly implicated in RNA binding.

Vertebrate ESTs can be identified for both Imp3p (acces-
sion no. AA184637) and Imp4p (accession no. AA404192) by
BLAST searches, suggesting that they are highly conserved and
may also be involved in ribosome biogenesis in more complex
organisms. We used the ESTs that we identified to clone the
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full-length ¢cDNAs for mouse Imp3p and Imp4p (data not
shown). Both mouse Imp3p and Imp4p are 54% identical (the
Imp3ps are 67% similar; the Imp4ps are 64% similar) to their
respective yeast counterparts. Further experimentation is nec-
essary to determine if they are indeed functional homologs of
the yeast Imp3 and Imp4 proteins.

BLAST searches indicate that putative homologs for the
Imp proteins also exist in Schizosaccharomyces pombe and
Caenorhabditis elegans. The likely S. pombe and C. elegans
homologs for Imp3p have low random expectation values of
2e-59 and 2e-34, respectively (accession no. Z99531 and
U97189). Likewise, the S. pombe and C. elegans homologs for
Imp4p have low random expectation values of 2e-85 and 4e-67,
respectively (accession no. Z98974 and Z83246). These values
are well within range to indicate homologs, as comparison of
the well-characterized human and yeast Mpp10 proteins yields
a random expectation value of 8e-35 in a BLAST search.

In summary, our search for Mpp10p-interacting proteins has
led us to the identification and characterization of two novel
components of the U3 snoRNP, Imp3p and Imp4p. Many
questions remain about the nature of their interaction with
Mpp10p and the U3 snoRNA. For example, it is not known
whether either of the Imp proteins associates with Mpp10p or
the U3 snoRNA directly. Because Imp3p is similar to the family
of S4 ribosomal proteins, which bind to two different RNA se-
quences and structures in E. col, it is a likely candidate for direct
U3 snoRNA binding. In addition, questions remain about the
assembly of MpplOp, Imp3p, and Imp4p on the U3 snoRNA.
Assembly is unlikely to involve interaction between Imp3p and
Imp4p, since they do not react by two-hybrid analysis (data not
shown), but assembly in the RNP may still be interdependent.
These studies, as well as the generation of conditional /MP3 and
IMP4 alleles, will allow us to more fully explore the essential role
of the U3 snoRNP in ribosome biogenesis.
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