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We have identified and characterized a novel mouse protein, Bopl, which contains WD40 repeats and is
highly conserved through evolution. bopl is ubiquitously expressed in all mouse tissues examined and
is upregulated during mid-G, in serum-stimulated fibroblasts. Inmunofluorescence analysis shows that Bop1l
is localized predominantly to the nucleolus. In sucrose density gradients, Bopl from nuclear extracts cosedi-
ments with the 50S-80S ribonucleoprotein particles that contain the 32S rRNA precursor. RNase A treatment
disrupts these particles and releases Bopl into a low-molecular-weight fraction. A mutant form of Bopl,
Bop1A, which lacks 231 amino acids in the N- terminus, is colocalized with wild-type Bop1 in the nucleolus and
in ribonucleoprotein complexes. Expression of BoplA leads to cell growth arrest in the G, phase and results
in a specific inhibition of the synthesis of the 28S and 5.8S rRNAs without affecting 18S rRNA formation.
Pulse-chase analyses show that BoplA expression results in a partial inhibition in the conversion of the 36S
to the 32S pre-rRNA and a complete inhibition of the processing of the 32S pre-rRNA to form the mature 28S
and 5.8S rRNAs. Concomitant with these defects in rRNA processing, expression of Bop1A in mouse cells leads
to a deficit in the cytosolic 60S ribosomal subunits. These studies thus identify Bop1 as a novel, nonribosomal
mammalian protein that plays a key role in the formation of the mature 28S and 5.8S rRNAs and in the

biogenesis of the 60S ribosomal subunit.

Biogenesis of the eukaryotic ribosomes occurs in the nucle-
olus, a complex nuclear organelle that forms around the nu-
cleolar organizer regions located in heterochromatic chromo-
somal sites containing multiple TRNA genes (69, 81). The
organization of the nucleolus and the assembly of ribosomes
are coupled to transcription of rDNA by RNA polymerase I,
which synthesizes a large primary precursor transcript. This
precursor transcript is then processed into the mature 18S,
5.8S, and 28S/25S rRNAs. These rRNAs are assembled into
preribosomes with some 80 ribosomal proteins that are trans-
ported into the nucleus, and with the 5S rRNA, transcribed by
RNA polymerase III outside of the nucleolus (28). A large
number of small nucleolar RNAs (snoRNAs) and nonriboso-
mal proteins are also recruited to the nucleolus to participate
in the modification, processing, and assembly of the rRNAs
and proteins into ribonucleoprotein (RNP) particles. These
preribosomal RNP (pre-rRNP) particles mature into nearly
complete ribosomal subunits prior to their export out of the
nucleus.

Upon synthesis, the primary precursor rRNA transcript is
modified by ribose methylation and pseudouridine conversion
and processed through a series of nucleolytic cleavages into the
matured rRNAs (21) (see Fig. 6). In vertebrates, the arrange-
ment of the 47S primary precursor transcript begins with a 5’
external transcribed spacer (5'-ETS), followed by the 18S
rRNA, internal transcribed spacer 1 (ITS1), 5.8S rRNA, inter-
nal transcribed spacer 2 (ITS2), 28S rRNA, and the 3’ external
transcribed spacer (3'-ETS). Although in general, processing
events occur in a polar fashion from the 5’ to the 3’ end of the
nascent transcript, differences in the order of processing events
and intermediates generated have been reported for different
cell types (8, 31, 56). A similar arrangement of the primary
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transcript is also found in yeasts (79), and it is generally
thought that while specific processing sites might differ be-
tween yeasts and vertebrates, parallel processing pathways ap-
pear to exist for eukaryotic organisms from yeasts to mammals
(75).

A large number of snoRNAs and nonribosomal nucleolar
proteins play critical roles in ribosome biogenesis (21, 75).
More than 150 snoRNAs have been found in the nucleolus,
and some of them play key roles in various pre-rRNA process-
ing events including nucleotide modification and cleavage re-
actions (45, 76, 83). Although a large number of snoRNAs
have been identified and characterized, less is known about the
functions of the nonribosomal proteins in the RNP particles,
especially in mammalian systems. Many of the recent advances
made in the identification of protein factors involved in rRNA
processing have come from genetic and biochemical analyses
in yeast. Among the yeast proteins known to participate in
rRNA processing are endoribonucleases (Rntlp and RNase
MRP) (22, 44), 5'—=3" exoribonucleases (Xrnlp and Ratlp)
(35, 39), nearly a dozen 3'—5" exoribonucleases that comprise
the exosome (1, 48), putative ATP-dependent RNA helicases
(Drs1p, Sbp4p, Rrp3p, and Roklp) (18, 54, 78), and a number
of noncatalytic nucleolar proteins (Noplp, Nop2p, Nopp3p,
etc.) (34, 36, 66). The total number of nonribosomal proteins
involved in TRNA processing is unknown but is likely to be
large, as underscored by the complexity of eukaryotic rRNA
modification, processing, and ribosome assembly.

In mammalian systems, relatively few nonribosomal nucleo-
lar proteins have been characterized; the best-studied exam-
ples include fibrillarin, a common component of the snoRNPs
(43, 53); nucleolin (C23), a pre-rRNA binding protein with
multiple functions in processing and ribosome assembly (29,
55, 77); B23, associated with ribosome assembly at later stages
of maturation (11); and p120, a nucleolar RNA binding protein
that cofractionates with 60S-80S pre-rRNA particles (30, 33).
In comparison with yeast, the majority of the molecular players
in the mammalian TRNA processing machinery remain un-
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FIG. 1. Structural features of the Bopl protein. Schematic representation of the full-length murine Bop1 protein (732 aa) and the amino-terminally truncated
BoplA (501 aa). The four WD repeats, whose consensus structure is as indicated, are shown as solid boxes. Repeats 1 and 4 are close to the consensus structure, while
repeats 2 and 3 are more divergent. PEST sequences, often associated with short-lived regulatory proteins, are shown by hatched boxes.

identified, and their characterization will be necessary to un-
derstand fully the mechanism of rRNA processing and ribo-
somal assembly.

In a previous study, a genetic selection for growth-inhibitory
sequences in mouse cells identified a cDNA, boplA, whose
inducible expression results in a powerful but reversible block
in the G, phase (58). Further analysis revealed that boplA
represents a cDNA fragment that encodes an N-terminally
truncated form of a novel protein, Bopl. Sequence analysis
showed that bopl is an evolutionarily conserved gene that
encodes an 83-kDa protein with four WD40 repeats (Fig. 1)
(58). The WD40 repeat is a sequence motif found in a diverse
group of functionally distinct proteins involved in the regula-
tion of myriad cellular processes, including signal transduction,
gene transcription, and mRNA modification (51). Moreover,
WD40 proteins are often found to form multiprotein com-
plexes, suggesting that the WD40 motifs may be involved in
protein-protein interactions (7, 14, 60).

In this study, we demonstrated that Bop1 is a novel compo-
nent of the 28S branch of the rRNA processing machinery.
Bopl is localized to the nucleolus and forms part of the large
RNP particles that probably represent preribosomes. Expres-
sion of its N-terminally truncated mutant form, Bop1A, specif-
ically inhibits the processing of the 32S precursor to form the
mature 5.8S and 28S rRNAs and results in a deficiency of the
60S ribosomal subunits. These results identify Bop1 as a pre-
viously unknown player in the processing of the 32S pre-rRNA
and in the biogenesis of the 60S ribosomal subunits and suggest
that Bopl may interact with and coordinate the activities of
proteins that comprise the pre-RNA processing machinery.

MATERIALS AND METHODS

Expression plasmids. An IPTG (isopropyl-B-p-thiogalactopyranoside)-induc-
ible expression vector, pX11, drives inducible expression with low background in
LAP3 cells (59). Expression constructs with cDNAs encoding either Bopl or
BoplA cloned into pX11 have been described previously (58). To express Bopl
or BoplA N-terminally tagged with a hemagglutinin antigen (HA) sequence, a
polynucleotide linker encoding the HA tag (23) was inserted into these vectors.
To express Bopl as a glutathione S-transferase (GST) fusion protein in Esche-
richia coli, an EcoRI restriction fragment of Bopl (GenBank accession no.
U77415) corresponding to nucleotides (nt) 442 to 2461 was cloned into
pGEX-4T-1 (Pharmacia). To express Bopl in insect cells via a baculovirus
expression vector, the full-length 2.4-kb bopl cDNA fragment was cloned in
pBlueBacHis2A (Invitrogen), thereby driving the expression of a full-length
Bopl protein with an N-terminal 6-histidine tag.
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FIG. 2. Expression of bopl. (A) BALB/c 3T3 cells were brought to quies-
cence (Q) by serum starvation and restimulated with 10% fetal bovine serum.
RNA was isolated at the indicated times (in hours) after serum stimulation and
analyzed by Northern blotting with 3?P-labeled bopI cDNA as probe. The RNA
blot was stained with methylene blue (lower panel) to show the relative amounts
of rRNAs, indicating equal loading of the samples. (B) RNA was isolated from
different adult mouse tissues and analyzed by Northern blotting with labeled
bopl cDNA as probe. The lower panel shows methylene blue staining of the
same blot to control for loading of the RNA.
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FIG. 3. Subcellular localization of Bop1 by indirect immunofluorescence. (A and B) Pools of LAP3 cells stably transfected with vectors that express HA-tagged Bop1
(A) or BoplA (B) were grown on coverslips, induced with IPTG for 12 h, fixed, permeabilized, and stained with monoclonal anti-HA antibody. Antibody-antigen
complexes were detected with FITC-conjugated anti-mouse antibody and visualized by fluorescence microscopy. An image of the same field visualized with DIC optics
is shown in the lower panels. (C and D) To localize the endogenous Bopl protein, LAP3 cells were grown on coverslips, fixed, permeabilized, and stained with
affinity-purified, polyclonal anti-Bopl antibodies (C) or the preimmune serum as a control (D).

Cell culture. BALB/c 3T3 cells were grown in MEM-10 (minimal essential
medium with 10% fetal bovine serum). The cells were brought to quiescence by
growth to confluence and serum starved in MEM-0.5 for 2 days; serum stimu-
lation was accomplished by changing the medium to MEM-10. LAP3 is a clonal
cell line derived from NIH 3T3 cells that constitutively expresses the IPTG-
inducible transactivator protein LAP267 (5). To create various clonal cell lines,
LAP3 cells were cotransfected with a hygromycin marker plasmid pHyg (73) and
either the empty pX11 vector (line 1-1), pX11-Bop1 (line 45), pX11-Bop1A (lines
6 and 8), pX11-HA-Bopl (line 10), or pX11-HA-BoplA (line 13) using the
calcium phosphate coprecipitation method (12). Clonal cell lines were selected
following transfection by growth in 130 to 150 pg of hygromycin (Boehringer
Mannheim) per ml. LAP3-derived cell lines were maintained in Dulbecco’s
modified Eagle’s medium containing 10% calf serum (HyClone) and penicillin-
streptomycin (Gibco-BRL). IPTG (dioxane free; Sigma) was added to 1 mM
where indicated.

RNA blot analysis. Where indicated (except for Fig. 11), RNA was isolated
using Trizol reagent (Gibco-BRL) as specified by the manufacturer. The samples
in the experiment shown in Fig. 11 were withdrawn from sucrose density gradi-
ents, treated with proteinase K, and subjected to phenol-chloroform extraction

and isopropanol precipitation. Northern blot hybridization was performed by
standard methods (68). The bopl cDNA probe was synthesized by random
priming in the presence of [*?P]dCTP (Decaprime II kit; Ambion). A 40-mer
oligonucleotide (5'-GCGTTCGAAGTGTCGATGATCAATGTGTCCTGCAA
TTCAC-3") complementary to nt 68 to 108 of the 5.8S rRNA and a 33-mer
oligonucleotide (5'-ACTGGTGAGGCAGCGGTCCGGGAGGCGCCGACG-
3") complementary to nt 1480 to 1512 of the ITS2 region of the pre-rRNA were
5'-end labeled using [y->*P]ATP and T4 polynucleotide kinase.

Anti-Bopl antibodies and affinity purification. To raise polyclonal anti-Bop1
antibodies, a Bop1 polypeptide corresponding to amino acids (aa) 131 to 732 was
expressed as a GST fusion protein in E. coli (see above). The fusion protein
formed insoluble inclusion bodies, which were solubilized in 5 M urea and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (6% polyacrylamide). The GST-Bopl protein band was excised from the
gel, and the protein was used for immunization of rabbits at the Immunological
Resource Center at University of Illinois at Urbana. Antisera raised against this
fusion protein were affinity purified by a standard method (32) by passage
through a Bopl-Sepharose column. To prepare the affinity column, full-length
Bopl with an N-terminal histidine tag was expressed in SF9 cells using a bacu-
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lovirus expression system (Invitrogen) and purified using Pro-Bond resin (In-
vitrogen) under denaturing conditions as specified by the manufacturer. The
protein was further dialyzed against 125 mM sodium phosphate (pH 8)-500 mM
NaCl and coupled to cyanogen bromide-activated Sepharose (5 mg of protein
per ml of Sepharose slurry) as specified by the manufacturer (Pharmacia). The
anti-Bop1 antiserum was diluted 1:10 in phosphate-buffered saline (PBS), passed
through the Bop1-Sepharose column, and washed with 10 mM Tris (pH 7.5)-500
mM NaCl. Bound antibodies were first eluted with 100 mM glycine (pH 2.5) and
then eluted with 100 mM ethanolamine (pH 11.5). Eluates were combined,
dialyzed against PBS, and concentrated with Centricon-30 columns (Amicon) or
on a protein A-Sepharose column (68).

Western blot analysis. Cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (68), and equal amounts of protein, determined by the DC protein
assay (Bio-Rad), were resolved by SDS-PAGE. For immunoblot analysis of the
sucrose gradient fractions, the proteins from each fraction were precipitated with
cold 10% trichloroacetic acid and dissolved in 80 pl of Laemmli buffer, half of
which was resolved by SDS-PAGE. Western blot analysis was done by standard
methods (2) using affinity-purified anti-Bop1 antibodies.

To analyze proteins associated with ribosomal particles in the nucleus and the
cytoplasm, cells were lysed as described below for the preparation of nuclear
extracts. The cytoplasmic fraction and nuclear sonicate were cleared at 15,000 X
g for 15 min and then centrifuged through 10% sucrose in 10 mM Tris-HCI (pH

7.2)-60 mM KCI-10 mM MgSO,-1 mM dithiothreitol (DTT) at 160,000 X g for
4 h at 5°C. The pellets were dissolved in 1% SDS and used for the isolation of
RNA with Trizol and protein analysis by SDS-PAGE. The volumes loaded on a
protein gel were normalized for the RNA content of the samples as determined
by absorbance at 260 nm and electrophoresis on a formaldehyde-containing
agarose gel followed by staining with SYBR Gold (Molecular Probes, Inc.).

Indirect immunofluorescence. Cells were grown on coverslips, incubated with
IPTG for 12 h, fixed with paraformaldehyde, permeabilized with 0.5% Triton
X-100, and incubated for 1 h at room temperature with either monoclonal
anti-HA antibody (Babco), polyclonal anti-HA antibodies (Babco), affinity-pu-
rified anti-Bop1 antibodies, or the anti-fibrillarin monoclonal antibody (72B9)
diluted in PBS containing 0.5% bovine serum albumin. After being washed, the
cells were incubated with either fluorescein isothiocyanate (FITC)-conjugated or
Texas Red-conjugated anti-mouse antibodies (Vector Laboratories) or FITC-
conjugated anti-rabbit antibodies (Zymed) and analyzed using a MicroMAX
digital camera mounted on a Axioplan II Zeiss microscope with differential
interference contrast (DIC) optics.

Metabolic labeling and analysis of RNA transcripts. Various cell lines were
plated in six-well plates at 10° cells per well. One day after being plated, the cells
were either left untreated or treated with IPTG for 16 h to induce expression. To
measure RNA synthesis, the cells were incubated in medium with [H]uridine
(2.5 pnCi/ml) for 30 min and then in nonradioactive medium for 2 h. RNA was
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FIG. 4. Characterization of the affinity-purified anti-Bop1 antibodies. Clonal
lines of LAP3 cells stably transfected with either the empty vector pX11 (line
1-1), pX11-Bopl (line 45), pX11-BoplA (line 6), pX11-HA-Bop1 (line 10), or
pX11-HA-BoplA (line 13) were either treated with 1 mM IPTG (+) for 12 h or
left untreated (—). Cells were lysed in RIPA buffer, and equal amounts of
protein from each sample were resolved by SDS-PAGE (8% polyacrylamide)
and transferred to a nitrocellulose filter. The blot was incubated with affinity-
purified anti-Bop1 antibodies, and chemiluminescent reagents were used for
detection. The affinity-purified antibodies recognized a high-molecular-mass
band of ~100 kDa (larger than the expected size of 83 kDa), which was increased
significantly in a Bopl-overexpressing cell line (line 45). The predicted 55-kDa
BoplA fragment was detected in line 6, which inducibly expresses BoplA. Ad-
dition of the HA tag caused a minor shift in the mobility of both Bop1 and BoplA
in clonal lines 10 and 13, respectively.

isolated using Trizol, and label incorporation was measured by scintillation
counting. RNA was subsequently separated on a 1% agarose gel and transferred
to a nylon membrane, which was treated with En*Hance (New England Nuclear)
and exposed to film. Pulse-chase experiments were carried out using L-[methyl-
3H]methionine due to the rapid turnover of the cellular methionine pool. Cells
were preincubated for 15 min in methionine-free medium and then incubated for
30 min in medium containing L-[methyl->*H]methionine (50 p.Ci/ml). The cells
were then chased in nonradioactive medium containing 15 pg of methionine per
ml for various times, after which the RNA was isolated using Trizol. RNA from
the same number of cells was analyzed as described above. Where indicated, cells
were treated with 5 pM 5-fluorouridine (FUrd) for 15 min prior to labeling. For
analysis of the synthesis of 5.8 RNA, 2P labeling was used to increase the
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FIG. 5. Expression of BoplA inhibits the generation of 28S rRNA. Clonal
cell lines derived from transfection of LAP3 cells with pX11-Bop1A (lines 6 and
8), pX11-Bopl (line 45), or the pX11 vector (line 1-1) were either treated with
IPTG (+) for 16 h or left untreated (—). Thereafter, cells were metabolically
labeled with [*H]uridine (2.5 wCi/ml) for 30 min and chased in nonradioactive
medium for 2 h. In other samples, LAP3 cells were treated with FUrd for 15 min
prior to chase. RNA was then isolated, and equal counts per sample were
electrophoresed on 1% agarose gel, transferred to a nylon membrane, and
visualized by fluorography.

MoL. CELL. BIOL.

sensitivity of detection. Cells to be labeled with radioactive phosphate were
pretreated in phosphate-free medium for 1 h, labeled in medium with
[*?PJorthophosphate (*?P;) (20 uCi/ml) for 1 h, and chased in nonradioactive
medium for 1.5 h. RNA from the same number of cells was separated on a 10%
polyacrylamide-7 M urea gel.

Sucrose density gradient fractionation. To fractionate cytoplasmic ribosomes,
cells were harvested by trypsinization 5 min after the addition of 50 pg of
cycloheximide per ml to the medium. Equal numbers of cells (determined with
a Coulter counter) from each sample were pelleted by low-speed centrifugation
and lysed in 20 mM Tris-HCl (pH 7.2)-130 mM KCI-10 mM MgCl,-2.5 mM
DTT-0.5% NP-40-0.5% sodium deoxycholate-10 ug of cycloheximide per ml-
0.2 mg of heparin per mI-200 U of RNasin per ml (Promega) for 15 min at 4°C.
The lysates were centrifuged at 8,000 X g for 10 min, and the supernatants were
layered on 10 to 45% (wt/wt) sucrose density gradients in 10 mM Tris-HCI (pH
7.2)-60 mM KCI-10 mM MgCl-1 mM DTT-0.1 mg of heparin per ml. The
gradients were centrifuged at 36,000 rpm for 3 h at 5°C in a Beckman SW41Ti
rotor and fractionated by upward displacement through a Bio-Rad EM-1 UV
monitor for continuous measurement of the absorbance at 254 nm. Sedimenta-
tion constants were calculated as described previously (46).

To fractionate nuclear extracts, cells were washed twice in PBS and once in
ice-cold hypotonic wash buffer (10 mM Tris [pH 7.4], 10 mM KCI, 2 mM MgCl)
and then left to swell for 20 min in hypotonic lysis buffer (10 mM Tris [pH 7.4],
10 mM KCl, 2 mM MgCl, 0.05% Triton X-100, 1 mM EGTA, 1 mM DTT, 40 pg
of phenylmethylsulfonyl fluoride per ml, 10 wl of protease inhibitor cocktail
[Sigma] per ml) (40). The cells were forced through a 25-gauge needle and
centrifuged for 5 min at 700 X g to obtain a pellet of nuclei, which was resus-
pended in 25 mM Tris (pH 7.5)-100 mM KCI-1 mM DTT-2 mM EDTA-0.05%
NP-40-1 mM NaF-40 pg of phenylmethylsulfonyl fluoride per ml-10 pl of
protease inhibitor cocktail per ml-0.1 U of RNasin (Promega) per ml and
sonicated four times for 15 s each with a microtip (Heat Systems Ultrasonics,
Inc.). The nuclear lysate was centrifuged at 15,000 X g for 15 min, and the
resulting supernatant was overlaid on 10 to 30% (wt/wt) sucrose gradients in 25
mM Tris (pH 7.5)-100 mM KCI-1 mM DTT-2 mM EDTA and centrifuged at
36,000 rpm for 3 h at 5°C in a Beckman SW41Ti rotor. Where indicated, the
nuclear extract was treated with RNase A (100 wg/ml) for 10 min at 30°C before
being loaded on the gradient. The gradients were analyzed as above.

RESULTS

Expression of the bopl gene. Expression of an N-terminally
truncated form of Bopl, BoplA, results in a strong but revers-
ible G, growth arrest (58). This observation raised the possi-
bility that the activity of Bopl might affect cell cycle progres-
sion and that expression of the bop! gene might be linked to
the proliferative state. To determine if bopl expression is
growth regulated, we analyzed RNA isolated from BALB/c
3T3 cells stimulated to reenter the cell cycle from quiescence
(Fig. 2A). bopl expression was low in quiescent cells and was
induced after serum stimulation, starting at 5 h, reaching max-
imal level at 8 h, and slowly declining thereafter. Thus, bop!
expression increases in cells stimulated to proliferate, with
maximal expression in mid-G;. A survey of RNA isolated from
various mouse tissues showed the presence of the 2.6-kb bop1
mRNA in all tissues tested, with the highest level in the testis
(Fig. 2B).

Bop1 and BoplA are localized in the nucleolus. In an effort
to determine the function of Bopl, we ascertained its subcel-
lular localization. First, we prepared IPTG-inducible expres-
sion constructs that drive the expression of either HA-tagged
Bopl or BoplA in LAP3 cells, an NIH 3T3-derived cell line
that supports IPTG-regulated gene expression (see Materials
and Methods). Stable pools of transfected LAP3 cells were
induced with IPTG and subjected to immunofluorescence
analysis using monoclonal anti-HA antibody (Fig. 3A and B).
Cells that express either HA-tagged Bopl or HA-tagged
BoplA showed strong antibody staining in the nucleoli, al-
though a weak and diffuse nucleoplasmic staining was also
observed. Examination of the same fields using DIC optics
confirmed the nucleolar localization. Double staining with
polyclonal anti-HA antibodies and a monoclonal antifibrillarin
antibody (72B9) (62) also confirmed the nucleolar localization
of the HA-tagged Bopl and BoplA (data not shown).

To reinforce and substantiate the above findings, we deter-
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FIG. 6. Schematic representation of the mammalian rRNA-processing pathway. Mammalian rRNA is transcribed as a single precursor which is further processed
by successive nucleolytic cleavages that lead to elimination of the external transcribed spacers, 5'ETS and 3’ ETS, and the internal transcribed spacers, ITS1 and ITS2.
The sedimentation coefficients (S) of various intermediates and mature products of the processing pathway are indicated. The mammalian 47S precursor is rapidly
cleaved at the 5'ETS and at the 3'ETS to give rise to the 45S pre-rRNA. Further processing at the 5'ETS takes place, giving rise to a 41S rRNA precursor, which is
rapidly processed to the 18S rRNA and a 36S precursor RNA that contains the sequences of the 5.8S and 28S rRNAs with an intervening sequence (ITS2). The 36S
precursor then undergoes cleavage at the 5’ end to give rise to a 32S precursor, which is processed to the 28S rRNA and a 12S RNA; the 12S RNA is then further

processed to form the 5.8S rRNA.

mined the subcellular localization of the endogenous Bopl
protein by using affinity-purified anti-Bop1 antibodies (see Ma-
terials and Methods). These antibodies reacted specifically
with Bopl in cell lysates on a denaturing Western blot, where
Bopl exhibited an apparent molecular mass of ~100 kDa
(larger than the calculated size of 83 kDa) (Fig. 4). These
antibodies were used to demonstrate that various IPTG-induc-
ible cell lines express the appropriate gene products upon
induction (Fig. 4). Using these antibodies, endogenous Bopl
was also localized to the nucleolus by immunofluorescence
analysis whereas preimmune serum from the same rabbit did
not show any staining (Fig. 3C and D). No anti-Bop] staining
was detected in the cytoplasm, although a low level of diffuse
staining was also detected in the nucleoplasm. Together, these
results show that both endogenous Bopl and exogenously ex-
pressed Bopl or BoplA are localized predominantly in the
nucleolus.

Involvement of Bopl in rRNA processing. The localization
of Bopl in the nucleolus—the site of rRNA synthesis, modifi-
cation, processing, and ribosome biogenesis—suggests that it
may play a role in one or more of these processes. That BoplA
is colocalized with Bop1 and its expression inhibits cell growth
suggests that it might interfere with the normal function of
Bopl, most probably acting as a dominant negative mutant.

To investigate the function of Bopl, we first examined
whether expression of Bopl or Bop1A affects rRNA synthesis.
For this purpose, we created a set of cell lines that express
Bopl or BoplA in an IPTG-inducible manner (see Materials
and Methods). These inducible cell lines were either untreated
or treated with IPTG, metabolically labeled with [*H]uridine
for 30 min, and subjected to a 2-h chase. Inducible overexpres-
sion of Bop1 (line 45) showed no effect on the synthesis of the
large TRNA precursors (45S and 32S) or the mature 18S and
28S rRNAs, resulting in an rRNA pattern indistinguishable
from that of the untreated cells or the control cell line (line 1-1;
the parental LAP3 cells transfected with the empty cloning
vector) (Fig. 5). By contrast, expression of BoplA (lines 6 and
8) strongly inhibited production of the 28S rRNA whereas the
levels of 18S rRNA and the 45S precursor were unchanged
(Fig. 5). Bop1A expression also resulted in accumulation of the
36S rRNA, normally present in small amounts. In control ex-
periments where LAP3 cells were treated with FUrd, a known
inhibitor of rRNA processing (84), a complete blockade of
production of both 28S and 18S rRNA was observed without
affecting the formation of the 45S and 328 precursors (Fig. 5).
Together, these results suggested that BoplA did not signifi-
cantly affect the synthesis and initial processing of the primary
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FIG. 7. BoplA inhibits processing of the 36S and 32S precursors to form the 28S rRNA. Clonal LAP3 cell lines transfected with either the empty pX11 vector (line
1-1), pX11-Bopl (line 45), or pX11-Bop1A (line 6) were either left untreated (—) or treated with 1 mM IPTG for 16 h (+) and pulse-labeled with *H-labeled methyl
methionine for 30 min. After a chase in nonradioactive medium plus excess methionine for the indicated times, RNA was isolated, resolved on a 1% agarose gel,
transferred to a membrane, and visualized by fluorography.

rRNA transcript but specifically compromised later processing mature 28S rRNA and a 12S precursor from which the 5.8S
steps that lead to maturation of the 28S rRNA. rRNA is generated (Fig. 6). The concomitant block of the 28S

In mammalian cells, the 36S precursor is processed to form rRNA and accumulation of the 36S pre-rRNA described above
the 32S pre-rRNA, which is further processed to produce the suggested that BoplA may inhibit the processing steps that
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FIG. 8. BoplA expression inhibits generation of the 12S precursor and the 5.8S rRNA. (A) Clonal LAP3 cell lines transfected with either the empty pX11 vector
or pX11-BoplA (lines 6 and 8) were either left untreated or treated with IPTG for 16 h. RNA isolated from the same number of cells was separated on a 1% agarose
gel, transferred to a nylon membrane, and hybridized with an oligonucleotide probe complementary to a region in 5.8S rRNA. (B) The parental LAP3 cells or clonal
cell lines transfected with either pX11-Bopl1 (line 45) or pX11-Bop1A (line 6) were either left untreated or treated with IPTG for 16 h and metabolically labeled with
32p; (20 wCi/ml) for 1 h. Following a chase in nonradioactive medium for 1.5 h, RNA was isolated, and equal amounts of RNA from each sample were resolved on
a 10% denaturing polyacrylamide gel, which was stained with ethidium bromide for photography (left panel) and dried for autoradiography (right panel).
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FIG. 9. Expression of BoplA causes a deficit in 60S ribosomal subunits. The
inducible Bop1A expression cell line, line 6, was grown in the absence (A) or
presence (B) of IPTG as indicated for 38 h. Cytoplasmic extracts were isolated
and separated on a 10 to 45% sucrose density gradient. Profiles of absorbance at
254 nm (A,s4) profiles revealed the positions and relative amounts of the ribo-
somal subunits in the gradient.

convert the 36S pre-rRNA into the mature 28S rRNA. To
evaluate this interpretation and to identify the specific rRNA
processing blocks due to Bop1A expression, pulse-chase exper-
iments were performed by metabolic labeling with *H-labeled
methyl methionine. LAP3-derived cell lines that either induc-
ibly express Bopl (line 45) or BoplA (line 6) and the control
cell line transfected with empty vector (line 1-1) were either
left untreated or treated with IPTG, pulse-labeled for 30 min,
and chased with excess nonradioactive methionine for various
durations (Fig. 7). In the absence of IPTG, each cell line
showed the synthesis of the 45S precursor, which was rapidly
converted to the 32S pre-rRNA and the mature 18S rRNA
within 30 min after pulse-labeling. The 36S pre-rRNA is rela-
tively short-lived and does not accumulate significantly under
these conditions. Processing of the 32S pre-rRNA to the ma-
ture 28S RNA appeared to be complete by 60 min after pulse-
labeling. The addition of IPTG to the control cell line (line 1-1)
or to the Bopl-expressing cell line (line 45) did not show any
effect on rRNA synthesis or processing. By contrast, expression
of BoplA (line 6) resulted in accumulation of the 36S pre-
rRNA and diminution of the amount of 32S pre-rRNA.
Whereas production of the 18S rRNA appeared normal, mat-
uration of the 28S rRNA was completely blocked. By 60 min
after pulse-labeling, both the 36S and 32S pre-rRNAs ap-
peared degraded rather than processed, resulting in the pres-
ence of only the 18S rRNA. These results show that expression
of BoplA does not affect production of the 18S rRNA but
completely inhibits formation of the 28S rRNA. Moreover,
Bop1A expression elicits an incomplete block in the conversion
of the 36S to the 32S pre-rRNA and a complete block in the
processing of the 32S to the 28S rRNA (Fig. 6 and 7).
BoplA expression inhibits de novo generation of the 12S
and 5.8S rRNAs. The 32S pre-rRNA is normally processed to
form the mature 28S rRNA and the 128 precursor, from which
the 5.8S rRNA is generated (Fig. 6) (21). The complete inhi-
bition of 28S rRNA generation by BoplA suggested that for-
mation of the 12§ and 5.8S rRNAs might also be inhibited. To
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test this possibility, we examined the levels of the 12S pre-
rRNA and the 5.8S rRNA in BoplA-expressing cells. Total
RNA was isolated from various cell lines grown in the presence
or absence of IPTG and subjected to RNA blot analysis using
the coding region of the 5.8S rRNA as probe (Fig. 8A). This
probe should hybridize to and reveal the steady-state levels of
the 458, 418, 36S, 32S, and 12S precursors, as well as the
mature 5.8S rRNA (Fig. 6). These experiments showed that
expression of BoplA (lines 6 and 8) resulted in the diminution
of the amount of 12S pre-rRNA to an undetectable level, with
a concomitant accumulation of the 36S precursor. The steady-
state level of the mature 5.8S rRNA appeared unchanged
during the course of this experiment, given the high levels of
preexisting rRNAs.

Inhibition of 12S pre-rRNA formation predicts an inability
to generate mature 5.8S rRNA from the newly synthesized
rRNA transcript. To test this possibility, we carried out a
pulse-labeling experiment to examine the formation of the 5.8S
rRNA. Various cell lines grown with or without IPTG were
pulse-labeled with *2P; for 1 h and then chased in nonradioac-
tive medium for 1.5 h, and total RNA isolated from these cells
was resolved by denaturing acrylamide gel electrophoresis
(Fig. 8B). Whereas overexpression of Bopl had no effect (line
45), expression of BoplA (line 6) resulted in nearly complete
inhibition in 5.8S rRNA synthesis (Fig. 8B). These results show
that expression of Bop1A leads to a block in the processing of
the 32S pre-rRNA into the 28S rRNA as well as into the 12S
and 5.8S rRNAs. Interestingly, a small decrease in the amount
of 5S RNA was also observed, possibly reflecting a coordinate
regulation between pre-rRNA processing and 5S RNA tran-
scription (37). In addition, the recruitment of 5S rRNA to the
pre-60S particle was shown to be necessary for efficient pro-
cessing of the 27S rRNA precursor in yeast (16). It is possible
to speculate that the recruited 5S rRNA might be degraded
together with the improperly processed 32S rRNA.

Expression of BoplA causes a deficit of the 60S ribosomal
subunit. Since both 28S and 5.8S rRNAs are incorporated into
the 60S ribosome, a specific block in their generation may
result in a deficit in ribosome biogenesis. To examine this
possibility, we used sucrose density gradient centrifugation to
fractionate cytoplasmic extracts of a cell line that inducibly
expressed BoplA (line 6) (Fig. 9). Upon BoplA expression by
IPTG treatment, significantly fewer free 60S ribosomal sub-
units were observed in the cytoplasm whereas the 40S ribo-
somal subunits were accumulated to a higher level. Compared
to untreated cells, the amount of 80S ribosomes was also de-
creased. The simplest interpretation of these results is that the
60S ribosomal subunits cannot form due to the block in 28S
and 5.8S rRNAs synthesis and that the 40S ribosomal subunits
accumulate due to a stoichiometric imbalance with the 60S
subunit. Although the peaks that corresponded to polysomes
appeared somewhat diminished by BoplA expression, no
global polysome disassembly was detected. This is consistent
with the observation that the overall rate of translation was
unaffected by BoplA expression within the duration of these
experiments as judged by metabolic labeling with [**S]methi-
onine (data not shown).

Bopl and BoplA are cosedimented with the 50S-80S pre-
rRNP particles. The processing of eukaryotic rRNA occurs
coordinately with the assembly of ribosomal particles in the
nucleolus (81, 85). Pre-rRNP particles have been identified as
several complexes by sucrose density gradients. In the presence
of EDTA, these complexes, which contain the 45S, 36S, and
32S pre-rRNAs, sediment in the range of 50S to 80S (42, 47,
82). The apparent involvement of Bopl in pre-rRNA process-
ing suggested that Bopl might be associated with the pre-
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FIG. 10. Bopl and Bop1A cofractionate with the 50S-80S pre-RNP particles in nuclear extracts. (A to C) The inducible Bop1A expression cell line (line 6) was grown
in the presence (C) or absence (A and B) of IPTG for 24 h as indicated. Nuclear extracts isolated from these cells were analyzed on 10 to 30% sucrose density gradients,

which were fractionated with continuous monitoring of absorbance at 254 nm (A).
subjected to immunoblotting analysis using affinity-purified anti-Bop1 antibodies.
noblot analysis with anti-Bop1 antibodies detects Bop1 in nuclear RNPs (N) but not
used for immunoblotting. RNA was extracted from the nucleoprotein complexe:
demonstrate the presence equivalent amounts of rRNA in both samples.

rRNP particles. To investigate this possibility, nuclear extracts
prepared from the inducible Bop1A-expressing cell line (line 6)
were analyzed by sucrose gradient centrifugation (Fig. 10A).
Proteins from each gradient fraction were assayed for endog-
enous Bopl and ectopically expressed BoplA by Western blot
analysis. When cells were grown in the absence of IPTG, en-
dogenous Bopl protein sedimented primarily in fractions 5 to
7, which corresponded to the 50S-80S particles (Fig. 10B and
C). When expressed, BoplA was distributed more broadly
from fractions 3 through 7 with a peak at fraction 5, where the
peak of the endogenous Bop1 was also found. Thus, both Bop1
and BoplA were found in large nuclear particles with sizes
similar to pre-rRNP particles. However, Bop1 is not a compo-
nent of matured ribosomes, since Western blotting of a cyto-

Individual fractions were electrophoresed on an SDS-10% polyacrylamide gel and
Sn, unfractionated soluble nuclear extracts; P, unsoluble pellet. (D) (Left) Immu-
cytoplasmic ribosomes (C). (Right) Electrophoretic analysis of RNA in the fractions
s and separated by electrophoresis on a formaldehyde-containing agarose gel to

plasmic ribosomal preparation did not detect any Bop1 protein
(Fig. 10D).

To substantiate the observation that Bop1 cosediments with
the 50S-80S preribosomes, nuclear extracts were fractionated
by sucrose density gradients and proteins and RNA from each
gradient fractions were analyzed in parallel (Fig. 11). Proteins
were resolved by electrophoresis, blotted, and probed with
anti-Bopl antibodies, while RNA from the same samples was
electrophoresed, blotted, stained with methylene blue, and
probed with the *?P-labeled DNA fragment from the ITS2
region, which can recognize the 478S, 45S, 418, 36S, and 32S
pre-TRNAs. This analysis showed that the Bopl protein co-
sedimented with rRNP particles that contained the 32S pre-
cursor RNA, found in fractions 5 to 8, and that the peaks for
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FIG. 11. Bopl cofractionates with the 32S precursor and 28S rRNA in the
nuclear extract. Nuclear extracts from LAP3 cells were isolated and separated on
a 10 to 30% sucrose density gradient. The fractions collected were subjected to
parallel analysis of protein and RNA. (A) Proteins from various fractions were
electrophoresed on an SDS-10% polyacrylamide gel and immunoblotted with
affinity-purified anti-Bop1 antibodies. (B) RNAs from each fraction analyzed in
panel A were resolved on a 1% agarose gel and transferred to a nylon filter,
which was stained with methylene blue. The staining pattern reveals the fractions
containing the 18S and 28S rRNAs. (C) The nylon filter shown in panel B was
subjected to hybridization using radioactively labeled sequences from ITS2 as a
probe, revealing the 32S precursor RNA. In, unfractionated soluble nuclear
extract.

both Bop1 and the 32S rRNA both occurred in fraction 6. The
18S rRNA was found mainly in fractions 3 and 4, whereas the
28S rRNA was found in fractions 4 to 7, with the peak in
fraction 5. Thus, these results show that Bop1 cosediments with
the rRNP particles containing the 32S pre-rRNA, consistent
with a role for Bopl in the processing of the 32S pre-rRNA.

To confirm that Bopl is a component of rRNP particles,
nuclear extracts were either untreated or treated with RNase A
before being subjected to fractionation on a sucrose gradient
(Fig. 12). As expected, Bopl cofractionated with rRNP parti-
cles in the absence of RNase A. Treatment with RNase com-
pletely destroyed the rRNP particles, as shown by the absor-
bance of the gradient at 254 nm. Bop1 protein was completely
shifted to the top of the gradient on nuclease digestion, con-
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sistent with its release from rRNP particles. In separate exper-
iments, Bop1A was also released from the 50S-80S fractions to
the top of the gradient on RNase A treatment (data not
shown). Together, these results show that as a nucleolar pro-
tein, Bopl is a component of the RNP particles that cosedi-
ment with the pre-rRNP particles containing the 32S pre-
rRNA.

DISCUSSION

In this study we identified Bop1 as a novel participant in the
mammalian nucleolar rRNA processing and ribosome biogen-
esis machinery. This conclusion is drawn based on data accu-
mulated through two approaches: (i) biochemical studies show
that Bopl is a nucleolar protein that forms part of a large,
RNA-containing protein complex that cosediments with pre-
rRNP particles containing the 32S pre-rRNA; and (ii) func-
tional analyses indicate that Bopl plays a role in the matura-
tion of the 28S and 5.8S rRNAs and the biogenesis of the 60S
ribosomal subunit.

Several lines of evidence provide support for the conclusion
that Bopl1 is a nonribosomal nucleolar protein that constitutes
a component of pre-rRNP particles. Immunofluorescence
analysis demonstrates that both endogenous and ectopically
expressed Bopl are localized to the nucleolus (Fig. 3). Sucrose
density gradient fractionation of nuclear extracts shows that
Bopl forms part of large ribonucleoprotein complexes that
sediment at 50S-80S (Fig. 10). Treatment of the nuclear prep-
arations with RNase A, which destroys pre-rRNP particles,
releases Bop1 into low-molecular-weight fractions at the top of
the gradient (Fig. 12). Thus, while Bopl is not part of the
mature cytosolic ribosomes, these data strongly indicate that it
is a component of the pre-rRNP particles.

To analyze the function of Bopl, we took advantage of an
N-terminally truncated derivative, Bop1A, as a means of inter-
fering with the activity of the wild-type protein in a dominant
manner. BoplA displays the same nucleolar localization as
Bopl and a similar sedimentation profile in a sucrose density
gradient, indicating that it resides in the same RNP complexes
as the wild-type protein and thus retains a subset of its func-
tions. Since BoplA retains the WD40 motifs present in the
full-length Bop1 (Fig. 1), it is plausible to speculate that Bop1A
is able to interact with many of the same proteins with which
Bopl interacts. However, Bop1A apparently interferes with the
normal function of Bopl. Indeed, expression of Bop1A results
in a serious defect in the processing of the 28S and 5.8S rRNAs
and a deficit of mature 60S ribosome subunits. This conclusion
is supported by a preponderance of evidence. (i) Metabolic
labeling shows that expression of BoplA leads to a specific
inhibition of 28S and 5.8S rRNA maturation while having no
effect on the 18S rRNA (Fig. 5 and 8). (ii) Pulse-chase analysis
reveals a partial processing block in the conversion of the 36S
to the 32S pre-rRNA and a complete block in the processing of
the 32S pre-rRNA to the mature 28S rRNA and 12S pre-
rRNA and consequently to the 5.8S rRNA (Fig. 7 and 8). (iii)
Examination of the steady-state RNA levels shows an accumu-
lation of the 36S rRNA and an inhibition of 12S pre-rRNA
(Fig. 8A), confirming the results of pulse-chase labeling. (iv)
Sedimentation gradients show a marked decrease in the num-
ber of cytosolic 60S ribosomal subunits (Fig. 9). These findings
strongly implicate Bop1 as an important player in rRNA mat-
uration, specifically in the conversion of the 32S pre-rRNA
into the 28S rRNA and the 12S precursor. Moreover, both
Bop1 and BoplA cosediment with pre-rRNPs that contain the
32S rRNA precursors (Fig. 10 and 11), further corroborating
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FIG. 12. Bopl is part of an RNP complex. Nuclear extracts from LAP3 cells were either treated with RNaseA or left untreated as indicated and analyzed on 10
to 30% sucrose density gradients. The gradients were fractionated and monitored for absorbance at 254 nm (top panel). Various fractions were subjected to SDS-PAGE
followed by immunoblotting using affinity-purified anti-Bop1 antibodies. In, unfractionated soluble nuclear extract.

the conclusion that Bopl is involved in the maturation of the
5.8S and 28S rRNAs, a process with which BoplA interferes.

Expression of BoplA under the control of an inducible pro-
moter was previously shown to cause a powerful but reversible
G, growth arrest in mouse fibroblasts (58). The precise mech-
anism by which Bop1A causes this growth inhibition is unclear.
Nevertheless, it is possible to envisage at least two distinct
mechanisms by which Bop1A may affect cell cycle progression.
First, growth arrest due to BoplA may be a secondary effect
resulting from perturbations in the translation machinery
caused by deficiency of 60S ribosomal subunits. For example,
deficiencies in the translation initiation factor eIF4E/CDC33
lead to a G, growth arrest in yeast (9). Alternatively, Bopl
might play a dual role in both pre-rRNA processing and cell
cycle progression, thereby mediating a cross talk between these
two distinct cellular pathways. The nucleolus has been impli-
cated in functions other than rRNA processing and ribosome
biogenesis (57), including the regulation of cellular exit from
mitosis (4). Exosomes and Xrnlp exonuclease function in
mRNA in addition to rRNA processing (10, 17, 50) and may
thus affect the synthesis of cell cycle regulators. The possibility
that Bopl might exert an effect on the cell cycle machinery
hints at an as yet poorly understood link between the cellular
capacity for coordinating protein synthesis and cell cycle pro-
gression. Understanding the precise role of Bopl in cell cycle
progression will require further investigation.

Consistent with a role for Bopl in rRNA processing and
ribosome maturation, Bopl appears to be ubiquituously ex-
pressed irrespective of the tissue type (Fig. 2). Moreover, bop!
mRNA levels begin to rise in mid to late G,, coincident with
the timing of rRNA synthesis (24, 65, 70). As expected of a
protein that plays a role in ribosome maturation, Bop1 appears

to be highly conserved throughout evolution. The mouse Bop1
displays >90% amino acid identity to its human ortholog
(KIAAO0124) and ~45% identity to a sequence in Saccharomy-
ces cerevisine (YMRO049c). A BLAST search in the currently
available databases also reveals protein coding sequences
highly homologous to Bopl1 in such diverse organisms as Dro-
sophila melanogaster, Caenorhabditis elegans, and Arabidopsis
thaliana.

In this report, we show for the first time the effect of a
nucleolar protein on rRNA processing in a mammalian system.
Only a few other mammalian proteins have been implicated in
rRNA processing to date, based on the function of their yeast
homologs. For example, p120 was originally identified as a
tumor proliferation antigen (33) and was later implicated in
rRNA processing, since deletion of its yeast homolog, Nop2p,
causes a block in the processing of the 27S pre-rRNA to the
mature 25S rRNA (36). Consistent with a role in rRNA pro-
cessing, p120 was shown to cofractionate with the 60-80S pre-
ribosomal particles in HeLa cell extracts (30).

In yeast, several proteins whose depletion specifically affects
processing of the 25S branch of rRNA processing have been
identified. For example, depletion of the yeast Nop4 protein
results in the inhibition of the 25S rRNA maturation as well as
60S ribosomal-subunit accumulation, while production of the
18S rRNA is unaffected (74). Other examples of similar phe-
notypes result from depletion of members of the DEAD box
family of putative ATP-dependent RNA helicases including
DRSI1 (63), Dbp6p (41), Dbp7p (15), and Spb4p (18), as well
as nucleolar proteins Nip7p (87) and Nop8p (86). These ob-
servations underscore the notion that processing of the 255/
28S branch of rRNA requires complexes of numerous proteins,
whose nature is only beginning to be understood. In Xenopus,
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depletion of the U8 snoRNA (56) also has effects similar to
BoplA expression, namely, an incomplete inhibition of 36S
pre-TRNA processing but a complete block of 32S pre-rRNA
processing, leading to inhibition of 28S and 5.8S rRNA pro-
duction. Immunoprecipitation of Bop1 followed by RNA blot-
ting with an anti-U8 RNA probe failed to detect the US RNA
(data not shown). In addition, immunoprecipitation of Bopl
from cells metabolically labeled with radioactive phosphate
followed by PAGE also did not reveal the presence of small
RNAs (data not shown). These results suggest that Bopl is
unlikely to be mediating the interaction of U8 or other snoRNAs
with the rRNA precursor.

Processing of pre-rRNA and ribosome biogenesis appear to
be highly coordinated (19, 49, 64, 80, 81). Consistent with this
notion, there is a dramatic decrease in the amount of mature
60S ribosomal subunits when maturation of the 28S and 5.8S
rRNAs is blocked as a result of Bop1A expression (Fig. 9). The
deficit in the 60S ribosomal subunit may be a direct result of
the inability to produce its cognate mature rRNAs. However,
we cannot rule out the possibility that Bop1l may also have the
distinct function of coordinating 60S ribosomal assembly and
that this function is compromised by BoplA.

Analysis of the primary sequence of Bopl does not suggest
an apparent enzymatic activity, although it does show features
of a short-lived, regulatory protein that may participate in
critical protein-protein interactions. The Bopl sequence con-
tains clusters of charged amino acid residues, known as PEST
sequences, often associated with regulatory and short-lived
proteins (13, 61, 67). Similar clusters are also observed in a
number of nucleolar proteins (71). A putative nuclear local-
ization signal in Bopl is located at aa 360 to 366 (PRQRKMR;
underlining indicates positively charged residues) (20, 25).
Data from the present study with BoplA show that the N-
terminal 231 aa are not needed for nucleolar location or com-
plex formation with RNP particles but are necessary for critical
functions illustrated by the consequences of Bop1A expression.

Bop1 contains four WD40 repeats (Fig. 1), a sequence motif
found in a large variety of regulatory proteins and known to
mediate protein-protein interactions (26, 27, 51, 52, 72). WD40
proteins have been implicated in a number of cellular pro-
cesses, including various stages of RNA metabolism (3, 6). At
present, at least two other nucleolar proteins that contain
WD40 repeats have been identified: the yeast SOF1 (38) and
the related (but not orthologous) human protein hU3-55k (60).
Inasmuch as a number of WD40 repeat proteins are known to
form large multiprotein complexes, Bopl may mediate pro-
tein-protein interactions that are important for the formation
and activities of nucleolar RNPs. Future studies aimed at the
identification and characterization of the proteins with which
Bopl interacts may yield new insights into the structural orga-
nization and mechanism of action of the nucleolar pre-rRNA-
processing machinery.
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